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Preface 
The largest ongoing International gathering in the field of Peptide Science convened on 
the campus of the Ohio State University, Columbus, Ohio on June 18-23, 1995. The 
Fourteenth American Peptide Symposium was held under the joint auspices of the 
American Peptide Society and the hosting institution, the Ohio State University. This 
meeting attracted 1418 delegates including exhibitor personnel and accompanying guests 
from 33 countries. It was gratifying to see an increase in the number of students and 
post-doctoral scientists (30%) at the meeting as well as a sizeable number of newcomers. 

The scientific program contained an unprecedented number of lecture presentations 
(106), comprising a keynote address by Dr. Dan Koshland, the 10th Alan Pierce Award 
Lecture by John Stewart, 77 plenary lectures, 13 mini-symposium lectures and 16 
workshops lectures. Equally impressive was the number of poster communications 
(670). From the 762 scientific communications, the program committee had the arduous 
task of selecting speakers for the oral presentations and, even more difficult, the task of 
selecting approximately 50% of the lecture and poster presentations, some 379 articles, 
for publication in the proceedings volume. These manuscripts were selected on the basis 
of originality and scientific significance as judged from abstract submission. 

To accommodate this impressive and diverse array of scientific presentations, the 
program was structured into 15 scientific categories for original contributions, together 
with 5 workshops and 2 mini-symposia. There were 4 official poster sessions with all 
posters on display from Sunday through to Thursday. The breakdown of contributions 
for each scientific category were as follows: Synthetic Methods (144), Peptide 
Inhibitors/Receptors (80), Peptide Vaccines and Immunology (73), Conformational 
Analysis (59), Peptide Hormones and Neuropeptides (56), De Novo Design (55), 
Biologically Active Peptides (57), Peptide Mimetics (36), Glyco/Lipo/Phospho/ 
peptides (34), Peptide Libraries (32), Peptide/Protein Interactions (31), Peptide 
Delivery/Pharmaceuticals (20), NMR (19) and Signal Transduction (17). There were 31 
mini-symposium presentations and 16 lectures in the 5 workshops, titled: Peptide 
Vaccines (4); Peptides in Membranes (3); Synthetic Peptide Libraries (4); Peptide/ 
Non-Peptide Mimetics (5) and Finding Biosequence Information on STN international. 
There were 66 exhibitor booths on display throughout the symposium. It was a 
formidable task to accommodate the exhibitor displays and intermingled poster display 
in the Ohio Student Union. The lectures were held in spacious Mershon Auditorium 
(3062 seating capacity). 

One of the highlights of the meeting was the introduction of a Young Investigators 
Mini-Symposium Program. The goal was to provide opportunities for graduate students, 
postdoctoral fellows and scientists at an early stage of their scientific career to present a 
lecture and poster describing their research. We would like to thank the Mini-
Symposium Program Committee (Pravin T.P. Kaumaya, James P. Tam, Tomi K. Sawyer, 
Teresa M. Kubiak and Susan Wang) for reviewing and selecting speakers. Sixteen 
young scientists presented 15 minute lectures on the Wednesday afternoon. It was 
especially moving to us (P.T.P.K. and R.S.H.) to see our own graduate students and 
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others give stellar presentations. It was remarkable to note the level of professionalism 
in their performance. We sincerely hope that future symposium organizers will continue 
this successful format as it is important to nurture these young scientists. We continued 
in the tradition, established at the Thirteenth American Peptide Symposium in 
Edmonton, of holding workshop sessions. The intention was to enable participants to 
gain basic knowledge in an area outside their own expertise. The five workshops were 
held on the last day of the symposium and, to allow maximum participation, only two 
workshops were held concurrently. 

In an unprecedented effort to help students attend the symposium, the American 
Peptide Society and the Fourteenth American Peptide Symposium organizing committee 
set aside funds to finance needy participants. Ninety-four students received symposium 
travel grants totalling $36,000 (awards ranging from $250-$500 per student). We would 
like to give special thanks to Tomi K. Sawyer (Chair) and his committee members 
(Garland Marshall, Charles Deber and Henry Mosberg) for their hard work in the 
selection of the 94 students who received travel grants. The criteria used for these 
awards were need, field of interest, originality of research and recommendations from 
their professors. 

The Students Affairs Committee (Chairs: John W. Taylor and Jane V. Aldrich, 
Student Representatives: C. Haskell-Luevano, J. Ho, S. Wang and D.A. Wiegandt) of the 
American Peptide Society who organized the Job Fair and the Young Investigators 
Poster Competition must be commended on a great job well done. The Job Fair is an 
integral activity of the American Peptide Society that support the mutual employment 
interests of young scientists and potential academic/industrial employers. We provided 
a free booth to the Student Affairs Committee to conduct their activities. 

The Young Investigators poster competition was also a resounding success with 38 
entries competing for cash prizes. Only posters accepted by the Fourteenth American 
Peptide Symposium Program Committee were allowed to compete. A panel of judges 
selected by the Student Affairs Committee was responsible for reviewing the posters and 
selecting the winners. The entries were judged by four teams of two judges in a 
preliminary round. Each team listened to presentations by the investigators and judged 
a group of nine or ten posters according to the criteria of originality, timeliness/ 
significance, accuracy of data, analysis and interpretation of results, and effort and 
workmanship. Three top posters from each group were selected for a final round. In 
this, the 12 posters selected were judged afresh by four of the judges, without 
presentations and the scores were tallied direct. The competition result was very close 
and the standard was very high. The poster competition was deemed to be a valuable 
approach to recognizing and promoting the efforts of peptide researchers at an early 
stage of their career. At the awards banquet, held on June 23 at the Hyatt Regency, 
Columbus, the successful students received prizes and cash awards from Dr. Jean Rivier, 
the President of the American Peptide Society. Dean Olson from the University of 
Illinois at the Urbana-Champaign was awarded the first prize ($1000). Two second 
prize awards ($500) went to Knud Jensen and Hui Shao and finally there were four third 
prize winners who received $250 each. 

The symposium opened with a keynote lecture by the former editor of "Science" 
magazine, Dr. Daniel E. Koshland, Jr., who spoke on the identity of peptides in signaling 
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systems. Immediately following his talk was a session on Synthetic Methods. This was 
dedicated to Dr. Miklos Bodanzsky, a pioneer in the field of peptide chemistry on his 
80th birthday. Unfortunately, Dr. Bodanzsky could not attend the symposium and the 
session in his honour owing to personal reasons. As expected, synthetic aspects of 
peptide chemistry garnered the largest number of contributions and so required two 
sessions: Session I: Bodanzsky Session and Session IX: Synthetic Methods II. The 
Bodanzsky session on Monday morning highlighted the contribution of peptide 
chemistry to the chemical synthesis of proteins of greater than 50 amino acid residues, 
synthesis once only in the realm of recombinant DNA methods. Both chemical and 
enzymatic ligation of peptides figured prominently and demonstrated the power of the 
technology of using unprotected peptide segments as building blocks. Notwithstanding 
these major innovative approaches, it is clear that improvements in basic solid phase 
chemistry continues unabated. Novel methods for anchoring peptides to resins in SPPS, 
new efficient, rapid-acting coupling reagents for efficient peptide bond formation, 
improved synthesis and folding of disulfide peptides and development of new linkers and 
protecting groups figured prominently. 

Session II focussed in the delivery of peptides orally, across the blood brain barrier 
and into living cells. This is an area of the utmost importance if synthetic peptides are to 
become useful as pharmaceutical drugs. Session III emphasised the continuing and 
increasing importance that peptides play at the chemistry/biology interface in addressing 
important biological and chemical problems. Similarly, in Session IV, the study of the 
complex interactions between peptides and macromolecules can result in the 
development of unique inhibitors, for example, in the case of HIV protease. 

Session V contained the second largest number of presentations and covered the area 
of Peptide Inhibitors/Receptors. The synthesis of novel inhibitors and antagonists 
displaying increased potency and duration with highly selective properties for various 
receptors was described. This area continues to highlight the importance of structure-
activity relationships in the rational design of peptide analogs as potential drugs in 
medicine. 

Session VII on Signal Transduction was concerned with phosphonopeptide 
recognition of SH2 domains and how peptides in general are increasingly being used to 
decipher the process of signal transduction. Session VIII dealt with synthetic 
methodologies for O- and N-linked glycopeptides, phosphonopeptides and lipopeptides. 
Session X, dedicated to Conformational Analysis, emphasised the role of sophisticated 
biophysical measurements in yielding information concerning peptide bioactive 
conformation. 

Where else could one look for today's state-of-the-art synthetic peptide chemistry 
and design other than in Session XI entitled De Novo Design? In this session, the extent 
of the peptide chemist's imagination was stretched to the limit. The engineering of novel 
peptides with pseudo-three-dimensional strictures and well-defined properties were 
described. 

Session XII dealt with developments in the area of Peptide Hormones/Neuropeptides 
in which new classes of potent agonists and antagonists are being discovered. The 
mechanism of action and properties of the various receptors described is leading to the 
rational design of specific agonists/antagonists of potential therapeutic value. Session 
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XIII described the continuing progress in the field of peptide mimetics and the ingenuity 
in the chemistry being developed for the synthesis of various classes of compounds. In 
Session XIV, high resolution NMR was shown as being increasingly applied to 
determine peptide conformation. Peptide Vaccines and Immunology, taken together, 
also gathered one of the largest number of presentations at the symposium with 
approximately 80 scientific communications (Session XV & XVI). It is clear that the 
revolutionary new immunological knowledge generated within the last few years is a 
direct consequence of the use of synthetic peptides. In this session, creative strategies 
were described for vaccine development and, more importantly, new inroads targeting 
cancer vaccines/tumor antigens were presented. This is an area still in its infancy and 
promises to bring exciting new developments in the coming years. 

This year's Alan E. Pierce Award Recipient, Dr John M. Stewart, was recognised for 
his outstanding contributions to the chemistry/biology of peptides, especially to the 
development of solid phase peptide synthesis. In his memorable lecture, he recounted a 
four decade retrospective on peptide synthesis and his many contributions in the initial 
development of solid phase synthesis and the construction of the first synthesizer in the 
basement shop of his home. John also described his contribution to the area of peptide 
hormones and neuropeptides, especially bradykinin, angiotensin, GnRH, substance P and 
ACTH. 

As Symposium Chairman, I would like to acknowledge that the success of the 
symposium was due, in no small measure, to the dedication and hardwork of many 
individuals. I am indebted to my secretary, Angell Stone for her dedication and patience 
during the planning and organization of this meeting. She has contributed enormously to 
the development and execution of the symposium database required to correspond with 
hundreds of individuals and to keep track of abstract submissions. Her skills at 
mastering the database made it possible to organize printed materials for the symposium 
and to access records and participants on the fly. Lastly, in the past year, she has worked 
entirely on the publication of the proceedings book by converting all diskettes to the 
appropriate IBM compatible format, implementing editorial corrections to the 
manuscripts, retyped many of the tables and formatted each single manuscript to the 
desired style. Special thanks goes to Dan Pierce and John Powell for the financial 
administration of all symposium transactions, to Mandy Sunassee for the registration 
database, to Keith Keplinger for his many contributions wherever he was needed, to 
Susan Conrad for exhibitor/show management, to Bob Hummel for tfie design of the 
logo and layout of program and abstract books and to the many volunteers from the 
Department of Ob/Gyn, including graduate students and postdoctoral associates from my 
own and other laboratories. I am also indebted to the many individuals associated with 
the Ohio State University facilities, including the Mershon Auditorium, the Ohio Union, 
University Housing Services, and University Mail Services, who advised and helped 
during the planning and execution of the symposium activities. I am thankful to the 
Greater Columbus Convention & Visitors Bureau, especially Woody King and Barbara 
Martin for managing the hotel reservations. 

We would like to compliment the members of the Program Committee who assisted 
in organizing the scientific program by evaluating abstracts, both for oral presentation 
and for publication in the proceedings volume. Special thanks goes to the workshop 
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leaders and chairmen of the scientific sessions for stimulating discussions and for making 
sure that the meeting was kept on schedule. 

We are especially grateful for the generous financial backing of the Benefactors, 
Sponsors, Donors and Contributors whose support was critical to maintain the high 
standards of the meeting. Special thanks goes to Sigma Chemical Company for 
providing the bulk of funds required for the purchase of the symposium bags and to the 
Pierce Chemical Company for sponsoring the Pierce Award nominee. 

We are grateful also to Roger Epton of Mayflower Scientific Ltd. on many counts. 
These include the production of a special symposium issue of Biomedical Peptides, 
Proteins and Nucleic Acids dedicated to Peptide Vaccines. This issue was distributed 
free to all participants of the Fourteenth American Peptide Symposium. We are indebted 
for his advice and for his own hard work in the publication of this symposium book. 

The Chairman, is personally indebted to the Ohio State University, especially to the 
Dean, Vice President of the Medical Center, Dr. Manuel Tzagoumis, the Department of 
Ob/Gyn and his Chairman, Dr. Steven G. Gabbe, to the Comprehensive Cancer Center 
and the Director, Dr. David E. Schuller and to the Vice President of Research, Dr. 
Edward F. Hayes for their unreserved support of his efforts at all stages of this mammoth 
enterprise. 

Lastly, the Chairman would like to acknowledge his wife, Branka and his daughters, 
Biljana and Meghan and to express his very special thanks for their understanding and 
support during a challenging period. 

Pravin T.P. Kaumaya 
Robert S. Hodges 
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Scenes from the Fourteenth American 
Peptide Symposium 

An ice carving of the 14th APS logo of the Santa Maria and the American Peptide 
Society logo was displayed at the Speakers Dinner held at the Columbus Museum of Art. 
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Retiring President, Jean E. Rivier, presenting award to Retiring Councillor, John Smith. 
From far left to right: Peter W. Schiller, Jean E. Rivier, John Smith, Bruce W. Erikson 

and Arthur M. Felix. 

Carl Clark of Pierce Chemical Company presenting the 10th Alan Pierce Award to John 
Stewart at the Banquet. Standing left to right: Peter W. Schiller, President-elect, Jean E. 

Rivier, President and Pravin T.P. Kaumaya, Chairman of the 14th APS. 
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14th APS participants mingling outside the Mershon Auditorium at the Welcome 
Reception, which was catered by Handke's Cuisine of Columbus. 

Jean E. Rivier, presenting awards to students for the poster competition at the banquet. 
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Speakers Dinner. Standing from left to right: R. Bruce Merrifield, Robert S. Hodges, 
Jean E. Rivier and Daniel F. Veber. Sitting from left to right: Dr. Steven Gabbe, Chair 
of the Department of Ob/Gyn at the Ohio State University and wife, Pat Temple, Peter 

W. Schiller, James P. Tam, Robert Schwyzer and Victor J. Hruby. 
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1977 Miklos Bodanszky Case Western Reserve University 
Cleveland, OH 

x ix 



American Peptide Symposia 

Symposium 

First 
1968 

Second 
1970 

Third 
1972 

Fourth 
1975 

Fifth 
1977 

Sixth 
1979 

Seventh 
1981 

Eighth 
1983 

Ninth 
1985 

Chair(s) 

Saul Lande 
Yale University, New Haven 
Boris Weinstein 
University of Washington, Seattle 

F. Merlin Bumpus 
Cleveland Clinic, Cleveland 

Johannes Meienhofer 
Harvard Medical School 
Boston 

Roderich Walter 
University of Illinois 
Medical Center, Chicago 

Murray Goodman 
University of California-
San Diego 

Erhard Gross 
National Institutes of Health 
Bethesda 

Daniel H. Rich 
University of Wisconsin-Madison 

Victor J. Hruby 
University of Arizona 
Tucson 

Kenneth D. Kopple 
Illinois Institute of 
Technology, Chicago 

Location 

Yale University 
New Haven, CT, 
U.S.A. 

Cleveland Clinic 
Cleveland, OH, U.S.A. 

Children's Cancer 
Research Foundation 
Boston, MA, U.S.A. 

The Rockefeller University 
and Barizon Plaza Hotel 
New York, NY, U.S.A. 

University of California -
San Diego - San Diego, CA, 
U.S.A. 

Georgetown University 
Washington, DC, U.S.A. 

University of Wisconsin-
Madison, Madison, WI, 
U.S.A. 

University of Arizona 
Tucson, AZ, U.S.A. 

University of Toronto 
Toronto, Ontario, 
Canada 

Tenth 
1987 

Charles M. Deber 
University of Toronto, Toronto 

Garland R. Marshall 
Washington University School of 
School of Medicine, St. Louis 

Washington University 
St. Louis, MO, U.S.A. 

xx 



Symposium 

Eleventh 
1989 

Twelfth 
1991 

Thirteenth 
1993 

Fourteenth 
1995 

Chair(s) 

Jean E. Rivier 
The Salk Institute for 
Biological Studies, La Jolla 

John A. Smith 
Massachusetts General 
Hospital, Boston 

Robert S. Hodges 
University of Alberta, 
Edmonton 

Pravin T.P. Kaumaya 
The Ohio State University, 
Columbus 

Location 

University of California -
San Diego, CA, U.S.A. 

Massachusetts Institute 
for Technology 
Cambridge, MA, U.S.A. 

Edmonton Convention 
Centre Edmonton, 
Alberta, Canada 

The Ohio State University 
Columbus, OH, U.S.A. 

XXI 



American Peptide Society 

Honorary Members 

Christian Anfinsen (1990) 
John Hopkins University 

Victor J. Hruby (1993) 
University of Arizona 

Elkan R. Blout (1991) 
Harvard Medical School 

R. Bruce Merrifield (1990) 
Rockefeller University 

Miklos Bodanszky (1990) 
Case Western Reserve Univ. 

Miguel Ondetti (1991) 
Bristol-Myers Pharm. 

Joseph Fruton (1991) 
Yale University 

Andrew V. Schally (1990) 
Vet. Admin. Medical Center 

Murray Goodman (1990) 
Univ. Cal. San Diego 

Robert Schwyzer (1990) 
Swiss Fed. Inst, of Technology 

Roger Guillemin (1990) 
The Salk Institute 

John C. Sheehan (1991); 
deceased 
Mass. Inst, of Technology 

Ralph Hirschmann (1990) 
University of Pennsylvania 

John M. Stewart (1995) 
University of Colorado 

Klaus Hofmann (1990) 
University of Pittsburgh 

Daniel F. Veber (1991) 
Merck Sharp & Dohme 

xxii 



1995 Young Investigator Poster Competition 
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Abbreviations 

Abbreviations used in the proceedings volume are defined below 

AA, aa 
AAA 
Ab 
Abe 

ABRF 

Abu 
AC 
Aca 
ACE 

AChR 
ACN; Acn 
AcOH 
AcOZ 

ACP 
ACTH 
AD 

Ada 
Adoc 
AFR 

Ag 
AGEs 

Agl 
Aha 
Ahx 
Aib 
Aic 

AIDS 

AK 

amino acids 
amino acid analysis 
antibody 
4'-(aminomethyl)-2,2'-
bipyridine-4-carboxylic 
acid 
Association of 
Biomolecular 
Resource Facilities 
amino butyric acid 
adenylate cyclase 
aminocyclohexyl alanine 
angiotensin-converting 
enzyme 
acetylcholine receptor 
acetonitrile 
acetic acid 
acetoxy-benzyloxy-
carbonyl group 
acyl carrier protein 
corticotropin 
Alzheimer's disease; 
asymmetric 
dihydroxylation 
adamantyl 
adamantyloxycarbonyl 
autocatalytic fragment 
religation 
antigen 
advance glycosylation 
endproducts 
aminoglycine 
7-aminoheptanoic acid 
aminohexyl 
a-aminoisobutyric acid 
2-aminoindan-2-
carboxylic acid 
acquired immune 
deficiency syndrome 
adenylate kinase 

Amh 

AO 
Aoe 

Apa 
APC 
Apo 
apo A-I 

aPTT 

ARP 
Asa 
ASPECT 

AT 
Ate 

ATI 

ATL 
ATR 

AUC 
AV 
AVP 
AZT 

b 
Bab 

Bal 
BAL 
BBB 

amino-mercaptohexanoic 
acid 
antiovulatory 
l-azabicyclo[3.3.0]-2-
carboxylic acid 
6-amino-penicillanic acid 
antigen presenting cell 
apolipoprotein 
apolipoprotein A-IAPP 
aminopeptidase P 
activated partial 
thromboplastin time 
arginine-rich peptide 
azidosalicylic acid 
Augmented Surface 
PolyEthylene's prepared 
by or used for Chemical 
Transformation 
antithrombin 
2-aminotetralin-
2-carboxylic acid 
ascidian trypsin 
inhibitor 
adult T-cell leukemia 
attenuated total internal 
reflection 
area under the curve 
arteriovenous 
arginine-8-vasopressin 
3'-azido-3'-deoxy-
thymidine zidovudine 

bovine 

3,5 -bis(2-aminoefhyl) 
benzoic acid 
|3-alanine 
backbone amide linker 
blood brain barrier 
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Abbreviations 

BCECF 

BCR 
BE 
BET 

BHI 

BHK 
b-HLH-zip 

bhThr 
bile 
BIV 

BK 
Boc 

BOP 

Bpa 

Bpoc 

BPTI 

BSA 
BW 
Bzl 

cAMP 

CAT 

Cbz, Z 

CCK 
CD 
Cdk 
cDNA 
CE 

bis (carboxyethyl) 
carboxyfluorescein 
B-cell receptor 
B-cell epitopes 
Brunauer-Emmett-Teller 
analysis 
biosynthetic human 
insulin 
baby hamster kidney cells 
basic helix-loop-helix 
leucine zipper 
betidehomothreonine 
betideisoleucine 
bovine immuno
deficiency-like virus 
bradykinin 
tert butyloxycarbonyl 

benzotriazolyloxy-
tris-(dimethylamino) 
phosphonium 
hexafluorophosphate 
benzoylphenylalanine; 
bipyridylalanine 
biphenylpropyloxy-
carbonyl 
basic pancreatic trypsin 
inhibitor; bovine trypsin 
inhibitor 
bovine serum albumin 
body weight 
benzyl 

cyclic adenosyl 
monophosphate 
chloramphenicol acyl 
transferase 
carbobenzoxy; 
benzyloxycarbonyl 
cholecystokinin 
circular dichroism 
cyclin dependent kinase 
complementary DNA 
capillary electrophoresis 

CEA 
CF 
CFA 

CFTR 

cGMP 

CGRP 

CgTx 
Cha 
CHAPS 

CHD 
CHO 

Cho 
ChTX 
CJD 
CKII 
Cle 

CIZ 

CM 

CN 
CNS 
ConG 
COSY 

Cpa 
CPD, CP 
CPN 
cpn 
CPPI 

CRF 

CRP 
CsA 

carcinoembryonic antigen 
cystic fibrosis 
complete Freunds 
adjuvant 
cystic fibrosis 
transmembrane 
conductance regulator 
cyclic guanosine 
monophosphate 
calcitonin gene related 
peptide 
conotoxin 
cyclohexylalanine 
3-[(3-cholamidopropyl)-
dimethyl-ammonio]-1 -
propane-sulfonate 
cyclohexanedione 
Chinese hamster ovary; 
aldehyde 
choline 
charybdotoxin 
Creutzfeldt Jakob disease 
casein kinase II 
cycloleucine (1-
amino-1 -carboxyl 
cyclopentane) 
2-chlorobenzyloxy-
carbonyl 
chloromethyl; 
carboxymethyl 
cyanopropyl 
central nervous system 
conantokin G 
correlated NMR 
spectroscopy 
4-chlorophenylalanine 
carboxypeptidase 
carboxypeptidase N 
chaperonin protein 
cell-permeable peptide 
import 
corticotropin releasing 
factor 
C-reactive protein 
cyclosporin A 
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Abbreviations 

CSPPS 

CT 
CTL 
CVS 
Cyp 
CyPA 
CZE 

Dab 
DAG 
DAMGO 

DBF 
DBU 

DC 
DCB 
DCCI, DCC 
DCCT 

DCHA 
DCM 
Dcp 
DCU 
Dde 

DEAE 
Deg 
DG 
Dha 
Dhc 

DIC 

DIEA 
DIP 
DIPCDI 
DIPEA 
DMA 
DMAP 
DMBA 

convergent solid phase 
peptide synthesis strategy 
charge-transfer 
cytotoxic T-lymphocytes 
cardiovascular system 
cyclophilin 
cyclophilin A 
capillary zone 
electrophoresis 

diaminobutyric acid 
diacylglycerol 
[D-Ala2,Af-MePhe4,Gly5-ol] 
enkephalin 
dibenzofulvene 
1,8-diazabicyclo 
[5.4.0]-undec-7-ene 
deltorphin C 
1,2-dichlorobenzene 

dicyclohexyl carbodiimide 
diabetes control and 
complications trial 
dicyclohexylamine 
dichloromethane 
dichlorophenyl 
dicyclohexylurea 
JV-(l-(4,4-dimethyl-
2,6-dioxocyclohexylidene) 
ethyl 
diethylaminoethanol 
diethylglycine 
distance geometry 
dehydroalanine 
5'-(2,3-dihydroxy-
propyl)cysteine 
jV.iV'-diisopropyl 
carbodiimide 
diisopropylethylamine 
4,7-diphenyl phenanthroline 
diisopropylcarbodiimide 
diisopropylethylamine 
dimethylacetamide 
dimethylaminopyridine 
9,10-dimethyl-l,2-
benzathracene 

DMF 
DMPC 

DMPG 

DMS 
DMSO 
DmtOH 

DNP 
Dns 
DOC 
DOPC 

DP 
Dpa 
DPCDI 
DPDPE 

Dpg 
DPPC 

Dpr 
DQF 
DRE 
DSIP 
DSP 

DTDP 
DTNB 

DTPA 

Dts 
DTT 
DTX 
Dyn 

EAE 

ECD 
ECEPP 

dimethylformamide 
dimyristoylphosphatidyl-
choline 
dimyristoylphosphatidyl-
glycerol 
dimethyl sulfide 
dimethyl sulfoxide 
2,2-dimefhyl-L-
thiazolidine-4-carboxylic 
acid 
dinitrophenyl 
dansyl 
deoxycholate 
dioleoyl-j«-
glycero-phosphocholin 
dipeptidyl peptidase 
diphenylalanine 
diisopropylcarbodiimide; 
cyclo[DPen2'DPen5] 
enkephalin 
dipropylglycine 
dipalmitoyl 
phosphatidylcholine 
2,3-diaminopropionic acid 
double quantum focused 
dermenkephalin 
delta sleep inducing peptide 
dimethylsulfonium methyl 
sulfate 
dithiodipyridine 
dithiobis(2-nitrobenzoic 
acid) 
diethylenetriamine 
pentaacetic acid 
dithiasuccinoyl 
dithiothreitol 
dendrotoxin 
dynorphin 

experimental autoimmune 
encephalomyelitis 
extracellular domain 
Empirical Conformational 
Energy Program for 
Peptides 
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Abbreviations 

ECM 
ED50 

EDT 
EDTA 

EE 
EGF 
EGFR 

EIAV 

ELISA 

EM 

EMIT 

EMSA 

ER 
ES 
ESIMS 

ESMS 

ESR 
ET 
EtA 
Etm 
EYPC 

FAA 
FABMS 

Farn 
Fbg 
Fg 
FGF 
FI 
FITC 
Fm, fm 
FMDV 

extracellular matrix 
median effective dose 
ethane dithiol 
ethylenediaminetetraacetic 
acid 
early endosomes 
epidermial growth factor; 
epidermial growth factor 
receptor 
equine infectious anemia 
virus 
enzyme-linked 
immunosorbent assay 
electron microscopy; energy 
minimization 
enzyme multiplied 
immunoassay technology 
electrophoretic mobility 
shift assay 
endoplasmic reticulum 
electron spray 
electrospray ionization 
mass spectrometry 
electrospray mass 
spectrometry 
electron spin resonance 
endothelin 
a-ethylalanine 
ethyloxymethyl 
egg yolk phosphatidyl
choline 

fatty amino acid 
fast atom bombardment 
mass spectrometry 
farnesyl 
fibrinogen 
fibrinogen 
fibroblast growth factor 
feeding inhibition 
fluorescein isothiocyanate 
fluorenylmethyl 
foot-and-mouth virus 

FMOC, Fmoc 9-fluorenylmethoxycarbonyl 
Fpa 4-fluorophenylalanine 

FPLC 

FRE 

G6PdeH 

GC 
gCSF 

GH 
GHRH, GRJ 

GHRP 

GITC 

Gla 

Glc 
GluDH 
Gn, Gu 
GnRH 

GP 

GPCRs 
GPGB 
GPI 
GRF, GHRH 

GRP 
GSH 
GST 
GT 
GTP 

h 
HA 
HAI 
HAPyU 

fast protein liquid 
chromatography 
fibrinogen recognition 
exosite 

glucose-6-phosphate 
dehydrogenase 
gas chromatography 
granulocyte colony 
stimulating factor 
growth hormone 

r growth hormone releasing 
hormone 
growth hormone releasing 
peptide 
2,3,4,6-tetra-O-Acb 
D-glucopyranosyl 
isothiocyanate 
D-galactopyranosyl; gamma 
carboxyglutamic acid 
glycosyl 
glucose dehydrogenase 
guanidine 
gonadotropin releasing 
hormone 
glycogen phosphorylase; 
guinea pig 
G-protein coupled receptors 
guinea pig gallbladder 
guinea pig ileum 

' growth hormone releasing 
factor 
gastrin releasing peptide 
reduced glutathione 
glutathione S-transferase 
glutamase 
guanosine triphosphate 

human 
hexosaminidase 
haemagglutination inhibition 
0-(7-azabenzotriazolyl)-
1,1,3,3-bis(tetramefhylene) 
uronium hexafluoro
phosphate 
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HATU 

Hb 
HBsAg 

HBTU 

HBV 
HCA, hCA 
hCG 

HDL 
HEL 
Hep 
Hepes 

HF 
HFIAP 

HFIP 
hGH 
HIV 

HIVPR 

HLA 
HLE 
HMB, Hmb 
HMBA-

MBHA 

HNE 
HOAt 

HOBt 
HPLC 

hPTH 
HR,hr 

HRG 
HRT 

1 -hydroxy-7-azabenzotri-
azole uronium salt 
derivative 
hemoglobin 
hepatitis B virus surface 
antigen 
O-benzofriazolyl-AWJV'./V-
tetramethyluronium hexa
fluorophosphate 
hepatitis B virus 
human carbonic anhydrase 
human chorionic 
gonadotropin 
high density lipoprotein 
hen egg lysozyme 
heptyl 
7V-[2-hydroxyethyl] 
piperazine-JV'-2-ethane-
sulfonic acid] 
hydrogen fluoride 
hagfish intestinal 
antimicrobial peptide 
hexafluoroisopropanol 
human growth hormone 
human immunodeficiency 
virus 
human immunodeficiency 
virus protease 
human leukocyte antigen 
human leukocyte elastase 
hydroxymethylbenzoic acid 
hydroxymethyoxybenzyl 
alcoholmethylbenzhydryl-
amine 
human neutrophil elastase 
1 -hydroxy-7-azabenzo 
triazole 
7V-hydroxybenzotriazole 
high performance liquid 
chromatography 
human parathyroid hormone 
human recombinant; 
histamine release 
heregulin 
histamine-releasing toxicity 

HS-TP 
HSA 
Hse 
Hsp 
HSPS 
HSV 
HTLV 
HUVEC 

Hyp 
Hz 

i.m. 
i.v. 
IAA 
IC 
ICAM 

ICD 
ICE 
IEC 

IEF 
IFN 
Ig 
IGF 
IL 
FN 
iNOC 

IP 
IR 
IRMA 
IS-MS 
IU 

K-FGF 

KLH 

LCMV 

LCP 
LDH 

Abbreviations 

thiopyridine 
human serum albumin 
homoserine 
heat shock proteins 
high speed peptide synthesis 
herpes simplex virus 
human T-cell leukemia virus 
human umbilical vein 
endothelial cell 
hydroxyproline 
hertz 

intramuscular 
intravenous 
indolizidinone amino acid 
inhibitory concentration 
intracellular adhesion 
molecule 
intracellular domain 
interleukin convertase 
ion-exchange 
chromatography 
isoelectric focusing 
interferon 
immunoglobulin 
insulin-like growth factor 
interleukin 
indolyl-naphthyl 
isonicotinyl protecting 
group 
inositol phosphate 
infrared; insulin receptor 
immunoradiomerric assay 
ion spray mass spectroscopy 
international units 

Kaposi fibroblast growth 
factor 
keyhole limpet hemocyanin 

lymphocytic 
choriomeningitis virus 
lipid-core peptide 
lactate dehydrogenase 
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Abbreviations 

LDTOF 

LE 
LEC 

LEP 
LFA-1 

LH 

LHRH 
LNC 
LPG 

LpL 
LPS 
LSF 
LUV 
LYS 

m 
MAb, Mab, 

mAb 
MALDI 

MALDI-MS 

laser desorption 
time-of-flight 
late endosomes 
ligand-exchange 
chromatography 
lysyl endopeptidase 
leukocyte function-
associated antigen-1 
luteinizing hormone; 
lutropin 
see GnRH 
lymph node cell 
lipophosphoglycan; 
lysophosphatidyl-glycerol 
lipoprotein lipase 
lipopolysaccharide 
lung surfactant 
large unilamellar vesicle 
lysosomes 

murine; messenger 
monoclonal antibody 

matrix-assisted laser 
desorption ionization 
matrix-assisted laser 
desorption/ionization mass 
spectroscopy 

MALDI-TOF matrix-assisted laser 

Man 
MAO-A 
MAP, MAp 

MARS 

Mba 
Mbc 

MBEC 
Mbh 

desorption/ionization 
time-of-flight mass 
spectroscopy 
2-mercaptoaniline 
monoamine oxidase type A 
membrane-anchored 
protein; multiple antigen 
peptide; mean arterial 
pressure 
multiple automatic robotic 
synthesizer 
2-mercaptobenzoic acid 
4'-methyl-2,2'-bipyridine-4 -
carboxylic acid 
bovine microepithelial cell 
mefhoxybenzhydryl 

MBHA 
MBP 
McB17 
MCPS 

MD 
Me 
MeBmt 

MECC 

MeDOPE 

MeOH 
MgTX 
MHC 

MIC 

MITO 
ML 
Mis 

MLV 
mMIF 

MNEI 
Mot 
MP 
Mpa 
Mpg 
Mpr 
Mpr 
mRNA 
MS 

MSCRA1V 

MSH 

Msob 
Msz 

MT 

methylbenzhydrylamine 
myelin basic protein 
microcin B17 
multiple constrained peptide 
synthesis 
molecular dynamics 
methyl 
(4R)-4-[(2'E)-butenyl]-4,#-
dimethyl-(L)-threonine 
micellar electrokinetic 
capillary chromatography 
monomethyl dioleoyl-
phosphatidylethanol amine 
methanol 
margatoxin 
major histocompatibility 
complex 
minimal inhibitory 
concentration 
mitochondria 
mistletoe lectin 
minor lymphocyte-
stimulating gene 
multilamellar vesicle 
macrophage migration 
inhibitory factor 
single-chained monelline 
motilin 
mastoparan 
mercaptopropionyl 
3-mefhoxypropyl glycine 
3 -mercaptopropionyl 
mercaptopropionic acid 
messenger ribonucleic acid 
multiple sclerosis; mass 
spectrometry 

s microbial surface 
components recognizing 
adhesive matrix molecules 
melanocyte stimulating 
hormone; melanotropin 
methylsulfinylbenzyl 
methylsulfinylbenzyl 
oxycarbonyl 
metallothionein 
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Abbreviations 

mT 

MTSSL 

MuLV 
MVD 
Mwt 

Nal 
Nbb 
NBD 

NBS 
NCA 
NcMT 

NDF 
Nic 
NIS 
NK 
NLS 

NM 
NMB 
NMDA 
NMM 
NMP 
NMR 
NOE 
NOESY 

NPA 
Npp 
NPS 
NPY 
Nsc 

NTHi 

NTI 
Nva 

Oic 

OM 

middle T antigen of 
polyoma virus 
methane-fhio-sulfonate spin 
label 
murine leukemia virus 
mouse vas deferens 
molecular weight 

2-naphthylalanine 
nitrobenzamidobenzyl 
7-nitrobenz-2-oxa-
1,3-diazole 
jV-bromosuccinimide 
N-carboxyanhydride 
Neurospora crassa 
metallothionein 
Neu differentiation factor 
nicotinoyl 
W-iodosuccinimide 
neurokinin 
nuclear localization 
sequence 
neuromedin 
neuromedin B 
jV-methyl-D-aspartate 
Af-mefhylmorpholine 
TV-methyl pyrrolidinone 
nuclear magnetic resonance 
nuclear Overhauser effect 
nuclear Overhauser 
enhanced spectroscopy 
nitrophenoxyacetyl 
nitrophenyl pyrazolinone 
o-nitrophenylsu lfeny 1 
neuropeptide Y 
7V(a)-2-(4-nitrophenyl) 
sulfonylethoxycarbonyl 
nontypeable Haemophilus 
influenzae 
naltrindole 
norvaline 

octa-hydroindole-2-
carboxylic acid 
otitis media 

OMe 
OMP 
ONb 
OPA 
OSu 
OT 
OVA 
OVLT 

Oxa 

OXT 

PA 
PAb 
PAB 
PAC, Pac 
PAF, Paf 
PAGE 

PAK 

Pal 
PAL 

Pa02 

PBL 
PBS 

PCI 
PD-MS 

PDB 
PDGF 

PE 
PEEP 

PEG 
PEP 
PG 

methyl ester 
outer membrane protein 
o-nitrobenzyl 
o-phthaldialdehyde 
o-succinimide ester 
oxytocin 
ovalbumin 
organum vasculosum 
laminate terminalis 
2-aminomethyloxazole-4-
carboxylic acid 
oxytocin 

palmitic acid; polyamide 
polyclonal antibodies 
/>--alkoxybenzyl 
phenacyl 
p-aminophenylalanine 
polyacrylamide gel 
electrophoresis 
Pseudomonas aeruginosa 
strain K 
3 -pyridy lalanine 
photoaffinity labeling; 
[5-(4'-aminomethyl-3',5*-
dimethoxyphenoxy) 
valeric acid] 
partial arterial oxygen 
pressure 
peripheral blood lymphocyte 
phosphate-buffered saline; 
pulsating bubble 
surfactometer 
prohormone convertase 1 
plasma desorption mass 
spectrometry 
phorbol 12,13-dibutyrate 
platelet derived growth 
factor 
phosphatidylethanolamine 

positive end-expiratory 
pressure 
polyethylene glycol 
prolyl endopeptidase 
proteoglycan 
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Abbreviations 

PHA 
Phaa 
PhAc 
PHBT 

Phi 
Phpa 
PI 

pi 
Pic 
Pix 
Piz 
PK 
PKC 
PLA2 

PLB 
PLC 
PLTX 
PM 

PMA 
PMB 
pMH 
PMN 

pNA 
PNA's 
PND 

POPG 

PPIase 
PPII 
PPL 
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Introduction 

It is a very great honor and pleasure for me to accept the tenth Alan E. Pierce award of 
the American Peptide Society. I am particularly pleased that the Pierce Chemical Co. 
has agreed to transfer the award funds directly to the John M. Stewart Fund for Peptide 
Research that I have established in the University of Colorado Foundation with the goal 
of endowing a chair of peptide research at the University of Colorado Medical School. 

I am also indebted to Pierce as publisher of the second Edition of "Solid Phase 
Peptide Synthesis" that Jan Young and I wrote in 1984. It is gratifying that, despite the 
many advances in peptide chemistry that have come in the last decade, this book is still 
considered to be useful, and Pierce maintains the book in publication. 

Given this opportunity to review some of the events of the last four decades of my 
work, I am especially happy to acknowledge the dedicated efforts of those persons who 
have worked with me and have made my achievements possible. I shall mention many 
of them by name during this review. 

These four decades have seen the total transformation of peptide chemistry. At the 
beginning of these years, two major events had awakened the scientific world to 
peptides: the determination by Sanger of the amino acid sequence of insulin in 1951 and 
the synthesis of oxytocin by du Vigneaud in 1953. Those accomplishments, achieved by 
dedicated, laborious application of methods totally primitive by today's standards, did 
show, however, that the difficulties of sequence determination and synthesis of peptides 
could be overcome. These have been exciting years to be active in peptide research and 
I am pleased to have been able to make some contributions to that excitement. 

Contributions to Solid Phase Peptide Synthesis 

It was a rare opportunity to have been working in the same laboratory at Rockefeller 
University where Bruce Merrifield conceived the idea and developed the practice of 
solid phase peptide synthesis. Bruce and I were both working for D.W. Woolley, who 
made many contributions to early work on antimetabolites, structural analogs of bio
logically active molecules that acted as antagonists. He also discovered the neuronal 
action of serotonin and made important contributions to neurochemistry and the basis of 
mental diseases. Bruce, working on peptide growth factors with Dr. Woolley, had 
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isolated Ser-His-Leu-Val-Glu from a partial hydrolysate of insulin, and had so much 
difficulty synthesizing this peptide by the methods available at that time (1955) that he 
thought there must be a better way to do peptide synthesis. In 1957 he conceived the 
idea of assembling the amino acids stepwise while the growing chain was attached to an 
insoluble support. After many false starts and blind alleys, the solid phase synthesis of 
the first peptide, Leu-Ala-Gly-Val, was published in 1963. 

It is truly remarkable that Bruce, trained as a microbiologist, was able to make a 
Nobel prize-winning contribution to the methodology of organic synthesis. Since I was 
trained as an organic chemist, it was logical that he turned to me for help, and I 
remember many long hours of discussions of organic reactions and organic reaction 
mechanisms during those years of difficulties. Moreover, I had already been working on 
peptide synthesis, trying to inhibit racemization during coupling reactions by using 
mixed anhydrides prepared with an optically active organic acid. 

Bradykinin and Solid Phase Synthesis 

Bradykinin was discovered in 1946, but it was not until 1960 that its sequence was 
determined to be Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg. Because centrally admini
stered bradykinin was reported to have effects on behavior, Woolley suggested that I try 
to modify the structure of bradykinin to make an antagonist. In 1962, I began to 
synthesize analogs of bradykinin, and in order to test the biological activity of the 
analogs I synthesized, I set up the isolated rat uterus assay, a standard pharmacological 
assay for bradykinin activity. 

Given the peptide chemistry that was available in 1960, bradykinin was a difficult 
peptide to synthesize, due to the presence of the two arginines. After synthesis of 
LAGV, Bruce selected bradykinin as the next target for solid phase synthesis. It 
presented the chemical challenge of the arginine residues, but had the advantage that 
biological activity of the product could be readily assayed in my laboratory. The 
successful synthesis of bradykinin, reported in 1964, created great excitement and 
convinced the peptide world that solid phase synthesis was a reality. 

Once Bruce had completed his synthesis of bradykinin, I immediately applied solid 
phase methodology to my bradykinin work. In a full year of synthesis of bradykinin 
analogs in solution I had synthesized, purified and assayed three analogs. In the next 
year, using solid phase synthesis, I synthesized 25 analogs. 

Early Chemical Problems 

Quite early in the development of solid phase synthesis we had problems with 
incomplete chain growth, and realized that this might be due to inadequate resin swelling 
during deprotection of the Boc group. We changed the original deprotection reagent, 
IM HCl in glacial acetic acid, which does not swell the resin, to 4M HCl in dioxane, 
which swells the polystyrene resin highly. Until TFA in DCM was adopted as the 
reagent for deprotection, preparing dry, peroxide-free dioxane and saturating it with 
gaseous HCl were major parts of the solid phase mystique. Eventually it was understood 
that, in order for syntheses to continue without termination, solvents must be used that 
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swell the resin fully. Simple measurement of polymer swelling in DCM was introduced 
as a practical measure of usefulness of a given batch of polymer. Measurement of 
swelling is still a useful practical measure of suitability of a resin for synthesis. 

Automatic Solid Phase Synthesis 

In his original conception of solid phase synthesis, Bruce had realized that the use of an 
insoluble support would make the whole process of peptide sythesis amenable to 
automatic operation. Bruce asked me if I would undertake the design and construction 
of an automatic instrument, and, after my initial successes with bradykinin analogs, I 
agreed to do so. Primary control in the automatic synthesizer was by a stepping drum 
programmer, a commercial instrument that used pegs inserted in holes in a drum to 
activate microswitches. Fundamental to the success of the instrument was a pair of 
12-position rotary Teflon selector valves, designed and built by Nils Jemberg in the 
Rockefeller instrument shop. Although such valves are commonplace today, they were 
unique at that time. The first synthesizer used a programmer with a small drum that had 
positions adequate for only one kind of synthesis chemistry: diimide or active ester 
coupling. At that time asparagine and glutamine were coupled as nitrophenyl esters, 
while DCC was used for all others. To change coupling chemistry required stopping the 
synthesis and changing the programmer drum. The second instrument, built after 
succesful operation of the first, had a large drum that accommodated program pegs for 
both coupling chemistries, and switched automatically between them. The first 
synthesizer is now in the Smithsonian Institution in Washington, DC. 

The first two synthesizers were constructed in the basement shop in my home in 
New Jersey. When I decided to leave Rockefeller and move to Colorado in 1968, I 
worked with Nils Jernberg on construction of a synthesizer to take to Colorado. This 
also gave him the information he needed to do any necessary repair work on the two 
synthesizers remaining in the Merrifield laboratory. The synthesizer I took to Denver 
underwent several significant improvements over the next few years, and was used 
continually until 1986. Nils also constructed synthesizers for several other peptide 
chemists. One of these was in Sao Paulo, Brazil, for Antonio Paiva, who arranged for 
me to help set up his laboratory for synthesis in 1971 and to teach a laboratory course 
with students from four Latin American countries. Another synthesizer, purchased by 
Alejandro Paladini, in Buenos Aires, was set up and operated by Martha Knight, who 
had come to Denver with me from Rockefeller, and spent two years in Argentina in an 
exchange with Clara Pena, who, while she was in Denver, synthesized the longest 
peptide ever synthesized in my laboratory: a 126-residue fragment of human growth 
hormone. The synthesizer in Sao Paulo is still operating at this time alongside two 
modern synthesizers. 

When Beckman decided to develop the peptide synthesizer, Bruce and I both 
worked with them on the design. When they marketed the Model 990 synthesizer in the 
spring of 1972, Bruce received synthesizer serial number one, and I received the serial 
number two instrument, which is still in routine use in my laboratory in Denver. It has 
been used for synthesis of literally thousands of peptides. 
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"The Book" 

At the FASEB meeting in 1965 I presented the work on synthesis of bradykinin analogs 
by solid phase. Jan Young and Eliezar Benjamini heard the talk and invited me to spend 
the summer at the Kaiser Foundation Research Institute in San Francisco to teach them 
how to do solid phase synthesis. They also had the specific goal of determining, by 
synthesis, the epitope in tobacco mosaic virus protein (TMVP) recognized by an anti
serum. Both goals were realized. The TMVP project represented the first precise 
definition of a protein epitope and stands as a landmark in immunochemistry. Jan had 
organized the Bay Area Peptide Club, and at their request she wrote a small "cookbook" 
of solid phase synthesis. At her urging I became involved in the writing, and by 1968 
we had finished the manuscript. W.H. Freeman agreed to publish the book and, at our 
urging, set the price very low ($5.00), so that it would be readily accessible to students. 
The first edition of'Solid Phase Peptide Synthesis' was published in 1969. 

When the time came for a second edition, Freeman, who had lost money on the 
book, did not want to publish the second edition. Pierce fortunately published it; and the 
second edition, published in 1984, is still available from them - although the price is 
much more than $5! The first edition was translated into Russian in the Soviet Union. 
We first learned of the translation several years afterward, when a Polish peptide 
chemist told us about the translation and found copies for us. 

Later Improvements in Solid Phase Chemistry 

When we began to synthesize analogs of substance P and luteinizing hormone releasing 
hormone (GnRH), which are amides, we encountered low yields using the benzhydryl
amine resin, which was introduced by Pietta and Marshall. Gary Matsueda, in my 
laboratory, synthesized the methylbenzhydrylamine resin, in which the peptide-resin link 
is more labile, and which gives improved yields of most peptide amides. 

Although there had been much discussion in the early years about differential 
solvation of the polystyrene resin and the growing peptide chain, the general use of 
powerful polar solvents such as DMF minimized most such problems. Then Deber 
described a truly difficult sequence that was predicted to adopt (3-sheet conformation. 
This very hydrophobic peptide could be expected to aggregate on the resin. At the same 
time, in work by Eunice York on a-helical peptides, we were surprised by the failure of 
oligoalanines to grow at about the decapeptide stage. Realizing that secondary structure 
was a common factor in these two difficult sequences, we examined the incorporation of 
chaotropic salts in the coupling reaction to break up secondary structure. Wieslaw Klis 
found that sodium perchlorate and potassium thiocyanate, well-known chaotropic agents, 
would greatly improve coupling in these difficult sequences. The important common 
factor was recognition of the role of conformation and structure in these problems. 

In another recent chemistry study, the Npys blocking group, introduced by Rei 
Matsueda, was carefully investigated by Kathie Pugh and Lajos Gera for use as an 
N-blocking group that can be removed by triphenyl phosphine under neutral conditions, 
giving an additional level of orthogonal deprotection to solid phase synthesis. 
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Helical Peptides 

In a collaboration with Robert Baldwin, at Stanford, Eunice York has carried out 
syntheses that defined the rules for formation of a-helices by short peptide sequences. 
Prior to our work, it was considered that no peptides of modest length (15-20 residues) 
would show any a-helix in water, even though they were composed of residues with a 
high helix forming potential. Contrary to this rule was the behavior of the N-terminal 
peptide (residues 1-13) derived from ribonuclease A by CNBr cleavage (the so-called 
"C" peptide); it showed partial helix in cold water. This part of RNAse is helical in the 
intact protein. The key to this behavior was the fact that the CNBr cleavage product is a 
C-terminal homoserine lactone. Hydrolytic opening of the lactone, yielding the free 
acid, destroyed the helix. 

At that time, Hoi had just described the helix induced dipole. Reasoning that this 
induced charge was inhibiting helix formation, we synthesized the RNAse sequence with 
the ends blocked: an N-terminal acetyl and a C-terminal amide. Immediately, CD and 
NMR showed a significant amount of helix in cold water. By choice of appropriate 
residues, we were able to design peptides of 15-20 residues that are completely helical in 
cold aqueous solution. 

These studies by our group, and later by others, completely redefined the helix-
forming tendency (the Zimm-Bragg "s" value) of the normal amino acids. The values 
determined in these peptides were quite different from the older values derived from 
"host-guest" studies by Scheraga. In order to define the "s" value of each amino acid, 
we needed a standard "carrier" or "backbone" peptide in which to insert the residue 
under study. Oligoalanines would appear to be ideal, due to the high helix-forming 
tendency of alanine, but acetyl-oligoalanine-amides are about as soluble as sand. In the 
studies on neutral amino acids, glutamic and lysine residues were used judiciously to 
give adequate solubility, but for the charged amino acids a neutral carrier was needed to 
avoid artifacts caused by interaction of the new charged amino acid with the Glu and Lys 
residues already in the carrier. We designed an oligoalanine containing several 
glutamine residues to provide water solubility. Being uncharged, these residues did not 
distort the interpretation of the helix-forming potential of introduced charged residues. 

Designed Helix Bundles 

Since we knew how to make peptides that would be helical in aqueous solution, it 
seemed reasonable to try to design a bundle of helical peptides that could serve as a 
carrier for a group of amino acids having a specific function, as, for example, an enzyme 
active site. Using the molecular graphics program SYBYL, Karl Hahn designed a 
molecule consisting of four parallel amphipathic a-helices bearing the "catalytic triad" 
residues of the chymotrypsin active site on the N-terminus of the bundle. The C-termini 
of the four helices were tied together covalently to hold the chains in the desired bundle. 
The Asp-His-Ser residues of the triad were designed to be in the same spatial 
arrangement as in chymotrypsin, and the hydrophobic core of the bundle would serve to 
bind the aromatic side chain of the substrate (acetyl tyrosine ethyl ester, a standard 
chymotrypsin substrate). After much arduous synthetic work by Wieslaw Klis, Kathy 
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Pugh and Eva Hallakova, we obtained a product that although not homogeneous, did 
show esterase activity. Subsequent studies by Mike Corey indicated that the catalysis 
was probably not mediated by a catalytic triad functioning as intended. Although this 
work stopped for lack of funding, a different approach using attachment to a carrier of 
preformed peptide chains could perhaps yield better results. 

Biologically Active Peptides and their Antagonists 

It was always a personal goal to be able to make some contribution that would help 
people significantly. Once I became involved in peptides and it was apparent that 
peptides and their antagonists would play important roles in human biology and 
medicine, I was pleased to be able to work in areas of peptide hormones and of peptides 
having central nervous system functions, including behavior. Our work on peptide 
hormones includes bradykinin, angiotensin and GnRH, and on neuropeptides, substance 
P, opioids and ACTH. 

Bradykinin and its Receptors 

There are many features in the biology of bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Phe-Arg; BK) that make it unique. It is involved in regulation of every major physio
logical system, and in one system or another it can activate every known second 
messenger system. In pathophysiology, BK is the most potent agent known for 
production of pain and hyperalgesia (tenderness). Current evidence suggests that BK is 
involved in initiation and maintenance of most inflammation. 

Bradykinin is produced when trypsin-like enzymes (kallikreins) act on precursor 
proteins (kininogens) that contain the BK sequence. Venoms of crotalid snakes contain 
such trypsin-like enzymes. Kallikreins can be activated in many ways. Ischemia causes 
acidification of the blood and tissues due to accumulation of carbon dioxide and acidic 
metabolites (lactate). This acidification is sufficient to activate plasma kallikrein and 
produce BK. BK is produced whenever tissue damage causes blood clotting. Most 
likely the function of BK in this situation is to stimulate wound repair, since BK has 
growth factor activity. 

Actions of BK are mediated by at least two classes of receptors, Bl and B2, both of 
which are G-protein coupled receptors. Most physiological functions of BK and also 
those involved in acute inflammation are mediated by B2 receptors, which are expressed 
constitutively. The gene for Bl receptors, normally not expressed in most tissues, is 
induced in chronic inflammation. B2 receptors require the full BK sequence, including 
both N-terminal and C-terminal arginines, for effective activation, whereas the preferred 
ligand for Bl receptors is BK-(l-8). Bl receptors were first identified in damaged 
tissue. 

Bradykinin is very rapidly removed from the circulation. Ferreira and Vane showed 
that BK activity disappeared on passage through the pulmonary circulation. Jim Ryan 
and Juan Roblero in my laboratory showed that the mechanism of this "disappearance" 
is enzymatic cleavage. Angiotensin I converting enzyme (ACE), located primarily on 
the pulmonary capillary walls, inactivates about 99% of the BK in blood on a single 
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passage through the pulmonary circulation by removing the C-terminal dipeptide, 
yielding a totally inactive product. The soluble plasma enzyme carboxypeptidase N 
(CPN) inactivates BK by removing the C-terminal arginine residue. The product of 
CPN action, BK-(l-8), while inactive at B2 receptors, is a fully active ligand for Bl 
receptors. One puzzle of chronic inflammation - especially sepsis - is that ACE is lost 
from the pulmonary capillaries. Most BK is then no longer metabolized by ACE, but by 
CPN, providing ligands for Bl receptors that aggravate shock by further lowering blood 
pressure. 

Another adventure in BK research involved the BK-potentiating peptides found in 
Bothrops jararaca venom by Ferreira and first sequenced by Lew Greene. Lew and I 
synthesized the first of these in my laboratory the first year I was in Colorado. These 
peptides, which inhibit BK degradation, were found by Ferreira and Vane to inhibit 
ACE. Subsequent research based on these peptides, principally at Squibb, led to 
development of captopril, the first commercially successful ACE inhibitor. 

Bradykinin Antagonists 

Bradykinin Bl receptors were first identified by Regoli and coworkers in 1978. They 
found that replacement of the C-terminal phenylalanine residue in BK-(l-8) by leucine 
yielded an antagonist for this new class of receptors: [Leu8]-BK-(l-8). Since the Bl 
antagonist had no effect on any normal BK responses, it generated little interest except 
to demonstrate that B1 receptors were not involved in most of the actions of BK in 
physiology or pathophysiology. 

After a 22-year search, we found with Ray Vavrek that replacement of the proline 
residue at position seven of BK by a D-aromatic amino acid, such as D-phenylalanine, 
yielded a weak partial antagonist for B2 receptors. During the long search for 
antagonists, our work had shown several ways to increase the potency of BK agonists, 
both by increasing the affinity of the peptide for receptors, as well as by blocking 
enzymic degradation. In one attempt to produce antagonists we replaced both phenyl
alanines with (3-(2-thienyl) alanine (Thi). [Thi5,8]-BK was a super-agonist, later found to 
have extremely high affinity for BK receptors. Reasoning that the weak and partial 
antagonism shown by [D-Phe 7]-BK might be due to poor receptor affinity, we applied 
these modifications that had increased the potency of agonists, and were pleased to find 
that they gave the desired result; D-Arg-[Hyp3,Thi58,D-Phe7]-BK was the first practically 
useful BK antagonist, used in hundreds of studies by many investigators. 

The next major improvement in BK antagonists (the "second generation") came 
from investigators at Hoechst, who modified our best antagonist by using D-Tic 
(tetrahydroisoquinoline-3-carboxylic acid) at position seven, and Oic (octahydroindole-
2-carboxylic acid) at position eight. This antagonist, known as HOE-140, was the first 
to have sufficiently high receptor affinity and in vivo lifetime to be considered as a drug. 
Many excellent studies with this antagonist have clearly demonstrated the participation 
of BK in many normal and abnormal physiological processes. One surprising result was 
that, in spite its high potency and long duration of action, HOE-140 was not effective in 
the later stages of chronic inflammation. Addition of Bl antagonists in these studies 
demonstrated the participation of Bl receptors in sustained inflammation. 
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Recently, Lajos Gera in my laboratory synthesized a-(2-indanyl)-glycine (Igl) and 
incorporated the D-isomer at position seven and the L-isomer at positions five and eight 
into the standard BK antagonist structure. The best of these new analogs, D-arg[Hyp3, 
Igl5-8,D-Igl7]-BK, known as B-9430, is the initiator of the "third generation" of BK 
antagonists. Although this antagonist has the highest potency and longest duration of 
action in vivo of any antagonist, its unique feature, discovered by Eric Whalley at 
Cortech, is that it is an excellent antagonist for Bl receptors as well as a spectacular 
performer as a B2 antagonist. It blocks both the early and late stages of inflammation. 

Angiotensin Antagonists 

The critical structural change in angiotensin II that yielded an antagonist was 
replacement of the C-terminal phenylalanine by a hydrophobic aliphatic residue. This 
result implied that the intrinsic activity of Ang-II depends upon a specific aromatic-
aromatic interaction with a residue on the receptor. Clara Pena found that replacing the 
C-terminal Phe residue by N-methylphenylalanine was also a very effective method for 
producing an antagonist. Thus, changing the conformation of the C-terminal region of 
Ang-II by adding the methyl group evidently displaces the side chain enough that it 
prevents the aromatic-aromatic interaction necessary for activation of the receptor. 

In another angiotensin project, Antonio and Therezinha Paiva, when they were 
learning automatic solid phase synthesis in my laboratory, synthesized a family of 
Ang-II fragments containing the nitrogen mustard alkylating agent chlorambucil at the 
N-terminus. One of these was found to be a permanent blocker of angiotensin receptors 
on smooth muscles, implying the presence of a nucleophilic group on the receptor 
situated so as to interact with the alkylating moiety. Richard Freer applied the same 
approach to bradykinin, and found not an antagonist, but a permanent potentiator of the 
guinea pig ileum response to BK. This result suggested that a BK-degrading enzyme 
was being inactivated by the alkylating agent. 

Substance P, Opioids and the Central Nervous System 

Substance P (SP) was discovered in the 1930s by von Euler and Gaddum in a "powder" 
fraction of brain tissue. It was first designated a neuropeptide in 1953 by Lembeck, who 
found large amounts of it in the dorsal horn of the spinal cord. We now know that its 
function there is as a neurotransmitter of sensory messages, especially pain inputs. 
When peripheral tissue injury causes production of BK and stimulation by it of the 
sensory nociceptors, SP is the neurotransmitter for these messages. Release of SP from 
these fibers at their first synapse in the dorsal horn of the spinal cord is inhibited by 
opiates and opioid peptides, and is stimulated by capsaicin, the piquant substance in chili 
peppers. The structure of SP is Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-amide. 
Studies by us and others showed that for its peripheral actions (contraction or relaxation 
of smooth muscles; lowering blood pressure) the C-terminal pentapeptide is the essential 
part of the SP molecule. The endopeptidase 3.4.24.11 ("enkephalinase") was soon 
identified as the principal SP-inactivating enzyme for these functions. Working with 
William Krivoy, we found that although SP was identified by others as a neuro-
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transmitter for pain, when administered centrally it produced antinociception. This 
discovery was discounted by the established neuroscientists, since SP could obviously 
not be both a producer and inhibitor of pain. Besides, what did I, a chemist, know about 
the brain? We soon solved this paradox by showing that SP-(l-7), the product of 
3.4.24.11 degradation, was the active antinociceptive (analgesic) agent. Thus the 
enzyme that destroys SP action in the periphery actually produces a selective, potent 
agonist for many CNS functions. The other principal SP degrading enzyme, the prolyl 
endopeptidase that yields SP-(l-4) and SP-(5-l 1), produces the agonist for classical SP 
receptors (NKA receptors). Michael Hall in my laboratory found that for a wide range 
of rodent behaviors the N-terminal [SP-(l-7)] (SP-N) and C-terminal [SP-(5-l 1)] (SP-C) 
fragments produce opposite effects. Gaffori and de Wied found that when injected into 
the nucleus accumbens, SP-N enhances and SP-C destroys learning and memory in rats. 
Thus these two "SP-degrading" enzymes are actually selective processing enzymes for 
CNS functions. I have suggsted that SP is the "yin-yang" of behavior. 

Mike Hall also showed that SP-(l-7) is evidently the neurotransmitter of the 
baroreflex, the mechanism by which blood pressure is regulated on a rapid time 
scale. SP is also the principal stimulus for central dopamine release, and our current 
evidence suggests that in the nigro-striatal circuit, involved in motor control, the SP- N 
is the active agent, whereas in the mesolimbic system, involved in interpretation of 
sensory input, SP-C is active. The major implication of these facts is that drugs to 
combat Parkinsonism (caused by dopamine deficit in the nigro-striatal system) may be 
developed that do not cause schizophrenia-like side effects, whereas drugs for 
schizophrenia (caused by over-functioning of the meso-limbic dopamine system) may be 
developed that do not produce Parkinson-like side effects. An additional exciting 
observation is that SP-(l-7) seems to prevent the toxic action in the CNS of the amyloid 
peptide, strongly implicated as a causative agent in Alzheimer's disease. There is a great 
need for molecular biologists to clone and sequence the receptor for SP-(l-7) (that we 
call the "SP-N" receptor) so it may be studied in detail and selective agonists and 
antagonists may be developed. Structural modification of SP-(l-7) yielded useful 
antagonists. 

When the structures of the enkephalins were announced at the end of 1975, we 
obtained some support to explore structure-activity relationships in these new peptides. 
Working with Dan Morris and then Ray Vavrek, we found that the enkephalin sequence 
could be shortened dramatically, and first synthesized Tyr-D-Ala-3-phenyl-rc-propyl 
amide, a potent enkephalin. 

Luteinizing Hormone Releasing Hormone (GnRH) and ACTH 

Shortly after determination of the sequence of GnRH, the histidine residue at position 2 
was identified as essential for its intrinsic activity. Other investigators found that 
D-amino acid residues were useful at positions 2, 3 and 6 of GnRH antagonists. 
Working with K.C. Basava, we found that the normal pyroglutamyl residue at the 
N-terminus could be replaced by an acetyl amino acid, and that D-aromatic residues 
were also very good at position one of GnRH antagonists. In present potent GnRH 
antagonists, half of the residues are of the D configuration. 
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When the alpha-mating factor of Saccharomyces cerevisiae was sequenced, it was 
apparent that it was structurally related to GnRH. We synthesized the a-factor and 
found it to have GnRH activity. We then conducted a search for related amino acid 
sequences in other biologically active peptides, and recognized a relationship in the 
sequence of ACTH. We proposed that DNA coding for three amino acids (one turn of 
the DNA helix) was excised and reinserted one turn further along the helix; this could be 
accomplished by offset crossover. With this change, ACTH and GnRH were obviously 
closely related. At that time, it had just been discovered that ACTH-endorphin (POMC) 
neurons are present in the brain. Assembling evidence from several fields, using effects 
on sexual function as a key, I proposed that central ACTH is involved in behavioral 
effects of acute stress and in REM sleep. 

Conclusion 

These discoveries and developments have been the source of much pleasure and satis
faction throughout these years of peptide adventures. I hope to continue fruitful 
explorations in the future. 

12 
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Introduction 

The use of unprotected peptide segments as building blocks for the synthesis of cyclic, 
branched and large peptides present significant advantages and exciting challenges [1]. 
The advantages include aqueous solubility, and accessibility to purification and to 
characterization by conventional methods. More importantly, large peptide segments can 
be folded to form ordered structures and offer the possibility of conformational 
assistance to overcome entropy. These desirable structural features provide significant 
advantages over the corresponding disordered, protected peptide segments. 

The challenge lies in the selectivity of amide bond formation without protecting 
groups. To achieve a high requirement of regioselectivity in amide bond formation, we 
have developed orthogonal coupling methods for Na-amine in the presence of other 
reactive functional groups. The orthogonal coupling method is similar in concept to the 
chemoselective ligation [1-4] but proceeds independently of amines and other functional 
moieties to give an amide bond. In this paper, we describe four orthogonal coupling 
methods which exploit reactions involving thiazolidine, thioester and disulfide. 

Results and Discussion 

Conceptual approach. The scheme (Figure 1) consists of an orthogonal coupling as 
a capture step to bring the two segments into close proximity, and acyl activation to give 
amide bond formation which is effected through a proximity-driven intramolecular acyl 
transfer [1,2]. 
Aldehyde capture. Aldehyde capture was the first orthogonal coupling method to be 
developed by our laboratory in 1992 [1]. The orthogonality of this reaction exploits the 
thiazolidine or oxazolidine formation of aldehyde with 1,2-substituted aminofhiol or 
1,2-aminoethanol. Since only N-terminal amino acid Cys or Thr contains such an 
arrangement of functional groups, the side chain lysine or other a-amine is excluded 
from this reaction. The specificity of the aldehyde capture can be demonstrated with a 
dipeptide library containing 400 dipeptides and N-terminal cysteine which reacts almost 
immediately with aldehyde to form thiazolidine [3]. We have applied this strategy to the 
successful synthesis of cyclic, branched, and large peptides including three analogs of 
HIV-1 protease. 
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Figure 1. A schematic representation of the orthogonal capture and intramolecular acyl to 
peptide synthesis of unprotected segments. Rj, R2 = Npys, Thz = 4-hydroxymethyl thiazolidine. 

Thioester exchange. Another orthogonal coupling method is the thiol-thioester 
exchange in which the acyl segment containing a thioester exchanges with the amino 
terminal cysteine to form a covalent thioester [4, 5]. Thioester was relatively stable to 
aminolysis at acidic or neutral pH, but reacted preferentially with thiols at near neutral 
pH, as shown in several model peptides containing both an amino terminal cysteine and a 
lysine. At pH 5.6 to 7.6, the selectivity between the a- and e-acylation was relatively 
high with an ot/e ratio of > 100:1. Such selectivity was not found in the activated acyl 
forms such as the succimide ester which reacted with thiol and amine rather 
nondiscriminately. Although cysteinyl thiols in the internal amino acid sequence would 
react with thioester, their reaction is nonproductive. Thus, only the Na-terminal with a 
1,2-aminothiol would lead to a stable product and thioester. This type of selectivity 
illustrates the concept of orthogonal coupling where there is a significant difference in 
the reaction among the N-terminal amino acid (Cys), the side chain, and other a-amine 
groups. 

The reactivity of the sulfhydryl group is both an asset and a problem. Reactivity of 
the sulfhydryl is necessary for the thiol-thioester exchange, but it gives sixteen other 
by-products leading to low overall yield, 10-40%. The major side products are 
oc-S-diacylation, disulfide of oc-acylated products, and hydrolysis of thioester to 
carboxylic acid. We have optimized this reaction by activating the thioester while 
maintaining high orthogonality and keeping the reaction under reducing conditions by 
using trialkylphosphine and a large excess of reduced thiol. 

Because of the strong affinity of trialkylphosphine for sulfur, R,P reduces disulfides 
to thiols and thus keeps the thiols in a reducing form and eliminates eleven of the 
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possible sixteen by-products from being formed. More importantly, it accelerates the 
thiol-thioester exchange so that the reaction is completed within 17 hr. The excess 
reduced thiol serves to convert the ct-S-diacyl peptide to the desired product and starting 
material. With this mixture, the yield increased to >90%. 
Thioesterification. The covalent thioester was also achieved by direct thioalkylation 
between a thiocarboxylic acid and bromoalanine. The difference between this method 
and the previously discussed thioester exchange is that this reaction is initiated by acyl 
rather than by the thiol side chain. The reaction was performed at pH 4 to 5.5. Under 
such a condition, the possible side reaction due to P-elimination to give dehydroalanine 
was not observed. However, the formation of the 3-member ring, aziridine, became 
significant and was found to be an active intermediate in the reaction pathway. 
Disulfide exchange. Finally, disulfide formation was also exploited as an orthogonal 
coupling method. Mixed disulfides could be achieved between the thiocarboxylic acid 
and the amino terminal cysteine and is bidirectional, i.e., the capture could be initiated by 
either thiocarboxylic acid or a cysteinyl side chain. Although this capture method is 
bidirectional, there are distinctive differences and significant advantages in favoring one 
direction. In the acyl-initiated mixed-disulfide formation with an acyl disulfide, such as 
Ellman's reagent, activation of the thiocarboxylic acid with the Ellman's reagent would 
form a mixed disulfide leading to a reactive species and the advantage of orthogonality 
including its high reactivity with amines. 

To avoid the premature acyl activation and to provide high orthogonality, we found 
that activation of the side chain of cysteine first by acyl disulfide has significant 
advantages and will form the desired mixed disulfide with the acyl segment bearing the 
thiocarboxylic acid. The acyl mixed disulfide would undergo another disulfide exchange 
to give an acyl-cysteine mixed disulfide [2], subsequently mediated by a six-member ring 
rather than a five-member ring as in the thioester intermediate. We confirmed this 
scheme of reaction path by obtaining the final products prior to the reduction step. 

To conclude, the development of orthogonal coupling methods allows highly 
regioselective amide bond formation of the N"-amine and the cc-carboxylic acid. We 
believe that with these approaches, proteins, particularly those proteins >200 amino 
acids, can be successfully synthesized to usher us into a new era of synthetic protein 
preparation. 
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Introduction 

If reactivity can be confined to the a groups of a polypeptide chain, we have a method 
for the controlled joining of unprotected proteins or protein fragments to give defined 
structures with a contiguous main chain or, alternatively, a means of protein labelling in 
which one substitution only per molecule will take place and at a determined site. 

Our approach to this problem, as far as the a-amino group is concerned, most often 
involves the generation at the N-terminus of an aldehydic group by very mild periodate 
oxidation of the l-amino, 2-ol structure of N-terminal Ser or Thr. For the C-terminus, we 
most often place a nucleophilic function, such as a hydrazo group, on the a-COOH by 
reverse proteolysis. These methods have been reviewed elsewhere, both from a general 
[1] and a practical [2] point of view. The bonds formed when the unprotected fragments 
are ligated {e.g. hydrazone links) are not peptide bonds, but this can often be irrelevant to 
biological activity and, when one of the structural elements to be incorporated is 
non-biogenic, the appropriate groups for the formation of such a bond might simply not 
be present. 

As a means of ligating unprotected fragments of proteins, our methods are comple
mentary to those described by Tam and by Wallace elsewhere in this volume, and to the 
methods described by Kent and colleagues [3]. As a means of ligating together intact 
proteins, or protein domains, they are efficient, and often highly competitive with 
recombinant methods even when no non-biogenic structures are to be included. All the 
methods are very mild, and domains that are folded remain so throughout the process: 
domains which are not meant to fold up in the presence of one another might fail to do so 
during the biosynthesis of the construct. 

Results and Discussion 

We have reported ([4] and references cited therein) the ligation of unprotected fragments 
of gCSF. The object was the replacement, by various synthetic structures, of a di
sulphide linked loop thought to be involved in binding to the receptor. We would wish to 
call attention here to the advantages obtained in this work from using recombinant 
methods to design the parent protein with the appropriate cleavage sites. As to the effect 
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of having hydrazone bonds in the main chain, in a gCSF analogue with two unreduced 
hydrazone bonds the activity relative to the parent native structure was 0.008%; with one 
of the two bonds reduced, the specific activities were 0.09% and 0.2%, depending on 
which bond was involved; and with both reduced, the specific activity was 75%. This 
improvement of activity on reduction is doubtless due to release of the rotation constraint 
around the N-C bond. 

More recently [10], we have used the generation of a reactive carbonyl at the N-
terminus to give a unique site on several proteins, to which mono-aminooxy substituted 
polyethylene glycol (aminooxy-PEG) could be grafted. If so wished, two protein 
molecules can be joined together through a bisubstituted PEG to give a "dumbell" 
structure. The oxime bond linking the protein to the PEG chain in all these constructions 
is very stable under physiological conditions. As hoped, satisfactory prolongations of the 
first apparent T,, of clearance were obtained, and we paid particular attention to Antril 
(the soluble receptor antagonist of Interleukin-1) and gCSF. Since these PEG-proteins 
are of very closely defined structure, it is possible to fine-tune their properties by 
controlled variations in the size and degree of branching of the PEG chains used. For 
example, two 5kDa PEG chains coupled to the same site via a forked linker gave an 
apparent Stokes radius on gel electrophoresis close to that seen on grafting a single 
20kDa PEG chain. 

We have proposed the super-mild oxidation of terminal l-amino, 2-ol structures as a 
very specific means of protein labelling [5], as has the group of Geoghegan [6]. We are 
currently using this method to substitute various chemokines with a single fluorophore at 
the N-terminus [7]. We find this a mild, useful approach. It is easy to make 
aminooxyacetyl labelling reagents [7] based on such reagents as FITC or NBD chloride 
(7-chloro-4-nitrobenz-2-oxa-l,3-diazole). Visualization of the receptor and of its 
internalization with the resulting labelled chemokine derivatives is excellent. 

These general techniques have also been used to make chimeric antibodies. Werlen 
et al. [8] describe the removal of the Fc portion of a tumor-directed monoclonal 
antibody, and its replacement by the dimeric enzyme carboxypeptidase G2, linked 
through hydrazone bonds. The ligation proved to be an efficient, mild process. The 
construction had markedly better antigen-binding characteristics than a conjugate 
prepared by random crosslinking through side chains, and (a desirable property for 
IgG-enzyme conjugates used for tumour therapy) more rapid clearance from the 
circulation [8]. 

Some of the chimeric antibody structures that we have made are closer in concept to 
the polyoxime constructions described elsewhere in this volume by Rose. As previously 
described [9], the amino-acid sequence of murine IgGl is such that reduction of a peptic 
F(ab)'2 fragment produces a Fab' with three -SH groups, representing inter heavy chain 
disulphide bridges. The specificity of Achromobacter lysine-specific protease permits 
the further truncation of the heavy chains to leave only one -SH group. This -SH group 
can then be alkylated with the linker Br-CH2CO-NHCH2CH2NH-COCH2-0-NH2. The 
resulting Fab-0-NH2 can be made to react with a trialdehyde to give a non-reducible 
F(ab)'3 structure. An F(ab)'3 made by us in this way from a monoclonal directed against 
carcinoembryonic antigen has been found in preliminary animal studies (Dr. A. Smith, 
Paul Scherrer Institute, private communication) to have remarkably favourable bio-
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distribution properties in terms of specificity of tumour labelling, and therefore shows 
some promise as a radioimmunoscintigraphic, or even radioimmunotherapeutic agent. 

We suggest that the technology mentioned here, and described in full technical detail 
in the publications we have cited, has shown its robustness, and its applicability to a wide 
variety of academic and practical problems. 
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Introduction 

Primate immunodeficiency viruses and a subset of non primate lentiviruses use a unique 
machinery to regulate transcription of DNA to viral RNA and efficiently replicate the 
virus. The viral genomes of the human and simian immunodeficiency viruses (HIV and 
SIV), equine infectious anaemia virus (EIAV), and bovine immunodificiency-like virus 
(BIV) encode transcriptional activator (Tat) proteins that bind to the stem loop of the 
nascent viral mRNA at the transactivation response (TAR) element and promote efficient 
gene transcription. In addition to its role in virus replication, HIV-1 Tat modulates 
growth, gene expression of unifected cells, and contributes to the cytokine dysregulation 
and T-cell depletion observed in the course of HIV-1 infection. 

Due to the high affinity of Tat proteins for DNA and RNA, efficient purification of 
recombinant Tat requires denaturation of the protein. However, the extreme lability of 
the HIV-1 Tat protein, caused by the reactivity of five cysteine residues in its Cys-Loop, 
makes the purification a tedious task and produces only minute amounts of protein. As a 
first step to study the structural biology of Tat proteins in more detail, we have 
undertaken the chemical synthesis of EIAV-Tat and HIV-1 Tat. 

The synthesis of the cysteine rich HIV-1 Tat was possible by applying a dedicated 
deprotection, purification and refolding strategy keeping the cysteine residues protected 
until after the final purification. 

Results and Discussion 

The Tat proteins (Table 1) were synthesised on a PS-POE composite resin using Fmoc 
chemistry. Automated chain assembly was performed on a continuous flow instrument 
equipped with an on-line monitoring system [1] and a new type of feed-back control. 
From the profile of the deprotection~peak, the relative reaction rates and the amount of 
Fmoc-groups liberated (coupling yield) are simultaneously quantitated in real time. The 
value of the relative reaction rate is used to create a feed-back signal controlling 
deprotection and coupling reactions. In a typical synthesis, Fmoc amino acids (3 equiv.) 
were automatically dissolved and activated in DMF containing PyBop (3 equiv.) and 
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NMM (6 equiv.). In order to avoid racemization, Cys was coupled as OPfp-ester with 
HOBT catalysis. Arg, Asn, Gln, and Ile were routinely double coupled. For all other 
residues, double coupling was automatically triggered by the feed-back signal when the 
relative reaction rate dropped below 70% of initial. Simultaneously, trie deprotection 
time was extended to fourfold. During the synthesis of wild type HIV-1 Tat, severe 
aggregation was observed leading to a breakdown of synthesis efficiency. Due to our on 
line monitoring we clearly localized the starting point of aggregation at Thr40 in the core 
region. On the basis of a sequence comparison of all known HIV-strains, we replaced 
Thr40 by Lys, a residue with a lower propensity for P-sheet formation. The exchange of 
only one residue led to much better reaction rates and a product of excellent quality was 
obtained. The successful synthesis of wild type HIV-1 Tat protein was accomplished by 
incorporating Leu-Hmb [2] in position 43 to reduce interchain aggregation. 

Table 1. Sequence alignment of EIAV-Tat and HIV-1 Tat. Sequence regions common to Tat-
proteins are boxed. 

N-terminal (acidic) Cys-Loop 
EIAV-TAT LADRRIPGTAEENLQKSSGGVPGQNTGGQEARPN 
HIV-TAT -MDPVDNIEPWNHPGS QPKTA- CNRCHCKKCC 

Core 
EIAV-TAT YHCQLCFL-RSLGIDY 
HIV-TAT YHCQVCFITKGLGISY 

I I 
40 43 

Basic Gln 
EIAV-TAT LDAS LRKKNKQRL KAIQQGRQPQYLL 
HIV-TAT GRKKRRQRR RPSQGGQTHQDPIPKQPSS QPRGDPTGPKE 

The extreme lability of the fully deprotected protein provided an additional 
challenge. Cleavage of the protein from the solid support, and deprotection of side 
chains was performed in TFA containing 5% triethylsilane and 1% water. Cysteine 
residues were kept protected by -StBu until after the HPLC purification of the protein. 
Following deprotection of the cysteine residues by tributylphosphine, the protein was 
unfolded in 6M urea and renatured by dialysis. Homogeneity and identity of the 
synthetic product was assessed by automated Edman degradation and laser desorption 
mass spectrometry. 

The synthetic protein was used to generate first time data on the three dimensional 
structure and molecular dynamics of EIAV Tat and of HIV-1 Tat (Figure 1) by 
2D NMR [3, 4]. The synthetic proteins are readily endocytosed and transactivate the 
viral promoters in low nanomolar concentrations, as measured in cells transfected with a 
luciferase reporter construct. Binding to TAR-RNA is sequence specific and the binding 
constant is 5 nM. 

Further aspects of Tat function that have been studied are: Tat influence on cytokine 
activity and expression in non infected cells [5], induction of apoptosis in uninfected 
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Figure 1. Cartoon of the general architecture of the HIV-1 Tat protein. The two spheres 
symbolize rigid substructures. Several long range NOE connectivities are indicated. 

lymphocytes [6], and the mechanism of transactivation of the HIV promoter by Tat. 
Thus, our results demonstrate that chemical synthesis can be superior to recombinant 
methods in producing small labile proteins for structural biology investigations. 
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Introduction 

The construction of proteins by either total synthesis or semisynthesis has been 
hampered in the past by difficulties inherent in the fragment condensation steps. These 
difficulties, primarily lack of specificity and inefficiency of coupling methods, appear to 
have been overcome quite recently with the evolution of several chemoselective and 
conformationally directed methodologies reviewed [1]. In the chemoselective approach, 
unique mutually reactive groups are introduced at termini to be joined, forming a 
linkage that may not necessarily be peptidic. Conformationally-directed methods have 
been developed and exploited by us in the synthesis of a large number of cytochrome c 
mutants [2]. This phenomenon, which we call Autocatalytic Fragment Religation (AFR), 
depends on the common property of large protein fragments to mutally reassociate to 
give the native backbone fold. Thus, the termini are brought into proximity. If these are 
reactive, then complex formation both ensures specificity and can catalyse that reaction. 
The aminolysis of the C-terminal homoserine lactone of CNBr fragments is normally 
slow and uncompetitive with hydrolysis, but when a complex forms between fragments 
1-65 and 66-104 of horse cytochrome c, the missing peptide bond spontaneously reforms 
in 60-80% yield over 24h in neutral phosphate buffer giving a fully functional 
holoprotein. The apparent advantages of AFR compared to traditional peptide 
condensation chemistry, the avoidance of side chain protection and conditions harmful to 
native protein structures, are so great that we would wish to extend the strategy to other 
sites in cytochrome c and to other proteins. 

The problems we face are that methionine residues (target of CNBr cleavage) are 
rare and not necessarily conveniently located and that in many candidate fragment 
complexes, lactone aminolysis does not occur and we do not fully understand why. We 
have addressed these problems by developing other AFR tactics based on serine protease 
fragments [3]. The seductive simplicity of the CNBr fragment condensation has led us to 
attempt the synergistic use of site-directed mutagenesis to tailor the protein for 
semisynthesis. We have demonstrated the feasibility of this idea [4]; our present goal is 
to try and establish a set of principles to govern the choice of secondary and tertiary 
structural locales for the introduction of novel cleavage and religation sites. 
A supplementary objective is the creation of an efficient semisynthesis strategy for yeast 
cytochrome c, so that structures of analogs can be determined. Unlike the horse protein, 
the yeast homolog crystallises easily. 
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Results and Discussion 

We introduced novel methionine residues into a background yeast sequence in which 
Cys102 was replaced by Thr, and Met64 by Leu. The gene encoding this protein was 
incorporated into the pING4 plasmid and mutated, inserted and expressed in yeast by 
established methods [4]. In order to be a useful site for autocatalytic religation, the local 
structures must be suitable, but it is also important that the methionine substitution, or 
the homoserine that replaces it in the ligated product, does not compromise the structure 
or function of the resulting protein. Sites of mutation were selected with this constraint 
in mind, as well as the need to explore a variety of structural contexts for suitability. The 
positions chosen are shown in Table 1. We selected test sites in helices, turns, and 
Q-loops either fully or partly buried or surface exposed. 

Table 1. Properties of the mutant cytochromes. 

Cytochrome Class of 

Native 
Yeast 
P25M 
V28M 
L35M 
K55M 
S65M 
L68M 
I75M 

mutated 
residue 

Variable 
Variable 

Conservative 
Variable 
Variable 
Invariant 

Conservative 

HPLC r.t. 
Fe2+ 

17.6 
17.8 
17.7 
17.6 
17.3 
17.6 
17.5 
17.7 

Fe3+ 

18.6 
18.8 
18.7 
18.5 
18.2 
18.6 
18.4 
18.5 

ATP affinity 
elution t. 

47 
46 
54 
54 
41 
49 
52 
52 

P^N^nm 
band loss 

8.5 
8.5 
8.1 
8.0 
7.8 
8.5 
7.6 
8.1 

F' 

279 
288 
268 
276 
284 
270 
268 
247 

Bioassay Bioassay 
succinate 
oxidase 

100% 
100% 
63% 
100% 
55% 
100% 
73% 
48% 

cytochrome 
oxidase 

100% 
n.d. 

85% 
86% 
46% 
n.d. 
52% 
92% 

Table 1 also sets out the results of physicochemical analyses and biological assays of the 
mutant gene products, which were all expressed at levels greater than 3 mg of purified 
protein per liter of culture. Molecular modelling of the mutants did not show significant 
deviation of their energy-minimized structures from the wild-type fold. These data 
confirm that some changes resulted in decreased stability of the heme crevice [K55M, 
L68M and I75M] with a consequent fall in biological activity. Nonetheless, all mutants 
were sufficiently similar to the parent protein to be useful bases for semi-synthetic 
routes, and it is of interest that the absolutely conserved Leu68 can be changed to Met 
with limited loss of functionality. In addition to tlie introduced methionine residue, all 
cytochromes must contain Met80, which is essential to function as the sixth heme iron 
ligand. Thus, cleavage can occur at two sites giving, at limiting CNBr concentration, 
five cleavage products. Generally, cleavage occurs with equal facility at any site, but it 
was noted that Met68 seemed less susceptible than Met80. Mixtures of cleavage products 
were separated by gel exclusion chromatography. In some mutants, fragments that were 
coincident in size coeluted. These were resolved by ion-exchange chromatography. 

Complexes of purified fragments were prepared in phosphate buffer, pH 7, at 
sub-millimolar peptide concentrations. These were reduced with sodium dithionite and 
kept anaerobic at room temperature for 24 h prior to gel-exclusion chromatography. 
Yields of ligated products were calculated and are shown in Table 2. 
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Table 2. Relationship between location of the site and religation efficiency. 

Cytochrome 

Native 
yeast 
[M64] 

P25M 

V28M 

L35M 

K55M 

S65M 

L68M 

I75M 

Location of 
Cleavage site 

Hydrophobic 
face of amphi
pathic helix 

Surface-exposed 
20s loop extremity 

Surface-exposed 
y-turn 

Buried residue 
i of P-turn 

Outer face of 
short a-helix 

Hydrophilic face 

CNBr Cleavage Complex 
Sensitivity 

Normal 

Normal 

Normal 

Normal 

Normal 

Normal 
of amphipathic helix 

Interface of 
amphipathic helix 

Partly exposed 
residue i of (3-turn 

Low 

Normal 

Formation 

N 

Y 

Y 

Y 

Y 

N 

N 

N 

Coupling 
yield 

0% 

25% 

20% 

<10% 

12% 

50% 

15% 

50% 

Corrected 
yield 

0% 

40% 

40% 

<20% 

60% 

50% 

15% 

50% 

Product 
Bioactivity 

n.a. 

91% 

45% 

17% 

36% 

100% 

60% 

58% 

To conclude: (1) Site-directed mutagenesis can be used with facility to create 
mutants with shuffled methionine residues. The degree of phylogenetic variability at a 
potential religation site is not a strict guide to the permissibility of a mutation there. 
Mutations at the selected sites caused no major disruptions of protein structure or 
function. (2) Differences in susceptibility to CNBr cleavage of some sites is apparent. 
Autocatalytic religation can occur at many types of sites, giving functional products. 
There is a discernible relationship between efficiency and the positions of the peptide 
bond to be formed, bearing out early indications that buried locations are inhibitory to 
the reaction. (3) We have developed the ability to predict and to create sites for facile 
peptide condensation by the Autocatalytic Fragment Religation method. This permits 
the engineering by semisynthesis of yeast cytochrome c and, potentially, other proteins. 
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Introduction 

The often poor reliability of classical methodologies for the synthesis and purification of 
chemically synthesised proteins (>50 residues) can generally be attributed to the 
generation and subsequent inability to separate closely related sequences from the target 
protein. Conventional chromatographic techniques, on a semi-preparative scale, are 
usually not resolving enough when used individually and lead to poor yields when used 
in combination. We have addressed these apparent limitations by combining (i) the 
effective coupling reagents HBTU/HOBt, (ii) an efficient capping procedure using 
N-(2-chlorobenzyloxycarbonyloxy) succinimide [1] and (iii) a reversible probe with 
enhanced chromatographic properties {e.g. lipophilic or affinity label) to aid purification 
of the target sequence [1-3]. Scheme 1 outlines the general philosophy of an integrated 
synthetic/purification protocol for protein synthesis. 

Results and Discussion 

Three chaperonin 10 proteins were synthesised using t-Boc chemistry on a 0.25 mmol 
scale [3]. Single HBTU/HOBt activated coupling was used throughout except for Arg, 
Asn and Gln residues which were double coupled. At the end of each synthesis, the 
N-terminal protecting group of the peptidyl-resin was removed and 4-COR(dodecyl-
aminocarbonyl)-Fmoc-OSu (1) coupled. The derivatised peptidyl-resins were cleaved 
using a Low TFMSA/High HF protocol and aliquots of the crude product analysed by 
RP-HPLC (Figure 1, Panels A, D and G). The addition of probe 1 conferred a greater 
lipophilic character to the target peptide resulting in a shift in retention time from 
underivatised impurities, thus facilitating its purification. Peaks labelled 2 (Figure 1) 
were isolated and the probe removed by a 15 min treatment with 5% aqueous 
triethylamine. After desalting on RP media, the purified free polypeptides were analysed 
by RP-HPLC (Figure 1, Panels B,E and H). ESI-MS results for purified Rat cpnlO, M.t. 
cpnlO and Rat - M.t. cpnlO hybrid are shown in Figure 1, Panels C, F and I, 
respectively. The overall yields for purified Rat cpnlO, M.t. cpnlO and Rat - M.t. cpnlO 
hybrid were 9.8%, 6.2% and 4.6%, respectively. Analytical results reported here as well 
as more detailed characterisation reported elsewhere [3] clearly show that material with a 
high degree of purity was obtained. This was confirmed when each purified protein 
readily adopted its biologically active structure. 
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Figure 1. Analytical data for cpn 10 proteins. Panels A-C, D-F and G-I represent crude, purified 
and ESI-MS analyses for Rat cpnlO, M.t. cpnlO and Rat - M.t. cpnlO hybrid, respectively. Peaks 
labelled 1 are underivatized impurities, while peaks labelled 2 are 'target'protein + 1. 
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X-amino acid-Resin [where X = Fmoc or Boc group] 

SPPS 

Step 1 Deprotection-100% TFA 
Step 2 Neutralisation 
Step 3 Amino acid activation - HBTU/HOBt 
Step 4 Condensation 
Step 5 Capping - Z(2-Cl)-OSu 

Repeat steps 1 to 5 

H2N-(Protected Peptide)-Resin 

Reversible lipophilic probe eg. 
CH2OCO 

CONHtCHJuO^ 

Protected 
underivatised 

cappedAmncated 
impurities 

op 
CH2OCO 

CONHlCHJuCH, 

oco-NH-(Protected "Target" Peptide)-Resin 

Cleavage/Deprotection-
Low TFMSA/High HF 

underivatised 
cappedAmncated 

impurities 

CONHfCHjJuCHj 

l2oco-NH-'Target" Peptide 

RP-HPLC Jl 

— R, 

1. Purification 
2. Base/Desalt 

Scheme 1. General scheme showing application of lipophilic probe 1. 
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Introduction 

Most current methods of solid phase peptide synthesis rely on the a-carboxyl function of 
the eventual C-terminal amino acid residue to achieve anchoring to the support. 
Attachment of peptides through side-chain functional groups can be desirable, 
particularly as a strategem to circumvent a variety of problems associated with 
ester-based linkers {e.g., racemization for sensitive residues, diketopiperazine formation 
from susceptible dipeptidyl sequences, imide formation with Asn or Gln, etc.). Also, 
side-chain anchoring can be useful for on-resin head-to-tail cyclizations. This approach 
depends on identifying a trifunctional residue that can serve as a suitable attachment site. 

This communication reports on a novel and general concept for anchoring peptides 
during solid phase synthesis, which involves attachment of a backbone amide nitrogen to 
an appropriate handle (Figure 1; illustrated for a TFA-cleavable variant). This backbone 
amide linker (BAL) approach avoids some of the aforementioned problems and allows 
for the preparation of peptides having a variety of C-terminal functionalities, e.g., not 
only acids, but also thioacids and thioesters, alcohols, disubstituted amides, and 
aldehydes, among others. While the concepts of BAL evolve naturally from previous 
research themes of our laboratories [1, 2], we point out a parallel inspiration from the 
pioneering work of Weygand [3] and more recently seminal studies by Sheppard and 
coworkers [4] on protection of a-amide bonds during peptide synthesis. Furthermore, 
the conceptual similarity of BAL to handles which yield A*-alkylamide substituted 
peptides should be stressed. 

Results and Discussion 

Initial work on BAL adapted the chemistry of the PAL handle [5-(4'-aminomethyl-3',5*-
dimethoxyphenoxy)valeric acid], introduced and developed through our earlier efforts 
[1]. An aldehyde precursor to PAL was coupled through a reductive amination 
procedure [2] to the a-amine of the prospective C-terminal amino acid, which was 
protected as a ferr-butyl, methyl, or allyl ester, or modified to a dimethyl acetal. The 
resultant intermediates, all secondary amines, were treated with Fmoc-Cl or Fmoc-OSu 
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A 
0(CH2)4-C-NH-(R) 

Peptide Acids 

Figure 1. BAL concept illustrated for a TFA-labile handle. 

to give the corresponding protected amino acid preformed handle derivatives in 40 to 
70% yields. 

Preformed handles were attached to PEG-PS or PS supports by BOP/HOBt 
mediated couplings. Alternatively, but less preferred, the PAL aldehyde precursor could 
be coupled first to the support, followed by on-resin reductive amination [5] 
(demonstrated for H-Gly-OAl and phenylalaninol, H-Phe-oh). The next step required for 
stepwise synthesis, i.e., acylation of the a-amino group attached to the handle, was found 
to be slower than the comparable reactions of unsubstituted primary amines. Commonly 
applied in situ coupling reagents, e.g., HBTU/HOBt, HATU/HOAt, and BOP/HOBt in 
the presence of NMM or DIEA in DMF, were all inefficient in mediating the acylation of 
(BAL-PEG-PS)-Phe-O'Bu with Fmoc-amino acids (Gly, Ala, Leu). However, it was 
possible to acylate the secondary amine in high yield by use of symmetrical anhydrides 
of Fmoc-amino acids; the optimal solvent was CH2C12 and no base was needed. A 
further way to achieve good coupling involved use of the PyAOP reagent in CH2C12, in 
the presence of DIEA. 

With the C-terminal residue introduced as part of the BAL anchor and the 
penultimate residue incorporated successfully by the optimized acylation conditions just 
described, further chain elongation by addition of Fmoc-amino acids proceeded normally 
under any of a variety of peptide synthesis procedures. An important counter-example 
was observed with BAL-anchored glycyl allyl esters: removal of the Fmoc group at the 
dipeptidyl level was accompanied by almost quantitative diketopiperazine formation. 
Such a process is favored by the allyl alcohol leaving group, the sterically unhindered 
Gly residue, and the BAL secondary amide which allows the required cis transition state; 
diketopiperazine formation was not observed with tert-butyl ester protection or with 
modified end groups. In the cases where diketopiperazine formation did occur, the 
process was circumvented by: (i) incorporation of the penultimate residue as the 
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A^-trityl derivative, (ii) selective detritylation with TFA/CHjCL, (1:99), for 5 min, 
without cleavage of the BAL anchor, and (iii) incorporation of the third residue as its 
Fmoc derivative under in situ neutralization/coupling conditions mediated by PyAOP 
plus DIEA in DMF. 

Several examples of the BAL concept have been demonstrated: (i) The Fmoc-
preformed BAL handle derivative of Gly-OAl was coupled onto PS and extended 
(including the modified protocol to avoid diketopiperazine formation) to generate 
the protected peptide-resin Fmoc-Pro-Tyr-Leu-Ala-(BAL-PS)Gly-OAl. Cleavage 
with TFA/H20 (19:1) provided the protected peptide Fmoc-Pro-Tyr-Leu-Ala-Gly-OAl 
in > 85% purity and > 90% yield; correct structure by mass spectrometry. In a 
preliminary experiment, the allyl ester was removed selectively from the BAL-anchored 
peptide with Pd(0), the Fmoc group was removed next with piperidine/DMF (1:4), and 
BOP/HOBt/DIEA-mediated on-resin cyclization gave the expected five-residue 
head-to-tail cyclic peptide as the major product, (ii) After incorporation of H-Phe-oh 
(unprotected hydroxyl) onto BAL by on-resin reductive amination, two further residues 
were introduced smoothly, and cleavage with TFA/HjO (19:1) provided the protected 
peptide alcohol Fmoc-Ala-Gly-Phe-oh in > 99% purity and > 97% yield; correct 
structure by mass spectrometry, (iii) The Fmoc-preformed BAL handle derivative of the 
dimethyl acetal of glycinal was coupled onto PEG-PS, and extended by six coupling 
cycles with Fmoc-amino acids. Treatment with TFA/H20 (19:1) released the peptide 
from the support with concomitant deprotection of the aldehyde moiety, to give the 
C-terminal peptide aldehyde H-Ala-Leu-Ala-Lys-Leu-Gly-Gly-H in a purity > 70%. 
Previous methods to generate peptide aldehydes required post-assembly solution-phase 
chemistries. 

In conclusion, backbone amide linker (BAL) anchoring is promising for solid-phase 
synthesis of linear peptides with a considerable range of C-terminal modifications, as 
well as head-to-tail cyclic peptides. Although our studies so far have focused on 
illustrating the BAL approach by modifications of our previously described PAL 
chemistry, extensions to other handle principles are readily envisaged. 
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Introduction 

Fmoc amino acid fluorides have been shown to be efficient, rapid-acting coupling 
reagents. Relative to the analogous acid chlorides, Fmoc-protected amino acid fluorides 
are unique for several reasons: (i) shelf-stable derivatives can be obtained of amino 
acids bearing /-butyl, Boc, or N-trityl side chain protection, (ii) the formation of the 
corresponding oxazolones in the presence of tertiary organic bases is very slow [1], (iii) 
peptide bond formation can be achieved even without any addition of base to combine 
with the liberated hydrogen fluoride [2], and (iv) their high stability in pure organic 
solvents, such as DMF, makes them very suitable for multiple peptide synthesis 
techniques using stock solutions of the activated species [3]. Most interestingly, Fmoc 
amino acid fluorides have been shown to be particularly well suited for the solid phase 
assembly of peptides bearing adjacent sterically hindered aminoisobutyric acid residues 
(Aib) [4]. These favorable properties have made possible highly efficient solid phase 
syntheses of the Aib-rich peptaibols [5], previously not accessible by SPPS. Such 
excellent results prompted an investigation of even more hindered residues in order to 
define the limitations of the acid fluoride technique. 

Results and Discussion 

With respect to increasing degrees of steric hindrance, couplings of Aib, N-Me-Aib, 
C(a)-ethylalanine (EtA, or isovaline, Iva), C(a)-diethylglycine (Deg), and C(a)-di-
phenylglycine (Dpg) to Aib-OMe (0.50 mmoles of Fmoc-aa-F to 0.55 mmoles of 
Aib-OMe.HCl, 1,05 mmoles of DIEA, 0.5 ml DMF) were studied (Figure 1). While the 
coupling of Aib and Iva turned out well, in the case of the highly hindered amino acids 
Deg, Dpg, and N-Me-Aib, the undesired Fmoc-cleavage caused by presence of the base 
becomes the main reaction as indicated by formation of dibenzofulvene (DBF). In 
addition, relative to the proteinogenic amino acids, Fmoc amino acid fluorides derived 
from C(a)-dialkyl amino acids are converted much more rapidly to the corresponding 
oxazolones. As shown by infrared studies, incubation of Fmoc-Dpg-F in tfie presence of 
1 equiv. of DIEA in DCM results in almost quantitative oxazolone formation within 
several minutes. On the contrary, in the case of Aib, Iva, and Deg, the acid fluoride is 
still the main component of such reaction mixtures even after incubation times of 4 
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yield of dipeptide [% 

120 150 
t [min] 

240 

^-Fmoc-Aib-Aib-OMe (9.5% DBF after 4h) 
-K-Fmoc-Iva-Aib-OMe (9.6% DBF after 4h) 
•^Fmoc-Deg-Aib-OMe (25.5% DBF after 4h) 
-e-Fmoc-Dpg-Aib-OMe (54% DBF after 4h) 
*-Fmoc-NMeAib-Aib-OMe (41 % DBF after 4h) 

Figure 1. Coupling of Fmoc C(a)-dialkylamino acid fluorides to Aib-OMe in DMF. 

hours. The very rapid oxazolone formation observed in the case of Fmoc-Dpg-F in the 
presence of DIEA indicates that the extensive degradation to DBF is caused by the high 
base lability of the corresponding oxazolone. 

The coupling of Na-methylamino acid fluorides to Aib-OMe was also studied under 
comparable conditions. While the coupling of N-Me-Gly and N-Me-Val turned out well 
(data not shown), Fmoc-N-Me-Aib-F couples very slowly, and the main reaction was 
again Fmoc-cleavage. Since both side-reactions, Fmoc-cleavage and oxazolone 
formation, are base-catalyzed and accelerated by polar solvents, one should avoid such 
conditions. Consequently, the coupling of Fmoc-NMe-Aib-F to Aib-OMe was carried 
out in DCM instead of DMF using the hydrogen fluoride salt of Aib-OMe as the amino 
component. It has been shown that amino acid ester hydrofluorides can be 
quantitatively coupled in the absence of base. This approach was compared with a 
similar reaction carried out in the presence of either 1 equiv. of DIEA or 1 equiv. of 
N,0-bis(trimethylsilyl)-acetamide (N.O-BSA) (Figure 2). The results show that even in 
the absence of an HF scavenger coupling to Aib-OMe.HF occurs readily, although in the 
presence of DIEA or N,0-BSA the reaction is significantly accelerated. Most 
interestingly, in DCM only traces of DBF have been observed indicating that Fmoc-
cleavage is very much slower in such non-polar solvents. In contrast to the good results 
obtained via the acid fluoride technique, coupling between the same two amino acids 
was previously [6] carried out via the symmetric anhydride of Z-N-Me-Aib in 
acetonitrile (72h reflux). Only 17% of the dipeptide was obtained under these 
conditions. 
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yield of dipeptide [% 

400 600 

reaction time [min] 

1000 

•*N,0-BSA/Aib-OMexHF 
•5-Aib-OMexHF 
-*rDIEA/Aib-OMe.\HF 

Figure 2. Coupling ofFmoc-N-Me-Aib-F to Aib-OMe.HF in DCM. 

It is demonstrated that Fmoc amino acid fluorides show high stability as well as high 
reactivity in non-polar solvents making them well suited for efficient peptide bond 
formation, especially in the case of sterically very hindered systems. 
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Introduction 

Affinity labels are ligands which bind irreversibly to their targets, and therefore can be 
useful pharmacological tools to study the structure and function of the target protein. 
Alkaloid affinity labels such as (3-funaltrexamine have been extremely useful tools in the 
study of opioid receptors [1]. We are interested in preparing opioid peptide analogues 
containing reactive functionalities as potential affinity labels to study opioid receptors 
and peptide-receptor interactions. Therefore, we have developed both solution and solid 
phase synthesis strategies for the incorporation of reactive functionalities into opioid 
peptide analogues. These synthesis strategies involve the preparation of common 
precursors into which different electrophilic functionalities, including isothiocyanate and 
bromoacetamide groups, can then be introduced. These reactive functionalities are 
attached to the side-chain amine of either ap-aminophenylalanine or lysine residue in the 
sequence. 

Results and Discussion 

The general synthetic strategy involves preparation of a protected precursor, followed by 
selective deprotection of the amine side chain, introduction of the reactive functionality, 
and final deprotection of the peptide. Depending upon the length of the peptide, 
protected precursors were prepared either in solution or by solid phase synthesis. r-Butyl 
protecting groups were used for semi-permanent protection so that the final deprotection 
could be performed under mild conditions. An orthogonal protection strategy was used 
for the side-chain amine where the reactive functionality was to be attached. 

The protection of fhep-amino group of/7-aminophenylalanine was governed by the 
reactivity of this functionality. Protecting groups such as Aloe, which could be 
incorporated via the corresponding chloroformate, were readily introduced at the para 
position by selective protection of p-aminophenylalanine at pH 4.6 [2]. Because 
Phe(NHFmoc) was insoluble, an alternative strategy was used to introduce the Fmoc 
group (see next page). 

Two types of small opioid peptide analogues have been prepared in solution. 
Initially, derivatives of N,N-dialkylated leucine enkephalins [3, 4], which are 8-opioid 
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receptor antagonists, were prepared. Reactive functionalities were introduced into 
residue 4 by attachment to p-aminophenylalanine to give compounds 1 and 2. 

R2Tyr-Y-Y-Phe(X)-Leu 
1 R = allyl, Y = Aib, X = -N=C=S or -NHCOCH2Br 
2 R = benzyl, Y = Gly, X = -N=C=S or -NHCOCH2Br 

More recently we have utilized a similar synthetic strategy to prepare potential 
affinity labels 3 based on the 8-opioid receptor antagonist TIPP (Tyr-Tic-Phe-Phe where 
Tic = l,2,3,4-tetrahydroisoquinoline-3-carboxylic acid) [5]. 

Tyr-Tic-Phe(X)-Phe 
3 

Fmoc protection was used for the p-amino group of /?-aminophenylalanine. The 
C-terminal dipeptides were prepared from BocPhe(N02)-LeuOd3u or BocPhe(N02)-
PheOfBu by reduction of the nitro group, protection of the resulting p-amino group using 
FmocCl and selective deprotection of the Boc group using trimethylsilyl trifluoro
methanesulfonate [6]. The desired protected precursors R;Tyr(zBu)-Y-Y-Phe(NHFmoc)-
LeuOrBu for peptides 1 and 2 were prepared by a 3 + 2 segment condensation. The 
desired protected precursor BocTyr(rBu)-Tic-Phe(NHFmoc)-PheOrBu for the TIPP 
derivatives 3 was prepared from the C-terminal dipeptide by stepwise synthesis. 
Following preparation of the protected precursors, the Fmoc protecting group was 
removed, an isothiocyanate or bromoacetamide group introduced by reaction with 
thiophosgene or bromoacetyl bromide, respectively, and the Nbutyl protecting groups 
removed by treatment with TFA in the presence of anisole. 

Analogues of the longer opioid peptide dynorphin A (Dyn A) are being prepared 
as potential affinity labels for K opioid receptors. These peptides are being prepared 
entirely by solid phase synthesis. The synthesis of [Phe(X)4,D-Pro'°]Dyn A-(1-11)NH2 

(4) illustrates the synthetic strategy utilized (Figure 1). The protected precursor 5 was 
synthesized on a PAL polyethylene glycol (PEG)-polystyrene resin using Fmoc-protected 
amino acids by standard procedures. The Aloe protecting group was then removed by 
reduction with Pd(0) [7]. The reactive isothiocyanate or bromoacetamide functionalities 
could then be introduced into the peptide while it was still attached to the resin using 
thiophosgene or bromoacetyl bromide, respectively. The peptides containing the desired 
reactive functionalities were then cleaved from the resin using TFA in the presence of 
scavengers. We have also used this strategy to prepare [Phe(X)8,D-Pro10]- and 
[Lys(X)s,D-Pro'°]Dyn A-(l-l 1)NH2 containing a reactive functionality in position 8. 

The influence of the resin on the solid phase synthesis of peptide-based affinity 
labels was examined by comparing the preparation of [Phe(X)4,D-Pro10]Dyn A-
(1-11)NH2 (4) on PEG-polystyrene and polystyrene resins. Deprotection of the Aloe 
group with Pd(PPh3)4 in 92.5% DCM, 5% AcOH, and 2.5% NMM was much faster on 
the PEG-polystyrene resin than on the polystyrene resin, requiring 3 hours as opposed to 
24 hours for complete reaction. However, the purity of the crude peptides [Phe(N=C=S)4, 
D-Pro10]- and [Phe(NHCOCH2Br)4,D-Pro'°]Dyn A-(1-11)NH2 obtained by synthesis on 
the polystyrene resin was greater than the purity of peptides synthesized on the PEG-
polystyrene resin. 
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These results illustrate the preparation of peptide derivatives containing reactive 
functionalities, such as isothiocyanate or bromoacetamide groups, by both solution and 
solid phase synthesis methods. Peptide-based affinity labels could prove to be valuable 
tools to explore the interactions between biologically active peptides and their receptors. 

Fmoc solid phase synthesis 

tBu AlocHN Pmc Pmc Pmc Boc 
I I I I I I 

BocTyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-D-Pro-LysNH-PAL Resin 

5 

j Pd(PPh3)4 

tBu NH2 Pmc Pmc Pmc Boc 
I I I I I I 

BocTyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-D-Pro-LysNH-PAL Resin 

I C12C=S or BrCOCH2Br 

tBu X Pmc Pmc Pmc Boc 
I I I I I I 

BocTyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-D-Pro-LysNH-PAL Resin 

I TFA/scavengers 

X 
I 

Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-D-Pro-LysNH2 

4 

Figure 1. Solid phase synthesis of [Phe(X)4,D-Pro'°]Dyn A-(l-l 1)NH2, 4. 
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Introduction 

A range of materials are currently employed for biomolecule synthesis, analysis, and 
display. Polystyrene based materials hold pre-eminent positions in most synthetic and 
ion-exchange processes, whereas silicas (both controlled pore glass and spherical 
materials) find optimal application in DNA synthesis, for enzyme immobilization and in 
HPLC. Crosslinked dextrans and polyamides are useful for low pressure chromato
graphy. The preparation and application is described of unique ASPECT particulate 
materials (Augmented Surface PolyEthylene's prepared by or used for Chemical 
Transformation). 

Results and Discussion 

Polyolefin materials have received little attention in these applications; however, plasma 
aminated polypropylene membranes have recently been used for DNA synthesis [1]. Our 
investigations started with application of this processing method to powdered poly-
olefins; very low substitution levels were obtained (Table 1, treatment 2), the method was 
difficult to perform on powders, and lengthy spacers were necessary to achieve adequate 
initial coupling yields. In contrast, simple chromic acid oxidation of high molecular 
polyethylene particles (d = 0.93) gave reasonable substitution levels for DNA synthesis 
{ca. 25 pmol/g), and increasing the severity of the conditions ("superoxidation") gave 

Table 1. Chemical modification of ASPECT 90 micron polyethylene particles. 

Treatment 

1. Repeated Cr03 oxidation 

2. Plasma processing 

3. Oxalyl chloride + Bzj02 

4. 02 /03 + Mn+ catalystb 

5. 4, then 1 

Group 
Introduced 

-C02H 

-NHj, -OH 

-COCI 

-OH, - C O , 
-C02H 

-C02H 

Loading 
(pmol/g) 

80-90 

<1 

<1 

>100 

80-90 

Surface Area 
(m2/g) 

13 

0.7 

0.7 

4.5 

32 

Accessibility 
(%)a 

25-50 

? 

>50c 

15 

20 

Defined as the percent cleavage by chymotrypsin of /fioc-Trp-Gly- functionalized material 
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even further improvement (Table 1, treatment 1). Other methods have been developed to 
functionalize native ASPECT particles (Table 1, treatments 3 to 5). Whereas treatments 
2 and 3 result in surface modification only, 1, 4, and 5 produce morphologically 
modified lower density particles. The nature of the transformations proved difficult to 
assess. Neither optical microscopy nor scanning white light interferometry showed 
significant differences. Gas adsorption analyses (BET method) showed a dramatic 
variation in specific surface area (Table 1), combined with the production of 
microporosity. Scanning electron microscopy (SEM) shows that the native particles 
consist of a tightly conglomerated mass of sub-micron spheres (Figure la); and that the 
oxidative functionalization penetrates this mass, augmenting the surface. This process 
has been termed "chemical invection". ASPECT 4 is finely penetrated, retaining the 
structural appearance of the parent at low magnification, whereas this has almost been 
lost from ASPECTS 1 and 5, chemical invection occasionally penetrating the entire 
particle (Figure lb). 

Figure 1. Scanning electron micrographs of a) unmodified 90 micron Aspect particle, and 
b) corresponding ASPECT 5. 

ASPECTS 1, 4, 5 have similar synthesis characteristics, are mechanically, chemi
cally and pressure stable, and very much more hydrophilic in nature than the native 
material. ASPECT 1 can be functionalized for peptide synthesis after BOP mediated 
addition of 4,7,10-trioxa-l,13-rridecanediamine and NaBH4 reduction of extraneous 
carbonyl functionalities. Products from procedure 4 are most efficiently functionalized 
following LiAlH4 reduction. Good quality DNA and peptide products can be assembled 
on them in purities comparable to those obtained with conventional materials (Figure 2 
shows HPLC chromatograms of typical crude peptide products). Remarkably, when 
YGKAYG was prepared immobilized on ASPECT 1, trypsin rapidly cleaved a high 
proportion of the pendant peptides. The speed and efficiency of this interaction provides 
a paradigm for general biorecognition processes mediated on ASPECT particles, 
especially in affinity chromatography applications, and in bead based library techniques. 
This observation was studied further by attachment of fBoc-Trp-Gly-OH to a variety of 
materials, and digestion with a-chymotrypsin. Results are depicted as an accessibility 
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VQAAIDYING YGKYAG YNFEVL 

a) b) c) 

- _ J * L 
Figure 2. Reverse phase HPLC analyses of crude products direct from synthesis of a) acyl 
carrier protein 65-74 VQAAIDYING; b) trypsin test substrate YGKYAG; and c) ribonuclease S 
protein binding peptide, YNFEVL; Beckman 3 micron ODS column, TFA/CH3CN system. 

index in Table 1; note with all ASPECTS cleavage efficiency is loading dependent, as is 
also the case with CPG. Under the conditions employed, <1% cleavage occurs from 
Tentagel or PEG-PS supports [2]. The method is highly useful in selecting only the most 
reactive sites in critical applications. A tremendously important observation was that 
trypsin retained high activity when immobilized to N-hydroxysuccinimide ester carboxyl 
substituted ASPECT 1. 

Numerous chemical transformations, including reductions, reductive alkylations, 
nitrations, chlorosulfonations, Michael reactions and substitutions have been performed 
on ASPECT bound groups, showing the inertness of the support and its general 
usefulness for chemical transformations. Reactions may be monitored spectroscopically, 
IR being especially useful. Immobilization of chemical reagents (e.g. oxidizing and 
reducing agents) on ASPECT particles is an attractive complementary way of facilitating 
automated chemical transformations. Additionally, ASPECTS have been shown to be 
useful in a variety of chromatographic applications, and therefore, promise to be widely 
useful, in large-scale applications where durability and economy are the primary 
considerations. 
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Introduction 

For the preparation of peptides having several disulfide bridges, the "one step" oxidative 
folding of fully reduced precursors seems to be the simplest approach, but no guarantee 
can be given concerning the correctness of the folding [1]. We have earlier described a 
selective approach for the synthesis of such sequences [2]. In this paper, we compare 
the two approaches in the preparation of conotoxin M VII A. 

Results and discussion 

The syntheses are based on the Fmoc/tBu strategy and follow a convergent approach. 
The following fragments have been prepared: Fmoc-[l-5]-OH = Fmoc-Cys(Rl)-
Lys(Boc)-Gly-Lys(Boc)-Gly-OH, Fmoc-[6-18]-OH = Fmoc-Ala-Lys(Boc)-Cys(R2)-
Ser(tBu)-Arg(Pmc)-Leu-Met-Tyr(tBu)-Asp(OtBu)-Cys(R3)-Cys(Rl)-Thr(tBu)-Gly-OH, 
and Fmoc-[19-25]-R = Fmoc-Ser(tBu)-Cys(R2)-Arg(Pmc)-Ser(tBu)-Gly-Lys(Boc)-
Cys(R3)- Amide resin. The Cys protecting groups are the following: Rl = Mob, 
R2 = Trt, R3 = Acm for the selective bridging and Rl = R2 = R3 = Trt for the oxidative 
folding. 

Table 1. Conditions of specific cleavage/ring closure steps. 

Bridge formed 

Cys8 - Cys20 

Cys15 - Cys25 

Cys1 - Cys16 

Cleavage/ring closure 
conditions 

air oxidation, pH 8 

75-fold excess iodine in 
80% AcOH 

a) TFMSA/TFA/p-cresol 
b) DMSO oxidation 

Molecular 

calcd. 
found 

calcd. 
found 

calcd. 
found 

weights 

3025.5 
3024.7 

2881.3 
2883.0 

2639.0 
2638.4 
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Table 2. Oxidative folding - percentage of conotoxin formed 

pH 

additive 

20hr. 

45hr. 

7.9 

no 

4% 

4% 

6.5 

DMSO 

0% 

0% 

7.7 

Cys 

4mM 

23% 

34% 

5.8 

Cys 

4mM 

41% 

45% 

7.7 

GSSG 
GSH 
2-4mM 

9% 

9% 

5.8 

GSSG 
GSH 
2-4mM 

25% 

30% 

Fragments [1-5] and [6-18] are prepared using the super acid labile Sasrin resin and 
are isolated fully protected after cleavage from the resin. The fragments are combined 
using TBTU as coupling agent. After detachment from the resin with TFA/EDT/H20, 
the linear precursors are obtained with Rl = Mob, R2 = H, R3 = Acm for the selective 
bridging and Rl = R2 = R3 = H for the oxidative folding. Both peptides are then 
prepurified by preparative HPLC on a C18 column, using a 0.1% TFA water/acetonitrile 
system. In the selective bridging protocol, the disulfide bonds are successively formed 
using the pathway described in Table 1. The intermediates are purified by preparative 
HPLC and characterized by PDMS. 

For the oxidative folding the linear precursor is solubilized in 0.05M ammonium 
acetate, at a concentration of 2xlO"4M. The results of different reaction conditions are 
given in Table 2. The percentage of conotoxin M VII A formed is determined by 
HPLC. 

Our results demonstrate that the oxidative folding is indeed a simple way of 
preparing peptides with several disulfide bonds. However it is strongly dependent on 
the reaction conditions. Identifying the correct structure may not always be easy, 
whereas the selective bridging allows the unambiguous assignment of the disulfide 
bonds. 
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Introduction 

Photolabile supports have been employed for 20 years in SPPS since the seminal report 
describing the orr/zo-nitrobenzyl support 1 [1,2]. Photolytic release of peptides offers a 
method of orthogonal cleavage which complements the traditional use of TFA or HF, 
and numerous research groups have capitalized on this concept [3]. Support 1, however, 
does suffer from several limitations. Support 1 exhibits unduly slow cleavage kinetics, 
with typical photolysis times in organic solvents ranging from 12 to 24 h and moreover, 
workers have been unable to obtain high yields of methionine-containing peptides from 1 
without substantial contamination with methionine sulfoxide [3]. While optimizing the 
photolithographic synthesis of peptides [4] we had occasion to explore the use of a 
variety of orr^o-nitrobenzyl compounds as photolabile protecting groups. The most 
useful among these were the a-methyl-6-nitroveratryl derived protecting groups, which 
incorporate two additional alkoxy groups onto the benzene ring and a methyl group on 
the benzylic carbon. Incorporation of these salient features into linker 1 generated a new 
class of photolabile supports 2. 

P e p t i d e ^ X ^ Peptid©NS ,XVv / 

° J\-N°2 ° J^N°2 

Q J3 X = O - ^ - Peptide acid 
MeO^^r O X = NH >- Peptide amide 

O N - Q ~ ^ ^ ^ 

Results and Discussion 

Synthesis of a Fmoc-protected amino acid 4 for the synthesis and liberation of peptide 
amides has been recently described [5]. Attachment of 4 to the support was performed 
with DIC/HOBt to afford the photolabile resin 5 (Figure 1). Synthesis of the corres
ponding alcohol 7 from 3 was accomplished in a two pot, three step procedure of 
nitration, reduction and saponification. Coupling of 7 as before to the resin gave the 
acid-generating support 8. We first addressed the TFA stability of the new supports by 
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MeO 

MeO 

MeO' 

OMe 

MeO 

OMe 

NH-Fmoc 

NO, 

' o ' 
b 

MeO' 

\ , NH-Fmoc 

rYN°2 

Vo 
°HfoH 

MeO 

V-, 

Figure 1. Synthesis of photolabile supports: (a) ref [5] (b) DIC/HOBt, amine-support; (c) HN03; 
(d) NaBH., then NaOH/MeOH. 

exposing 2 to typical TFA-scavenger cocktails for 2 h; no undesired cleavage was 
observed. Photolyses were performed with 365 nm UV light from a Hg ARC lamp, 
which had been previously demonstrated to be compatible with both peptides and small 
organic molecules [4, 5]. 

A cholecystokinin peptide (H-Met-Gly-Trp-Met-Asp-Phe-NH2) was chosen as 
model peptide to further examine the methionine oxidation phenomena previously noted. 
After assembly under standard Fmoc-conditions on support 5, the peptide was found to 
cleave with 1 hr of irradiation in the presence of hydrazine as scavenger to afford the 
desired CCK peptide in 87% purity (75% yield). Comparison of the released product 
with the three possible methionine sulfoxide products independently prepared indicated 
that less than 4% of oxidized product was present. The rapid release of peptides from 2 
now allows one to liberate methionine-containing peptides with minimal oxidation. 

The use of various scavengers during cleavage of peptide amides has been found to 
be beneficial. Basic adjuncts such as hydrazine or ethanolamine afforded greater 
amounts of peptides during a given photolysis, and the exact origin of this effect is under 
active investigation. These new supports should find widespread use throughout SPPS 
and new applications will be reported in due course. 
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Introduction 

Since interactions between non-polar residues are the major driving force for protein 
folding and stability, the hydrophobic environment characteristic of reversed-phase 
chromatography (RPC) [1] may be a reasonable mimic of such interactions, as well as a 
good model for ligand-receptor interactions [2, 3]. We have recently described [3] the 
potential of a simple model ligand-receptor system based on observing the retention 
behaviour during RPC of de novo designed single-stranded amphipathic a-helical 
peptides representing peptide ligands binding to a complementary receptor (RPC 
stationary phase). The present study investigates the effect of varying receptor 
hydrophobicity on the apparent hydrophilicity/ hydrophobicity of polar side-chains 
buried at the interface between the peptide ligand (model amphipathic a-helical 
peptides) and the stationary phase (receptor). 

Results and Discussion 

For the present study, the hydrophobic surface of the receptor, represented by the 
stationary phase of reversed-phase columns, was varied; whilst the non-variable 
hydrophobic surface of the ligand was represented by the hydrophobic face of synthetic 
amphipathic a-helical peptide analogues. We have designed and synthesized an 18-
residue amphipathic peptide ligand for our model ligand-receptor model system. The 
amino acid sequence is Ac-E-L-E-K-L-L-K-E-X-E-K-L-L-K-E-L-E-K-amide, where X 
(position 9) is substituted by the 20 amino acids found in proteins. Position 9 is in the 
centre of the hydrophobic face of the helix, surrounded by Leu residues. These peptides 
exhibit high a-helicity and amphipathicity [3]. The stationary phases representing the 
protein receptor consisted of silica-based cyanopropyl (CN) and octadecyl (C18) 
bonded-phase columns, with the C18 column considerably more hydrophobic than the 
CN. From Figure 1, an increase in receptor hydrophobicity (column surface 
hydrophobicity) enhances hydrophilicity of polar amino acid side-chains on the 
hydrophobic face of a preferred binding domain of an amphipathic a-helical peptide 
ligand. This is not observed for ligands lacking a preferred binding domain. The 
increase in hydrophilicity of the residues on increasing receptor hydrophobicity ranged 
from a 1.3-fold increase for Lys to a 3.8-fold increase for Ser. In addition, the aqueous 
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Figure 1. Effect of varying receptor hydrophobicity on hydrophilicity/ hydrophobicity of polar 
side-chains substituted in the non-polar face of a model amphipathic a-helical peptide ligand. 
Conditions: linear gradient of 1% acetonitrile/min and 1 ml/min at room temperature, where 
Eluent A is 10 mM aq. H3PO. pH 2.2 (A), 10 mM aq. H3PO. pH 2.2. containing 100 mMNaClO. 
(B) or 10 mM aq. trifluoroacetic acid (TFA), pH 2.0 (C); Eluent B is 10 mM H3PO. in acetonitrile 
(A), 10 mM H3P04 in 60% acetonitrile containing 100 mM NaClO. (B) or 10 mM TFA in 
acetonitrile (C). For each side-chain, the three histograms on the left are results obtained from 
the amphipathic a-helical peptide ligand model system (denoted LX peptides) and the three on 
the right (denoted by a star) are results obtained from the control random coil peptides (denoted 
Ac-X series). AAtR = (t^X- tRLG) on the Cls column minus (tRLX-tRLG) on the CN column for 
the polar LX analogues; AAtR = (tRAc-X - t^Ac-G) on the Cm column minus (tpAc-X-t^c-G) on 
the cyano column for the polar random coil analogues. Thus, AAtR represents the change in 
hydrophilicity/hydrophobicity of the polar side-chain in the centre of the hydrophobic face of the 
peptide ligand (LX peptides) or at the N-terminal end of the random coil peptides effected by the 
increase in hydrophobicity (CN —> Cl8) of the receptor surface. Note that the hydrophilicity/ 
hydrophobicity of side-chains have been expressed relative to the Gly analogues (tRLX- t^G and 
t^Ac-X- tjyAc-G) which represent the case where no side-chain is present at the substituted site. 

environment surrounding the binding site of the receptor and ligand also affects the 
hydrophilicity/hydrophobicity of amino acids at the binding interface. Thus, the addition 
of salt (100 mM NaC104) to the mobile phase enhances interactions between ligand and 
receptor, and buried hydrophilic side-chains become substantially more hydrophilic 
when the ligand-receptor is in an aqueous environment of higher ionic strength. 
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New Anchor Group for SPPS, and its Use for Peptide 

Synthesis in Aqueous and Non-aqueous Media 
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Introduction 

Noncatalytic reduction of nitrobenzyl esters by aqueous sodium dithionite (Na^O,,) at 
pH 9.5 can be used to obtain both free and blocked amino acids [1]. Building on the 
nitrobenzyl group (1) protection concept, a new 5-hydroxymemyl-2-nitrophenoxyacetyl 
(2-NPA) (2) anchor group has been developed. The possibility of its use for SPPS in 
aqueous and non-aqueous media is considered. 

Results and Discussion 

-CH2 ̂ \ N02 -CH2 ft% N02 

^ ^ N—'OCH2COOH 

Nitrobenzyl 2-NPA 

For SPPS in non-aqueous media, the 2-NPA anchor group was attached either to 
aminomethylated styrene-1% divinylbenzene (SDB) (NHj content 0.96 mmol/g), or to 
polyamide (PA) resin (NH2 content 0.78 mmol/g). The Gly-2-NPA anchoring bond was 
stable toward TFA and TEA/DCM. The peptide Val-Gly-Val-Ala-Pro-Gly (3) [2] was 
selected for synthesis, which was carried out by the DCC/HOBt procedure. 
Completeness of acylation was checked by the Kaiser ninhydrin test [3], and by the 
TNBS test [4]. On completion of peptide assembly, a part of each Boc-peptidyl resin 
was deblocked at the N-terminus. Thus Boc-blocked, and unblocked peptidyl-2-NPA 
SDB resins were obtained. Boc-blocked, unblocked and N02Z-blocked peptidyl-2-NPA 
PA resins were also prepared. 

Cleavage of the peptide (3) by HF failed. It was detached from H-peptidyl SDB 
matrix by treatment with sodium dithionite in water-ethanol at 37°C for 4-6 hr. After 
desalting on Sephadex G-10 or Biogel P-2 in 50 mmol NH4HC03 the peptide (3) was 
obtained with 87% yield and 91% purity. Detachment of the Boc-peptide under these 
conditions failed. 

Boc-blocked, and free peptides were cleaved from the 2-NPA PA matrix by 
treatment with sodium dithionite (5 equiv. for each group to be reduced) in aqueous 
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carbonate/bicarbonate buffer, pH 9.0 at 40°C for 4 hr. Purification was achieved either 
as stated above, or by silica gel chromatography. 

SPPS in aqueous media was carried out on a Gly-2-NPA PA resin. This derivative 
was stable in the pH range 2-10. NPS amino acids were used for the synthesis and were 
coupled as Nsp esters [5]. Double couplings, each with 2 equivalents of NPS-AA-ONsp 
at 20°C for 2 hr., were needed for complete acylation. Reaction was carried out as 
recommended in [5]. The completeness of acylation was checked by TNBS test [4]. 
The NPS group was cleaved either by 1 M aqueous N a ^ O j [6] or by saturated 
HCl/AcOEt. In both cases, the NH2 content generated was the same. However, in the 
step of NPS dipeptidyl resin deblocking by 1 M Na2S203, loss of peptide was observed. 
This occured, most probably, because of deloading via diketopiperazine formation. 
Use of HCl/AcOEt rather than 1 M Na^O., led to minimization of this problem. 

In the course of deblocking of the NPS group, conversion byproducts appeared in 
appreciable quantity. This led to deterioration in the hydrodynamic properties of the 
matrix. To avoid this, washing with AcOEt was introduced. This helped to preserve the 
matrix swelling, led to increase acylation rate, and to improvement in the quality of the 
peptide produced. Following this protocol, Gly-Val-Ala-Pro-Gly-2-NPA-PA was 
prepared. The final valine was introduced as a Boc-Val-ONsp or N02Z-Val-ONsp. A 
part of the Boc-blocked peptidyl-2-NPA PA was deblocked by TFA. Peptides were 
detached as before. 

For the purpose of comparison, the peptide (3) was prepared on the Merrifield resin. 
Synthesis was carried out by DCC/HOBt procedure. The peptide was cleaved by 
HBr/TFA in 36% yield and in 89% purity. 

Thus, it was shown that the suggested anchor group made it possible to obtain the 
blocked and unblocked peptides in organic and aqueous media by cleavage in very mild 
reductive conditions. 
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Phosphorus (III) a-Amino Acids 
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Introduction 

Phosphonopeptides are important peptide mimics that are effective inhibitors of metallo, 
aspartyl, and serine proteases [1], and also as haptens in catalytic antibody studies [2]. 
Currently, phosphonate esters (1, X=0, Y=0, Z=0) and phosphonamidates (1, X=NR, 
Y=0, Z=0) are generally formed by first activating a phosphonate monoester to the 
phosphonochloridate, followed by coupling of the activated species with an alcohol or 
amine in the presence of base (Figure 1, Path A) [1, 2]. This method usually provides 
moderate yields, in part due to the slow nucleophilic attack of heteroatom nucleophiles 
on P(V) centers [3]. We report herein a new method to prepare phosphonates, whereby 
P(IH) compounds (2) are used in the key coupling step (Figure 1, Path B). In addition to 
potentially increasing the yield of 1, this approach also allows for easy design and 
preparation of phosphonates with a wide variety of heteroatoms around the phosphorus 
center {e.g., X=NR, Y=0, Z=S or X=0, Y=S, Z=S), many of which are difficult or 
impossible to prepare by current methodologies. 

° - 9XI ^ _, LXR3 . R , _ f , OH _ V C, n u ^ X R " ^ R l_.pvC, 
OR2 rsi °* 1 YR Y R 2 r m 

U J X = O.NR,S; Y=O.S; Z = O.S L-J 

2 YR2 

Figure 1. Synthesis of phosphonate derivatives from P(V) or P(III) derivatives. 

Results and Discussion 

We envisaged //-phosphinate esters 2 as the ideal precursors for a P(III)-based phos
phonate synthesis because of their air stability. We used commercially available di-
chlorotriphenylphosphorane (DCP) in pyridine to activate 2 (R'=Ph, Me; R2=OiPr, OtBu, 
SrBu) non-oxidatively to the phosphonochloridites [R'P(YR2)C1]. In situ reaction with 
heteroatom nucleophiles (R3XH; 1 equiv. of alcohol or thiol or 3-4 equiv. of amine) 
followed by oxidation (4 equiv. anhydrous /BuOOH) or sulfurization (1 equiv. S8) 
provided phosphonate derivatives in excellent to moderate yields (Table 1). Particularly 
noteworthy are the good yields for compounds lg (70%), lj (75%), and 11 (61%), which 
all incorporate a very hindered tBu group in the alcohol or amine nucleophile. Such 
compounds would be difficult to prepare by P(V) approaches because of the sensitivity 
of these reactions to steric factors [3, 4]. 
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Synthetic Methods 

Table 1. Preparation of phosphonates and phosphonamides from H-phosphinates 

Entry R1 YR2 XR3 Z Yield of 1 31P(1) 

OBzl 
NEt, 
OMe 
OEt 
OiPr 
OBzl 
OtBu 
NHBzl 
NEt, 
NHtBu 
SPh 
NHtBu 

m CH3 StBu OCH3 

The relevance of this method for the preparation of biologically important molecules 
and its compatibility with sensitive functionality was demonstrated by the synthesis of a 
phosphonamidopeptide 5 (Figure 2). The Na-Boc-phosphinate amino acid ester 3 was 
activated with DCP in pyridine to produce phosphonochloridite 4 (31P=170.4 ppm). 
Reaction of 4 with glycine ethyl ester in the presence of TEA followed by sulfurization 
produced the novel thiophosphonamide dipeptide 5 as a mixture of diastereomers 
(31P=73.3, 73.9 ppm) in 50% yield after chromatographic purification. Studies are 
underway to optimize this chemistry for solution and solid phase synthesis of previously 
unavailable thio- and dithio-phosphononate peptide analogs, which may be interesting as 
new classes of protease inhibitors. 

X " v v ^ 1. H-Gly-OEt, Y 

DCP I Et3N I S 
3 H ™BuPynd"e 4 ° t B u 2 S B S tBu6 H O 

Figure 2. Use of DCP in the synthesis of a thiophosphonamidopeptide. 
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Introduction 

The Peptide Synthesis Research Committee of the Association of Biomolecular Resource 
Facilities (ABRF) conducts anonymous studies to evaluate the ability of ABRF member 
laboratories to synthesize and characterize test peptides. Coded samples of peptides 
synthesized and/or cleaved by these laboratories are analyzed by AAA, HPLC, ESI-MS, 
MALDI-MS, and Edman sequencing. Cumulative results from the first three studies 
indicate that the assembly of peptides by solid phase peptide synthesis is no longer a 
significant problem [1-3]. Therefore, recent studies have focused on post-assembly 
problems. 

Results and Discussion 

The 1993 study was initiated to examine potential problems with cleavage procedures. 
Members of the Peptide Synthesis Committee synthesized large amounts of a peptide by 
both Boc- and Fmoc-based chemistries [3]. Samples of both peptide-resins were mailed 
to ABRF members. By standardizing the starting material for cleavage, it was hoped that 
the committee could identify problems encountered during cleavage procedures. There 
was no apparent correlation between the cleavage protocol chosen and success in 
obtaining the desired product. 

Based upon these results, the 1994 study sought to identify what parameters in the 
most popular cleavage procedures were the source of success or failure to obtain the 
correct peptide product [4]. Participating ABRF laboratories were asked to synthesize 
H-Val- Lys-Lys-Arg-Cys-Ser-Met-Trp-Ile-Ile-Pro-Thr-Asp-Asp-Glu-Ala-OH, known to 
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be a nonproblematic synthesis from a previous study, and to remove the peptide from the 
resin according to one of two detailed cleavage protocols and work-up procedures. 
Following Fmoc chemistry, participants used either reagent K or reagent B [4]. Those 
using Boc chemistry chose either a specific HF cleavage procedure or a trimefhlsilyl 
trifluoromethane sulfonate cleavage method. Detailed information on the reagents and 
laboratory conditions was requested, including: source of reagents, age of reagents, 
dates when reagents were opened and when used, reagent storage conditions, and type of 
vacuum system used, if applicable. 93% of the 82 crude samples contained 25% of the 
desired product. ESI-MS and MALDI-MS estimated that the mean percent desired 
product was 59%, while RP-HPLC estimated the mean percent desired product as 39%. 
In contrast to the first study, Fmoc chemistry was used more than Boc chemistry. 
Dehydration of Asp(OrBu) during Fmoc removal was a significant problem. Overall, 
there was a lack of correlation between product quality and the choice of cleavage 
reagents or work-up protocols. Comparison of the detailed protocol sheets submitted 
with each sample suggested that laboratory technique plays a critically important role in 
peptide synthesis. 

Since cyclized peptides have been shown to be more effective than their linear 
counterparts in many biological systems, the 1995 study has focused on methods for 
producing cyclized peptides. ABRF laboratories were asked to synthesize a standard 
peptide with 2 Cys residues: H-Phe-Cys-Phe-Trp-Lys-Thr-Cys-Thr-NH2. A choice of 2 
protocols each for on-resin and post-cleavage formation of the intrachain disulfide bond 
would provide the opportunity to test experimental conditions for oxidation of the 
sulfhydryls, as well as the capabilities of the member laboratories to produce synthetic 
peptides with intact disulfide bonds. Samples were analyzed by ESI-MS, MALDI-MS, 
AAA, HPLC, and by spectrophotometric analysis following reaction with Ellman's 
reagent. A total of 94 samples, 58 of which were cyclized peptides and 36 linear, were 
received from 40 laboratories. Several laboratories submitted samples using other 
protocols not suggested by the committee. These included ferricyanide oxidation and 
use of Ekagen™ resin. 

Table 1. Yields for formation of intrachain disulfide bonds by various protocols. 

Protocol # samples >50% correct product 

I (air oxidation with mixing) 25 13 
II (oxygen gas) 9 6 
III (thallium trifluoroacetate) 10 10 
IV (mercuric acetate) 5 0 
K Ferricyanide oxidation 5 5 
Ekagen resin 3 3 

The selected peptide sequence appeared to readily oxidize. This may have caused 
the unexpectedly high yields of disulfide bonded peptide found in this study (Table 1). 
Of the 6 protocols used, 5 generally produced an acceptable yield of product. All 
peptide oxidized by protocol IV, the mercuric acetate on-resin cyclization procedure, 
showed a strong retention of mercury in the peptide, characterized by a unique mass 
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spectrum and HPLC retention time. In these cases, only small amounts of the correct 
cyclized peptide without bound mercury could be detected. Peptides oxidized by 
protocols I or II, with mixing in the presence of air or oxygen, often produced a good 
yield of cyclized product. However, variable amounts of the dimeric peptide were 
detected, up to 60%. Of the samples oxidized by the thallium trifluoracetate on-resin 
cyclization procedure (protocol III), all produced cyclized product in high yield. Two 
protocols not in the original study design, ferricyanide oxidation and use of Ekagen™ 
resin, appeared to produce cyclized product in good yield. However, the sample 
numbers were very small, particularly since 3 of the ferricyanide samples were derived 
from one laboratory. 

Based upon the data obtained in this study, it appears that producing cyclized 
peptides with the correct structure can be achieved readily by either on-resin or 
post-cleavage techniques. The post-cleavage methods are less expensive and provide 
reasonable yields of the desired product. However, on-resin techniques produce greater 
yields of the final product, but are more expensive to perform. The mercuric acetate 
method does not yield the correct peptide product, producing a mercury-peptide adduct 
which is stable by HPLC and mass spectrometry. In addition, it is best to use a 
combination of analytical techniques, which complement each other in their ability to 
detect the correct product and unwanted byproducts. 
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Introduction 

In our laboratory, we have been working on the development of a new approach to the 
synthesis of the fragment 12-17 of human Gastrin (YGWMDF-NH2) by fragment 
condensation using proteases (papain and a-chymotrypsin) in all coupling steps and 
electrolysis for cleavage of the N-protecting groups. 

Results and Discussion 

Three peptide fragments were selected as building blocks to construct the required full 
peptide, viz. YG (Fragment A), WM (Fragment B), and DF-NH2 (Fragment C). The 
N-terminal dipeptide Bz-Tyr-Gly-OEt (Fragment A) was prepared with a-chymotrypsin 
in toluene having 0.3% of water by an iterative procedure in a nucleophile pool (70% 
yield). The benzoyl group was used for N-protection since it is economically 
advantageous and can be removed by electrolysis. 

The synthesis of the middle dipeptide (Fragment B) was initially attempted by using 
Bz-Trp-OMe as acyl donor and H-Met-OMe as amine donor. The coupling step was 
investigated under various conditions, but high levels of hydrolysis of the acyl donor 
were always observed. In view of this result, we changed to papain in combination with 
-0CH2CH2C1 for C-protection of the amine donor (H-Met-0CH2CH2C1), thus increasing 
the acylating activity of Fragment B. The synthesis of the central dipeptide was then 
carried out by using toluene with 1% of water in a nucleophile pool (82% yield). 

The preparation of the precursor of the C-terminal dipeptide amide (Fragment C) 
was carried out at room temperature using a 75% ACN medium (pH 9.2) (80% yield). 
Because the side chain of Asp had to be protected [1], we chose the OBzl group which 
can be removed by electrolysis. Unfortunately, selective cleavage of Bz with regard to 
OBzl could not be achieved, possibly because the corresponding peak potentials were 
too close to each other. In order to circumvent this difficulty, we decided to explore a 
modification of our previous synthetic scheme by substituting Bz for Bz(4-N02) as it 
shows a less negative cleavage potential (-1.7 V) than OBzl (-2.9 V). Unfortunately, as 
we could not follow the process by HPLC because of the absence of a good 
chromophore within the product, we did not obtain direct evidence of its formation. 
Additionally, we have been experiencing some difficulties with the purification of the 
electrolysis products since their solubilities were similar to that of the supporting 
electrolyte. We are presently investigating a new supporting electrolyte (Bu4NBPhe4) 
that has a different solubility behavior. 
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Trial experiments in the fragment condensation showed that a better yield is 
obtained with A+B (79% with papain in ACN with 5% of water) as compared to B+C 
(37% with a-chymotrypsin in toluene with 1% water). The final product (52% yield, 
(crude) was obtained by coupling AB with C a 52% yield, using a-chymotrypsin in 
ACN with 5% water. An alternative strategy (A+ BC) is now under a more detailed 
investigation. 
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in Peptide Chemistry 

T. Sato, T. Wohr, F. Wahl, B. Rohwedder 
and M. Mutter 

Institute of Organic Chemistry, University of Lausanne, BCH-Dorigny, 
CH-1015 Lausanne, Switzerland 

Introduction 

We have recently shown that pseudo-prolines can be used as a temporary protection for 
Ser, Thr, or Cys. *FPro exerts a pronounced effect upon the backbone conformation of 
polypeptides resulting in a dramatic increase in the solvation of a growing peptide chain 
in SPPS as well as in the solubility of otherwise sparingly soluble peptides [1-3]. In the 
present contribution, we demonstrate the use of pseudo-prolines for preparing peptides 
which have been difficult to access so far by standard SPPS. 

Results and Discussion 

As a challenging example for the solubilizing power of pseudo-prolines, the SPPS 
of a transmembrane peptide of pronounced hydrophobic character was investigated. 

1 C'-L-A-A-L-L-B-L-L-B-A-L-L-A-X15-L-B-A- L-L-A-NH, 

A Thr-derived Wro [X = Thr(1FH'Hpro)] was inserted at position 15 of peptide 1 to 
induce a kink into the otherwise helical structure as observed in natural membrane 
channel forming peptides (Figure 1). The N-terminal Cys may be used for a subsequent 
ligation of 1 to a topological template by chemoselective ligation. 

For SPPS of 1, using standard Fmoc chemistry, the incorporation of the pseudo-
proline residue is effected via the dipeptide Fmoc-Ala-Thr^" "pro)-OH, prepared by 
acylation of the Thr derived oxazolidine with the corresponding acid fluoride or 
N-carboxyanhydride [4]. Most significantly, the coupling of the Wro containing 
dipeptide derivative, as well as the following coupling steps, proceeded smoothly to 
quantitative yields (see HPLC of crude product, Figure 1), pointing to high solvation of 
the resin bound peptide. This effect was confirmed by the absence of (3-sheet formation 
as seen from the ATR-IR spectrum of the resin bound sequence (Figure 1). The 
completed sequence was cleaved from the resin with 95% TFA, leaving the oxazolidine 
system intact. As observed before, the Wro containing peptide 1 showed good 
solubility in a number of organic solvents, thus allowing easy attachment to topological 
templates according to the TASP approach [5]. 
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Figure 1. Synthesis of a YPro containing transmembrane helical peptide and its use in TASP 
design [5]. 

In contrast, after ring opening of the "FPro with strong acid (10% TFMSA in TFA), 
the peptide showed a significantly lower solubility in organic solvents and in water/TFE 
mixtures. The CD spectra of the transmembrane peptide clearly reveal the helix-
disrupting effect of pseudo-prolines: The observed helicity of the YPro peptide 
{ca. 50%) increases significantly by transforming the Thr(»PPro) building block to a 
regular Thr by ring opening {ca. 90% helicity, Figure 1). 

In conclusion, YPro residues, used as a temporary protection for Ser, Thr, or Cys, 
prove to be versatile tools in peptide synthesis and for reversible structural modifications 
in peptide and protein design. 
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Enantioselective Synthesis of //-phosphinate Amino Acids 

for Incorporation into Phosphonopeptides 
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Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA 

Introduction 

Phosphonopeptides, which mimic the tetrahedral transition state or intermediate of amide 
bond hydrolysis, have been successfully employed as powerful protease inhibitors [1]. 
We are developing a new and general method for the synthesis of phoshonopeptides 
based on P(III)-compounds whereby protected a-amino-//- phosphinates (1 are used for 
incorporation into the peptides. A one-pot conversion of//-phosphinates to phosphonate 
derivatives has been achieved by using dichlorotriphenylphosphine in the activating step, 
which gives access to a wide variety of functionalities around the phosphorus atom [2]. 

Although there are many racemic preparations, a general approach for enantio
selective synthesis of 1 has not been described [3]. We investigated the use of a-
metallothio-phosphonamides (3, Y = R, A = OR', B = NRJ as the key intermediates. 
Amination or bromination (followed by substitution with a nitrogen nucleophile) was 
expected to give optically active cc-substituted aminomethyl- thiophosphonamides 2. 
Hydrolysis and reduction with Raney nickel should give the enantioenriched 
oc-aminophosphinates 1. 

?° X" 0» 
2 1 H 2 B 3 B 

Results and discussion 

In Table 1, the results of bromination of the carbanions derived from propyl- and 
phenylethyl-O-wo-propylthiophosphonamides (3, R = Et or Bzl, A = OiPr) are 
presented. The carbanions were generated with «-butyl lithium at 0°C or with «-butyl-
Iithium/potassium-terr-butoxide at -95°C. l,2-Dibromo-l,l,2,2-tetrafluoroethane was 
added after 10 minutes at -70°C and -95°C respectively. The ratio of the two 
diastereomers of 2 was determined by 31P-NMR. 

It can be seen that there is an increase of diastereoselectivity if intramolecular 
coordination is possible (compare entries 1 and 2 with 3, 4 and 5). Unfortunately, 
introduction of an extra possible chelating nitrogen group does not lead to much further 
improvement of the selectivity (entry 6). The hydrazine derivative (entry 7) can provide 
coordination to the metal atom through a much more favorable 5-membered ring, though 
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Table 1. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Ratio of diastereomers for bromination of 2 (A = O-i 

Y 

EtCH3 

Bzl 
Bzl 
Bzl 
Bzl 
Bzl 
Et 
Et 
Et 
Et 

B 

NCH2CH2N(CH3)2 

CH3NCH2CH2N(CH3)2 

N(CH3)2 

N(i-Pr)2 

CH3NCH2CH2CH(CH3)2 

CH3N(CH2)2N(CH3)(CH2)2N(CH3)2 

CH3NN(CH3)2 

CH3NCH2CH2N(CH3)2 

CH3N(CH2)2N(CH3)(CH2)2N(CH3)2 

CH3NN(CH3)2 

i-Pr, Y andB, see 

base 

BuLi 
BuLi 
BuLi 
BuLi 
BuLi 
BuLi 
BuLi 
BuLi/KOtBu 
BuLi/KOtBu 
BuLi/KOtBu 

table) 

ratio 

69:31 
63:37 
57:43 
53:47 
58:42 
71:29 
69:31 
74:26 
70:30 
90:10 

no significant difference in stereoselectivity is observed. If the Schlosser base system 
BuLi/KO-r-Bu is employed, metallation readily takes place at -95°C. For entry 8, there 
is a slight improvement of stereoselectivity compared to entry 1. For the hydrazine 
derivative, the change is considerable (compare 7 and 10). This might be due to a 
temperature effect, but most likely the replacement of lithium with potassium as the 
counter cation is the predominant factor. Although oc-bromothiophosphonamides could 
now be produced in moderate to reasonable stereoselectivity, their conversion into the 
corresponding a-aminothiophosphonamides by reaction with NaN3 or LiN3 has failed, 
probably because of competing nucleophilic attack on the phosphorus atom. 

This led us to prepare (+)-ephedrine-based thiophosphonamide anions in which 
a protected a-amino group is already present; 3, A,B = -N(CH3)CH(CH3)CH(Ph)0-, 
Y = NLiBoc. Preliminary results for the alkylation of 3 to give the diastereoisomers 2, 
X = NHBoc, are given in Table 2. Attempting to improve stereoselectivity, the size of 
the #-alkyl group was increased from Me to iPr. Unfortunately, alkylation experiments 
with this derivative showed complicated mixtures indicative of decomposition products. 

Future work will involve modifications of the amine-protecting group and the chiral 
auxiliary on the phosphorus and desulfurization to yield the a-amino-//-phosphinates. 

Table 2. Alkylation of 3, Y = NLiBoc A.B = -NfCH^CHfCH^CHfPhjO-

R-X ratio of diastereoisomers of 2 

H3CCH2I 70:30 
H2C=CHCH2Br 80:20 
C6H5CH2Br 85:15 
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A Novel Route to Benzodiazepine Diversomers 
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' Max-Planck-Institut fur Biochemie, 82152 Martinsried, Germany 
'Collegium Economy Research Technology, 81247 Munchen, Germany 

3 Department of Chemistry and Biochemistry, University of California, San Diego, 
La Jolla, CA 92093, USA 

Introduction 

Since benzodiazepines represent important non-peptidic receptor ligands and are most 
promising molecules for the development of therapeutic agents with good bio
availability, various combinatorial chemistry approaches were recently proposed to 
generate molecular diversity in this class of compounds [1-3]. Our findings that 
2-aminobenzoyl-peptides may serve as precursors of l,4-benzodiazepine-2,5-diones led 
us to optimize the conditions for ring closure with concomitant peptide bond cleavage [4] 
and to elaborate a novel route for the preparation of prodrug libraries and 
benzodiazepine diversomers. 

Results and Discussion 

2-Aminobenzoyl (Abz)-amino acids and related esters are readily cyclized under acidic 
conditions to the corresponding l,4-benzodiazepine-2,5-diones if the amino acids are 
N-alkylated, e.g. proline, sarcosine and homologs. More surprisingly, even upon 
extension of the Abz-amino acids to Abz-dipeptides, the cyclization reaction occurs, 
although only under weakly acidic conditions, thus suggesting a possible anchimeric 
assistance of the vicinal carboxyl function. This was confirmed by the observation that 
in the series of peptides H-Abz-Pro-Xxx-Leu-Phe-OH where Xxx = Asp, Lys, Ser, 
Val, only the Asp-containing peptide at pH 2.0 in aqueous solution leads to 
[1 laS]l,2,3,l la-tetrahydro-5//-pyrrolo[2,l]-[l,4]benzodiazepine-5,l l(10H)-dione and 
H-Asp-Leu-Phe-OH by cleavage of the Pro-Asp amide bond (t1/2 = 15 h). These findings 
allowed us to explore a solid phase peptide chemistry approach for the generation of 
benzodiazepine diversomers. In order to bypass the troublesome diketopiperazine 
formation of Pro-X dipeptides even when linked to solid supports, peptide spacers with 
N-terminal Asp were used to link the Abz-Yyy library to the Merrifield resin (Figure 1). 
H-Asp(OtBu)-Ala-Ala-(P) was built up by conventional Fmoc/tBu SPPS and then 
extended to the sequences of Boc-Abz-Yyy-Asp(OtBu)-Ala-Ala-(P) by simultaneous 
incorporation of Pro, Hyp, or azetidine-2-carboxylic acid (Azt). Deprotection of the 
peptide mixture on the resin by treatment with TFA for 2 h proceeds smoothly without 
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OtBu 

^ \ . N H B o c 

Library Spacer 

Figure 1. Synthesis of 1,4-benzodiazepine-2,5-dione diversomers; Yyy = natural and unnatural 
amino acids; R = H or other amino acid side chains; n = 0,1,2, etc.; R'= substituents. 

releasing of l,4-benzodiazepine-2,5-diones. Subsequent exposure of the resulting 
H-Abz-Yyy-Asp-Ala-Ala-(P) to 1% TFA in water/dioxane (1:1) leads to quantitative 
production of the desired l,4-benzodiazepine-2,5-diones at a high degree of 
homogeneity, as assessed by HPLC of the reaction mixture (Figure 2) since potential side 
products of the synthesis not containing the Abz-Yyy moiety are not released from the 
resin under these conditions. Mass spectra and a comparison with authentic samples of 
the three benzodiazepines prepared by acid treatment of the related Boc-Abz-amino acids 
[4] served to confirm the chemical structures of the reaction products. The 11/2 values of 
the cyclization reactions on the solid support are reported in Figure 2. Following this 
procedure, libraries of l,4-benzodiazepine-2,5-ones are readily generated by simulta
neous incorporation of diversomers at the Yyy residue or of the Abz moiety or of both of 
them. 

BZD (Pro) t,„ = 7h 
BZD(Azl) lw=14h 
BZD (Hyp) 1,,,= 9h 

10 20 
-1 [min] 

Figure 2. HPLC elution profile of the reaction mixture of H-Abz-Yyy-Asp-Ala-Ala-(P) 
with 1% TFA in dioxane/water at 30°C and the related t ]a values of the cyclization reactions. 
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New Reagent for the Affinity Purification of Peptides 

W.M. Kazmierski and K. Hurley 

Glaxo Wellcome Inc., Department of Medicinal Chemistry, Research Triangle Park, 
NC 27709, USA 

Introduction 

Stepwise synthesis of hydrophobic peptides frequently results in a complex mixture of 
deletion peptides, which require laborious purification and product identification. To 
accelerate the synthesis of pure peptides, we designed and synthesized a new affinity 
purification reagent 1 (Figure 1), which is used to transiently functionalize the free 
N-terminus of the peptide (2)-resin assembled by a coupling/Ac20 capping scheme 
(Figure 2). 

m 
Figure 1. Structure of the cleavable biotinylation reagent 1. 

LLQLTVWGIKALQARIL-( 

2 Mil 

Ac-JIHGFEDCBAH 
Ac-IHGFEDCBAH 

1. Cleave from the resin 
2. Avidin column, wash 

' LLQLTVWGIKALQARIL-NH2 

3. Wash w/GuanidineHCl 

PS resin 

\ avidin 

LLQLTVWGIKALQARIL-< 

Ac-JIHGFEDCBAJ 
Ac-IHGFEDCBA^ 

Ac-JIHGFEDCBA 
Ac-IHGFEDCBA 

• 
4. Cleave B 

' LLQLTWGIKALQARIL-NH2 ^mm^^- LLQLTVWGIKALQARIL-NH2 

Figure 2. Affinity purification scheme used to purify peptide 2. 
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Results and Discussion 

The crude 2 contained a major peak at 13.96 min and several medium to small impurities 
(Figure 3a). Transient N-biotinylation with 1, followed by TFA-mediated side-chain 
deprotection and cleavage from resin, resulted in a mixture which was then dissolved in 
PBS, absorbed on an avidin-agarose column, and washed with PBS buffer to remove the 
truncated peptide fragments (Figure 3b). Next, the biotin-peptide conjugate was eluted 
with 6M guanidine HCl and treated with piperidine for 10 min (Figure 3 c), resulting in 2. 
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Figure 3. HPLC traces of (a) crude 2, (b) PBS-eluted fraction, (c) GnHCl-eluted fraction, after 
piperidine treatment. 

Our method differs from the conventional affinity purification schemes that provide 
permanently labeled peptides [1]. It yields free N-terminus-peptides, amenable to 
fragment condensation. Further work will allow us to compare this method with other 
labile-linker purification schemes [2-4]. 
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N-Protected Aminoacyloxocrotonates: Versatile New 

Tools in Peptide Synthesis Combining Both Solution and 
Solid Phase Advantages 
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Introduction 

The Pd(0)-cleavage of an allylic linker bond in solid phase peptide chemistry is an 
established technology for a most efficient and entirely non-destructive neutral release of 
fully protected peptides, glycopeptides, and oligonucleotides from the solid phase [1]. 
The products have only one single free C-terminal carboxylic function. This is well 
suited for further chemical transformations, e.g., sequence analog synthesis, amide 
formation, fragment condensation, cyclization, etc. 

Because of their orthogonality to all kinds of both N-terminal and side chain 
protecting groups, we have developed N-urethane protected aminoacyloxocrotonates 
which have one single carboxylic group free for selective anchoring on any kind of 
polymer phase [2]. These monomeric allylic linker derivatives render new synthetic 
strategies possible, combining advantages of both the solid and solution phase 
technologies, e.g., the use of prefabricated difficult sequences, peptide bridging, 
rearrangements, and the development of other non-natural structures. 

A serious potential problem in SPPS is the occurence of the so-called "difficult 
sequences", which can result in sudden shrinkage of the expanded gel matrix during 
synthesis and varying degrees of steric hinderance at the N-terminus. Various attempts 
have been made to solve this problem using backbone protection, special solvent 
mixtures, and segment couplings [3]. 

In preliminary studies on thymic peptides, a difficult sequence was identified in the 
C-terminus of Thymosin a l . This sequence bears a high content of Val and Glu(OrBu), 
both known to be associated with difficult sequences [4, 5]. To evaluate the benefits of 
oxocrotonates in segment coupling, Asp2S-Thymosin a 1 25-28 (1) and Asp2S-Thymosin 
a l 20-28 [KEVVEEAEN] (2) and were synthesized on Tentagel-resin using the oxo-
crotonate linker (Scheme 1). HYCRAM™-resin bound tetrapeptide was elongated both 
stepwise and by fragment condensation to yield the corresponding nonapeptide. 
Protected nonapeptide acids (3) were cleaved from the resin and the purity of the crude 
materials was compared by HPLC (Figure 1). 

After stepwise partial deprotection starting from the pentapeptide oxocrotonate (4) 
to yield (5) and (6), cyclization resulted in the crotonyldepsipeptide (7) (Scheme 2). 

65 

http://Gesellscha.fi


C. Birr et al. 

Fmoc-Asp(OCro-NH-Tentagel)-OtBu 

stepwise elongation 

Glu(OtBu)-Ala-Glu(OtBu)- Asp(OCro-NH-Tentagei>OtBu (1) 

stepwise elongation I fragment condensation 

Fmoc-Lys(Boc)-Glu(CltBu)-Val-Val-Glu(OtBu)-Glu(OtBu)-Ala-Glu(Offlu)-Asp(OCro-NH-Tentagel)-OtBu (2) 

Pd((P(Ph)3)4, Dimedone, 

DMF 
Argon, 4.5h, RT 

Fmoc-Lys(Boc)-Glu(CltBu)-Val-Val-Glu(OtBu)-Glu(OtBu)-Ala-Glu(OtBu)-Asp(OH)-OtBu (3) 

Scheme 1. Synthesis of Asp28- Thymosin al 20-28 (3). 

Xppo . Asp28-Thymosin a l 20-28 

(3a) 

*. 

(3b) 

ilA_ 
k j j i i — » . _taAc 

Figure 1. Comparison of nonapeptide acids (3) by HPLC A: 0.1% TFA in H 20, B: 0.1% TFA in 
CH3CN; Gradient: 0-70% B in 30 min. TPPO: Triphenyl-phosphinoxide. (3a): From stepwise 
elongation, (3b): From fragment condensation. 

Results and Discussion 

SPPS was accomplished on "TentaGel S NH2" (0,26mmol-NH2/g) by the Fmoc/Bu'-
strategy. The resin was loaded with Fmoc-Asp(OCro-OH)-OtBu and all couplings were 
performed with four equivalents of protected amino acid as single couplings by the 
TBTU-method. Protected Asp28-Thymosin a l 20-28 (3) with an unprotected side chain 
at Asp28 was obtained after mild Pd(0)-cleavage [1] in 90% yield. Coupling of protected 
Thymosin a l 20-25 pentapeptide acid onto resin bound tetrapeptide (1) was performed 
as described above, but with an extended reaction time (5hr.). Synthesis of protected 
Thymosin a l 20-24 (4) was carried out by a solution-phase method using Glu(OtBu)-
OCro-OPac as C-terminal residue (Scheme 3). N-terminal Ddz-protection together with 
Bu1 side chain protection proved to be suitable for quick and efficient chain elongation. 
However, N-terminal Fmoc-Lys(Boc) was used to assure comparison of protected 
nonapeptide acids (IIIa,b). Compound (Hib) was obtained after C-terminal deprotection 
of (4), fragment condensation, and subsequent cleavage from the resin. Stepwise SPPS 
of Asp28-Thymosin a l 20-28 (2) displayed difficult couplings at Glu2' and Val22. HPLC 
comparison of the corresponding protected nonapeptide acids (3) shows significantly 
higher purity for the raw material obtained by fragment condensation (Figure 1). 
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Fmoc-Lys(Boc)-Glu(Offlu)-Va]-Val-Glu(OtBu)-OCro-OPac (4) 

I Zn, AcOH, DMF 
1 5h, 40°C 

Fmoc-Lys(Boc)-Glu(Offlu)-Val-Val-Glu(OtBu)-OCro-OH (5) 

Moipholine 
I 30'. RT 

H-Lys(Boc)-Glu(OtBu)-Val-Val-Glu(OtBu)-OCro-OH (6) 

lmraol in DMF, HOBt, TBTU 
72h, 0°C 

r- Lys(Boc)-Glu(OtBu)-Val-Val-Glu(OtBu)-OCro —i (7) 

Scheme 2. Synthesis of protected crotonyldepsipeptide (7). 

Ddz-Glu(OtBu)-OCro-OPac 

a,b) 

a,b) 

a,b) 

c.d) 

a) 5% TFA/CHjClj, 15', 20°C 

b) Ddz-AA, HOBt, TBTU, DEA 

c) 2% TFA/CHjClj, 30', 20°C 

d) Fmoc-Lys(Boc), HOBt, TBTU, DEA 

Fmoc-LysCBoc)-Glu(OtBu)-Val-Val-Glu(OtBu)-OCro-OPac (4) 

Scheme 3. Synthesis of protected pentapeptide(4). 

Protected pentapeptide-oxocrotonate (5) was prepared by Zn/AcOH cleavage of the 
phenacylester (4) in the presence of the acid-sensitive e-Lys Boc-group with minor 
amounts of byproduct (Scheme 2). After N-terminal Fmoc-cleavage yielding (6) and 
cyclization (lmmol/L, 4 equiv. TBTU/HOBt), crotonyldepsipeptide (7) was obtained 
with a FAB-MS showing the expected mass (881.75 m/e). 
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Introduction 

Peptide models of a-helicies have contributed much to our understanding of these 
elements in protein structure and function. Unfortunately, no simple peptide models for 
P-sheets exist at this time. A number of models do exist and are based on the use of 
protein host-guest systems [1, 2], or a peptide model requiring metal-binding to induce 
P-structure [3]. In the present, study we report on the use of a small cyclic peptide based 
on the bacterial peptide cyclo(Val-Orn-Leu-D-Phe-Pro)2 (gramicidin S) and its utility as 
a P-sheet model peptide. This peptide is known to form a two-stranded amphipathic 
P-sheet containing two type II1 P-turns made up by D-Phe and Pro residues [4, 5]. The 
advantages of this system include: i) its small size, allowing rapid synthesis and 
characterization by CD and NMR spectroscopy, ii) its water solubility, iii) its 
amphipathic nature, thereby allowing determination of p-sheet propensities on both 
hydrophobic and hydrophilic sides, and iv) its amenability to covalent dimerization, 
allowing investigation of side chain packing and hydrophobic effects within 
p-sandwiches. 

Results and Discussion 

In developing a peptide P-sheet model system, we evaluated the effect of strand length 
on P-sheet stability within the model. Peptides 1 through 7 shown in Table 1 were 
synthesized by SPPS, purified by RP-HPLC, and cyclized through a head-to-tail amide 
linkage [6]. Figure 1 shows the CD spectra of a series of cyclic analogs ranging from 6 
to 14 residues. Under benign conditions, only the peptides containing either 6 
(peptide 1), 10 (peptide 3) or 14 residues (peptide 5) resembled the CD spectrum of 
gramicidin S and hence contained significant P-sheet. These results indicate that within 
the cyclic nature of our model system, there is a requirement for an odd number of 
residues in each strand, likely reflecting the alternating hydrogen bonding pattern found 
in antiparallel P-sheets. 

Comparison of peptides 3, 6 and 7 allowed us to evaluate whether P-sheet 
propensities could be measured within a 10-residue model system. Table 1 shows that 
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the P-sheet content as measured, using either a- 'H chemical shift indicators [7] or JHNHo 

coupling constants, decreased slightly with a valine to cysteine substitution, and 
decreased further with a valine to glycine substitution. 

These data indicate that the cyclic P-sheet system used to determine P-sheet 

propensities should contain an odd number of residues between the two P-turns, and that 

substitutions can be made within the P-strands to determine relative P-sheet content on 

either the hydrophobic or hydrophilic face of the molecule. 

Table 1. Sequences and P-sheet content of gramicidin S cyclic peptide analogs. 

Peptide 

1 
2 
3 
4 
5 
6 
7 

Length 

6 
8 

10 
12 
14 
10 
10 

Sequence3 

YPKYPK 
YPVKYPKL 
YPVKLYPVKL 
YPVKLKYPKVKL 
YPVKLKVYPLKVKL 
YPGKLYPVKL 
YPCKLYPVKL 

P-Sheet 

Chemical shift 

84 

38 
70 

content (%) 

Coupling constant0 

92 

62 
68 

all sequences use D-tyrosine. 
% P-sheet content = (average lysine chemical shift - lysine random coil chemical shift) / (ideal 
p-sheet chemical shift) x 100. Lysine residues were used as the reference because they are in 
the center of the P-sheet and are not perturbed by the P-turns. 

c % p-sheet content = (average lysine coupling constant - average tyrosine coupling constant) / 
(ideal P-sheet coupling constant - ideal type II1 turn coupling constant) x 100. 

o 
E 

•a 
oi 

e 
o 
bD 
(O 

-o 
o 
x 

190 200 210 220 230 
Wavelength (nm) 

240 250 

Figure 1. CD spectra of cyclic analogs varying in strand length. Spectra were recorded in 
WmM sodium acetate buffer, pH 5.5 at 20 "C. Peptides contained 6 (open squares), 8 (open 
circles), 10 (filled squares), 12 (filled circles) or 14 residues (filled triangles), corresponding to 
peptides 1 to 5 in Table 1. 

69 



Kondejewskl et al. 

References 

1. Smith, C.K., Withka, J.M and Regan, L., Biochemistry, 33 (1994) 5510. 
2. Minor, Jr., D.L. and Kim, P.S., Nature, 367 (1994) 660. 
3. Kim, CA. and Berg, J.M., Nature, 362 (1993) 267. 
4. Hull, S.E., Karlsson, R., Main, P, and Woolfson, M.M., Nature, 275 (1978) 206. 
5. Nemethy, G. and Scheraga, H.A., Biochem. Biophys. Res. Comm., 118 (1984) 643. 
6. Wishart, D.S., Kondejewski, L.H., Semchuk, P.D., Sykes, B.D. and Hodges, R.S., Protein 

and Peptide Letters, submitted. 
7. Wishart, D.S. and Sykes, B.D., Meth. Enzymol., 239 (1994) 363. 

70 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

23 
Backbone Protection: Synthesis of Difficult Sequences 
Using N-a-Tmob-protected Amino Acid Derivatives 
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Introduction 

AA-derivatives used for the purpose of temporary protection of the amide nitrogen of 
the peptide bond during solid phase synthesis include N-a-2-hydroxy-4-mefhoxybenzyl-
AA (HMB-AA) [1], the preparation of which is laborious and expensive, and Ser- or 
Thr- derived pseudoprolines [2]. Here we report the use of N-a-Tmob AA derivatives 
(Tmob = 2,4,6-trimethoxybenzyl) which we have synthesized readily by direct Mannich 
reaction of an AA or an AA-ester and 1,3,5-trimethoxybenzene in methanol [3]. No 
significant racemization of the obtained Tmob-protected compounds was found (<0,2%; 
N-a-Fmoc- N-a-Tmob-AA, N-a-Fmoc-N-a'-Tmob-dipeptides). 

Generally, these modifications obviate the development of secondary structures and 
lead to improved solvation of the resin bound peptide and improved solubility of 
protected fragments, thus rendering the latter ideally suitable for fragment condensation. 

Results and Discussion 

A) Structure disrupting potency. To demonstrate the structure disruptive efficiency 
of Tmob-AA derivatives and the practicability of the dipeptide approach, we chose the 
synthesis of poly-alanine. This difficult sequence is notorious for strong aggregation 
from the fifth residue onward, which makes it pointless to continue. An attempted 
synthesis of Poly-Ala(]0) without Tmob-AA derivatives gave an almost insoluble very 
heterogeneous product with various deletion or termination sequences. In contrast, the 
synthesis of Poly-Ala(l2) with Tmob-protected dipeptides (Ala 4/5 and Ala 8/9) yielded 
an almost pure product (>90% by HPLC). No difficult deprotection steps during 
synthesis with Tmob-protected dipeptides were observed. Cleaved as protected peptide, 
Poly-Ala(12)Tmob(2) is well soluble in the usual solvents and in water. In a first synthesis 
racemization in the range of 20% D-Ala was observed, probably due to HOBt/DIC 
activation of dipeptides and to an activation time of 30min. Coupling with HATU/ 
collidine reduced this level to about 13% [4]. 

B) Solubilizing effect and suitability for fragment condensation. The powerful 
solubility enhancing effect of Tmob-backbone protection renders it ideally suitable for 
fragment condensation strategies. For this purpose, two fragments of HIV-I-protease 
were synthesised, using N-Fmoc-N-Tmob-Gly-OH in two positions: 
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1 99-90 H-Leu-Thr(tBu)-Gln(Trt)-Ile-GJyXTjnob}-Cys(Acm)-Thr(tBu)-Leu-Asn(Trt)-Phe-OH 

2 89-80 H-Thr(tBu)-Pro-Val-Asn(Trt)-Ile-Ile-G!yIIinobl-Arg(Pmc)-Asn(Trt)-Leu-OH 

Syntheses were carried out on aminomethylated polystyrene bearing the p-carboxy-
tritylalcohol linker (TCP-resin) [5]. No difficulties were observed during syntheses, as 
shown by ABI 433A monitoring. Analysis of Fragment 1 showed a pure crude product 
by HPLC (>97%) and IS-MS. Due to a work up error after cleavage (HAc/DCM/ 
MeOH/TFE) of Fragment 2, major loss of Asn trityl groups occurred, clearly identifiable 
by IS-MS and HPLC. However, the synthesis itself proved to be most successful, no 
deletion sequences being detected. Crude Fragment 2 was easily purified by silica gel 
column chromatography, yielding a highly pure product (>98% HPLC) of excellent 
solubility. Thus, 560mg of peptide dissolved easily in <5ml of eluent (CHCl3/MeOH/ 
HOAc), though 1 or 2ml would have sufficed, had the solution not been too viscous for 
chromatography. A second synthesis of Fragment 2 was carried out and a modified 
cleavage procedure was applied [6], using DCM/HFIP 4:1 for 15min. After evaporation 
of the filtrate, crude Fragment 2 was obtained (>98% purity HPLC) in a yield of >96% 
as a white powder. Using this procedure, no carboxylic acid from the cleavage mixture 
adheres to the protected fragment and it can be used directly for fragment coupling [6]. 
Fragment 2 was coupled onto resin-bound Fragment 1. The substitution of Fmoc-
deprotected peptide resin was 0.31 mmol/g. The peptide resin was strongly ninhydrin 
positive. A 5-fold excess of Fragment 2 was used and HATU/collidine was applied as 
coupling reagent in a solvent system of DMF/DCM 1/2 [4]. After 3hr., the resin gave a 
completely negative ninhydrin response. HPLC of the fully protected coupling product 
HIV-I protease (99-80) showed no trace of deprotected Fragment 1. Purity of the 
coupling product was >96% by HPLC. The correct mass was proved by IS-MS. 
Racemization of C-terminal Leu of Fragment 2 was about 6.3%. 

To conclude, N-a-Tmob protected amino acid derivatives show a strong structure 
disrupting effect, and enhance resin bound peptide solvation and protected fragment 
solubility. Thus, they are ideally suitable for fragment condensation strategies. High 
substitution of the peptide resin did not adversely affect the fragment coupling reaction. 

References 

1. a) Johnson, T., Owen, D., Quibell, M. and Sheppard, R.C, in Schneider, CH. and Eberle, 
A.N. (Eds.), 'Peptides: Chemistry, Structure and Biology', ESCOM, Leiden, The 
Netherlands, 1993, p.23. b) Johnson, T., Quibell, M. and Sheppard, R.C, J. Peptide Sci., 1 
(1995)11. 

2. a) Haack, T., Nefzi, A., Zier, A. and Mutter M., in Schneider, CH. and Eberle, A.N. (Eds.), 
'Peptides: Chemistry, Structure and Biology', ESCOM, Leiden, The Netherlands, 1993, 
p.595. b) Nefzi, A., Schenk, K., and Mutter, M., Protein and Peptide Letters, 1 (1994) 66. 

3. Patent application filed on Sept. 3, 1994. 
4. Carpino, L.A., El-Faham, A. and Albericio F., Tetrahedron Letters, 35 (1994) 15. 
5. Bayer, E., Clausen, N, Goldammer, C, Henkel, B., Rapp, W. and Zhang, L., in Hodges, R.S. 

and Smith, J.A. (Eds.), 'Peptides: Chemistry, Structure and Biology', ESCOM, Leiden, The 
Netherlands, 1994, p.156. (Resin from PepChem, Im Winkelrain 73, Tubingen) 

6. Bollhagen, R., Schmiedberger, M., Barlos, K. and Grell, E., /. Chem. Soc, Chem. Commun., 
(1994)2559. 

72 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

24 
Preferential Disulfide-bridge Formation for Heterodimers 

by Derivatization with 2,2'-Dithiodipyridine 

P.D. Semchuk, O.D. Monera, L.H. Kondejewski, C. Gannon, 
L. Daniels, I. Wilson and R.S. Hodges 

Department of Biochemistry and the Protein Engineering Network of Centres of 
Excellence, University of Alberta, Edmonton, Alberta, T6G 2H7, Canada 

Introduction 

Crosslinking of two different molecules through a disulfide bond is commonly used in 
synthetic peptide chemistry, protein conjugation, and in protein folding studies. The 
most common method is air oxidation under slightly alkaline aqueous solutions [1-4], but 
the use of oxidizing agents is sometimes employed [5-6]. Two problems are often 
encountered when producing a heterodimer through intermolecular disulfide-bridge 
formation. These are the presence of undesired homodimers and the need to purify the 
heterodimer from the homodimers. To address both problems, we have developed a 
method of exclusively producing the heterodimer, where one of the constituent peptides 
is derivatized by 2,2'-dithiodipyridine prior to disulfide-bridge formation with the second 
peptide (Figure 1). 

Results and Discussion 

As an example, two 35-residue peptides were used to form a 70-residue disulfide-bridged 
heterodimer. Peptide A-SH was derivatized by dissolving in ethanol (1 mg/ml) and then 
incubating with a five-fold molar excess of dithiodipyridine (DTDP) at room temperature 
for about 30 minutes. Ethanol was then removed by rotavaporation and the residue was 
redissolved in 0.05% aqueous TFA. Excess DTDP and thiopyridine (HS-TP) were 
extracted three times with equal volumes of diethyl ether and, depending on the desired 
purity, the aqueous derivatized peptide (A-S-TP) solution can either be used directly 
with or without prior purification. An equimolar amount of peptide B-SH was dissolved 
in 0.05% aqueous TFA (1 mg/ml) and then very slowly added into A-S-TP with an equal 
volume of degassed 50mM phosphate buffer containing 1 mM EDTA at pH 7. The 

DTDP HS-TP B-SH HS-TP 

A-SH — ^ - ^— s- A-S-TP — ^ - ^— > A-S-S-B 

Figure 1. Reaction scheme of the proposed heterodimeric disulfide-bridge formation. A-SH, 
reduced peptide A; DTDP, dithiodipyridine; HS-TP, thiopyridine; A-S-TP, thiopyridine-
derivatized peptide A; B-SH, reduced peptide B; A-S-S-B, disulfide-bridged AB heterodimer. 
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completion of both derivatization and coupling reactions were monitored by reversed-
phase HPLC and product identity was confirmed by mass spectrometry. 

The reversed-phase HPLC chromatograms of the individual peptides show a narrow 
range of retention times (Figure 2A). That of the air oxidation without derivatization 
(Figure 2B) illustrates the two aforementioned problems; (1) decreased yield of the 
heterodimer from an overabundance of undesired homodimers and (2) similar retention 
times of the product peaks creating potential purification problems. The use of the 
derivatization technique yields essentially only the heterodimeric product (Figure 
2C-2D) and clearly indicates a significant improvement in yield and ease of purification. 
The efficiency of the method can be optimized by (1) derivatizing the peptide that 
oxidizes faster and titrating the peptide derivative with the slow-oxidizing peptide, 
and/or (2) derivatizing the peptide that has a closer retention time with that of the 
heterodimer. 

A-S-TP 
A-S-S-A. ^ - B - S H 

A-S-TP A-S-S-B 

a 
•e 
o 

A-S-S-B . 

A-S-S-A - * • - B-S-S-B 

J\ Jv 

A-S-S-B 

B-S-S-B 

10 15 20 10 
Retention time, min. 

15 20 
—r 
25 

Figure 2. Reversed-phase HPLC chromatograms of (A) the reduced, oxidized, and A-S-TP 
peptides, (B) the products of air oxidation, (C) A-S-TP titrated with half-molar equivalent of 
peptide B, (D) A-S-TP titrated with molar equivalent of peptide B. A-S-S-A and B-S-S-B are 
the two disulfide-bridged homodimers. 
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Introduction 

In the synthesis of homodetic cyclic peptides, the readiness of an open chain precursor to 
cyclize depends on the size of the ring to be closed, and usually no difficulties arise for 
the cyclization of peptides containing seven or more amino acid residues. Although ring 
closure with hexa- and pentapeptides is more hampered, the ease of cyclization is 
enhanced by the presence of turn structure-inducing amino acids such as glycine, proline 
or a D-amino acid [1]. 

Recently, we demonstrated the superiority of HAPyU for promoting peptide cycliza
tion quickly and with a minimum of racemization [2]. Thymopentin-derived penta- and 
hexapeptides, which were earlier shown to cyclize with difficulty [3], have now been 
converted to the corresponding cyclopeptides without extensive stereomutation within 10 
min [4]. In addition to yielding the desired cyclomonomers, several linear sequences 
were found to give large amounts of the corresponding cyclodimers. Therefore, we 
studied the influence of turn-inducing amino acids on the monomer/dimer ratio and 
developed a strategy to enhance the probability of obtaining the cyclomonomers by 
reversible backbone alkylation. 

Results and Discussion 

In order to investigate the influence of the turn-inducing amino acid proline or of 
pseudo-prolines [5] on the formation of cyclization-prone conformations of linear 
peptides, we synthesized the complete proline-replacement set of 1. Whereas penta
peptide 1 undergoes cyclization to give a mixture of 33% cyclomonomer and 38% 
cyclodimer, the presence of proline, regardless of its position in the linear sequence, 
drastically hinders formation of the cyclomonomers (peptides 2, 3). Similarly for 
hexapeptides, the cyclization probability was found to be nearly abolished by the 
presence of proline (peptide 4). Clearly in such cases, for generation of cyclization-
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prone conformations, the assistance of appropriate amino acid residues adjacent to 
proline is required {e.g. -D-Xaa-Pro-, -Pro-Gly-). 

In contrast to proline, a single D-amino acid-, glycine- or N-methylamino acid 
residue (peptides 5, 6, 7) dramatically increases the formation of cyclomonomers 
(Table 1). The effect observed in the cyclization of the linear N-methylalanine-
containing peptide 7 suggests that reversible modification of peptide bonds, originally 
introduced in peptide chemistry to reduce P-sheet formation during peptide chain 
elongation [6], should be useful in promoting the cyclization of peptides devoid of 
turn-inducing amino acid residues. Indeed the 2-hydroxy-4-methoxybenzyl (Hmb) 
[6]-substituted peptides 8,10 and 11 rapidly lead to the formation of the cyclomonomers 
in high yield, in contrast to the unmodified sequences 1 and 9. 

Table 1. Influence of turn-inducing amino acids and reversible peptide bond alkylation on 
cyclomonomer/cyclodimer ratio . 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Peptide 

Arg-Lys(Ac)-Ala-Val-Tyr 
Arg-Pro-Ala-Val-Tyr 
Arg-Lys(Ac)-Pro-Val-Tyrb 

Val-Arg-Lys(Ac)-Pro-Val-Tyrb 

Arg-Lys(Ac)-Ala-Val-DTyr 
Arg-Lys(Ac)Gly-Val-Tyr 
Arg-Lys(Ac)-MeAla-Val-Tyr 
Arg-Lys(Ac)-(Hmb)Ala-Val-Tyr 
Ala-Ala-Ala-Ala-Ala 
Ala-(Hmb)Ala-Ala-Ala-Ala 
Ala-Ala-(Hmb)Ala-Ala-Ala 

% cyclomonomer 

33 
3 
9 
3 

83 
60 
60 
64 
43 
78 
68 

% cyclodimer 

38 
30 
13 
41 
0 

13 
8 

45 
8 

23 

"Cyclization was performed in DMF (peptide concentration 1 mM) using 1.1 eq HAPyU and 3 
equiv. DIEA for 10 min at room temperature. Troline in other positions gave similar results. 
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Introduction 

To minimize C-terminal deletion in solid phase synthesis, acetic anhydride (Ac20) is 
often used to acylate reactive nucleophiles on the Boc-amino acid-resin. To reduce 
additional truncation in the growing peptide chain, acetylimidazole (Ac-Im) has been 
used to terminate unreacted amine group after the coupling step [1]. For peptide 
cleavage from the resin, catalytic [2] and transfer [3] hydrogenation are useful alterna
tives to HF acidolysis, especially when Boc-peptide is desired. 

Previous studies of fibrin peptides indicated Arg acetylation during GPR (Aa 17-19) 
synthesis, and His/Lys formylation of GHRPLDKKREE (B(3 15-25) during catalytic 
hydrogenation in DMF. This study demonstrated Ac20, but not Ac-Im, modification of 
Boc-Arg(N02) and Boc-Arg(Tos). In addition, DMF, but not its decomposed product of 
formic acid (HCOOH), was involved in His/Lys modification. 

Results and Discussion 

Boc-Arg(N02) or Boc-Arg(Tos) in DCM was stirred overnight with a 10-fold excess of 
Ac-Im, Ac20, TEA, or the Ac20-TEA mixture. The reaction mixtures were analyzed by 
TLC to separate the modified products from the starting amino acids, and detected by 
UV and ninhydrin. Boc-Arg(N02) remained unchanged upon Ac-Im, Ac20, or TEA 
treatment alone, but gave another UV- and ninhydrin-positive product with Ac20-TEA 
(Table 1). Boc-Arg(Tos) was similarly stable to Ac-Im or TEA, but gave a small amount 
of a modified product with Ac20. However, no Boc-Arg(Tos) remained after overnight 
treatment with Ac20-TEA, suggesting TEA acceleration of the Ac20 reaction. The 
results indicate that Ac20 capping may not be advisable for Arg-containing resin, in spite 
of the less complex peptide product normally rendered by resin capping. 

To determine whether His/Lys formylation was mediated by HCOOH, which can 
acylate amines [4] and is generated during DMF decomposition, Boc-Arg(N02), 
Boc-His(Bzl), or Boc-Lys(Z) in NMP was subjected to HCOOH- or HCOONH4-
mediated transfer hydrogenation with Pd/C. TLC analyses indicated that HCOOH 
(100-fold) or HCOONH4 (15-fold) treatment completely removed the Z-group in 3 hr to 
give Boc-Lys with a side-product, but without Boc-Lys(For). On the other hand, 
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prolonged transfer hydrogenation for 3 days gave primarily unreacted Boc-Arg(N02) and 
Boc-His(Bzl). Similarly, Boc-Lys(Z) was completely reduced by catalytic hydro-
gention (15 psi H ., 50°C, 40 hr) with Pd(OAc)2 in DMF or NMP. The former solvent 
gave some Boc-Lys(For), and the latter gave a side-product identical in R, values to the 
side-product from transfer hydrogenation. Catalytic hydrogenation of Boc-Arg(N02) in 
NMP or DMF was not complete under these conditions, but gave Boc-Arg as the only 
product. Boc-His(BzI) was completely reduced to Boc-His in NMP, but gave a mixture 
of Boc-His and Boc-His(For) in DMF. The results suggest that His/Lys-formylation was 
mediated by DMF, and that catalytic hydrogenation in NMP may be more effective than 
transfer hydrogenation for Arg- and His-containing peptides. We found that NMP-
propionic acid (9:1) replacement for DMF during catalytic hydrogenation of the 
protected B(3 15-25-resin increased the peptide yield by one third (29% vs. 11%). 

Table 1. Side-chain modification by acetic anhydride and during catalytic hydrogenation in 
DMF. 

Amino Treatment 

Acid 

Boc-Arg(N02) 
Ac20-TEA 

Boc-Arg(Tos) 
Ac20 

Boc-His(Bzl) 
H2/Pd(OAc)2/DMF 

Boc-Lys(Z) 
H2/Pd(OAc)2/DMF 

Possible 

Product 

Boc-Arg(N02)(Ac) deriv. 

Boc-Arg(Tos)(Ac) deriv. 

Boc-His(For)a 

Boc-Lys(For)b 

BAW 

0.68 
0.80 
0.72 
0.82 
0.46 
0.47 
0.83 
0.69 

Rr 

BNH4 

0.28 
0.78 
0.32 
0.80 
0.28 
0.29 
0.41 
0.22 

Detection 

UV 

+ 
+ 
+ 
+ 
+ 
-
+ 
-

Nin Pauly 

+ 
+ 
+ 
+ 
+ 
+ + 
+ 
+ 

Rf values were determined for silica gel plates developed in the solvent systems of BAW (4:1:5 of 
«-butanol-acetic acid-water, upper phase) and BNH4(100:44 of .y-butanol-3% NH4OH). "Boc-His 
was the major product, which was UV-negative but ninhydrin- and Pauly-positive, with the 
respective Rf values of 0.45 and 0.24 in BAW and BNH4.

 bBoc-Lys was the major product, which 
was UV-negative but ninhydrin-positive, with the respective Rf values of 0.38 and 0.18 in BAW 
and BNH4. 
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Introduction 

Sulfolobus solfataricus RNase consists of 62 amino acid residues and, as shown in 
Figure 1, does not contain any His residues [1]. In order to study the mechanism of 
RNase activity of S. solfataricus RNase and to study its structure-activity relationships, 
our studies were directed to the synthesis of S. solfataricus RNase and related peptides 
by employing the newly developed protecting group, 2-adamantyloxycarbonyl (2-Adoc) 
in order to increase the solubility of protected peptide fragments. 

The e-Amino group of Lys and the hydroxy group of Tyr were protected by a 
2-Adoc group to give Lys(2-Adoc) [2] and Tyr(0-2Adoc), respectively. 

15 30 
ATVKFKYKGEEKQVDISKIKKVWRVGKMISFT 

45 60 

YDEGGGKTGRGAVSEKDAPKELLQMLEKQK 

Figure 1. Primary structure of Sulfolobus solfataricus RNase. 

Results and Discussion 

For the preparation of large peptides or proteins by the solution method or by the 
convergent solid phase method, it is very important to develop protecting groups to 
increase the solubility of peptide intermediates as well as for suppression of side 
reactions during peptide synthesis. In the present work, we used Asp(0-2-Ada) [3], 
Lys(2-Adoc) [2] and Tyr(0-2-Adoc) derivatives in combination with the N"-Boc 
protecting group. These side chain protecting groups are stable to TFA and are easily 
cleaved by IM TFMSA-thioanisole/TFA or by HF. 

Ten peptide fragments were prepared (Figure 2) and, since each peptide fragment 
was highly soluble in DMF, fragment condensations were carried out in this solvent. 
Adamantyl derivatives were employed as protecting groups to improve the solubility of 
a given peptide. In order to dissolve H-(27-62)-OBzl and H-(10-62)-OBzl, a fairly large 
amount of DMF was required, resulting in slow reaction in fragment coupling. 

For studies on structure-activity relationships, besides S. solfataricus RNase, the 
following related protected peptides were prepared: Boc-(57-62)-OBzl, Boc-(52-62> 
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OBzl, Boc-(47-62)-OBzl, Boc-(44-62)-OBzl, Boc-(37-62)-OBzl, Boc-(33-62)-OBzl, 
Boc-(27-62)-Bzl, Boc-(17-62)-Bzl, and finally Boc-(l-62)-OBzl. These were treated 
with anhydrous HF in the presence of w-cresol, thioanisole, ethanedithiol, and dimethyl
sulfide to give the corresponding deblocked peptide, which was treated with Amberlite 
IRA-45 (acetate form), followed by the adjustment of pH of the solution to 8 with 
ammonia. The crude peptide was purified with Sephadex G-15 and G-25 or G-50 and 
then by HPLC. Each purified peptide exhibited a single peak on the analytical HPLC. 
Amino acid analysis of an acid hydrolysate of each peptide gave molar ratios in good 
agreement with the theoretically expected values. Amino acid ratios in an acid 
hydrolysate of the synthetic RNase was as follows: Asp(3) 3.12; Thr(3) 3.02; Ser(3) 
2.46; Glu(9) 9.32; Gly(7) 6.89; Ala(3) 2.87; Val(5) 4.91; Met(2) 1.86; Ile(3) 3.15; 
Leu(3) 3.00; Tyr(2) 1.97; Phe(2) 2.03; Lys(13) 12.9; Arg(2) 2.04; Pro(l) 0.86 (average 
recovery 76.3%), Trp was not determined. 

[ l-4]Boc-Ala-Thr-Val-Lys(2-Adoc)-OH — 

[5-9]Boc-Phe-Lys(2-Adoc)-Tyr(2-Adoc)-Lys(2-Adoc)-Gly-OBzl 

[10-12] Boc-Glu(0-cHex)-Glu(0-cHex)-Lys(2-Adoc)-OH 

[13-16] Boc-Gln-Val-Asp(0-2-Ada)-lle-OBzl 

[17-20] Boc-Ser-Lys(2-Adoc)-lle-Lys(2-Adoc)-OH 

[21-26] Boc-Lys(2-Adoc)-Val-Trp(Mts)-Arg(Mts)-Val-Gly-OBzl 

[27-32] Boc-Lys(2-Adoc)-Met-lle-Ser-Phe-Thr-NHNH2 

[33-36] Boc-Tyr(2-Adoc)-Asp(0-2-Ada)-Glu(0-cHex)-Gly-OH 

[37-43] Boc-Gly-Gly-Lys(2-Adoc)-Thr-Gly-Arg(Mts)-Gly-OH — 

[44-46] Boc-Ala-Val-Ser-NHNH2 

[47-51 ] Boc-Glu(0-cHex)-Lys(2-Adoc)-Asp(0-2-Ada)-Ala-Pro-OH 

[52-56] Boc-Lys(2-Adoc)-Glu(0-cHex)-Leu-Leu-Gln-0H 

[57-62] Boc-Met-Leu-Glu(0-cHex)-Lys(2-Adoc)-Gln-l_ys(2-Adoc)-OBzl 

S. solfataricus RNase 

Figure 2. Synthetic scheme for Sulfolobus solfataricus RNase. 
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Introduction 

Classical stepwise solid phase peptide synthesis (SPPS) has been used successfully for 
the synthesis of proteins up to 150 residues in length, although usually with poor yields 
and homogeneity. The major difficulty relates to the inability of conventional 
chromatographic techniques to separate closely related impurities {e.g. deletion and 
truncated sequences). To facilitate the isolation of the 'target' peptide, we have developed 
a one-step purification scheme that is independent of peptide length, amino acid 
composition, or the strategy (Fmoc or Boc) of synthesis employed [1, 2]. Besides 
purification, immobilized biotinylated peptides can also be used to isolate ligands from 
crude cell lysates. 

Results and Discussion 

The general approach integrates (i) HBTU/HOBt as activating reagents, (ii) an effective 
capping procedure using N-(2-chlorobenzyloxycarbonyloxy) succinimide, and (iii) the 
introduction of a probe molecule with enhanced chromatographic properties {e.g. 
lipophilic or affinity group) to the N-terminal amino acid. After acidolytic cleavage and 
separation of the target sequence from contaminating impurities on appropriate media 
{e.g. RP or immobilised avidin column), the probe is removed with mild base to yield the 
purified free peptide. We demonstrate the potential of an optimized chemical protocol 
combined with the use of new simplified probes 1 and 2 for the one-step purification of 
the 101 residue chaperonin 10 protein from/?, norvegicus (Rat cpnlO). 

Rat cpnlO was synthesised using HBTU/HOBt activation, capping and the Boc 
chemical strategy. Two aliquots of unprotected peptidyl-resin were derivatized with 
probes 1 and 2, cleaved using HF, and gave the crude RP-HPLC chromatograms shown 
in Figure IA and ID, respectively. The addition of lipophilic probe 1 resulted in a 
difference in retention time of about 5 min between derivatized Rat cpnlO and 
underivatized impurities. One-step purification of the former by RP-HPLC, followed by 
base treatment gave a highly homogeneous protein (overall yield; 9.6%) as indicated by 
analytical RP-HPLC (Figure IB) and capillary zone electrophoresis (CZE) (Figure IC). 

Similarly, affinity purification of crude biotinylated Rat cpnlO (Figure ID) yielded a 
relatively pure product (overall yield; 9.4%) after base treatment, as determined by 
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Rat cpn 10 + 1 

impurities 

ESI-MS: 10770.6 (calc.) p 
10771.0 (found) 

13 16 17 IS 

Figure 1. RP-HPLC of Rat cpnlO+l (A) crude, (B) purified; Rat cpnlO+2 (D) crude, (E) 
purified. CZE and ESI-MS analyses of Rat cpnlO on purification with (C) probe 1; (F) probe 2. 

analytical RP-HPLC (Figure IE) and CZE (Figure IF). ESI-MS analysis showed that 
the correct material had been obtained after purification using both techniques 
(Figure 1). 
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11.6kD 

67 kD 

1 2 3 4 5 

CONH(CH2)nCH3 

H2OCO-OSu 

CONH(CH2)5NH-BIOTIN 

2 

H2OCO-OSu 

Figure 2. SDS-PAGE. (1) Recombinant GroEL/GroES. (2) crude lysate, (3) lysate after ultra
filtration, (4) eluted protein, (5) Rat cpnlO + 2. 

To demonstrate the use of 2 for the isolation of ligands from a complex cell lysate 
mixture, 'trapping' of chaperonin 60 (GroEL) which binds to Rat cpnlO was attempted. 
Thus, another aliquot of crude biotinylated Rat cpnlO was immobilized on an avidin 
column and non-binding material eluted off with buffer containing ATP. E. coli cells 
were lysed by sonication, particulates removed by centrifugation, and endogenous ATP 
removed by ultrafiltration. The supernatant was loaded onto the avidin column and 
unbound material washed off with buffer. Biotinylated Rat cpnlO together with bound 
protein was eluted off the column with 0.1M Gly, pH 2.8 and collected. 

SDS-PAGE showed that a protein with apparent Mwt of 67kD, corresponding to 
GroEL had been obtained (Lane 4, Figure 2). 
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Introduction 

Metallothioneins (MTs) are a class of low molecular weight, cysteine-rich proteins 
bound with various heavy metals, including nutritionally essential (Zn and Cu) and toxic 
(Cd and Hg) metals [1]. It has been suggested that MTs might play important roles in 
metabolism and detoxification of heavy metals. However, their precise function remains 
to be solved. 

To clarify the relationship between the structure and heavy metal-binding properties, 
our studies have been directed to the systematic synthesis of various MT-related peptides 
and examination of their heavy metal-binding properties [2]. We report herein, the 
chemical synthesis of Neurospora crassa MT (NcMT) by solution and solid phase 
methods and studies on heavy metal-binding properties. 

Results and Discussion 

NcMT and related peptides shown in Figure 1 were synthesized by the solution method 
and by Fmoc SPPS. Their heavy metal (Cd2+, Cu2+ and Cu+) - binding abilities were 
examined by measurement of the increase in the absorbance of Cd-mercaptide or 
Cu-mercaptide at 250 or 265 nm, respectively. 

1 10 20 
G-D-C-G-C-S-G-A-S-S-C-N-C-G-S-G-C-S-C-S-N-C-G-S-K 

| ^ -21-25-»^ 

|"*-ie-20-»4 r 

|-*11-15 "•»] 

I m 16-25 — 

h 

| -« 1-25 

Figure 1. Amino acid sequences of NcMT and related peptides. 

84 



Synthetic Methods 

Cu2+- and Cu+-binding abilities of NcMT-related peptides were as high as those of 
NcMT, whereas Cd2+-binding abilities of synthetic peptides were fairly structure 
dependent. These results show that the structure of NcMT is favorable for Cu-binding, 
and are compatible to our previous reports; MT P-domain and fungal MT-related 
peptides containing Cys-X-Cys (X = amino acid residue other than Cys) sequence was 
favorable for Cu-binding, and the MT ce-domain-related peptides containing Cys-Cys 
sequence are favorable for Cd-binding [2]. 

ESR spectra for Cu-NcMT reconstituted in a vacuumed tube was completely silent 
as shown in Figure 2 (a). This result indicates that Cu in reconstituted Cu-NcMT is in a 
reduced Cu(I) state, in good agreement with the finding on naturally isolated NcMT [3]. 
After short exposure to air, no ESR signal was detected, although the free Cu+ ion is 
highly susceptible to air oxidation. This indicates that Cu+ in Cu-NcMT is stabilized to 
air oxidation in comparison with the free Cu+ ion. When H202 was added to the reconsti
tuted Cu-NcMT solution, a strong ESR signal (g;/ = 2.415, A„ = 12.76 mT) was detected 
as shown in Figure 2 (b). This result clearly shows that Cu+ in Cu-NcMT was oxidized 
to the Cu(II) state by H202. ESR parameters suggest that the Cu-binding atom in H202 

oxidized Cu-NcMT is not sulfur. 

Figure 2. ESR spectra of reconstituted CuNcMT in the absence (a) and the presence (b) ofH2Or 
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Introduction 

Amide ligations at C-terminal cysteine-bearing peptide fragments are accompanied by 
anomalously high rates of racemization at the C-terminal cysteine [1-6]. The loading of 
cysteine derivatives to solid phase synthesis resins is similarly problematic. 
Stereoelectronic considerations predict that rates of racemization in a base-catalyzed 
proton abstraction mechanism would progress logically Ser > Cys > Phe > Ala, rather 
than the observed Cys » Ser > Phe > Ala. Careful investigation of this subject was 
carried out by Kovacs and coworkers [2], who, in a series of papers, ruled out 
P-elimination [3] as the cause of the observed racemization and eventually identified 
isoracemization [4, 5] (base abstraction in a tight ion pair such that the rate of racemiza
tion is significantly less than deuterium incorporation in an exchange experiment) as the 
probable pathway for the epimerization. Jones [6] and Kemp [7] have reported that 
active esters of urethane protected thiazolidine carboxylic acids, 4 and 5 do not show the 
anomalously high rates of racemization that are characteristic of active esters of the 
structurally analogous Cbz-Cys(SBzl)-OH, 3. 

H O 
Cbz " N ^ ^ O H C t a - N — r S > H B o c - N ^ ^ . . OH 

^J 4 5 

Cbz-Cys(Bzl)-OH Cbz-Thz-OH Boc-Dmt-OH 

Results and Discussion 

We report a practical procedure for the racemization-resistant coupling of C-terminal 
cysteine bearing peptide fragments through the use of the joint N,S-blocked cysteine 
derivative, 2,2-dimethylthiazolidine-4-carboxylic acid (Dmt). Although the secondary, 
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neopentyl amine of the Dmt residue is sterically hindered, dipeptides of the type 
Fmoc-Xxx-Dmt-OH and Boc-Xxx-Dmt-OH have been prepared in high yield through the 
coupl ing of H-Dmt-OH with Fmoc-amino acid chlorides or Boc-amino acid fluorides 
respectively (Xxx = Gly, Ala, Leu, Phe). The hydroxysuccinimide esters, Fmoc-
Xxx-Dmt-OSu and Boc-Xxx-Dmt-OSu, have been prepared and found to resist 
racemizat ion (krac < IO"8 M'1 sec'1) in T H F in the presence of Et3N. Under the same 
condit ions, the structurally analogous Boc-Ala-Cys(Bzl)-OSu racemized readily (krac = 
1.3 x IO"3 M"1 sec"1). These rate constants are comparable to those fournd by 
Kovacs[2-5] , Jones [6], and Kemp [7] in their studies. In the synthesis of the tripeptide 
Fmoc-Ala-Dmt-Gly-OEt from H-Gly-OH and Fmoc-Ala-Dmt-OH (with BOP, HOBt, and 
DIEA) less than 0 . 1 % diastereomeric impurity was observed. Treatment of this 
tr ipeptide with with Hg+ + followed by H2S yields Fmoc-Ala-Cys-Gly-OEt in greater than 
90%> yield. 

H, N — r c 
R O 0 

HOSu 
Fmoc-Xxx-Cl 

DIEA DIC, CH2C12 

CH2C12 Fmoc-Xxx-Dmt-OSu 
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Introduction 

The synthesis of Cyclosporin A (CsA, Sandimmune®, 1) (-MeBmt'-Abu2-Sar3-MeLeu4-
VaI5-MeLeu6-Ala7-(D)-Ala8-MeLeu9-MeLeu10-MeValn-), where MeBmt = (4R)-4-[(2'E> 
butenyl]-4,N-dimethyl-(L)-threonine, by solid phase methods is difficult due to the 
number of sterically hindered and N-methyl amino acids. Our studies of the coupling of 
N-methylated, sterically hindered amino acids during solid phase peptide synthesis on 
model tripeptides [1] showed that the novel coupling additives, l-hydroxy-7-azabenzo-
triazole (HOAt) [2] and its uronium salt derivative (HATU), gave quantitative couplings 
in the model tripeptide sequences and facilitated synthesis of the CsA 2-7 sequence [1]. 
We report here the first solid phase synthesis of a linear undecapeptide precursor of a 
CsA analog and our attempts to use these methods for the synthesis of CsA itself. 

H a r T y " Me 'f R3 S CH3 

C- N—Vr C- N—\- C- N—L. c - k 
II u II L II i i 2 II A n 
O O O H O 3W° 

\\ O i , / N ~ C : 

7 • fi 'I S 4yi 
•f- N- C - f - N - C^— N - < r > 

CH3 

U T C-f- N- C-4—N- < r > 

1 CsA: R,= OH, R2= CH2CH=CHCH3, R3 = Me 
2 [MeLeu(OH)']-CsA: R1= OH, R3,R2= Me 
3 [MeThr']-CsA: R1= OH, R2= Me, R3 = H 

Results and Discussion 

[MeLeu'JCsA, in which MeLeu replaces MeBmt in the 1-position, is synthesized by 
converting the 2-7 sequence into the linear undecapeptide precursor by adding three 
sterically hindered, N-methyl amino acids (Fmoc-MeLeu at the 9- and 10-positions, and 
Fmoc-MeVal at the 11-position). Both HOAt and HATU were effective in coupling 
hindered amino acids to the hexapeptide. The yields obtained from these couplings are 
shown in Figure 1. HOAt/DIPCDI gave the highest yields when two 6-hour couplings 
were used. 
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A_ 
Fmoc—D-Ala 

8 

Coupling 
ReaEenfc 

MeLeu MeLeu MeVal MeLeu Abu 
9 10 11 1 2 

HOAt (2x6 h) >99 
HOAt (2x3 h) 
HATU (2x3 h) 

70 
95 

t 
>99 

84 
75 

t 1 
96 
73 
50 

1 
>99 >99 
78 >99 
60 >99 

Figure 1. Solid phase synthesis of [MeLeu1] CsA. 

The linear undecapeptide was cleaved from the resin (TFA/H20 (95:5); 3-4 hours) and 
cyclized in solution according to our usual strategy [3] [0.3 pM in CHjC^; (PrP02)3 

(propyl phosphonic anhydride) and DMAP. The cyclized peptide was obtained in 
10-15% overall yield, purified by flash column chromatography and RP-HPLC, and 
characterized by NMR and FABMS (1146.57 calc, 1146.7 found). The NMR spectrum 
is closely related to that of CsA in chloroform. We also used these methods to 
synthesize the CsA 8-11 tetrapeptide sequence (H2N-D-Ala-MeLeu-MeLeu-MeVal-OH). 

We have successfully synthesized on solid support the linear undecapeptide 
precursors for CsA analogs that do not contain a (3-hydroxy amino acid in the 1-position 
as well as heptapeptide fragments representing the CsA 1-7 sequence with (3-hydroxy 
amino acids in the 1-position [P-hydroxy-MeLeu1, and MeThr(O-Benzyl)1]. However, 
the coupling of MeVal" onto the 1-position of precursors to P-hydroxy analogs 2 and 3 
is especially difficult when the 1-position contains a P-branched amino acid and low 
yields (5-40%) were obtained. This could be due either to steric effects or the low 
solubility of Fmoc-MeVal. Studies investigating different solvent systems are currently 
in progress, as is investigation of on-resin cyclization techniques yielding CsA analogs 
via side-chain attachment to the resin. Nevertheless, the ability to rapidly synthesize the 
8-11 and 1-7 segments of CsA peptides by SPPS should facilitate more rapid synthesis 
of CsA analogs. 
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Introduction 

The aromatic moieties of peptide side-chain groups play important roles in the 
molecular recognition processes between peptide ligands and specific receptors as well 
as receptor subtypes. Aromatic ring substituted amino acids can provide valuable tools 
in developing highly selective peptide ligands with specific structural features [1]. 
Therefore, it is necessary to develop efficient methods for the enantioselective synthesis 
of these unusual amino acids. Recently, we have established a new method for the 
asymmetric synthesis of P-branched a-amino acids in which the Evans-type auxiliary 
was used as the chiral resolution reagent and resulted in complete stereoselectivity [2]. 
Here we report our successful synthesis of aromatic substituted unusual amino acids by 
using this newly developed method for the chiral separation of racemic N a-Boc a-amino 
acids. 

Results and Discussion 

The racemic Na-Boc para-biphenylalanine was obtained from Synthetec, Inc. The ortho 
and meta derivatives were synthesized from Suzuki-type cross coupling reaction [3]. 
The synthesis started from Na-Boc tyrosine derivatives, which were transferred to 
tyrosine triflates with triflate anhydride in dichloromethene and pyridine. The resulting 
tyrosine triflates were then coupled with borophenylic acid to give racemic Na-Boc 
a-amino acid methyl esters in high yields (Scheme 1). 

_^^ Boc Boc 

f \ . NH (CF3SQ2)20t Ph-B(OH)2 ^ ^ A ™ ^ 
Ws/S^A CH2Cl2/Pyridine (<hP)4Pd, K 2C0 3 W : / ^ - - - ' N r - O M e 

HO C ° 2 M e Ph O 
Purified yield: 

ortho, 8 1 % ; meta, 88% 

Scheme 1. Suzuki-type cross coupling reaction. 

The methyl esters were hydrolyzed with potassium hydroxide and this followed by 
coupling the Evans-type auxiliary to form 4R or 4S 4-phenyl-oxazolidinone derivatives. 
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The resulting racemic mixture of two isomers were separated by fractional recrystal-
lization or column chromatography to yield two individual isomers, which were then 
hydrolyzed by using lithium peroxide in THF at 0°C to obtain Na-Boc amino acids 
(Scheme 2). 

Boc „ „, 
Boc Ph 

HN Y—\ 

fr 
x 

fr 
X 

Boc p h 

. V 
o o 

Boc Ph 
HN J-v 

6 o 

fr 
x 

fr 
X 

Boc 
HN 

OH 

Boc 
HN 

OH 

Scheme 2. The chiral resolution for N"-Boc amino acids. X = Phe, Br, OMe, CN. 

Both D- and L-isomers of para-, ortho-, and weta-biphenylalanines; para-bvomo, para-
cyano-, orr/zo-mefhoxy and meta-methoxy phenylalanines have been obtained. Some of 
these have been used in peptide studies in this laboratory [4]. The scope of this method 
has been extended for the synthesis of some highly constrained unusual amino acids and 
a-branched carboxylic acids [4a,5]. The chiral 4-phenyl-oxazolidinone has been used in 
HPLC and NMR isomeric resolution for a- and P-carboxylic acids and N"-Boc amino 
acids. It has also been used as a chiral probe in mechanistic studies in which the sharp 
'H NMR signals from the oxazolidinone ring protons made identification very clear [6]. 
Finally, it might also be used as a probe to study biological processes when this motif is 
incorporated into biologically active molecules. 

Acknowledgments 

Supported by grants from USPHS, NIDA, University of Arizona Fellowship (G. Li) and 
DBT of India (W.Haq). 

References 

1. Hruby, V.J., In Hodges, R.S. and Smith, J.A. (Eds.) 'Peptides: Chemistry, Structure and 
Biology', ESCOM , Leiden, The Netherlands 1994, pp. 3-17. 

2. Li, G., Patel, D., Hruby, V.J. J. Chem. Soc. Perkin Tran., 1 (1994) 3057. 
3. Miyaura, N, Yanagi, T., Suzuki, A., Synth. Commun., 11 (1981) 513. 
4. (a) Haq, W., Li, G., Hruby, V.J., unpublished results; (b) Li, G. Ph.D. Thesis, University of 

Arizona, 1995. 
5. Xiang, L, Wu, H, Hruby, V.J. Tetrahedron: Asymmetry, 1 (1995) 83. 
6. Lou, B.-S., Li, G., Lung, T, Hruby, V.J., J. Org. Chem., 60 (1995), 5509. 

91 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

33 
CF3-N02-PyBOP: A Powerful Coupling Reagent 

J.C.H.M. Wijkmans, F.A.A. Blok, G.A. van der Marel, 
J.H. van Boom and W. Bloemhoff 

Gorlaeus Laboratories, Leiden University, P.O. Box 9502, 
2300 RA Leiden, The Netherlands 

Introduction 

N-methyl amino acids are important constituents of a number of naturally-occurring 
peptides which exhibit interesting biological functions. It has also been established that 
the metabolic stability of biologically active peptides can be enhanced by the 
introduction of N-methylated residues. Unfortunately, incorporation of hindered 
N-methyl amino acids into peptides under the agency of the standard condensing 
reagents DCC/HOBt and BOP is not completely satisfactory. Recently [1], it was shown 
that the efficacy of the latter condensation could be improved substantially by using the 
halogeno-phosphonium derivatives PyBroP (la) and PyCloP- (lb) as the coupling 
reagents. 

•O— N 

PF* 

1 a: PyBroP: R = Br 
b: PyCloP:R = Cl 
c: CF3-N02-PyBOP: R = CF3-N02-OBt 

CF3-N02-OBt 

Here we report the use of the novel reagent CF3-N02-PyBOP (lc) in the synthesis of 
N-methyl amino acid-containing dipeptides. 

Results and Discussion 

In order to explore the potential usefulness of reagent lc, the synthesis of the dipeptides 
2a-h was undertaken. The results of this study are summarized in the Table 1. hi 
addition, yields of the CF3-N02-PyBOP-mediated condensation were compared with 
those obtained using PyBroP. 

It can be seen in Table 1 (entry 7) that amide bond formation between two 'non-
methylated' valines under the agency of PyBroP (la) or CF3-N02-PyBOP (lc) is, in both 
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Table 1. Relevant data on the synthesis of dipeptides 2a-h using PyBroP and CF2-N02-PyBOP 
as the condensating reagents. 

Entry 

1 
2 
3 
4 
5 
6 
7 
8 

Dipeptide 

Z-Val-Val-OMe 
Z-Val-MeVal-OMe 
Z-Pro-MeVal-OMe 
Fmoc-Val-MeVal-OMe 
Boc-Val-MeVal-OMe 
Boc-MeLeu-MeLeu-OBzl 
Boc-MeLeu-MeVal-OMe 
Z-MeVal-MeVal-OMe 

2a 
2b 
2c 
2d 
2e 
2f 
2g 
2h 

PyBroP 

89 
49 
43 
57 
25 
47 
40 
22 

Yield (%)a 

CF3-N02-
PyBOP 

98 
76 
92 
85 
62 
87 
76 
71 

Couplings were performed using 1 equiv. N-protected amino acid, 1 equiv. amino acid benzyl or 
methyl ester hydrochloride, 1 equiv. activating reagent and 3 equiv. DIEA in CH2C12 (3mL); 
Yields were determined after Ihr. coupling at room temperature. 

cases, a high-yield process. On the other hand, the yields of the CF3-N02-PyBOP-
assisted acylations of the more hindered H-MeVal-OMe with either Z-Val-OH (entry 2) 
or Z-Pro-OH (entry 3) were, in comparison with PyBroP, substantially higher. A higher 
coupling efficiency was also found in the CF3-N02-PyBOP-mediated preparation of the 
Fmoc-protected dipeptide 2d (entry 4). Apart from this, an interesting phenomenon was 
observed in the condensation of Boc-Val-OH with N-methylated valine (entry 5). Thus, 
the PyBroP-mediated peptide bond formation resulted in a low yield of Boc-Val-
Val-OMe (2e). The poor yield of 2e may be attributed to the conversion of activated 
Boc-valine into the corresponding N-carboxyanhydride (NCA) [1]. In contrast, the 
occurrence of the undesired NCA adduct could not be detected in the CF3-N02-PyBOP-
assisted synthesis of dipeptide 2e. The latter was endorsed by the nearly quantitative 
formation (yield 92%) within 4 h of the desired Boc-protected dipeptide. The high 
potency of CF3-N02-PyBOP is demonstrated further in the successful synthesis of 
di-N-methylated dipeptides 2f,g (entries 6,7). Furthermore, it is evident that the rather 
difficult coupling of two MeVal residues (entry 8) under the agency of reagent lc, 
instead of la, results in a threefold increase in yield of dipeptide 2h. 

In conclusion, the results presented in this paper clearly indicate that the crystalline 
reagent CF3-N02-PyBOP shows great promise for the acylation of N-methyl amino acids. 
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Introduction 

UNCAs are very reactive amino acid derivatives [1]. They have been used with success 
in SPPS and we have demonstrated their usefulness in solution peptide synthesis [2]. 
Furthermore, we have shown that UNCAs can be considered as starting material for the 
synthesis of various amino acid derivatives. 

Results 

The chemoselective reduction of UNCAs by sodium borohydride in the presence of 
water leads in quantitative yield to the corresponding P-amino alcohols [3]. No 
racemization occurs during the reduction, which is compatible with the common 
protecting groups. The reaction of UNCAs with Meldrum's acid in the presence of a 
tertiary amine, followed by the intramolecular cyclization, yields enantiomerically pure 
tetramic acid derivatives, which are precursors of y-amino P-hydroxy-acids (statine 
derivatives); this reaction is very simple, fast and inexpensive [4]. It was performed 
successfully with various Z, Boc, or Fmoc UNCAs. 

• t f *°0<-
XN-4 0V-0 

DIEA 

RT 

R H 

XNII 
• > X N 

OH 

statine 
derivatives 

+ CO2 + Me2CO 

The reduction of UNCAs by the bulky hydrides lithium aluminium tris(tert-
butyloxy)-hydride, or lithium aluminium tris[(3-ethyl-3-pentyl)oxy]-hydride yields the 
corresponding a-amino aldehydes [5]. 

\ ,° 
A \ "bulky" II-

X N—^ X = Boc, Fmoc, Z 
O 

R II 

X - N i r ^ C H O 
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This simple reaction affords a one step procedure for the synthesis of enantio-
merically pure a-amino aldehydes from commercial materials in good yields. It is 
compatible with various protecting groups. UNCAs react smoothly with phosphoranes to 
produce the corresponding keto phosphoranes in excellent yield [6]. These derivatives 
can lead to the vicinal tricarbonyl compounds by subsequent oxidation with ozone or 
with [bis(acetoxy)-iodo-]-benzene. These derivatives are potential inhibitors of serine 
proteases, or starting materials for the synthesis of various natural compounds. 

R ~ P P h 3 H H 

^ c o o x \f ™» IO] R ? o 

^™>W" X = Et, Bzl R.NH' 
R' = Boc, z 6 6 6 6 

When placed in tert-butanol as solvent, UNCAs (Boc or Z protected) can smoothly 
lead to the corresponding tert-butyl esters in the presence of potassium bicarbonate and 
molecular sieves. The yields are about 70% [7]. Dissolved in an anhydrous solvent in 
the presence of DBU (1,8-Diaza- bicyclo[5.4.0]undec-7-ene), in equimolar or catalytic 
quantities, UNCAs react promptly giving pyrrolidine-2,4-diones [8]. Currently, we are 
investigating the absolute configuration of the asymetric carbons by high field NMR. 

BocN—^ T H F BocNlT \ — N— Boc 

To conclude, UNCAs are useful, not only in peptide synthesis but also for preparing 
amino acid derivatives of importance in pseudo-peptide or peptoid chemistry. All these 
reactions are characterized by their simplicity, efficiency and high yield. 
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Introduction 

We have recently shown that purification difficulties caused by the presence of 
terminated peptides in crude mixture of solid phase synthesized peptides can be 
overcome by introducing an n-alkyl group into the resin-bound peptide at the last 
coupling step [1]. This communication reports on an evaluation of the validity of the 
method, based on the synthesis of a 49-mer peptide: 

H-Ala58-Ser-Arg-Ala-Gln-Ile-Leu-Asp-Lys-Ala-Thr-Glu-Tyr-Ile-Gln-Tyr-Met-
Arg-Arg-Lys-Asn-Asp-Thr-His-Gln-Gln-Asp-Ile-Asp-Asp-Leu-Lys-Arg-Gln-
Asn-AIa-Leu-Leu-Glu-Gln-Gln-Val-Arg-Ala-Leu-Glu-Lys-Ala-Arg106-NH2 

(Max gene product 58-106 [2]; peptide 1). 

Results and Discussion 

SPPS of peptide 1 was carried out on a Millipore 9050 Plus automated peptide 
synthesizer (continuous flow). The required Fmoc-amino acids (3 equiv.; single 
coupling) were incorporated using their 2,4,5-trichlorophenyl esters with minimum 
reaction times of 30 min. Double coupling with TPTU was performed for He85. The 
coupling cycle included a capping step with acetic anhydride (5 min) to prevent the 
formation of deletion sequences. Side chains were protected with the following groups: 
tert-butyl for glutamic acid, aspartic acid, tyrosine, threonine, and serine; 
2,2,5,7,8-pentamethyl-chroman-6-sulfonyl for arginine; ferr-butyloxycarbonyl for lysine; 
trityl for asparagine, glutamine, and histidine. The hydrophobic probe (2; 5 equiv.) was 
coupled manually to the iV-terminal residue of the protected peptide resin in the presence 
of an equimolar amount of HOBt in NMP. After incorporation of the n-alkyl probe, the 
peptide was liberated from the solid support and the side chains deblocked by treatment 
of the protected peptide resin with TFA/H2O/EDT(76:4:20 v/v/v) for 3 hr at room 
temperature. The filtrate from the cleavage reaction was precipitated in diisopropyl 

n-C 1 6 H33- i—^ND-^-O^ V>. 1 XX. 
96 



Synthetic Methods 

ether-petroleum ether (1:1; v/v) at 0°C, and the precipitate was collected by filtration. 
The crude mixture was treated with a 20% solution of ammonium iodide in water 
for 5. min at room temperature (reduction of the methionine sulfoxide) and, after 
precipitation in ether, the precipitate was dissolved in 1 N AcOH and heated at 60°C for 
30 min (removal of the terr-butyl groups from the sulfonium salts). Figure 1 shows the 
analytical reversed-phase HPLC chromatograms of the underivatized and derivatized 
peptides. The lipophilic character of the «-alkyl probe substantially changes the 
chromatographic profile of the target peptide, allowing its separation from closely 
related terminated peptides by reversed-phase medium-pressure liquid chromatography 
(Figure 1). The identity of the jV-terminal alkyl peptide was confirmed by mass spectral 
(MALDI-TOF) analyses. Complete and clean removal of the «-alkyl probe was 
accomplished by treatment of the derivatized peptide with a 5% solution of NH4OH in 
water containing 2% EDT as scavenger. The reaction was followed by reversed-phase 
analytical HPLC. Complete conversion to the free peptide in its pure form was observed 
after 6 h at room temperature (Figure 1). 

B 5871 

6 
min 

6000 

m/z 

Figure 1. (A) Analytical reversed-phase HPLC chromatograms of: (a) underivatized Max 58-106 
peptide; (b) n-alkyl derivatized Max 58-106 peptide; (c) purified n-alkyl derivatized Max 58-106 
peptide; (d) crude Max 58-106 peptide after removal of the n-alkyl group. Linear gradient over 
10 min ofMeCN-0.09% TFA andH2O-0.1% TFA from 1:49 to 1:0, flow rate 2 ml min', detection 
at 215 nm. (B) MALDI-TOF mass spectra (positive-ion mode) of the crude free Max 58-106 
peptide: Calc. 5870.7 [M + H], found 5870.8. Calcitonin (3417.9) and Synacthen (2933.5) were 
used as internal standards. 
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Introduction 

A new synthetic route to a wide variety of enantiopure inhibitors of the serine and 
cysteine classes of protease has been developed using amino acid and peptide a-keto 
aldehydes (glyoxals) as key intermediates. 

Results and Discussion 

Glyoxals represent a class of inhibitor in which the C-terminal acid functional group has 
been replaced by an electrophilic aldehyde moiety. By choosing appropriate amino 
acids to occupy the P, to Pn positions of the inhibitor so as to fulfill the primary and 
subsite specificity of the individual enzymes, it has been possible to obtain inhibitors 
which exhibit pronounced selectivity of action. Enantiopure glyoxals can be made from 
N-protected amino acids and peptides via acylation of diazomethane to form 
diazoketones followed by oxidation using dimethyldioxirane to yield the glyoxals 
quantitatively in predominately hydrated form (Figure ! ) [ ! ] . 

Figure 1. Preparation of N-protected a-amino glyoxals. R - protecting group. 

A range of dipeptide glyoxals were tested for inhibitory activity against the serine and 
cysteine proteases [2]. K( constants in the range of 0.85 pM - 13.0 pM were found for 
dipeptide sequences targeting chymotrypsin and ~ 80 nM against cathepsin B showing a 
significant increase in potency for the cysteine class of protease. 

Glyoxals are useful synthons, which can undergo Wittig olefination with stabilized 
yields to give a,P-unsaturated-y-keto carbonyls (Table 1) in almost quantitative yield. 
To our knowledge there has been only one report of the inhibition of proteases by 
peptides bearing an a,P-unsaturated carbonyl group. Hanzlik et al. have prepared some 
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efficient inhibitors of bovine cathepsin B in which the glycine moiety of the dipeptide 
Z-Phe-Gly-OH has been replaced by -NHCH2CH=CHC02H [3]. The synthesis outlined 
here allows considerable synthetic flexibility without jeopardizing optical integrity. 
Compounds of this type are potential dipeptide isosteres, which inhibit the enzyme via a 
Michael addition with the active site cysteine residue of the protease. A series of 
compounds fulfilling the recognition sequences for cathepsin B and a-chymotrypsin 
were synthesised and tested (Table 1). 

Table 1. Evaluation of a, ̂ -unsaturated- y-keto carbonyls as inhibitors. 

a, (J-unsaturated-y-keto ester Inhibition Enzyme 

N-Z-L-Phe-Ala-CH=CHC02Me 2 x 10" M"1 min"'(irrev) Cathepsin B 
N-Z-L-Phe-Ala-CH=CHC02Et 0.4 x lCM"1 min"1 (irrev) Cathepsin B 
N-Z-L-Phe-Ala-CH=CHC02But 10 M"1 min"1 (irrev) Cathepsin B 
N-Z-L-Phe-Ala-CH=CHCOCH3 none Cathepsin B 
N-Z-L-Phe-Ala-CH=CHCHO 15 nM (slow-binding rev) Cathepsin B 
N-Z-L-Phe-CH=CHC02Me none a-Chymotrypsin 

A number of points are noteworthy. Firstly, a chymotrypsin targeted sequence 
failed to inhibit at concentrations of up to and including 150 pM and using incubation 
periods of up to 30 minutes, indicating that these vinologous ester reagents appear to be 
selective for cysteine proteases. Secondly, an ester function is indispensable for 
irreversible inhibition and the nature of this ester grouping has a pronounced effect on 
inhibitory activity with the methyl ester giving the best inhibition. It should also be 
noted that an NaZ N8bis Adoc arginine derived a,P-unsaturated-y-keto ester was found 
to be a time dependent inactivator of clostripain. We already have preliminary evidence 
to suggest that these reagents may form the basis of molecular discrimination for 
targeting individual members of the cysteine protease family [4]. 

In summary, the methodology described has led to a versatile synthesis of two new 
classes of enantiopure inhibitors of the serine and cysteine proteases. 
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Introduction 

The synthesis of new nonproteinogenic a-aminocarboxylic acids is one of the important 
trends in modern bioorganic chemistry. The newly synthesized aminocarboxylic acids 
and some of their derivatives could behave as antimetabolites of the natural amino acids 
in the biological systems. Recently, we synthesized and described the biological activity 
of some new derivatives of canavanine [2-amino-4-(guanidinoxy)butyric acid], [1, 2], 
and cysteic acid-s-(aminoiminomethyl)amide [3], which are structural analogues of 
arginine. Our interest in modified arginines stems from the recent discovery of nitric 
oxide synthase in vascular tissues, neuronal cells, and macrophages [4-7]. Since 
L-arginine is utilized as a substrate by all of the known nitric oxide synthase isoenzymes, 
we hoped to derive modified arginines, which would be selective inhibitors of the nitric 
oxide synthase isoenzymes. 

This study presents the synthesis of two other structural analogues of arginine and its 
derivatives (Figure 1). 

The protecting groups for amino, guanidino and carboxylic functions of substituted 
amides of cysteic and homocysteic acid were selected with the aim of making the amino 
acid derivatives synthons for peptide synthesis both in solution and by the solid phase 
method. 

Results and Discussion 

The starting compounds la,b were obtained from L(D,L) Na-Z, NE-Boc cysteic (homo
cysteic) acid S-(2-aminoefhyl) amide benzyl ester [8] by treatment with TFA/DCM as 
usual. Two methods have been used successfully for the synthesis of 4a,b (Figure 1). 
Using a method similar to Bernatowicz et. al.[9], treatment of la,b with N,N'-bis-Boc 
protected lH-pyrazole-1-carboxamidine (2) in THF led to formation of 4a,b (88% yield, 
mp 132-4°C; 62% yield, mp 141-3°C). A second method utilized the guanilation of la,b 
in DMF according to a literature procedure [10]. Resolution of the racemates was 
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Figure 1. Synthesis of cysteic- and homocysteic acid-S-(2-aminoethylaminoiminomethyl) amides 
and their derivatives. 
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achieved by an enzymatic procedure [11], using alkaline protease from Bacillus subtilis 
DY strain, in 92% yield. Starting from fully protected 4a after consecutive hydro
genolysis (H2,10% Pd on carbon in MeOH or MeOH/DMF, 20-22h, RT) and treatment 
with Fmoc-OSu [12] we obtained 10a in 65% yield. The free amino acids 9a,b were 
synthesized from Na-,NG- and C-protected 4a,b by selective deprotection of the Z-, Boc-
and OBzl - protecting groups. In all cases, the deprotection of the Z-and OBzl-protecting 
groups was performed by catalytic hydrogenolysis, and that of the Boc-group by 
treatment with TFA/DCM (1:1 by volume) in the usual manner. The chemical and 
optical purities of the final synthetic products were assessed by TLC, optical rotation IR 
and MS data. 

In summary, both cysteic- and homocysteic acid-S-(2-aminoethylaminoiminomethyl) 
amides have been synthesized by selective deprotection and introduction of various 
Na-,NG- and C-protecting groups. We have prepared a number of interesting modified 
arginine derivatives useful in peptide synthesis. The biological tests of deprotected 
cysteic and homocysteic acid-S-(2-aminoethylaminoiminomethyl) amide as a possible 
arginine antimetabolites are forthcoming. 
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Introduction 

As an alternative to other swelling measurements used to date, we have developed a 
coupled swelling-ESR strategy. This allows the estimation of the chain-chain distances 
inside swollen resin beads. In a subsequent step, a possible correlation between this 
inter-site distance value and the yield of coupling reaction was examined in model 
peptide-resins. 

Results and Discussion 

Several differently substituted BHAR batches were spin labeled at their amino-function 
with our previously introduced paramagnetic amino acid derivative Boc-TOAC [1, 2] 
and their ESR spectra and swelling degree (microscopic measurements of bead sizes) in 
DCM and DMF were obtained. By correlating the degree of labeling and the final 
weight of each resin with the measured swelling values, such as the volume of dry and 
swollen beads, the volume of solvent absorbed by the bead, etc., it was possible to 
calculate additional parameters, such as the number of beads/g of resin and the number 
of sites/bead. By assuming a uniformly distributed cubic lattice of sites within the bead, 
site-site distance values ranging from 15 A to a maximum of 170 A were obtained for 
these labeled resins in DCM and in DMF. The validity of the swelling approach 
allowed us to measure the inter-site distance, which was confirmed by the ESR 
spectral analyses of the TOAC-bound BHARs. The appearance of the well-known 
spin-spin exchange phenomenon, which induces a significant increase in the line 
broadening of the ESR spectral resonance peaks, was only detected in those resins with 
inter-site distance lower than 60 A. This value is similar to that obtained with the same 
spin label free in homogeneous solution (DMF), and is in close accordance with the 
value measured in other heterogeneous systems [3]. 

An advantage compared to other common swelling parameters is that the inter-site 
distance value reflects not only the degree of swelling but also the number of sites 

103 



E.M. Cilli et al. 

solvated per bead. This is, in turn, dependent on the .initial substitution degree of each 
resin. In order to better assess the utility of this parameter and its relationship to the 
efficiency of the coupling reaction, the comparative yields of coupling obtained in 
different solvent systems with the aggregating ING (72-74)-ACP and VVLGAAIV 
sequences bound to low (0.22 mmol/g) and to high (2.62 mmol/g) substituted BHARs 
are shown in Table 1. The correlation between the site-site distance value and the yield 
of coupling, whatever the peptide-resin, showed that the larger the distance (and 
therefore the chain accessibility) the faster the coupling reaction. These preliminary 
findings demonstrated that the knowledge of unusual parameters such as the inter-site 
distance, may provide a more appropriate evaluation of the factors which govern the 
critical coupling step in the SPPS methodology. 

Table 1. Correlation between inter-site distance inside the bead and the yield of Boc-Tyr(2Br-Z) 
and Boc-Val couplings on ING and WLGAAIV-resins, respectively. 

Solvent Inter-site Distance (A) Yield of coupling (%)a 

DCM 
DMF 
DMSO 

DCM 
DMF 
DMSO 

DCM 
DMF 
DMSO 

aPSA generated in DCM (0°C, 60 min) and diluted in the appropriate solvent. bYield of coupling 
after 15 min (at 25°C) in equimolar amounts and in IO"3 mol dm"3 acylating reagent over the 
amine component of resin. cYield of coupling after 15 min (at 25°C) with 1.5 molar excess in 2.5 
x 10"3 mol dm"3 acylating reagent over the amine component of resin. 
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ING-BHAR (0.22 mmol/g) 

37 
34 
29 

VVLGAAIV-BHAR (0.22 mmol/g) 

36 
35 
31 

VVLGAAIV-BHAR (2.62 mmol/g) 
18 
18 
21 

86b 

68" 
20b 

51b 

45b 

05b 

06c 

02c 

25c 
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Introduction 

Several research groups have recently used unnatural amino acids to form metal ion-
binding sites in synthetic peptides. For example, the metal-ion chelator 2,2'-bipyridine 
(b) has been incorporated into the side chain of a-amino acids by Imperiali et al. [1, 2]. 
This bidentate ligand has been incorporated into the main chain of a tripeptide analog by 
Kelly et al. [3]. In contrast to this work, we have synthesized the achiral amino acid 
4'-(aminomethyl)-2,2'-bipyridine-4-carboxylic acid (Abe), in which the bipyridine ring 
system is inserted into the main chain of glycine. 

Results and Discussion 

Starting from 4'-methyl-2,2'-bipyridine-4-carboxylic acid (Mbc), the novel amino acid 
Abe was synthesized in three steps in 45% isolated yield (Figure 1). Mbc was prepared 
from 4,4'-dimethyl-2,2'-bipyridine by the method of McCafferty et al. [4]. The methyl 

Fbc Hbc 

Figure 1. (i) 5 equiv SeO? dioxane, heat, 4 d. (ii) NH2OH HCl, 1:1 (v/v) pyridine/ethanol, heat, 
2 h. (iii) H, 10% Pd/C, 0.1MHCI in 1:1 (v/v) ethanol/water, 18 h. 
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group of Mbc was selectively oxidized to a formyl group by extended exposure to Se02. 
The formyl group was converted into a hydroximino group by treating Fbc with 
hydroxylamine.HCl. Finally, the hydroximino group was reduced by catalytic hydrogen
ation of Hbc in the presence of 10% palladium on carbon to afford Abe, which was 
purified by silica chromatography. 

The f-butoxycarbonyl (Boc) derivative of Abe was formed by treating a solution of 
Abe in IM NaOH with a dioxane solution of Boc anhydride. Similarly, the 9- fluorenyl
methoxycarbonyl (Fmoc) derivative of Abe was produced by treating a partial solution of 
Abe in 10% NajCOj with a dioxane solution of Fmoc-OSu. Pure Fmoc-Abe precipi
tated from solution as it was formed. These N-protected amino acids are suitable for 
solid-phase synthesis. For example, Boc-Abc was used in a solid-phase synthesis of 
CH3CO-Ala-Abc-Ahx-Ahx-Abc-Gly-NH2, where Ahx is 6-aminohexanoic acid. 

The ruthenium(II) complexes Boc-Abc(Rub2)
2+ and Fmoc-Abc(Rub2)

2+ (Figure 2) 
were synthesized by heating at reflux overnight a dioxane solution of c/'s-dichloro-
bis(2,2'-bipyridine)ruthenium(II) and Boc-Abc or Fmoc-Abc and were isolated as their 
PF6" salts. Use of these organometallic amino acids in solid-phase peptide synthesis 
would avoid the need to introduce the metal ion after assembly of the peptide chain has 
been completed. 

Boc-Abc(Rub2) Fmoc-Abc(Rub2) 

Figure 2. Bis(2,2'-bipyridine)ruthenium(II) complexes of Boc-Abc and Fmoc-Abc. 
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Introduction 

In order to impart enhanced bioavailability to peptides, we considered the possibility of 
designing backbone modified peptides targeted by special "backbone side chains". 
These would be selected for particular cases and would depend on the target to 
be attained (Figure 1). In order to develop tools for the introduction of "backbone side 
chains", we propose the novel N-farnesyl amino acids as an initial rational approach for 
studying peptide bioavailability. Indeed, several cytoplasmic proteins undergo post
translational prenylation or adipoylation on specific cysteine side chains located close to 
the carboxy terminal. They are then able to penetrate to the cell membrane to bind with 
their membranal receptor, such as an interacting protein, leading to signal transduction. 
One of the most investigated prenyl moieties is the farnesyl group, which is involved in 
the signal transduction of important proteins such as lamin b [1], retinal [2], ras [3], and 
others [4]. Farnesylation of appropriate peptide leads will probably bring about cell 
membrane localization and/or activity of the peptide. 

We report here the synthesis of novel backbone modified amino acids in which the 
hydrogen of the amino group in the natural amino acid was replaced by a farnesyl 
"backbone side chain" and was incorporated into a peptide model derived from the 
tetrapeptide carboxy terminal of ras [5]. 

• HN 
Rj X n R, 

R. ° R"J ° R> If, H o R;
 H 11 TTS 

X= prenyl 
cholesteiyl 

"Natural Peptide Backbone" "Backbone Side Chaiu" glycosyl. etc. 

Figure 1. Introduction of a "backbone side chain" into peptides. 

Results and Discussion 

Alkylation of amino acids. We have synthesized (N-farnesyl)amino acids esters by 
direct alkylation of the corresponding natural amino acid esters with farnesyl bromide. 
The yield of the mono alkylated products were about 90 % when equivalent quantities of 
the alkylating agent were employed (Figure 2). 
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Peptide coupling to (N-farnesyl) amino acids. (N-Farnesyl)amino acids are sterically 
hindered on the secondary amino group. Coupling reagents such as HBTU, BOP, or 
PyBrop gave poor results even after 24 h reaction. The desired products were obtained 
in good yields by mixed anhydride activation with /-butyl chloroformate. When the 
acidic component was Boc-Cys(acm)-Val-Phe the coupling proceeded in similar manner 
and the final deprotection was carried out using standard conditions (Figure 2) 

n TEA/DMF H 9 
H 20-C . . . .. „ N - ^ O R , 

— ^ ™ • - —y^^y^^ry^^y^^^ CH, = 

(N-farnesyl) Amino Acid 

HjN-T^OR, 

O iBuChloroformale RJ CH, Q 

R4HN-T-^OH + ^ X V v ^ N « ^ - ^ V ^ - ^ 1 ^ ° " ' ^k^y R . H N - ^ ^ - T - ™ 
O = 

Rj 

(N-farnesyl) Peptide 

R-: Bz, CHJCHJSCHJ , iPr 

R_: any amino acid 
R.: Boc or BocCys(acm)Val, when R.,: Bz 

Figure 2. Synthesis of (N-farnesyl) peptides. 

To conclude, we have described an easy preparation of (N-farnesyl)amino acids and 
their coupling to protected amino acids or peptides to give backbone farnesylated 
peptides. We present such amino acid modifications as an initial effort to build up novel 
tools for directing peptides to different biological/pharmacological targets or for 
subcellular localisation, such as in membrane vicinity. The so-called "backbone side 
chain" modification represents a new tool for the development of Structure Activity 
Bioavailability Relationships studies (SABR). Studies concerning biological and 
pharmacological behaviour of (N-farnesyl) amino acids and peptides are currently under 
way. 
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Introduction 

Peptides labeled with radioactive l25I can be detected at the extremely low concentra
tions that are necessary for receptor binding studies and medical applications. 
Traditional methods of indirect iodination of peptides using Bolton-Hunter reagent or 
direct oxidative iodination [1] often lead to inactive peptides [2] due to excessive 
iodination, nonspecific iodination or oxidative damage to the peptide. These dis
advantages may be circumvented by labeling 127I containing peptides of a predetermined 
biological activity using a radioactive 125I exchange reaction. 

Results and Discussion. 

We recently showed that the biological activity of the Saccharomyces cerevisiae a-factor 
was maintained when Trp1 was replaced by a hydrophobic residue such as 3,5-
diiodo-tyrosine [3]. For the present study, peptides containing 127I were synthesized in 
solution and by SPPS. The mono and diiodo-Tyr moiety survived HF cleavage and both 
Boc and Fmoc synthetic protocols. The following peptides were prepared: 
Tyr(3,5-diiodo)-His-Trp-Leu-Gln-Leu-Arg-Pro-Gly-Gln-Pro-Nle-Tyr, Trp-His-Trp-Leu-
Gln-Leu-Lys-Pro-Gly-Gln-Pro-Nle-Tyr(3,5-diiodo), Tyr(3-iodo)-His-Trp-Leu-Gln-Leu-
Lys-Pro-Gly-Gln-Pro-Nle-Tyr, Tyr(3,5-diiodo)-Leu, Tyr(3,5-diiodo)-ethionine, Tyr(3-
iodo)-Ala-Leu. Peptides were purified by HPLC and had the expected molecular weight 
as determined by MS. 

Peptides for receptor studies were evaluated for their biological potencies and 
compared to a wild type a-mating factor of Saccharomyces cerevisiae [4]. The diiodo-
Tyr1 analog was as active as the a-factor, and the monoiodo-Tyr1 analog had approxi
mately half of this activity based on the halo assay procedure [5], whereas the diiodo-
Tyr13 analog was found to be ten times less active. 
Radioiodine exchange reaction and radioactive peptide recovery. Tyr(3,5-diiodo)-
His-Trp-Leu-Gln-Leu-Arg-Pro-Gly-Gln-Pro-Nle-Tyr (10" mmol) was dissolved in 50 pi 
of 0.1M sodium-citrate buffer (pH=3) and 10 pi (350 pCi) of a Na125I solution was 
added with a syringe. The reaction mixture was held at 99°C in a sand bath for 30 
minutes and transferred to a prewashed SepPack Light Cartridge C18. The SepPack was 
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washed with 0.1% TFA (15 ml) to remove unincorporated iodine and 1 ml fractions were 
collected until the radioactivity was at background level. Methanol (1 ml) was passed 
through the cartridge to elute the radioactive peptide. The fractions were monitored for 
radioactivity, and analyzed by HPLC and TLC. The radioactivity that eluted in the 
methanol fraction coeluted with the cold diiodo-Tyr1 analog (Figure 1). 

V- Peptide 

" f n M e O H -

1 2 3 4 5 6 7 8 9 10 11 1 2 1 3 1 4 1 5 1 6 

J i l(-
1 4 7 10 13 16 19 222528 313437'10434649525S58 616467 

Figure 1. Radioiodinated Tyr(3,5-diiodo)-His-Trp-Leu-Gln-Leu-Arg-Pro-Gly-Gln-Pro-Nle-Tyr. 
Left: Radioactivity in 1 ml elution fractions. Right: HPLC analysis of Fraction 16. 

A control with [Nle12]a-factor did not result in meaningful incorporation of radio
activity. Specific activity reached was up to 10 Ci/mmol. Radioactive diiodo-Tyr1 

a-factor was subjected to halo assay evaluation. It showed full biological activity and 
there was correspondence between growth arrest zones and the incidence of radio
activity on the plate. Similar exchange was obtained with Tyr(3,5-diiodo)-Leu. In 
contrast, less exchange was obtained with the monoiodo-Tyr analogs. 

The results provide evidence that peptides labeled to high specific activity may be 
obtained by a simple iodine exchange reaction. 
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Introduction 

Chemical synthesis of small proteins offers the posibility of introducing isotopically 
labelled amino acids into specific positions of the primary sequence, providing unique 
opportunities to study their tertiary structure. In order to prepare 15N-amino acids, we 
have used amino acid deshydrogenases NAD(P)-dependent enzymes present in various 
bacteria and particularly in bacillus species. These catalyze the reversible transformation 
of a-keto acids to a-amino acids. The equilibrium constant is shifted towards amino 
acid formation (Kcq between IO"13 and IO"15). Some of these enzymes exhibit a relatively 
broad specificity: alanine-, leucine- and phenylalanine- deshydrogenases use alanine, 
branched-chain or aromatic amino acids as preferred substrates. This property was 
succesfully used for the synthesis of 15N-amino acids with aliphatic or aromatic 
side-chains, by introducing the isotope via lsN-ammonia and a NAD(P)H regenerating 
system. These amino acids were succesfully incorporated in several peptides which were 
used in isotope-edited NMR experiments [1]. 

Results and discussion 

In order to specifically label cysteine residues involved in disulfide bridges, we were 
interested in the preparation of 15N-cysteine. Using the previously described method 
proved to be unsuccessful. Moreover, to be used in peptide synthesis, ,!N-cysteine ought 
have required two successive protection steps, one for the thiol group and one for the 
amino group. In order to circumvent these difficulties and considering the afore
mentioned broad specificity of amino acid deshydrogenases, we have explored the 
possibility that S-protected derivatives of 3-mercaptopyruvic acid could be used as 
substrates by amino acid deshydrogenases, leading in one step to the S-protected 
L-amino acid. Our initial approach was to test the specificity of various enzymes using 
S-benzyl-L-cysteine 1 (Figure 1). 

We discovered that phenylalanine-deshydrogenase isolated from the thermophilic 
microorganism Thermoactinomyces intermedius is able to catalyze the transformation of 
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glucose deshydrogenase 

NADH + H+ NAD+ ^ Y 5 ^ " ^ H N 

COOH 

R = H : 2 Thermoactinomyces intermedius 
R = CH3 : 3 phenylalanine deshydrogenase 

Figure 1. Interconversion of S-protected 3-mercaptopyruvic acid and S-protected L-cysteine. 

1 with a reaction rate representing approximatively 1% of that with L-phenylalanine. 
This suggests that, although its aromatic ring is separatated from the a-amino group by 
an additional thiomethylene linker, 1 could still mimick the natural substrate. The same 
is true for the corresponding a-keto acid : 3-(benzylthio)pyruvic acid 2 and its homolog, 
3-(4-methylbenzylthio)pyruvic acid 3, which is also a substrate for the enzyme. None of 
these compounds acted as substrate for alanine-deshydrogenase from Bacillus cereus or 
leucine-deshydrogenase from Bacillus steraothermophilus. The kinetic parameters (Vm 

and Km) of the purified enzyme are shown in Table 1. 

Table 1. Kinetic parameters of phenylalanine-deshydrogenase 

a-keto acid K^ (nM) 

phenylpyruvic acid 0.02 
2 1.3 
3 0.8 

with 2 and 3 

Relative Vra 

100 
3.5 
1.7 

These parameters, together with the straightforward availability of a-keto-acids 2 
and 3 were compatible with the gram-scale syntheses of side-chain protected 15N-amino 
acids, which are required for their use in peptide synthesis, in a single enzymatic step. In 
a typical experiment, conditions were as follows: the reaction medium (250 ml) 
contained 25 mmol of 3-(benzylthio)pyruvic acid 2, 30 mmol of 15NH4C1 (99% isotopic 
enrichment), 0.125 mmol of NAD+, 0.25 mole of glucose, 75 U of phenylalanine-
deshydrogenase (corresponding to 50 mg of protein), 250 U of glucose dehydrogenase 
(GluDH), and the pH was adjusted to 8 by addition of dilute NaOH. The progress of the 
reaction was monitored by following the disappearence of ammonium ions. After 3 h of 
incubation at 30°C, ca. 15% of 2 was converted to 1. The reaction was left to proceed 
for an additional 12 h, then the amino acid, which spontaneously precipitates at pH 8, 
was collected by filtration. The insoluble material, washed with ethanol and dried 
afforded 1 in 50% yield. The purity and the l5N content of 1 (between 98 and 99% 15N) 
was determined by mass spectrometric analysis. 1 was then converted to the Na-Boc 
protected derivative by reaction with di /-butyl dicarbonate. 
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Introduction 

Optimal management of asparagine, glutamine, and cysteine residues remain current 
concerns of solid phase peptide synthesis by the strategy using the 9-fluorenyl-
methyloxycarbonyl (Fmoc) group for iV°-amino protection. In the cases of asparagine 
and glutamine, these residues can be incorporated leaving the co-carboxamides free, but, 
more recently, applications of acid-labile Fmoc-compatible side-chain protecting groups 
such as 2,4,6-trimethoxybenzyl (Tmob) or triphenylmethyl (trityl, Trt) have become 
preferred due to minimization of secondary structure in the growing peptide-resin (hence 
improving coupling efficiencies) and to lessening the occurrence of a variety of side 
reactions. Related to this, S-Tmob, 5-Trt, or 5-Mmt groups have been used to block the 
P-thiol of cysteine in Fmoc solid-phase synthesis. Selective acidolysis gives the free 
thiols, whereas oxidative removal conditions provide directly a disulfide bridge. Our 
present studies exploring N- and 5-xanthenyl (Xan) and corresponding monomefhoxy 
derivatives (2-Moxan, 3-Moxan) for side-chain protection of these residues (Figure 1) 
were motivated by favorable previous as well as ongoing experiences from our 
laboratories on xanthenylamide (XAL) anchoring for carboxamides and thiols. The 
7V-xanthenyl (Xan) protecting group has been described sporadically in the Boc 
chemistry literature [1], whereas 5-9-phenylxanthenyl (Pix) was reported recently [2]. 

Fmoc-NH-CH 
i 

n = l ,X = 
n = l ,X = 
n = l ,X = 
n = l , X = 
n = l , X = 
n = l , X = 
n = 2, X = 
n = 2, X = 
n = 2, X = 

= S, 
= S, 

= s, 
= (CO)NH, 
= (CO)NH, 
= (CO)NH, 
= (CO)NH, 
= (CO)NH, 
= (CO)NH, 

R=H 
R=OMe at 2 
R=OMe at 3 
R=H 
R=OMe at 2 
R=OMe at 3 
R=H 
R=OMe at 2 
R=OMe at 3 

Fmoc-Cys(Xan)-OH 
Fmoc-Cys(2-Moxan)-OH 
Fmoc-Cys(3-Moxan)-OH 
Fmoc-Asn(Xan)-OH 
Fmoc-Asn(2-Moxan)-OH 
Fmoc-Asn(3 -Moxan)-OH 
Fmoc-Gln(Xan)-OH 
Fraoc-Gln(2-Moxan)-OH 
Fmoc-Gln(3-Moxan)-OH 

Figure 1. Structures of protected derivatives of Asn, Gln, and Cys. 
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Results and Discussion 

Xanthenyl side-chain protection was introduced readily onto the corresponding 7Va-Fmoc 
derivatives by acid-catalyzed reactions with the corresponding xanthydrols. Yields and 
purities were high for the parent Xan and the 2-Moxan derivatives, but problems were 
encountered with 3-Moxan. The 5-Xan and 5'-(2-Moxan) groups were removed readily 
with dilute TFA. In the presence of silanes, 0.1% TFA is sufficient, e.g., TFA/EtjSiH/ 
CH2C12 (0.1/0.5/99.4) at 25°C for 1 hr. whereas with thiol scavengers at least 10% TFA 
is needed, e.g.,TFA/|}-mercaptoefhanol/CH2Cl2 (2/1/17) at 25°C for 1 hr. N m-Xan and 
7Vt0-(2-Moxan) were removed as well with TFA/scavengers cocktails. Xanthenyl 
derivatives of Cys can be dissolved readily in CH2C12 and DMF, whereas the various 
xanthenyl-protected Asn and Gln derivatives have poor solubilities in CH2C12 (similar to 
side-chain unprotected Fmoc-Asn-OH and Fmoc-Gln-OH). Solubilities acceptable for 
peptide synthesis applications (see below) were achieved in DMF, DMA, or NMP. 

To better evaluate the usefulness of these derivatives for Fmoc solid phase peptide 
synthesis, Asn, Gln, and/or Cys-containing peptides were prepared on PAL-PEG-PS 
supports using the DIC/HOBt, TBTU/HOBt/DIEA or HATU/DIEA coupling protocols. 
These peptides included Marshall's ACP (65-74) amide [3], Briand's peptide H-Asn-Leu-
Ile-Val-Glu-Leu-Lys-Arg-Gly-Thr-NH2 (problem with TV-terminal deprotection) [4], a 
modified Riniker's peptide H-Lys-Gln-His-Asn-Pro-Tyr-Gln-Trp-Asn-Gly-NH2 [5] and a 
pentagastrin analogue H-Trp-Met-Asp-Phe-Cys-NH2 [6] (Trp alkylation side reactions), 
oxytocin, and several long peptides related to bovine pancreatic trypsin inhibitor (BPTI). 
Protecting groups were removed concomitant to acidolytic cleavages of the fully 
assembled protected peptide-resins using Reagent K, TFA/phenol/H20/ thioanisole/1,2-
ethanedithiol (82.5/5/5/5/2.5), or Reagent R, TFA/thioanisole/l,2-ethanedithiol/anisole 
(90/5/3/2)] at 25°C in 1 hr. Xan or 2-Moxan protection results were as good, and some
times better, than those with Tmob or Trt protection. For disulfide-containing peptides, 
on-resin deprotection/oxidation mediated by I2 (10 equiv.) in acetic acid or Tl(tfa)3 (1.2 
equiv.) in DMF was possible, with results comparable to those reported earlier [6]. 
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Introduction 

Peptide coupling reagents based on l-hydroxy-7-azabenzotriazole (HOAt) have shown 
advantages over the corresponding HOBt-based reagents with regard to coupling 
efficiency and suppression of racemization [1-7]. In this communication, we focus on 
the practical aspects concerning the use of 7-azabenzotriazol-l-yloxytris(pyrrolidino)-
phosphonium hexafluorophosphate (PyAOP) and 0-(7-azabenzotriazol-l-yl)-l, 1,3,3,-
bis(tetramethylene)uronium hexafluorophosphate (HAPyU) for solid-phase peptide 
synthesis. 

a \ ( ° , A t ) " « ' PF . -J / ^ > 
,N (OAt) pp6- JL V P - N I 

OH (H 3 C) 2 M^^N(CH 3 ) 2 \ / \ / OH 

HOAt HATU HAPyU PyAOP 

Results and Discussion 

In order to determine the compatibility of these reagents with automated peptide 
synthesizers, the stability of PyAOP and HAPyU in solution and in the solid state was 
examined via HPLC and 'NMR analysis. Both materials are inert as solids and the 
uronium reagent, when stored in solution (0.5 M in DMF), is stable for 5 days. On the 
other hand, the phosphonium reagent is not as stable, confirming earlier studies 
demonstrating its greater reactivity. PyAOP is useful for incorporation of the first 
Fmoc-amino acid onto a hydroxyl resin. Yields are high and racemization is low 
especially for His(Trt) and Cys(Trt). The enhanced reactivity of the phosphonium 
derivative is beneficial for the preparation of cyclic peptides via resin-bound reactions. 

Fmoc-amino acids are converted to the active esters within 2 min and prolonged 
preactivation times (>7 min) should be avoided. In order to demonstrate the suitability 
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of 7-azabenzotriazole-based coupling reagents, several syntheses of the fragment (65-74) 
(H-VQAAIDYING-NH2) of the acyl carrier protein were carried out via Fmoc/fflu 
protection (fBu for Tyr and Asp, and Trt for Asn and Gln). The Fmoc-PAL-PEG-PS 
resin was used along with shortened coupling times and reduced excesses of reagents 
(Table 1). The addition of HOAt to PyAOP/HAPyU-based couplings is not required 
except for Fmoc-Asn(Trt)-OH. Although the addition of HOBt to PyAOP-based 
couplings increases the incorporation of Fmoc-Asn(Trt)-OH, it lowers the coupling 
efficiency of other amino acids. Side-chain protection of asparagine is required since no 
incorporation of Fmoc-Asn-OH was detected in 7-azabenzotriazole-based couplings, 
presumably due to rapid aspartimide formation from Fmoc-Asn-OAt. Hydrated amino 
acids couple more efficiently with HOAt-based reagents. Finally, it is known that 
Boc-His(Tos)-OH is unstable upon treatment with HOBt. Similar results were obtained 
for this amino acid with HAPyU and PyAOP. 

For the PerSeptive Biosearch 9050Plus peptide synthesizer, a solution of 0.5 M 
PyAOP/HAPyU in DMF is recommended. Phosphonium reagents are more sensitive to 
the base concentration and a 1.0 M solution of DIEA in DMF is preferred. For HAPyU-
mediated couplings, 0.5 - 1.0 M solution can be used. 

In addition, 7-azabenzotriazole-based coupling reagents are useful also for the 
preparation of a range of peptides that include those incorporating hindered amino acids, 
multiple Arg and Trp residues, and short difficult sequences. 

Table 1. Synthesis ofACP(65-74) with 1.5 equiv. of coupling reagent for 1.5 min. 

Coupling Method 

PyBOP 
PyBOP-HOAt 
PyBOP-HOBt 
PyAOP 
PyAOP-HOAt 
PyAOP-HOBt 
HAPyU 
HAPyU-HOAt 
HAPyU-HOBt 

ACP 

10 
19 
11 
46 
60 
45 
44 
74 
52 

-2Ile 

22 
13 
21 
3 
3 
9 
2 
0 
4 

-He72 

13 
12 
14 
5 
6 
12 
5 
2 
8 

-He69 

13 
12 
14 
5 
7 
12 
3 
3 
8 

-Val 

3 
3 
3 
2 
4 
2 
1 
2 
10 

-Asn 

<1% 
2% 

<1% 
18 
2 
2 
33 
5 
1 
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Introduction 

The synthesis of peptides can be achieved by either solution or solid phase methods or by 
a combination of both these methods (convergent peptide synthesis [1]): peptide 
fragments built up on the solid phase are cleaved, purified if necessary, and further used 
for coupling either in solution or onto a peptide chain attached to a resin support. 
Protected peptide fragments are, therefore, key building blocks in convergent peptide 
synthesis. Such fragments are usually synthesized on supports which bear anchoring 
groups cleavable without alteration of N(cc) and side chain protection. In the case of 
Fmoc methodology, highly acid-sensitive anchoring groups are mainly used for this 
purpose These include groups of the dialkoxybenzyl, trialkoxydiphenylmethyl and trityl 
type [2]. Application of trityl type resins is most promising because of the absence of 
C-terminal amino acid racemization and of diketopiperazine formation. 

Results and Discussion 

We have developed a method for SPPS of fully protected fragments under low pressure 
continuous flow conditions with on-line recycling of the polymeric support. For this 
purpose, an automatic device has been designed on the basis of the Synchrom synthesizer 
(Figure 1), which consists of microprocessor-controlled membrane pump-valve block, 
dead volume-free column reactor [3] loaded with 1% DVB-polystyrene resin modified 
with hydroxy(triphenyl)methyl (hydroxytrityl) groups (1.0 mmol/g), and an array of 
flow-through cartridges containing dry mixtures of solid reagents; N(a)-2-(4-nitro-
phenyl)sulfonylethoxycarbonyl (Nsc) amino acid [4], HOBT and tris(dimethylamino)-
chlorophosphonium perchlorate (TCPP). 

Activation of the polymer is performed by pumping of 2M HCl/AcOH solution for 
15 min, after which a C-terminal Nsc-amino acid is attached to the chlorotrityl 
polystyrene as its DIEA-salt. The peptide chain is then elongated by successive two-step 
cycles, each including cleavage of the Nsc-group by treatment with 1% DBU/20% 
piperidine/DMF (4 min) and coupling of the next amino acid (1.5 eq.) with TCPP/HOBT 
in DMF/DIEA (50 min). Compared to Fmoc, Nsc-protection is more stable in neutral 
and weakly basic solutions and allows acylations under more basic conditions, thus 
providing higher coupling rates and fair stability of the peptide-polymer linkage during 
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waste 

PUMP|—ICOLUMN UV-CELL 

Figure 1. Flow scheme of the peptide synthesizer. 

the course of the peptide assembly. After completion of the synthesis, protected peptide 
fragments are cleaved from the support under mild conditions by pumping with 20% 
AcOH/CHCl3. Hydroxytrityl polymer in the column is then converted into chlorotrityl 
by HCl/AcOH treatment without any loss of capacity and can be used for assembly of the 
next peptide sequence . 

Synthesis of protected fragments of big endothelin-1 (human) was performed, in the 
order as shown in Table 1, on the recycled trityl support, on a 0.9 mmol scale, without 
repacking of the column reactor . After cleavage from the support, the peptides were 
purified by preparative HPLC on a silica gel column using CHCl3/MeOH/AcOH 
gradients. All fragments synthesized were of good purity by analytical HPLC (>95%) 
and gave a satisfactory amino acid analysis. 

Table 1. Protected fragments of big endothelin-1 fliuman) synthesized on recycled trityl support. 

Protected fragment 

Nsc-Asp(OtBu)-Ile-Ile-Trp-OH 
Nsc-Met-Asp(OtBu)-Lys(Boc)-Glu(OtBu)-Cys(Trt)-Val-Tyr(tBu)-OH 
Nsc-Lys(Boc)-Cys(Trt)-Val-Tyr(tBu)-OH 
Nsc-Glu(OtBu)-His(Trt)-Val-Val-Pro-OH 
Nsc-Ser(tBu)-Cys(Acm)-Ser(tBu)-Cys(Trt)-Ser(fBu)-OH 

Crude 
yield 

96% 
70% 
96% 
87% 
95% 

Purified 
yield 

75% 
53% 
79% 
56% 
71% 
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Introduction 

The use of gaseous ammonia for the detachment of peptides from solid supports was 
found to be an efficient method for analytical, preparative and industrial scale. The 
advantage of this direct ammonolysis method was recently recognized in the multiple 
synthesis of peptide amides [1]. Vapor phase ammonolytic cleavage under mild 
conditions can eliminate or reduce the formation peptide-acids, one of the main side 
reaction products. The results depend on the structure of the peptides, the presence of 
moisture during ammonolysis, the choice of polymer support and other factors. Both the 
purity and the yields of amides prepared directly with ammonia vapor were usually 
betterthan those obtained on ammonolysis carried out in methanol suspension. The 
gaseous ammonia cleavage process has found application in our production scale 
preparation of Desmopressin and Terlipressin. 

Results and Discussion 

During ammonolytic cleavage in methanol, the initial product formed is the 
peptide-methyl ester. This is then converted to the peptide-amide. However, the 
conversion from the ester to the amide may not be complete, resulting in a mixture of 
both compounds. The amount of cleaved peptide, absorbed on the resin depends on 
solvent used. The peptide should be isolated by extraction of the resin in suitable solvent 
{e.g. DMF). The purity of the extracted peptide is often higher in comparison to the 
same material obtained from the supernatant. 

Tablet. Influence of solvent on 16 hrs. ammonolysis of [Acm] 2-oxytocin. Distribution and 
purity of peptide-amide (%). 

Solvent supernatant/HPLC MeOH /HPLC DMF/HPLC 

chloroform 

iso-butanol 

methanol 

12/15.4 

31/9.7 

68/20.8 

29/53.1 

32/33 

10/29.9 

59/72 

37/40.3 

22/40.5 
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The purity of the peptide-amide was superior, if ammonolysis was carried out in 
solvent (CHCl,), where product solubility was limited. This fact inspired us to use 
ammonia vapors only. The efficiency of gaseous ammonolysis and the purity of the 
peptide obtained depends on the hydrophobicity of the carrier. The concentration of 
water in the reaction centers within the hydrophobic supports was probably very low and 
the formation of acid was diminished. 

Table 2. Comparison of ammonolysis and acidolysis on various supports. 

Peptide 

TAIGVGAPG 
PQTAIGVGAPG 
VQAAIDYING 
VQAAIDYING 
PQTAIGVGAPG* 
VQAAIDYING* 

Support 

Tentagel 
Cotton 
Tentagel 
Cotton 
Cotton 
Cotton 

Yield % 

85 
78 
89 
88 
90 
92 

HPLC % 

80 
65 
82 
73 
87 
78 

* Rink amide linker 

In the structure of hydrophilic cotton fibres water is always present and therefore 
formation of acid was higher. Tentagel was less sensitive and on Merrifield resin 
hydrolysis was negligible. This type of resin was thus preferred for large scale reactions. 

Table 3. Gaseous ammonolysis in production process. 

Peptide Peptide-resin (g) Protected peptide (g) Yield % HPLC% 

DESMOPRESSIN 
(MpaYFQNCPrG)* 
TERLIPRESSIN 
(GGGCYFQNCPKG) 

683 
2417 
1257 
3615 

409 
1350 
769 
2201 

91 
85 
96 
86 

91 
86 
79 
70 

* Mpa = 3-mercaptopropionic acid r = D-Arg 

Reaction was carried out for 3 days in moderate ammonia overpressure (2-3 bar). 
Peptide-polymer contained in a canvas bag was exposed to ammonia in a stainless steel 
vessel for three days, after which the solid resin with sorbed cleaved product was dried 
and then extracted with DMF. Purity and yields of both protected peptides were 
favorable in comparison to the older methanol-ammonia approach. 
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Introduction 

Cyclic peptides have been of interest for many years, both as potential drug leads and as 
targets for conformational analysis. Several groups have reported solid phase methods 
for synthesizing "head-to-tail" cyclic peptides using a variety of orthogonal protection 
strategies. Many involve a side-chain anchored Asp/Glu [1] residue with ring closure via 
a commonly used coupling reagent. Methods which rely on similar strategies for 
synthesizing N-to-side-chain or side-chain-to-side-chain lactams have also been 
described. During the development of methods for the synthesis of cyclic peptide 
libraries, we occasionally observed that the amine functions, involved in the cyclic ring 
formation, would react with the coupling reagents used to activate the carboxyl group. 
This led us to develop a protocol which shields the amine functions from potentially 
adverse side-reactions during the activation process [2]. We wish to report an extension 
of these methods to include the synthesis of cyclic (side-chain-to-side-chain) lactams. 

Results and Discussion 

Peptide synthesis was carried out using Fmoc chemistry on either an acid-labile or 
photolabile [3] linker coupled to a PEG-PS support. Figure 1 shows an example of the 
general scheme of synthesis, where the peptide sequence has a Glu residue with its 
y-carboxyl protected as an allyl ester and a Lys residue with its e-amino function 
protected by the 4-methyltrityl group (Mtf) [4]. Chain assembly (where X = Fmoc/tBu 
protected amino acid residues) was followed by N-terminal acetylation to give the 
completed peptide resins 1, with chain lengths up to 11 residues and lactam ring sizes 
ranging from 15 to 39 atoms. 

Removal of the allyl ester with Pd(PPh3)4 (1 equiv.) and PPh3 (2 equiv.) in THF (or 
CHCl3)-morpholine (9:1) over 1 hr. was followed by activation using TFA-OPfp-
pyridine in NMP or DMF (2:1:1) for 30 min. [5] to form peptide resins containing a 
stable active ester 2. On occasion, TFA-ONp was also used to form the corresponding 
Np ester. Quantitative activation was demonstrated by derivatizing samples of such 
activated intermediates with CHA and characterizing the cyclohexylamide products 
following cleavage from the resin. Selective removal of the Mtt function, in the presence 
of other tBu-based protecting groups was achieved using a TFA:rri(«o-propyl)silane: 
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Mtt 0A1 Mtt OPfp (or ONp) 
I I s**s. ab ' ' rm. 

Ac-X-K-X-X-E-X-Linker-§J1 ' * Ac-X-K-X-X-E-X-Linker-Mi 

1 
led 

Ac-X-K-X-X-E-X-NH2 < e Ac-X-K-X-X-E-X-Linker-^ 

4 3 

Figure 1. Generalized solid-phase synthesis of lactam cyclized hexapeptides: (a) allyl ester 
removal; (b) Pfp (or Np) activation; (c) removal of trityl-based PG (d) neutralization (e) cleavage 
from solid support. 

DCM (1:5:94) mixture to unmask the e-amino group of Lys. Neutralization with either 
DIEA:DMF or DIEA:NMP (1:19), or pyridine:NMP (1:1) for 30-60 min. gave the 
lactam cyclized peptide resins 3. Removal of other side-chain protection (if present) 
was carried out with a TFA:water:phenol:tri(wo-propyl)silane (94:3:2:1) mixture for 1 hr. 
Release of the cyclized peptides from the photolabile linker was performed by photolysis 
(UV light 365 nm from Hg ARC lamp) in DMSO or DMSO:PBS, pH 7.4 for 1 hr. These 
conditions enabled biological binding studies for selected peptides to be carried out 
directly using the photolysis solutions. 

Excellent initial purities were obtained for the cyclization products. Quantitative 
allyl removal and Pfp activation was also demonstrated in each case by analysis of the 
intermediate linear and CHA-derivatized peptides respectively. With Np-ester 
activation, release of the yellow jr>nitrophenolate anion during neutralization enabled a 
simple visual assessment the end-point in the cyclization. Activated peptide resins 2 
were neutralized repeatedly with DIEA/NMP (1:9) for 5 min. periods. The dis
appearance of the yellow coloration correlated exactly with amine disappearance as 
judged by Kaiser tests [6], indicating lactam formation via aminolysis of the resin-bound 
active ester. 

We investigated the synthesis of a series of twenty-five, eleven-residue lactam 
cyclized peptides of related sequence with ring sizes ranging from 15 to 39-atoms. 
Highest yields of the target cyclic peptides were observed with ring sizes of 21-30 atoms 
and good yields for the smaller ring sizes. However, the largest cyclic lactams were 
obtained with poor yields of the desired monocyclic peptides, with cyclodimers being the 
major contaminants. 
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Introduction 

Phosphorothioate analogues of the phosphate moiety are of considerable interest in the 
peptide [1, 2] and nucleic acid [3] fields. Oligonucleotide phosphorothioates are 
regarded as the first generation of antisense oligonucleotide analogues, which can be 
used in vitro and in vivo as inhibitors of gene expression [4]. Site-specific attachment of 
reporter groups onto DNA and RNA is also facilitated by the incorporation of single 
phosphorothioate moieties into oligonucleotides [5]. Phosphorothioates have been 
prepared previously from phosphite triesters by oxidation with sulfurizing reagents, e.g., 
tetraethylthiuram disulfide (TETD) [6], and 3H-l,2-benzodithiol-3-one 1,1-dioxide 
(Beaucage reagent) [7]. The present report describes the use of N-dithiasuccinoyl 
(Dts)-amines as effective sulfurizing reagents for the synthesis of phosphorothioate 
analogues. The kinetics and mechanisms of these reactions have been elucidated, and 
practical preparative conditions have been devised. 

Results and Discussion 

The general scheme for sulfurization of P(III) intermediates is shown in Figure 1. The 
suitability of Dts-compounds for preparation of oligodeoxyribonucleoside phosphoro
thioates was evaluated by automated solid phase synthesis using P-cyanoethyl diiso-
propyl phosphoramidite chemistry. Syntheses of the oligodeoxyribonucleotide 
d(ATTTp(s)TT) were carried on 0.2 pmol or 1 pmol scales on controlled pore glass 
supports. Varying concentrations of Dts-compounds were tested, as well as different 
sulfurizing times. After standard deprotection, cleavage from the solid support, and 
desalting, the reaction products were analyzed by HPLC and "P NMR. Good yields and 
purities were observed, even at low Dts concentrations and with short reaction times. 
The best results (overall purity > 98%) were obtained using 0.05 M DtsNH in CH3CN as 
the sulfurizing reagent with a 1 min reaction-time, or 0.01 M DtsNH in CH3CN with a 5 
min reaction-time. 

Dts-amines were also tested for the solid-phase synthesis of thiophosphopeptides. 
The model peptide H-Gly-Ser-Phe-NH2, with a phosphorothioate moiety attached to 
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1 OR1 

3R0—P—*P~ -\ 
I ~ VN—R" 
OR2 sZLV 

\ 
Peptide: R1 = Ser R2 = R3 = (Bu, benzyl 

DNA: R1, R2 = dT, dA R3 = CH2CH2CN OR1 r 
R" = H, Me, Bzl, Ph 

3 R 0 — P = S + COS + 0=C=N-R" 

I , 
OR2 

Figure 1. Mechanism of sulfurization ofPn'toPv=S, mediated by Dts-amines. 

serine, was synthesized on a 300 pmol scale by a "global" post-assembly phosphoryla
tion strategy [8]. Fmoc-PAL-PEG-PS resin was acylated, in turn, by N* -Fmoc-Phe, 
TV-Fmoc-Ser, and JV'-Boc-Gly, followed by a 15 min sulfurization reaction with 0.05 M 
DtsNC6H5 in CH2C12. The stability of thiophosphoserine peptides to alkylation side 
reactions upon exposure to typical acid cleavage conditions was also studied. When the 
phosphate protecting group is r-butyl, standard TFA/scavenger cocktails {e.g., reagents 
K, R) are sufficient to prevent S-alkylation. When the phosphate is protected by benzyl 
groups, then thiophenol, ethanedithiol, and (CH3)3SiBr are efficient scavengers that, used 
together, allow for optimal results. Overall purities directly after cleavage were -90% by 
analytical HPLC, and products were characterized further by mass spectra. 

Future work will explore applications of Dts-amines to the preparation of 
phosphorothioate-containing RNA oligonucleotides and thiophosphonopeptide mimics 
prepared with phosphorus (III) derivatives. 
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Introduction 

Ongoing studies from our laboratories have shown potential advantages of polyethylene 
glycol-polystyrene (PEG-PS) graft supports for both Fmoc/d3u- and Boc/Bzl-based 
methods, as well as for the construction of peptide nucleic acids (PNA's) [1-3]. PEG-PS 
resins have been shown to be superior to conventional PS supports for the assembly of 
hydrophobic peptides, and for peptides that contain post-translational modifications. 
Furthermore, they are suitable for carrying out allyl-based chemistry and resin-bound 
cyclization to provide homodetic (lactam) and heterodetic (disulfide) cyclic peptides 
[4, 5]. Previous work was carried out with resin loadings in the range of 0.15-0.25 
mmol/g. This communication focuses on the further extension of beneficial aspects of 
the PEG-PS concept, as it is applied for resins with higher loadings, i.e., 0.3-0.5 mmol/g. 

Results and Discussion 

PEG derivatives of various molecular weight were covalently grafted onto PS resins. 
Resins prepared included MBHA-Nle-PEG2001-NH2, 0.18 mmol/g; MBHA-Orn 
(NH2)-PEG2001-NH2, 0.44 mmol/g; MBHA-Nle-PEG900-NH2, 0.25 mmol/g; MBHA-
Lys-(PEG900-NH2)2, 0.29 mmol/g; MBHA-Lys-(PEG600-NH2)2, 0.53 mmol/g; MBHA-
{60% Orn(NH2)-PEG2001-NH2}{40% Nle-PEG2001-NH2}, 0.39 mmol/g; and MBHA-
PEG2001-Lys(NH2)-pAla-NH2, 0.41 mmol/g. In order to evaluate the suitability of 
these resins, several syntheses of the challenging model peptide H-(Ala)10-Val-NH2 were 
carried out. A PAL linker was used and Fmoc-amino acids were added by protocols of 
30 min HATU-mediated couplings and 6 min Fmoc removal (piperidine-DMF, 1:4) on a 
PerSeptive Biosearch 9050Plus continuous-flow peptide synthesizer. The purities of the 
peptides were determined by reversed-phase HPLC, after cleavage of the peptides from 
the resins with TFA-H20 (9:1, 2 h). 

An optimal resin in regard to loading, performance, and reproducible structure is 
formulated on 1% cross-linked PS beads that contain ~ 60-80% ornithine as an "internal 
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reference" followed by attachment of PEG with a molecular weight of 2001 (Figure 1). 
The loading of this resin was 0.35-0.5 mmol/g, which is compatible for batch and 
multiple peptide synthesis, as well as for the construction of peptide and small organic 
molecule libraries. The PEG content was established readily by elemental analysis, IR, 
and gel-phase 13C NMR. Scanning electron-microscopic examination of these materials 
revealed uniform beads. The "high load" PEG-PS resins exhibited excellent swelling 
properties, comparable to conventional PEG-PS, in a variety of solvents such as H20 < 
EtOAc, EtOH < CH3CN < MeOH < THF < DMF < CH2C12 (listed in order of increasing 
swelling). Control experiments indicated that the peptides elongated from either of the 
ornithine amino groups were of equal quality. 

Fmoc-PAL-PEG2001 N H—CH—C 

(CH 2 ) 3 

NH 

PEG2 0 0 1 -PAL-Fmoc 

Fmoc-PAL 2 0 - 4 0 % 

60-80% 

Figure 1. Optimal formulation of "High Load" PEG-PS. 

In addition to the H-(Ala)10-Val-NH2 model previously described, further continuous-
flow peptide syntheses conducted on the optimal "high load" PEG-PS gave excellent 
results. Reasonably pure peptides of 20-30 residues were assembled with negligible 
back-pressure. Tachykinin antagonist peptide MEN 10355, cyc/o(Tyr-Asp-Arg-DTrp-
DTrp-Val-DTrp) was prepared in high yield and purity via an automated protocol that 
utilizes allyl removal of side-chain protecting groups with Pd(PPh3)4 (3 equiv.) in 
CHCl3/HOAc/NMM (37:2:1) followed by PyAOP-DIEA resin-bound cyclization [6]. 
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Introduction 

Mouse macrophage migration inhibitory factor (mMIF), a 12.5 kDa protein with 115 
amino acid residues, is a pituitary-derived multifunctional cytokine with the following 
primary sequence: MPMFIVNTNVPRASVPEGFLSELTQQLAQATGKPAQYIAVHV 
VPDQLMTFSGTNDPCALCSLHSIGKIGGAQNRNYSKLLCGLLSDRLHISPDRVYIN 
YYDMNAANVGWNGSTFA. To study the structure-activity relationships, a total 
synthesis of mMIF is performed "batch-wise" using the Fmoc convergent solid phase 
peptide synthesis strategy (CSPPS) via protected but C-terminal free fragment con
densations on a 2-chlorotrityl resin [1]. 

Results and Discussion 

The protected peptide fragments were synthezised automatically stepwise on a 2-
chlorotrityl resin using Fmoc deprotection ( 2 x 5 and 1 x 20min, 25%Pip/DMF) and 
TBTU coupling procedures (Fmoc-AA-OH (3equiv, concentration: 0.2mmol/ml DMF), 
TBTU(3equiv.), HOBt(lequiv.), DIEA(6equiv.), 35 min, RT). For synthesis control, 
Kaiser tests and TLCs were performed after each deprotection and each coupling step. 

During the synthesis of the protected peptide fragment mMIF (70-82), Fmoc-
Gly70-Ala-Gln(Trt)-Asn(Trt)-Arg(Pmc)-Asn(Trt)-Tyr(tBu)-Ser(tBu)-Lys(Boc)-Leu-Leu-
Cys(Trt)-Gly82-OH, a byproduct, first detected by TLC (AAR^O.02, CHCl3/MeOH/HAc= 
7/2/0,5), was formed after incorporating Fmoc-Lys(Boc)-OH. RP-HPLC work up of the 
crude resin-cleaved (cleavage: CH2Cl2/TFE/HAc=7/2/l, lh), but otherwise fully 
protected, as well as deprotected peptides (deprotection: TFA/TA/EDT/Phenol/ 
H20=8.4/0.7/0.5/0.2/0.2, 3h), showed identical masses for the two main fractions 
according to FAB-MS and IS-MS, respectively. Further studies on mMIF (78-82) and 
mMIF (77-82) peptides (Table 1) indicate that a high degree of racemization occurs 
during the Fmoc-Cys(Trt)-OH/TBTU/HOBt/DIEA coupling step, which is responsible 
for the observed side product formed during the mMIF (70-82) synthesis [2], Numerous 
variations of the experimental conditions of the base-catalyzed "in situ" couplings could 
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not prevent the epimerization (7-13% D-epimer, RP-HPLC, ASA). Similar degrees of 
racemization were observed, using Fmoc-D-Cys(Trt)-OH for acylation in the SPPS of the 
penta- and hexapeptides mMIF (78-82) and mMIF (77-82), enabling the structural proof 
of the related diastereomers by comparative RP-HPLC and ASA (Table 1). 

Applying the neutral preformed symmetrical anhydride (PSA) method for the Cys 
coupling step reduced the racemization to negligible amounts at the stage of the penta-
and hexapeptides (<1%, RP-HPLC). Therefore, the peptide fragment mMIF (70-82) 
could be synthesized in high purity. 

Table 1. D-amino acid analysis of mMIF(78-82) and mMIF(77-82) peptides*. 

Peptide 

H-KLLCG-OHb 

H-KLLCG-OH0 

H-SKLLCG-OHb 

H-SKLLCG-OH0 

H-KLL(D-C)G-OHb 

H-KLL(D-C)G-OHc 

H-SKLL(D-C)G-OHb 

H-SKLL(D-C)G-OHc 

%D-Cys 

10.30 
0.78 

11.71 
1.20 

80.50 
98.30 
73.70 
98.80 

%D-Leu 

1.50 
0.79 
1.60 
0.59 
0.82 
0.59 
1.12 
0.63 

%D-Lys 

0.14 
<0.20 

0.21 
<0.20 

1.60 
0.16 

<0.50 
0.34 

%D-Ser 

. 

-
1.70 
1.80 
-
-

1.80 
0.55 

"Determination by GC-MS; conditions: hydrolyses: 6N D20/DC1 + 1%TGA, 110°C, 24h, vacuum; 
derivatization: esterification: CH3OD, 10%DC1, 110°C, 15min; acylation: TFAA, 110°C, lOmin; 
GC-column: Chirasil-Val film (20cm x 0.3mm silica capillary), T= 60°C/37 3,5'/185°C, detection: 
MS-SIM. bCrude deprotected peptides. cRP-HPLC-purified peptides. 

Epimerization, as an undesired side reaction during DIEA-catalyzed acylation of 
Fmoc-Cys(Trt)-OH was also observed during other syntheses of Cys-mMIF fragments, 
indicating that this phenomenon is not caused by the sequence position of Cys. It should 
be independant of the thiol protecting group [2]. Computer calculation studies (Fa. 
Schmelz, EDV-Dienstleistungen, Tubingen, Germany) verified the energetic difference 
of the described peptide diastereomers of mMIF, giving an example for their different 
chromatographic behavior. Therefore, in general, racemization is a serious problem 
when Cys peptides are synthesized via conventional Fmoc-SPPS, especially if disulfide 
bonds have to be formed. 
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Introduction 

The activity of proteolytic enzymes can sensitively be monitored with peptide-substrates 
containing a fluorescence donor and acceptor moiety on either side of the cleavage site. 
The substrates are non-fluorescent (fluorogenic) because of quenching, i.e. the acceptor 
quenches the fluorescence of the donor due to the fact that the moieties are close in 
space. Upon cleavage, the fluorescence of the donor becomes detectable as the acceptor 
is no longer close in space to quench the fluorescence signal. For this application, the 
Dabcyl-Edans couple [1] seems to be one of the most preferable couples because: 

a. There is good spectral overlap between the Edans emission spectrum and the 
Dabcyl absorption spectrum. 

b. The fluorescence efficiency of the Edans moiety is high. 
c. The excitation and emission wavelengths involved are so high that interference 

by amino acid side chains does not play a role and auto-fluorescence is reduced. 

Here we report the solid phase synthesis and some properties of peptide substrates which 
contain an Edans moiety attached to a Glu side chain and a Dabcyl group on the 
N-terminus. 

Results and Discussion 

Peptides were synthesized on 10 pmol scale by solid phase strategies on an automated 
multiple peptide synthesizer (Abimed AMS 422) using tentagel S AC (loading 0.2 
pequiv., particle size 90 pm, Rapp), essentially as described before [2]. Repetitive 
couplings were performed by adding a mixture of 90 pi 0.67 M PyBOP in NMP, 20 pi 
NMM in NMP 2/1 (v/v), and 100 pi of an 0.60 M solution of the appropriate Fmoc 
amino acid [3] in NMP (6-fold excess) to each reaction vessel. Coupling time was 45 
min. Coupling of Fmoc-Glu(Edans)-OH was performed with a 10-fold excess for 3 hr. 
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Coupling of the Dabcyl moiety was done with a suspension of 10 equiv. p-{p-
dimethylaminophenylazo)benzoic acid (Sigma), 10 equiv. PyBop and 20 equiv. NMM in 
250 pi NMP for 3 hr. Cleavage of the peptide from the resin and removal of the side 
chain protecting groups was performed by adding 200 pi TFA/water 19/1 (v/v) to the 
reaction vessel 6 times at 5 min intervals. Three hours after the first TFA addition, the 
peptides were precipitated from the combined filtrates by addition of 10 ml ether/ 
pentane 1/1 (v/v) and cooling to -20°C, after which the peptides were isolated by 
centrifugation (-20°C, 2,500g, 10 min). The peptides were analyzed by RP-HPLC 
(water/CH3CN/TFA) and by MALDI-TOF MS on a Lasermat (Finnigan MAT). As a 
typical example, we show here the data of Dabcyl-Gaba-Pro-Gln-Gly-Ile-Ala-Gly-
Glu(Edans)-Arg-Glu-Glu-OH (Figure 1). 

AU 

wA^ww WVU^ViH^ 
1500 1600 1700 1800 1900 2000 2100 

m/z 

Figure 1. RP-HPLC of crude Dabcyl-Gaba-Pro-Gln-Gly-Ile-Ala-Gly-Glu(Edans)-Arg-Glu-
Glu-OH. MALDI-TOF MS-spectrum (Lasermat, Finnigan MAT) of the purified product (MH*ccdc= 
1669.8) . The signal at m/z = 1897.1 corresponds to the internal reference peptide. The signal at 
MH* = 1537.8 most likely represents the p-aminobenzoyl derivative of the peptide, which is 
formed by laser ionization induced cleavage of the azo-bond in the Dabcyl moiety. 

Fmoc-Glu(Edans)-OH was synthesized as follows: To a stirred solution of 
Fmoc-Glu(OH)-OtBu (1.70 g, 4 mmol, Saxon), Edans (1.07 g, 4 mmol, Sigma) and BOP 
(1.77 g, 4 mmol, Richelieu) in 10 ml DMF was added at room temperature DIPEA (2 ml, 
12 mmol, distilled from CaH2). After 2 hr, the reaction was complete (TLC, 
toluene/HOAc, 9/1, v/v). To the reaction mixture, 50 ml CH2C12 and 50 ml 0.5 M 
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KHS04 was added. The organic layer was washed with 0.1 M KHSO„ and water, dried 
over MgS04, and evaporated in vacuo to yield 2.8 g of an oil. To remove the r-butyl 
group, 10 ml glacial acid and 1 ml 36% hydrochloric acid were added. After 1 hr. of 
stirring, the solvents were evaporated in vacuo. Traces of acetic acid were removed by 
co-evaporation with DMF (2 x 10 ml). The product was purified, in 45% yield, by 
RP-HPLC on a Vydac (protein), Cl8 column (water/CH3CN). 13C NMR (DMSO-d6): 
823.2 (CH2), 26.7 (CH2), 44.2 (CH2), 46.6 (CH-Fmoc), 53.4 (CJ, 65.7 (CH2), 67.4 
(CH,), 120.1, 122.6, 122.8, 124.4, 125.2, 125.9, 127.0, 127.6, 128.6 (9 x CH-arom), 
123.8, 130.1, 140.6, 143.7, 144.2 (5 x q-arom), 156.1, 171.9, 173.6 (3 x C=0). 

Various Dabcyl-Edans peptides were investigated for their quenching properties. 
Fluorogenic substrates (1.8 pM) were incubated with MMP-9 (5 nM) [5, 6] in 500 pi 
incubation buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 5 mM CaCl2, 1 pM ZnCl2, 0.01% 
Brij-35) and, at four time points per incubation, the percentage of substrate hydrolyzed 
(x, determined by HPLC) and the corresponding fluorescence (Flu(t), Kontron SFM-25) 
were measured. The percentage quenching was calculated for each time point from the 
equation: 

[100/x].[Flu(t)-Flu(0)] 
Quenching = . 100% 

[100/x]. [Flu(t)] 

The quenching (Q in %) is presented as means of eight observations from two 
incubations. The number of atoms between aromatic rings of Dabcyl and Edans in the 
peptides are indicated in brackets below. Peptide 1(33), Q = 98.2 ± 0.18; peptide 2(33), 
Q = 97.9 ± 0.19; peptide 3(27), Q = 98.7 ± 0.15; peptide 4(27), Q = 98.5 ± 0.07; peptide 
5(27), Q = 99.0 ±0.10. 

In conclusion, we have shown that fluorogenic peptides containing a Dabcyl and an 
Edans moiety can be synthesized by solid phase strategies. For complete incorporation 
of Fmoc-Glu(Edans)-OH and Dabcyl-OH, extended coupling times can best be applied. 
The purity of the crude peptide material is satisfactory. The fluorescence quenching of 
the substrates can be high, even in peptides in which the labels are relatively far apart 
(about 30 atoms), which makes the peptides very suitable as substrates in systems for 
sensitive detection of enzyme activity. 
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Introduction 

Solid phase peptide synthesis is carried out normally in the C-to-N direction. Only a few 
attempts have been made to couple in the inverse direction in solid phase synthesis [1-6]. 
We have reported recently on a method of synthesizing peptides in the inverse direction 
using amino acid-9-fluorenylmethylester HOBt-salts or hydrochlorides [7]. C-terminally 
modified [Leu5]enkephalins were synthesized by the solid phase technique using an ABI 
431 A synthesizer, the C-terminus being deprotected with 20% piperidine in DMF. The 
synthesis was performed on a TentaGel-resin bearing the trityl-linker, />-(diphenyl-
hydroxymethyl) benzoic acid [7]. Few reports have been published as to the extent of 
racemization and side reactions occuring during N-to-C chain elongation. Two methods 
for the activation of the C-terminus were investigated; HOBt/DIC and TBTU/NMM. 
For the exact determination of racemization values, the peptides were hydrolyzed in a 
mixture of D20 and DC1 and, after derivatization, analysed on a Chirasil-Val capillary by 
GCMS. 

Results and Discussion 

Before synthesizing the [Leu5]enkephalins, the kinetics of the coupling reactions were 
checked. Coupling with TBTU/NMM was far more rapid, requiring 1 hour for complete 
reaction, as compared to 18-20 hours with HOBt/DIC. The [Leu5]enkephalin derivatives 
(OH, NFL,, OMe) thus synthesized were cleaved from the linker with 20% TFA/10% 
MeOH/70% DCM. 

According to the mass spectra, the crude products synthesized by the TBTU/ NMM 
method were remarkably pure [7], whereas the peptides synthesized according to the 
HOBt/DIC method were contaminated with several byproducts. Cyclic peptides were 
detected. These could result from the attack of a secondary nitrogen at the carbonyl C 
carrying OBt-ester to form a cyclic amide or from the attack of the OBt-ester by a 
negatively polarized carbonyl oxygen, analogous to oxazolone formation. In addition, a 
diketopiperazine formed during cleavage of the peptide from the linker and glycine lost 
its fluorenylmethylester moiety during the long coupling period resulting in multiple 
couplings of Gly. The mass spectrum of [Leu5]enkephalin amide shows the presence of 
a piperidine amide arising from incomplete neutralization after ester cleavage. 
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Table 1. Percentage of D-enantiomers determined by GC-MS, the values for Tyr and Phe were 
constant irrespective of the C-terminally modified peptide. 

Tyr Phe Leu-OH Leu-OMe Leu-NH 

Amino acid derivative <0.1 0.94 0.2 0.14 0.11 
HOBt/DIC 0.5 8.18 1.13 0.85 1.34 
TBTU/NMM 0.08 39.9 0.25 0.2 0.13 

The HPLC's of the [Leus]enkephalins synthesized according to the HOBt/DIC 
method display several byproducts. This is in agreement with the results from mass 
spectrometry. The HPLCs of the 5-mers synthesized according to the TBTU/NMM 
method show two peaks with similar area, suggesting the presence of diastereomers. The 
exact rate of racemization of the amino acids was checked by chiral gas chromatography. 

It is evident that Phe is the only amino acid with an elevated racemization. The fact 
that the last amino acid of H-Tyr(DCB)-Gly-Gly-Phe-Leu-OH has not racemized proves 
that racemization occurs during the activation step. The activated carbonyl C atom is 
attacked by an oxygen of the former amino acid in the chain to form a ring system 
(oxazolone). From this oxazolone, a hydrogen could be abstracted, thus forming a 
delocalized system. In the presence of a base (NMM), racemization occurs very rapidly. 
The ring systems could be looked upon as an activated C-terminus analogous to an 
OBt-ester. The reason for the low racemization value of Tyr when using a trityl-type 
linker is its inability to form a ring system because of steric hindrance. 

It has been shown that peptides can be prepared in the inverse direction using two 
different methods, but that the results are, as yet, unsatisfactory. The HOBt/DIC method 
led to considerable amounts of by-products as a consequence of the long coupling times 
required. The TBTU/NMM method gave apparently pure products according to the 
mass spectra, but the HPLCs, and particularly racemization tests, indicated extensive 
racemization. It remains to be seen whether new coupling reagents, which are under 
intensive research at present, can offer a better prospect for the inverse synthesis of 
peptides. 
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Introduction 

The increased interest in the application of human glucagon for the treatment of diabetes 
mellitus prompted us to develop a solid phase synthesis strategy for the rapid and 
efficient production of large amounts of pharmaceutical grade glucagon and its analogs. 

The synthesis of the 29-residue peptide has been reported as quite challenging 
because of its unusual structure [1]. The first successful synthesis used classical 
fragment condensation [2], while the second synthesis, accomplished by the Protein 
Synthesis Group in Shanghai [3], proceeded through a solid phase fragment strategy. 
The first stepwise solid phase synthesis was reported by Merrifield's group in 
1977 [4 - 6] using Bpoc- and Boc-groups as N-protecting groups. 

H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-
Ser-Arg-Arg-Ala-Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-OH 

Figure 1. Sequence of human glucagon. 

Results and Discussion 

Initial experiments using our standard protocols did not produce the peptide in high 
yields. This lead us to undertake a thorough investigation of its solid phase synthesis. 
Glucagon was synthesized by the Fmoc strategy on Wang resin, Boc strategy on 
Merrifield and Pam resin, and with a combination of Fmoc and Boc protection on Pam 
resin. In addition, alternative coupling strategies, reagents and solvent systems were 
employed, either at the expected difficult couplings or throughout the synthesis. The 
highest weight gain of 90% was obtained with Fmoc strategy on Wang resin using 1% 
Tween 20 in DMF/DCM/NMP (1/1/1) [7]. All other synthetic routes gave only 55 to 
65% weight gain. 

As with most synthetic endeavors in peptide chemistry, construction of the molecule 
proved not to be the most time-consuming task. Rather it was the purification and 
isolation of the desired material which took most of the time and effort. A standard 
purification scheme using reversed phase HPLC on C18 columns gave poor peptide 
recoveries and was challenged by the required removal of closely related compounds. 
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Initially, pure material was obtained by ion exchange chromatography followed by 
purification on reversed phase HPLC in two different buffer systems. This elaborate 
process did not improve the recoveries of glucagon compared to that of a single pass with 
the standard system - water/acetonitrile with 0.1% TFA. After extensive optimization of 
this system with regard to gradient and loading of crude material, the recovery of pure 
glucagon has been increased from 0.4 to 25%. 

Progress to date has resulted in substantial improvements in both the synthesis and 
purification of human glucagon. However, at this point in time, due to the stringent 
requirements for production of pharmaceutical grade peptides, several aspects of the 
work remain under investigation in order to further optimize the overall synthesis yield. 
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Introduction 

Automation has had a profound impact on the construction of complex biomolecules 
such as peptides and oligonucleotides, but has been only sporadically employed in more 
general synthetic applications. However, since it has been estimated that only one out of 
every 10,000 new chemical entities will eventually become a viable commercial product, 
it takes an extended period of time for even the most talented team of chemists to 
manufacture sufficient molecules to discover a single new bioactive substance. Recent 
emphasis has therefore been placed on the generation of sufficient diversity, either 
naturally or synthetically, to aid in the search for new bioactive agents. This has created 
a requirement for the ability to rapidly and efficiently generate a range of chemical 
structures. Further, once lead compounds are identified, optimization of the molecular 
architecture to maximize the desired mode of biological action must be accomplished in 
a reasonable time period. Likewise, processes for the production of these materials need 
to be improved and optimized. In an effort to address this myriad of needs, initial 
applications in the above areas are presented using newly developed microprocessor-
controlled instrumentation, the ACT Model 496 MOS. The synthesizer allows for 
accurate control of reaction temperature over a wide range, as well as maintenance of 
both reactions and reagents under an inert atmosphere. The versatility provided by the 
Model 496 permits synthetic investigations directed at any type of molecule. Examples 
as applied to peptides and fullerene derivatives are described herein [1]. 

Results and Discussion 

The ACT Model 496 MOS features a Teflon® reaction block equipped with electrical 
heating and nitrogen gas cooling systems, capable of attaining -70° to 150°C 
temperatures. The block used consisted of 96 reaction vessels, each with 2.75 ml 
capacity and a 1 p porosity Teflon® frit. All operations are conducted under an inert 
atmosphere. Reagents are transferred utilizing dual robotic arms with user-controlled 
selection from four system fluids. The instrument can divert spent reagents and solutions 
to different waste vessels when safety and chemical reactivity considerations warrant. 
The entire range of functions, including reagent dispensing, mixing, emptying, washing, 
temperature control and the cleavage of resin products, is controlled through 
Windows®-based software and maintained in user-specified ChemFiles. 
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Recent reports have described the positive effects heating can have on peptide 
synthesis by improving the efficiency and decreasing the coupling time required for 
addition of each residue, while also attaining high yield and purity [2, 3]. In order to 
investigate further this approach and optimize reaction conditions for a particular target, 
the preparation of LH-RH at elevated temperatures in different solvents has been studied. 
The following syntheses were conducted starting with 100 mg Rink resin (0.56 
mequiv./g) and all manipulations of deprotection, coupling and washing were performed 
at the indicated temperatures. 

A: 25% DMSO/toluene as coupling solvent [2], 40°C temperature, 10 min coupling 
with two-fold excess of amino acid 

B: DMF as coupling solvent, 40°C temperature, 10 min coupling with three-fold 
excess of amino acid 

C: DMF as coupling solvent, 50°C temperature, 10 min coupling with two-fold 
excess of amino acid 

To analyze the results of these experiments, the resins were identically cleaved with 
a cocktail of TFA/anisole/ethyl methyl sulfide/ethane dithiol (93/3/3/1) for 3 hr. Exami
nation by HPLC analysis of the crude peptide obtained produced the following general 
conclusions. Long coupling times and large excesses of amino acids are not required 
when utilizing elevated temperatures. Little difference between the solvent systems was 
observed. Likewise, the chemistry performed at 40°C and 50°C produced similar results. 
Indeed, syntheses of other test sequences conducted concurrently in these laboratories at 
70°C have resulted in lower relative yields of target peptides than those reported in this 
study. Therefore, the more traditional DMF solvent system at the more moderate 
40-50°C temperature appears sufficient to provide benefits to the chemist in shortened 
reaction times and lower reagent consumption, while producing high purity and yields of 
desired peptides. 

In contrast to peptide synthesis, the conduct of organic chemistry is performed with a 
much wider variety of reagents and reaction conditions, essentially all of which are 
compatible with the automated synthesizer technology. To illustrate this, a series of 
reactions based on the chemistry of C60 (buckminsterfullerene) have been performed [4]. 
Many derivatives of this fascinating structure possess interesting physical and chemical 
properties. Among these are adducts formed by the reaction of C60 with azomethine 
ylides from the condensation of carbonyl compounds and amines [5, 6]. These have 
been studied for optical applications, molecular electronics and the production of 
superconducting Langmuir-Blodgett thin films. The construction of these and other 
C60analogs is complicated, however, by the generally low solubility of the fullerene itself, 
the appearance of multiple addition products and the difficulty in removing unreacted 
C60. In order to test the applicability of transferring this chemistry to the solid-phase to 
circumvent these problems and provide additional compounds for study, the reaction of 
an extensive series of carbonyl compounds with C60 and the amino acid substituted BHA 
resin was performed as shown in Scheme 1. It should be noted that, in contrast to the 
solution chemistry, toluene was a less effective solvent than 1,2-dichlorobenzene. 
Automation admirably assisted in determination of the scope of the chemistry, as some of 
the reactants did not produce the desired target compounds as determined by MS, and 
demonstrated how rapidly and easily a series of new molecular entities for additional 
study can be produced, since the synthetic process for two dozen substrates was 
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Scheme 1. Reaction of an extensive series of carbonyl compounds with Cw and amino acid 
substituted BHA resin. 

completed in less than one day. Similar execution manually required about one week of 
time, although the resins prepared behaved, as would be expected, identically. Further 
characterization of the reaction products and an investigation of the properties of these 
materials are still under way. 

In addition, Diels-Alder reactions of polymer-bound C60 were performed with the 
results of the automated chemistry consistent with those executed manually [7]. 
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Introduction 

We are currently working on strategies of amide ligation [1-4] for large to medium size 
peptide fragments that require some solid phase synthesis to be done on a phenyl ester 
type resin, 1. For solid phase synthesis on this phenyl ester resin, we have chosen to 
adopt a strategy using Na-Bpoc amino acids and Na-Ddz amino acids. The repetitive 
removal of the Bpoc group is compatible with a phenyl ester linkage to the solid phase 
resin, and the strategy also allows for mild acidolytic deprotection conditions for the 
removal of the ?-butyl type side chain protecting groups at the end of the synthesis. 

The N"-Bpoc group was introduced for peptide synthesis in 1968 by Sieber and 
Iselin [5]. Bpoc amino acids were used extensively in the landmark solution phase 
synthesis of insulin by the Ciba-Geigy group [6] and in the attempted solution phase 
synthesis of lysozyme by Kenner et al. [7]. Although solid phase syntheses using 
Bpoc-amino acids have been reported [8, 9], the strategy has not gained widespread use, 
in part because compatible combinations of side-chain protection have not been 
demonstrated convincingly. Recently, there has been renewed interest in solid phase 
peptide synthesis with Bpoc amino acids. Kemp and coworkers have reported several 
syntheses of peptides 25- [1], 29- [3], 34- [10], and 39- [1] amino acid residues in length, 
as well as reporting practical preparation and deblocking conditions for Bpoc amino 
acids [11]. Fotouhi and Kemp have addressed the specific problems related to the 
side-chain protection of Na-Bpoc-tyrosine derivatives [12]. 

Results and Discussion 

We report recent developments in the solid phase synthesis of peptides with Na-Bpoc and 
Na-Ddz protected amino acid derivatives. Our work has firstly consisted of the 
preparation of pentafluorophenyl esters of both Na-Bpoc and Na-Ddz protected amino 
acids. These Pfp esters have been found to be stable, crystalline compounds and 
effective acylating agents, thus solving the problem of long-term storage and activation 
problems for Bpoc and Ddz derivatives. Secondly, for Asn, Gln, Lys, Tyr, and His, we 
have synthesized and characterized new Na-Bpoc and Na-Ddz derivatives [pentafluoro
phenyl esters of Gln(Trt), Asn(Trt), Lys(Alloc), Lys(Tfa), Lys(Adoc), Tyr(Allyl), 
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His(Trt), His(Bum), His(Pmc)], bearing side-chain protecting groups that are compatible 
with repetitive Bpoc or Ddz removal and, in the case of Asn and Gln, that are more 
soluble in coupling reaction mixtures than the derivatives without side-chain protection. 
Thirdly, these side-chain protected Na-Bpoc and Na-Ddz protected amino acid penta
fluorophenyl esters have been used in conjunction with appropriately functionalized 
polystyrene resins for solid phase peptide synthesis. 
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Introduction 

Biphenylalanine (Bip) is a component present in several biologically active peptides such 
as angiotensin II antagonists [1] and the antibiotic WS-43708A [2]. It has also found 
utility in SAR studies as a substitute for hydrophobic amino acid subunits in peptides 
such as LH-RH [3]. The synthesis of this unusual amino acid has been reported in the 
literature using the Pd catalyzed coupling of boronic acids to tyrosine triflate, Tyr(Tf), 
[4]. It was our wish to extend this synthetic methodology to the solid phase, whereby the 
Advanced ChemTech Model 496 Multiple Organic Synthesizer could then be employed 
to allow the concurrent synthesis of a multitude of Bip analogs. Since the ACT Model 
496 MOS allows the simultaneous synthesis of up to 96 different moieties, while 
incorporating the unique advantage of temperature control under an inert atmosphere, 
both reaction condition optimization as well as reaction scope can be realized with 
unprecedented efficiency. 

Since the literature precedent suggested that heterogeneous conditions were optimal 
for the Pd catalyzed coupling reaction, it was expected that new reaction conditions were 
necessary for the successful adaptation of the chemistry to the solid phase. As a result, 
the study was carried out in two steps. The first was to identify the optimal base/solvent 
combination and whether other activated Phe derivatives, such as 4-iodo-phenylalanine, 
Phe(4-I), could be used. The second was to incorporate a host of differentially 
substituted aryl boronic acids to establish the scope of the reaction. Also included in the 
second phase was a survey of the efficacy of various catalysts. 

Results and Discussion 

Step 1. The reported solution phase conditions dictated that K2C03 in toluene was 
optimal in conversion of Tyr(Tf) to Bip. It was recognized immediately that these 
conditions would be unlikely to work on the solid phase since this chemistry is 
essentially heterogeneous itself. As a result, no means of direct proton transfer is 
possible unless the base is soluble in the reaction medium. To address this concern, as 
well as determine new optimized reaction conditions, we devised an automated 
experiment which would test five solvents: DMF, toluene, DMSO, 1,2-dichlorobenzene 
(DCB), and DMA, against three soluble bases: Et,N, DMAP, and DIEA, along with 
solution phase optimal YL-COr We also explored Phe(4-I) as a Tyr(Tf) alternative. 
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The solid support chosen was HMBA-MBHA resin since the basic conditions 
needed for cleavage would not compromise the desired Boc protecting group. Tyrosine 
triflate was generated directly on the instrument using HMBA-MBHA resin loaded with 
Boc tyrosine under the established solution phase reaction conditions (Tf,0/Py/DCM/ 
0°C, lh). Boc-Phe(4-I)-HMBA-MBHA resin was prepared and used as the alternative 
activated Phe analog. Two separate reaction vessels containing the Boc-Tyr and 
Boc-Phe(4-I) resins were treated only with the appropriate solvents, serving to verify that 
decomposition did not occur and to determine cleavage yield. A total of 42 separate 
experiments were performed simultaneously. The scheme below illustrates the sequence 
of reactions. 

& MBHA-HMBA O 

NHBoc 
/=\ 1) TtgO, Py If X=QH 

" x 2) solvent, base, Pd(PPh3)4, ^ // 
PhB(OH)2, 90 °C, 4h 

(p\- MBHA-HMBA 0' 

X = OTf or I 

NHBoc o 
The crucial step in the analysis of the reaction was cleavage of the product from the 

MBHA-HMBA resin. It was found that freshly prepared NaOCEL, (prepared from 
sodium metal and methanol) followed by a small amount of water cleanly provided the 
free acid in 89% of theory. All cleavages were performed directly on the instrument and 
collected simultaneously using a separate block. Analysis was performed by HPLC using 
an autoinjector. Suprisingly, in no instance was the conversion of Tyr(Tf) to Bip 
observed. However, the Phe(4-I) was converted to some degree in every case. Table 1 
illustrates the experimental results for the Boc-Phe(4-I) for each base and solvent 
employed. It was found that the best solvent/base combination was DMF and either Et,N 
or DIEA. The control reactions indicated that no decomposition occurred and that the 
cleaved amino acid derivative could be isolated in the same purity as when loaded. 

Table 1. Effect of base and solvent. 

EtN 
DMAP 

DIEA 

K2C03 

DMF 

54% 

42% 

53% 

trace 

Toluene 

<10% 

14% 

49% 

trace 

DMSO 

16% 

14% 

43% 

trace 

DCB 

16% 

11% 

46% 

trace 

DMA 

15% 

14% 

44% 

trace 

Step 2. To determine the scope of the reaction, twelve different boronic acids were 
employed. In addition, six different catalysts were compared under the optimized 
reaction conditions to provide insight on the necessary nature of the catalyst. Listed in 
the following tables are the reagents and catalysts used in the study. The reactions were 
carried out under the optimized conditions from the previous study. However, the 
number of equivalents of base was increased from 5 to 10, the number of equivalents of 
catalyst increased from 0.05 to 0.1, and the number of equivalents of ArB(OH)2 

increased from 3 to 5. The tables indicate the approximate conversion yield based on 
HPLC analysis of the crude reaction mixtures. All measurements were made by 
monitoring at 254 nm and all yields are based on direct integration with respect to 
starting material. No detector response corrections were made. 
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Table 2. Aryl boronic acid substituent effect. 

Q^ NHBoc DMF, Et3N, Pd(PPh3)4, ° x ^NHBoc 

©-MBHA-HMBA O ^ V ^ ^ , A.B(OH)» 90-C, * ( © M B H A - H M B A O ^ ^ ^ A r 

Entry Substrate Yield" 

1 PhB(OH)2 72% 

2 2-Thiophene-B(OH)2 65% 

3 3-Thiophene-B(OH)2 79% 

4 3-NH2-PhB(OH)2 76% 

5 4-CF3-PhB(OH)2 36% 

6 3-CF3-PhB(OH)2 60% 

7 4-CHO-PhB(OH)2 25% 

8 4-Cl-PhB(OH)2 59% 

9 4-CH3-PhB(OH)2 67% 

10 4-F-PhB(OH)2 69% 

11 l-NpB(OH)2 82% 

L2 2-CHO-PhB(OH)2 14% 

Table 3. Catalyst effect. 

Entry Catalyst Yield3 

13 

14 

15 

16 

17 

18 

Pd(PPh3)2(OAc)2 

Pd(PPh3)2Cl2 

Rh(PPh3)3Cl 

Pd(OAc)2 

Pd2(PhCH=CHCOCH=CHPh3)CHCl3 

Pd(PPh3)4 

25% 

18% 

18% 

24% 

44% 

72% 

a Based on HPLC analysis with respect to unreacted starting material. 

In conclusion, we have demonstrated that the Pd catalyzed coupling of activated Phe 
derivatives can be accomplished on solid phase and that the optimum reaction conditions 
can vary dramatically from solution to solid phase. We have also shown how 
simultaneous, systematic, reaction condition optimization using automated synthesis can 
save weeks of experimentation in the preparation of interesting new organic molecules. 
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Introduction 

We have previously synthesized several variable region antibody fragments (68 and 63 
amino acids) by solid phase peptide synthesis [1]. C-4 and C-18 RP HPLC analysis 
under standard conditions of acetonitrile/TFA/water and isopropanol/TFA/water gave 
poor resolution of these peptides, probably due to aggregation and irreversible binding to 
the chromatographic support. It is also likely that the synthetic peptides fold in some 
fashion, and thus several peaks could result from a single, pure sample [2]. 

Capillary electrophoresis is a relatively new technique for the separation of peptides 
[3], and it builds upon the principles of both traditional electrophoretic techniques and 
HPLC separation strategies. Current reviews show it to provide an extremely promising 
orthogonal separation method [4, 5]. We compared changes in pH, wall coating, and 
micellar and non-micellar surfactant buffer additives in the CE separation of synthetic 
antibody fragments VH(l-68) and VL(l-63). 

Results and Discussion 

CE separations were run at high voltage (30 kV, 72 cm 50 pm i.d.capillary) on several 
different instruments. Buffer exchange was easily accomplished by vacuum introduction 
of the buffer into the capillary, and separate capillaries were used for free-solution, 
coated, and surfactant based separations. Capillaries were conditioned with 1 N NaOH 
for one hour before washing with the separation buffer. The lyophilized peptide (10% 
HOAc) was dissolved in either water, or a 1:10 dilution of buffer (1 mg/ml) and 7 nl of a 
5-10 pi sample (approx. 1 pmole) was injected by vacuum. Detection was quantitative 
UV(210nm). Initial CE runs on uncoated bare silica capillaries gave a saw-toothed 
broad peak, characteristic of strong adsorption on the wall of the capillary. To prevent 
the cationic peptides from adhering to the wall of the capillary (pl's>8.5), the pH was 
increased to pH 9.4. Micellar electrokinetic capillary chromatography (MECC) 
separations allowed partitioning of the analyte between the aqueous buffer and a micelle. 
MECC using 100 mM SDS gave excellent separation of our crude synthetic mixture, 
showing baseline separation of two major components (Figure 1, left). 

In the absence of surfactant, the peak shape was still quite broad, due to aggregation 
of the synthetic peptides. Ion-pairing reagents, such as pentane sulfonic, hexane sulfonic, 
and octane sulfonic acids, were tested for the ability to prevent aggregation of the 
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Figure 1. Left: MECC 100 mM SDS, 25 mM phosphate pH 6.5, Right: 50 mM pentane sulfonic 
acid, 20 mM borate pH 9.98. VH(l-68) on an uncoated capillary, 417 V/cm2. 

synthetic peptides [6]. Pentane sulfonic acid (50 mM) in the CE of VH(l-68) improved 
peak shape and revealed one main synthetic product with a significant minor component, 
which is slightly more hydrophobic (Figure 1, right). CE of both peptides with hexane 
sulfonic and octane sulfonic acids in buffer gave only one peak (inadequate resolution). 

Cl coated capillaries (Supelco) also prevented adsorption of the peptides to the wall 
of the capillary. However, the peak shape was broad, indicating residual aggregation. 
The aggregation of VH(l-68) and VL(l-63) may be a dynamic process which involves 
the association between peptides on their exposed hydrophobic faces. This face is buried 
in the native protein, and aggregation is inhibited by preferential association with the 
ion-pairing reagent. The dependence of the CE separation on the chain length of the 
ion-pairing reagent may reflect a complimentarity of the exposed hydrophobic surface 
with the alkyl chain length. 
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Introduction 

Selective borane reduction of amides has been reported in the presence of a tertiary 
carbamate [1, 2]. In the reduction of Boc-proline to Boc-prolinol we also find that the 
tertiary carbamate has excellent stability towards excess borane, even at room tempera
ture. However, when the reduction of other Boc-amino acids is allowed to finish at room 
temperature with an excess of borane, several over-reduction products are detected by 
TLC, MS and NMR. These products are reminiscent of those originally reported for the 
reduction of carbamates with LiAlH4 [3], a far less selective reagent than BH3 [1, 4]. 

Results and Discussion 

Several Boc amino acids were treated with borane/THF [4, 5] under conditions which 
had given good yields of Boc-prolinol from Boc-proline (6 mol borane per mol Boc-
amino acid, first at 0°C, then at 15-20°C for up to 24 hours). TLC monitoring showed 
rapid formation of the expected products at 0°C and disappearance of the starting 
Boc-amino acids. Extended stirring at room temperature, however, caused trans
formation of the initial products to ninhydrin-positive, more slowly migrating ones. 
After quenching with water and extraction with ethyl acetate, these secondary products 
remained in the aqueous phase. Proton NMR of the isolated products confirmed the loss 
of the Boc group, and revealed the presence of an additional methyl group. Plasma 
desorption mass spectrometry (PDMS) of the crude products yielded molecular masses 
indicative of N-methyl amino alcohols dimerization to form the spiroborate (Figure 1) [6] 
and showed also the presence of the free N-methyl amino acids (Table 1). 

CH3 / . . - - C H j 

C H J - 4 ' CH3 

CHj 

Figure 1. Spiroborate formed by N-methyl amino alcohol dimerization through a boron atom. 
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Table 1. Analytical data of formed N-methyl amino alcohols. 

N-Me-L- MW(MS)t N-Me(dppm)* MP(°C) [a]* Spiroborate MW(MS)t 

Ala-ol n.d. 
Phe-ol 164.7(165.2) 
Ser(Bzl)-ol 194.7(195.3) 
Tyr(Cl2Bzl)-ol 339.4(340.3) 

2.6 
2.2 
2.2 
2.6 

n.d. 
69-71 
41-43 
174-176 

n.d. 
+20.2° 
+5.3° 
+8.1° 

186.2(187.0) 
337.9(339.2) 
n.d. 
688.6(689.4) 

fTheory in parenthesis. * 'H NMR in D20. ** 589nm/27°C (c 2 in ethanol) 

O H reduction H H 

B_0—H—M—Bf *ZL n—a—Czzu—p( —> R—O-C—N—R1 ortho acid ester/ 

in 

o A) (K oH 
R-O-CH • HaN-R1 R-OH . H C - N - R ' 

\ / reduction 

CH 

formol amine R-OH • HO-CH2—N—R* —> 
(hydrated Schift base) 

CH3—N—P/ 

Scheme 1. Proposed reaction sequence of carbamates (urethanes) with excess borane. 

Traces of the corresponding non-methylated amino alcohols were detected in 
varying amounts by TLC using reference compounds, or by PDMS. TLC of the ethyl 
acetate phase showed the presence of some Boc amino alcohol plus an N-acylated, 
presumably N-formylated amino alcohol. CHN analyses of N-Me-L-Phe-ol and N-Me-
L-Ser(Bzl)-ol purified by flash chromatography were in agreement with theory. Yields 
of purified N-methyl amino alcohols varied from 10-40%. No attempt was made to 
optimize the yields. N-Me-L-Phe-ol analogously obtained from Z-L-phenylalanine had 
the same melting point and specific optical rotation as shown in Table 1. Since the Boc 
group of Boc-prolinol is not reduced, the mechanism probably involves enolization to the 
isocarbamate (Scheme 1). It is apparent that the yield of any particular product, e.g., the 
N-Me derivative, may be profoundly influenced by changes in R or R'. 

With 3 mol of borane and 1 mol of Boc amino acid reacting over 2 hours at 0°C, the 
desired Boc-amino alcohols were secured in good yields. Attention is called to an 
unexpected side reaction in borane reductions involving secondary carbamates. By 
appropriate choice of R and R', the unexpected side reaction might be exploited to 
provide N-methyl amines not directly accessible by other routes. 
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Introduction 

Oral delivery of peptide-type compounds has been one of the major deterrents to fully 
exploiting the potency and selectivity of peptide-type drugs. Our recent research has 
focused on studying the human intestinal membrane permeability and correlations 
between animal models and humans in order to determine the membrane permeability 
necessary for good oral absorption. We have also exploited the peptide transport 
pathway for improving the permeability of polar compounds. 

Permeation of the intestinal membrane, including permeation of the mucin and 
brush-border membrane region of the intestinal membrane, is the first barrier that needs 
to be overcome in order to achieve a good oral absorption and systemic availability. We 
are currently measuring human intestinal membrane permeabilities for a variety of 
compounds including passive and carrier-mediated transport mediated drugs in order 
to define the essential limiting permeability for good oral absorption [1,2]. Included in 
these studies are well absorbed nutrients and a poorly absorbed peptide-type drug, 
enalaprilate. The range of measured human permeabilities covers approximately a 
100-fold range between the permeability of glucose of 1 x 10° cm/sec to that of 
enalaprilate of about 0.1 x IO"5 cm/sec. Other carrier-mediated drugs with relatively high 
permeabilities include L-dopa and phenylalanine. Based on these results, a permeability 
of about 1 x IO"4 cm/sec would lead to good oral absorption. 

Results and Discussion 

A peptide-type drug of particular interest is cyclosporin with a molecular weight of 
approximately 1200. While estimates of its systemic availability are in the 20-30% 
range, estimates of its extent of absorption are as high as 70-90% [3]. Based on the 
molecular weight dependence of oral absorption of polyethylene glycols [4] and 
assuming that the molecular weight dependence is due to a molecular weight dependence 
of the diffusion coefficient rather than the partition coefficient, i.e., 

_ m e m ' mem j y-v _,•» * K 

P. = = a n d Dm e m-aMw mem 

we obtain the result shown in Figure 1 where Pmem, PCmem, Dmem and 8 are the membrane 
permeability, partition coefficient, diffusivity and thickness, respectively, a and p are 
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Figure 1. Percent urinary excretion of PEG in 6 hr in rats as a function of molecular weight. 

fitted parameters. The molecular weight dependence fitted through the polyethylene 
glycol data when shifted due to PC through the estimated absorption of cyclosporin 
indicates that good oral absorption may be achieved for molecular weight compounds as 
high as molecular weight 2000 or more, particularly if they are nonpolar. In a separate 
set of studies, we have determined the intestinal permeability of cyclosporin in the rat 
model and estimated its permeability to be about 0.4xl0"4 cm/sec. This is in good 
agreement with the expected fraction absorbed based on the membrane permeability [2]. 
However, it remains controversial as to the principal limitation for cyclosporin systemic 
availability, i.e., solubility or metabolism [3]. However, these results suggest that the 
limitation may in fact be a permeability limitation due to the relatively high molecular 
weight. A point of considerable significance based on the cyclosporin results is that the 
molecular weight limitation for good oral absorption may be considerably higher than it 
was commonly thought and that there are many potential drugs in the molecular weight 
range of 500-2000. 

For polar compounds, membrane transport is usually facilitated by pores or carriers 
with pores usually functioning for small ions and carriers functioning for larger 
molecules such as nutrient and nutrient analogues [5]. In Figure 1, for example, results 
for phenylalanine and L-dopa indicate relatively high permeability while results for 
oc-mefhyldopa [6] indicate it has a significantly lower permeability and that its poor oral 
availability is due to the permeability limitation. Since it is expected that the peptide 
transporter is less structurally specific for substrates we have made prodrugs of 
a-methyldopa that would utilize the peptide transporter [7, 8]. In animal studies, the 
membrane permeability of a-methyldopa was increased by more than 10-fold by the 
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peptide prodrugs. The results in Table 1 show the increase in systemic availability that 
was achieved using one of these prodrugs with the systemic availability approaching 
100%. 

Thus, these results indicate that size up to a molecular weight of 2000 or more is not 
a fundamental limiting factor in oral absorption and that for polar drugs, specific 
transport pathways can be utilized to improve the permeability of polar peptide 
analogues. 

Table 1. Absorption (F) of a-methyldopa and a peptide prodrug [7, 8]. 

a-methyldopa 
(IV) 

a-methyldopa 
(jejunal) 

a-methyldopa 
from prodrug 

C,^ SEM (ng/ml) 

T ^ (min) 

AUC (ng.hr)/ml 

F 

380.87 b 

1.0 

109.0±31.4 

15.0 

127.49 

0.33 

235.0 ±37.4 

60.0 

358.38 

0.94 

a Weight equivalent of a-methyldopa 
AUC for IV dose was normalized to the jejunal dose 
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Introduction 

The brain possesses hundreds of peptides that act as neurotransmitters and neuro
modulators and which control and modulate most bodily functions [1]. The utilization of 
these ligands as drugs has been limited by their lack of receptor selectivity, their rapid 
proteolytic degradation, the relative lack of penetration of the BBB (blood brain barrier) 
by many of the native peptides, and the belief by many that these problems cannot be 
solved. Considerable effort has been made to overcome these problems [1, 2], but a 
comprehensive systematic approach that addresses all of them and that works is still 
lacking. In view of the enormous significance of this problem to human biology and 
medicine, we have sought to establish a highly systematic approach to investigate these 
problems and to find solutions. We outline here some of the progress we have made. 

Results and Discussion 

The systematic approach that we are pursuing includes the following major components: 
1) develop highly selective ligands for brain receptor types and subtypes; 2) utilizing 
conformational constraint and other structural modifications to stabilize peptides against 
proteolytic degradation; 3) establish structural peptides (consensus sequences) that can 
be appended to stable, receptor selective ligands at ancillary sites and that can serve as 
specific sites of cleavage in the brain - prodrug approach; 4) systematically investigate 
lipophilicity, amphiphilicity, and dynamics as approaches to enhancing penetration of the 
BBB; 5) evaluate mechanisms for keeping peptides in circulation; 6) evaluate the use of 
putative carrier-mediated mechanisms such as lipid transporters, glucose transporters, 
polycation transporters, etc. for passage of peptide conjugates through the BBB. 

Chemical/biological methods that are used to evaluate progress include: 1) multiple 
bioassays to establish selectivity; 2) peptide stability studies using serum, brain and 
other tissue homogenates, and pure enzymes known to be in the brain or at the BBB; 3) 
development of model membranes for characterization of the thermodynamics and 
kinetics of peptide-membrane interactions in order to assess peptide interactions with 
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the BBB; 4) use of the bovine microepithelial cell (BMEC) assay [3] as an in vitro 
screen for BBB penetration; 5) use of in vivo assays such as antinoception following 
peripheral administration with controls to establish BBB penetration. 

Table 1. Peptide prodrugs in vitro conversions in 15% rat brain homogenates. 

Prodrug Rat Brain Homogenate-T1/2(min) 

Phe-Tyr-D-Pen-Gly-Phe-D-Pen 3.94 

Tyr-D-Pen-Gly-Phe-Cys-Arg-Pro-Ala 9.21 

Tyr-D-Pen-Gly-Phe-D-Pen-Phe 109 

Tyr-D-Pen-Gly-Phe-Cys-Arg-Gly 40.5 

We have made considerable progress in several of these areas. For example, 
utilizing structural modifications compatible with high receptor potency and selectivity 
such as cyclization, unusual amino acids, D-amino acids, and pseudopeptides we have 
developed a variety of peptide ligands that are completely stable to or highly stable 
against proteolytic degradation. These include the cyclic enkephalin [D-Pen2,D-Pen5]-
enkephalin, the somatostatin derived p opioid receptor selective antagonist CTAP 
(D-Phe-Cys-Tvr-D-Trp-Arg-Thr-Pen-Thr-NH2), the dynorphin A analogue Tyr-Gly-GIy-
Phe-Leu[*PCH2NH]Arg-Arg-Ile-Arg-Pro-Lys-NH2, and the cyclic melanotropin Ac-Nle4-
c[Asp5,D-Phe7,Lys10] a-MSH(4-10)-NH2. These stable ligands were used to develop 
structural vectors that can be appended to them and which are rapidly and specifically 
cleaved to the bioactive peptide in brain homogenates such as Phe°-Tyr-c[D-Pen2, 
D-Pen5]Enk, and Tyr-c[D-Pen-Gly-Phe-Cys]-Arg-Pro-Ala (see Table 1). These and 
other results suggest that specific structural vectors with varying rates of enzymatic 
cleavage can be developed to serve as prodrugs with a wide variety of brain half lives. 

The BMEC assay has been used in vitro to quantitatively evaluate peptide passage 
through the BBB and has worked very well for evaluating peptides that utilize lipophilic, 
amphipathic or dynamic properties for BBB passage. However, the preparation does not 
maintain active transporter systems such as the glucose transporters found at the BBB. 
The method can provide such insights as the observation that p-chlorophenylalanine 
substitution systematically enhances penetration through the BBB (see Table 2). The 
position of the p-Cl Phe in the peptide chain does not appear to be a major factor, nor 
does the nature of the peptide (linear or cyclic). Comparison of BMEC data with data 
obtained for brain penetration for the same peptides when given in vivo by peripheral 
administration (i.v. or s.c.) suggests that the BMEC generally correlates well, and thus 
should serve as an excellent screen for penetration by ligands through the BBB. Model 
membrane peptidic studies reveal that the transfer of DPDPE type peptides from water to 
lipid bilayers is entropy driven, and so can be enhanced by more hydrophobic residues. 
In contrast, the transfer of biphalin type peptides is primarily due to enthalpic 
differences, and hence penetration can be enhanced by structural changes which favor a 
folded geometry. 
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Table 2. BMEC permeability coefficient for selected peptide analogs. 

Peptide BMEC Permeability Coefficient 
(PCXIO"') 

Tyr-D-Pen-Gly-Phe-D-Pen (DPDPE) 49.2 

[Phe(pCI)4]DPDPE 82.8 

(Tyr-D-Ala-Gly-Phe-NH-)2 (Biphalin) 55.0 

[Phe(pCI)4'] Biphalin 92.0 

D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2(CTAP) 4.6 

[D-Phe(pCl)']CTAP 7.6 

As for peptides that are peripherally active following systemic administration, 
biphalin is a good case. Though biphalin is not very potent in classical binding (brain 
homogenates) or bioassays (MVD & GPI), it is a potent analgesic when given i.p. [4] 
and has very prolonged activity. Our biophysical studies indicate that it can undergo a 
conformational change in going from the aqueous to membrane environment, and that 
this can be important in aiding its penetration through the BBB. Perhaps more 
interesting is the potent and prolonged acting glycopeptide analogue of enkephalin 
Tyr-D-Cys-Gly-Phe-D-Cys-Ser(0-D-Glc)-Gly-NH2 [5]. Though this peptide also is not 
very potent in classical binding and in vitro bioassays, it has potent and prolonged acting 
antinociceptive activity when given i.p. Perhaps its high stability and ability to stay in 
circulation can account to some degree for its activity, but more work will be needed to 
fully understand its ability to penetrate the BBB. 

Though all the problems associated with developing a useful and predictable 
approach to design of peptide and peptidomimetic analogues that cross the BBB have 
not been solved, much progress has been made in this important area. Our systematic 
investigations suggest that a solution to these problems is possible and likely. 
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Introduction 

The human immunodeficiency virus (HIV), causative agent of AIDS, codes for an 
aspartic protease essential for retroviral maturation and replication. The HIV protease is 
a major target for the treatment of AIDS. We have designed and synthesized a series of 
HIV protease inhibitors containing an unnatural amino acid, allophenylnorstatine [Apns, 
(25, 3iS)-3-amino-2-hydroxy-4-phenylbutyric acid] as a transition state mimic. Among 
them, a tripeptide inhibitor, KNI-272 has excellent characteristics in protease inhibition 
(K^O.OOSSnM), antiviral activity against a wide spectrum of HIV strains, enzyme 
selectivity and toxicity. KNI-272 as an oral anti-HIV drug has entered clinical trials [1]. 

In general, potent inhibitors of aspartic proteases are less hydrophilic and less 
soluble in water, since the enzymes recognize sequences consisting of hydrophobic 
amino acids, and some of our inhibitors showed low solubility in phosphate buffered 
saline (PBS). Solubilization is one of the most important problems for administration of 
insoluble drugs. In order to overcome this problem, we sought the soluble prodrugs and 
can report a novel class of "O—xN intramolecular acyl migration"-type prodrugs of HIV 
protease inhibitors for solubilization. 

Results and Discussion 

Design. The N, O-intramolecular acyl migration is known as a side reaction of Ser- or 
Thr-containing peptides. The (3-hydroxyl groups are acylated by N-»0 shift under acidic 
conditions and the resulting O-acyl products can be readily converted to the N-acyl 
compounds in aqueous buffer (Figure 1). The liberated ammonium ion enhances the 
solubility of O-acyl products in water. Considering these features, we designed O—>N 
intramolecular acyl migration-type prodrugs of HIV protease inhibitors. Hurley et al. 
reported a study on N, O-acyl migration of renin inhibitor [2]. 

R 1 _ { J _ N ^ C H - C - R 2 ^ 

o. H0V / ^CH2 O X i « \ .CH —C-R 2 
Cfl ' " 

H 3 N- C H - C - R 2 

Figure 1. N,0-Intramoiecular acyl migration. 
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Figure 2. Conversion of prodrug of KNI-272 into active form by "O ->JV intramolecular acyl 
migration". 

Prodrug of KNI-272. The N - > 0 acyl transfer product (1) of KNI-272 is regarded as a 
prodrug because the O-acyl compound can be readily converted to the N-acyl compound 
in aqueous buffer (Figure 2). 

The O-acyl derivative (1) of KNI-272 was synthesized as shown in Figure 3. 
Esterification of the hydroxyl group of 4 with Boc-Mta-OH was achieved in good yield 
(88%) by the DCC-dimethylaminopyridine (DMAP, 0.1 equiv.) method. N-Z protected 
prodrug (6), prepared from 5, was treated with trifluoroacetic acid (TFA)-anisole (10 
equiv.)-dimethylsulfide (10 equiv.) [r.t, 14hr.] to remove the Z group by a "push-pull" 
mechanism. In the crude sample, 1.2% of byproduct was detected by HPLC-analysis. 
This was a result of racemization during esterification of Boc-Mta-OH. After purifica
tion on a reverse phase-HPLC column, the exchange of counter anion for chloride gave a 
desired product (1) in 78% yield. 

The prodrug (1) was readily soluble in water and the solubility of this compound was 
greater than 200mg/ml. The derivatization of KNI-272 into prodrug (1) increased its 
solubility more than 2000-fold. When a solution of prodrug (1) of KNI-272 in PBS 
(pH 7.4) was incubated at 37°C, the prodrug was smoothly converted into KNI-272 by 
"0 -»N intramolecular acyl migration" (Figure 4). The half-life period of the prodrug 
was approximately 1 min. From the analysis by HPLC, the O—>N acyl migration 
proceeded without any side reactions. After i.d. administration of the prodrug (1), 
bioavailability of KNI-272 was 35% in rats. 

Prodrug of KNI-279. A substitution of Mta, P2 position of KNI-272, into Val residue 
gave another inhibitor, KNI-279 (z'Qoa-Val-Apns-Thz-NHBu1), which was as potent as 
KNI-272 [3]. We have also prepared a prodrug (7) of KNI-279 by the essentially same 
manner as synthesis of prodrug of KNI-272. The prodrug of KNI-279 showed good 
solubility. Conversion of 7 into KNI-279, as in the case of conversion of 1 to KNI-272, 

Boc-Thz-OH a, b, c ^ Boc-Apns-Thz-NHBu ' °. d _ Z -Apns -Thz -NHBu ' e 
(2) * " (3) *- (4) • 

Boc - Mta Qoa - Mta /Qoa _ M t a 

Z - A p n s - T h z - N H ' B u ' A ^ Z - A p n s - T h z - N H B u ' J j J ^ 2HCI • H -Apns -Thz -NHBu ' 
(5) (6) (1) 

Figure 3. Synthetic route to prodrug (1) of KNI-272. iQoa = 5-isoquinolyloxyacetyl; Mta = 
L-methylthioalanine; Thz = L-thiazolidine-4-carboxylic acid. Reagents: a, NHflu', DCC, HOBt; 
b, 4N HCl-DOX; c, Boc-Apns-OH, DCC, HOBt; d, Z-OSu; e, Boc-Mta-OH, DCC, DMAP; 
f iQoa-OH, DCC, HOBt; g, TFA, anisole, Me^; h, HCl-AcOEt. 
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^ prodrug of KNI-272 
5 | ) "*""\ 7^.7z 1 min 

19 = 

5 = 

19 = 

5 = 

10 = 

5 ; 

10 = 

1 5 l 

2 min 

(, .76 5 min 

s .73 15 min 

6 .72 60 min 

Figure 4. HPLC patterns of conversion of prodrug (1) to KNI-272 at each reaction time. 
Column: YMC AM-302(ODS) (4.6x150mm), MeCN 30-80% (20min) in 0.1% TFA, flow rate: 
1 ml/min, O.D.: 230nm. Retention time; prodrug of KNI-272: 5.72-5.78min, KNI-272: 6.72-
6.78min. 

was observed, the half-life period of 7 being 7 min. The conversion rate of 7 was slower 
than 1, which may be due to the steric hindrance of the Val residue. 
Prodrug containing statine-type backbone. In order to demonstrate the applicability 
of prodrugs containing the statine-backbone, we prepared a model compound, 
/Qoa-Mta-AHPPA-Thz-NHBu* [AHPPA = (35, 4S)-4-amino-3-hydroxy-5-phenylpenta-
noic acid], and its prodrug form. The O—>N intramolecular acyl migration of the statine-
type prodrug was very fast and no starting material was detected in lmin in PBS (pH 
7.4). This fast conversion is explained by the lesser steric hindrance of statine in contrast 
to norstatine-type compounds, owing to the additional methylene. 

To conclude, the prodrugs based on "0->N intramolecular acyl migration" had good 
solubility in water and could be converted into active form in PBS (pH 7.4). These 
results show that the prodrugs can be administrated by intravenously or orally without 
special techniques. 
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School of Medicine, Nashville, TN 37232, USA 

Introduction 

Delivery of synthetic peptides into living cells is exceedingly difficult because of the 
poor permeability of most peptides across biological cell membranes. This greatly 
restricts the use of synthetic peptides in studying and regulating the biological functions 
of many intracellular proteins and in developing peptide-based therapeutic drugs. We 
have devised a novel biochemical approach to deliver synthetic peptides into intact cells 
[1]. We chose as a carrier the hydrophobic region (h-region) of a signal peptide, a 
segment important for the secretion of intracellular proteins [2]. When such a 
cell-permeable peptide carried a functional cargo in the form of the nuclear localization 
sequence (NLS) of the transcription factor NF-KB p50 [3,4], it inhibited subcellular 
traffic of NF-KB/Rel complexes from the cytoplasm to the nucleus in cultured endothelial 
and monocytic cells stimulated with agonists [1]. This approach, called Cell-Permeable 
Peptide Import (CPPI) (1), obviates the need for permeabilization with pore-forming 
reagents or microinjection of individual cells. Thus, CPPI can be applied to the basic 
study of intracellular protein-protein interaction and protein trafficking involved in signal 
transduction and gene transcription. 

Results and Discussion 

We first designed a 41-residue synthetic peptide (SKP peptide in Figure 1) comprising 
the h-region of the signal sequence of Kaposi fibroblast growth factor (K-FGF) [5] in its 
amino-terminal segment. To determine the cellular import of SKP peptide, NIH 3T3 
cells were incubated with 125I-labeled SKP peptide and the amount of cell-associated 
125I-SKP peptide was measured. In three independent experiments, 4% of the added 
125I-SKP peptide was associated with the cells following 30 min incubation. No 
significant loss of cell-associated radioactivity was observed after extracellular protease 
treatment (untreated: 21,323 ± 853, pronase-treated: 21,791 ± 1,953, and trypsin-treated: 
23,193 ±310 cpm/1 x IO6 cells), suggesting the intracellular location of cell-associated 
125I-SKP peptide. On average, 20 times more (molar concentration) 125I-SKP peptide was 
associated with the cells compared to the control 125I-KP peptide lacking a hydrophobic 
region. This indicates that the h-region of the K-FGF signal sequence mediates the 
cellular import of SKP peptide. 
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125I-SKP peptide import into cells was not blocked by adding a 200-fold excess of 
unlabeled SKP peptide, indicating the lack of receptor-mediated import of 125I-SKP 
peptide. Inhibitors of endosomal/lysosomal function, ammonium chloride and 
chloroquine, as well as the protein synthesis inhibitor, cycloheximide, did not affect 
cellular uptake of 125I-SKP peptide compared to control cells (23,040 ± 2,489, 26,138 ± 
5,346, 25,671 ± 522, and 26,089 ± 3,174 cpm/1.6 x IO6 cells, respectively). Intracellular 
ATP as a high energy source did not seem to be required for peptide import because 
125I-SKP peptide import into cells depleted of ATP was similar to that of control cells 
(22,266 ± 3,602 vs. 20,189 ± 2,109 cpm/1.6 x 10s cells). 

SKP: 'AAVALLPAVLLALLAPEILLPNNYNAYFSYKYPCTMFTAT.SK 4 ' 

KP: 'EILLPNNYNAYESYKYPGMFIALSK25 

N50: VQRKRQKLMP10 

SN50: ' A AV ALLP A VLLALLAPVORKROKI .MP26 

SM: ' AAVALLP AVLLALLAP/iM/J DQNQ1MP26 

Figure 1. Sequences of cell membrane-permeable and control peptides. The membrane-
translocating hydrophobic sequence derived from the h-region of the predicted signal peptide 
sequence of K-FGF is underlined. The peptides without this hydrophobic sequence (KP and N50) 
were used as comparative controls. The nuclear localization sequence of NF-kB p50 is printed in 
boldface and the mutated residues in the SM peptide are in italics. 

To test the hypothesis that cell-permeable peptides can carry a functional domain 
such as the NLS, we synthesized a cell-permeable peptide bearing the NLS of NF-KB 

p50 subunit (SN50 in Figure 1). Six-step Z-position confocal laser scanning microscopy 
was employed to verify the import of the SN50 peptide in murine endothelial LE-II cells 
by analyzing the fluorescent signal of cell sections in an indirect immunofluorescence 
assay. This import was time-, concentration-, and temperature-dependent. At 4°C, no 
import of cell-permeable peptide was observed. The maximal fluorescence was observed 
at 37°C between 30 min and 1 hr in the concentration range of 50 to 100 pg/ml. Within 
this concentration range, the peptide was not cytotoxic. 

The functional effect of the SN50 peptide on nuclear translocation of NF-KB/Rel 
complexes in cells activated by the proinflammatory agonists, LPS and TNFoc, was 
determined. The NF-KB/Rel complexes translocated from the cytoplasm to the nucleus 
were analyzed in the nuclear extracts in an electrophoretic mobility shift assay (EMSA) 
[6]. As shown in Figure 2A, LPS-induced nuclear translocation of the NF-KB in LE-II 
cells was inhibited by SN50 peptide. In contrast, two control peptides, N50 and SM, 
were without measurable effect (Figure 2A). N50 peptide lacks a cell-permeable 
hydrophobic region and contains only the NLS of p50. Cell-permeable SM peptide has 
mutations in the NLS of SN50 peptide (Figure 1). The inhibition of NF-KB nuclear 
translocation by SN50 peptide was concentration-dependent, reaching maximum at the 
extracellular concentration of 50 pg/ml (18 pM) (Figure 2B). 

The LPS- or TNF a-induced nuclear translocation of NF-KB was also inhibited in 
SN50 peptide-treated THP-1 cells. Consistent with the results of the EMSA, the 
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Figure 2. £4) Cell-permeable SN50 peptide inhibits nuclear translocation of NF-KB induced by 
LPS in murine endothelial LE-II cell line. Confluent LE-II cells were treated with different 
peptides^(50 pg/ml) for 15 min prior to stimulation with LPS (10 ng/ml) for 2 h. Equivalent 
amounts of nuclear extracts were prepared and assayed for KB binding activity with f2P]-labeled 
double-stranded oligonucleotide KB probe using EMSA. (B) Inhibitory effect ofSN50 peptide on 
nuclear translocation ofNF-KB in LE-II cells is concentration-dependent. 

immunoblot analysis of the nuclear extracts of LPS- or TNF oc-stimulated cells pre-
treated with SN50 peptide did not show detectable p50 protein (not shown). 

The cell-permeable peptides can be imported into different cell types, such as NIH 
3T3 cells, BHK-21 cells, human and murine endothelial cells, human monocytic cells, 
and T cells. In addition, hydrophobic regions from other signal sequences also endowed 
peptides with cell membrane permeability. Taken together, our results demonstrate that 
the cell-permeable peptide method (CPPI) can be used to study intracellular processes 
involving proteins with functionally distinct domains. 
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Introduction 

The low natural abundance and prohibitive synthetic cost have limited the pharma
ceutical application of bioactive peptides. The peptides of interest are often 20-60 amino 
acids in length and require C-terminal amidation for full biological activity. 
Recombinant bacterial production of such peptides is difficult, because the bacteria 
rapidly degrade small peptides [1] and the glycine monooxygenase and lyase [2] required 
for C-terminal amidation are not present. 

We have developed a generic tripartite fusion protein system to produce peptides, 
which combines a human carbonic anhydrase II (hCA) carrier protein [3], a cleavable 
linker, and the peptide of interest with an optional amidation handle added to the 
C-terminus of the peptide. The amidation handle facilitates the incorporation of an amide 
group by a post-translational reaction [4]. 

Results and Discussion 

The expression plasmid pBN was constructed by insertion of the T7 expression cassette 
[5] containing the gene for human carbonic anhydrase II (hCA) into the plasmid 
pBR322. The transformed E. coli BL21 (DE3) cells were resistant to tetracycline and 
were grown to high cell densities in the presence of this antibiotic. 

Both the peptide of interest and the cleavable linker were encoded by a synthetic 
gene inserted after the hCA gene. The peptide genes were synthesized with optimal 
codons for E. coli. This increased the yield of fusion protein and decreased the amount 
of degradation products produced. This same general plasmid was used to produce over 
20 different peptides. 

The selection of the cleavage method was based upon the sequence of the desired 
peptide and the need for post-translational modification. The selection of a chemical or 
enzymatic cleavage method compatible with the target peptide occurred early in the 
design of the cleavable linker and peptide gene. Enterokinase, factor Xa, thrombin, 
cyanogen bromide, and hydroxylamine cleavable linkers [6] have been used in both 
soluble and insoluble fusion protein constructs. 

The hCA protein constructs were produced in a fed batch E. coli fermentation and 
resulted in 1-2 g/L of protein. The yield wat; independent of the peptide. However, the 
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solubility of the product fusion protein was dependent on the nature of the added peptide 
and cleavable linker. Whether soluble or insoluble, the fusion protein was easily 
purified. Soluble fusion proteins were rapidly purified by affinity chromatography using 
immobilized p-aminomethylbenzene sulfonamide resin. This resin has a capacity for 
hCA fusion proteins in excess of 40 g/L. Insoluble fusion proteins were purified as 
inclusion bodies by differential centrifugation and buffer washes. 

Following purification, the fusion protein was dissolved in an appropriate buffer, and 
the fusion protein cleaved by a reagent which was compatible with both the peptide and 
the cleavable linker. Carrier protein, hCA, was easily removed from the cleavage 
reaction by selective precipitation providing relatively pure peptide in solution. The 
peptide was then purified for subsequent post-translational modifications. 

Carbonic anhydrase fusion proteins provide a predictable and reproducible method 
to produce large quantities of regulatory peptides. Soluble hCA fusion proteins are 
easily purified by affinity chromatography on immobilized /?-aminomethylbenzene 
sulfonamide columns, which are cheap, easy to produce, and have a capacity for 
hCA-fusion proteins of in excess 40g/L. Insoluble fusion proteins are easily purified by 
centrifugation and washing of inclusion bodies. 

Following cleavage of the fusion protein, the hCA carrier protein is separated from 
peptide by selective precipitation. This provides 90+% of pure peptides with the use of 
one or no chromatographic steps. These processing steps are scaleable and allow the 
production of multigram quantities of peptide. 

The peptides produced can be further modified to introduce C-terminal amides or other 
desired functionalities. 
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Hormone Releasing Hormone (LHRH) 

N. Flinn1, S. Coppard1, W.A. Gibbons1, A. Shaw1, P. Artursson2 

and I. Toth1 

'School of Pharmacy, University of London, 29-39 Brunswick Square, London, 
England, WC1N1AX, UK 

2Uppsala University, Biomedicum, Box 580, S-751 23, Uppsala, Sweden 

Introduction 

The gut epithelium presents a number of physical barriers to oral absorption, including 
hydrophobic membranes, transport processes across cell junctions, mucus, gastric acidity 
and peristalsis. Proteolytic activity (from epithelial, pancreatic and bacterial sources) in 
the Gl tract is also a formidable barrier to oral uptake [1]. 

The thyrotropin releasing hormone (TRH) and luteinizing hormone releasing 
hormone (LHRH), are rapidly degraded following first-order kinetics, with a half life in 
humans of approximately 5 min following i.v. administration [2]. 

Conjugation of lipidic moieties to TRH and LHRH increased the half life of the 
lipidic conjugates in the presence of degrading enzymes [3]. The peptides were 
chemically modified by conjugation to a novel class of compounds; the lipoamino acids 
and their homo-oligomers, the lipopeptides. Here we report the oral absorption studies of 
these novel lipidic peptide conjugates. 

Results and Discussion 
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The tripeptide TRH and decapeptide LHRH were synthesised (Glu was used instead 
of PyGlu) and acetylated on the N-terminus resulting in compounds la and Id. The 
TRH and LHRH analogues were extended on the N-terminus with one or two 
2-amino-terradecanoic acids and two 2-amino-tetradecanoic acid and seven lysines, then 
acetylated with 3H acetic anhydride resulting in compounds lb, lc, le and If and 
polypeptides 2a and 2b, respectively. The "monomer" and "dimer" conjugates (conju
gation with one or two lipidic amino acids) resulted in a diastereomeric mixture of two 
and four compounds, which were used without separation, as a diastereomeric mixture. 
Caco-2 cell experiments. No major differences in the transport of the TRH-conjugates 
(lb, lc and 2a) as compared to the transport of TRH analogue (la) could be observed in 
the Caco-2 monolayers. Similarly, no significant differences in [l4C]mannitol permea
bility could be observed after incubation with the TRH-conjugates, for 2 h (p>0.05). 
However, since not all of the initial radioactivity could be accounted for, either in the 
apical and basal medium or by association with the filter, the cells themselves were 
examined. Although the transport through the monolayer was low, it was found that 
almost 60% of 2a was associated with the cells after 4 hours. Whether the compound is 
adsorbed onto the surface of the cell or internalised is not yet clear, but in either case this 
result shows a significant change in the permeability profile of TRH. 

Transport of LHRH analogue Id was low (25 ng). Conjugation with one lipidic unit 
(le) increased the amount of transport 8 fold, while there was a 30 fold increase when 
two lipidic units were added (If) to the LHRH. Lipidic-polylysine conjugation (2b) also 
enhanced the transport of the peptide by 13 times (Figure 1). 

The integrity of the cell monolayer was retained throughout the study, thus ruling out 
the possibility of transport by a paracellular route. 
Oral absorption studies. Radiolabeled'TRH and LHRH analogues (la, Id) and 
compounds lb, lc, le, If, 2a and 2b were administered orally to rats and the uptake 
examined. Figure 2 shows the overall uptake of LHRH conjugate indicating 10-15 % oral 
absorption (blood is not included). Examining the uptake in major organs, the 
compounds showed different distribution. Compound le had 3-5 % absorption in the 
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Figu re 1. Mass of LHRH conjugates Id, le, If, and 2b associated with cells and filter after 6 and 
12 hours exposure to a 10 pM solution. 
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Figure 2. Oral uptake of LHRH conjugates le, If, and 2b observed in stomach, kidney, spleen, 
liver, small and large intestine. 

stomach, small and large intestine, while compound If had almost 10 % initial uptake in 
the stomach and also showed 5 % uptake in the small intestine. Compound 2b showed 
significant absorption only in the small intestine (9%). The TRH conjugates (lb, lc and 
2b) showed similar absorption profiles. 

Additionally, compounds lc and If were extracted out from the blood 3 hours after 
administration, the extract separated by CE methods and the intact compounds identified 
by MS. The lipidic conjugation greatly enhanced the biological stability of the peptides. 

Addition of lipoamino acids to poorly absorbed peptides is a viable way of 
increasing oral uptake. The bifunctional nature of the lipidic units allows them to confer 
hydrophobicity, thus allowing uptake through the gut epithelium. The lipidic moiety also 
protects the peptide from enzymatic degradation. 
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Introduction 

Tight junctions present a major obstacle for the delivery of drugs through the blood brain 
barrier and intestinal epithelium. These tight junctions are regulated in part by cadherins 
which are calcium dependent cell-cell adhesion molecules [1]. It has previously been 
shown that resealing tight junctions is inhibited by anti-E-cadherin MAb [2]. 
Presumably the MAb recognizes the amino acid sequence responsible for homophilic 
interactions. By scanning the extracelluar domains of N (neural)- and E 
(epithelial)-cadherin with anti-E-cadherin MAb, we can identify epitopes which may be 
responsible for cadherin- cadherin interactions. Two ELISAs were established using 
anti-E-cadherin MAb. 

Results and Discussion 

The binding of the peptides 1-8 of Table 1 in the regular indirect ELISA is depicted in 
Figure 1. Both peptides 1 and 2 contain a conserved His-Ala-Val sequence which is the 
most conserved sequence among cadherins. We also immobilized peptides onto the 

Table 1. The sequences of peptides from the ELISA binding studies in Figure 1. Peptides 4-29 
are immobilized on controlled-pore glass with an (amino caproic). linker. 

SOLUTION PHASE 
1. LRAHAVDVNG-NH2 

2. Ac-DRERIATYTLFSHAV-
SSNGNAVED-NH2 

3. QTSVSPSKVI 

N-CADHERIN EC-1 
IMMOBILIZED 
4. PPTGIFIINP 
5. ISGQLSVTKP 
6. LDREQIASFH 
7. LRAHAVDVNG 
8. NQVENPIDIV 

E-CADHERIN EC-1 
IMMOBILIZED 

9. PENEKGEFPK 
10. GEFPKNLVQI 
11. KSNRDKETKV 
12. FYSITGQGAD 
13. KPPVGVFIIE 
14. RETGQLKVTQ 
15. PLDREAIAKY 
16. ILYSHAVSSN 
17. GEAVEDPMEI 
18. VITVTDQNDN 

E-CADHERIN EC-2 
IMMOBILIZED 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 

FTQEVFEGSV 
AEGAVPGTSV 
MKVSATDADD 
DVNKTNAAIA 
YTIVSQDPEL 
PHKNMFTVNR 
DTGVISVLTS 
GLDRESYPYY 
TLVVQAADLQ 
GEGLSTTAKA 
VITVKDINDN 
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Figure 1. The binding of the peptides from Table 1 to anti-E-cadherin MAb. Peptides 1, 2, and 3 
are solution peptides which were dry coated onto microtiter wells. 

surface of glass beads with a linker of six 6-aminocaproic acid residues. Immobilized 
peptides 6 and 7 display antigenic reactivity to the anti-E-cadherin MAb whereas 4, 5, 
and 8 were not recognized. The reactivity of peptide 7, which contains the same 
sequence as peptide 1, demonstrates the reproducibility of the peptides that are coated on 
plates versus immobilized on glass beads. 

Figure 1 also represents the binding of E-cadherin immobilized peptides from the 
EC-1 and EC-2 domain of E-cadherin. Peptides 16, 18, 23 and 27 display significant 
antigenic reactivity to the anti-E-cadherin MAb. Peptide 16, also containing the 
conserved His-Ala-Val sequence, displays significant antigenic reactivity consistent 
with the previous HAV peptides. Peptide 27, which contains a Gin-Ala-Ala sequence, 
is the EC-2 domain counterpart of the EC-1 domain HAV sequence. Thus, this region in 
the various domains appears to be important for cadherin regulation. It has been shown 
that synthetic LRAHAVDVNG peptide inhibits the compaction of mouse embryos and 
neurite growth [3]. Our data therefore reconfirms the importance of this HAV region. 
Peptide 18 is located in one of the proposed calcium binding regions of cadherins. In 
future studies the following peptide sequences will be used for the regulation of tight 
junctions and will be tested in an in vitro model: (1, 2, 6, 7, 16, 18, 23 and 27) and also 
active sequences determined from the remaining three extracellular domains. 
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Introduction 

Pl-1 Glutathione 5-transferase (GST) has been shown to be elevated in many major 
human cancer types, compared to surrounding normal tissue [1]. We have developed a 
class of glutathione based GST activated cytotoxins which show increased in vitro 
toxicity to cancer cells transfected to overexpress Pl-1 GST [2]. A likely activation 
mechanism is abstraction of a proton a to the sulfone by a basic residue in the GST 
active site, followed by P-elimination of the cytotoxic species. 

COOH 
TER 286: R = C6H5, 

COOH R'=PO(N(CH2CH2Cl)2)2 

TER 322: R = H, 
R' = CON(CH2CH2Cl)2 

OR' 

Results and Discussion 

One of these compounds (TER 286) has shown beneficial effects in slowing tumor 
growth with dose sensitive positive responses in three out of five human xenograft animal 
tumor models (Figure 1). Unlike cytotoxins of comparable efficacy, the compound does 
not severely deplete mouse bone marrow granulocyte macrophage (GM) progenitors, 
which are essential to infection fighting white blood cells. After 5 days of 200 mg/kg/ 
day TER 286, GM progenitor colony forming units extracted from the femurs of mice 
were only reduced by about 50%, compared to controls. 

While TER 286 was activated at equal rates by Pl-1 and Al-1 GSTs, another 
compound, TER 322, showed improved specificity for Pl-1 GST (Figure 2). The 
activation mechanism of this compound is slightly different, involving the generation of a 
carbamic acid, which loses C02 to generate the free amine. This compound adds versa-
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Figure 1. Reduction of tumor growth rate for three types of human xenografted tumors in the 
flanks of mice. MX-1 Breast, DLD-2 Colon and SK-MES lung tumors showed positive effects 
with TER 286, while HT-29 colon and MV-522 lung cancers showed little or no response. Drug 
dosing regimen was started 10 - 14 days after tumor implantation. Cremophore vehicle was used 
for I.P. injection with vehicle alone defining 100% tumor growth . The studies were continued 
until the tumor size in the controls reached 1 - 2 g. Ten mice were in each group. 

tility to the concept, because many drugs are activated by generation of free amines in 
their structures. TER 322 was not significantly more toxic to MCF-7 cancer cells 
transfected to overexpress Pl-1 GST five fold more than control cells. The diethyl ester 
of TER 322 did show improved differential toxicity, however, indicating that cell 
membrane permeation is important in the toxicity of this compound. 
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Figure 2. Decomposition rate of 0.3 mM TER 322 incubated with 3 mM recombinant humanAl-1, 
Mla-la or Pl-1 GSTs at 37°C in 200 pM phosphate buffer atpH 7.2. 
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Central Nervous System but Not in Periphery 
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Introduction 

Wide distribution of gamma-glutamase (gamma-GT) suggests the possibility of using 
inactive gamma-glutamyl-peptides as prodrugs which could slowly release the active 
peptide by interaction with gamma-glutamase [1]. To apply gamma-glutamyl derivatives 
as propeptides, two major questions had to be answered. The first was whether gamma-
glutamyl analogues of longer peptides would be recognized by gamma-GT. The second 
was whether the rate of the reaction of gamma-GT on gamma-glutamyl-peptides to 
liberate active peptide would be faster than the rate of reaction of other peptidases which 
hydrolyzed the active peptide, and thus deactivate the peptide before its liberation. 

To answer these questions, the gamma-glutamyl derivative of the opioid peptide 
dermorphin has been synthesized and its receptor affinities and antinociceptive properties 
have been tested and compared to the parent dermorphin [2]. Dermorphin has been 
selected as parent compound for its biological and antinociceptive properties. 
Dermorphin expresses high affinity to the mu opioid receptor type and potent 
antinociceptive activity after both systemic (intraperitoneal, i.p.; intravenous, i.v.) and 
central (intrathecal, i.t.) applications. The systemic antinociceptive activity of 
dermorphin is lower than opioid alkaloids such as morphine, but significant blood-brain 
barrier (BBB) permeability is obtained. Therefore, dermorphin is a good leading peptide 
to check the effect of modification of the parent molecule on activity in both systemic 
and central systems. 

Results and Discussion 

The free amino group of the N-terminal tyrosine is a necessary element for interaction 
with the opioid receptor. Therefore, it is not surprising that gamma-glutamyl-dermorphin 
did not show affinity to opioid receptors (Table 1). However, when injected i.t., the 
compound showed antinociceptive activity. The reversible effect of naloxone demon
strated that the observed antinociception is related to interaction of the peptide with 
opioid receptors. This data strongly suggested transformation of gamma-glutamyl-
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Table 1. Receptor binding and in vivo antinociception of dermorphin and its gamma-Glu-
analogue. 

Compound 

1. Dermorphin (DERM) 

2. gamma-Glu-DERM 

Recepti 
IC5, 

delta* 

396 

>80,000 

or Binding 
,(nM)f 

mu** 

11.5 

1,840 

in vivo Antinociception 
(%MPE50)

f 

i.v. 
(pM/kg) 

0.11 

2.5 

i.p. 
(pM/kg) 

0.36 

>10 

i.t. 
(nM/mouse) 

0.11 

0.04 

* versus [3H][p-Cl-Phe4]DPDPE; ** versus [3H]CTOP;f according to methods described in [3]. 

dermorphin into dermorphin. Interestingly, the gamma-glutamyl analogue produced a 
significantly prolonged effect, when we compared equipotent doses of dermorphin and 
analogue (unpublished data). This may be an additional argument that active peptide is 
liberated from the precursor. The analogue when injected i.p. or i.v. showed an antinoci
ceptive activity more than twenty times less than dermorphin when injected by the same 
route. This data suggests that the gamma-glutamyl residue in the periphery is more 
slowly cleaved by gamma-GT, and/or that deactivation of the peptide by other peptidases 
is more effective. Dermorphin itself when injected i.p. or i.v. showed significant antinoci
ceptive activity as a result of partial permeability of the blood-brain barrier (BBB). 
Gamma-GT in CNS may transform gamma-glutamyl dermorphin into the active parent 
compound. The effect of peptidases on the C-terminal part (deactivating metabolism) of 
dermorphin should be similar as on its gamma-glutamyl analogue. Therefore, the lower 
antinociceptive activity of the gamma-glutamyl analogue may suggest that permeability 
of the BBB by the analogue is less than the parent dermorphin. 

In conclusion, it has been shown that gamma-glutamyl peptides may be effectively 
hydrolyzed to the active compound in the CNS. In the periphery, the deactivating effect 
of other peptidases apparently is much more prevalent to the liberation of active peptide 
by gamma-GT. In addition, gamma-glutamyl derivatives may be less suitable for BBB 
permeability. All these observations suggest that gamma-glutamyl peptide analogues 
could be considered as propeptide drugs for site specific delivery. 
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Introduction 

Constraining the conformational flexibility of a linear peptide by cyclization has been 
shown, in some cases, to impart increased enzymatic stability, enhanced potency and/or 
receptor selectivity. We and others have reported that side-chain to side-chain cyclic 
peptides bearing an i-»i+4 motif tended to enhance helical secondary structure [1-3]. 
Since vasoactive intestinal peptide (VIP) has been shown to exhibit helical characteristics 
between residues 10 and 26, we have prepared i—>i+4 cyclic analogs in order to stabilize 
helical structure and have compared the resultant biological activities with linear analogs. 

Results and Discussion 

A series of Lys1—>Asp'+4 cyclic analogs were prepared and assayed as smooth muscle 
relaxants in vitro on guinea pig tracheal tissue. Table 1 shows the bioassay results of 
cyclic analogs 1-15 relative to the close linear analog, Ac-[Lys12,Nle17, VaF.Thr^J-VIP. 
A wide range of potencies was observed. Compounds 1, 2, 4, 5, 7-9, 11, and 14 showed 
greatly decreased potencies as compared to the linear compound. Compounds 3, 10, 12, 
and 13 showed potencies nearly equivalent to the linear species. However, compounds 6 
and 15, which are cyclized between Lys13—»Asp17 and Lys23—»Asp27, respectively, 
displayed enhanced potency. Although all i—>i+4 cyclic compounds would have been 
expected to enhance helical conformations, the observed biological potencies varied 
significantly with the position of cyclization. The periodicity of potencies aligned well 
with facial positioning on an amphipathic helix. In those compounds with decreased 
potencies, the lactam ring might sterically interfere with ligand-receptor interaction. 

A second series of 13 pairs of cyclic/linear peptides were synthesized and examined 
for activity in several bioassays. These cyclic peptides contained a Lys21-»Asp25 lactam 
and additional substitutions to enhance potency. In vitro on guinea pig tissue, the cyclic 
analogs generally possessed enhanced potency over the linear counterparts, by about 2-
to 35-fold. Four exceptions were noted in which the linear analogs were somewhat more 
potent than the cyclic compounds. The peptides were assayed for in vivo broncho-
constriction inhibitory activity. In all but two cases, the cyclic compounds were equal to 
or more potent than the linear species. Similarly, nearly all of the cyclic compounds 
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within each pair showed an increased duration of action by up to 5-fold. This may likely 
be due to an enhanced stability to enzymatic degradation [4]. When tested in vitro as 
smooth muscle relaxants on human bronchial tissue, the cyclic compounds showed a 
dramatically increased potency over the linear species. The cyclic compounds 
Ac-[Lys12,Nle,7,Alal9,Asp25,Leu26,Lys2728]-VIPcyclo(21^25), Ac-[Glu8,Lys,2,Nlel7,Ala19, 
Asp25,Leu26,LysW8]-VIPcyclo(2lH>25) and Ac-[Ala2,Glu8,Lys12,Nlel7,Ala19,Asp25,Leu26, 
Lys27'28Ala2!M1]-VIPcyclo(21->25) were 87-, 124-, and 263-fold more potent than their 
closely related linear analogs, respectively. 

Table 1. Relaxant activity ofi^>i+4 cyclic analogs on guinea pig tracheal smooth muscle. 

# Compound EC50 (nM) Pot.a 

1 Ac-[Lys', Asp5, Lys12, Nle17, Val26, Thr^-VIP cyclo (l->5) 
2 Ac-[Lys4, Lys12, Nle17, Val26, Thr^-VIP cyclo (4->8) zou u.ui 
3 Ac-[Lys5, Asp9, Lys12, Nle17, Val26, Thr^-VIP cyclo (5->9) 3.8 0.71 
4 Ac-[Lys8, Asp12, Nle17, Val26, TiVj-VIP cyclo (8->12) 38 0.07 
5 Ac-[Lys12, Glu16, Nle17, Val26, Thr^-VIP cyclo (12->16) 37 0.07 
6 Ac-[Lys12, Lys13, Asp17, Val26, Thr^-VIP cyclo (13->17) 1.8 1.50 
7 Ac-[Lys12, Lys14, Nle17, Asp18, Val26, Thr^-VIP cyclo (14—>18) 27 0.10 
8 Ac-[Lys12, Lys15, Nle17, Asp19, Val26, Thr^-VIP cyclo (15->19) 52 0.05 
9 Ac-[Lys12, Lys16, Nle17, Asp20, Val26, Thr^-VIP cyclo (16->20) n n i (. 

10 Ac-[Lys12, Lys17, Asp21, Val26, Thr^-VIP cyclo (17->21) 
11 Ac-[Lys12,Nle17, Lys19, Asp23, Val26, Thr^-VIP cyclo (19-»23) 
12 Ac-[Lys12, Nle17, Asp24, Val26, Thr28]-VIP cyclo (20->24) 
13 Ac-[Lys12, Nle17, Asp25, Val26, Thr^-VIP cyclo (21 ->25) 
14 Ac-[Lys12, Nle17, Lys22, Asp26, Thr2"]-VIP cyclo (22->26) 
15 Ac-[Lys12, Nle17, Lys23, Val26, Asp27, Thr^-VIP cyclo (23->27) 
16 Ac-[Lys12, Nle17, Lys24, Val26, Asp28]-VIP cyclo (24 ' " " 

17 0.16 
3.0 0.90 

24 0.11 
5.3 0.51 
3.1 0.87 

41.0 0.07 
1.4 1.93 

>28) 2.3 1.17 

"Potency relative to Ac-[Lys12,Nle17,Val26,Thr28]-VIP, EC50 = 2.7 nM (1.0). 
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Introduction 

Modern therapy for coronary thrombosis includes thrombolytic agents and angioplasty. 
Early reperfusion salvages some myocardium at risk of necrosis, but accelerates 
neutrophil infiltration into ischemic tissue [1]. Recruited neutrophils are thought by 
many to mediate infarct extension through release of oxidants and proteolytic enzymes 
[2]. Infarct size and postischemic ventricular dysfunction are major determinants of the 
prognosis of patients with acute myocardial infarction. Accordingly, cardioprotection in 
the early stage of myocardial infarction has been the focus of considerable attention. The 
purpose of this study centers on compound D-MePhe-Pro-Arg-H (LY294468), an 
inhibitor of thrombin and related serine proteases [3], to assess it's impact on myocardial 
reperfusion injury. LY294468 was examined in a non-thrombotic canine model of 
myocardial infarction that consists of one hour of mechanical occlusion of the left 
circumflex coronary artery followed by five hours of reperfusion [4]. 

Results and Discussion 

In the present study, the efficacy of Efegatran (LY294468), a tripeptide aldehyde, was 
investigated for limiting myocardial infarct size, using a dose regimen known to achieve 
significant and sustained thrombin inhibition. Dogs were infused i.v. with LY294468 
(0.5 mg/kg/hour) during the five hours of reperfusion that followed one hour of regional 
ischemia, and were compared to dogs that received vehicle. LY294468 infusion 
produced significant and sustained increments in activated partial thromboplastin and 
thrombin times without inducing bleeding. LY294468 did not alter arterial pressure, 
cardiac rate or the myocardial oxygen demand when compared to time related changes 
observed in control dogs. After reperfusion the heart was excised for infarct quantitation 
using the standard dualdye staining procedure of Shea et al. [5]. LY294468 treatment 
significantly reduced infarct size (Figure 1) from a control value of 38.4 ± 3.4% of the 
left ventricle placed at risk of necrosis to 24.1 ± 6.3% (PO.05). Maximal systemic 
leukocytosis in response to myocardial ischemic injury, and the localization of 
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neutrophils within ischemic and infarcted myocardium were not altered by LY294468 
infusion. These results suggest that LY294468 has cardioprotective activity at an 
infusion rate that inhibits the coagulant effects of thrombin. Although infarction 
reduction was associated with thrombin inhibition in this study, the present data do not 
indicate whether these two pharmacological effects are causally related. 
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Figure 1. Effect of LY294468 treatment of blood coagulation parameters (top) and myocardial 
infarct size (bottom) in anesthetized dogs subjected to coronary artery occlusion and reperfusion. 
Each value is the mean of 8 dogs, and vertical bars are standard errors. An asterick denotes 
statistical significance from the respective control value (P<0.05). 
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Recombinant Human SP-C in their Ability to Promote 
the Activity of Artificial Lung Surfactants 
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Introduction 

The "respiratory distress syndrome" (RDS) is caused by a lack of lung surfactant (LSF), 
consisting of about 95% phospholipids and 5% proteins, reducing the surface tension at 
the alveolar air/liquid interphase. This protein mixture is mainly composed of three 
surfactant-specific components: SP-A, -B and -C [1]. For the development of an artifical 
LSF, peptides, produced by synthesis or gene technology, are needed having 
phospholipid(PL)-spreading properties. In this connection, two sequences, KLLLLK-
LLLLKLLLLKLLLLK((KL4)4K) [2] and SucLLEKLLELLK-NH^L'-WMAPlO) [3] 
were synthesized and their biological effects compared with dipalmitoylated recombinant 
human SP-C (rhSP-C). 

Results and Discussion 

The syntheses of both peptides were performed by SPS according to the Fmoc/ 
/Bu-strategy using Fmoc amino acids and TBTU as coupling reagent in 3 fold excess. 
(KL4)4K was produced starting with 0.45 g Fmoc-Lys(Boc)-resin of Wang (loading: 0.55 
mmol/g). L8-WMAP10 was synthesised on 5-(4-Fmoc-aminomethyl-3.5-dimethoxy-
phenoxy)-valeric acid), attached to an aminomethylpolystyrene support with a loading of 
0.8 mmol/g. After removal of the Fmoc group from the polymer with piperidine/DMF, 
Fmoc-Lys(Boc)-OH was attached to 0.3 lg resin with TBTU as coupling reagent, and, 
using a similar protocol as described for (KL4)4K, the L8-WMAP10 sequence was 
synthesized. After removal of the N-terminal Fmoc group, the sue residue was introduced 
with sue anhydride, dissolved in DMF/DCM. The peptides were cleaved from the resins 
and simultaneously deprotected (3h; TFA/thioanisole/anisole/water) and precipi- tated 
with ether yielding 593 mg (KL4)4K, resp. 350 mg L8-WMAP10. 

For the biological activity assays, mixtures were prepared containing dipalmitoyl-
phosphatidylcholine/palmitoyloleoylphosphatidylglycerol (DPPC/POPG) at a ratio of 7:3 
plus 2.5% palmitic acid (PA) and 2% of peptide. Surface tension measurements were 
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Table 1. Effect of peptides (2%) in LSF perparations (PL matrix: DPPC/POPG (7:3) + 2.5% 
PA; concentration: 5 mg/ml) on dynamic surface tension measurements. 

Peptide Surface tension (mN/M) 

PL matrix 
L8-WMAP10 
(KL4)4K 
rhSP-C 

performed applying a pulsating bubble surfactometer (PBS); (20 cycles/min), and the 
values were determined at equilibrium (100% bubble area) and after compression (50% 
bubble area) (Table 1). 

In vivo experiments were also performed with Sprague Dawley rats, subjected to 
lung lavage (6-8 times), and subsequent intratracheal instillation of the above mentioned 
LSF mixtures. The rats were artificially ventilated with normal (8 cm H20; 2h) resp. 
reduced (8->0 cm H20; lh) positive end-expiratory pressure (PEEP), and the partial 
arterial oxygen pressure (Pa02; [mmHg]) was registered. As the dynamic measurements 
with the PBS show (Table 1), none of the synthetic peptides in the LSF preparations 
causes a reduction of the required surface tension to < 5 mN/m under compression 
conditions, while, in presence of rhSP-C, a value close to zero was observed. In 
coincidence with these results are the rat lavage model in vivo activities found for the 
LSF preparations. Under constant PEEP conditions, rhSP-C-containing samples prevent 
most efficiently the reduction of the Pa02, compared to the synthetic peptide mixtures 
(decreasing order activities: rhSP-O(KL4)4K>L8-WMAP10). At reduced PEEP 
conditions (3 cm H20), only rhSP-C prevents completely the collapse of the alveoli, 
(K14)4K is 30% active and L8-WMAP10 is completely ineffective. 

To conclude, based on these investigations, the synthetic peptides L8-WMAP10 and 
(KL4)4K as components in artifical LSFs cause only a very weak or partial improvement 
of respiration, respectively. Neither show the profile observed with human PL mixtures 
containing the human identical rhSP-C . 
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Introduction 

The antiprotozoal action of eukaryotic antibiotic peptides has been reviewed recently [1]. 
We have studied the mechanism of action of synthetic short cecropin A-melittin hybrid 
peptides on the parasitic protozoa Leishmania, the causative agent of leishmaniasis, an 
important human disease which requires the development of new drugs [2]. These 
peptides have been reported as good antibacterial agents and also display antimalarial 
activity [3,4]. 

Results and Discussion. 

Peptides were synthesized using standard Fmoc-chemistry. Their C-terminus was 
amidated [3]. Peptide activity on L. donovani promastigotes was tested by both MTT 
reduction and inhibition of parasite proliferation by 3[H]-thymidine incorporation. The 
antileishmanial activities of the peptides used in this work are summarized in Table 1. 

Table 1. Peptide sequences and their LD50 against L. donovani promastigotes. 

Peptide Sequence LD50 (pM) 

CA(1-8)M(1-18) KWKLFKKIGIGAVLKVLTTGLPALIS-NH, 2±0.5 
CA(1-7)M(4-11) KWKLFKKAVLKVLTT-NH2 >20 
CA(1-7)M(5-12) KWKLFKKVLKVLTTG-NH2 >20 
CA(l-7)M(2-9) KWKLFKKIGAVLKVL-NH2 >10 
(D)-CA(1-80M(1-18) kwklfkkigigavlkvlttglpalis-NH2 0.5-1 
CA(l-8) KWKLFKKI-NH2 >10 
cecropin-A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAK-NH2 >10 
melittin GIGAVLKVLTTGLPALISWIKRKRQQ-NH2 0.5 

Melittin and CA(1-8)M(1-18) show the highest leishmanicidal activity. This 
requires both the cationic N-terminal region from cecropin A followed by a hydrophobic 
region. Its length is quite important; cecropin A and its polar region CA(l-8) are almost 
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inactive, and the shorter analogs are also less active. D-analog is more effective than the 
L-analog, quite likely because of its higher resistance to proteinases, extremely abundant 
in the Leishmania promastigote surface. 

Assay conditions involved in the interaction between CA(1-8)M(1-18) and L. 
donovani promastigotes were determined. In the standard assay, parasites (2xl07 

promastigotes/ml) were incubated with the peptide at 22°C. Binding process is very fast, 
as the inhibition of parasite proliferation can rise as high as 83% of the final value in the 
first 5 minutes of incubation. This is in agreement with a killing mechanism based on 
membrane permeabilization, similar to that described for its antibacterial activity. In our 
Leishmania model, as in membrane-cecropin A interaction [5], there is an initial 
electrostatic interaction of the peptide with the parasite membrane. Peptide binding to 
promastigote is strongly inhibited in the presence of polyanionic compounds, such as 
heparin, but only when this is added previous to the parasite-peptide interaction. 
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Figure 1. A) Membrane-potential dependence of CA(1-8)M(1-18) activity. B)3[H]-proline uptake. 

Membrane potential has been described as an important factor in the permeabi
lization mechanism, driving the translocation of N-terminal region of cecropin A across 
the planar lipid membrane, but not required for liposome lysis [6]. Depolarization of L. 
donovani promastigote plasma membrane by valinomycin only protects to some extent 
(Figure IA). At the same time, CA(1-8)M(1-18) induces a) dissipation of the proton 
motive force, utilized for active proline transport by the parasite (Figure IB), b) decrease 
in the oxygen consumption rate of the parasites in a dose-dependent manner, and 
c) equilibration between intracellular and extracellular pHs, measured by fluorescence of 
parasites loaded with BCECF and resuspended in media with different pHs. 
Morphological changes, as observed by electron microscopy, include bumps in plasma 
membrane as well as its detachment from the supellicular microtubule layer. 

One of the main components of the promastigote plasma membrane is lipo-
phosphoglycan (LPG), a strongly anionic polysaccharide with pleiotropic functions 
taking part in parasite invasion of the macrophage and survival (reviewed in [7]). R2D2, 
a mutant as strain deficient in LPG biosynthesis, is twice as susceptible as compared to 
the wild strain. Incubation of the peptide with PG (the negatively charged and hydro
philic portion of LPG), prior to the addition of the parasite, inhibits the lethal effect of 
CA(1-8)M(1-18) (Figure 2B). It is quite speculative to suppose a protective role of 
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Figure 2. A) Intracellular amastigotes viability. B) Protection by PG. L- Peptide. 2.-Peptide and 
PG simultaneously added. 3.- Incubation peptide-PG previous to their addition. 4.- Incubation 
Leishmania-PG previous to the addition of peptide. Concentration of peptide 2.5fiM 
CA(1-8)M(1-18), concentration ofPG 62.5 ng/ml. 

antibacterial peptides in the gut of the sandly, the leishmania vector, and the subversion 
of this defense by parasite LPG, nevertheless this component can protect the pro
mastigote against macrophage antimicrobial peptides during the invasion and survival. 

CA(1-8)M(1-18) incorporated in liposomes also acts on the amastigote (the 
intracellular form of the parasite) on L. pifanoi infected peritoneal macrophages (Figure 
2A) or in vivo as topical application on the ulcer produced by infection of Balb/c mice 
with L. major. However the healing is not as fast as with other reported pharmacological 
treatments as paranomycyn ointment, or even injection of glucantime. On the other hand, 
when the parasite inocula is higher than IO6 parasites, we got only a delay in the onset of 
the ulcer. Liposomes also reduce the lethal concentration of the peptide. 

CA(1-8)M(1-18) has been used as a model to understand peptide interaction with 
Leishmania and to demonstrate a preliminary feasibility of peptide chemotherapy on 
leishmaniasis. At present, new synthetic peptides with higher and more specific anti-
leishmanial action are under study. 
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Introduction 

Tissue damage by either trauma or microbial invasion initiates a cascade of cytokine-
driven events that can be amplified into a systemic inflammatory response characterized 
by an increase in the levels of blood proteins termed acute phase reactants. The 
increased synthesis of this diverse group is induced at the level of transcription by the 
inflammatory cytokines IL-1 and IL-6 [1]. C-reactive protein (CRP) is the prototype 
human acute phase reactant since its level can increase by > 1000-fold. CRP is a 
pentraxin protein composed of five identical, non-covalently-linked subunits arranged in 
a flat pentameric disk with cyclic symmetry [2, 3]. A single copy gene encodes the 206 
amino acid single polypeptide chain composing each protomer subunit [2]. CRP 
displays Ca++-dependent lectin-like binding reactivity for phosphorylcholine (PC) [3]. 
The inducible CRP response is conserved among all the vertebrates and suggests an 
essential role in inducible, nonspecific host-defense. 

Two well-defined biological activities ascribed to CRP are opsonization and 
comple- ment activation. The opsonic activity of CRP is mediated via specific leukocyte 
receptors (CRP-R) for complexes of CRP [4]. A unique property of CRP is that it 
accumulates at sites of tissue damage where it is degraded by neutrophils into 
biologically active peptides [1,5]. To reconcile these two seemingly different activities, 
we examined CRP synthetic peptides for their ability to interact with the CRP-R. In this 
study, we identify a cell-binding peptide (CB-Pep) that contains a motif recognized by 
the CRP-R on the human promonocytic cell line U937 and the human promyelocytic cell 
line HL-60. 

Results and Discussion 

To map a site(s) on pentameric CRP that is recognized by the leukocyte CRP-R, a series 
of synthetic peptides of 10 to 20 residues corresponding to functional regions with a high 
surface probability on each of the five subunits were tested for their ability to inhibit the 
binding of labeled CRP. Only 2 of the 7 peptides tested inhibited binding: Pep 27-38, 
which was previously shown by us to mediate fibroblast attachment in vitro and therefore 
designated CB-Pep [6], and Pep 134-148, a highly conserved segment in all pentraxins 
that mediates binding of one of the 2Ca++per subunit [7] (Table 1). 

The inhibition by CB-Pep was approximately 50-fold more efficient than Pep 
134-148 and therefore both truncated peptides and peptides with single conservative 
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Table 1. Effect of synthetic peptides of C-reactive protein (CRP) on the binding of'25I-CRP to 
U937 cells3. 

Residues Designation % Inhibition of Specific Binding (±SD) 

1-16 
27-38 
47-63 
134-148 
152-176 
174-185 
191-206 

N-terminal 
Cell-Binding 
PC-Binding 
Ca^-Binding 
Ca^-Binding 
Macrophage-Activating 
C-Terminal 

-4.4 
56.1 
-8.5 

48.9 
8.5 

-5.0 
5.1 

(± 5.8) 
(±7.6) 
(±3.1) 
(± 8.2) 
(± 2.2) 
(± 6.3) 
(±9.4) 

A 100-fold molar excess of each peptide was allowed to compete against 2 pmoles of heat 
modified 125I-CRP per IO6 U937 human monocytic cells for binding sites. 

substitutions within Pep 27-38 were tested for their ability to inhibit CRP binding. 
Competitive binding between labeled pentameric CRP and a series of synthetic peptides 
truncated from either the N- or the C-terminus for binding sites on U937 cells revealed 
that the minimum length recognized by the CRP-R corresponded to residues 31 through 
36: KAFTVC (Table 2). 

Synthetic peptides with a single conservative substitution for each of the amino 
acids at positions 30 through 37 of the CB-Pep were compared to the CB-Pep itself for 
their effect on ,25I-CRP binding. Residues 32 through 35, AFTV, within the CB-peptide 
were critical (Table 2). 

An examination of the effect of the CRP-synthetic peptides of those listed in Table 1 
on ligand-induced superoxide (02) production by the HL-60 cells that had been 
differentiated into granulocytic cells, HL-60(G), revealed that only Pep 27-38 inhibited 
02" production triggered by the chemotactic peptide, fMLPP (1 pM). A dose-response 
inhibition of the fMLPP-driven respiratory burst was observed at peptide concentrations 
of 50 to 16,000 pmoles/ml, with optimal inhibition at -400 pmoles/ml, the equivalent of 
50 pg/ml of CRP. TheCB-Pep by itself did not induce a significant respiratory burst. 
The truncated CB-Peps were evaluated for inhibition of 02 production and the results 

Table 2. Inhibition of specific binding of'2SI labelled human C-reactive protein to U937 cells by 
truncated and sustituted synthetic CB peptides . 

Peptide 

CB28-38 
CB29-38 
CB30-38 
CB31-38 
CB32-38 
CB33-38 
CB27-37 
CB27-36 
CB27-35 

Sequence 

KPLKAFTVCLH 
PLKAFTVCLH 
LKAFTVCLH 

KAFTVCLH 
AFTVCLH 

FTVCLH 
TKPLKAFTVCL 
TKPLKAFTVC 
TKPLKAFTV 

% Inhibition 

58.6± 1.8 
50.6 ±16.5 
57.3 ±15.9 
56.6 ±14.8 
3.5 ± 3.0 
9.1 ± 4.5 

42.3 ±18.6 
47.5 ± 7.1 

8.0 ± 3.9 

Peptide 

CB30I 
CB31R 
CB32L 
CB33Y 
CB34S 
CB35L 
CB37I 

Sequence 

TKPIKAFTVCLH 
TKPLRAFTVCL 
TKPLKLFTVCLH 
TKPLKAYTVCLH 
TKPLKAFSVCLH 
TKPLKAFTLCLH 
TKPLKAFTVCffl 

% Inhibition 

68.2 ±17.1 
58.4 ±11.4 
-0.3 ± 2.3 
-4.5 ± 3.4 
2.3 ± 1.1 
-5.7 ± 2.8 

60.2 ± 10.2 

'Peptides are designated by either the number of residues present or the substituted residue. 
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indicated that the minimum length for significant inhibition is: KAFTVC, the same size 
needed to inhibit binding of CRP to the U937 cells (Table 3). This finding differs 
somewhat from the minimum length needed to mediate fibroblast cell attachment in 
vitro: FTVCL [8]. The hydrophobic residues 32-38 are on a long (3-strand in the 
intact CRP subunit [9]. Based on searches of the gene data bank and the primary 
literature, we propose that the motif composed of residues 31-36 represents a novel 
structure recognized by the cells of inflammation. 

Table 3. Effect of truncated CRP cell-binding peptides on fMPLPP-induced superoxide 
production by HL-60(G) cells. 

Peptide Sequence % of Control (±SD) 

72.7 ±5.5 
62.3 ± 6.4 
63.5 ±7.1 
95.8 ±8.5 
74.0 ±6.9 
83.1 ±7.1 
86.0 ±7.7 
81.0 ±7.2 
60.2 ± 10.2 
108.0 ±9.0 
110.1 ±8.8 
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Introduction 

In recent years, the quest for new antibiotics has led to the discovery of a variety of 
naturally occurring substances, including peptides like the insect cecropins, mammalian 
defensins, and frog magainins, and squalamine, an aminosterol from dogfish shark [1,2]. 
We have continued our search for natural host-defense molecules by examining the 
Atlantic hagfish, Myxine glutinosa. This jawless vertebrate is considered more primitive 
both phylogenetically and immunologically than jawed vertebrates insofar as it lacks 
circulating lymphocytes and classical immunoglobulins [3-5]. Intrigued as to how this 
scavenger fish combats pathogens, we surveyed the major organ tissues for antibiotic 
substances. We report here on the isolation of a new family of peptides with potent 
antimicrobial activity. 

Results and Discussion 

Preliminary screening of hagfish organ systems indicated that intestinal tissue was rich in 
antimicrobial activity. A family of peptides was extracted from hagfish intestine using 
organic solvents and purified to homogeneity by size exclusion chromatography, strong 
cation exchange chromatography, and RP-HPLC. Antimicrobial activity was assayed by 
detecting a zone of inhibition against a bacterial lawn in an agar plate [6]. Chemical 
sequencing revealed three closely related cationic peptides, each with two residues that 
could not be deduced initially by application of conventional AAA and Edman 
sequencing methods (Figure 1). 

The most abundant hagfish intestinal antimicrobial peptide, designated HFIAP-1, 
was proteolyzed with AspN endopeptidase and then reduced and alkyated. The chemical 
sequence of these fragments did not contain cysteine, but the fragments revealed UV 
absorption bands similar to tryptophan, although red-shifted. After trypsinization of 
HFIAP-1, a tripeptide containing the unknown residue flanked by alanine and arginine 
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HFIAP 

1 
Br Br 

GFFKKAWRKVKHAGRRVLDTAKGVGRHYVNNWLNRYR 
Mass 

4643.3 

2 GFFKKAWRKVKFIAGRRVLDTAKGVGRHYVNNWLNRYR 4564.0 

Br Br 

3 GWFKKAWRKVKNAGRRVL KGVG IHYGVGLI 3551.9 

Figure 1. Chemical sequences of hagfish intestinal antimicrobial peptides. After 37 cycles of 
automated Edman sequencing, HFIAP-1 and HFIAP-2 yielded identical primary structures, 
although the PTH-residues at positions 7 and 32 were not known. The parent masses, determined 
by ESI-MS, were consistent with tryptophan at positions 7 and 32, where either both or one 
residue was substituted with bromine. HFIAP-3 shows 73% homology with HFIAP-1 and 
HFIAP-2 and appears to be a deletion mutant. 
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Figure 2. Tandem ESI mass spectrum of Ala-Trp(Br)-Arg. Mass spectrum of the tripeptide 
isolated upon trypsinization of HFIAP-1 showed a complete set ofN- and C-terminal ions. Each of 
the b and y ions associated with the unknown residue showed a mass and distinctive isotopic 
pattern differing by 2 mass units, which is consistent with tryptophan substituted with bromine. 

was isolated and subjected to tandem electrospray ionization mass spectrometry. The 
unknown residue was identified as bromo-tryptophan, based on mass and on the isotopic 
distribution (Figure 2). Ala-Trp(5Br)-Arg, prepared by chemical synthesis, exhibited the 
same fragmentation profile by MS-MS and had a similar UV spectrum. 
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To complete and to confirm the peptide sequences, cDNA clones were isolated from 
a library made from hagfish intestinal mRNA. Clones for two distinct genes corres
ponding to HFIAP-1 and HFIAP-3 were sequenced, revealing homologous signal and 
spacer regions, but different antibiotic and 3' untranslated regions. Codons for 
tryptophan were detected at the positions where the Edman sequencing was ambiguous. 
The presence in both of a glycine codon following the mature sequence suggests that the 
native peptides are amidated at the carboxy terminus [7]. In situ hybridization showed 
that mRNA is localized in nests of hematopoietic cells in the intestinal submucosa. The 
abundance of mRNA expressed in the gut tissue suggests that the peptides may have an 
important host-defense role in this primitive vertebrate. 

Chemical synthesis of the sequences containing unmodified tryptophan was achieved 
by SPPS, using Fmoc chemistry. These peptides were active against gram-positive and 
gram-negative aerobic and anaerobic bacteria but not against Candida albicans. For 
thirty bacterial isolates, minimum inhibitory concentrations (MICs) for HFIAP-1 ranged 
from 0.5 to 32 (median 4) pg/ml. 

This family of antimicrobial peptides from the hagfish intestine has little primary 
structure homology with other classes of peptide antibiotics [8, 9]. Secondary structure 
modeling predicts an Nt amphipathic a-helix from residues 1-22, whereas the Ct domain 
might be P-strand. Thus, these hagfish peptides are another example of the diversity in 
peptide antibiotics from animals. 

Bromo-tryptophan is a novel residue for vertebrate peptides. Haloperoxidases are 
responsible for halogenation of ring systems in a wide variety of marine invertebrates 
[10] but we do not know if hagfish intestine expresses an endogenous bromoperoxidase, 
or if exogenous bromo-tryptophan might be incorporated by tRNA from the nutrient 
pool. Our future studies will focus on determining the position of bromine in the native 
tryptophan ring by NMR, synthesizing these sequences with bromo-tryptophan, and 
examining the effect of bromo-tryptophan on antimicrobial activity. 
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Introduction 

Voltage-gated potassium (Kv) channels regulate a myriad of biological processes. The 
distribution of different subtypes of Kv channels makes them excellent targets for drug 
development. A new type of Kv channel-blocking toxin has been isolated from the sea 
anemone Stichodactyla helianthus (ShK toxin) [1]. ShK toxin binds with especially 
high affinity to Jurkat T-lymphocyte Kvl.3 channels [2], and also high affinity to rat 
brain Kvl.2 channels [1,2]. Furthermore, this toxin was found to be nearly twenty-fold 
more potent in blocking the Jurkat T-lymphocyte Kvl.3 channel than charybdotoxin 
(ChTX) [2], a potent K-channel blocker isolated from scorpion venom [3]. We have 
recently synthesized ShK toxin in order to characterize its K-channel blocking selectivity 
[2]. The disulfide bonds of this 35 residue toxin have recently been determined (see 
Figure 1) [4]. In the current report, we have synthesized analogs at the highlighted 
positions of the toxin sequence shown in Figure 1, and then evaluated the biological 
activity on rat brain Kvl.2 channels and Jurkat T-lymphocyte Kvl.3 channels. 

Results and Discussion 

Synthetic analogs of ShK toxin were synthesized using an Fmoc/rBu protocol as 
described in Pennington et al. [2]. Following reagent K cleavage [5] for 2 hr, each of the 
crude peptides was dissolved in 0.1 M NH4OAc, pH 8.0 and allowed to oxidize in the 

R -S-C3-I- D-T-l-P-K-S- R-C12-T-A-F-Q-C17-K-H-S-M- K-Y-R -L-S-F-C2e-R-K-T-C32-G-T-C3i 

1 > I S — S ' 

Figure 1. Structure of ShK toxin with substitution sites in large boldface type. 
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presence of air. This protocol afforded peptides having proper disulfide pairings as the 
major products with good yields (12-22% from starting resin). However, oxidation of 
the ShK D5N analog resulted in a complex product profile composed of numerous peaks 
as observed by RP-HPLC. Several peaks were isolated and determined to have the same 
mass and amino acid composition, indicating the formation of disulfide isomers. The 
yield for these disulfide isomers was less than 1%. We speculate that the Asp5 sidechain 
may be involved in a salt bridge disrupted by replacement with the neutral isostere Asn. 

Each of the other synthetic analogs was purified to homogeneity by preparative 
RP-HPLC and characterized by AAA and FAB-MS. Additionally, folding of each of the 
purified synthetic products was assessed by CD analysis. Native ShK has a characteristic 
CD spectra indicative of approximately 30% a-helix. Each of the synthetic analogs 
showed nearly identical CD profiles except for ShK Y23S. The characteristic minima 
for a-helix were not observed in this spectrum, indicating that this toxin analog had 
failed to fold properly. 

Biological activity of each analog was measured using radioligand displacement 
assays with either rat brain Kvl.2 channels using [125I]-dendrotoxin (DTX) or Jurkat 
T-lymphocyte Kvl.3 channels using [12SI]-ChTX as described in Pennington et al., [2]. 
Analog substitutions were designed to observe the effect of charge neutralization, 
aromatic sidechain interaction or hydrogen bonding potential at the positions high
lighted in Figure 1. Initially, analogs were designed conservatively. However, synthetic 
problems were observed during some of the analog syntheses (e.g. poor coupling 
efficiencies of difficult residues such as Fmoc-Gln(Trt)). Thus, we changed our strategy 
to a more conventional Ala scan [6]. 

As shown in Table 1, the bioactivity data indicates that ShK toxin binding to the 
Kvl.2 and Kvl.3 channels utilizes different interaction points. In fact, ShK K22A 

Table 1. Ability of ShK toxin analogs to displace binding of [l2SI]-charybdotoxin to Jurkat 
T-lymphocytes and f251]-dendrotoxin to rat brain membranes. 

Toxin 
Analog 

ShK 
R1S 
D5N 
K9Q 
R11Q 
F15A 
F15W 
K22A 
Y23F 
Y23S 
R24A 

Secondary 
Structure 

Normal 
Normal 
Disordered 
Normal 
Normal 
Normal 
Normal 
Normal 
Normal 
Disordered 
Normal 

Lymphocyte 
I23I-ChTX 

0.04 
0.05 
N.D. 
0.31 
0.64 
0.54 
0.65 
0.30* 
0.18* 
>50* 
0.04 

IC50 (nM) 

Rat Brain 
,25I-DTX 

8 
16 
N.D. 
11 
18 
6 
6 
300 
9 
>5000 
10 

Data derived from patchclamp of Jurkat T-lymphocyte Kvl.3 channels. Using this system, 
native ShK toxin has an IC50 of 133 pM [2]. 
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binding is reduced nearly forty fold to rat brain Kvl.2 channels and yet has nearly 
equivalent affinity for the Jurkat T-lymphocyte Kvl.3 channel. Other differences in the 
interactive surface were observed at positions 9, 11 and 15. The Tyr23 position initially 
looked essential until CD analysis of the ShK Y23S showed it to be incorrectly folded. 
Charge neutralization at positions 9 and 11 had a greater effect on the toxin's affinity for 
the Kvl.3 channel. Similarly, replacement of Phe15 with either A or W reduced the 
affinity for Kvl.3 without affecting affinity for Kvl.2. Substitutions at other positions 
shown in Table 1 appear to have little effect on binding to these K channels. 

In conclusion, the ShK toxin pharmacophore surface requirements for binding to 
these two Kv channel subtypes is different. Binding to Kvl.3 appears to be more 
affected by substitutions at positions Lys9, Arg" and Phe15. The Lys22 residue appears to 
be essential for binding to the Kvl .2 channel. 
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Introduction 

Magainin 2 [1, 2], melittin [3], tachyplesin I (T-SS) and its acyclic analog (T-Acm) [4, 5] 
kill their target cells by permeabilizing cell membranes. We recently showed [6] that 
magainin 2 translocates across lipid bilayers by forming a multimeric pore. In this study, 
we examined the translocation of the other three peptides, to clarify the structual motif 
required for translocation. 

Results and Discussion 

Translocation of the peptides has been studied on the basis of resonance energy transfer 
(RET) from the Trp residues of the peptides to a Dns chromophore incorporated 
into the membrane (Figure la). The addition of Dns-LUVs (large unilamellar vesicles) 
containing 10% Dns-DPPE at the time indicated by the closed arrow decreased Trp 
fluorescence at 336 nm (excitation, 280 nm), indicating RET upon membrane binding. 
The subsequent addition of a large excess of Dns-free LUVs increased Trp fluorescence, 
because the Dns-free LUVs extracted the peptides which had been bound to the outer 
leaflets of the Dns-LUVs, relieving Trp from RET. On the other hand, the Trp residues 
of the peptides which had translocated to the inner leaflets remained quenched. 
Therefore, the ultimate intensity was different between the two cases, (1) the two kinds of 
LUVs were added simultaneously (the upper trace in Figure la), and (2) the Dns-free 
LUVs were added after the incubation of the peptide with the Dns-LUVs (the lower 
traces). This difference (AF), a measure of the amount of the translocated peptides, 
increased with the incubation period. 

This experiment clearly demonstrates that the peptide become less exposed in a time 
dependent manner. In order to confirm the translocation of the peptide, we investigated 
the pore formation in the inner bilayer of multilamellar vesicles (MLVs). Figure lb 
shows that the addition of NBD-labeled MLVs to a sodium dithionite solution decreased 
NBD fluorescence at 530 nm (excitation, 450 nm), because dithionite reduces NBD to a 
non-fluorescent compound. Ultimate intensity was about 75% of the initial fluorescence, 
indicating that this MLV was composed of two lamellas. In contrast, the addition of the 
NBD-MLVs to a peptide-containing dithionite solution lowered the fluorescence to much 
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Figure 1. (a) Detection of translocation by RET. [melittin]=2 pM, [Dns-LUV]=265 pM. 
(b) Detection of translocation by NBD-fluorescence. [melittin]=2 pM, [NBD-MLV]=99 pM, 
[Na2S2OJ=10mM. 

less than 25% of the initial intensity, suggesting that the peptide translocates the outmost 
bilayers and forms pores in the inner ones. 

These experiments showed that melittin and T-SS (data not shown) translocated 
across the lipid bilayer. Moreover, the translocation was coupled to the leakage of a dye, 
calcein, from the vesicles, as detected previously [1, 4] (data not shown). On the other 
hand, T-Acm, which forms a P-sheet structure ca. 60 A long, failed to translocate. This 
peptide was found to cause morphological changes of the vesicles, leading to membrane 
permeabilization. In conclusion, the prerequisite for membrane translocation is the 
peptide's ability of forming a membrane spanning amphiphilic conformation ca. 30 A 
long. 
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Introduction 

Cecropin PI, a 31 AA peptide isolated from the pig intestine, was shown to be active 
against gram negative bacteria [1,2]. Cecropin PI has a relatively large hydrophilic N-
terminus and a short hydrophobic C-terminus. On association with a lipid membrane, it 
forms a helical structure and, like other host defense peptides, lyses the bacteria by 
disrupting the membrane structure. Since the peptide is shown to protect mice against 
systemic E. coli infections, a systematic SAR study to improve its potency and thera
peutic index was undertaken. 

Results and Discussion 

Deletion sequences from the N-terminus, C-terminus and the center were designed to 
make the compound more amphipathic, based on helical wheel representation. As shown 
in Table I (compounds 1-8), none of the deletion analogs retained even moderate 
activity, indicating that the complete length of peptide is needed for full biological 
activities. Subsequently, analogs were designed to study the effect of modifying the 
hydrogen bonding pattern along the length of the helix. Substituting Glu with Gln, Asn 
with Asp (compounds 10-15) led, in general, to retained antibacterial activity but reduced 
the LD50 values. Interestingly, the substitution of Asn with Asp (compound 11), showed 
staph activity for the first time among cecropins isolated from various species, without 
any change in toxicity. Inclusion of both the above modifications in a single analog 
(compound 14, 15), resulted in total loss of activity. Changing Glu to Gln in position 20 
appears to be better tolerated than at position 11. Glu at position 20 is known to 
introduce a kink into the compound; substituting it with Pro retained only E. coli activity 
with no change in toxicity. Substituting Gln for Asn led to retained activity as expected. 
From the above data, it is evident that the molecule tolerates very few modifications. 

Shortened cecropin analogs with C12 fatty acid, attached at the C-terminus, to mimic 
the hydrophobic tail of the molecule were designed and synthesized as shown in Table 1. 
Compounds with cecropin 1-14 AA, or 1-21 AA and 12 carbon chain did not show any 
activity. Introducing a C-terminal acid along with the 12 carbon chain (compounds 
18-24) picked up E. coli activity, whereas a C8 alkyl chain in the C-terminus retained full 
biological activities. An octanoyl group at the N-terminus resulted in complete loss of 
activity. 
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Table 1. Biological activity of Cecropin PI Analogs. 

MIC (pg/mL) 

Peptide Sequence S E P H LD 50 

SWLSKTAKKLENSAKKRISEGIAIAIQGGPR-OH (PI) 257 2 32 1 
1 XXXXXXXXXXXXSAKKRISEGIAIAIQGGPR-OH 257 257 257 1 -
2 XXXXXXXXKLENSAKKRISEGIAIAIQGGPR-OH 257 257 257 1 -
3 XXXSKTAKKLENSAKKRISEGIAIAIQGGPR-OH 257 128 257 1 -
4 SWLAKTAKKLEXXXXXXXXGIAIAIQGGPR-OH 257 257 257 0 -
5 KWLKKTAKKLEXXXXXXXXGIAIAIQGGPR-OH 257 257 257 1 -
6 SWLSKTAKKLENXXXXXISEGIAIAIQGGPR-OH 128 128 257 0 -
7 SWLSKTAKKLENSAKKRISEGXXXXXXXXXX-OH 257 257 257 0 -
8 SWLSKTAKKLQNSAKKRISQGXXXXXXXXXX-NH, 257 257 257 0 -
9 SWLSKTAKKLENSAKKRISEGIAIAINGGPR-OH 257 2 64 0 150 
10 SWLSKTAKKLQNSAKKRISQGIAIAIQGGPR-OH 257 4 16 15 25 
11 SWLSKTAKKLEDSAKKRISEGIAIAIQGGPR-OH 64 4 32 5 150 
12 SWLSKTAKKLQDSAKKRISQGIAIAIQGGPR-OH 257 128 257 0 -
13 SWLSKTAKKLEDSAKKRISQGIAIAIQGGPR-OH 256 4 256 0 150 
14 SWLSKTAKKLQNSAKKRISEGIAIAIQGGPR-OH 256 4 32 0 50-10 
15 SWLSKTAKKLDNSAKKRISQGIAIAIQGGPR-OH 257 4 257 0 -
16 SWLSKTAKKLENSAKKRISPGIAIAIQGGPR-OH 257 4 257 200 
17 SWLSKTAKKLEDSAKKRISAGIAIAIQGGPR-OH 256 32 128 5 -
18 SWLSKTAKKLENSAK-CO-NH-(CH2)„-CO-NH2 257 257 257 1 -
19 SWLSKTAKKLENSAK-CO-NH-(CH2)M-CO-R-NH2 257 257 257 1 -
20 SWLSKTAKKLENSAKKRISEG-CO-NH-(CH2)„-COOH 128 16 256 38 -
21 SWLSKTAKKLENSAKKRISEG-CO-NH-(CH2)„-R-OH 256 8 257 0 -
22 SWLSKTAKKLENSAKKRISEG-CO-NH-(CH2)7-CH3 256 4 32 0 -
23 CH3(CH2)7-CO-NH-SWLSKTAKKLENSAKKRISEG-OH 257 128 256 0 -
24 CH3(CH2)7-CO-NH-KKLENSAKKR-NH2 257 257 257 0 -
25 KWLKKTAKKLENKAKKRIKEGIAIAIQGGPR-OH 256 4 256 1 -
26 KWLKKTAKKLENSAKKRISEGIAIAIQGGPR-OH 256 8 64 1 -
27 SWLSKKAKKLENKAKKRISAGIAIAIQGGPR-OH 256 32 256 7 -
28 SWLSKIAKLLENAAKKLISQGIAIAIQGGPR-OH 128 32 64 50 -
29 SWLSKTAKKLEDSAKKRIDEGKSIATQGGPR-OH 257 257 257 0 -
30 SWLSKTAKALEKSAKGAIKEGIAIAIQGGPR-NH, 128 32 256 1 -

S - Staph, aureus; E - Escherichia coli; P - Pseudomonas aeruginosa; H - % Hemolysis at 
100 pg/mL; 257 - activity at concentration > than 256 pg/mL 
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Introduction 

Peptides containing the sequence -Arg-Lys-Leu-(Leu/Met)-X-Ile-(Leu/D-Leu)-NH2 

where X = an anisolylated glutamic derivative (A*) or other aromatic residues were 
called mystixins [1] because of their mysterious and potent anti-inflammatory effects in 
models of tissue injury in laboratory animals. For example, D-Leu-Ala-Thr-D-Tyr-Arg-
Lys-Leu-Leu-(A*)-Ile-D-Leu-NH2 (1) inhibited heat-induced edema in the anesthetized 
rat's paw with a median effective intravenous dose (ED50) of 0.05 mg/kg [2]. The non-
anisolylated analog, D-Leu-Ala-Thr-D-Tyr-Arg-Lys-Leu-Leu-Glu-Ile-D-Leu-NH2 (2), 
was relatively inactive with an ED50 of 1.9 mg/kg. Some new information on the pharma
cological properties of mystixins are presented below as well as data on active analogs 
that may be obtained by direct synthesis. 

Results and Discussion 

The undecapeptide mystixin analogs (1) and (2) were evaluated in standard competitive 
binding assays against 15 peptide ligands of biological origin in the Nova/NiMH 
screening program. Each peptide was assayed at 10 5M for % inhibition of binding of 
reference compounds to membrane receptor preparations. Substances that produced 
>50% inhibition of binding were considered to yield significant inhibition. (2) did not 
displace binding in ligand-receptor assays for atrial natriuretic factor, angiotensin II, 
vasopressin (VP-1), gastrin-releasing peptide, peripheral and central cholycystokinin, 
corticotropin-releasing factor, epidermal growth factor, neurotensin, neuropeptide Y, 
nerve growth factor, somatostatin, neurokinin A, vasoactive intestinal peptide or 
substance P. (1) inhibited VP-1 binding with an IC50 of 1.08 xlO"7M and significant 
inhibition of binding was also observed against gastrin-releasing peptide and neurokin A. 
Pharmacological analysis with VP-1 and VP-2 receptor antagonists, however, did not 
reveal any association of the anti-inflammatory activity of (1) with activation of VP-1 or 
VP-2 receptors in vivo. In a screening system developed by G.J. Cianciolo (Macronex, 
Inc., Morrisville, North Carolina) utilizing human white blood cells in vitro, (1) and (2) 
stimulated interleukin (IL)-l receptor antagonist formation with an EC50 of 0.01 pM and 
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2.6 pM, respectively. Chemotaxis was affected at 0.4 pM and 6.1 pM, respectively, but 
no effects were observed on IL-lb, IL-6, IL-8, LTB4 or PAF production. The activity of 
mystixins on human neutrophils were confirmed using three assays - the under-agarose 
method [3], the neutrophil adherence test [4] and the measurement of bipolar shape 
change [5]. The EC50 of mystixins for chemokinetic effects on neutrophils were in the 
range of 1 to 10 pg/ml and anti-edema and chemokinetic potencies were positively 
correlated. Shown in Figure 1 is a representative bioassay. 

Using standard solid phase methods, a number of undeca-, octa- and hepta- mystixin 
peptides were synthesized and tested. For Arg-Lys-Leu-(Leu/Met)-X-Ile-D-Leu-NH2 

where X = Ala, His, Leu, Pro, Phe or Tyr, the ED50 was > 5 mg/kg i.v. for inhibition of 
heat-induced edema but the ED50 was <1 mg/kg i.v. for X = A* or D-Trp. N-Acetylation 
enhanced the potency of Arg-Lys-Leu-Leu-D-Trp-Ile-D-Leu-NH2 from 0.82 mg/kg to 
0.084 mg/kg. The deamidated form of the acetylated peptide was less active (EDS0 0.60 
mg/kg). The solution structures of several prototypes were estimated after using NMR 
measurements in dimethylsulfoxide and computation of low energy conformers. A 
tentative bioactive structure was assigned and will serve as a working model for further 
synthesis. 
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Figure 1. Human neutrophil shape-changes after exposure to a mystixin analog. The peptide was 
added to whole blood and incubated at 37"C for 20 min. Cells were stained with Wright Giemsa 
and evaluated according to reference [5J. 
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Introduction 

The pathogenic form of the fungus Ustilago maydis is the causative agent of corn smut 
disease. The transformation from the non pathogenic haploid form to the pathogenic 
dikaryon requires pheromones existing in two alleles al and a2, which have to bind to 
their specific receptors located in the membrane. The pheromone sequences are 
//-Gly-Arg-Asp-Asn-Gly-Ser-Pro-Ile-Gly-Tyr-Ser-Ser-Xaa-Z for al and /Y-Asn-Arg-
Gly-Gln-Pro-Gly-Tyr-Tyr-Xaa-Z for a2 with Xaa-Z being an unidentified lipophilic 
amino acid derivative presumed to be Cys(farnesyl)-0Me [1,2]. 

Several lipophilic and hydrophilic C-terminal derivatives of both alleles were 
synthesized, including the natural compound carrying the postulated farnesyl moiety, and 
tested for biological activity. Focus of interest were the confirmation of the postulated 
structure and examination of the requirements on the lipophilic C-terminal residue for 
biological activity. The structural behaviour of two chosen analogues was examined by 
NMR measurements in DMSO and SDS/water, simulating the free and membrane bound 
form of the pheromone analogues [3,4], and compared with each other. 

Results and Discussion 

All synthesized pheromone analogues differ in the C-terminal residue containing the 
same N-terminal peptide fragment al' = Gly-Arg-Asp-Asn-Gly-Ser-Pro-Ile-Gly-Tyr-
Ser-Ser for al analogues and a2' = Asn-Arg-Gly-Gln-Pro-Gly-Tyr-Tyr for a2 analogues, 
respectively. Table 1 gives an overview of the synthesized compounds and their bio
logical activities. 

The synthesis of compounds 6-9 was performed by condensation of the fully 
protected fragments of al' and a2' prepared by Fmoc-strategy with the appropriate methyl 
ester compound [5, 6] followed by subsequent deprotection with TFA and piperidine. 
Compounds 1-5 were prepared by condensation of protected al' and a2' with 
H-Cys(Trt)-OMe, deprotection with TFA, alkylation with the appropriate alkyl bromide 
[7] and removal of Fmoc with piperidine. Saponification of the methyl esters was carried 
out by treatment with NaOH in MeOH/H20. 
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Table 1. Synthesized analogues and biological activities with reference to the activity of the 
native pheromone. 

Compound N-terminal Fragment C-Terminal Residue Activity 

? 1 
Cys(farnesyl)-0Me IO"2 

Cys(farnesyl)-OH IO"3 

Cys(prenyl)-OMe 10" 
Cys-OMe 10^ 
Cys(dodecyl)-OMe 10"' 
ct-aminohexadecanoic acid-OMe 1 
a-aminohexadecanoic acid-OH 10"' 
cc-aminodecanoic acid-OMe IO"3 

N-hexadecylglycine-OMe 0.5x10"' 

Comparison of the activities of the synthetic analogues with al and a2 reveals that the 
native pheromones do not contain the presumed Cys(farnesyl)-OMe moiety. Increasing 
lipophilicity of the C-terminal side chain enhances activity, with alkyl being better than 
prenyl. While sulfur is not essential for the C-terminal residue and a shift of the 
lipophilic anchor by one position has only minor influence, replacement of the methyl 
ester by the free acid decreases binding affinity by one order of magnitude. These results 
suggest that the lipophilic residue only serves for attachment to the membrane and is not 
involved in the binding process to the receptor. 

Compounds 1 and 6 of both alleles were chosen for structural investigations by 
NMR in DMSO and SDS/water leading to 8 (2x2x2) different measurements. NMR 
studies indicate that the lipophilic C-terminal residue has no influence on the structural 
behaviour of the peptides. Chemical shift and NOE pattern of the short analogue 6b 
suggest that its behaviour is similar in DMSO and SDS/water. No evidence is given that 
the membrane-simulating system SDS/water has a structure-inducing effect on the bound 
peptide. 
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Introduction 

The ability to voluntarily control protein and peptides conformation by the use of an 
internal effector is an area of increasing interest. With the finding that B-turns are 
involved in hormone-receptor [1] and protein-protein recognition, several groups have 
initiated the design and synthesis of B-turn mimics ranging from constrained cyclic 
peptides to non-peptidic scaffold. In this paper we describe a strategy to reversibly 
change the conformation of a cyclic peptide (1) from an extended one to one which 
contains a B-turn, by incorporating a photoresponsive amino acid within the peptide. The 
photoresponsive amino acid, an azobenzene containing molecule (Aza) can exist in two 
isomeric trans and cis forms [2]. The trans form was intended to provide an extended 
conformation to the attached peptide whereas upon isomerization with light to the cis 
form, the peptide would adopt a turn conformation. Two-dimensional NMR was then 
used to probe the conformation of both isomeric forms. 

Results and Discussion 

The Aza was flanked by four alanine residues, two on each side, to allow flexibility 
during cyclization, and linked to four residues of B-turn propensities Gly-Gly-Pro-Asn 
(Scheme 1) [3]. 

NH2-Ala-Ala-Aza-Ala-Ala-Asn-Pro-Gly-Gly-C02H 
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Scheme 1. Scheme showing cyclization of 2 and isomerization cfl 
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Figure 1. Structures generated from dynamics simulation for a) llraa b) 1^. 

The linear peptide 2 incorporating Aza was synthesized on /?-alkoxybenzylalcohol 
resin using Fmoc methodology [4]. Cyclization of 2 in DMSO using BOP (1.1 equiv.) as 
the activating agent in the presence of DIEA (2 equiv.) provided the cyclic peptide \lrans 

in greater than 98% purity after HPLC purification. 
Peptide \lram (10 mM) in DMSO was cleanly isomerized to the cis form by exposing 

the solution for 2.5 hr. to a Hg arc lamp that had been filtered from 310 to 410 nm. With 
both isomeric forms of 1 in hand, structural elucidation was achieved by using two-
dimensional NMR. Assignments from DQF COSY [5] and distances obtained from 
NOESY [6] experiment, were used as restraints in a high temperature (600K) molecular 
dynamics simulation. Refinement by minimization afforded structures of different 
conformations for llrans and lcjJ (Figure 1). 

The presence of a B-turn in lcb comprising the tetrapeptide Gly-Gly-Pro-Asn was a 
clear indication that Aza served as a B-turn scaffold when in the cis form. The ability to 
thermally reverse the conformation back to \lmm provides us with a reversible switch to 
promote the B-turn conformation when needed. We are pursuing this strategy in 
biologically active peptides containing B-turns. 
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Introduction 

Angiogenesis plays a key role during tumor growth and the formation of metastases. The 
neovascularization is characterized by invasion, migration and proliferation of endo
thelial cells [1]. Therefore it seems likely that cell adhesion molecules contribute to the 
regulation of these processes. It was shown that the <xvP3 integrin is abundantly 
expressed on blood vessels in granulation tissue and is important during neovasculari
zation [2]. Investigations on the structure/activity relationship of cyclic peptides 
regarding the inhibition of the in vitro binding of vitronectin to the isolated avB3 receptor 
led to the highly active compounds c(RGDFV) and c(RGDFV) [3]. Recently, it was 
demonstrated that the latter peptide suppresses tumor-induced angiogenesis on chick 
chorioallantoic membrane [4]. Based on these peptides, we have investigated the 
influence of amino acid substitutions in positions four and five concerning their activity 
and selectivity towards the ocvP3 receptor. The resulting peptides can be divided into 
four distinct classes. Class 1 and 2 differ from 3 and 4 by the position of the structure-
inducing D-amino acid. In categories 1 and 2, as in 3 and 4, either position 4 or 5 is 
screened with a set of hydrophilic and hydrophobic amino acids while the other position 
is kept unvaried (see Figure 1). 

c(RGDFV) c(RGDFV) 

class 1 
c(RGDXV) 

c(RGDKV) PI 
c(RGDPhgV) P2 
c(RGDThiV) P3 
c(RGDWV) P4 

c(RGDPNalV) P5 

class 2 
c(RGDFX) 

c(RGDFK) P6 
c(RGDFG) P7 
c(RGDFA) P8 
c(RGDFL) P9 
c(RGDFF) PlO 

c(RGDFPNal)Pll 

class 3 
c(RGDXV) 

c(RGDSV) P12 
c(RGDKV) P13 
c(RGDPV) P14 

c(RGDThiV) P15 
c(RGDTjcV) P16 
c(RGDWV) P17 

c(RGDj3NalV) P18 

class 4 
c(RGDFX) 

c(RGDFK) P19 
c(RGDFS) P20 
c(RGDFG) P21 
c(RGDFA) P22 
c(RGDFL) P23 
c(RGDFF) P24 

c(RGDFPNal) P25 

Figure 1. Classification of the different peptides. 
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Results and Discussion 

The peptide structures in solution of all four classes are characterized by a pil'/yturn 
arrangement. The D-amino acid adopts the i+1 position of the P Il'-turn, except for class 
2. Here the D-amino acid occupies the /'+/ postion of the y-turn. Class 3 is divided into 
two subclasses. Instead of the pir/y-turn motif, the peptides P14 and P16 show a 
Y/y-turn arrangement with glycine and the D-amino acid in the i+1 positions of the two 
y-turns. The inhibitory capacities of the cyclic peptides regarding the inhibition of 
vitronectin (Vn) and fibrinogen (Fbg) binding to the isolated aIIbP3 and avP3 receptors 
were compared with the linear standard peptide GRGDSPK. In the case of the ocvP3 

receptor, all peptides except for P14 reveal an increased activity compared with the 
standard peptide. The best antagonist P17 shows a 20,000 fold higher activity. In 
contrast, the cyclic peptides reveal only weak capacities concerning the inhibition of Fbg 
binding to the ctubP3 receptor (see Figure 2). 

1x10" 
Ixl0'u 

1x10"' 

class 1 
Q 

1x10" 
class 2 

mil 
Q 

lxl0": 

rl ^ I f 
1 1xl° rJ 
1 ,xl0"1 f l 

1 M0'!li Lys Gly Ala Leu Phe |lNal Val 
Pft P7 PR P9 PlO PI I 

class 3 class 4 

Lys Ser Gly Ala Leu Phe RNal Val 
PI9P20 P2I P22 P23P24 P25 

Figure 2. Diagram showing the activities of the four peptide classes concerning the inhibition of 
the Fbg binding to the atm/33 receptor (black) and the Vn binding to the CCVP3 receptor (grey). 
Data given as ratio Q = IC50[peptide]/ICS0[GRGDSPKJ. 

The structure/activity investigations show that position 5 of the cyclic peptide is very 
tolerant towards hydrophobic as well as hydrophilic replacement. In position 4 the 
introduction of a hydrophobic amino acid increases the activity for both receptors. In 
contrast, the similarly high activity of P12 with Ser in position 4 cannot be explained by 
hydrophobic interactions. We postulate the formation of a hydrogen bond between the 
side chain hydroxyl group and an acceptor group within the receptor. This could also 
explain the particularly high activity of P17, because the indole system of Trp4 combines 
both: the aromatic interaction and a possible hydrogen bond formation via the indole NH. 
The low activity of the peptides P14 and P16, especially for the avP3 receptor, is 
explained by the missing hydrogen atom of the amide bond between residue 3 and 4. 
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Introduction 

The integrin ocvP3 has been linked to angiogenesis, metastasis, osteoporosis, and 
restenosis [1]. We report here results from efforts to develop antagonists to this receptor 
as therapeutics. Two peptide pharmacophores that bind with high affinity to the integrin 
avP3 and have unique selectivity profiles are disclosed. 

Results and Discussion 

To discover lead peptides for our avP3 antagonist program, a diverse set of peptides from 
the Telios compound data base was screened in our integrin assays. Peptide 1 (Table 1) 
proved especially interesting because it exhibited both modest activity and some 
selectivity, and it contained a unique pharmacophore; the pentapeptide sequence 
RGDDV. 

Next, a high temperature dynamics conformational search of 1 found one structural 
family of lowest energy. In this conformation, the RGD sequence is found in a p-turn 

Table 1. Activities of RGD peptides in integrin assays, IC^pm)* 

# 

1 
2 
3 
4 
5 
6 

Sequence6 

GPenRARGDDVCA 
RGDtY-OMelRE-NH. 
RGDDVE-NH2 
(MpamGDDVC-NH. 
fMpa1RGDD(t-BuG)C-NH. 
(MpalRGDftetDVt-BuOC-NH., 

VN/<xvP3 

ELISAC 

0.026 
0.0036 
0.026 
0.036 
0.006 
0.0017 

VN/avP5 

ELISA0 

0.48 
10 
0.48 
4.8 
1.1 
0.19 

FN/a5P, 
ELISA' 

0.039 
0.43 
0.039 
0.36 
0.32 
0.17 

Platelet 
Aggregation11 

>50 
0.82 

88 
77 
26 
12 

a) abbreviations: Pen, penicillamine; Y-OMe, O-methyltyrosine; Mpa, 3-mercaptopropionic acid; 
f-BuG, terf-butylglycine; tetD, P-tetrazolylalanine; VN, vitronectin; FN, fibronectin. b) residues 
underlined are either in a disulfide or a lactam ring, c) competitive ELISA, ligand/receptor. d) 
Platelet aggregation in platelet rich normocalcemic plasma (heparin) induced by ADP (10pm). 
Platelet aggregation is a cell based assay that measures affinity towards the integrin cc^Pj 

207 



D.G. Mullen et al. 

and the DDV sequence is in a P-strand, which is similar to the active conformation 
calculated for the RGD(Y-OMe)R pharmacophore in our a,IbP3 antagonists [2]. A screen 
of our ocnbP3 antagonists revealed a subclass that bound with high affinity to the integrin 
avP3, 2

d, as well. By substituting the RGDDV sequence into this subclass of peptides, we 
found that the RGDDV sequence is sufficient for activity and selectivity at the integrin 
ccvp3,3,4. 

A structure-activity relationship has been developed for the RGDDV pharmaco
phore. Aliphatic, P-branched residues increase potency and selectivity in position 4 
[positional assignments in parenthesis as follows:- X.,(-l) -R(0) -G(l) -D(2) -X3(3) 
-X4(4)]; replacing r-BuGa for Val, 5, gave a 6-fold increase in potency. Next, changing 
the carboxyl group of the Asp in position 3 to a tetrazole moiety, 6, gave another 4-fold 
increase in activity while maintaining 100-fold selectivity over the other integrins. 

In conclusion, we have developed two classes of integrin antagonists active at the 
nanomolar level. One is selective for the integrin avP3 and contains the RGDDV 
pharmacophore; the second selects for integrins that have the P3 subunit and contains the 
RGD(Y-OMe)R sequence. 
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Introduction 

The continuing search for alternative opioid analgesics depends upon the availability of 
potent, receptor selective compounds for pharmacological evaluations. The cyclic opioid 
peptide Tyr-c[D-Lys-Phe-Ala], also known as YKFA, was first reported by Darlak et al. 
in 1990 [1]. Although YKFA is one of the most potent opioid peptides known (sub
nanomolar IC50's at both p and 8 receptors), it is not very selective, with a selectivity 
ratio, (IC50(8)/IC50(p) = 4.93). In 1985, Pelton et al. [2] reported that a somatostatin 
analog, D-Phe-c[Cys-Tyr-D-Trp-Lys-Thr-Pen]Thr-NH2, was a potent and selective p-
antagonist (IC50(8)/IC50(p) = 271). The potency at opioid receptors of this compound 
and analogs is surprising in light of the prevailing view that an N-terminal Tyr, as well as 
an aromatic group at positions 3 or 4, is required for opioid activity. We have synthe
sized a series of compounds in an effort to modulate the selectivity and agonistic activity 
of YKFA. Because these compounds are derived from a dermorphin-like sequence 
(YKFA) and a somatostatin sequence, we have termed them hybrid cyclic peptides. 

Results and Discussion 

Four small ring dermorphin analogs have been prepared. All retain a backbone to side 
chain ring structure with 13 atoms in the ring. All four structures can be considered as 
hybrids of the potent opioid agonist, YKFA, and the potent p-selective antagonists based 
on a modified small ring somatostatin. 

Results of the in vitro bioassays are shown in Table 1. None of the four hybrids 
appear to have antagonist behavior. Two of the four (2 and 4) are reasonably potent and 
somewhat p-selective, with IC50 potencies of 30 and 18 nM. The D-Phe1 analogs are 
considerably less active. The significant agonist activity is surprising and analogs 2 and 
4 are among a small group of opioid peptide analogs that show potent activity without an 
N-terminal tyramine moiety. Transposition of the Tyr and Phe residues in YKFA results 
in compounds that retain agonistic activity at the p receptor. The increase in selectivity 
for 2 as compared with YKFA is due to a more dramatic decrease in potency at the 8 
receptor. When the chirality of the Phe1 residue is changed from L to D, a compound 
with low activity at both p and 8 receptors is obtained. 

Substitution of Ala with Trp results in a more somatostatin-like structure. 
Replacement of Ala in compound 2 with Trp increased potency at both the p and 8 
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Table 1. In vitro bioassays of hybrid cyclic peptides. 

Compound 

1. H-Tyr-c[D-Lys-Phe-Ala] 
(YKFA) 

2. H-Phe-c[D-Lys-Tyr-Ala] 

3. H-D-Phe-c[D-Lys-Tyr-Ala] 

4. H-Phe-c[D-Lys-Tyr-Trp] 

5. H-D-Phe-c[D-Lys-Tyr-Trp] 

GPI 
IC50(nM) 

0.11 ± 0.013 

30.38 ±8.64 

1827 ±58 

17.65 ±1.91 

627 ±123.9 

MVD 
IC50(nM) 

0.54 ±0.031 

367.1 ±27.1 

9327 ± 2829 

228 ± 62.3 

8129 ±1438 

MVD/GPI 
IC50 Ratio 

4.93 

12.1 

5.1 

12.9 

13 

receptors without changing the selectivity. The same is true for compound 5. 
Replacement of Ala in 3 with Trp increases potency better than two-fold for 5, 
relative to 3. However, the D-Phe substitution again substantially decreases activity at 
both receptors. 

There are a few examples in the literature of potent p-selective opioid peptides in 
which Tyr1 has been replaced with Phe, including the potent somatostatin analog that 
contain D-Phe in position 1 and Tyr in position 3. However, these compounds proved to 
be opioid antagonists [2]. Schiller and DiMaio reported some enkephalin analogs 
containing Phe in position 1 as well as position 4 that retained potency and selectivity [3]. 
Recently, the combinatorial approach has yielded very potent p antagonists (acetalins) 
[4] as well as a p agonist that consists of all D amino acids [5]. These peptides are 
acetylated at the N terminus and in both cases the side chain of Arg1 presumably assumes 
the role of the protonated N-terminus. In both of these cases, the aromatic amino acids 
corresponding to the Tyr and Phe in the traditional opioid peptides are Phe and Trp, 
respectively. 

In summary, the compounds reported here leave open the question of the surprising 
opioid antagonist activity of the somatostatin analogs, but suggest that they may be 
binding quite differently to the p receptor than other opioid ligands. 
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Introduction 

It has been shown that a correlation exists between the fusogenecity of synthetic peptides 
corresponding to the N-terminal segment wild type and mutant forms of Simian Immuno
deficiency Virus gp32 (SIV) and their mode of insertion into lipid bilayers [1]. It has 
been proposed that the orientation of the peptide in the lipid bilayer changes as a 
consequence of the amino acid sequence which results in a change of the distribution of 
hydrophobicity around the helix axis, without changing the a-helicity [1, 2]. In this 
respect, fusogenic activity is only observed when the peptide inserts into the bilayer with 
an oblique orientation [3]. This corresponds to a situation in which the fusion peptide 
perturbs the bilayer stability [4]. Since the membrane orientation of the SIV fusion 
peptide determines its effect on bilayer stability and its ability to promote membrane 
fusion, it is reasonable to expect bilayer properties such as curvature, bending strength 
and surface hydration also to play an important role in the process. We use X-ray 
diffraction to investigate the structural effects of two synthetic peptides on different lipid 
systems. One peptide corresponds to the wild type sequence (SIV^), and inserts into the 
membrane at an oblique angle [1,2]. The other one has a rearranged sequence (SIVmtv), 
and inserts into the membrane along the bilayer normal. 

Results and Discussion 

For both peptides we observe a disordering effect on lipid structural organization. 
However, the disorder induced by the SIV^ is relatively higher below TH (lamellar to 
hexagonal phase transition temperature), while with SIVmtv it is higher above TH. In 
both cases, the extent of the disordering effect depends on the lipid system studied. 
For example, diffractograms taken with the lipid MeDOPE (monomethyl dioleoyl-
phosphatidylethanolamine) alone and in the presence of each of the peptides at relatively 
high peptide to lipid molar ratios (R=5xl02) are shown. The systems are completely 
disordered, independent of which peptide is present and at which temperature. However, 
if the samples are submitted to a fast heating process, which rapidly takes them to a 
temperature above TH, it is possible to restore the hexagonal phase to the system 
containing SIV^ (Figure 1). 
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Figure 1. X-ray diffraction profiles from the MeDOPE lipid system in the absence and in the 
presence of two different fusion peptides. Diffractograms were taken at 7CfC. Samples were 
heated in one single fast step starting from room temperature. This thermal treatment proved an 
efficient way of getting more ordered Hn structures. 

The differences in the effects of the two peptides with different lipid systems can be 
understood in terms of the differences in the water/membrane interface and bending 
energy. These differences between the effects from the two peptides are demonstrated by 
the bilayer stabilizing action of SIVmt.v as opposed to the bilayer destabilizing action of 
SIV^. Effects are weaker for the pure phosphatidylethanolamine system studied, where a 
large number of interlipid hydrogen bonds accounts for a more stable interface. The 
effects are stronger for the binary lipid system (efhanolamine/choline mixture 3:1), and 
even more so for the MeDOPE. For the binary mixture, there might occur partial 
segregation of the two lipids with the peptide preferentially interacting with certain 
domains or boundary defects. This segregation might account for part of the disorder 
observed. For MeDOPE, the peptide has easier access to the membrane/water interface, 
since the hydrogen bonding is weaker due to the presence of the CH3 group. Generally, 
the structural effect of the wild-type peptide is consistent with the finding that it is a 
bilayer destabilizer [4], whereas that of the SIVmutv is not consistent with the finding that 
it is a bilayer stabilizer [4]. 
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Introduction 

The ras oncogene [1] is found mutated in approximately 25 % of overall human cancers 
[2]. Many laboratories have recently focused on the mechanism of ras-induced cellular 
transformation in the hope that this mechanism might be useful in the identification of 
novel anticancer therapeutic approaches [3]. In our laboratory, we are investigating the 
post-translational modifications of the ras gene product, the ras protein. The C-terminal 
CAAX sequence, where C is Cys, A is an aliphatic amino acid and X is any amino acid, 
is highly conserved in different ras proteins. These undergo several post-translational 
modifications before reaching their site of action in the cell membrane. The first and 
most important modification is the farnesylation of the thiol group of the cysteine located 
at the fourth amino acid position of the ras C-terminus. Ras farnesyl transferase (FTase) 
catalyses this event. It has been shown [4] that the inhibition of farnesylation of ras 
proteins precludes migration to their site of action in the cell membrane, so preventing 
their cell transforming activity. Inhibitors of ras farnesyl transferase thus represent a new 
family of potential antitumor agents against the mutated oncogenic ras-proteins. 

Results and Discussion 

Structure activity studies involving backbone modifications of 1 showed that the 
introduction of a local constraint by replacement of Phe by tetrahydroisoquinoline 
carboxylic acid (TIC) in 2 and 3 and by replacement of Val by (N-Me)Val in 3 led to 
peptides with drastically increased inhibitory activity of FTase in isolated enzyme assay, 
but with inactivity in cell based assays. Backbone modification of 2 by the amino-
methylene-pseudopeptide strategy led to 4 in which CysY(CH2NH)Val replaced Cys-
Val. The reduced amide bond isostere clearly disclosed increased inhibitory activity of 
FTase in isolated enzyme and cell based assays. Additional bond reduction led to 5 
which is one of the most potent analogs reported to date in isolated enzyme assay but 
which displayed lower activity as compared to 4 in cell based assays. Modification of 
the N-terminal amino acid of 4 by replacement of Cys by a mercaptopropionyl (Mpa) led 
to 6 and 7 with considerable inhibitory activity in isolated enzyme assay but decreased 

213 



G. Byk et al. 

activity in cell based assays. Interestingly, introduction of TicY(CH2NH)Met instead of 
Tic-Met and Mpa instead of Cys led to 8, which is completely inactive in isolated 
enzyme and cell based assays. Finally, we have modified 2 by the introduction of a 
peptoide isostere derived from homocysteine; [N-(HS-CH2CH2)]Gly instead of Cys-Val 
in 9 and a dithio-bridged dimer/methyl ester prodrug in 10. The products displayed 
considerable inhibitory activity in isolated enzyme and cell based assays. Moreover, 10 
suppressed also the anchorage independent growth of NIH 3T3 cells transformed with 
oncogenic Ha-Ras (IC50= 3 pM) as that of the oncogenic Ki-Ras (ICS0= 1 pM), but had 
no effect on growth of NIH 3T3 cells transformed by \-Raf oncogene. Inversion of the 
carboxy-methylene of Gly (CH2CO) in 9 yielded a "carboxy-retroinverso" peptide bond 
isostere 11 completely inactive either in isolated enzyme assay or cell based assay. 

Table 1. Inhibition of FTase' and ras processing by pseudopeptides related to Cys- Val-Phe-Met. 

Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Formula 

CysValPheMet 
CysValTICMet 
Cys[NMe]ValTICMet 
CysT [CH2NH] ValTICMet 
CysY [CH2NH] ValY [CH2N]TICMet 
MpaY [CH2NH] ValTICMet 
Mpa1? [CH2NH] ValT [CH2N]TICMet 
MpaValTICT [CH2N]Met 
[N-(HSCH2CH2] GlyTICMet 
-(SCH2CH2NHCH2COTICMet-OCH3)2 

HSCH2CH2NHCOCH2TICMet 

in vitro" 

1,000 
10 
5 
0.6 
1.2 
0.8 
2.3 
» 1 0 7 

100 
145 
» 1 0 7 

IC 

'(nM) 
so 

cellsb (pM) 

-
-
-
100 
150 
200 
-
-
-
100 
-

a FTase inhibition was tested on human FTase as previously described [4]. 
Ras processing inhibition in intact THAC cells was carried out as previously described [5]. 

We are currently evaluating conformational differences between active and non active 
compounds by molecular dynamics models and NMR toward the design and synthesis of 
new generations of non peptidic inhibitors of ras FTase. 
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Introduction 

Tripeptide aldehydes, such as D-1-Piq-Pro-Arg-H (1) and D-MePhe-Pro-Arg-H [1] (2), 
are small molecular weight direct inhibitors of thrombin that block the enzyme active site 
and prevent fibrin formation. 

Results and Discussion 

The ability of compounds 1 and 2 to be effective orally active thrombin inhibitors was 
determined. The criteria established for the compounds was an acceptable index of 
bioavailability, antithrombotic efficacy in a rat model of extracorporeal arteriovenous 
(AV) shunt thrombosis, and to have little or no potential for bleeding liability as 
measured by a canine template bleeding time. In addition, the compound should have 
good oral absorption with an acceptable half life in normal human volunteers. 

The rat served as the animal model for the estimation of bioavailability because of its 
small size and ease of study [2]. Due to the lack of an assay for parent drug, absolute 
bioavailability could not be determined, instead bioactivity, as measured with plasma 
thrombin time (TT), served as an index of plasma drug concentration to estimate 
bioavalibility. Plasma TT represents the time between addition of a constant amount of 
bovine thrombin to a plasma sample and the formation of fibrin. The time course of 
plasma TT was determined in groups of rats after intravenous bolus and oral 
administration of the two compounds. The area under the curve (AUC) of the plasma TT 
time course was determined and adjusted for the different doses. This index of bio
availability, termed "%Relative Activity", was calculated for each compound using the 
equation %Relative Activity = (AUC po) / (AUC iv) X (Dose iv) / (Dose po) X 100. 
The estimation of bioavailability using this approach yielded a Relative Activity of 
approximately 54% for D-1-Piq-Pro-Arg-H and 12% for D-MePhe-Pro-Arg-H. 

In the rat AV shunt model, blood was circulated for 15 minutes through a 3-piece 
shunt of plastic tubing connecting the carotid artery to its contralateral jugular vein. The 
center section of the tubing contained a thread upon which thrombotic material 
deposited. The thread was removed and weighed as a measure of thrombosis. The two 

215 



R.T. Shuman et al. 

compounds were studied at various times after oral administration in this model. Both 
compounds caused dose-dependent reductions in the weight of the formed thrombus. 
The results after a single oral dose of 20 mg/kg of compound 1 and 2 in the AV shunt 
model demonstrated that both compounds reduced thrombus weight in a time-dependent 
manner. Compound 1 exhibited a significantly greater reduction in thrombus weight 
after one hours oral dosing and antithrombotic effect persisted longer than compound 2. 

An estimation of bleeding liability was performed using a canine model by 
measurement of template bleeding times on the gingiva of the left jaw. Both compounds 
were found to have very little effect on template bleeding time at the doses tested. The 
doses that caused a significant increase in bleeding time were at 2.0 and 4.0 mg/kg/hr for 
compound 1 and 4.0 mg/kg/hr for compound 2. 

Both compounds were found be efficacious in the AV-shunt model with compound 1 
exhibiting a 5 fold increase in its index of bioavailability. Compound 1 was the more 
potent antithrombotic after oral administration in this rat model. In addition, both 
compounds exhibit little effect on potential bleeding liability as measured in a canine 
template bleeding time. Therefore, these experiments plus many others suggested 
considerable therapeutic potential for compound 1. Compound 1 was then evaluated in 
normal human volunteers in a dose escalating study (Figure 1). The four dose levels of 
Compound 1 administered to individuals, exhibited a significant dose-dependent oral 
absorption with an effective half life for the compound of less than two hours. The 
design of a thrombin inhibitor with a better duration of action remains a major goal. 

70-
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Figure 1. Time course of plasma thrombin time ratio in normal volunteers. 
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Introduction 

The Epidermal Growth Factor Receptor (EGFR) family of tyrosine kinase-linked 
receptors (EGFR, erbB2/neu, erbB3 and erbB4) are frequently overexpressed in cancer 
cells and may regulate tumor cell proliferation [1]. A number of peptide growth factors 
have a demonstrated ability to bind to and modulate these receptors, among them are 
EGF, and Heregulin (HRG)/Neu differentiation factor (NDF). 

The heregulins (HRGs) are a family of proteins that stimulate tyrosine 
phosphorylation of pl85crW" and have a region of high homology to EGF [2-4]. EGF 
and HRG bind breast cancer cells with complete specificity to their respective receptors 
[2, 5], This binding specificity is obtained despite common structural features in their 
core domains (Figure 1) [6]. We previously reported the solid phase synthesis of 
biologically active HRG(3177-226 [7]. Based upon alignment of this core region of 
HRG(3 with EGF, we synthesized a series of fifteen EGF/HRG "chimeras" designed to 
elucidate sequence components important for receptor selectivity. 

Results and Discussion 

HRGP177-226 and EGF1-48 each consist of four intra-cysteine regions and N- and 
C-terminal tails. Chimeras were synthesized in which these six regions were inde
pendently exchanged between EGF and HRG (Figure 1). These chimeric peptides were 
folded and their structure confirmed by mass spectral analysis and, when possible, by 
disulfide mapping. These chimeras were evaluated versus HRG and EGF controls in 4 
distinct breast cancer cell based assays: 1) inhibition of 125I-EGF binding to SKBr3 cells, 
2) inhibition of l2T-HRG binding to SKBr3 cells, 3) stimulation of EGFR 
autophosphorylation in MDA-MB-468 cells, and 4) stimulation of pi85 tyrosine 
phosphorylation in MDA-MB-453 cells. 

Substitution of any of the EGF regions into HRG produced chimeras which retained 
full affinity for the HRG receptor and ability to stimulate pi85 phosphorylation in cells. 
None of these chimeras had affinity for EGFR (Table 1). A chimera of HRG with the 
EGF N-terminus (not shown) could not be evaluated as it did not produce properly 
folded material under oxidation conditions successful for all other chimeras. Synthesis 
of a truncated HRG, minus the N-terminal 5 aa (HRGpi82-226) also did not yield 
product with proper disulfide bonding. 
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i N i I i 11 n 11 ra iv l i e 
HRGP177-226 jSHLVKk^KEKTFic^GGEjqFMVKDLSNPSRYI^KciPNEFTGD^QNYVM j 
EGFK48R JNSDSE|dPLSHDGYiqLHDGV|C|MYIEALD KY^NciWGYIGEFjCJQYRDLFJ 
HRGP177-226 jSHLVKJc^KEKTFidvMGGE jdFMVKDLSNPSRYlicKdPNEFTGDRidQNYVM 
HRC-I j idPLSHDGYjd jc; b . d p, 
HRC-II ! jd kJLHDGVjCJ b . d jci 
HRC-IH j C jCj IciMYIEALD KYAJC . Cj jQ 
HRC-IV j M id id b.dwGYiGERid 
H R C - C i id id id b . c i biQYRDLRj 
HRGpi77-i8i isHLVKj j M M i i i i i 

EGp.K4SR iNSDSEidPLSHDGYidLHDGvidMYIEALD KY^CNdWGYIGERiqQYRDL^ 
EGC-N isHLVKid id M b .c i p. i 
EGC-I i jCJAEKEKTFiq jci b . CJ Q ; 
EGC-n i M idywGGEid i c . d id I 
EGC-m i M M icJFMVKDLSNPSRYlic . d p . j 
EGC-IV i id iq Ci jc. q'PNEFTGDRiq i 
EGC-N-a isHLV.id id id b .c i id j 
EGc-N-b isHL.Kid M M b .c i id i 
EGC-N-c isH.VKici H M b .c i H i 
EGC-N-d UCLVKM M id p.d bj i 

Figure 1. HRG, EGF, and HRG/EGF chimeras (HRCs) and EGF chimeras (EGCs). Gaps in the 
aligned sequence are represented by dashes; dots represent sequence identities with the top 
sequence. 

It is likely that all primary sequence substitutions of EGF into HRG which involve 
structurally dissimilar residues represent positions in HRG which are unimportant for 
receptor binding since these non-conservative substitutions do not destroy binding 
affinity. Inability to fold HRG with a modified N-terminus is consistent with NMR 
evidence suggesting that this region plays an important role in the generation of tertiary 
structure [6, 8]. 

EGC-I, III and IV bound neither receptor with high affinity and did not stimulate 
phosphorylation of EGFR or pi85 (Table 1). EGC-II had moderate affinity for both 
receptors, but could not stimulate pi85 phosphorylation. 

Substitution of the HRG N-terminus for the corresponding region of EGF produced 
a chimera, EGC-N, which bound both receptors with high affinity and was highly active 
in stimulating EGFR and pi85 phosphorylation (Table 1). Further investigation of the 
N-terminal sequence of EGC-N with chimeras EGC-N-a, EGC-N-b, EGC-N-c showed 
little effect on affinity for the HRG receptor. Removal of Ser177 and His178 (EGC-N-d) 
reduced affinity for the HRG receptor by > 10-fold (Table 1) without a corresponding 
effect for the EGF receptor. The pentapeptide HRGP177-181 was unable to compete for 
HRG binding (Table 1). 

The N-terminal five amino acids of HRG are, therefore, crucial for generating 
specific high affinity binding to its receptor, with region II also contributing to 
specificity in binding. The chimeric EGC-N, a highly potent agonist for both EGF and 
HRG receptors, represents a first of its kind and is therefore designated "biregulin". 

218 



Biologically Active Peptides 

Table 1. Receptor binding and phosphorylation data. 

HRG 177-226 
HRC-I 
HRC-II 
HRC-III 
HRC-IV 
HRC-C 
HRG 177-181 

m-EGF 
EGC-I 
EGC-II 
EGC-III 
EGC-IV 
EGC-N 
EGC-N-a 
EGC-N-b 
EGC-N-c 
EGC-N-d 

Inhibition of 
HRG binding 
IC50 (nM)* 

0.16 
0.07 
0.25 
0.19 
0.18 
0.17 
>170000 

>99 
>180 
46 
>170 
>180 
0.18 
0.2 
0.21 
0.7 
12 

Stimulation of 
pl85 
phosphorylation 

+ 
+ 
+ 
+ 
+ 
+ 
-

-
-
-
-
-
+ 
NT 
NT 
NT 
NT 

Inhibition of 
EGF binding 
IC50 (nM)* 

>180 
>180 
>200 
>190 
>180 
>170 

NT 

0.2 
180 
152 
>170 
>180 
1 
NT 
NT 
NT 
0.8 

Stimulation of 
EGFR 
phosphorylation 

_ 
-
-
-
-
-
NT 

+ 
+ 
+ 
-
-
+ 
NT 
NT 
NT 
NT 

* Specific binding of 125I-HRGP177-241 or 125I-EGF to SKBr3 cells [7]; "+" > 2 fold increase in 
tyrosine phosphorylation relative to untreated control cells; "-" < 10% of the response to positive 
control (EGF or HRG); "NT" = not tested. 
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Introduction 

Phospholamban (PLB) is a 52 amino acid (primarily pentameric) membrane protein 
(Figure 1) present in stoichiometric amounts with the Ca2+ ATPase of cardiac sarco
plasmic reticulum (SR). PLB in its unphosphorylated state attenuates the catalytic 
activity of Ca2+ ATPase by reducing its apparent calcium sensitivity. Phosphorylation of 
PLB [1], treatment with antibodies directed against PLB [2] or mild trypsin proteolysis 
of PLB [3] reverses the decreased calcium sensitivity leading to stimulation of Ca2+ 

ATPase activity. Limited quantities of this modulator of the cardiac SR calcium pump 
from natural sources compounded by its extreme hydrophobic nature have made its 
isolation difficult and limited its biophysical characterization. 

The chemical synthesis of PLB has been reported [4] but a direct comparison with 
n-PLB was not performed. This report, as well as a more detailed description [5], 
describes an alternative chemical synthesis and a detailed comparison of n-PLB with 
s-PLB. A synthetic Cys to Ser analog which does not oligomerize is also described. 

Ac-Met-Asp-Lys-Val-Gln-Tyr-Leu-Thr-Arg-Ser-Ala-Ile-Arg-Arg-Ala-Ser-Thr-Ile-
Glu-Met-Pro-Gln-Gln-Ala-Arg-Gln-Asn-Leu-Gln-Asn-Leu-Phe-Ile-Asn-Phe-Cys-
Leu-Ile-Leu-Ile-Cys-Leu-Leu-Leu-Ile-Cys-Ile-Ile-Val-Met-Leu-Leu-OH 

Figure 1. Primary sequence of phospholamban. 

Results and Discussion 

Assembly of the primary structure was achieved on a 0.50 mmole scale using the Applied 
Biosystems 430A peptide synthesizer [6]. Boc protection for the primary amine along 
with TFA stable side chain protection was used for all amino acids. A double coupling 
protocol, as supplied by ABI, was employed at each step using N-methylpyrrolidinone as 
the reaction solvent. Acetylation of the N-terminal Met was accomplished by coupling 
acetic acid as described above. The final 52-peptide was cleaved from the resin using the 
high HF procedure [7] in the presence ofp-cresol and /?-fhiocresol as scavengers. The 
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crude product was extensively extracted with 50% acetic acid/H20 and lyophilized. Due 
to its extreme insolubility, difficulty was encountered during attempts to purify crude 
PLB using standard reverse phase (RP) preparative HPLC conditions. Even after 
solubilization, major product loss was observed on silica based RP supports. However, 
when a polymer based C-18 support was used (Asahipak® Gel, ODP-200, 20pm) with a 
formic acid/water/isopropyl alcohol gradient system we were able to efficiently purify 
300 mg of crude PLB to yield 27 mg of pure product. 

Synthetic and native PLB were shown to be indistinguishable when analyzed by 
SDS-polyacrylamide gel electrophoresis and both exhibit pentameric complexes which 
dissociate to monomers upon boiling. Both proteins are phosphorylation substrates for 
the catalytic subunit of the cAMP-dependent protein kinase. Native and synthetic PLB 
have identical amino acid analyses which reflect their predicted composition and both 
yield identical internal PLB sequences following CNBr treatment. Mass spectroscopy 
results were in agreement with the predicted molecular weight (M = 6123). 

A synthetic full-length PLB analog in which the three Cys residues at positions 36, 
41 and 46 were replaced with the isosteric amino acid serine was also synthesized. 
Unlike s-PLB, the Cys to Ser analog does not oligomerize into pentamers as determined 
by SDS-PAGE and analytical equilibrium centrifugation. The analog was phospho
rylated by the catalytic subunit of cAMP-dependent protein kinase, and was recognized 
by polyclonal antisera. CD spectral analysis of n-PLB and s-PLB indicates about 70% 
a-helical structure while the Cys to Ser analog shows only 30% a-helical content. 
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Introduction 

Bacterial adherence to host tissue is commonly mediated by a member of the adhesin 
family generally designated MSCRAMMs (Microbial Surface Components Recognizing 
Adhesive Matrix Molecules). Fibronectin (Fn) binding MSCRAMMs of S. aureus 
(FnbpA), 5. dysgalactiae (FnbA and FnbB), S. pyogenes (Sfb), and S. equisimilis (FsE) 
have been isolated and their respective genes cloned and sequenced. The binding site for 
Fn on these MSCRAMM molecules is located in a segment consisting of a 30-43 amino 
acid residues long motif repeated three or four times (Figure 1). Recombinant proteins 
containing the repeat region and synthetic peptides mimicking the individual repeat units 
have been shown to bind 125I-labeled Fn. These MSCRAMMs bind Fn by interacting 
with the 29 kDa amino terminal region of Fn, which is composed of five so-called type I 
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Figure 1. Domain organization of fibronectin receptors from FnbpA, FnbA, FnbB, Sfb and FsE. 
Fn binding repeat units are represented by A, B, D, E, and P. The sequence of the N-terminal 
portion of Fse is not available. S, signal sequences; U, sequence unique to the Fn receptor; W, 
cell wall-spanning region; M, membrane spanning region; C, intracellular region. 
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Table 1. 

Peptide 

A2 
B3 

The ability of synthetic peptides A2 andB3 binding to 

F12 

+ 

F23 

+ 
+ 

different finger 

F34 

+ 

constructs. 

F45 

+ 

modules. In the present study, we produced recombinant proteins containing two type I 
modules (modules 1-2, 2-3, 3-4 and 4-5) and examined their interaction with synthetic 
peptides mimicking the ligand binding motifs of the Fn binding MSCRAMMs. 

Results and Discussion 

Type I modules (also called fingers) 1-2, 2-3, 3-4 and 4-5 of Fn were expressed using the 
maltose binding protein fusion system [1] and purified by amylose-Sepharose 
chromatography. Purified proteins were separated by SDS-PAGE and blotted onto 
membrane. Then the membrane was probed with synthetic peptides labeled with biotin 
(Pierce, Rockford, IL). The results are summarized in Table 1. 

The peptides A2 and B3 were able to recognize at least one finger construct in our 
binding assay. We have earlier reported that synthetic peptides mimicking active motifs 
in Fn receptors from different Gram-positive bacteria [2] showed a high degree of cross 
reactivity, i.e. (i) motif B3 of S. dysgalactiae FnBB, and each of the A motifs of FnbA 
inhibit binding of both Fn and the N-terminal fragment to cells of S. aureus; (ii) each of 
the A motifs of FnbA inhibit binding of Fn and the N-terminal fragment to S. 
dysgalactiae; and (iii) the A motifs are capable of cross-inhibition of Fn binding to 
purified FnbB, while B3 inhibits Fn binding to purified FnbA, and the D3 motif from S. 
aureus inhibits binding to both S. dysgalactiae receptors. The close observation of A2 
repeat sequence reveals that this motif bears a resemblance to the consensus sequence 
(Figure 2) that conform to Fn binding proteins. This peptide is used to explore binding 

A l . WEOTQTSQED-IVLGGPGQVIDFTEDSQPGMSGNNSHT 

A 2 • TTEDSKPSOEDEVIIGGOGOVIDFTEDTOSGMSGDNSHTDGTV 
A3 '. LEEDSKPSQEDEVIIGGQGQVIDFTEDTQSGMSGAGQVESP 
pi \3. VETEDTKE--P-EVLM3GQSESVEFTKDTQTGMSGQTTPQ 
P2; ' VETEDTKE--P-GVLM3GQSESVEFTKDTQTGMSGQTTPQ 
P4 j VETEDTKE—P-GVLM3GQSESVEFTKDTQTGMSG 
D l : QNSGNQSFEEDTEEDKP-KYEQGGNIVDIDFDSVPQIHG 
D 2 : QNKGNQSFEEDTEKDKP-KYEHGGNIIDIDFDSVPHIHG 
D 3 : FNKHTEIIEEOTNKDKP-SYQPGGHN-SVDFEEDTLPKV 
El: EETLPTEQGQSGSTTEVEDT-KV-P-EVMIGGQGEIVEF 
E2 : EETLSTEQGQSSSATEVEDT-KG-P-DVLIGGQGEIVEF 
Bl: EETLPTEQGQSGSTTEVEDT-KG-P-EVIIGGQGEIVDI 
B2 : EENLPTEQGQSGSTTEVEDT-KG-P-EVIIGGQGEWDI 
B3 : EESLPTEOGOSGSTTEyF.nS-K--P-KLSIHFDNEWPKED 
E3: EETLPTEHGQSGSTTEVEDS-K--P-KISIHFDNEWPKEE 

Figure 2. Aligned sequences of the Fn binding repeat units indicated by A, B, D, E, and P in 
Figure 1. Sequences of the synthetic peptides used in this study are underlined. The regions of 
very high similarity are shown in bold type. 
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specificity in our present study. However, B3 repeat from FnbB, which lacks the 
consensus sequence also binds Fn effectively, suggesting there are two types of Fn 
MSCRAMMS on Gram-positive bacteria. 

The results from the Table 1 indicate that the B3 peptide only binds fingers 1-2 and 
2-3; whereas the A2 peptide binds fingers 2-3, 3-4 and 4-5. Sequence of the repeat 
region of FsE is similar to FnbB, suggesting that its Fn-binding mechanism may be 
similar to that of FnbB. Thus, the Fn binding MSCRAMMs from Gram-positive 
bacteria can be divided into two types, type I represented by FnbA, FnbpA and Sfb, and 
type II represented by FnbB and FsE. 
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Introduction 

The N-terminal fragment (1-37) of human parathyroid hormone (hPTH) is a bioactive 
compound that occurs in human blood [1]. The known functional domains of hPTH are 
located in this N-terminal part of the peptide. Biological effects on bone cells are 
activation of adenylate cyclase and stimulation of DNA synthesis by a cAMP inde
pendent signal pathway. An increase of serum calcium concentration after activation of 
adenylate cyclase by N-terminal fragments imparts hPTH a high clinical potential, e.g. in 
the treatment of osteoporotic patients [2]. In the present study, we show that cAMP 
cyclase activity is strongly dependent on the N-terminal structure of hPTH (1-37). The 
activity correlates with structures of several hPTH fragments obtained from NMR 
spectroscopy experiments [3,4]. 

Results and Discussion 

Previous studies have demonstrated that the effect of N-terminal hPTH fragments on 
calcium concentration in serum via cAMP cyclase activation does not depend on the 
C-terminal structure of peptides. No significant difference in the elevation of calcium 
levels is observed after application of C-terminal elongated peptides hPTH (1-32) to 
(1-38) (Table 1). In contrast, the loss of the three N-terminal amino acid residues results 
in a decrease of calcium concentration in serum. Furthermore, the calcium levels 
induced by the peptides hPTH (2-37) and hPTH (3-37) differ significantly (Table 1). 
Parallel investigations on the structures of these hPTH fragments by NMR spectroscopy 

Table 1. Biological activity of N-terminal hPTH fragments in Parsons chicken assaya[5j. 

hPTH fragment 1-34 1-37 2-37 3-37 4-37 
relative Ca2+change 100 89 91 8 -4 

aChange in Ca2+ concentration after intravenous injection into chicken relative to PTH (1-34). 
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SVSEIQLMH>TLGKHLNSMERVEWLRKKLQDVHNFVAL 

EIQLjVTHNLGKJ^NSMERVEWLRKKLQDVHNFVAL 

Figure 1. NOEs vs. sequence. daB(i,i+3) NOEs ofhPTH-1-37 compared to hPTH (4-37). The 
thickness of the bars qualitatively indicates the relative strength of NOESY crosspeaks. 

show that deletion of the N-terminus results in a change of structure. Figure 1 
shows (i, i+3) NOEs from NMR spectra indicating a-helical regions in hPTH (1-37). The 
N-terminal helix is not present in the shortened hPTH (4-37). Other parts of hPTH (4-37) 
are not influenced in their structural behaviour by this modification [3, 4]. The study 
shows that biological activity of hPTH fragments goes along with these structural 
properties. However, the role of the N-terminal amino acids with respect to 
conformational changes during receptor interactions is still unclear. 
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Introduction 

Voltage-gated sodium channels are responsible for conducting sodium ions across the 
cell membrane causing depolarization of the cell and subsequent cellular activation. This 
event is followed by inactivation of the channel within 1-2 msec [1]. Rapid inactivation 
is essential for terminating nerve impulses. Research on the molecular basis for the fast 
sodium channel inactivation has suggested that a positively charged amino acid sequence 
within the sodium channel may bind to the open channel, causing inactivation [2]. 

The sodium channel is a single polypeptide chain with four repeating units (I-IV). 
Each repeat unit contains 6 a-helical transmembrane segments. The short cytoplasmic 
segment linking domains III and IV (LIIMV) of the sodium channel may play a role in the 
fast inactivation process since deletion or insertion in this region via site-directed 
mutagenesis slow down the inactivation process [3,4]. The positively charged or paired 
negatively charged residues in Lm/!V were shown not to be essential for fast inactivation 
of the sodium channel [5]. However, the last ten amino acids at the N-terminus of LII1/IV 

were found to be important for fast inactivation of the sodium channel, through 
site-directed mutagenesis [5]. In particular, mutations of the three residue cluster: 
Ile1488-Phe1489-Met1490 completely blocked fast sodium channel inactivation [6]. The 
residue Phe1489 is a critical residue since mutation to glutamine caused a 5000-fold 
decrease in channel inactivation [6]. 

These results suggest that the tripeptide cluster Ile-Phe-Met may serve as inactivation 
gate for the sodium channel. Small peptides containing the Ile-Phe-Met sequence 
(Ac-Lys-Ile-Phe-Met-Lys-NH2) block sodium channels when applied to cell cytosol via 
microinjection and cause fast inactivation in mutant sodium channels which lack the 
ability to undergo fast inactivation [7]. 

Truncation of the pentapeptide was carried out and the tripeptide (Ile-Phe-Met-NH2) 
was also found to block the opening of the sodium channel. Therefore, a series of 
tripeptide analogues were synthesized by solid phase peptide chemistry to evaluate the 
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structure-activity relationships for the interaction of small peptides with the binding site 
of the inactivation gate of the sodium channel. 

Results and Discussion 

The pentapeptide Ac-Lys-Ile-Phe-Met-Lys-NH2 was found to be effective at causing fast 
inactivation of the sodium channels (60% block @ 100 mV). The tetrapeptide Lys-Ile-
Phe-Met-NH2 and tripeptide Ile-Phe-Met-NH2 were also shown to be effective sodium 
channel blockers (75% and 65% @ 100 mV, respectively). Further truncation to the 
dipeptides Ile-Phe-NH2 and Phe-Met-NH2 or to the amino acid amide Phe-NH2, gave rise 
to inactive compounds (20%, 10% and 5% @ 100 mV, respectively). Therefore the 
tripeptide is the minimum sequence for effective blockade of sodium channels. 

Structure-activity relationships were then carried out on the tripeptide Ile-Phe-
Met-NH2. All three mono-Ala substituted analogues were inactive, indicating the 
importance of each residue. D-amino acid substitution at either the Ile and Met position 
was tolerated. 

Substitution of Met with Nle was tolerated (Ile-Phe-Nle-NH2, 65% @ lOOmV) while 
substitution with Orn (Ile-Phe-Orn-NH2) lead to a reduction in potency (30% @ 100 
mV). Oxidation of the Met residue (Ile-Phe-Met(0)-NH2) was not tolerated (10% @ 100 
mV), indicating that in the active tripeptide the Met residue is not in the oxidized form. 

A tripeptide of similar potency as Ile-Phe-Met-NH2 was obtained on substitution of 
Phe by Trp (Ile-Trp-Met-NH2, 70 % @ 100 mV). Substitution of the Phe residue with 
Phg (Ile-Phg-Met-NH2) or diphenylalanine (Ile-Dpa-Met-NH2) gave rise to less potent 
sodium channel blockers (both 35% @ 100 mV). Substitution of Phe with the 
constrained amino acid tetrahydroisoquiniline (Ile-Tic-Met-NH2) was not tolerated (20% 
@ 100 mV). Para-substitution on the aromatic ring of Phe by an amino group (Ile-
/>(NH2)Phe-Met-NH2) did not cause blockade. 

In summary, two tripeptides, Ile-Phe-Met-NH2 and Ile-Trp-Met-NE^, were found to 
be the most effective at inactivating voltage-gated sodium channels. These peptides may 
prove to be useful pharmacological tools to elucidate further the mechanism of 
inactivation of sodium channels and may enable mimetic design of sodium channel 
blockers modeled on the residues of the inactivation gate. 
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Introduction 

Earlier studies on short linear Ala- and Aib-based oligopeptides carrying protoporphyrin 
IX and naphthalene covalently bound to the e-amino groups of Lys residues showed that 
combination of IR, CD and both steady-state and time-resolved fluorescence spectra was 
productive in determining the structural features of the compounds in methanol or water/ 
methanol (75/25) solution [1]. We thus proved that they populate helical structures, to 
an extent depending on chain length, while exhibiting an internal Brownian rotational 
motion of the side-chains slower than 10 ns. Recently, we have undertaken an optical, 
chiroptical and fluorescence investigation on novel nonpeptidic NK-1 tachykinin analogs 
(Figure 1), where S denotes 1,1- or 1,2-disubstituted moieties [2]. The naphthyl (N) and 
indolyl (I) groups were thought to exhibit a neat n stacking propensity responsible for the 
biological activity, an idea supported by the spectroscopic results presented here. 

Qr^Wc, NH- 1 

Figure 1. General formula of nonpeptidic NK-1 tachykinin analogs. 

Results and Discussion 

According to absorption and fluorescence spectra in methanol solution, an indolyl-
naphthyl (I-N) charge-transfer (CT) complex forms, to an extent depending on the 
stereochemical features of the compounds, unless the scaffold is so rigid as to prevent the 
folding of the molecule. This is indeed the case for the blank, where S in Figure 1 is a 
bicyclo (2.2.1) moiety, exhibiting a biological activity as low as pK\= 5.5, as measured 
by the cologarithm of the concentration of the antagonist able to displace 50% of 
substance P bound to the cells [2]. By examining the steady-state fluorescence spectra of 
the tachykinin analogs, it appears that quenching efficiency {\x = 280, \m = 340 nm), as 
given by (1-<E>/<J>°), where <E> is the quantum yield of the sample and <&°that of the blank, 
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linearly increases as the biological activity increases. Since only the I and N groups 
involved in the CT complex undergo the quenching process, it may be concluded that the 
larger the fraction of CT formed the higher the activity. On the other hand, the 
charge-separated nature of the I-N stacked complex is revealed by the dependence on the 
solvent polarity of the weak emission which is observed in the 400-500 nm region [3]. 
Additionally, absorption spectra indicate that, in all cases, the CT complex has a molar 
extinction coefficient at 280 nm of (1.95±0.15).104 M'cm"1, implying that the stacking 
involves always the same moieties, i.e. I and N groups. 

The CD spectra in methanol solution are fully consistent with the above conclusions. 
They show common features in the accessible UV region, as shown in Figure 1, but the 
molar ellipticity of the negative band at around 227 nm is seen to increase (in absolute 
value) as the pK; of the molecules increases (Figure 2 insert). This trend suggests that 
the larger the fraction of the stacked complex the smaller the amount of conformationally 
mobile chromophores, and hence the higher the ellipticity. 

To conclude, irrespective of the type of the disubstitution in the cyclohexane moiety 
in Figure 1, if the scaffold is flexible enough so as to allow the formation of an I-N 
stacked complex experiencing partial charge separation, then the molecule stiffens and 
attains the correct conformation for competing substance P binding to the NK-1 receptor. 

y- 4 . 0 r 

200 210 220 230 240 
A. (nm) 260 

Figure 2. Typical UV-CD spectra in methanol of 1,1-disubstituted compounds (Figure 1), S 
representing in this case moieties of different flexibility. Insert: dependence of molar ellipticity at 
227 nm on the biological activity, expressed as pKt (see text). Concentration ~ 0.5 mM. 
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Introduction 

The exchangeable apolipoproteins, apo C-I, C-II, C-III and E, in very low density 
lipoprotein (VLDL) play an important role in regulating the metabolism of VLDL. They 
can modulate the initial catabolic process of VLDL as well as the removal of remnants 
from circulating blood [1-3]. It is well established that apo C-II acts as a cofactor for the 
lipolysis of VLDL triglycerides by lipoprotein lipase (LpL) [1]; apo E and apo C-III act 
as a specific ligand and an inhibitor, respectively, for binding of VLDL and their 
remnants to the lipoprotein receptors on hepatic and nonhepatic cells [2, 3]. All of the 
exchangeable apolipoproteins of VLDL contain amphipathic a-helix as their structural 
and functional units [4]. 

Class A amphipathic helices, commonly found in exchangeable apolipoproteins, are 
characterized by the location of positively charged amino acid residues at the polar-
nonpolar interface and negatively charged amino acid residues at the center of the polar 
face. Synthetic class A peptide analogs have been shown to mimic many properties of 
native apolipoproteins and thus have been used to study the domains of apolipoproteins 
responsible for lipid binding, enzyme activation, receptor binding and to probe the 
structure of lipoproteins [4]. In the present study, we have examined the effect of 
displacing exchangeable apolipoproteins from human VLDL by class A amphipathic 
helical peptides with different arrangements of the helical domains on the metabolic and 
functional properties of VLDL. 

Results and Discussion 

The three peptide analogs of the class A amphipathic helix used in the present study are: 
1) an 18-residue peptide possessing a single helical domain, with the sequence 
DWLKAFYDKVAEKLKEAF (18A), 2) two 18A molecules separated by a Pro residue 
(18A-Pro-18A or 37pA), and 3) 18A with the end terminal groups protected to increase 
helicity (Ac-18A-NH2). The peptides 37pA and Ac-18A-NH2 are helical to a similar 
extent (73% and 72%, respectively) in the presence of 1,2-dimyristoyl-sn-glycero-
3-phosphatidylcholine [5, 6]. Both of these peptides are able to displace most of the 
exchangeable apolipoproteins from VLDL, upon incubation with VLDL at a peptide to 
VLDL (protein) ratio of 1:1 (w/w), without altering the lipid composition and the 

231 



B.H. Chung et al. 

morphology of VLDL; under identical conditions 18A has minimal effect. The extent of 
displacement of exchangeable apolipoproteins by peptides is a function of VLDL to 
peptide ratio in the incubation mixture. Analysis of the exchangeable apolipoproteins 
associated with peptide-treated VLDL indicates that the rank order of displaceability of 
apolipoproteins on VLDL by amphipathic peptides is apo E > apo C-III > apo C-II, 
indicating that apo E is bound to VLDL with much lower affinity than that of apo C-III, 
while apo C-II is bound with higher affinity than that of apo C-III. Displacement of apo 
Cs and/or E by synthetic amphipathic peptides variably affects the function of VLDL to 
interact with LpL and cultured macrophages; Ac-18A-NH2 treatment markedly lowered 
both reactivity of VLDL to purified bovine milk LpL and the ability of VLDL to induce 
lipid accumulation in cultured macrophages, while 18A and 37pA treatment only 
minimally lowered these abilities. The loss of reactivity of Ac-18A-NH2-treated VLDL 
to LpL was only partially restorable when all of the displaced apolipoproteins were 
included in the lipolysis mixture. This data suggests that full activation of LpL by apo 
C-II requires its binding to VLDL. Studies of the interaction of artificial triglyceride 
emulsion with LpL showed that 37pA, but not Ac-lSA-NHj, can act as an activator of 
LpL and thus can enhance the hydrolysis of triglycerides in lipid emulsion. The peptide 
Ac-18A-NH2 or 37pA had no apparent effect on the hydrolytic activity of another 
lipolytic enzyme (pancreatic phospholipase) which does not require a cofactor. 

The above data indicate that 1) amphipathic helical peptides alter the functional 
properties of VLDL by dissociating the exchangeable apolipoproteins from VLDL as 
well as by acting as a functional element following their incorporation into VLDL, and 2) 
the Pro punctuated dimer of 18A (37pA) exerts significantly different effect on VLDL 
properties compared to Ac-18A-NH2, although secondary structures of the two peptides 
are similar. This observation suggests that, in addition to the secondary structure of 
many exchangeable apolipoproteins, their arrangement on the VLDL surface modulates 
VLDL function. 
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Introduction 

Two antimicrobial peptides, cecropin PI, with a C-terminal acid [1], and PR-39 with a 
C-terminal amide, [2] were isolated from the small intestine of the pig and sequenced. 
Each is active against both Gram positive and Gram negative bacteria, with differences in 
their mechanism of action [3]. To understand the importance of sequence, direction of 
amide bond, end group charges, chirality of the amino acids and handedness of the helix, 
we have synthesized these peptides and several analogs, including the D enantiomers and 
the retro sequences, each with a free or acetylated amino terminus, and the CPI amides. 

Results and Discussion 

The CPI amide was found to be slightly more active compared to CPI, whereas 
acetylation of the Na-free amine gave a nearly inactive analog (Table 1). The retro 
analog of CPI was less active against all five of the bacteria tested and very interestingly 
it was hemolytic against sheep red cells. The retro isomer when viewed from the 
opposite end by rotation in the plane 180°, has the same sequence as the normal analog, 
but the amide bond direction is opposite [4]. An overall enhancement of the 
antimicrobial activity was observed with the C-terminal amides in comparison with 
C-terminal acid derivatives of both normal and retro analogs of CPI. These results show 
the importance of sequence and indicate that a free amino terminus is essential for the 
activity. All the peptides were synthesized by a combination of manual and automated 
(Applied Biosystems 430 A) solid phase techniques [5]. 

Chirality has no marked effect on the activity of CPI, with the L and D isomers 
having variable activity against all five test bacteria. Likewise, the enantiomers of PR-39 
were not equally active. The ratios of the lethal concentration of L/D isomers were 6.8 
and 66 at 12 hr and 60 hr of incubation respectively for Pseudomonas aeruginosa and 
similarly >100 and >1000 for Staphylococcus aureus. In the latter case, the lethal 
concentration for the D isomer was 0.57 pM, whereas this organism was quite resistant to 
the L-isomer. The other three test organisms, Escherichia coli, Bacillus subtilis and 
Streptococcus pyogenes showed no chiral selectivity. 

With a very small inoculum D-PR-39 produced a clear zone of killing S. aureus 
surrounded by a zone of stimulated growth. After prolonged incubation the two zones 
became one clear zone. PR-39 stops DNA and protein synthesis. Addition of PR-39 to 
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the wells of a dense plate of growing cells showed a cleared zone after 12 hr for each of 
the test organisms, indicating that PR-39 lyses the bacteria. PR-peptides appear to 
stimulate the growth of bacterial colonies instantaneously, followed by slow killing of 
bacteria. Thus there appears to be a time lag between the interaction of the PR peptide 
with the bacteria and the killing. In contrast, CPI causes a very rapid lysis of bacteria. 

Sequence appears to be the determining factor for the activity of pig cecropin 
analogs, though changes in the C-terminal group and blocking of the free Na- amine also 
alter the activity. There was no marked effect of chirality on the activity of CPI. The 
activity of all-L and all-D isomers of PR-39 show that chirality has a significant effect on 
their activity against certain bacteria. These results suggest that different mechanisms 
may be adopted by the same and also different bacterial strains, and a single mechanism 
cannot be postulated even for one strain. Finding PR-39 in skin wounds [6] predicts that 
the peptides assist in maintaining sterility in the wounds and reducing the inflammation. 

Table 1. Lethal and lysis concentrations (fjM) for CPI and PR-39 analogs . 

Peptide Size D21 OT 97 Bsll Sp 1 Sac 1 SRC 

1. L-CPl-acid 31 0.4 13 10 44 >520 400 
2. D-CPl-acid 31 1.7 >300 3.9 3.2 75 500 
3. Ac-D-CPl-acid 31 16.4 >300 42.4 12.8 >300 190 
4. L-CP1-amide 31 0.3 5.9 6.6 12 >490 >200 
5. Ac-L-CPl-amide 31 0.5 >200 55 28 >500 >300 
6. Retro-L-CPl-amide 31 18 >230 33 15 >300 >400 
7. Ac-Retro-L-CPl-amide 31 18 >280 199 60 >250 >370 
8. Retro-L-CPl-acid 31 61 >350 280 >300 >300 40 
9. Ac-Retro-L-CPl-• acid 31 246 >400 290 >300 >300 195 

Peptide Size 

1. L-PR-39 39 
2. D-PR-39 39 

D21 

1.4 
2.9 

OT97 
12 hr 60hr 

9.6 7.3 
1.4 0.11 

Bs 11 

1.5 
2.8 

Sp 1 

2.2 
3.1 

Sacl 
12hr 60hr 

>600 >600 
5.6 0.57 

SRC 

17.4 
>130 

Lethal concentrations calculated after 12hr (or 60 hr) from inhibition zones on agarose plates 
seeded with the respective organisms: D2l=E.coli; OT91=P.aeruginosa; Bsll=B.subtilis; 
Spl=S.pyogenes; Sacl=S.aureus; SRC=sheep red cells. 
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Introduction 

N-(2,3-dihalogenopropyl)-glycine containing peptides were previously prepared as 
potential suicide substrates of the HIV protease or as enzyme-activated prodrugs [1]. 
Some of them, as well as their synthetic precursor Boc-Ala-Phe-N-(allyl)-Gly-Ile-VaI-
OMe I, showed an activity in counteracting the cytopathic effects of the HIV-1 on CEM 
cells and decreased the reverse transcriptase activity in cell culture supernatants (antiviral 
effect). Several modifications of the antiviral compound I have now been performed as 
follows. First, as N-(allyl)-glycine is an irreversible inhibitor of flavine oxidases such as 
sarcosine oxidase [2], an oxidative bioactivation of compound I leading to an epoxide or 
to a Michael acceptor seemed possible. To probe such an hypothesis, the double bond of 
molecule I was hydrogenated to give a saturated derivative II possessing an N-propyl 
instead of an N-allyl substituent. Second, the N-allyl-glycine and N-propyl-glycine 
residues, which can be considered as open mimics of proline or as truncated peptoid 
analogs of isoleucine [3], have been substituted with L- or D-Pro and with N-isopropyl or 
N-isobutyl-glycine. Third, in order to examine the importance of each amino acid 
side-chain of molecules I and II for anti-HIV activity, several substitutions including a 
series of single point alanine-substituted peptides (alanine scan) were realized. 

Results and discussion 

The reduced derivative II displayed a protective activity against the cytopathic effect 
induced by the HIV-1 (LAI strain) close to that of the starting molecule, ruling out a 
possible bioactivation of the allyl group in the case of I. Both compounds I and II were 
also active on HIV-2 (ROD strain). While reducing the reverse transcriptase activity in 
cell cultures, infected with HIV-1 or HIV-2, this derivative II, like the parent molecule I, 
has no noticeable action both on the HIV-1 protease and on the reverse transcriptase in 
vitro. From the analogous anti-HIV properties of molecule I and its reduced form II, we 
can conclude there is no oxidative bioactivation of the allyl group in the case of I. 

Alanine scan of compounds I or II showed that Ala substitution in position 4 was 
tolerated (Table 1). However, replacement of Ile4 by Phe, Asp(Obzl) or Lys(Z) causes a 
loss of the antiviral activity. 
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Table 1. Alanine scan of the activities of the compounds Boc-Ala-AA2-AA3-AA4-AA5-OMe against 
HIV-1 (LAI strain) and HIV-2 (ROD strain) in CEM cell cultures. 

AA 2 

Phe 
Phe 
Phe 
Phe 

Ala 

AA3 

A'-allyl-Gly 
A'-allyl-Gly 
A'-allyl-GIy 
A'-allvl-Ala 
A'-allyl-Gly 

AA 4 

Ile 
Ile 

Ak 
Ile 
Ile 

AA 5 

Val (I) 

Ala 
Val 
Val 
Val 

EC-50 
(HIV-2) 

pM 

12.3(>16.7) 
128.2 
43.2 

118.7 (>297) 
>57(>57) 

CC-50 
(HIV-2) 

pM 

>50.5 (60.7) 
>158.3 
>53.9 

>297(>297) 
>57(>57) 

SI-50 

4.09 
1.23 
1.25 
2.51 

EC-50 (RT) 
(HIV-2) 

30.3 (#76) 
158.2 
32.4 

89 (NT) 
NT 

Protective activity against the cytopathic effect induced by HIV was evaluated by MTT assay [4], 
and inhibition of reverse transcriptase activity in the supernatant of cell cultures was evaluated by 
RT dosage [5]. EC-50: concentration that reduced by 50% the HIV induced cytopathic effect; 
CC-50: dose of compound required to reduce the viability of uninfected cells by 50%, SI=IC-50/ 
EC-50, EC-50 [RT]: dose of compound that reduces reverse transcriptase activity in infected cell 
supernatant by 50 %; NT: not tested. 

N-propyl- and N-allyl-glycines do not behave as open analogs of proline for substi
tutions with L-Pro or D-Pro and give inactive compounds. Branched alkyl substituents 
(N-isopropyl- or N-isobutyl-glycine) induce a loss of the antiviral effect. Therefore, the 
analogy with a truncated peptoid of isoleucine is not valid. Molecules having an 
unsubstituted glycine or a sarcosine at position 3 are also devoid of activity. The 
homolog possessing a N-butyl-glycine is active. 
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Introduction 

Microcin B17 (McB17) is a ribosomaliy synthesized peptide antibiotic showing unusual 
chemical features. We described in 1992 [1,2] the complete elucidation of McB17, the 
first known gyrase inhibitor of peptidic nature, which is produced by Escherichia coli 
strain LP 17 [3]. The enzymatic backbone modification of the pro-McB17 leads to the 
formation of 2-aminomethylthiazole-4-carboxylic acid (Thz) and 2-aminomethyloxazole-
4-carboxylic acid (Oxa), respectively. Furthermore, two bicyclic modifications were 
found: 2-[2-aminomethyloxazolyl]-thiazole-4-carboxylic acid (OxaThz) and 2-[2-amino-
methylthiazolyl]-oxazole-4-carboxylic acid (ThzOxa) (Figure 1). 

The replacement of oxazole by thiazole rings in the recently synthesized all-thiazole 
microcin B17 resulted in the loss of antibacterial and gyrase inhibitor activity as shown 
by in vivo and in vitro assays [4]. Here we report on the first total synthesis of the gyrase 
inhibitor McB17 with natural sequence [1,2]. 

H O H O H o 
VGIGGGGGGGGG-N-C-C* S C - C * NC-C-GGOGG—N-C-C* ^ C - C - G - N - C - C * V C - C -

I I \ // \ // I I \ // I I \ // 
H H O-C S-C H H S-C H H S-C 

H .. .. O H „ O H O 
I oK y>K II I * N N || | .N. || 

- S N - N - C - C ' C - C ' C - C - G G N G - N - C - C ' C - C - G - N - C - C * C-C-GSHI 
I I \ // \ // I I \ // I I \ // 
H H S-C O-C H H O-C H H O-C 

Figure 1. Structure of the glycine-rich peptide antibiotic microcin B17. 

Results and Discussion 

The peptide was synthesized manually on a Wang resin following the Fmoc-strategy and 
using TBTU/HOBt/DIEA, with control of all coupling steps. The assembled peptide was 
cleaved from the resin by the mixture DMS/m-cresol/ethane dithiol/TFA (3/3/3/91) and 
precipitated with ether. The crude synthetic McB17 obtained after cleavage showed a 
good purity (= 40%). The peptide was obtained in high purity (> 95%) by semi-
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preparative HPLC (Nucleosil 300 C18 5 pm, 8x250 mm) using a gradient with CH3CN/ 
H20 containing 0.1% TFA. The ion spray mass spectrum of the synthetic microcin B17 
shows a double and triple charged molecular ion having the expected molecular mass 
(Figure 2). The enantiomeric purity of HPLC purified McB17 has been determined by 
gas chromatography of a derivatized hydrolysate (48 hr.) on Chirasil-Val to be within the 
usually observed values. 

Our results show that we succeeded in the assembly of this unusual and large peptide 
antibiotic McB17. In addition, the synthesis confirms our previously published structure 
elucidation [1,2]. The synthetic McB17 was compared to a sample of the natural McB17 
and found to be identical in 2D-NMR experiments and tests for antibacterial activity. 

Native McB17 
100t 

a so 

25 

0LJIUUJIJU^-J.L.II.I htll 

[M+3H] 
1032 

± [M+2H] 
1548 

i. 

37 

12 

Synthetic McB17 
[M+3H] 

1032 

•Sti&Bl J*J-...1,„L.JL. 

[M+2H] 
1548 

800 1000 1200 1400 

m/z 

1600 1800 2000 

Figure 2. ESI-MS of purified native and synthetic microcin Bl 7 (RMM del. 3094, RMM calc. 
3094 amu). 
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Introduction 

GnRH-III, pGlu-His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH2, [1] has superior direct anti
tumor activity but no effect on LH release. The compounds in Table 1 were synthesized 
to examine the area of structural difference, residues 5 to 8, of GnRH and GnRH-III. 
Effects on antitumor activity of conjugating active analogs were then examined in vitro 
with MCF-7 and MDA-MB-231 and in vivo with xenografts of MDA-MB-231 human 
breast cancer cells in immunosuppressed mice. 

Results and Discussion 

Data in Table 1 show the importance of a putative salt bridge between Asp6 and Lys8 

side-chains. A Glu substitution in position 6 (compound 7) decreases inhibition of 
growth of both breast cancer cell lines. The substitution of Lys for Ser4 (compound 4) or 
His5 (compound 2) diminishes the inhibitory activity. When the sidechains of Asp6 and 
Lys8 are cyclized (compound 3), no interference is observed by Lys in position 5, 
whereas acetylation prevents interference by the side chain of the Lys4 (compound 5). 
Compound 8, when tritiated at Pro9 can be used as a stable radioligand to show that 
GnRH-III has 6- and 4-fold higher affinity, than has GnRH and its superagonist, 
Ovurelin. 

Inhibitory activity of peptides was retained following conjugation with copolymer 
but relative activities did not reflect those of the free compounds. Copolymer was 
without biological activity. Similar inhibitory effects of free peptides and conjugates 
obtained with the breast cancer cell lines were observed with PC3 prostate and Ishikawa 
endometrial cancer cells in culture. 
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Table 1. Inhibition of growth of human breast cancer cell lines. 

Compounds 

1. GnRH-III 
2. [Lys5]GnRH-III 
3. [Lys5,cyclo(Asp5 

Lys5)]GnRH-III 
4. [Lys4]GnRH-III 
5. [Lys4(Ac-e-N)] 
6. [Phe7]GnRH-III 
7. [Glu6]GnRH-III 
8. [Trp3-7(CHO)5 

APro9]GnRH-III 
9. P-GFLG-1 

10. P-GFLG-3 
11. P-GFLG-4 

% Inhibition of growth 

Proliferation 

Dose (pM) MCF-7 

2x30 
2x30 
2x30 

2x30 
2x30 
2x30 
2x30 
2x30 

2x30 
2x30 
2x30 

40 
n.t. 
n.t. 

27 
31 
0 
18 
n.t. 

10 
n.t. 
n.t. 

MDA-MB-231 

39 
n.t. 
n.t. 

28 
n.t. 
n.t. 
n.t. 
n.t. 

11 
n.t. 
n.t. 

Colony formation 

Dose(pM) MCF-7 MDA-MD-231 

50 
50 
50 

50 
50 
50 
50 
50 

50 
50 
50 

63 
0 
44 

40 
40 
26 
44 
31 

15 
78 
68 

75 
0 
n.t. 

35 
31 
21 
25 
n.t. 

n.t. 
82 
75 

Antitumor activity of conjugates in vivo was substantially greater than for free 
peptides as shown with GnRH-III (Figure 1). This may be due to decreased enzymatic 
degradation of conjugated peptides. The direct inhibitory effect of GnRH-III analogs and 
conjugates indicates significant therapeutic potential. 

3.0 -i 

2.5 
-" - Control 

- i - GnRH-m 

- • - P-GFLG-GnRH-m 

Figure 1. The effect of GnRH-III and GnRH-III conjugated through GFLG to copolymer on 
growth of MDA-MB-231 human breast cancer xenografts. 
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Introduction 

The clinical utility of somatostatin analogs such as Octreotide and Lanreotide is now well 
established. Recent reports [1-5] on the improved bioavailability of various peptides 
with certain N- or C-terminal modifications prompted us to investigate the discovery of a 
second generation of somatostatin analogs with greater potency in vivo. Our efforts were 
focused on N-terminal modification of cyclic octapeptides related to somatostatin. We 
now report the design, synthesis, and aspects of the in vitro and in vivo activities of tbese 
analogs. 

Results and Discussion 

The focus of this project was to discover somatostatin analogs with a significant 
improvement in potency relative to Octreotide (Sandostatin) following parenteral 
administration. Our initial objective was to identify one or more octapeptide platforms 
with optimal receptor affinity in vitro which were suitable for N-terminal modification. 
Compounds were evaluated in vitro on the AR42J cell SSTR2 receptor from rat pancreas 
[6]. Analysis of the somatostatin analog database at Biomeasure indicated that, while it 
was relatively easy to obtain compounds with potencies in vitro approximately equal to 
SSM4, there were no examples of analogs which were significantly more potent than the 
parent hormone. Consequently, we concluded that it would be difficult to extract 
significantly greater potency from the octapeptide pharmacophore, and decided to select 
platforms for N-terminal modification from our existing compound database. We chose 
two compounds, BIM-23060, which was approximately equivalent to SSM4 in potency, 
and BIM-23023, which was about 2 fold less potent than the tetradecapeptide, but did 
not contain the unnatural amino acid 2-naphthylalanine. 

We next considered desirable characteristics for the nature of the N-terminal 
modification. Octreotide is a relatively lipophilic peptide. We hypothesized that modi
fication of this parameter should influence pharmacokinetic behavior; consequently, we 
decided to increase local hydrophilicity in the region of the N-terminus. In addition, we 
attempted to select substituents which were readily available by synthesis, and were 
compatible with the conditions used to remove t-butyl based protecting groups. 
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We describe here two series: the tris series {e.g. BIM-23167); and the N-(2-hydroxy-
ethyl) piperazine series (e.g. BIM-23191). In order to evaluate structures with a greater 
variety of N-terminal cationic sites, we decided to attach these modifications to the 
peptide platforms by three linkages: an amide linkage {e.g. BIM-23167), an alkane 
linkage (e.g. BIM-23201), and a sulfonamide linkage {e.g. BIM-23197). We also 
decided to compare our modifications with the recently described Amadori derivatives of 
peptides [3]. Structures and in vitro data are listed in Table 1. 

Table 1. Structures and in vitro data on somatostatin analogs. 

compound ref 

Lanreotide 
Octreotide 
Ilatreotide 

BIM-23060 
BIM-23167 
BIM-23179 
BIM-23180 
BIM-23201 

B1M-23173 
BIM-23182 
BIM-23190 
BIM-23195 
BIM-23196 
BIM-23197 

Maltose 

Tris-Suc 
Tris- Ac 
Maltose 

TiisCH2 

Tris-Suc 
Tris- Ac 

HOEt-Pip-Ac 
TrisCH2 

Tris-Et-S02 
OEt-Pip-Et-S02 

nal 
phe 
phe 

phe 
phe 
phe 
phe 
phe 

phe 
phe 
phe 
phe 
phe 
phe 

Cys 
Cys 
Cys 

Cys 
Cys 
Cys 
Cys 
Cys 

Cys 
Cys 
Cys 
Cys 
Cys 
Cys 

Sequence 

Tyr 
Phe 
Phe 

Tyr 
Tyr 
Tyr 
Tyr 
Tyr 

Tyr 
Tyr 
Tyr 
Tyr 
Tyr 
Tyr 

trp 
trp 
trp 

trp 
trp 
trp 
trp 
trp 

trp 
trp 
trp 
trp 
trp 
trp 

Lys 
Lys 
Lys 

Lys 
Lys 
Lys 
Lys 
Lys 

Lys 
Lys 
Lys 
Lys 
Lys 
Lys 

Val 
Thi 
Thr 

Thr 
Thr 
Thr 
Thr 
Thr 

Abu 
Abu 
Abu 
Abu 
Abu 
Abu 

Cys 
Cys 
Cys 

Cys 
Cys 
Cys 
Cys 
Cys 

Cys 
Cys 
Cys 
Cys 
Cys 
Cys 

Thr 
Thr 
Thr 

Nal 
Nal 
Nal 
Nal 
Nal 

Thr 
Thr 
Thr 
Thr 
Thr 
Thr 

NH2 
ol 
ol 

NH2 
NH2 
NH2 
NH2 
NH2 

NH2 
NH2 
NH2 
NH2 
NH2 
NH2 

rSSTR2* 

0.35 
0.38 
0.56 

0.10 
0.08 
0.12 
0.45 
0.14 

0.10 
0.12 
0.20 
0.08 
0.09 
0.29 

inhib GH# 

0.40 
0.52 
0.74 

0.07 
0.09 
0.14 
0.48 
0.14 

0.18 
0.21 
0.24 
0.21 
0.20 
0.23 

* = Ki (nM) affinity to rat pancreas AR42J cells. # IC50 (nM) inhibition of GRF-induced GH 
release in male rat anterior pituitary cells in primary culture. Structure of N-terminal derivatives: 
Maltose = maltose Amadori adduct; Tris = (HOCH2)3CNH-; Sue 
-CH2CO- HOET-Pip = HOCH2CH2-N(CH2CH2)2N- ; Et-S02 = -CH2CH2S02-

-C0CH2CH2C0- Ac 

With the exception of the maltose derivative BIIM-23180, N-substitution had little effect 
on affinity at the rSSTR2 receptor. The compounds were also evaluated for their ability 
to block GRF-stimulated GH release in male rat anterior pituitary cells in primary 
culture. We found that there is an excellent correlation between the affinity at the AR42J 
receptor, and inhibition of GRF-induced GH release in rat pituitary (correlation 
coefficient R=0.93). This result adds further weight to the association of the SSTR2 
receptor with GH inhibition. However, other than indicating that a reasonable range of 
substitution is allowed at the N-terminus of somatostatin peptides without compromising 
either the affinity or efficacy of the parent at SSTR2 receptors, these data provide little 
basis to assist in the choice of a somatostatin analog with improved potency in vivo. We 
therefore decided to evaluate the compounds in the rat, measuring the inhibition of 
(D-AIa2-GRF)- stimulated GH release in vivo [7]. From past experience, we initially 
screened the compounds at a dose of 25 pg/kg s.c, measuring the % inhibition of GH at 
2, 4, 6, and 8 hours after the s.c. injection of test peptide. In this test, all analogs gave 
good inhibition at 2 hours after administration, indicating there was good distribution of 
drug to the site of action. However, the % inhibition of the BIM-23060 series fell off 
more rapidly as compared to the BIM-23023 series. Consequently, BIM-23023, 23190, 
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23195, 23197, and Octreotide were selected for a more detailed study. In this, EDS0 

values for the inhibition of circulating GH were calculated for the compounds of interest 
at 2, 4, 6 and 8 hours following s.c. administration of test peptide in the ala2-GRF primed 
rat. These data are shown in Figure 1. N-terminal modification does appear to have an 
influence on the potency of the BIM-23023 series, with the most potent analogs 
(BIM-23190 and BIM-23197) being approximately 3 times better than the parent 
BIM-23023 at the 8 hour time point. The BIM-23023 series in general are more potent 
than Octreotide, the most potent compounds, BIM-23190 and BIM-23197, displaying up 
to 6-times the potency of Octreotide. However, this conclusion can only be confirmed in 
man by clinical evaluation. 

Figure 1. Inhibition ofD-Ala2-GRF induced GH release in the rat at various times following s.c. 
administration of test peptide. 
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Introduction 

Several lines of evidence indicate that brain and peripheral tissues of hibernating and 
genotypically cold adapted animals may contain biologically active peptides that induce 
in homoiofhermal animals a sharp decrease in metabolism level and in body temperature 
[1,2]. It is also known that peptide fractions prepared from these tissues produce altera
tion in heart rhythm together with other phenomena characteristic of the state of 
torpidity. In our view, the totality of endogenous regulators responsible for the natural 
hypobiotic state must include both the inhibitors of various physiological functions as 
well as their activators providing the restoration of normotropic state. This paper 
presents some results of our work on isolation of peptides that may be related to 
regulation of natural hypobiosis in animals. 

Results and discussion 

Brain extraction and fractionation were effected as described earlier [3, 4]. Subsequent 
separation of brain extract obtained from the brain of hibernating ground squirrels by 
ultrafiltration, SEC and various versions of preparative and analytical HPLC resulted in 
the isolation of several novel peptides capable of regulating inward potential-dependent 
Ca2+ current in cardiac myocytes of rats and ground squirrels. 

The separation of the acetic acid extract obtained from the brain of cold adapted 
Yakutian horse was carried out according to the same scheme. It was shown earlier that 
the fraction of brain extract retained by the ultrafiltration membrane Amicon UM-2 
inhibits protein synthesis in heart and liver mouse cells and decreases body temperature 
and oxygen consumption in mice after intraperitoneal administration [2]. After SEC 
separation of this fraction, we obtained three fractions capable of decreasing the body 
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temperature in rats kept at 4-6°C. The subsequent separation of the most hypofhermically 
active fraction, by various RP-HPLC methods, allowed us to isolate the peptide 
AVHLPNDFTPAVHASLDK (110-127 fragment of a-chain of horse hemoglobin) that 
was capable of decreasing body temperature in rats after intraperitoneal administration. 

All bioactive peptides were synthesized and investigated in electrophysiological and 
thermoregulatory assays. The influence of peptides on inward potential-dependent Ca2+ 

current was studied by the perforated patch-clamp technique. Thermoregulatory activity 
in rats was investigated at low (4-6° C) environmental temperature. Structures of isolated 
bioactive peptides and some of their biological properties are shown in Table 1. 

Table 1. Structures and biological activity of isolated peptides. 

Structures 

TSKY 

MGRGT 

YQK 

DY 

of peptides 

AVHLPNDFTPAVHASLDK 

Content of peptides 
(pmol/g brain 
tissue) 

300 

<50 

<50 

<50 

1500 

Results of biological assays 

Inward Ca2+current 
in heart cells of rat 

inhibiting 
activating 

activating 

activating 

inhibiting 

Rectal temperature 
in rat 

increasing 
decreasing 

no effect 

no effect 

decreasing 
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Introduction 

Enzyme inhibitors and receptor antagonists have traditionally been targeted to the active 
site of the enzyme or the ligand binding site on the receptor. A novel approach to 
designing inhibitors of multiple-subunit enzymes and receptors would be based on the 
dissociation of enzyme/receptor subunits which ultimately destroys the active/binding 
site and results in loss of biological activity. To test this mode of inhibition we have 
targeted the dimeric enzyme HIV-1 protease. The crucial role of this protease in the 
processing of HIV proteins has made it a prime target for drug design [1]. 

HIV-1 protease is composed of 99 amino acid residues and self assembles into a 
homodimeric structure [2]. Dimerization of HIV-1 protease, which is mediated princi
pally by interdigitation of the N- and C-termini into a four-stranded (i-sheet (Figure 1), 
generates the catalytic center of the enzyme and also the substrate binding pocket. By 
targeting this P-sheet portion of the protease, a region which is highly conserved among 
HIV-1 isolates, agents may be generated which block the assembly of the homodimer or 
disrupt the dimeric interface [3]. 

Figure 1. The four-stranded, B-sheet portion of the HIV-1 protease dimerization interface. 
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Results and Discussion 

Our preliminary results demonstrated that small peptides corresponding to the N- and 
C-termini of HIV-1 protease act as inhibitors of protease activity [3 a]. The peptides with 
optimum activity (1 and 2) were incorporated into novel structures containing a tether 
between the two peptide sequences. In the protease, the amino terminal ends of residues 
Pro(l) and Cys(95) are held at a distance of 10A (Figure 1). An agent was designed 
which contained a flexible tether molecule capable of spanning this distance (3). 
Modeling studies suggested that, if both peptides of the inhibitor were to remain 
incorporated into the P-sheet upon complexation, twelve methylene units were needed in 
the tether to span the 10A distance and to minimize interactions with Phe(99) in the 
protease monomer. The agent designed is unique in that the amino-termini of the 
protease peptides are covalently crosslinked to yield a compound capable of forming 
heterodimers with a protease monomer. 

Peptides 1 and 2 were synthesized by a solid phase approach on the Wang resin [4] 
using an Fmoc-based strategy [5]. Agent 3 was synthesized in solution by adding 1 
equiv. of di-N-hydroxysuccinimide ester 4 to 1 equiv. each of peptide 1 and peptide 2 
(Figure 2), and HPLC purification of the desired products in approximately 10% overall 
yield. Structures were confirmed by mass spectrometry (FAB) and amino acid analysis. 

o o X X 
N—crjCHah-^O— N 

o (4) o 

NH-Pro-Gln-Ile-Thr-Leu-Trp-OH (1). 
NH2-Ser-Thr-Leu-Asn-Phe-OH (2) 

DIEA. DMSO. 60°C 

_N-Pro-Gln-Ile-Thr-Leu-Trp-OH 

(3) (CH2)12 

1—NH-Ser-Thr-Leu-Asn-Phe-OH 
O 

Figure 2. Synthesis of agent 3. 

The inhibitory effect of compound 3 on HIV-1 protease activity was evaluated using 
a fluorogenic substrate assay developed by Toth and Marshall [6]. The effect of 60 
minute incubation of the agent with HIV-1 protease (100 nM) upon the hydrolysis of 
substrate was evaluated by monitoring the fluorescence at 430 nm with respect to time. 
Agent 3 inhibited HIV-1 protease activity with an ICS0 value of 29.2 pM, which was 
significantly better than peptides 1 and 2, either individually or together in the assay 
solution (IC50> 200 pM). 

In addition to testing for protease inhibition, an assay was designed to monitor 
dissociation of HIV-1 protease directly with this agent. Due to the presence of two 
tryptophan residues within the protease, one which is buried at the interface, we were 
able to use the fluorescence of HIV protease as a handle for monitoring protease 

250 



Peptide - Protein Interactions 

180 

160+ 
(D 

§140f u 
tn 

1120 

100 •••*: 

.»»*»»»„ .*. 

• « 
• • 

• 

• 
Blank 

.4uM 
A 

4uM 
H 

40uM 

8 0 'i 11111111111111111 111111 r 1111 r i i i1 

310 324 338 352 366 380 394 
Wavelength (nm) 

Figure 3. Fluorescence spectra of HIV-1 protease with agent 3. 

dissociation. [7] Adding increasing amounts of our agents (with Phe replacing Trp in 
agent 3) to a constant concentration of protease (300 nM), resulted in a dramatic 
decrease in the fluorescence of the protease (Figure 3), and little overall effect on the 
protease fluorescence when a poor inhibitor or an active site inhibitor was used. 

In conclusion, we have designed an agent which both inhibits HIV-1 protease 
activity and decreases the intrinsic fluorescence of the protease with similar conditions 
and agent concentrations. Additionally, we have shown that active site-targeted agents 
inhibit the HIV-1 protease activity, but have little effect on the protease fluorescence. 
This data supports the claim that inhibition with 3 is based on a decrease in the amount of 
biologically active protease homodimer in solution. Other agents are currently being 
prepared with modified tethers and peptides. 
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Introduction 

The tumor suppressor protein p53, a 393 amino acid phosphoprotein, acts as a trans
criptional enhancer in its tetrameric form and suppresses cell cycle progression in 
response to DNA damage [1-3]. The tetramerization domain of p53 is required for 
efficient site-specific DNA binding and contributes to p53's ability to activate 
transcription from natural promoters {e.g. WAF1/CIP1). Functional inactivation of the 
protein either by association with viral proteins or, more frequently, by point mutations 
as found in many human tumors, leads to cellular transformation. Formation of 
heterotetramers between wild-type and mutant p53 in vivo may inactivate wild-type p53 
function, thus potentiating tumor development. Wild-type p53 is phosphorylated in vivo 
at several amino-terminal and carboxy-terminal sites [4]. In the carboxy-terminal region, 
Ser392 in human p53 is phosphorylated in vivo, and in vitro by casein kinase II (CKII). 
Serine 315 also is phosphorylated in vivo, and this residue can be phosphorylated in vitro 
by the p34cd,;2 cyclin dependent kinase. Unmodified E. coli expressed p53 binds poorly 
to its consensus recognition sequence, but phosphorylation of Ser392 by CKII or Ser378 
by protein kinase C (PKC) enhances sequence-specific DNA binding [5, 6]. 

To determine whether phosphorylation affects tetramer formation, we synthesized 
Ser303-Asp393 peptide variants, which contains the core tetramerization domain 
Asp324-Gly356 [7, 8], by a fragment condensation method [9]. Phosphate was incorpo
rated at Ser315, Ser378, or at Ser392. 

Results and Discussion 

Seven different 91 amino acid peptides, containing no, one or two phosphorylated 
serines, were chemically synthesized with high purity by a fragment condensation 
method using peptide thioesters. Figure 1 shows the scheme of fragment condensation 
for synthesis of [Ser(PO3H2)

392]p53(303-393). The phosphoserine residues were stable to 
piperidine treatment during peptide preparation. 
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BOC 6 
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Paoc-UH-( 335-360 >co-(g)-HH, m,-( 3C1.393>CO0H 

ABHO31 
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Figure 1. Synthesis of[Ser(PO3HJm]p53(303-393) by fragment condensation. S and Pin circle 
indicate SCH2CH2CO-Ala and phosphate group, respectively. 

Equilibrium ultracentrifugation analysis showed that phosphorylation of Ser392 
increased the association constant for tetramer formation by more than ten-fold (Table 1 
and Figure 2). Phosphorylation at Ser315 or Ser378 had little effect on tetramer 
formation. Phosphorylation at both Ser315 and Ser392 resulted in essentially the same 
association constant as unphosphorylated peptide. Acetylation of five amino groups in 
the N-terminal region completely eliminated the enhancement of tetramerization by 
phosphorylation at Ser392 while acetylation itself had minimal effect on the 
tetramerization of unphosphorylated peptide. 

Phosphorylation did not significantly change the secondary structure of the 
tetramerization domain as determined by circular dichroism. The phosphopeptide at 
Ser392 in Tris buffer had slightly larger negative ellipticity at 206 nm than the 
unphosphorylated peptide, and this order was reversed in phosphate buffer. 

Table 1. Standard free energy and dissociation constant for tetramer formation ofp53(303-393) 
variant peptides. 

Peptide 

SS 

SP 

PS 

378P 

PP 

AcSS 

AcSP 

AG0 (cal.mol-1)3 

-22500 

-26900 

-23200 

-22700 

-22200 

-22200 

-22000 

Kd,app (pM)a,b 

2.61 

0.202 

1.74 

2.25 

2.92 

3.00 

3.36 

R.A.C 

1.00 

12.92 

1.50 

1.16 

0.89 
0.87 

0.77 

"Values at 20°C. TTie dissociation constant is calculated by Kd, app=K14""
3. 'Relative affinity with 

SS=1. 
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Figure 2. Free energy for tetramer formation ofp53(303-393) variant peptides. The association 
affinity of the tetramer formation of p53(303-393) variant peptides were analyzed in 50 mM 
Tris HCl, 100 mMNaCl, pH 7.5 at various temperatures by analytical ultracentrifuge. Dot (•) and 
P in circle indicate acetyl and phosphate group, respectively. Positions of phosphoserine residues 
are indicated. In AcSS and AcSP, a-amino group and four lysine side-chain amino groups at 
positions 305, 319, 320 and 321 are acetylated. 

These results suggest that phosphorylation at Ser392 may modulate the affinity of 
tetramers through charge-charge interactions between the carboxy terminus and the 
positively charged region around Lys319. The enhancement of tetramer formation by 
Ser392 phosphorylation by CKII may be biologically relevant. 
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Introduction 

The noncovalent interactions of the complementary segments of proteins play a key role 
in facilitating the protease catalyzed protein semisynthetic reactions. However, a-Globin 
semisynthetic reaction, S. aureus V8 protease catalyzed splicing of Glu30 with Arg31 in a 
mixture of segments a,.30 and a3l_m [1], is distinct from other semisynthetic reactions. 
Noncovalent interactions of the splicing fragments is absent in this system. The pro
pensity of the spliced contiguous segment to assume a-helical conformation in situ serves 
as the 'molecular trap' of this splicing reaction [2]. The generation of chimeric oc-chains 
by this approach and tbe application of chimeric chains to establish the presence of 
'crosstalk' between the sequence differences of distinct segments (AB-GH comer) of the 
mammalian a-chains are presented here. 

Results and Discussion 

Amino acid sequence of globin chains is encoded in the globin genes by three exons. 
The exon-intron structure of globin gene is conserved during evolution. Arg31 of a-chain 
is the carboxyl terminal residue of exon 1 product. The exchange of a,.30 by the 
semisynthetic reaction, therefore, represents the exchange of the exon 1 products 
between a-globins. The residues involved in heme binding and generation of a,P2 

interface are in the central exon product, whereas most of the residues of the a,P, 
interface, Bohr titration, and effector modulation of 02 affinity are present in the side 
exon products [3]. The architecture of the intra- and inter- dimer interfaces is the primary 
driving force for the assembly of a cooperative tetrameric structure. Though exon intron 
structure of globin genes are conserved beyond the species boundaries, multiple 
sequence differences exist between the respective subunits of various mammalian 
hemoglobins (Hbs). Nonetheless, basic Hb fold and the underlying molecular mecha
nisms of 02 transport are conserved during evolution. Thus, either these sequence 
differences are outside the region dictating the global structure and function of Hb or the 
sequence differences located in distinct regions of the chain are synchronized with each 
other. The segregation of the sequence differences of a segment from the rest will 
facilitate the delineation of the presence of such a 'crosstalk.' Horse, mouse, and swine 
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a-chains exhibit 18, 19 and 22 sequence differences respectively (Tablel). Segment a,.30 

of these a-chains (with 3, 8 and 6 sequence differences) have been exchanged [4] with 
that of human. The reverse exchanges have also been carried out similarly to generate a 
set of chimeric chains. Chimeric chains assembled with human p-chain and generated 
cooperative tetramers (Table 1). Crosstalk of the sequence differences of segments a13] 

and a32.141, if present, does not influence tetramer assembly. 

However, the situation is distinct in terms of the 02 affinity. The 02 affinity of 
hybrids with either mouse or mouse-human chimeric a-chain is comparable to that of 
HbA. The tetramer with human-mouse chimeric a-chain exhibited high 02 affinity 
(Table 1). The results establish the intrinsic high 02 affinity inducing potential of mouse 
a3,.14l, and its neutralization by the sequence differences of a,.30. AB (residues 18 to 25) 
and GH corners (residues 110 to 120) of a-chain provide the basic framework for the 
a,P, interface. Seven of the 18 sequence differences of the mouse a-chain are located 
here (Table 1). The formation of chimeric a-chains will have an impact on the 
noncovalent interactions of the AB-GH corner, as a consequence of the change in its 
composition. Except for the Leu to His difference of mouse at all3, other differences of 
the region are conservative. The 02 affinity of horse a-chain hybrid is also same as that 
of HbA. The segregation of the sequence differences of horse chain into its cc,,.,,, and 
a,.30 segment has no influence on the 02 affinity (Table 1). Of the 4 sequence differences 
of the AB-GH comer of horse, one is at its AB corner. Its GH corner has 3 differences, 
two of which are at the same sites as in mouse. Horse has a nonconservative substitution 
at aU5, an Asp residue (Ala in human). The Leu to His substitution of mouse at a113 is 
absent in horse. Accordingly, the intriguing question is whether a correlation exists 
between the substitution of His at aU3 and the high 02 affinity of chimera. The studies 
with the chimeras of swine and human a-chains support the above concept, namely the 
conformational aspects of the AB-GH comer of chimeric chain [probably endowed to the 
region by His at all3] contributes to the high 02 affinity. AB-GH corner of swine a has 
seven substitutions. GH corner of swine a has two nonconservative substitutions, His at 
aU3 and Asp at a,,5. AB comer of swine a has 3 nonconservative substitutions; His to 
Gln at a20, Glu to Ala at a23 and a Tyr to His at a24. This is not the case with either horse 
or mouse; substitutions at AB corner are conservative in both. 02 affinity of hybrid Hb 
with swine a is same as that of HbA, and hybrids of horse or mouse. But, the 
human-swine chimeric a-chain that has His at a113 induces high 02 affinity just as 
human-mouse chimera. 

Accordingly, we speculate that His at a l l3 by itself or along with the other 
substitutions of the GH corner of mouse or of swine induces high 02 affinity to the hybrid 
tetramer. However, the sequence differences of the AB comer of mouse as well as of 
swine a-chains are synchronized with their respective substitutions at the GH corner to 
neutralize the high 02 affinity of the latter. A crosstalk of the sequence differences of the 
AB and GH corners of the a-chains of swine and mouse is implicated by the studies. 
The crosstalk determines the 02 affinity of the tetramer, but such a crosstalk in not 
critical for either the tetramer assembly or its cooperativity. It is conceivable that a new 
crosstalk could be established at the AB-GH corner of mouse-swine or swine-mouse 
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Table 1. 02 affinity of hybrids of chimeric a-chains with human B-chains. 

a Component 

of tetramer 

aH 

aM 

a M H 

a H M 

a * 
a HrH 

a HHr 

ap 

aPH 

a m 

P« 
pH7.4 

4.5 
4.5 
4.5 
3.0 
4.5 
4.7 
4.3 
-
-

-

i 

pH6.8 

32 
-
-
-
-
-
-
32 
32 
22 

Number of 

Total 

. 

19 
8 
11 
18 
3 
15 
22 
6 
16 

sequence 

AB 

-

3 
3 
-
1 
1 
-
4 
4 
-

differences 

GH 

. 

3 
-

3 
3 
-
3 
3 
-
3 

Hill 
Coefficient 

2.5 
2.4 
2.4 
2.4 
2.3 
2.5 
2.3 
2.4 
2.4 
2.4 

The 02 affinity is determined either in 50 mM Bis-Tris acetate, pH 7.4, or in 100 mM phosphate, 
pH 6.8 at 37°C, using Hem-O-Scan. H, M, Hr, P represent human, mouse, horse and swine, 
respectively. MH, chimera with 1-30 and 31-141 of mouse and human a-chains; HM chimera 
with 1-30 and 31-141 of human and mouse a-chain; HHr, chimera with 1-30 and 31 -141 of 
human and horse a-chains; HrH, chimera with 1-30 and 31-141 of horse and human a-chains; 
PH, chimera with 1-30 and 31-141 of swine and human a-chains; HP, chimeric a-chain with 
1-30 and 31-141 of human and swine a-chains. 

chimeric a-chains if these are assembled and such a crosstalk could also neutralize the 
high 0 2 affinity inducing potential of sequence differences of swine a3M4] and mouse 
a3M41 just as in the parent chains. 
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Introduction 

The major proteinaceous component of the senile plaques in the brains of Alzheimer's 
disease patients is the 42-amino acid long AP peptide: 

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIA (A 1-42) 

While C-terminal truncations lead to peptides present in normal body fluids [1], 
N-terminal [2, 3] and mid-chain mutations [4], as well as mutations around the AP 
domain of the precursor protein [5] modulate, and usually accelerate the deposition of 
Ap. Especially noteworthy is the isomerization of Asp1 and Asp7 in the parenchyma and 
leptomeningeal micro vasculature in the affected brains [2]. The tendency of the different 
AP isoforms to form aggregates is preferentially characterized by their ability to form 
fibrils in vitro [6] and their ability to form P-pleated sheets [3, 7, 8]. Recently, we have 
reported how conformational changes following the isomerization of Asp1 and Asp7 may 
help the selective aggregation of AP [9]. Although AP is not an insoluble peptide per se 
[8], many characteristic properties of the AP peptides cannot be studied, due to synthetic 
difficulties, and to the tendency of AP to elute as a broad band from the RP-HPLC 
column [3, 10] disallowing quantitative determination. 

Results and Discussion 

The N-terminal decapeptide fragment of AP is ideal to study the effects of isomerization 
of Asp1 and Asp7 because: i) it is the helical-turn region of AP that was proposed to 
destabilize the overall P-pleated sheet conformation [9]; ii) it elutes from the C18 HPLC 
column as a sharp peak; and iii) many diagnostic antibodies are directed to the 
N-terminal third of Ap. We synthesized four peptides: unmodified Ap 1-10, isoAsp1, 
Asp7 (liD,7D), Asp1, isoAsp7 (lD,7iD), and diisoAsp (l,7iD). 

Preferred conformations of the peptides were explored by CD analysis and molecular 
modeling. Unmodified Ap 1-10 assumes unordered conformation in water, and a 
loosened a-helix or 3)0-helix structure in TFE and TFE-water mixtures containing mostly 
TFE. This conformation is not influenced by isomerization of Asp1, but the appearance 
of the P-aspartic acid bond(s) in peptides lD,7iD and l,7iD breaks the helix and results 
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Figure 1. Low energy conformers of peptide A/3 1-10 with a-helix between residues 5-9 (left) and 
1,7iD with type III P-turn, and Glu at position i+1 (right). Ca traces are indicated by a ribbon 
and isoaspartic acid residues by a ball and stick plot. [Biosym Inc. software, simulated annealing 
with a dielectric of 4.5, unconstrained minimization to an RMS difference of 0.005 kcal/Aj. 

in the formation of reverse-turns that have significant type I (III) character [11]. This 
conformational change is well-reflected in the energy minimized structures (Figure 1). 

Since an increase of isoaspartate bonds was noted in aging proteins [12], we studied 
how aspartic acid-bond isomerization affects the resistance of the peptide to proteases, as 
modeled by stability studies in diluted human serum (Figure 2). The diisomerized 
peptide l,7iD exhibited significantly increased serum stability compared to the other 
three analogues, suggesting a possible mechanism for the retention of the isomerized Ap 
peptide in the affected brains. 

We further investigated how aspartic acid-bond isomerization affects the peptide 
recognition of MAbs. Diagnostic antibody 6E10 bound to unmodified peptide Ap 1-10 
and to N-terminally isomerized peptide liD,7D, but did not bind to lD,7iD, and l,7iD 
peptides that are isomerized in mid-chain position (Figure 3 A). The recognition of the 
small peptides, but not the full size AP 1-42, was increased when the peptides were 
applied to the ELISA plate in TFE, suggesting that MAb 6E10 indeed recognizes the 
N-terminal helical conformation (Figure 3B). Similar to our earlier findings [13], TFE 
did not induce MAb binding to peptides that are otherwise unrecognized by the antibody 
(!D,7iDandl,7iD). 

A beta 10 

Time (h) 

Figure 2. Stability of the A P 1-10 peptide and its isomerized analogues in 12.5% human serum. 
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Figure 3. ELISA of unmodified full size AP 1-42 (f), unmodified peptide AP 1-10 (e), and its 
isomerized analogues, Asn7 1-10 (a), ID, 7iD (b), 1,7iD (c), and HD, 7D (d), by using MAb 6E10. 
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Introduction 

Interleukin 2 (IL-2) is the major growth factor for activated T cells, as well as a growth 
and differentiation factor for natural killer cells, and macrophages. Anti-IL-2 treatment 
{e.g., antibodies to IL-2 or to the IL-2 receptor) prolongs survival of cardiac allografts in 
rodents and decreases the severity of disease in collagen induced arthritis in mice. Thus, 
an orally-active, small-molecule IL-2 antagonist may be efficacious for treatment of 
immunodisorders. Our goal is to discover compounds that will inhibit the binding of 
IL-2 to the IL-2Ra subunit. The crystal structure of IL-2 has been determined at 2.0 A 
resolution. Using site-specific mutagenesis, four residues (Lys35, Arg38, Phe42 ,and Lys43) 
were implicated in the interaction of IL-2 with the IL-2Ra subunit [1]. Lys35, Arg38, and 
Phe42 are in a short, irregular helical segment and Lys43 is in an extended conformation. 
Our stategy was to incorporate three of the four binding residues into a conformationally 
restricted helical peptide inhibitory to IL-2 binding, and to use this peptide as a prototype 
receptor antagonist for further mimetic design. Helical peptides based on the bee venom 
peptide apamin showed the best competitive binding to the IL-2Ra subunit. Apamin is a 
conformationally restricted peptide in which a C-terminal helical segment is stabilized 
via a N-terminal loop connected to the helix by two disulfide bonds. Apamin/IL-2 
hybrid peptides were designed to retain the N-terminal apamin sequence and disulfide 
positions, but substitute the IL-2 receptor-binding epitope into the C-terminal segment. 

Results and Discussion 

The peptides were synthesized by solid phase methodology and purified by preparative 
HPLC. They were characterized by amino acid analysis (acid hydrolysis), MS, and 
NMR. The IL-2/apamin hybrids were assayed against IL-2Ra in an ELISA based assay. 
The apamin/IL-2 hybrid Ro 25-2739 has an IC50 of 230 pM with a Hill plot coefficient of 
0.98, suggesting that it has 1:1 stoichiometry in displacing IL-2 from the receptor. 
Apamin has no activity in the assay, nor does Ro25-2379 have activity in the IgE 
receptor binding assay. Thus, Ro 25-2379 is a specific inhibitor. Substitution of the 
more hydrophobic residue (2,6-dichlorobenzyl)Tyr for Phe42 results in the more potent 
analog Ro 25-4572 with ICS0 of 70 pM (Table 1). 
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Table 1. Competitive binding of Apamin/IL-2 analogs. 

I 35 38 1 42 43 
H-C-N-C-K-A-P-E-T-K-L-C-R-M-L-C-F-K-F-Y-M-NHj 

Ro No. Name IC50(pm) 

23-6721 Apamin Not active 
25-2739 Apamin / IL-2 hybrid 230 ± 90 
25-4572 Apamin / IL-2 hybrid [(2,6-DiClBzl)-Tyr42] 70 ± 40 
25-5548 Apamin/IL-2 hybrid [Ala30] 40 ± 20 
25-5547 Apamin/IL-2 hybrid [Ala35] Not active 
25-5534 Apamin/IL-2 hybrid [(D)Lys35] 50 ± 20 

CD and NMR studies of Ro 25-2739 indicate that it has a conformation similar to 
apamin with a substantial helical segment in aqueous solution. Complete assignments of 
proton NMR resonances were made in aqueous solution at pH 4.2, 20 °C. Full sets of 
quantitated NOE's were obtained and converted into interproton distance constraints. 
Optimization by constrained molecular dynamics and energy minimization showed that 
the segment from residue 7 (33 in IL-2) to 15 (41 in IL-2) is in a well-ordered a-helix. 
The helix is frayed at the C-terminus showing considerable flexibility beginning at 
residue 17 (43 in IL-2). A superposition of the solution conformation of Ro 25-2739 
with the binding epitope shows that the corresponding peptide residues overlap Lys35, 
Arg38 and Phe42 in IL-2, but not Lys43. 

Most of the structure-activity work has been carried out with Ro 25-4572. These 
studies tend to support a role for each of the four residues which represent the binding 
epitope. For example, substitution of any of the key residues (Lys35, Arg38, Phe42 or 
Lys43) derived from the IL-2 sequence with Ala results in inactive peptides. As a control, 
replacement of Lys30, which is derived from the apamin sequence, with Ala had no effect 
on potency. Binding activity was not sensitive to the stereochemistry of any of these 
residues except Arg38 where stereochemical inversion [(D)-Arg38] led to loss of binding. 
In an attempt to increase the helicity of the apamin/IL-2 hybrid a-aminoisobutyric acid 
was substituted for the two C-terminal amino acids. The reduced potency of this analog 
is consistent with IL-2 crystal structure in which Lys43 is seen to be in an extended rather 
than a helical conformation. 

The structure-activity studies with apamin/IL-2 analogs validate the hypothesis that 
each of the four-residues in the linear epitope identified by site-specific mutagenesis 
contributes to IL-2/IL-2R binding. These studies suggest that the apamin/IL-2 analogs 
mimic IL-2 in binding to the IL-2Ra subunit. 
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Introduction 

Protein semisynthesis is a chemical strategy to create interesting mutants for structure-
function studies that employs fragments of the natural protein as preformed intermediates 
in the synthesis [1]. A variety of means can be used to effect the mutation, but the most 
common is the replacement of one fragment by a totally synthetic substitute in the 
fragment condensations used to make the holoprotein analog. Thus, semisynthesis can 
be used in ways that the genetic approach to specific mutants cannot (or cannot easily) 
be used: to introduce D-amino acids, labels for spectroscopy at specific sites, or other 
non-coded side chain structures. In the present work, we have used the method to 
incorporate residues with heavy atoms - here selenium and bromine - into cytochrome c 
for experiments using X-ray standing-waves to visualize protein orientation. 

Results and Discussion 

X-rays reflected at a shallow angle from a silver mirror set up standing waves. The 
heights of the field intensity maxima can be tuned by varying the angle. If a monolayer 
of X-ray fluorescent heavy atom is present above the mirror surface, as when a regular 
array of labelled macromolecules forms on it, the fluorescence will be at a maximum 
when a field intensity maximum coincides with the monolayer [2]. The fluorescence is 
detected and the monolayer's distance from the mirror can be calculated. With two 
heavy atoms, two distances can be measured and an orientation determined. Since 
artificial membranes can be layered on the mirror surface, the method is ideally suited to 
studies of the interaction of membranes and associated proteins or peptide hormones. A 
variety of heavy atom labels are suitable. We chose selenium and bromine, which have 
good X-ray fluorescence characteristics and are readily available incorporated in amino 
acids. Synthetic peptides were prepared by methods previously described [3], purified 
by preparative HPLC, and checked by analytical HPLC, amino acid analysis, and mass 
spectrometry. We prepared and used a peptide, residues 66-104 of cytochrome c, in 
which selenomethionine replaces Met80 without problems [3, 4]. In making the 3,5-
dibromotyrosine97 analog of this peptide, and the double mutant, we noted bromine loss 
by mass spectrometry. Although the product monobromotyrosine appeared stable and 
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gave useful results, further synthesis employed the stable 4-bromophenylalanine as a 
substitute for tyrosine at positions 74 and 97. Semisynthesis of protein analogs by 
condensation of synthetic 66-104 peptides with the native 1-65 fragment followed 
established procedures [3]. In general, religations occurred with yields of >50% with 1:1 
component ratios, though the yield of SeM68, BrF74 cytochrome c was only 25%. 

Studies of the analogs to validate their suitability as models for the natural 
cytochrome are tabulated below. Some mutants are less resistant to denaturing 
conditions, but all indications are that they adopt the native fold; this is reflected in 
near-full biological activity of all but those containing SeMet80. In this case, replacement 
of sulphur by selenium as the 6th heme iron ligand changes redox potential, and 
consequently driving force for electron transfer, but leaves the protein otherwise 
unaffected [3]. Thus, the choice of labels is compatible with the strategy, and 
semisynthesis provides a simple means to precise and non-invasive labelling. 

Table 1. Properties of the cytochrome analogs. 

Cytochrome 

Native 
Horse 

SeM805 

BrY97 

SeM80/BrY97 

SeM68/BrF74 

SeM68/BrF97 

BrF74/SeM80 

Heme Spectra 
Xmax Fe3+/Fe2+ 

pK 695nm 
band loss 

529,408/549,520,415 9.25 

Red shifted 

minor blue shift 

minor red shift 

minor blue shift 

minor blue shift 

minor red shift 

9.20 

8.85 

9.00 

7.80 

8.75 

8.75 

Tl2 

autoxdn. 

>100h 

n.d. 

9h 

<lh 

8h 

lOh 

1.25h 

E'm 

266mV 

212mV 

260mV 

202mV 

254mV 

268mV 

205mV 

HPIEC 
red 

13.0 
13.6 

13.0 

13.0 

13.0 

13.6 

13.7 

13.6 

r.t. 
ox 

13.9(a) 
14.6(b) 

13.9(a) 

14.0(a) 

14.0(a) 

14.6(b) 

14.7(b) 

14.6(b) 

Bioassay 

100% 

44% 

95±5% 

34±5% 

90±10% 

97±3% 

30±1% 

The results obtained with a monolayer of SeM80, BrY97 cytochrome c on silver 
mirrors with and without overlaying lipid suggest that protein orientations on the surface 
differ in the two cases. That on the lipid film is consistent with that proposed for the 
biologically productive orientation with the binding surface facing the lipid head groups 
[5]. A more complete evaluation of these measurements is underway. 
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Introduction 

During the past decade, design of sequence-specific DNA-binding ligands has focused 
mainly on small molecules that bind in the DNA minor groove with low specificity and 
have severe toxic side effects [1]. In contrast, most DNA-binding proteins, which play 
important roles in gene regulation and gene expression in vivo, interact with specific 
DNA sites via various DNA-binding motifs [2]. These DNA-binding motifs use either 
an a-helix, the "recognition helix", or a p-sheet, to contact the specific DNA site. The 
"recognition helix" or P-sheet in intact DNA-binding proteins is stabilized by folding into 
the protein surface to fit into the cognate DNA major groove. If we can make small 
peptides that are already stable a-helices or P-sheets, with DNA-recognition features, 
then we could make sequence-specific DNA major groove binders that may compete 
with the gene regulatory proteins for their critical DNA-binding sites and modulate gene 
expression. We present our attempts to mimic the DNA-binding features of basic 
leucine-zipper proteins using conformationally constrained a-helical peptides. 

Results and Discussion 

Our design of small DNA-binding peptides is based on the basic region (residue 226 to 
254) of the bZIP motif of GCN4 protein [3]. The basic region, which is critical for 
specific DNA-binding, is mostly unstructured in solution, but folds into an a-helix when 
bound to its recognition DNA site[4, 5]. Our strategy is to stabilize a-helical conforma
tion in the isolated basic region peptide so as to reduce the entropy loss associated with 
helix formation upon binding. We do this by using intramolecular lactam bridges [6], 
while retaining DNA recognition features on the a-helical scaffold. We have introduced 
sidechain to sidechain lactam bridge(s) between Lys(i) and Asp(i+4) at the N- and/or 
C-terminus, beyond the DNA-contact region of the central sixteen amino acid residues. 
A set of four GCN4 basic region peptides (Table 1), have been designed and synthesized. 

All four peptides show a-helical structure alone in solution. The estimated helix 
contents of the peptides (Table 1) have the following order GCN4brNC > GCN4brC > 
GCN4brN > GCN4br. Surprisingly, even the monomeric GCN4 basic region peptide 
(GCN4br, with a linear structure) binds to the specific DNA site, as demonstrated by the 
difference CD spectra. All four peptides appear to become much more a-helical in the 
presence of the symmetric ATF/CREB site (5'GCACA TGACGTCATGTGC3', duplex), 
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Table 1. Structure and a-helix contents of the four DNA-binding peptides in WmM NaH^O, 
and WOmMNaCl, pH 7.4, at 25°C. 

Peptide Peptide Sequence % Helix 

GC N4br Ac-DPAALKRARNTEAARRSRARKLQRMKQLE-NH2 44b 

GCN4brNa AC-A:AAADKRARNTEAARRSRARKLQRMKQLE-NH2 49b 

GCN4brCa Ac-DPAALKRARNTEAARRSRARKLQRAAAAD-NH2 72b 

GCN4brNCa Ac-£AAADKRARNTEAARRSRARKLQRAAAAD-NH2 77b 

a Sidechain amide bonds formed between the residues in italics are indicated by bars. 
Estimated by fitting the CD spectra to linear combinations of standard peptide spectra [7]. 

but not the scrambled DNA site (5'GCACTAAGCGCTTAGTGC3', duplex). DNA 
titration of the GCN4br peptide at 25°C (data not shown) gave a dissociation constant, 
Kd, of about 5pM for the DNA-peptide binding reaction. Van't Hoff analysis of the 
concentration dependence of melting temperatures of specific DNA-peptide complexes 
gives four parallel lines (data not shown), which indicate that peptide affinities for the 
specific DNA site follow their a-helix contents. 

In summary, we have developed a strategy to mimic the DNA-binding features of 
bZIP proteins using small, conformationally constrained a-helical peptides. We have 
demonstrated that even the monomeric basic region peptide binds to its specific DNA 
site with a low-micromolar dissociation constant, in contrast to previous results that 
dimerization is necessary for specific DNA binding. Introducing lactam-bridge(s) into 
the basic region peptide stabilizes the a-helix and increases its DNA-binding affinity. 
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Introduction 

Human plasma exchangeable apolipoproteins like apolipoprotein A-I (apo A-I), apo 
A-IV and apo E are postulated to have tandem amphipathic a-helical 22-mer repeats [1]. 
Many of the tandem 22-mer repeats are punctuated by a Pro residue [2]. To understand 
the role of Pro residues in lipid-association of these apolipoproteins, we have studied 
lipid-associating properties of three peptides derived from an 18-residue peptide 18A 
(DWLKAFYDKVAEKLKEAF). The three peptides studied are 36A (18A-18A), 37aA 
(18A-Ala-18A), and 37pA (18A-Pro-18A). A helical wheel representation of the peptide 
sequences indicates that the nonpolar faces of the two amphipathic helical segments are 
in register in 36A but are twisted out of register by 100° in 37aA and 37pA [3]. We have 
shown previously that among the three peptides 37pA possesses the strongest and 36A 
possesses the weakest lipid-associating properties [3]. In the present report, we have 
further studied the lipid-associating properties of the three peptides using right-angle 
light scattering measurements and determined the size and morphology of the 
lipid-peptide complexes by size-exclusion chromatography and electron microscopy 
(EM). 

Results and Discussion 

The results of right-angle light scattering measurements are shown in Figure 1. For the 
three peptides, the rate of micellization of dimyristoylphophatidylcholine (DMPC) and 
egg yolk phosphatidylcholine (EYPC) mutilamellar vesicles decreases in the following 
order: 37pA > 37aA > 36A. These data are in agreement with our earlier surface 
pressure measurements indicating that 37pA has the fastest while 36A has the slowest 
rate of penetration into an EYPC monolayer [3]. An examination of the peptide-DMPC 
complexes formed at 1:20 (M/M) ratio by EM revealed that all three peptides formed 
discoidal complexes. The peptide 37pA formed the smallest particles with the major 
diameter of the disk being 10.5 ±1.5 nm; 37aA and 36A formed larger particles with the 
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major diameters of the disks being 17.6 ± 2.5 nm and 11.3 ± 1.8 nm, respectively. The 
hydrodynamic diameters of the complexes of 37pA, 37aA, and 36A determined by 
size-exclusion chromatography were 10.9 ± 1.1 nm, 16.2 ± 1.1 nm, and 11.7 ± 1.1 nm, 
respectively. Thus, among the three peptides, 37pA forms the smallest size discoidal 
particles. 

1e+6 

8e+5 

4e+5 

0e+0 

1800 3600 0 

Time (sec) 

1800 3600 

Time (sec) 

Figure 1. Decrease in scattered-light intensity at 400 nm from a suspension of (A) DMPC and 
(B) EYPC multilamellar vesicles after addition of the peptides. Lipid concentration was 0.2 mM 
and lipid to peptide ratio was 20:1 (M/M). In control experiments, complete dissolution of the 
lipid vesicles was achieved by adding Triton X-100 at a final concentration of 1 mM. Lipid 
vesicles alone (O), 36A (0), 37aA (•), 37pA (A), Triton X-100 (V). 

The results of this study suggest that Pro residues in exchangeable apolipoproteins 
play an important role in lipoprotein assembly, presumably by allowing the apolipo
protein molecules to adopt a flexible structure suitable for rapid binding to the highly 
curved surface of the lipoprotein particles. 
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Introduction 

The science of protein structural-functional analysis currently employs powerful tech
niques such as high-resolution X-ray diffraction analysis, theoretical calculations, 
recombinant DNA technology and chemical mutagenesis. Beyond the substitution of 
specific sequential amino acids, the modification of individual residues in a protein 
frequently provides a starting point for assessing their roles in biological functions. 
Amino acid side-chain modifications have been achieved via synthetic methods. 
However, reactive compounds non selectively alkylate most of the e-amino groups of 
lysine and ring nitrogens of histidine residues in proteins. In order to reduce the number 
of alkylating points, specific reaction conditions and/or engineered chemical probes must 
be used. Here we describe methodology developed for studying the factors which have 
to be considered in the site-directed chemical modification of proteins. 

Results and Discussion 

Alkylation reactions were studied on human carbonic anhydrase isoenzymes (HCA-I and 
HCA-II) and thermolysin, each a zinc containing metalloprotein. Computational and 
experimental techniques were combined to create the following integrated approach to 
the site-directed alkylations of these enzymes: 1) calculation of pKA values of ionizable 
groups in the protein in order to determine relative basicities of potential alkylation 
targets; 2) use of molecular modeling in selecting alkylating chemical probes with an 
additional functional group that can coordinate to the metal center of the enzyme while 
alkylating the target histidine; 3) alkylation reaction, protein purification and analysis; 
4) enzymatic activity measurements. 

Continuum electrostatic calculations [1] have been performed on structures lcba, 
lhca, and lhyt from the Brookhaven data bank in order to determine the pKA values of 
all titratable groups (His residues are shown in Table 1). We have selected the pH for our 
reaction where the target histidine is monoprotonated. To obtain high selectivity, the 
appropriate chain length for a bifunctional chemical probe [N-chloroacetyl/propionyl 
amino acids (1)] was determined by molecular modeling. The probe contains a 
zinc-coordinating carboxylate group that tethers the alkylating agent to the active site. 

269 



G. Osapay et al. 

Table 1. Calculated pKA values of titratable histidines of human carbonic anhydrase isoenzymes I 
and II and thermolysin. 

HCA-1 
Residue 

His™ 
His67 

His64 

His122 

His243 

His103 

His107 

His40 

PKA 

2.79 
3.57 
4.67 
5.19 
5.96 
6.30 
6.31 
7.00 

HCA-II 
Residue 

His15 

His64 

His17 

His122 

His4 

His'0 

His107 

His36 

PKA 

4.33 
5.02 
5.08 
5.15 
6.03 
6.08 
6.25 
7.11 

Thermolysin 
Residue 

His88 

His216 

His250 

His74 

His231 

His105 

-
-

pKA 

5.45 
5.51 
6.01 
7.03 
7.90 
8.49 

-
-

For example, based on the modeling studies, the alkylation reaction of His64 in HCA II 
was performed by using 1.0 equiv. Cl-Ac-Gly-OH at pH 5.2. 

Gel electrophoresis with pyrogallol red - molybdate complex staining [2] indicated 
the homogeneity of the product. The modified HCA species showed suspended esterase 
activity while their hydratase function became enhanced. These results will be 
considered in further structure-function studies. 

Figure 1. Computer structure of the active site in the His64 modified HCAII isoenzyme. The 
carboxyl group of the chemical probe -CH2-Gly-OH coordinates to the zinc ion while it forms a 
covalent bond to the 3 '-nitrogen of His64. 

Compounds (1) structurally related to specific anionic inhibitors of the HCA 
isoenzymes resulted in active-site specific alkylation. Their rapid inhibitory effect on the 
enzyme function suggests that they form a complex with the zinc ion in the active site 
which helps to direct the alkylation of a histidine residue in the sterically appropriate 
position (Figure 1). This hypothesis was supported by the observation that the native 
conformation of the enzyme was required for a rapid and selective alkylation. 
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Introduction 

The basic defect behind cystic fibrosis (CF) exists at the molecular level in the form of 
single site mutations in the gene encoding the cystic fibrosis transmembrane conductance 
regulator (CFTR) [1]. Although the most frequent CF mutation results in a deletion of 
phenylalanine at position 508 in the first nucleotide binding fold (AF508), mutations 
associated with CF have been found in all regions of the protein, including the putative 
channel domain [2]. 

These mutations may act to affect channel properties by changing the interior surface 
of the pore or alternatively may exert a deleterious effect on critical helix-helix packing 
interactions required to stabilize the channel pore. Clearly, structural information 
regarding the channel domain is required to explain how single amino acid substitutions 
can sabotage channel function. Unfortunately, a combination of factors including low 
expression levels and protein hydrophobicity interfere with traditional methods aimed 
towards large scale production and purification techniques required for structural 
analysis [3]. For these reasons, an alternative approach involving synthetic peptides was 
adopted to study the conformational and aggregational behavior of individual trans
membrane (TM) segments in the channel domain. 

Results and Discussion 

Among twelve membrane spanning segments within the hydrophobic domain, the largest 
number of CF-associated mutations can be localized to the sixth putative TM segment, 
TM6. This correlates with the high level of homology found in TM6 across species and 
suggests a pivotal functional role for this segment [4, 5]. Further support is found in 
patch clamp studies demonstrating that TM6 mutants R347H and R334W exhibil 
aberrant conductance properties [6]. Similarly, anion selectivity has been shown to 
reside in the first and sixth putative TM segment through mutations induced at critical 
arginine residues [7]. This accumulation of data illustrating the importance of TM6 led 
us to center our approach around this segment. 
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A series of peptides corresponding to the wild type (WT) and CF-associated mutant 
sequences of TM6 was constructed as follows: 

G33011 L R334 K I F T TI S F C I V L R347 M A V T R Q3S4-amide 

The numbering corresponds to that of the published CFTR sequence [1]. Mutant 
peptides were synthesized by solid phase procedures using Fmoc chemistry with 
substitutions of R347H, R347P, R347L ,and R334W. Due to the presence of a cysteine 
residue in all five peptides, it was necessary to perform CD studies in the presence of 
dithiothreitol for direct comparison of peptide secondary structure. Indeed, SDS-PAGE 
gels of all peptides confirmed that each becomes partially oxidized during the course of 
purification to produce a mixture of monomers and presumably disulfide-linked dimers. 
CD analysis of monomeric peptides showed that apart from the proline mutant, all 
peptides are helical in 100 mM SDS micelles to approximately the same degree. Proline 
is distinguished by an initial 60% decrease in ellipticity at 222 nm vs. WT, suggesting 
that there is a structural consequence for this mutation. In contrast, this peptide has 
similar stability to the WT peptide when heated over a range of 25-95°C in SDS. In fact, 
all the peptides show reversible loss of ellipticity at 222 nm when heated, characteristic 
of a two-state helix to coil transition [8]. Interestingly, R347H and R334W lost a greater 
percentage of helicity at higher temperatures compared to WT, R347P, and R347L. His 
and Trp may not be accommodated into an SDS micelle as easily as Leu or as Arg close 
to the interface. Also, the fixed O angle of Pro may protect against loss of helicity [9]. 

While the present data are preliminary, work is now underway to expand the library 
of CFTR peptides. Different combinations of TM segments may reveal an additional 
level of stability conferred by helix-helix packing interactions. These approaches will 
hopefully clarify the interactions that mediate channel pore formation and provide an 
understanding of the possible mechanisms of function disruption. 
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Introduction 

Academic and pharmaceutical research has relied on the characterization of natural 
extracts (plants, marine organisms or bacterial broths) and on the development of 
methodologies for generating chemical diversity (organic, peptide or peptidomimetic 
libraries) for the discovery of new bioactive leads. Similarly, amide bond surrogates and 
several monomeric building blocks that mimic the peptide backbone have been 
described. All have advantages and disadvantages when it comes to biocompatibility, 
biostability and physicochemical properties. Our interest has focused, over the years, on 
the design of bioactive peptide analogs in an effort to understand the mechanism by 
which these molecules interact with their receptors. We describe below some 
exploratory work with a new class of amino acids, the betidamino acids, which are 
N'-monoacylated aminoglycine (Agl) derivatives where each N'-acyl group may mimic 
amino acid side chains or introduce novel functionalities. Betides (a contraction of beta 
position and amide) are peptides containing one or more betidamino acids. Betidamino 
acids have an unlimited number of possible side chains that can be generated by simple 
acylation in situ. 

Results and Discussion 

We have approached the design of bioactive peptides by investigating ways to constrain 
backbone as well as side chain conformations while maintaining high affinity for the 
receptors. We have also investigated ways to increase affinity of these peptides by 
exploring side chain functionalities and their role in that process. The co-amino function 
of ornithine and lysine can be used for the introduction of novel functionalities [1-3], but 
these are limited in that they can only mimic those amino acids with extended side 
chains. With the description of the synthesis of differentially substituted/protected a-
aminoglycine derivatives, [4-6] and, more recently, of that of racemic a-Fmoc, a'Boc-
aminoglycine [Fmoc-Agl(Boc)] by Qasmi et al. [1] we recognized that the introduction 
of an acyl moiety resembling an amino acid side chain on one of the two amino functions 
would leave the other free to form the peptide backbone thus generating betidamino acids 
as illustrated in Figure 1. In the cases of betide valine (b-Val), betide isoleucine (b-Ile) 
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and betidehomothreonine (bh-Thr) we have introduced a Np-methyl group; Na-
methylation and Ca-methylation (in some cases) are also achievable to generate further 
constrained scaffolds. It should be recognized that the synthesis of the individual 
betidamino acids is superfluous as they were shown to be readily available by simple 
acylation of the adequate scaffolds [Fmoc-Agl(Boc); Boc(Me)-Agl(Fmoc) and 
Fmoc,Me-Agl(Me,Boc)] on the solid support. We are presently concentrating our efforts 
on the synthesis of Fmoc,Me-Agl(Me,Boc) and of the corresponding oc-aminoalanines. 
By definition, betidamino acids have an amide bond replacing the P-methylene group. 

\ H HN*O CH^NK HN^O C H ^ O f V * 

-NHVH ^ Y H H*N Y H H2N Y H H*N Y H « Y 
Agl b-Ala b-Val b-Leu b-Ile b-Pro 9*1 

HCX HO HS C H 3 S . OCT O 0 
HNXQ CHa^^o H N i 0 HNXQ HN-^O HN^O HN^O 

H2N-SrOH H2N-V5HH2N'SrOHH2NVH H 1 N V H H 2 N V H H 2 N V H 

o o o o o o o 
b-hSer b-hThr b-hCys b-Met b-Trp b-Phe b-Tyr 

ytsa H ^ - N H r-K 

1 HlN / "Y H°l° "'"I0 H a \ Hl™\ 
HN^O H N * 0 HN"*0 HN^O HN^O HN"^0 HN^O 

H2N-VH H 2 N V H H 2 N V H H 2 N V H H2N'SfOHH2N'SrOHH2N'SrOH 

o O O O o o o 
b-Lys b-Arg b-His b-Asp b-Asn b-Glu b-GIn 

Figure 1. Proposed structures of the 20 natural betid amino acids. 

Betidamino acids offer several advantages over other amino acids in SAR studies. 
First, side chain diversity in betidamino acids is virtually unlimited due to the availability 
of numerous acylating agents. Second, since the N13 position can not only be acylated but 
also derivatized using other reagents (such as sulfonyl chlorides, isocyanates and 
thioisocyanates), and since one (as in the case of peptoids to generate betoids) or both 
nitrogens (as well as the Ca carbon) can be alkylated as well as alkylated and acylated 
(such as in the case of a-methyl or p-methyl betidamino acids), a large number of easily 
accessible amino acid mimetics can be introduced into oligopeptides with the same 
coupling methodologies used for the amino acid derivatives presently known. The 
structural constraints introduced by the presence of a betidamino acid were of particular 
interest to us in the identification of bioactive conformations of peptide hormones and for 
the design of receptor selective analogs. In particular, this was of interest in studying 
receptor subtypes of somatostatin, CCK/gastrin, CRF, vasopressin/oxytocin, opioids, 
kinins and others. When Ramachandran-type plots were calculated for acetylated 
betidamino acid N'-methylamides together with those of their backbone methylated 
homologs, we found that the positions of the minima for the non-methylated betide 
models, Na-methyl, Ca-methyl and bis-methylated derivatives were similar to those of the 
corresponding amino acids,' with steeper potential wells which indicated a possible 
restriction of conformational freedom. In the case of N^-methylation, similar 

276 



Peptide Libraries 

observations were made. Of particular interest is the fact that Na,Ca-bismethylation in 
conjunction with Np-methylation gave unique minima at new, unconventional positions. 
It remains to be seen whether this scaffold is synthetically accessible as we have 
encountered difficulties in obtaining differentially protected cc-aminoalanine derivatives. 
Thirdly, we were expecting betides (with an additional amide bond) to be more 
hydrophilic than the corresponding peptides or beta-methyl amino acid containing 
peptides. Finally, we have no evidence suggesting that the amide side chain would be 
any less stable to proteolytic enzymes than backbone amide bonds, except for formyl. 

The main limitation to the use of betidamino acids is the difficulty of resolving the 
scaffolds; therefore, diastereomeric peptides will result from the introduction of such 
moieties. We have addressed this potential limitation in the accompanying paper where 
we have used unresolved Na-Boc, N°"-Fmoc-Agl and Na-Boc(Me), Na'-Fmoc-Agl as the 
templates for the introduction of betidamino acids in gonadotropin releasing hormone 
(GnRH) and somatostatin (see Hoeger et al., this volume). Of paramount importance 
was the realization that the difference in potency between betide diastereomers did not 
vary significantly (rarely exceeding a factor of 5) and that the potency of the most potent 
diastereomer equaled that of the parent peptide (unpublished results). This suggested 
that the conformation assumed by the betidamino acid side chains in their D and L 
configuration may overlap with that of L or D amino acids in homologous peptides. 
Preliminary results in the GnRH area suggest that, for reasons unknown to date 
(increased hydrophilicity or in vivo instability), betide analogs will have shorter duration 
of action. For that reason and the fact that diastereomers will always be formed, we 
suspect that betides are unlikely drug candidates. However, the versatility of their use 
should allow rapid identification of optimal side chain functionality (orthogonal scan) at 
every position of the peptide chain (longitudinal scan) thus giving rise to a new class of 
combinatorial libraries. This can then be followed up by the synthesis and introduction 
of the newly defined amino acids or of their corresponding P-substituted homolog in the 
sequence of the optimized betide to restore duration of action or other desired properties 
unique to peptides. 
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Introduction 

The development and screening of immense combinatorial libraries of chemically 
synthesized compounds for basic research and use in the identification of pharmaceutical 
lead compounds has proceeded at an intense pace. Combinatorial approaches now 
include organic, peptidomimetic and peptide libraries [1-11]. The ability to systema
tically generate highly complex, but well-characterized mixtures of peptides by the 
simultaneous multiple peptide synthesis approach [12] offers the opportunity to prepare 
individual compounds, as well as organic libraries of equal diversity to those found in 
combinatorial libraries of peptides, if peptide libraries can be cleanly and reproducibly 
transformed by chemical means. Peptidomimetic chemistry has long endeavored to 
enhance the overall activity or properties of individual peptides by modifying side chain 
functionalities, transforming the peptide backbone, or reducing peptide flexibility 
through cyclization. In recent work [4], we have shown that modification of the amide 
backbone by the permethylation of peptide combinatorial libraries yields peptidomimetic 
diversities having physicochemical properties that are very different from the peptides 
from which they were obtained (enhanced stability to enzymatic breakdown, ability to 
cross biological membranes, etc.). We have now developed means for the reproducible 
chemical transformation of peptide libraries to form polyamine combinatorial libraries 
through the exhaustive reduction of all of the peptide amide groups. It is anticipated that 
these soluble polyamine combinatorial libraries will serve as a ready, and quite extra
ordinarily large, source of polyamines having not only the potential to block the 
biosynthetic pathways of naturally-occurring polyamines, but also for use as therapeutic 
agents in a wide range of previously unexplored indications. 

Results and Discussion 

While we have demonstrated the utility of diborane for the exhaustive reduction of model 
peptides in earlier studies [5], our interest was in its use for the preparation of a chemical 
library of functionalized polyamines. Soluble hexapeptide positional scanning synthetic 
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combinatorial libraries (PS-SCLs) have been shown in a range of earlier studies to permit 
the rapid identification of specific individual compounds [6-9]. We have now reduced a 
PS-SCL, consisting of six sublibraries of 20 L-amino acid hexapeptide mixtures, to 
obtain a positional scanning library of heptamines (from hexapeptide C-terminal amides). 
As with the starting peptide libraries, each of the resulting polyamine mixtures contained 
a single defined position with one of the 20 reduced amino acids (represented as O), with 
the remaining five positions consisting of mixtures of 18 reduced amino acids 
(represented by X; cysteine and tryptophan were excluded). The six reduced positional 
sublibraries consist of the same 37,791,360 (20 x 18s) compounds in approximately 
equimolar representation, differing only in the location of the defined position. The 120 
mixtures making up this polyamine combinatorial library were used to displace 
3H-DAMGO from opioid receptor binding sites in crude rat brain homogenates (Figure 
1). The most effective amide reduced amino acid functionalities chosen at each of the six 
positions were: tyrosine for positions 1 and 2, phenylalanine and tyrosine for position 3, 
phenylalanine and proline for position 4, threonine and tyrosine for position 5, and 
phenylalanine, methionine, proline, serine, and tyrosine for position 6. Thus, 40 
individual heptamines were prepared (1x1x2x2x2x5), with IC50 values ranging from 
12-309 nM. The two most active heptamines were re(Ac-YYFPTM-NH2) and 
re(Ac-YYFPTP-NH2), with IC50 values of 12 and 13 nM, respectively (Table 1). The 
fifth and sixth positions were found to contribute little to the activities of the compounds. 
A pentamine [re(Ac-YYFP-NH2)] was found to have an IC50 value of 15 nM. 

We have expanded the libraries from libraries concept by combining the alkylation 
and reduction of combinatorial libraries made up of L-, D- and unnatural amino acids. 
Along with earlier studies [1-11 and refs. therein], these results serve to further confirm 
the power of soluble combinatorial libraries [1] and the libraries from libraries concept 
[4] as unique tools for basic research and drug discovery. 
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Figure 1. Poly functional heptamine scanning combinatorial library: Inhibition of3H-DAMGO 
binding to opioid receptors. 
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Table 1. Individual heptamines identified from a polyfunctional amine scanning combinatorial 
library. 

Compound IC50(nM) Compound IC50 (nM) 

re(Ac-YYFPTM-NH2) 12 
red(Ac-YYFPTP-NH2) 13 
re(Ac-YYFPTF-NH2) 16 
re(Ac-YYFPYS-NH2) 17 
re(Ac-YYFPTS-NH2) 17 
re(Ac-YYFPTY-NH2) 18 
re(Ac-YYFPYY-NH2) 24 

re(Ac-YYFPYF-NH2) 25 
re(Ac-YYYPTS-NH2) 29 
re(Ac-YYFPYM-NH2) 31 
re(Ac-YYYPTP-NH2) 37 
red(Ac-YYFFYP-NH2) 55 
re(Ac-YYYPTY-NH2) 59 
re(Ac-YYFFYS-NH2) 70 
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Introduction 

Cyclic peptides appear to enjoy numerous advantages over linear peptide analogs as 
stabilized receptor ligands or as lead candidates for further drug development. By 
introducing additional modifications such as amide bond surrogates (pseudopeptides) or 
various turn mimics, these leads can be further enhanced with respect to bioavailability, 
receptor selectivity, and oral activity. 

Results and Discussion 

We have previously reported that cyclic peptide mixtures can be efficiently synthesized 
by a side chain attachment strategy involving resin-bound head-to-tail cyclization, 
provided that the synthesis is optimized for structural and stereochemical integrities. 
Below we outline additional findings that further improve the quality and utility of the 
desired cyclic peptide libraries and sublibraries. 

Our approach to head-to-tail cyclic peptide mixtures [1, 2] has been further 
developed by the investigation of new routes for the initial side chain attachment/ 
resin-bound cyclization strategy. Thus far, our linkages have included Asp, Asn, Glu, 
Gln, and Lys. Several final deprotective and cleavage conditions have also been used 
such as anhydrous HF, Yajima's reagent, catalytic transfer hydrogenation, and phase 
transfer catalysis. 

During the course of our synthetic investigations, we observed that the quality of our 
cyclic library mixtures was affected in predictable fashion by ring size, coupling agents, 
the absolute configuration of the chiral protected amino acids, and, especially by the 
presence or absence of turn-inducing residues such as the imino acid proline. 

Proline is a constituent of many naturally occurring cyclic peptides. Thus use of 
proline, other imino acids, amide bond surrogates, or N-methyl amino acids is a 
reasonable approach both for facilitating macrocyclization as well as for reducing the 
inherent disadvantages (solvation energies) associated with all-amide structures. This 
has been cited as a reason why amide structures suffer from limited bioavailability [3]. 

Accordingly, we have explored the following strategy for the preparation of cyclic 
peptide mixtures for bioassay: 1) Select one of the possible side chain linkages; 
2) Initiate the solid phase synthesis of cyclic peptides of varying ring size (typically 5-8 
residues); 3 a) Incorporate (serially) a single proline at each position within each cyclic 
peptide chain (the Pro-scan approach) (as in Table 1); or 3b) Incorporate (serially) a 
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Table 1. Examples of cyclic peptide libraries utilizing the Pro-scan approach. 

Ring size Cyclic peptide sublibrary No. of Compds. 

c(Xxx-Xxx-Xxx-Pro-Asp) 
c(Xxx-Xxx-Pro-Xxx-Asp) 
c(Xxx-Pro-Xxx-Xxx-Asp) 
c(Pro-Xxx-Xxx-Xxx-Asp) 

c(Xxx-Xxx-Xxx-Xxx-Pro-Asp) 
c(Xxx-Xxx-Xxx-Pro-Xxx-Asp) 
c(Xxx-Xxx-Pro-Xxx-Xxx-j\sp) 
c(Xxx-Pro-Xxx-Xxx-Xxx-Asp) 
c(Pro-Xxx-Xxx-Xxx-Xxx-Asp) 

c(Xxx-Xxx-Xxx-Xxx-Xxx-Pro-Asp) 
c(Xxx-Xxx-Xxx-Xxx-Pro-Xxx-Asp) 
c(Xxx-Xxx-Xxx-Pro-Xxx-Xxx-Asp) 
c(Xxx-Xxx-Pro-Xxx-Xxx-Xxx-Asp) 
c(Xxx-Pro-Xxx-Xxx-Xxx-Xxx-Asp) 
c(Pro-Xxx-Xxx-Xxx-Xxx-Xxx-Asp) 

216 
216 
216 
216 

1,296 
1,296 
1,296 
1,296 
1,296 

7,776 
7,776 
7,776 
7,776 
7,776 
7,776 

Xxx = glutamic acid, lysine, leucine, tyrosine, serine,and arginine. 

flexible pseudopeptide (such as Pro^CHjSJGly) at each position within each cyclic 
peptide chain (the Psi-scan approach); 4) Following each synthesis and cleavage, subject 
the soluble cyclic peptide sublibraries to bioassays to establish the preferred position(s) 
of the turn-inducing residue; 5) Based on the position selected in step 4, resynthesize a 
series of cyclic peptides using the positional scan approach [4]; this self-deconvoluting 
technique is used to identify the preferred residues at each variable position within the 
cyclic sequence following bioassay. 

Thus far we have prepared groups of cyclic peptide analogs totaling over one-half 
million analogs. Some of these mixtures have been tested in antibiotic screens and also 
as potential therapeutics in a recently developed National Cancer Institute program for 
testing libraries against the AIDS virus and in a variety of anticancer screens. 

A key concern with the synthesis of cyclic peptides has been the verification of 
structural and stereochemical integrities of the resulting compounds. By synthesizing 
mixtures of modest ring size, and by keeping the number and diversity of most 
sublibraries relatively small, various analytical techniques including NMR analysis, 
FABMS, electrospray MS, and liquid chromatography-mass spectral analysis can be used 
to confirm synthetic fidelities. Among our conclusions: 

1) The five- and six-membered rings appear to cyclize more easily and reliably than 
those with seven residues. 

2) In a six-residue ring (Table 1), the position of proline accelerates cyclization in the 
following order (Pro' > Pro5 > Pro3 > Pro4 > Pro2), where Asp is defined as Asp6. 

3) In these medium size rings we have seen limited evidence of dimer formation, 
presumably due to a decreased tendency for P-sheet aggregation among the 
relatively short linear peptide precursors. 
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Introduction 

The combined use of selection methods and combinatorial synthesis is contributing to 
accelerate the discovery of new drug leads. In fact, it has been proposed that the 
combinatorial approach will drive a momentous shift in the current paradigm for rational 
drug design, where the actual design step will be moved from the level of individual 
molecules (analogs of the initial lead) to the level of selectable populations [1]. The 
availability of conformationally homogeneous peptide populations, in which all the 
peptides share a common, predetermined structure, could represent a major step in this 
direction, since any ligand selected from these libraries would directly yield both the 
identity and the topography of the pharmacophore side chains; this is all the information 
which is required for the design of a first generation peptidomimetic, in which a suitable 
non-peptidic scaffold will replace the peptide backbone [2]. Key to this process, for 
which we coined the term selection-driven (peptidomimetic) design, is the design of the 
conformationally homogeneous libraries: we describe here how a natural protein folding 
motif, the zinc finger, was successfully used as a template to engineer a large (>106) 
population of selectable a-helical peptides. 

Results and Discussion 

The Cys2His2 zinc finger is one of the most common DNA-binding motifs [3, 4] and the 
specificity resides in the a-helical subdomain [5]. This structure was chosen for several 
reasons: i) a (limited) natural repertoire of zinc fingers exists which displays structural 
conservation in the presence of different DNA-binding residues [6-9]; ii) tolerance to 
sequence variability in all but a few conserved residues was suggested by a minimalist 
analogue with multiple Ala substitutions, showing the typical zinc finger fold [10]; iii) in 
all zinc fingers metal coordination and folding are coupled, since in the absence of zinc 
the peptides show CD spectra typical of a random-coil (Figure lb). This feature is of 
utmost importance for the development of a library because metal-dependent binding 
would represent a built-in control against the selection of structurally undefined 
sequences. 
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Using as starting point a consensus 26-amino acid Cys2His2 zinc finger peptide 
(Consensus Peptide-1 or CP-1), H-Pro-Tyr-Lys-Cys-Pro-Glu-Cys-Gly-Lys-Ser-Phe-Ser-
Gln-Lys-Ser-Asp-Leu-Val-Lys-His-Gln-Arg-Thr-His-Thr-Gly-NH2 [11], we randomized 
five positions in the a-helical portion (in bold in the sequence). These positions, 
X'-X2-X3-X4-X5 (residues 15,16,18, 19 and 22, respectively), are the most exposed in the 
helix (side-chain accessibility between 25 and 60%) and cluster on one side of the 
structure, fully available for interaction with a given receptor; the distance between the 
C-a carbons of X1 and X5 is 12 A (Figure la). 

o 
S 

•a 

OJ 
T3 

20 

1 0 -

© -10 

- \ 

• L,r-1 -Z.11'' 

• Ul -1 +z.n' ' 

—o—- PheXXXX 
—<y— HisXXXX 

' I ' l l 

190 210 230 

Wavelength (nm) 

250 

Figure 1. (a) Structure of the zinc finger library. The randomized residues X -x are shown as 
spheres centred on the side-chain P-carbon. (b) CD spectra of the parent peptide CP-1 in the 
presence and absence of 2 equiv ofZnCl2, and of two peptide pools representative of type A (Pool 
HisXXXX) and type B (Pool PheXXXX) spectra, in the presence of 2 equiv ofZnCl2(see text). 

The tolerance of this naturally evolved fold towards mutations was probed with an 
expanded set of amino acids, including non-coded residues like 2-aminobutyric acid 
(Abu), cyclohexylalanine (Cha), norleucine (Nle), norvaline (Nva), ornithine (orn), 
homophenylalanine (Hph), 4-chlorophenylalanine (Fcl), and 4-nitrophenylalanine (Fno). 
The library and the individual zinc fingers were synthesized on Polyhype SU-500 by 
standard Fmoc/t-Bu chemistry, using isokinetic mixtures for the incorporation of the X 
positions [overall 5-fold excess, concentrations relative to Ala(l): Arg(l), Asn(l), 
Asp(l), Gln(l), Glu(l), His(l), Ile(2), Leu(l), Lys(l), Met(l), Phe(1.4), Ser(l), Thr(2), 
Trp(1.4), Tyr(1.4), Val(2), Abu(l), Cha(l), Nle(l), Nva(l), Orn(l), Hph(1.4), Fcl(1.4), 
Fno(1.4)]. 

The peptide pools were analysed by CD and Co(II)-complex absorption spectra to 
establish the homogeneity of the peptide population. Figure lb shows the two types of 
CD curves found for the library mixtures: type A spectrum, exemplified by the 
HisXXXX pool, which is essentially superimposable to that of the canonical zinc finger 

285 



E. Bianchi et al. 

indicates structural preservation; type B spectrum, exemplified by the PheXXXX pool, 
shows a dramatic structural change with an increased content of P-structure. The 
appearance of type B CD was confined to hydrophobic residues in position X', while in 
positions X2- Xs both hydrophilic and hydrophobic residues gave rise to type A spectra, 
with minor distortions in a few cases. Analogous results were obtained from the 
Co(II)-complex absorption experiments. Overall, this analysis showed that the zinc 
finger fold is sufficiently stable to tolerate extensive mutagenesis in the selected positions 
of the helical subdomain, much beyond the functional needs of the natural repertoire. 
The exception is represented by the first position in the helix, where hydrophobic amino 
acids may likely interfere with the packing of the three conserved hydrophobes (Tyr2, 
Phel 1, and Leul7). NMR studies on individual peptides displaying type B spectra are in 
progress to clarify this point. In the final version of the library, we used the complete 
26-aa set in positions X2- X5 and a reduced 14-aa set (Ala, Arg, Asn, Asp, Gln, Glu, His, 
Lys, Met, Ser, Thr, Tyr, Val) in position X1. All the pools of this library, which 
collectively included 6.4xl06 peptide sequences, showed type A CD spectra. 

The zinc finger library was also produced in the form of fusion phage [12], and 
parallel screening of the phage and synthetic library with a monoclonal IgA yielded its 
final validation as a source of ligands of pre-determined structure: individual peptides 
derived from the common consensus sequence showed a very strong, zinc-dependent 
binding to the mAb, and were shown by CD, Co(II)-complex and NMR to display the 
expected pharmacophoric structure [13]. 
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Introduction 

Since the introduction of the "one-bead one-peptide" combinatorial peptide library 
method (or "Selectide" process) four years ago [1, 2], we have successfully applied the 
method to various biological systems (for recent reviews, see [3] and [4]). These 
include: monoclonal antibodies that recognize a continuous or a discontinuous epitope, 
proteases, streptavidin, avidin, MHC-class I molecules, gpIIb/IIIa integrin, and a small 
organic indigo dye. The biologic screening assays for most of these targets are based on 
an enzyme-linked colorimetric assay in which the peptide-beads interacting with the 
macromolecular target changed color. The color beads are then physically isolated for 
microsequencing. Alternatively, a two-stage solution-phase releasable assay using 
peptide-beads with orthogonal cleavable linkers has been used {e.g. for the gpIIb/IIIa 
integrin [5]). 

Recently, we reported an on-bead functional assay for the elucidation of 
post-translational modification sites of proteins [6, 7]. We have successfully applied this 
method for identification of linear peptide substrate motifs for cAMP-dependent protein 
kinase (a serine/threonine protein kinase) and for p60csrc protein tyrosine kinase (PTK). 
In this method, we first incubated the peptide-bead library with [y-32P]ATP and the 
protein kinase. After incubation, the beads were washed thoroughly with high salt buffer 
followed by heating with 1.0 M HCl for 5 minutes to remove all the non-covalent 
[y-32P]ATP binding and washed thoroughly again. The beads were then suspended in 
molten 1.5% (w/v) agarose and plated on a glass plate. The bead-containing gel was then 
air-dried to form a film and exposed to an X-ray film. Autoradiography was then used to 
localize the [32P]-labelled beads. The beads corresponding to the autoradiographic spots 
were removed and suspended in molten agarose solution again for secondary plating. 
With this dilution, single [32P]-labelled beads could be isolated for microsequencing. 
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Results and Discussion 

Using the above phosphorylation screening method, we rapidly identified the 
phosphorylation site motif of cAMP-dependent protein kinase as RR_S , which is 
identical to that reported in the literature, thus validating the technology [7]. When a 
limited heptapeptide library (500,000 beads) was screened with p60c"src PTK, a peptide 
YIYGSFK was identified [8]. Using a solution phase phosphorylation assay with 
analysis by thin layer chromatography (polyethylene imine cellulose plate), the Km of 
YIYGSFK was determined to be 53 pM, about 7-fold better than that of the cdc (6-20) 
peptide, one of the best known peptide substrates for p60csrc. When compared to the 
cdc(6-20) peptide (15 amino acids long), YIYGSFK (a heptapeptide) was also more 
specific to the src family PTK. 

Using a solid-phase phosphorylation assay, a SAR study was performed on over 70 
analogs of YIYGSFK. The peptide analogs were first synthesized on TentaGel S resin 
with a non-cleavable linker (similar to the synthesis of the bead-library [3]). The 
peptide-beads were then phosphorylated with p60c"src PTK, immobilized on a glass plate 
with agar and the relative amount of phosphorylation per bead quantitated with a 
Phosphorlmager (Molecular Dynamics, Sunnyvale, California). An aromatic residue at 
positions 1 and 6 (D or L diastereomer) is preferable and a hydrophobic residue 
(L-diastereomer) at position 2 is essential. An L-tyrosine at position 3 is required as the 
phosphorylation site. An acidic residue with a primary amine at the side chain (D or L 
diastereomer) at position 7 is crucial. Table 1 summarizes the result of this study. 

Since Tyr3 is the phosphorylation site, this residue was substituted with various 
aromatic residues in an attempt to develop a pseudosubstrate-based peptide inhibitor. 
Preliminary results shown in Table 2 indicate that YI(Nal-2)GSFK is the best inhibitor 
for p60°"src with an IC50 of approximately 58 pM, very similar to the Km of YIYGSFK. 

Work is currently underway in applying the same technology for the identification of 
substrate motifs and development of potent inhibitors for pl85bcr~abl PTK, an oncogenic 
protein in chronic myelogenous leukemia. 

Table 1. Phosphorylation scale' of YIYGSFK analogues byp60c's,c on solid-phase: Single amino 
acid substitution. 

Y 

Y=100 
F=76 
T=71 
y=65 
W=41 
S=30 
E=27 
Cha=23 
A=16 
Orn=15 

I 

1=100 
L=92 
V=90 
Chg=29 
A=21 
i=13 
Nle=12 
K=7 
E=6 

Y 

Y=100 
F=7 
A=4 
y=l 

G 

G=100 
S=36 
A=34 
MeG=12 
K=7 
N=6 
a=2 
L=l 
D=0 

S 

S=100 
T=92 
A=89 
V=48 
G=40 
Y=34 
K=33 
N=30 
s=9 

F 

Y=175 
F=100 
f=31 
MeF=30 
W=25 
Cha=22 
A=l l 
H=7 

K 

K=100 
Dab=86 
Orn=82 
Dap=77 
k=56 
R=26 
A=10 
H=5 
D=l 

aPhosphorylation was quantitated by Phosphorlmager; YIYGSFK 
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Table 2. Pseudosubstrate-based inhibitors (YIXGSFK) for p60 c'src PTK 

X IC5(1, pM 

2-naphthalalanine 58 
1 -naphthalalanine 84 
jo-chlorophenylalanine 324 
p-fluorophenylalanine 558 
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Introduction 

With the objective of maximizing library resolution, whilst minimizing the number of 
mixtures within a library, a strategy based on group theory arguments has been 
developed [1]. Library mixtures are organized into sets of binary sublibraries, which are 
related via group transformation operations. Active compounds are deduced from the 
first screen via inter-sublibrary comparison of the screening data [2]. Unlike the iterative 
library strategy [3, 4], in which each monomer position is elucidated in turn, the trans
formed group approach allows concurrent elucidation of all monomer positions. 
Extensive intra-sublibrary comparison enables the relative replaceability of all residue 
positions to be explored using results from the initial screen. In a working example, a 
library containing up to 24,137,569 hexapeptides organized into 192 mixtures, identified 
a group of 324 potential MAb binding peptides in a single screen. This result was 
confirmed by synthesis and screening of a further 30 mixtures. 

Materials and Methods 

A support-bound hexapeptide library composed of three 64 mixture sublibraries (A, B 
and C) was assembled on pins [5] using binary groupings (Table 1). These were devised 
using the 6 monomer groupings: a (Ile, Val, Leu); b (homoPhe, Phe, Tyr); c (Asp, Glu); 
d (Asn, Gln, Ser); e (Ala, Gly, Pro); f (Arg, His, Lys). An anti-hemaggluttinin MAb 
17-09, [6] which binds the native sequence DVPDYA, was screened against the 192 
mixtures using a pin ELISA protocol [7]. ELISA data for the top 10 binding peptide 
mixtures are presented in Table 3. The 30 implied intersection mixtures were prepared 
using monomer groupings only, and subjected to a second ELISA study with MAb 
17-09; Table 4 presents the top 10 binding mixtures from the second round of testing. 

Results and Discussion 

Each of the related sublibraries (A, B, etc), which comprise a transformed group library, 
contain the same total peptide set. These are organized so any given mixture in a 
sublibrary shares a unique set of compounds with any given mixture within a second 
sublibrary, e.g. mixtures A(n) and B(m) have a unique intersection. If A(n) and B(m) 
were the only mixtures within their respective sublibraries to possess an activity, the 
inference is that the relatively small intersection mixture contains active compound(s). 
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Sublibraries are prepared from two mutually exclusive monomer mixtures, called 
binary groupings and designated 0 and 1 (Table 1), to give mixtures of the general form; 
######, where # = 0 or 1. Hence, a given peptide Nmer sublibrary contains 2N mutually 
exclusive mixtures {e.g. a 6mer sublibrary contains 64 mixtures) - the minimum number 
that will allow the elucidation each peptide residue position. The monomers used to 
prepare the library are organized into binary groupings in a two step mixing process. 
Monomers are combined into an even number of monomer groupings, which are, in turn, 
combined to give paired binary groupings (Table 1). The process of combining 
monomer groupings into binary groupings establishes the relationship between the 
sublibraries; each being definable by a unique group transformation function. Although 
the number of pairs of binary groupings that can be constructed, hence the number of 
sublibraries that can be prepared, is given by 0.5n!/(n/2)!2 (n = the number of monomer 
groupings), far fewer sublibraries are required. Resolution of each residue position is 
possible provided that no two monomer groupings are paired in all binary groupings. 
Hence, the minimum number of sublibraries required is > log(n)/log(2): 6 monomer 
groupings implies a minimum of 3 sublibraries. Table 1 presents 3 of 10 possible pairs 
of binary groupings constructed from the 6 monomer groupings (a-f). 

Table 1 (left). Generation of binary groupings for library preparation from 6 monomer 
Groupings (a-f). 

Table 2 (right). Elucidation of monomer groupings at a given peptide mixture residue by 
sublibrary comparison. Binary motifs. 

Binary 
Grouping 

0 
1 

Sublibrary 
A B 

[a b c] [abf] 
[def] [c d e] 

C 

[aef] 
[bed] 

Sub-
Library 

A 
B 
C 

Monomer Grouping 
a b c d e f 

0 0 0 1 1 1 
0 0 1 1 1 0 
0 1 1 1 0 0 

Inter-sublibrary comparison allows the identification of intersection mixtures which 
may contain active compounds. The intersection between the highest activity mixtures 
from sublibraries A, B and C (Table 3) {i.e., A(001001)nB(101101)nC(110110)) is 
defined by the string of monomer groupings: cbecbe (Table 2). Each residue position is 
determined by identifying monomer groupings common to each residue position. The 
string cbecbe corresponds to the 324 peptide sequences: (D,E)(Y,F,Z)(A,P,G)(D,E) 
(Y,F,Z)(A,G,P) (residues present in the native binding sequence are underlined, Z = 
homoPhe). The 10 top binding mixtures listed in Table 3, however, define 30 
intersections. When these implied intersection mixtures were synthesized and screened 
against MAb 17-09, a clear consensus emerged with 5 of the 6 residue positions being 
conserved within the limits of the monomer groupings. A binding motif cbXcbe was 
identified (X = replaceable). In a final round of deconvolution, 108 mixtures were 
prepared and tested. The five defined positions were replaced with individual amino 
acids, and X was a mixture of monomer groupings c, d and e. Seven strongly binding 
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sequences were identified in this final study: DZXDYG, EZXDYA, DFXDYG, 
DYXDYG, DFXDYA, DZXDYA, and DYXDYA. 
Data from the first screen can be used to examine replaceability trends by 
intra-sublibrary comparison. For example, binding data for the active mixture 
A(001001) can be compared with results obtained for A(101001), A(011001), 
A(000001), A(001101), A(001011), and A(001000). This analysis demonstrated that 
position 4 tolerates change, whereas activity was lost if either positions 1 or 5 were 
altered, hence monomer(s) within binary grouping A(0) were required at these positions. 
These results are consistent with both the known epitope replaceability properties and the 
above deconvolution study. 

In conclusion, the transformed group library approach allowed a range of potent 
MAb binding peptides to be identified in three steps, with key properties of all residue 
positions being established in the initial screen. 

Table 3 (left). Top scoring pin-bound peptide mixtures binding to MAb 17-09. 
Table 4 (right). Deconvolution by synthesis and screening of 30 implied intersection mixtures. 

Top scoring mixtures, MAb 17-09. 

Sublibrary 

A 

B 

C 

001001 
000001 
000100 
000000 
100100 
101101 
010110 
110110 
111111 
111110 

ELISA Value 

611 
494 
307 
285 
206 
409 
198 
268 
233 
194 

Mixture ELISA 
Value 

cbXcbe 2827 
cbdcbe 2737 
cbecbe 2652 
cbecbe 2457 

X = mixture of 17 

Mixture 

cbdcbd 
bebdeb 
cbccbd 
bebeeb 

amino acids 

ELISA 
Value 

1573 
1569 
1365 
1257 
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Introduction 

Synthetic combinatorial libraries (SCLs) have greatly accelerated the potential discovery 
of new lead compounds [1]. SCL approaches can be used to generate small molecule 
diversities {i.e., short peptides, peptidomimetics or organic compounds). The generation 
of such diversities based upon "protein-like" structural motifs is expected to broaden the 
use of SCLs for those applications that require the occurrence of a well-defined 
secondary and/or tertiary structure. We have developed an approach for the identifi
cation of structurally defined polypeptides by combining the structural characteristics of 
known peptides with the strength of combinatorial library techniques. 

Results and Discussion 

In earlier studies, two well defined secondary structural motifs were used as structural 
units for the construction of conformationally defined libraries: one having an amphi
pathic a-helix [2], and the other being the linker region between the two a-helical motifs 
of melittin [3]. 

Recently, we have designed a 16-residue peptide (Ac-KA14K-NH2, termed KAK) that 
self-aggregates into an extremely aqueous soluble and stable macromolecular P-sheet 
structure [4]. The first step in designing a conformationally defined SCL relies on a 
detailed characterization of the structural motif of interest in order to determine the 
substitutability and stability of the motif. A set of 25 KAK peptide analogs was designed 
to study the number of alanine residues necessary to obtain the hydrophobic packing that 
constitutes the core of the KAK complex. As determined by RP-HPLC and CD, the 
formation of a P-sheet conformation was observed for the analogs having a minimum of 
10 alanine residues (Figure IA). 

In order to study the role of the lysine residues in the complex formation, different 
substitution and/or insertion analogs at both termini were synthesized and analyzed. The 
zwitterionic (Ac-KEA,3KE-NH2) and negatively charged (Ac-EA13E-NH2) analogs of 
KAK did not alter the P-sheet complex formation ability, while, on the other hand, no 
complex was formed with the analog having 2 lysines at each terminus 
(Ac-K^Kj-NH,) (FigurelB). 
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Figure 1. A. Number of alanine residues necessary for P-sheet complex formation. The % 
P-sheet was based on RP-HPLC peak area. B. Effect of charged amino acids at both terminus on 
P-sheet complex formation. The CD spectra were recorded in 5mM MOPS buffer, pH 7, at 25° C. 

Based on these results and on initial binding studies showing that the KAK complex 
is able to bind to a variety of molecules through electrostatic and hydrophobic 
interactions, a number of P-sheet SCLs can be envisioned. For instance, mixture 
positions can be inserted near the termini in order to modulate the compactness of the 
complex, and hence its binding ability. Furthermore, the p-sheet complex can also be 
used as a scaffold in order to functionalize it with carboxylic acids, sulfonyl chlorides, 
isocyanates, and chloroformates, etc., on its hydrophilic surface. We believe that P-sheet 
SCLs will be useful for the studies of P-sheet formation and to determine the role of 
hydrophobic cores in naturally occurring proteins, as well as in studies investigating 
protein/ligand interactions such as protein transport, heme groups binding, and binding-
step mimic catalysis. 
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Introduction 

The binding conformation of a biologically active peptide provides a structural basis for 
design of peptide analogs or peptidomimetics, as well as for screening of organic 
compound libraries. Strategies to determine the binding conformation have focused on 
the synthesis and conformational analysis (by molecular modeling and/or NMR spectro
scopy) of cyclic or other constrained peptide analogs. Recently, the technique of 
consensus dynamics has been introduced in which a series of compounds are simulated 
simultaneously subject to a constraining potential which holds equivalent functional 
groups together in space [1]. Thus, only regions of the conformational hypersurface 
which are commonly accessible to the series are visited during the searching procedures. 
In the ideal case, as the number and diversity of the compounds in the consensus 
ensemble increases, the number of possible solutions should decrease until a small 
number of pharmacophore models emerge. 

Results and Discussion 

We applied the consensus strategy to 23 peptide antagonists of the hypothalamic deca
peptide, gonadotrophin-releasing hormone, GnRH. This series of constrained peptides, 
which includes monocyclic (1-10, 4-10, 5-8, 2-7 and 3-8) and bicyclic (5-8/4-10, 
1-5/4-10 and 1-8/4-10) analogs with rings of varying sizes, provides one of the most 
extensive and diverse ensembles of constrained ligands for a peptide receptor, and so 
should be ideal for testing the consensus strategy. Starting conformations for the GnRH 
analogs were obtained by model building. Conformational information from previous 
studies of some of the analogs [2-5] was also used to build initial conformations. In the 
consensus simulations, the intermolecular interactions between molecules are turned off, 
and sets of corresponding equivalent functional groups (which define putative 
pharmacophore elements) are tethered together by a quadratic function that is added to 
the force field. Annealed consensus conformations for the ensemble were obtained by 
taking snapshots from high-temperature molecular dynamics trajectories, each starting 
from randomized conformations of the individual ensemble members, and quenching 
them by gradually lowering the temperature to 300K followed by energy minimization. 

Homologous functional groups were defined based on selected side chain heavy 
atoms for residues in positions 1, 2, 3, 5, 6, 7, 8 and 9. Two different sets of consensus 
restraints were used, differing only in the treatment of the arginine residues. In the first 
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set, "independent arginines model", arginine residues at positions 5, 6, and 8 were treated 
as independent groups, i.e. a different consensus group was defined for each position. In 
the second set, "one-site arginines model", arginine residues from the three positions 
were grouped into only one consensus set, defining a pharmacophore model with a 
specific site for a guanidinium group. Distance restraints from experimental nmr data 
[2-5] were also included for four of the molecules in the simulations with the "one-site 
arginine model" consensus restraints. 

Multiple families of pharmacophore models were found that satisfy the consensus 
restraints. Centroids for each of the pharmacophore groups were defined by calculating 
the average positions of pseudoatoms that represent each group for all consensus 
conformations. The resolution of the position of each centroid was calculated as the rms 
deviation of individual pharmacophore models from the centroid position. The results 
are illustrated in Table 1, which shows that the resolution in the position of 
pharmacophore groups ranges between 2 and 6 A. The definition of one site for the 
arginine residues and the inclusion of nmr restraints helped improve the resolution of the 
final models. 

Table 1. Centroid positions and resolution of pharmacophore groups (in angstroms). 

residues position 

A3Pro 
D-2Nal 
D-pClPhe 
D-Trp, D-Pal 
Tyr 
D-Trp, D-2Nal 
Leu 
Pro 
Arg (5, 6, 
Arg 
Arg 
Arg 

1 
1 
2 
3 
5 
6 
7 
9 

8) 
5 
6 
8 

independent arginines 
X 

-0.32 
-1.37 
-5.42 
-2.00 
-2.47 
0.49 
7.06 
5.31 

-0.00 
-
-
-

y 

5.11 
3.64 
5.45 
1.54 

-6.83 
-8.18 
-4.83 
1.36 

-0.66 
-
-
-

z 

0.28 
-2.87 
2.78 
7.00 
1.59 

-0.38 
-0.84 
-3.13 
-1.81 
-
-
-

model 
res. 

2.84 
6.13 
3.42 
3.14 
3.30 
3.38 
2.60 
2.18 
3.52 
-
-
-

one-
X 

-1.35 
-1.46 
-6.47 
-1.93 
-1.68 
1.36 
6.36 
6.01 
-

-3.90 
0.55 
2.52 

•site arg 
y 

4.94 
6.52 
4.89 
2.02 

-3.67 
-6.04 
-4.92 
1.28 
-

-2.17 
-2.06 
-0.79 

inines model 
z 

-0.76 
-1.73 
2.02 
4.57 
2.32 
1.68 

-2.12 
-2.98 

-
1.60 
0.41 

-5.00 

res. 

3.60 
6.38 
4.04 
5.40 
4.75 
4.12 
3.66 
3.23 
-

4.43 
5.41 
4.60 
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Introduction 

Human neutrophil elastase (HLE) is a major pathogenic factor in the pulmonary 
morbidity of cystic fibrosis. Neutrophils are attracted by pulmonary infection and the 
secreted HLE degrades pulmonary tissue. HLE inhibitors applied by aerosol in combi
nation with antibiotics could become a supportive treatment. Some P-lactam antibiotics 
are HLE inhibitors and we undertook screening peptide libraries around 6-amino-
penicillanic acid (Apa) for potent peptide inhibitors. Libraries are a tool of choice for 
producing and screening large numbers of potentially active compounds [1]. General 
screening methods and synthetic procedures exclude, however, the assessment of by
products formed through normally "unwanted" side-reactions and thus, forego many 
potentially interesting compounds. The present study reveals the presence of highly 
active HLE inhibitors that were formed not among the regular products but from the 
normally "unwanted" side-reactions. 

Results and Discussion 

Library synthesis of the type Aaa,-Apa-Aaa, was carried out by Boc-benzyl strategy. 
Libraries and individual peptides were HLE assayed [2] after cleavage and lyophilization 
on the theoretical peptide content for screening purposes. Individual peptides were 
assembled either by a Fmoc scheme using a trityl-resin link [3] or by classical 
Boc-benzyl chemistry, using AcTrp as a scavenger during TFA cleavages. Single-well 
analysis of the Aaa,-coupled sublibraries single out Val, His, Lys, and revealed Trp as 
best Aaa,. Single-well synthesis of Val-Apa-Aaa, revealed Trp as the best Aaaj and 
repetition of permutation in Aaa, on Aaa,-Apa-Trp with the four best amino acids 
revealed highest HLE inhibition for the Trp-Apa-Trp sequence (K=2pM). Repetitive 
C-terminal library extension produced the highest activity for the sequence 
Trp-Apa-Trp-Trp-Trp (Kj=0,2 pM). Bulk synthesis of Trp-Apa-Trp-Trp-Trp by Fmoc 
procedures produced a crude product with a K, of only 20 pM in the HLE assay. A 
parallel bulk synthesis by the Boc-benzyl scheme of the same sequence produced the 
initially observed K, of 0.2 pM. Purification of both products followed by FAB-MS 
analysis of the pure fraction showed that in both synthesis Apa was not incorporated 
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Figure 1 (left). HPLC elution profile of crude (Trp). obtained by Boc/TFA chemistry. 
Figure 2 (right). HLE inhibition by crude Boc/TFA synthesized (Trp). and by 1-4 from Figure 1. 

during the synthesis, although completion of coupling was verified by the ninhydrin test. 
HLE inhibition after HPLC elution showed the highest activity to be associated to the 
late fraction (Figure 1). Fraction 3 was Trp-Trp-Trp-Trp (MH+ 763), fraction 4 was 
mono (t-butyl)Trp-Trp-Trp-Trp (MH+ 819), and fraction 1 and 2 are still unidentified 
with MH+ as 919 and 857, respectively. The t-butylated fraction had ten-fold higher 
inhibitory potency than Trp-Trp-Trp-Trp and the two unidentified fractions which are 
more hydrophilic are still ten-fold lower in activity than the crude product (Figure 2). 
The bulk of anti HLE activity was, however, associated to later elution times; those 
products are actually under investigation. It is reasonable to assume that those products 
are probably multi-butylated peptides and harbour significantly higher anti HLE potency 
than the already characterized products. In conclusion, we have shown that a reaction 
condition allowing side-reaction to occur can lead to products of modified peptide 
structure with much more potential than the unmodified sequence. 
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Introduction 

Most structure-function studies of bioactive peptides focus on the development of small 
constrained peptide or peptide-like structures that have high potency and desirable 
pharmacokinetic properties. In our studies on peptides of the immune system and growth 
factors, we designed a series of small peptide templates containing three disulfide bonds 
for their use in peptide libraries (Figure 1). These peptide templates contain 12 amino 
acids, six of which are variables and the rest are cysteines for constraining the 
conformation. A limitation of this approach is the unrealistic number of analogs 
(>15><196) being generated since each peptide analog contains 15 possible disulfide 
isomers in addition to the 196 from the peptide library. In this paper, we describe the 
methodological development for use in peptide libraries. This will include the strategy 
of disulfide-formation and the placement of conformation-directing amino acids (Pro and 
Gly) at key positions to give a manageable library and with high likelihood of obtaining a 
specific disulfide isomer. 

Results and Discussion 

Disulfide formation strategy. The strategy to obtain a specific disulfide pairing was 
studied on a naturally occurring toxin peptide known as Scratch Peptide 4 (SP) which has 
a sequence motif of template 3 and a disulfide pattern Cys 1-6, 2-4, 3-5 (Figure 1). Our 
strategy relied on a two-step disulfide formation [1, 2] by protecting two pairs of Cys 
with MeBzl (in Boc-chemistry) or Trt (in Fmoc-chemistry) and the third pair with Acm. 
In the first step, the S-MeBzl protecting group was released by HF while a pair of Cys 
remains protected by Acm. Thus, in the first step oxidation by DMSO [3], only three 
possible disulfide isomers were obtained during sulfur-sulfur oxidation and the number 
of disulfide isomers was reduced from 15 to 3. The formation of the third disulfide bond 
was effected by I2 under acidic condition to minimize disulfide exchange. 

By strategic placing of the Acm, a single disulfide isomer could be obtained. For 
example, protecting Cys1 and Cys12 with Acm and forming the outermost pair of disulfide 
in the second step gave a predominant disulfide isomer 5 in 92% yield with Cys pairing 
of 1-6, 2-4, 3-5. However, by protecting the internal disulfide-pair, Cys2 and Cys8 with 
Acm, a different disulfide isomer in 95% yield corresponding to SP was obtained. Our 
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ccxxxccxxxcc ccxcxxxxcxcc ccxxcxxcxxcc 
1 2 3 

I—r=l—i I F=i I 
CCRTCFGCTPCCNH2 CCRTCFGCTPCCNH, 

Figure 1. Templates of small peptides containing six Cys or three disulfide bonds. Peptide 4 is 
Scratch peptide with Cys pairing 1-6, 2-4, 3-5. 

results suggested that by strategic Cys protection in the two-step disulfide formation, it 
may be possible to reduce 15 disulfide isomers to a major isomer so that a predominant 
tricyclic peptide with three disulfide bonds can be generated unambiguously. 
Influence of conformational-directing amino acid. With a small tricyclic peptide, 
conformation-directing amino acids which frequently occur at reverse turns, would 
greatly influence the disulfide formation. In SP, there are two such amino acids: Gly7 

and Pro10. To evaluate their importance in disulfide formation, we replaced Gly7->Ala7 

in the two-step disulfide formation strategy of placing Acm at position 1 and 12. Our 
results showed that the major product (75%) from Ala7 contained a disulfide pattern Cys 
1-6, 2-4, 3-5 similar to SP but not the expected product with disulfide pattern Cys 1-6, 
2-5, 3-4 of 5. Two different dimers (25%) were also found. 

On replacement of Pro10->Ala10, the yield of expected disulfide isomer with Cys 
pairing 1-6, 2-5, 3-4 decreased from 92% to 78%. A minor product (22%) was also 
obtained. Replacement of Gly7, Pro'°->Ala resulted in three products with the major 
disulfide isomer in 56% yield corresponding to the Cys pairing of SP. These results 
indicate that Gly7 and Pro10 are conformationally important and, in turn, affect the 
process of disulfide formation. Gly which lies in the interior of disulfide network is 
particularly sensitive to replacement and may be considered an invariable residue. 

In conclusion, the combination of using a two-step disulfide formation scheme and 
the appropriate placement of Gly or Pro would yield the desired disulfide isomer to 
create a useful peptide library. 
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Introduction 

In recent years, many epitopes have been successfully mapped using immunoscreening of 
large random peptide libraries composed of millions of different sequences [1]. Here this 
approach was compared with immunoscreening of small synthetic random peptide 
libraries containing 4550 random dodecapeptides and 8000 tripeptides, respectively. 
These small support-bound libraries were synthesized in newly developed 455-well 
credit-card format microtiter plates. In this way, the antibody reactivity of each of the 
4550 dodecapeptides and each of the 8000 tripeptides could be determined. This set of 
data was used to identify consensus sequences which were compared with the sequences 
of the respective epitopes and were used to design epitope-mimicking peptides. 

Three antibodies were studied; Mab 6A.A6 and Mab 57.9, which bind different 
epitopes on the spike protein-S of the transmissible gastroenteritis virus, and Mab 32F81 
which binds a loop within an EGF-like domain part of the surface protein pfs25 of the 
malaria parasite Plasmodium falciparum. Lead sequences were compared with those 
from two random expression libraries each of ca. IO7 hexa- and octapeptide sequences. 
Library construction and immunoscreening were as previously described [2, 3]. 

Results and Discussion 

Lead sequences extracted from the expression libraries show a close resemblance to the 
linear sequence of the respective epitopes (Table 1). Most of the lead sequences 
identified using the synthetic peptide libraries contain sequences similar to small parts of 
the respective epitopes (Table 1). Recognition of sequences such as DKK and DKF by 
Mab 32F81 suggests that small peptides can also mimic conformational parts of antigenic 
determinants (see 'Model of 3D-structure of antigenic determinant' in Table 1). Thus, 
using small synthetic peptide libraries, epitopes can be (partially) mapped. In addition, 
consensus sequences, determined using the antibody reactivity of all 4550 dodeca
peptides and all 8000 tripeptides, were used to design epitope-mimicking peptides with 
similar antibody reactivity as lead sequences extracted from the expression libraries or 
peptides covering the respective antigenic determinants. 
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Table 1. Lead sequences extracted from expression- and synthetic peptide libraries using Mabs 
6A.A6, 57.9 and 32F81*. 

Mab Sequence of 
antigenic determinants 

Expression 
hexa/octapeptide 
libraries 

Synthetic 
dodecapeptide 
library 

Synthetic 
tripeptide 
library 

6AA6 

57.9 

32F81 

S R L P P N S D W L G 
P I C P S N S E A N C G 

S F F S Y G E I 

L D T S N P V K T 
F D D T D P I K K 

|c I F D iTTT) 

I 
|C V G K K I P Model of 3D-strueture of 

antigenic determinant 

S P N S E A * 
P A H S EA * 
P I N S E A * 
P S H S EA * 
P S N S E A * 
P S H S DH * 
G V N S EA * 

Q P F S F G S L 

S D T S D P T I . K 
C N Y S D P V R K 
A D G S D P I R K 

F D YK 
>|wD K F |G 

I V VD K|C N 
HWTJDKWD 

GfY D K[V E 

XS D 
XS E 
I MW 
LYL 

DF F 
P FX 
PYX 
F EX 
A F E 
XGD 

XDK 
X EK 
XKD 
XK F. 
KX E 
FXK 

"Consensus sequences are boxed. A schematic representation of the putative three-dimensional 
structure of the loop within the EGF-like domain is shown (bold and boxed). *, taken from [2]; 
X, different residues allowed. 
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Introduction 

Regulation of biological processes by calcium ion involves interactions with high-affinity 
calcium-binding proteins. One such protein is calmodulin, which has been referred to as 
an activator and modulator protein [1], The complex calcium-calmodulin controls the 
biological activity of more than 30 different proteins, including several enzymes, ion 
transporters, receptors, motor proteins, and transcription factors in eukaryotic cells. 
Since calmodulin plays a fundamental role in cell biology, agents that specifically inhibit 
its action should have important pharmacological impact. 

The synthetic combinatorial library (SCL) approach [2] has been used to rapidly 
identify sequences having the ability to modulate calmodulin activity. We have initiated 
the search for such calmodulin modulators through the screening of an all D-amino acid 
peptide library in a positional scanning format (PS-SCL) [3]. 

Results and Discussion 

The PS-SCL used for this study consisted of hexamer peptide mixtures composed 
entirely of D-amino acids, having an acetylated N-terminus and an amidated C-terminus. 
This library is composed of six individual positional SCLs represented by the formulae: 
Ac-o,xxxxx-NH2, Ac-xo2xxxx-NH2 Ac-xxo3xxx-NH2 Ac-xxxo^x-NFL^ Ac-xxxxo5x-NH2, 
and Ac-xxxxxOj-NHL, (o:defined by one of 20 D-amino acids; xxlose to equimolar 
mixture of 19 D-amino acids, cysteine omitted). The entire library is thus composed of 
120 (20 x 6) peptide mixtures, each peptide mixture containing 2,476,099 (195) 
individual hexapeptides. Each peptide mixture was initially assayed at a final 
concentration of 2mg/ml for calmodulin inhibition using a Ca2+-dependent phospho
diesterase assay [4]. Such an assay utilizes the ability of calmodulin to stimulate the 
activity of phosphodiesterase 3':5'-cyclic nucleotide. 

The data derived from each positional SCL yields information about the relative 
importance of each amino acid at every position which is then used to prepare individual 
sequences. Thus, D-Leu was selected at position 1, D-Gln and D-Trp at position 2, D-Ile 
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Table 1. Calmodulin inhibitors derived from PS-SCL. 

Peptide sequence IC50 (pM) 

Ac-lqrihw-NH2 23 
Ac-lqiihw-NH2 22 
Ac-lqihhr-NH2 21 
Ac-lwrilw-NH2 5 
Ac-lqrihr-NH2 6 
Ac-lwrihr-NH2 8 
Ac-lwrhlw-NH2 7 
Ac-lwiilr-NH2 8 
Ac-lwiihw-NH2 11 
Ac-lwihhw-NH2 21 

Commercially available calmodulin inhibitors 
N-(6-aminohexyl)-5-chloro-l-naphthalenesulfonamide (W-7) 58 
N-(4-aminobutyl)-5-chloro-2-naphthalenesulfonamide (W-13) 64 
Trifluoperazine 8 

and D-Arg at position 3, D-His and D-Ile at position 4, D-His and D-Leu at position 5, 
and D-Arg and D-Trp at position 6. A total of 32 individual peptides, which represent all 
possible combinations of these selected amino acids (1x2x2x2x2x2=32) were then 
synthesized, characterized by mass spectral analyses and RP-HPLC, and assayed for 
calmodulin inhibition (selected sequences shown in Table 1). 

We have demonstrated the feasibility of identifying short all D-amino acid peptides 
from a PS-SCL made up of 52 million D-amino acid peptides that bind to and inhibit the 
biological properties of Ca2+-complexed calmodulin. Although the possibility that the 
calmodulin inhibiting peptides identified bind to other proteins or lipids cannot be 
excluded at this time, our results suggest a potentially useful approach to synthesize non-
or slowly hydrolyzable intracellular inhibitors of calmodulin. 
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Introduction 

Peptide binding is essential for a stable conformation of MHC class I proteins. The 
synthetic random octapeptide library X8 and OX7 sublibraries were prepared in the 
positional scanning format [1] from L-amino acids and were successfully used to 
investigate the structural basis for peptide selection by MHC molecules [2]. The 
qualities of the library preparation were confirmed by electrospray mass spectrometry, 
pool sequencing, and amino acid analysis [3]. To identify unnatural MHC ligands, 
sublibraries made from D-amino acids and glycine (ox7), randomly generated peptoids 
and oligocarbamates were investigated for MHC binding and induction of target cell lysis 
by cytotoxic T-cells. 

Results and Discussion 

Peptide libraries were prepared with a robotic workstation (Syro, MultiSynTech, 
Bochum, Germany) using Fmoc-D-Pro-2-chlorotrityl resin and 18 Fmoc-D-amino 
acid-/>-benzyloxybenzyl alcohol-polystyrene resins and Fmoc-Gly-resin or an equimolar 
mixture of these 20 resins. Couplings were carried out by DIC/HOBt either with an 
equimolar mixture of 19 Fmoc-D-aa and Fmoc-Gly equimolar to the resin loading 
(position mixed), or with a 5-fold excess of Fmoc-aa (position defined). The procedure 
is characterized by extended coupling times (4.5 h) and initially high content of DCM in 
the reaction mixture which evaporates during coupling. The peptides were cleaved off 
the resin (TFA, 5% scavenger) and precipitated from n-heptane:ether (1:1) at -20°C. 
Close to equimolar representation of individual peptides in the mixtures was found by 
ES-MS analysis [3]. 

Automated solid-phase synthesis of oligocarbamates [4] was carried out on 
Rink-amide-MBHA resin. Fmoc-amino alcohols [5] were prepared from the corres
ponding Fmoc-amino acid (D,G,H,K,L,N,P,R,S) pentafluorophenyl esters by reduction 
with NaBH4. Dibenzotriazolylcarbonate [6] and pyridine (5 equiv.) were used for 
preparing activated carbonates (15 min, 30°C) from these Fmoc-amino alcohols (0.2 M 
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Table 1. Octapeptides binding to MHC defined by screening with ox7 libraries. 

Sequence 

darfaaGs 
darGapGs 
daraaaas 
dcrFaaGs 
dcrGaaGs 

mfi (66 pM) 

78 
49 
40 
31 
23 

Sequence 

dlrfanGs 
dlrGapGs 
dlrfapGs 
xxxxxxxx 
SIINFEKL 

mfi (66 pM) 

25 
23 
19 
22 
103 

mfi: mean fluorescence intensities. The levels of cell surface expression were analyzed by flow 
cytometry using a FACScan. Linear fluorescence values were averaged. 

in DMF). Couplings were carried out in 5-fold excess of activated monomer in DMF for 
6 hr. Fmoc deprotection (piperidine/DMF) and cleavage from the resin yielded crude 
oligocarbamates (purity > 50 %). Peptoids were synthesized according to the sub-
monomer method [7]. Couplings of bromoacetic acid on Rink amide resins were 
performed with DIC. Key side chains for MHC binding were introduced by substitution 
with benzylamine and isobutylamine to mimic anchor amino acids (F, L) of the natural 
epitope SIINFEKL. 

Oligocarbamates X.'X/F'Xj'A (X,c: Sc, Dc, Nc, Fc; X.': Dc, Gc, Kc, Nc; X3
C: Gc, Kc, Lc, 

Nc, Rc, Pc) and peptoids which imitate the natural epitope (e.g., Gly-Nile-Nile-Nabu-
Nphe-Nabu-Nleu) were investigated for the stabilization of MHC class I molecules on 
RMA-S cells. Some of the oligocarbamates showed MHC stabilizing properties in 
pM concentrations; the best stabilizing ligand was N'N'F'L'A. The peptoids had no 
biological activity. 

All D-aa-peptide sublibraries (ox7) were used for incubation of RMA-S cells to 
identify aa which support MHC binding. The stabilizing effects were compared in 
relation to the corresponding natural ligand SIINFEKL. The amino acid residues (o) of 
the most prominent MHC stabilizing ox7 peptide libraries were: d (position 1); a, 1, c 
(P2); r (P3); a, G, f (P4); a (P5); a, p (P6); G (P7); s (P8). Individual peptides were 
synthesized (Table 1) which represent combinations of amino acids identified with the 
peptide mixtures. The best stabilizing peptide (darfaaGs) was about 100-fold less active 
than the natural ligand SIINFEKL. 
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Introduction 

To increase the structural diversity of combinatorial libraries, we have extended the 
repertoire of organic reactions that can be performed in the solid phase mode, and used 
these reactions for the design and synthesis of peptide and non-peptide libraries. 
Polymer-supported chemistries include formation of ethers by the Mitsunobu reaction 
[1], and carbon-carbon bond formation by the Wittig reaction [2]. These solid-phase 
reactions can be used individually or in tandem, and combined with standard reactions 
for solid phase amide bond formation, to access an array of organic structures. 

Results and Discussion 

We selected Mitsunobu ether formation as a suitable reaction for combinatorial 
chemistry based on several criteria: (i) yields and purities of products; (ii) variety of 
available building blocks; (iii) compatibility with other chemistries; and (iv) "user 
friendly" reaction conditions. Out of two possible etherification modes we have studied 
the reaction of polymer-supported phenol with alcohol in solution. Model reactions 
(Figure 1) were carried out with N-acetylated tyrosine esterified to a graft copolymer, 
poly(ethylene glycol)-polystyrene-l% divinylbenzene, TentaGel S OH (TG). A typical 
procedure involved prewash of Ac-Tyr-O-TG with dry THF, followed by slurrying of the 
resin with a THF solution of PPh3 and alcohol, chilling the slurry, and initiation of the 
reaction by addition of diethyl azodicarboxylate (DEAD). Products were cleaved from 
the resin by alkaline hydrolysis and analyzed by MS, HPLC, and NMR. 

CH3 CH3 

I I 
H C S j / ^ l NH ° PPWDEAD R / ° Y ^ 1 NH ° 

^ U y % + R-OH " UAAc 
o o 

Figure 1. Reaction scheme for polymer-supported Mitsunobu etherification. 
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R3—TG R2 R3—TG 1̂ 2 1X 

V=PP1>3 + 0 = ^ 
0/ V 

+ Ph3P=0 

Ri' R4
 R i R4 

Figure 2. Reaction scheme for polymer-supported Wittig reaction. 

Polymer-supported Mitsunobu ether formation can be applied in the design and 
synthesis of combinatorial libraries in many different ways. We incorporated this 
reaction into the one-bead-one-compound combinatorial library strategy [3], using the 
split-mix method for synthesis. Our model library involved three randomization steps: 
(i) N-protected amino acid attachment to the polymeric support via ester linkage, 
(ii) coupling of aromatic hydroxy acids, and (iii) Mitsunobu ether formation using a set 
of alcohols. 

Polymer-supported carbon-carbon bond formation was performed by the Wittig 
reaction (Figure 2). We used TentaGel-NH2 resin functionalized with acidolyzable 
handles (e.g., PAL) and a chromophoric marker (e.g., p-nitro-Phe). Carbonyl functions 
were introduced in three different ways: (i) oxidation of alcohols; (ii) deprotection of 
acetals; and (iii) direct coupling of carboxy aldehydes and ketones. 

Different carbonyl functionalities were treated with ylides to form alkenes. 
Stabilized phosphoranes quantitatively transformed aliphatic and aromatic aldehydes to 
provide E-alkenes, as verified by NMR and HPLC analyses of products released by 
acidolysis. However, these reactions did not occur when ketone substrates were used in 
place of aldehydes. 

Ylides derived from more reactive phosphonates smoothly transformed aldehydes to 
alkenes. When triethyl phosphonoacetate was used, E-alkenes formed predominantly. 
Polymer-supported ketones reacted sluggishly, at first, but conversion was achieved by 
addition of a strong base: DBU (in the presence of LiBr) or potassium hexamethyl-
disilazane. To avoid base-catalyzed side reactions, application of a tertiary amine {e.g., 
DIEA in the presence of LiBr) represented a good compromise for successful reactions 
of sensitive substrates. 
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Introduction 

Phage displayed libraries of random peptides are particularly well-suited for discovery of 
new leads when only functional information is available for a receptor. Their vast 
complexity, compared to most chemical synthetic libraries, expedites screening. In 
addition, their replicatable genome facilitates recovery of structural information from the 
screening assay. Furthermore, their hardiness and intrinsic mass amplification affords 
their use in panning procedures for sequential enrichment of binding populations [1]. 

Adequate assays exist, in the form of sandwich ELISAs, for detection of HBsAg in 
human sera. However, we have used this well-studied antibody-antigen (Ab-Ag) system 
as a model to analyze our phage libraries and to assess the feasibility of a new type of 
peptide immunoassay based on enzyme multiplied immunoassay technology (EMIT) [2]. 

Results and Discussion 

We used several libraries of random peptides expressed in Ml3 bacteriophage. These 
included peptides of various lengths, some constrained via cystine disulfide loops of 
defined size. Characterization of these libraries indicated high complexity, of the order 
oflO8. 

From commercial sources, we obtained several antibodies (Ab), both monoclonals 
(MAb) and polyclonals (PAb), which are reactive with the hepatitis B virus surface 
antigen (HBsAg). We immobilized these Ab on plastic culture dishes, and then panned 
for binding phage from our libraries, eluting the phage with acid [3]. 

The sequence of the peptide displayed by each Ab-binding phage was deduced from 
its DNA sequence. For each Ab, examination of sequences of binding peptides indicated 
a clear motif. We prepared synthetic peptides for further study according to these con
sensus sequences. Because of space limitation, further discussion in this manuscript will 
be limited to results obtained with one PAb and its epitope. 

ELISAs using N-alpha biotinylated peptides as antigens confirmed identity of the 
epitope and specificity of Ab binding. Furthermore, such immobilized synthetic peptides 
competed with soluble HBsAg for binding to Ab (Figure 1 A). We noted that this epitope 
comprises a cyclic peptide in the native protein, and we found it only in cyclized form in 
our libraries. Cyclization was essential for Ab binding in ELISA; linear homologs were 
inactive. By testing peptides comprising point mutations, we also determined that Asp6 

309 



J.M. Carter et al. 

-10 -9 -8 -7 

log[HBsAg] (M) 

E 200 

§ 175 
CO 

™ 150 

| 125 
O 
E 100 

-7.5 -6.5 -5.5 -4.5 

log[Ab] (M) 

Figure 1. A: Competition ELISA - soluble HBsAg as competitor with PAb binding to plated 
Hepl (triangles) and HBsAg (squares). B: Enzyme inhibition assay - PAb and G6PdeH/Hepl 
conjugate (circles). Hepl = CTKPSDGNC (cyclic disulfide). 

was absolutely necessary for Ab binding, while Lys3 could be replaced by Arg with no 
loss in activity. 

Conjugation of the enzyme glucose-6-phosphate dehydrogenase (G6PdeH) was 
performed in the presence of excess NADH and glucose-6-phosphate. In an enzyme 
assay, the PAb inhibited the activity of this conjugate in a concentration dependent 
fashion (Figure IB). However, after extended storage of the conjugate at 4°C, a loss in 
this specific inhibition was observed. Gel filtration on FPLC indicated almost 
quantitative release of peptide from the enzyme. Consequently, our latest efforts are 
directed toward substitution of a more stable chemistry for the peptide-enzyme 
conjugation. 
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Introduction 

In the study reported here, we have extended our previously reported [1,2] method for 
MALDI sequencing of biologically active molecules isolated from support-bound 
libraries. We have optimized the synthesis and sample handling to facilitate the use of 
small resin beads (17 pm) and have automated the screening and sorting processes with 
flow cytometry. 

Results and Discussion 

Initially, library screening and sorting was done manually, but there were several 
problems associated with manual sorting. First, the enzymes used for staining require 
specific conditions (pH = 9) that are different from our screening conditions and this can 
affect target protein binding. It is also difficult to distinguish varying levels of staining 
which makes it hard to pick only the darkest beads. Finally, manual isolation of the 
positive beads is slow and tedious. 

To avoid these problems, we automated the screening and sorting process with flow 
cytometry. As an initial test, a small library containing multiple copies of 128 members 
was analyzed to see if flow cytometry could successfully isolate the known high affinity 
ligand (Ac-HPQFx) to streptavidin. The flow cytometry screening and sorting results are 
given in Figure 1, and several peaks (B,C,D and E) having varying fluorescence intensity 
are seen in the positive region. The beads associated with the highest fluorescence 
intensity, peak E, contained the expected recognition sequence. All 10 of the beads that 
were sequenced from peak E contained Ac-HPQFF. This sequence was not detected in 
any of the other peaks. The large peak associated with inactive peptides, peak A, showed 
random sequences having no homology. The observed intensity of peak E, 0.7%, agreed 
well with the calculated relative abundance of Ac-HPQFF in the small library (0.8%). 

Larger libraries consisting of more than a few thousand members will have an 
extremely low percentage of actives. With these libraries, it is necessary to perform a 
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Figure 1. Flow cytometry analysis of high affinity ligand Ac-HPQFx to Streptavidin. 

two-pass sort. The first pass sort enriches the sample in positive beads while eliminating 
negatives. The sorted beads from each library are then run back through the flow 
cytometer and sorted a second time. The highest fluorescence beads from the target 
library sorts are then collected for subsequent sequencing with MALDI. With this 
approach, a library containing over 60,000 members was successfully screened against 
an anti-gpl20 antibody, and the correct high affinity ligands were isolated. We are 
currently extending automated flow cytometry screening and sorting to libraries 
containing more than one million members. 

Termination synthesis with MALDI sequencing is a very general method. Since it is 
not degradative, it is compatible with libraries of any compounds that can be prepared in 
a stepwise synthesis. For instance, it can be used with libraries of poly-TV-substituted 
glycines, oligocarbamates, or nucleic acid analogs as well as libraries that combine 
several different monomers. Even monomers of identical mass, such as geometric or 
stereoisomers, can be easily distinguished [2]. An example of non-peptide sequencing 
with termination synthesis/MALDI can be found in our previous study of methyl-
phosphonate oligonucleotides [3]. 
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Introduction 

The synthesis of peptide libraries and combinatorial chemistry for the generation of 
molecular diversity require resins which are compatible with organic reaction conditions 
as well as the aqueous systems used for biological assays and screening. On standard 
beads for solid phase synthesis, the maximal loading is in the range of 50-200 pmol per 
bead. Thus, the yield obtained from one bead by sequential cleavage is not sufficient for 
both analytical investigations and for application in bioassays. Inter alia lysine-
branching for higher capacity [1] or tagging with genetic probes [2] have been described 
to improve the identification of active species. Here, we describe macrobeads as new 
tools for synthesis, bioassays, and structural characterization of diverse molecules. 

Results and Discussion 

We have developed TentaGel macrobeads of unusually high particle sizes (400-800 pm). 
This raises the capacity/bead by a factor of 100 to 1000, to the nanomolar range. Beads 
used to date have diameters of 90-130 pm and 50-200 pmol capacity. Dependent on 
particle sizes, capacities of 10-100 nmol/single bead have been confirmed by quantitative 
Fmoc. The macrobeads are compatible with almost all organic solvents and with 
aqueous systems. By using high molecular weight cleavage reagents (acids or bases), 
which cannot penetrate the gelatinous beads, we can differentiate between outer surface 
and internal reaction space. Some 98-99% of the total capacity is located inside the bead 
whereas only 1-2% is accessible on the surface. Multifunctional beads are created by 
attachment of two orthogonal handles inside the bead: acid labile handle AC 
(4-hydroxymethyl-3-methoxy-phenoxyacetic acid) and base labile p-hydroxymethyl-
benzoic acid (HMB) are located inside the bead and aminoethyl groups without 
additional linker are on the outer surface. Synthesis of the histone H1C sublibrary 
KSGKPKVXYA (divide/recombine technique [3, 4]) resulted in a trifunctionalized 
peptide resin. Acid treatment deprotects the peptides and cleaves off 50% approx. of the 
peptide so yielding both a soluble and a resin bound peptide library in one synthesis run. 
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In natural systems, histones interact with the DNA. To screen the interaction of 
modified histone sequences with oligonucleotides, the polymer-bound peptide library 
was incubated with a fluorescence labeled oligonucleotide. To differentiate between the 
strength of the interaction, the beads were washed with different concentrations of 
aqueous NaCl. Negative beads or beads with reduced intensity were selected. Cleavage 
of the peptide by base treatment was followed by peptide identification by MS analysis. 
Phe was found to decrease the interaction, whereas all sequences having Tyr showed 
strong interaction. Hydrophobic amino acids showed weak to medium interactions. 

In combinatorial chemistry, complicated and expensive building blocks are often 
used. However, for screening and optimization, only small amounts of substance are 
needed. We have used single beads as micro reactors for the individual synthesis of a set 
of 9 hydantoins. Reaction conditions include a single bead being treated with 20 pi of a 
1 M isocyanate solution, the hydantoins being individually cleaved by treatment with 6M 
HCL/water, 45 min, 100°C, 4M HC1/THF, 2hr, RT, or by DIPEA/THF, 2h, 100°C. All 
hydantoins were identified and analyzed by HPLC and LC-MS. For structure informa
tion and to control synthesis progress, NMR monitoring of the resin bound intermediate 
was the method of choice. Recently, Fitch et al. have investigated resin bound molecules 
by CP MAS IH NMR spectroscopy [5]. We have investigated the hydantoin precursor 
on a single macro bead by gel phase CP-MAS spectroscopy (Figure 1). 

TentaGel-CHj-OiyNH—C-CJt-O-

ppm 

Figure 1. Gel phase 1H-CP-MAS of one single macro bead, solvent: CDCl3 2000Hz. 
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Introduction 

Antibody-peptide epitope complexes are well characterized as model systems to study 
protein-peptide recognition events. Several structures of free and peptide-complexed 
Fab fragments demonstrate that this recognition event can be best explained by an 
induced-fit mechanism [1]. In most antibody-peptide complexes, the peptide epitopes 
bind to the hypervariable regions of their respective antibodies in P-turn conformations 
[1-3]. However, short linear peptides are unstructured in aqueous solution. Since an 
ab-initio prediction of the binding conformation of the antibody-bound peptide is 
extremely difficult, if not impossible, we have constructed a cyclic peptide epitope 
library bound to a continuous cellulose membrane by spot synthesis [4, 5]. This library 
was designed to obtain hints about the binding conformation of the peptide epitope 
VSHFND that binds to the antibody Tab2 which recognizes the N-terminal region of 
transforming growth factor alpha (TGFa) [6]. 

Results and Discussion 

A cyclic peptide epitope library, in which two residues of the starting peptide 
GVSHFNDG were substituted by two cysteines, was synthesized (Figure 1). This library 
consists of 28 peptide epitope variants, which were subsequently analyzed for binding 
Tab2 [5]. Three peptides CCSHFNDG, CVSHFNDC, GCSHFNDC could be detected 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

IWM *# m 
21 22 23 24 25 26 27 28 29 

Figure 1. Binding of the antibody Tab2 to a cyclic peptide epitope library. In peptides 2 to 29, 
two residues of the starting peptide 1 (GVSHFNDG) were substituted by cysteine residues 
(CCSHFNDG, CVCHFNDG, CVSCFNDG, GCCHFNDG, etc.). Following synthesis, the 
deprotected peptides were cyclized on the membrane [5j. Strong binding could be detected for 
peptides 2 (CCSHFNDG), 8 (CVSHFNDC), and 14 (GCSHFNDC). 
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Figure 2. Overlay of three-dimensional models of the cyclic peptides cyclo(C,-Cg) CSHFNDPC 
(grey) and cyclo(Na-E^)SHFNDPE (black). The backbones are represented by liquorice bonds and 
were created by using QUANTA/CHARMm (Copyright MSI Inc.). 

that bound Tab2 with similar affinity to the starting peptide (Figure 1). Thus, the loop 
library not only allowed the detection of high affinity binding cyclic peptides, but also 
the identification of key residues for binding, which could not be substituted. These 
results are in good accordance with those from a mutational analysis [7] of this epitope in 
which each residue of the epitope was substituted by all other 19 amino acids [8]. 

Figure 2 shows the overlap of the structures of two additional cyclic peptides 
cyc/o(C,-C8)CSHFNDPC and cyc/o(Na-E7)SHFNDPE, which were identified formerly 
from combinatorial cyclic peptide libraries [5, 9]. These peptides form a sharp turn 
including the serine, histidine, and phenylalanine residue. 

Interestingly, the serine residue can be substituted by proline without loss of binding 
[5, 9] supporting the proposed binding conformation. 
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Introduction 

Peptide and non-peptide libraries synthesized by the portioning-mixing (PM) method 
[1-3] are extensively used in pharmaceutical research to provide a cornucopiae of new 
compounds. As recently described [4, 5], certain types of partial libraries may play an 
important role in screening for new bioactive lead compounds. 

This paper deals with the potential applicability of another kind of partial library, 
termed omission libraries. These are defined as those synthesized by intentional 
omission of a single amino acid in all positions. A complete set of omission libraries 
(designated as -A through -Y to signify the missing amino acid) is expected to be a useful 
tool in determining the essential (non-replaceable) amino acid building blocks of the 
bioactive components of libraries. The number of the amino acid residues can be 
indicated by an additional figure. A tripeptide alanine omission library, for example, can 
be symbolized by -A3 . 

Results and Discussion 

Sets of free tripeptide omission libraries have been synthesized using Fmoc protection 
strategy and the ACT Model 357 automatic multiple peptide synthesizer [6, 7]. In the 
synthesis of the first set, different mixtures of 18 L-amino acid Wang resins were used as 
starting materials to provide tripeptide acids upon cleavage. Similarly, the second set of 
omission libraries was synthesized on Rink resin to yield the corresponding tripeptide 
amides. In the first and second coupling position, the same amino acids were used as 
before. In the third position, pyroglutamic acid was applied as an additional amino acid 
building block. Cysteine was omitted from all omission libraries. 

The full tripeptide amide library (marked All) was tested using an l25I LH-RH 
radio-immunoassay kit, prepared at Advanced ChemTech Inc., and specific binding was 
found. Based on this result, 8 omission libraries (marked X3NH2) were also tested with 
the same kit. 

Figure 1 shows that five omission libraries behave like the full library. Omission of 
Ala, Pro, or Gly from the library, however, causes a very significant decrease in 
competitive binding as compared to that of the full and the other libraries. These 
preliminary data suggest that omission libraries can be effective tools in the identification 
of new bioactive sequences. 
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concentration (mg/L) 

-A3(NH2) 
-P3(NH2) 

a—-G3(NH2) 
H E3(NH2) 

-pGlu3(NH2) 
-W3(NH2) 

-H— All 
-M3(NH2) 

- * H3(nH2) 

Figure 1. LH-RH radio-immuno assay of omission and non-omission (All) libraries of tripeptide 
amides. 
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Introduction 

Support bound peptide libraries synthesized by the portioning-mixing (PM) method [1-3] 
can be screened by binding tests using labeled soluble target molecules. Introduction of 
sub-library kits and the domino strategy [4] as well as application of colored solid 
supports [5] opens the possibility of using these binding experiments to screen 
non-peptide libraries, too. In order to facilitate the use of peptide libraries in binding 
experiments carried out with insoluble receptors and other insoluble target molecules, we 
suggest the use of soluble peptide libraries carrying colored labels synthesized as 
described here. 

Results and Discussion 

Previously described colored resins [5] were prepared by coupling an azo dye to 
aminomethyl polystyrene resin. 

Boc-NH-(CH2)3-N(C2Hs)-C6H4-N=N-C6H4-CO-NH-CH2-resin 

However, in order to prepare soluble libraries carrying colored labels attached to the 
C-termini of the peptides, a different solid support was required. This was synthesized 
by coupling the same red dye to a chloromethyl polystyrene resin. On this support, the 
azo dye was present in a cleavable form. 

Boc-NH-(CH2)3-N(C2H5)-C6H4-N=N-C6H4-COO-CH2-resin 

The labeled peptide libraries synthesized on this support, unfortunately, were practically 
insoluble in water. Therefore, in addition to the colored label, a solubilizing tag was 
required as well. To attack this challenge, two kinds of supports were prepared. Resin 1, 
designed to be used with the Boc technology, contained a pentalysine solubilizing tag 
and a GABA spacer in addition to the dye. 

Boc-GABA-NH-(CH2)3-N(C2H5)-C6H4-N=N-C6H4-CO-[Lys(Z)]5-0-CH2-resin 
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Resin 2 was prepared by coupling the above azo dye to the amino group of TentaGel® 
PAP Resin designed for use with Fmoc protocols. This resin contains a cleavable 
polyethyleneglycol (PEG) chain that remains attached to the peptide-dye units after 
cleavage and provides dramatically improved solubility. 

In model experiments, the effect of the solubilizing tags was examined by observing 
the solubility of a labeled hydrophobic pentapeptide synthesized on each of the above-
mentioned resins. Labeled Phe-Ala-Val-Leu-Gly was synthesized on Resin 1 with Boc 
chemistry and on Resin 2 using Fmoc protection. The labeled peptide in both cases 
proved to be readily soluble in water yielding clear red solutions. These results 
demonstrate that both the pentalysine and the PEG tags can be applied to solubilize 
otherwise poorly soluble peptide-dye adducts. Another labeled variant of the same 
peptide, containing a blue label and a PEG tag attached to the N and C-termini, 
respectively, also showed good water solubility. 

To check the applicability of dual tags in the synthesis of labeled libraries, a 
pentapeptide library was synthesized on Resin 1 using 19 amino acids in every position 
(cysteine was omitted). After the last coupling step, the portions were not mixed. The 
19 sub-libraries were cleaved and examined separately. All proved to dissolve readily in 
water. 

From the results of these experiments, we conclude that labeled libraries can best be 
prepared if a solubilizing tag is coupled to the peptides along with the color label. Both 
Resin 1 and Resin 2 can be applied if libraries labeled at the C-terminus are desired. 

Attachment of the solubilizing tags will prove useful, as well, in the synthesis of 
unlabeled free libraries, since some components of libraries, those containing primarily 
nonpolar amino acids, are not always readily soluble in water. 
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Introduction 

In the course of the synthesis of a pentapeptide library prepared using the portioning 
mixing (PM) method [1-3], all libraries of shorter peptides are naturally prepared as well. 
The shorter peptides, however, are built into the C-terminal end of the growing chains. 
The number and kinds of these peptides at various stages are as follows: 

400 
8,000 
160,000 

dipeptides 
tripeptides 
tetrapeptides 

Libraries, including all peptide libraries temporarily formed in the course of the 
synthesis of a library, are termed: genetic libraries. For example, a genetic pentapeptide 
library, in addition to the pentapeptide library, comprises the libraries of dipeptides, 
tripeptides, and tetrapeptides, too. The total number of components in tri, tetra, penta, 
and hexapeptide genetic libraries is the sum of components in di and tri, di and tri and 
tetra, di and tri and tetra and penta, di and tri and tetra and penta and hexapeptide 
libraries, respectively. 

tripeptide 8,400 
tetrapeptide 168,400 
pentapeptide 3,368,400 
hexapeptide 67,368,400 

The libraries of shorter peptides formed in the synthesis of a library of longer ones 
are also of value. They could be utilized either as separate libraries or in the form of 
genetic libraries. 

Genetic libraries can be prepared by taking samples after each coupling step in the 
synthesis, then pooling the samples in the proper ratio at the end of the synthesis. It 
seems possible, however, to apply an even simpler procedure; by adding a sample of the 
starting resin (or a mixture of amino acid resins if a soluble genetic library is prepared) to 
the pooled mixture before every new coupling step (quantity, starting before second 
coupling step: 1/20 then 1/400 then 1/8000 etc.). 
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Results and Discussion 

In order to prove the applicability of the second procedure, a very simple tripeptide 
genetic library was synthesized using three amino acids (E, G, and K) in all positions. 
(1) Equal amounts (0.1 mmol) of Boc-Gly, Boc-Glu(OBzl), and Boc-Lys(Z) Merrifield 
resins were swollen and mixed in DCM-DMF (2:1 v/v) then portioned into 4 equal parts. 
(2) Portions 1 through 3 were each coupled with one of the above-mentioned Boc-amino 
acids. (3) The three coupled resin samples were combined with the fourth uncoupled 
one, mixed, then divided into three portions. (4) Each of these portions were then 
coupled with one of the Boc-amino acids. 

The samples after the last coupling step were not mixed to facilitate identification of 
the formed peptides. After cleavage with TFMSA the three mixtures were submitted to a 
computer aided two dimensional paper electrophoretic procedure [4]. This allowed 
identification of the following di and tripeptides: 

Mixture I. 
Dipeptides EE, EG, EK 
Tripeptides EEE, EEG, EEK, EGE, EGG, EGK, EKE, EKG, EKK 
Mixture II. 
Dipeptides GE, GG, GK 
Tripeptides GEE, GEG, GEK, GGE, GGG, GGK, GKE, GKG, GKK 
Mixture III. 
Dipeptides KE, KG, KK 
Tripeptides KEE, KEG. KEK, KGE, KGG, KGK, KKE, KKG, KKK 

As can be seen, all the expected peptides were found and this confirms that the 
simple method outlined above is viable and could also be successfully applied for the 
synthesis of more complex genetic libraries. 
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Introduction 

The discovery of RGD sequence-directed cell surface receptors (the integrins) has led to 
extensive research in the development of small RGD containing peptides and their 
mimetics as antithrombotic agents which are potential therapeutic drugs for thrombosis 
related to cardiovascular and cerebrovascular diseases. These agents work by inhibiting 
platelet aggregation through competitive blocking of fibrinogen to the platelet surface 
receptor, GPIIb/IIIa. The pharmacophore nature of the aspartic acid and arginine side 
chains of the RGD unit has allowed the development of strategies for rational design, 
largely based on assumed bioactive RGD conformations and lead optimization. 

In the course of our study on rational modification of the RGD pharmacophore, we 
have reported double-strand RGD peptides (1) with enhanced antiplatelet activity 
compared to their single-strand counterparts [1]. This paper describes the simplification 
of these relatively large peptides into smaller peptide mimetics with very high affinity for 
GPIIb/IIIa. The receptor specificity as well as some insight into the mode of binding for 
these highly potent GPIIb/IIIa antagonists will also be discussed. 

HVvn 
NH ^ J ^ S R G D F P ^ 

H 2 NV lN^V v l ° ,K-NH2 

NH IO IYSRGDFP/ 
0 1 

Results and Discussion 

New RGD peptide mimetics have been designed and synthesized on the basis of a 
three-point pharmacophoric binding model. 
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Hydrophobic 

^ COOH 

Ionic Ionic 

In the previous study, [1] we found that the activities of double-strand RGD peptides 
were significantly enhanced by N-terminal acylation, with the guanidinobenzoyl group 
being the most effective acyl moiety (1, USB-IPA-090, IC50 = 0.087 pM, PRP/ADP) [1]. 

In an effort to reduce the molecular weight of the inhibitor and make the transition 
from peptides to peptide mimetics, we studied various fragments of 1 for activity. Our 
design strategy involved: (1) use of the guanidinobenzoyl moiety to replace the arginine 
moiety in an RGDF-mimicking sequence; (2) adjustment of the distance between the 
guanidinobenzoyl moiety and the aspartyl side chain for optimum activity using adequate 
linkers; (3) use of different C-terminal aromatic groups in order to study a potential 
localized hydrophobic binding site; and (4) modification of the guanidinobenzoyl group. 

Our initial lead optimization following the strategy (l)-(3) led to a potent peptide 
mimetic 2 (USB-IPA-1102, IC50 = 0.070 pM). Replacement of the guanidinobenzoyl 
moiety with an amidinobenzoyl group further improved potency. The guanidinomethyl-
benzoyl group was found to be much less effective. Thus, a series of highly potent 
antagonists 3 (USB-IPA-1300 series, ICS0 = 0.020-0.047 pM) bearing an amidino
benzoyl group at the N-terminus and a hydrophobic amino acid residue at the C-terminus 
were obtained. Among these, two most potent antagonists, 3a (R = 3-indolyl, 
USB-IPA-1302, IC50 = 0.026 pM) and 3b (R = 4-hydroxyphenyl, USB-IPA-1305, IC50 = 
0.020 pM) were chosen for further receptor binding studies. 

©A 
H >• COOH 

n N 

yy^A h ° 
N-
H <>- COOH H 

3a: R = 3-Indolyl 
3b: R = 4-hydroxyphenyl 

Peptide mimetics 3a and 3 b are found to be not only exceedingly active antagonists 
of GPIIb/IIIa, but also extremely selective agents to GPIIb/IIIa in comparison with the 
closely related integrins, vitronectin receptor (ocvp3) and fibronectin receptor (a5P,). In a 
solid phase competitive [3H]-SK&F-1072602 (*SK) binding assay to the purified 
immobilized GPIIb/IIIa {ctj-fij) and avp3 receptors, 3b showed extremely high affinity to 
GPIIb/IIIa and a 35,700-fold lowered affinity to ocvP3 {K = 2.1 ± 0.4 nM, *5A"-GPIIb/IIIa 
binding assay; K;= 75 ± 2.5 pM, *SK-av$3 binding assay). Peptide hybrid 3a showed a 
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15,200-fold selectivity to GPIIb/IIIa over avP3 in the same assay (K, = 2.3 ± 0.1 nM, 
"•Stf-GPIIb/IIIa binding assay; K;= 35 ± 1.5 pM, *SK-afiJ binding assay). Similarly, 
the competitive *SK binding assay to the purified immobilized GPIIb/IIIa receptor and 
a5P, receptor isolated from human placenta disclosed that both 3a and 3b did not interact 
with the a5P, up to 100 pM concentration. This means that 3a and 3b are at least 43,000 
times and 47,000 times more selective to the platelet GPIIb/IIIa than to placenta a5P,. 

Although the existence of a possible hydrophobic binding site has been alluded to in 
different systems, [2, 3] no particular investigation has been carried out to establish its 
precise position in the phafmacophoric model. Our molecular modeling and SAR 
studies point toward a localized hydrophobic binding site. Comparative molecular 
dynamics simulations indicate that the hydrophobic moiety tends to orients itself on the 
convex side of the slightly curved backbone. It is suggested that the binding confor
mations of 3a or 3b are stabilized by a y-turn caused by a hydrogen bonding between the 
amide hydrogen of the C-terminal residue with the carbonyl oxygen of the P-Ala residue 
that appears to position the hydrophobic moiety precisely into the binding pocket. 

We have also looked at the competitive inhibitory activity of 3a and 3b against the 
fibrinogen fragments, i.e., E-fragments containing a95.98 RGDF sequence and D60-frag-
ment that does not contain any of the known recognition sequences. It has been found 
that the D60-fragment binding to GPIIb/IIIa is efficiently inhibited by 3a as well as 3b, 
and the addition of EDTA, i.e., abstraction of Ca2+ ions, significantly reduces the 
inhibitory activity of these antagonists. The results indicate that substantial allosteric 
effects are operative when the inhibitor binds to the receptor, deforming the 
D60-fragment binding site(s). Also, it is strongly suggested that these antagonists are 
calcium dependent, which implies the Ca2+ ion rich region (GPIIb) being the major 
binding site of these antagonists. Thus, highly potent antagonists of GPIIb/IIIa provide a 
powerful tool for characterization of the receptor and investigation into the mechanism 
of adhesive protein binding. 
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Introduction 

Recently, several investigators have demonstrated that cyclosporin A (CsA, 1) inhibits 
replication of the human immunodeficiency virus (HIV) by an unknown mechanism [1]. 
In addition, HIV-1 gag protein binds to cyclophilins A and B [2], peptidyl prolyl 
isomerases (PPIase) that are inhibited by CsA . Since we previously synthesized several 
non-immunosuppressive CsA analogs that are tight-binding inhibitors of cyclophilin, we 
decided to test if these would inhibit HIV replication. We report here that 
[L-MeLeu(3-OH)', MeAla46]-CsA (3) inhibits HIV and SIV replication at micromolar 
concentrations and co-stimulates PHA-induced IL-2 production in human lymphocytes. 

I>N-4-C-N—«-C-N^ 
II 1 II .•. 7 11 A 

CHyN-fnc-N-ihc 
• i u II 11 ii OC O O O ^ O 3 r 

O 

H,C-N O H O H A / N " C H 3 

" -~- N- C-j- N-C -f- N-C -T- N - C ^ R2 
H ' o R s 0 ^ / ^ o 

1 CsA: R1=CH2CH=CH-CH3;R2=R3 = CH2CH(CH3)2 

2 [MeLeu(3-OH)']-CsA: R, = H; R2= R3 =CH2 CH(CH3)2 

3 [MeLeu(3-OH)', MeAla4,4]-CsA: R, = H; R2= R3 =CH3 

Figure 1. Structures of cyclosporin A analogs. 

Results and Discussion 

[L-MeLeu(3-OH)\ MeAla4'6]-CsA (3) was designed by consideration of the structure-
activity data for subtle modifications of CsA that diminish immunosuppression [3] and 
the reported X-ray structure of the cyclophilin-CsA complex [4]. Replacement of 
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MeBmt by L-N-methyl P-hydroxy leucine [MeLeu(30H)] in the 1-position of CsA to 
form [L-MeLeu(3-OH)']-CsA (2) is known to greatly diminish the immunosuppressive 
activity to less than 0.1% of that of CsA [5]. We determined that this reduced activity is 
not due to poor binding to cyclophilin since [L-MeLeu(3-OH)']-CsA (2) is a potent 
inhibitor of the PPIase activity of cyclophilin A (Ki = 11 ± 3 nM). Similarly, replacement 
of MeLeu in the 4- and 6-positions by MeAla also diminishes immunosuppressive effects 
while retaining tight-binding to cyclophilin {e.g., [MeAla6]-CsA, Ki = 16 ± 2 nM versus 
CsA, Ki = 7 nM; [6]. Incorporation of all three modifications into one analog resulted in 
the synthesis of [L-MeLeu(3-OH)', MeAla46]-CsA (3), which is a tight-binding inhibitor 
of the PPIase activity of cyclophilin (Ki = 35 ± 13 nM) and shows no detectable 
immunosuppressive activity at high concentrations. 

To assess if CsA and CsA analogs inhibit replication of HIV, the amounts of 
HIVp24 in cell-free supernatants from drug-treated or control untreated HIV-infected 
CEMxl74 cultures were assayed by ELISA [6]. In representative experiments, CsA 
inhibited p24 production by 96% to >99%, [L-MeLeu(3-OH)']-CsA (2) by 96% to 99%, 
[MeAla6]-CsA by 92% and 97%, and [L-MeLeu(3-OH)\ MeAla46]-CsA (3) by 95% to 
96%, respectively (values for a final drug concentration of 10 mg/ml). Inhibition of 
replication of HIV did not correlate with immunosuppressive activity. We also found that 
CsA and the CsA analogs inhibit CPE in newly infected CEMxl74 cells. Similar results 
were obtained with SIV. 

Analogs 1-3 were assayed for immunosuppressive activity as measured by inhibition 
of proliferation of PHA activated human PBMCs and the production of IL-2 [7]. 
Analogs 2 and 3 produced no immunosuppression but in fact, augmented the PHA-
induced DNA synthetic response of human PBMCs at the highest tested concentration 
(10 mg/ml). Moreover, [L-MeLeu(3-OH)', MeAla46]-CsA (3) co-stimulated the PHA-
induced IL-2 production in human PBMC, whereas CsA was strongly inhibitory as 
expected. These data indicate that some CsA derivatives possess an unexpected property 
of being co-stimulatory for human PBMCs. 

Our results establish that non-immunosuppressive analogs of CsA inhibit HIV 
replication in newly infected cells. Most likely this activity results from binding to 
cyclophilin that displaces a critical viral protein needed for infection. In contrast, only 
CsA itself was able to inhibit the production of HIV from the persistently infected 
HCEM cells, suggesting that a provirus postintegration step in the HIV life cycle can be 
affected by CsA. Our findings are compatible with the observations of Luban et al. [8], 
who showed that HIV-1 p55glg binds to cyclophilin and that this binding is sensitive to 
CsA, and Schmidt et al. [9], who demonstrated that the binding of NF-kB to the NF-kB 
site in the HIV-1 LTR is sensitive to CsA. It remains to be seen whether or not these 
non-immunosuppressive derivatives of CsA would be active in these systems. 

The observation of the co-stimulatory and HIV virion infectivity-blocking activities 
of [L-MeLeu(3-OH)'; MeAla46]-CsA (3) was quite unexpected. Our preliminary data 
indicate that HIV particles produced by drug-treated cells contain less cyclophilin A than 
virions synthesized by untreated cells (Bartz et ai, unpublished data). This suggests that 
the cyclophilin A content in virions may be associated with the level of HIV infectivity. 
Data supporting this hypothesis have been published recently [8, 9], the latter utilizing 
another non-immunosuppressive CsA derivative with anti-HIV properties that was 
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discovered by screening methods [10]. Nevertheless, the potent anti-HIV effect of 
[L-MeLeu(3-OH)', MeAla46]-CsA (3) combined with its immunostimulatory properties 
may change the fine host-virus balance in favor of the HIV-infected host and result in 
substantially reduced appearance of virus deleterious effects in vivo. The remarkable 
combination of antiviral and co-stimulatory properties of [L-MeLeu(3-OH)', 
MeAla4,6]-CsA (3) with no obvious toxicity for proliferating cells in vitro makes this 
molecule a unique lead compound for development of drugs suitable for AIDS treatment. 
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Introduction 

Inhibitors of the enzyme thrombin, a key mediator in the blood coagulation system, have 
been shown to be efficacious in animal models of thrombosis and offer the promise of 
improved treatment of a number of fhrombogenic states [1]. Several small peptidic 
inhibitors of thrombin which act via reversible binding of an electrophilic carbonyl 
moiety to the active-site Ser-195 residue exhibit high potencies [2]. Studies in these 
laboratories of the natural product cyclotheonamide-A [3] suggested that peptidomimetic 
structures containing a basic P, a-keto carbonyl moiety might constitute more potent and 
selective inhibitors of thrombin. A prototype series of analogs derived from lysine [4], 
specifically H-N-Me-D-Phe-Pro-Lys-cc-keto amides, exhibited dissociation constants 
(Ki) < 1 nM, but failed to show significant selectivity for thrombin over trypsin. In the 
present work we report the analog derived from rram-4-aminocyclohexyl glycine 
(r-Acg), L-370,518, which shows enhanced potency and exceptional selectivity for 
thrombin over a number of other serine proteases, including trypsin. 

Results and Discussion 

Early studies in the somatostatin area [6] had demonstrated that basic residues having 
side-chain constraint, in particular rra«.s-4-aminocycIohexyl alanine (r-Aca), are effective 
replacements for lysine in peptide analogs. In the present effort, we assessed a number 
of such residues in place of arginine (X) in substrate-based carboxamides, H-D-Phe-Pro 
-X-NH2, as a guide to attaining enhanced thrombin binding selectivity in the corres
ponding a-keto amides. The most potent (Ki = 5 pM) and selective (up to 160-fold) 
compounds of this group were tripeptides wherein X constitutes /-Acg or r-Aca. 

As summarized in Table 1, the corresponding a-keto carbonyl inhibitors were 
synthesized in this series, which culminated in the highly potent and selective a-keto 
amide L-370,518. The a-keto acid 2 corresponding to L-370,518, though equipotent vs. 
thrombin, shows ten-fold less selectivity vs. trypsin. The analogs derived from r-Aca 
(1,3) are seen to be considerably less potent and selective. 
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Table 1. Potencies and selectivities of a-keto carbonyl analogs with novel Pr Enzyme assay run 
in Tris buffer atpH 7.4 [5a, 5b]. 

No. Structure 

Ki (nM) 

Thrombin Trypsin Ratio 

c^r NH2 

V .o 
H-NMe-D-Phe-Pro- N ^ T T T - \ 

H o OH 
NH2 

[370,518 ) 

- N ' b L l 
H O OH 

-N-S-<0 
H O NHCH3 

NK> 

H o NHCH3 

ISOMER A 

H-NMe-D-Phe-Pro-N 

9.4 420 45 

0.05 51 1000 

52 1440 28 

3.3 7000 2100 

[ 0.09 ) 1151 (12800 ] 

The synthesis of L-370,518 (Figure 1) is representative of our generally applied 
methodology for this class of structures. The requisite precursor, protected t-Acg 5 was 
obtained racemic at the a-carbon from 4-acetamidobenzaldehyde via a modified Strecker 
procedure leading to 4-aminophenyIglycine, followed by selective Boc protection and 
hydrogenation of the aromatic ring. Although the desired trans isomer was the minor 
product of the reduction, it proved readily separable from the cis component by column 
chromatography [6]. Homologation of 5 through four steps via aldehyde 6 yielded the 
pivotal oc-hydroxy ester intermediate 7. N-terminal addition of the N-Me-D-Phe-Pro-
segment by standard means, followed by saponification, led to oc-hydroxy acid 8, poised 
for the final steps of amide formation, oxidation, and blocking group cleavage. The 
separability of the diastereoisomeric constituents by preparative HPLC (A earlier, B 
later) enabled the assignment of configuration through X-ray crystallography of isomer B 

332 



g 

Peptide Inhibitors/Receptors 

NH-Cbz NH-Cbz NH-Cbz 

1. i-Bu0C0CI, HN(CH,)OCH, [ 7 t Li-C(SEt)3/THF,-5fPC 

2. LiAIH4/Et!,OlO°C ^ / J agilCHjOH-hfeO.HgCljyHgO 

89% yield \ " 53% yield *~ 
B o c - N H ' D f > _ O H R n r . N H ^ T r - H ^ -. 

O boc-NH ^ J - M Boc-NH'or 
7 OH 

NH-Cbz 

3 steps I V 1 CH3NH2-HCI/-EDC 
1 ' HOBt/NMM DMF . 

2. Dess-Martin [O] 
3. HF/anisole 

80% yield /J ^ 2 ness-Mar.in rm ^ 4 + L-370,518 

Boc-NMe-D-Phe-Pro-NH' 

Figure 1. Synthesis of L-370,518 from protected trans-4-aminocyclohexyl glycine. 

[7]. The C-terminal acids / and 2 and the /-Aca a-keto amide 3 were synthesized by 
analogous chemistry. 

In summary, we have prepared the novel and highly potent thrombin inhibitor 
L-370,518, which is >104 selective vs. trypsin and several other serine proteases [5b]. As 
with cyclotheonamide A and similar synthetic inhibitors [3-5a, 5b], L-370,518 exhibits 
slow-binding kinetics. Despite the need for a relatively high dose to affect ex vivo 
clotting time (2XAPTT = 2.0 pM), L-370,518 shows efficacy comparable to that of 
hirudin in a rat model of arterial thrombosis [5b, 8]. This compound has proven useful 
for our studies of the biochemistry and therapeutic potential of thrombin inhibition. 
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Introduction 

Margatoxin (MgTX), a 39-amino acid scorpion toxin, is a potent and specific inhibitor of 
a voltage-gated K channel in human T lymphocytes (Kvl.3) [1]. 

Thr-Ile-Ile-Asn-Val-Lys-Cys-Thr-Ser-Pro-Lys-Gln-Cys-Leu-Pro-Pro-Cys-Lys-Ala-Gln-
Phe-Gly-Gln-Ser-Ala-Gly-Ala-Lys-Cys-Met-Asn-Gly-Lys-Cys-Lys-Cys-Tyr-Pro-His 

The toxin blocks proliferative response and production of lymphokines in T cells 
activated by pathways that induce a rise in [Ca+2];, [2, 3]. The in vitro 
immunosuppressive properties of MgTX are similar to those of FK-506 and cyclosporine 
but the sites of actions are different. Development of potent and selective inhibitors of 
Kvl.3, which mimic the action of MgTX, might yield novel immunosuppressants useful 
for prevention of transplant rejection and for treatment of autoimmune disorders. An 
understanding of which residues of MgTX are directly involved in peptide-channel 
recognition should facilitate the design of small molecule mimetics of MgTX. This study 
describes identification of four residues, Lys28, Met30, Asn31 and Tyr37 in MgTX, 
involved in binding to the Kvl .3 channel. 

Results and Discussion 

Modifications of margatoxin were prepared either by solid phase synthesis or by 
recombinant techniques. The toxins were air oxidized, purified by RP HPLC [1,4] and 
tested in vitro, in a Jurkat plasma membrane binding assay (competition against 
12T-MgTX binding) and a 86Rb+ flux assay using a CHO cell line stably transfected with 
the human Kvl.3 channel. 

Analogs of MgTX modified at the N-terminal amino (acetylation, biotinylation) 
and/or at C-terminal carboxyl (amidation) group were only slightly less potent than the 
wild type toxin, suggesting that neither N-terminal amino group nor C-terminal carboxyl 
group of the toxin is intimately involved in the channel recognition [4]. A series of 
toxins with single or multiple amino acid deletions is presented in Table 1. 
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Table 1. Single and multi amino acid deletions in MgTX (activities relative to MgTX). 

Binding Flux 
Toxin jAssay Assay 

1 5 8 35 37 39 
Thr Ile Ile Asn Val Lys Cys Thr ... Lys Cys Tyr Pro His 1 1 

- - |Tyr Pro His~| 20,000 >200 

Pro His 300 47 

His 45 44 

- - |Pro | - 20 20 

- - |Tyr | - - 5,000 650 

| Thr Ile Ile Asn Val Lys | - - . . . - - |Tyr Pro His"! 7,500 >400 

Removal of the last three residues of MgTX, Tyr-Pro-His, drastically reduced 
potency of the truncated toxin (7,500-fold), implying that the three residues, or perhaps 
some of them, are essential for binding of MgTX to Kvl.3. Analysis of toxins with 
single amino acid deletion, at position 37 (Tyr) or 38 (Pro) or 39 (His), proved that 
Tyr37 is the most critical, of these three, for toxin-channel recognition (5,000-fold drop 
in binding potency). Omission of Pro38 or His39 alone destabilized toxin binding only 
20-40 fold. 

The sequence of MgTX was also scanned with single, conservative and non-
conservative, amino acid replacements. The largest changes in potency of the modified 
toxins were observed for mutations in the C-terminal portion of MgTX, Table 2. 

Table 2. Single amino acid mutations of C-terminal end of MgTX (activities relative to MgTX). 

Toxin 

28 30 32 35 37 39 
Ala - Lys - Cys - Met • Asn • Gly - Lys - Cys • Lys - Cys - Tyr - Pro - His 

Asn 
Lys 
Phe 

Asn -
Phe -

Trp - -
Gln -

Gln -
Lys - - - - - - -

Gly 
Ile 
Gln 

Gln - - - -

Binding 
j^ssay 

1 

25 
4 

30 
5 
1 

20 
300 
11 
0.1 

1200 
45 
50 

1750 

Flux 
j^ssay 

1 

13 
14 
32 
5 
3 

114 
55 
9 
1 

327 
7 
2 

445 

Non-conservative changes at position 37 (Tyr) significantly destabilized binding of 
the mutants to Kvl.3, Table 2. Equally large changes in potency were observed for 
modifications at Asn31 and Lys28. Substitutions at Met30, however, only moderately 
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affected potency of the analogs. Mutations at other positions of the toxin yielded 
compounds with activities similar to an unmodified MgTX. It appears that the spatially 
separated Lys28, Asn31, Tyr37 are the crucial anchoring residues of MgTX, and Met30 
is an auxiliary residue, vital for an efficient binding of the toxin to Kvl.3. Probably, 
upon binding, they are in a direct contact with the pore region of Kvl.3. These residues 
are chemically distinct, from a positively charged Lys28 to a hydrophobic Met30 or 
Tyr37, suggesting that the high affinity of MgTX for Kvl.3 derives both from the 
electrostatic and hydrophobic interactions. Previously, Miller et al. noticed similar 
effects of C-terminal mutants of charybdotoxin (ChTX) analyzed for interaction with 
either Shaker or Maxi K channels [5, 6]. These workers identified Lys27, Met29, Asn30, 
Arg34 and Tyr36 of ChTX as critical residues for efficient binding of the toxin to the 
Shaker channel and SerlO, Trpl4, Arg25, Lys27, Met29, Asn30, Arg34 and Tyr36 for 
interaction with the Maxi K channel. 

NMR structure of MgTX has shown that, in solution, the C-terminal part of MgTX 
forms two strands of an antiparallel P-sheet, on which the four essential residues are 
located [7]. Similarly, as for ChTX-Shaker channel (or Maxi K channel) interactions, the 
|3-sheet of MgTX appears to form the contact surface of the toxin with Kvl.3. In 
solution, the antiparallel strands of MgTX are maintained rigid by three disulfide bridges. 
A cyclic peptide, cyclo(Cys-Gly-Ala-Lys-Ala-Met-Asn-Gly-Lys-Ala-Lys-Ala-Tyr-Cys), 
which encompasses these strands but lacks the disulfide scaffold, has no detectable 
inhibitory activity. Apparently, the high conformational flexibility of the cyclic peptide 
effectively disrupts the intimate contacts of the critical residues with a vestibule of the 
channel's pore and precludes efficient binding of the peptide. 

Not surprisingly, also, a MgTX with all Cys residues replaced by Ala residues and 
short, linear, overlapping peptides spanning the entire sequence of MgTX, did not show 
any activity even at 10 pM peptide concentration. Only the N-terminal peptide, 1-11 
fragment of MgTX, demonstrated some ability to block Kvl.3 but this peptide was 
25,000-fold less efficient than MgTX. 
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Introduction 

The integrin VLA-4 (also known as a4pi and CD49d/CD29) is a cell adhesion molecule 
which has been implicated in the process of leukocyte trafficking at sites of inflammation 
[1,2]. This trafficking is mediated by the interaction of VLA-4 with its ligands, alterna
tively spliced fibronectin (CS-1 fibronectin) [3, 4] and the vascular cell adhesion 
molecule VCAM-1 [5-7]. VLA-4 is generally expressed on T-cells, B-cells, eosinophils 
and monocytes, precisely those cells which are involved in chronic inflammatory 
responses. The blockade of VLA-4 mediated cell adhesion would, therefore, appear to 
be an attractive therapeutic approach to the treatment of chronic inflammatory diseases. 
Such blockade could be accomplished by small molecule mimics of VLA-4 ligands. In 
the present study, small, high affinity VLA-4 binding molecules are developed, their 
ability to competitively inhibit VLA-4 mediated cell adhesion is examined, and efficacy 
in animal models of disease is assessed. 

Results and Discussion 

Alternatively spliced forms of fibronectin, containing the CS-1 fragment (Figure 1) bind 
to VLA-4. The VLA-4 binding motif is contained within the C-terminal 10 amino acid 
portion of this molecule [3, 4]. This peptide sequence served as a convenient starting 
point for the discovery of small molecule CS-1 mimics. 

DELPOLVTLPHPNLHGPEILDVPST 

Figure 1. CS-1 fragment of fibronectin. 

To precisely define the location of the VLA-4 recognition site, truncation analysis of 
CS-1 derived peptides was performed. The core binding region of CS-1 was thus 
determined to be the pentapeptide ILDVP (Table 1). 

Having identified the minimal CS-1 derived peptide, capable of inhibiting VLA-4 
mediated cell adhesion, the influence of single amino acid substitutions on inhibitory 
potency was examined. It was found that, with the exception of aspartic acid, each of the 
residues in the pentapeptide ILDVP could be substituted by a variety of amino acids 
without significantly decreasing the VLA-4 binding affinities. In some instances, these 
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Table 1. Inhibitory potency of truncated CS-1 peptides. 

Sequence IC3„(pM) 

GPEILDVPST 150 
ILDV > 10,000 
LDVP > 10,000 
ILDVP 250 

IC5Q for the inhibition of binding of VLA-4 expressing cells to CS-1. 

substitutions resulted in enhanced binding affinity. By combining the most favorable 
amino acid substitutions in a single peptide, FLDFp (IC50 = 25 pM, p designates 
D-proline amide), a 10 fold improvement in VLA-4 binding affinity could be achieved. 

In order to further enhance the VLA-4 binding affinities of these peptides and to 
protect them from exopeptidase degradation, the replacement of the carboxy and amino 
terminal residues by non-amino acid moieties was examined. As shown in Tables 2, 
molecules with much improved inhibitory potencies were synthesized. 

Table 2. Modifications at termini. 

Modification IC50 (pM) 

.CO..H 
* - CONH, 

O < O \ <—' > b 
8.9 

.COJH 
- CONH. H o / H o cor 

(compound 1) 0.5 

COjH 

crrMVa v b 
0.3 

COjH 

ooMWo 0.2 

IC50 for the inhibition of binding of VLA-4 expressing cells to CS-1 
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CS-1 Pentide (IC50 = 150 pM) 

DELPOLVTLPHPNLHGPEILDVPST 

Core Peptide (IC50 = 218 pM) 

ILDVP 

Optimized (IC50 = 0.06 - 0.5 pM) 

XLDFZ 

Figure 2. Optimization summary. 

At an early stage in our discovery program, compound 1 (Table 2) was chosen for 
testing in animal models of disease. Efficacy was demonstrated in several different 
animal models, including delayed-type hypersensitivity in mice, asthma in rabbit and 
sheep, and arteriopathy in rabbit. 

In conclusion, using CS-1 fibronectin as a starting point for our drug discovery 
effort, we have developed a series of high affinity VLA-4 antagonists (Figure 2). These 
compounds show efficacy in several animal models of disease. 
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Introduction 

Conantokin G (ConG) is a heptadekapeptide that acts as N-methyl D-aspartate (NMDA) 
antagonist [1]. Neurochemical studies indicate ConG to be a non-competitive inhibitor 
of the positive modulatory effects of polyamines at NMDA receptors [2]. The presence 
of five carboxyglutamic acid residues and the unusual high level of helicity in aqueous 
solution [3] render this peptide ideal for structure- and conformation-activity analyses. 
In the current study, ConG analogs were synthesized with Ala, Ser, and Ser(P) 
substituted for Gla in order to assess the contribution of individual Gla residues to 
biological activity and secondary structure of: 

H-Gly-Glu-G/a-G/a-Leu-Gln-G/a-Asn-Gln-G/a-Leu-Ile-Arg-G/a-Lys-Ser-Asn-NH2. 

Results and Discussion 

The conformation of ConG and its analogs was characterized by two-dimensional NMR 
and CD experiments in aqueous solution and several model membrane environments. A 
three-dimensional structure resulted from a simulated annealing protocol based on 196 
NOEs and 6 dihedral constraints measured in two-dimensional experiments. According 
to the NMR data, the structure of ConG consists of a loose helix near the amino terminus 
and a well-formed helix at residues 6 though 15 with the two C-terminal residues in a 
loose helix. The model membrane environments of 50% TFE and dodecylphospho-
choline micelles had little effect on the peptide structure. In contrast, the calculated helix 
content of ConG and its analogues is markedly increased in 50% TFE, as determined by 
the CD ellipticity values (Table 1) at 208 nm. The aqueous CD spectra of ConG and its 
analogues are characterized with a positive band at 188 nm, and with negative bands at 
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204 and 224 nm, reminiscent to type C CD spectra, and type I (III) P-turns or 310 helices 
as the dominant conformation. Ala substitutions were made to stabilize the hypothetical 
a-helical structure, Ser substitutions to stabilize the non-oc-helical conformation, and 
phosphoSer substitutions to reveal the effects of the above-average negative charge of 
Gla. As Table 1 shows, the synthetic ConG analogs exhibited a wide spectrum of 
NMDA modulatory properties ranging from increased antagonism through partial 
agonism to inactivity. Gla10 and Gla14 residues could be replaced without a major 
alteration of the biological activity. While substitution of Gla in position 3 resulted in 
peptide analogues with partial agonist actions, substitutions in position 4 resulted in 
inactive peptides. The Ala7 derivative of ConG was approximately four times more 
potent than the parent peptide, both as an inhibitor of spermine-enhanced [3H]MK-801 
binding (IC50 = 45 nM) and of NMDA-stimulated increases in cyclic GMP levels (IC50 = 
77 nM) in cerebellar granule cells. Electrophysiological studies show that ConG is 
specific for the NR1/NR2B subtype of the NMDA receptors and has no effect on the 
NR1/NR2A or NR1/NR2C combinations [4]. Our findings permit us to "dial in" the 
desired level of agonist or antagonist activity and design modified peptides and mimetic 
molecules that preserve the affinity, activity, and receptor subtype selectivity of the 
original peptide. 

Table 1. Effects of ConG and its derivatives on spermine-enhanced fH]MK-801 binding and 
comparison with a-helical content in water*. 

Peptide 

CongG 
Ala3-ConG 
Ser'-ConG 
phosphoSe^-ConG 
Ala4-ConG 
Ser4-ConG 
phosphoSer4 

Ala7-ConG 
-ConG 

Inhibition 

% Spermine^, 

100 
100 
23 
34 
0 
0 
0 

100 

Efficacy 

% Spermine^ 

0 
0 

62 
68 

0 
0 
0 
0 

H20 

31 
34 
48 
56 
45 
51 
27 
41 

Helix content in 

50% TFE 

77 
69 
93 
90 
68 
68 
72 
88 

"The rest of the 7- as well as all of the 10- and 14-substituted analogues exhibited NMDA 
inhibitory activity very similar to that of unmodified ConG. 
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Introduction 

Leech hirudins are the most potent and specific inhibitors of thrombin so reported, with 
an inhibition constant (K,) as low as 22 fM [1]. NMR studies conducted on hirudin HV1 
from Hirudo medicinalis [2] revealed that it is composed of a compact N-terminal region 
(core) domain, crosslinked by three disulfide bridges, and a flexible C-terminal tail. A 
novel hirudin (variant HM2) has been recently isolated from Hirudinaria manillensis 
and efficiently expressed in E. coli. Hirudin HM2 shows 75% sequence identity with the 
HV1 variant and similarly high thrombin inhibitory activity (K,= 0.78 pM) [1]. We have 
previously shown that the N-terminal proteolytic fragment 1-47 of hirudin HM2 
maintains anti-thrombin activity [1]. Here we report the solid phase chemical synthesis 
of an analog of fragment 1-47 bearing a Tyr3-»Trp exchange (Y3W analog) (Figure 1). 

1 10 20 30 40 
V S W T D C T E S G Q N Y C L C V G S N V C G E G K N C Q L S S S G N Q C V H G E G T P K P K 

I — ' I ! I ^ ^ I 

Figure 1. (Top) Amino acid sequence of the Y3W analog of the N-terminal fragment 1-47 of 
hirudin HM2[lj. (Bottom) Schematic representation of the 3D structure of natural fragment 1-47. 
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Results and Discussion 

The crude, reduced peptide was purified by RP-HPLC and subjected to oxidative folding 
to the disulfide crosslinked species (Figure 2). The folding process of the Y3W analog 
was highly efficient (-90%). The overall final yield of the synthetic product was -35% 
and its identity and homogeneity established by a number of analytical techniques 
(RP-HPLC, HPCE, MS). The unique alignment of the three disulfide bridges of the 
Y3W analog was established by enzymatic peptide mapping and shown to be identical to 
that of the natural fragment. 

HPLC Retention Time 

Figure 2. Oxidative folding of synthetic Y3W analog. Native (N) and reduced (R) peptide species. 

The Y3 W analog essentially retains the conformational and stability properties of the 
natural species and is approximately five-fold more active (K, = 30 ± 5 nM) than the 
natural fragment 1-47 (K, = 150 ± 20 nM) in inhibiting thrombin. Of interest, the 
difference in the free energy of binding to thrombin at 37°C, AAGb, between the Y3W 
analog and natural species (4.2 kJ.mol"1) was that expected for the difference in 
hydrophobicity between the two polypeptides resulting from the Tyr—>>Trp exchange. 
The results of this study indicate that solid-phase chemical synthesis represents a 
convenient and high-yield procedure to prepare analogs of the biologically active, 
N-terminal core domain of hirudin with improved functional properties. 
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Introduction 

Neuromedin B (NMB), G-N-L-W-A-T-G-H-F-M-NH'., is a bombesin/gastrin releasing 
peptide-related peptide possessing unique receptors with different tissue distributions and 
biological actions relative to the latter [1]. None of the many extremely potent types of 
competitive receptor antagonists developed for the bombesin/GRP [2] receptor have 
retained much affinity for NMB receptors. However, large scale screening of a family of 
cyclic somatostatin (SRIF) analogs recently revealed [3, 4] several with appreciable 
affinity for NMB receptors present both in transfected cells and rat olfactory bulb tissue. 
The most potent of these was D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2, which binds 
with a Ki of 47 nM, inhibits NMB-induced IP production (IC50 32 nM) and effectively 
blocks some behavioral actions of NMB [5]. However, this peptide retains much higher 
affinity (Ki 0.84 nM) for SSTR2 receptors on pancreatic AR42J cells where it functions 
as a full agonist, thus complicating its use in basic physiological studies. Additional 
analog studies have now been undertaken in an effort to reduce or eliminate affinity for 
SRIF receptors. The most successful of these involved modifications to the Lys 
side-chain in the recognized active site sequenceof the cyclic octapeptide SRIFs, 
-D-Trp-Lys-. 

Results and Discussion 

Several of the cyclic SRIF octapeptides have previously been found to have high affinity 
for p-opiate receptors [5]. It was possible [6] to completely dissociate these properties 
from traditional SRIF effects, in particular by modifications to Lys in position 5. In the 
present study, replacement of Lys by Om (side-chain shortened by 1 CH2 group) resulted 
in good retention of NMB receptor affinity (Table 1) but in more than a 50-fold loss of 
SRIF receptor affinity. Further side-chain shortening by another CH2 using a 
a,y-diaminobutyric acid (Dab) substitution was even more succesful in dissociating 
affinities since SRIF receptor affinity decreased by more than 1000-fold. The continued 
necessity for a basic group on the side-chain group was, however, apparent from the loss 
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of affinity with an Ala substituted analog but continued retention of binding with an Arg 
substitution. In addition, all active peptides were able to block NMB-stimulated inositol 
phosphate production with IC50 values in agreement with the binding data (Table 1) and 
all had little affinity for the bombesin/GRP receptor. 

Table 1. Affinities of new cyclic somatostatin analogs for NMB and GRP receptors on trans
fected cells and SSTR2 receptors on pancreatic AR42J cells. Binding data for SRIF, 
NMB and GRP are shown for comparison. 

Peptide 

Ki 

SRIF 
NMB 
GRP 
DNalCysTyrDTrpLysValCysNalNH2 

DNalCysTyrDTrpOrnValCysNalNH2 

DNalCysTyrDTrpDabValCysNalNH2 

DNalCysTyrDTrpArgValCysNalNH2 

DNalCysTyrDTrpAlaValCysNalNH2 

NMB 

IC50 (nmole) 

>1000 
1.1" 
297a 

46.8 
65.0 
43.8 
80.3 

>1000 

IP3 

Ki 

. 
-
-
31.7 
60.2 
39.1 
45.0 
-

GRP 

Ki 

>10000 
19 
1.8 
2867 

> 10000 
2921 
2632 

>1000 

SRIF 

0.86 
>10000 
> 10000 

0.84 
54.2 
1032 
407 

>1000 

aData from rat olfactory bulb tissue binding. 

In view of the demonstrated effectiveness of the Orn analog to block some of the 
well-known effects of NMB [5] on appetite in the rat, it is expected that the new Dab 
analog will be an even more useful tool for investigating physiological functions of NMB 
since possible side-effects due to interaction with SRIF receptors should be largely 
eliminated. 
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Introduction 

To induce potent and selective peptide-receptor interactions, "message" functional 
groups of a ligand should be spatially arranged to satisfy a specific 3D "address" of 
receptor. In this way, almost any peptide containing corresponding "message" elements 
could be modified to bind a receptor with known 3D "address". To demonstrate this, 
conformationally constrained analogs were designed starting from the sequences of 
cholecystokinin and angiotensin fragments (CCK-8,Asp-Tyr-Met-Gly-Trp-Met-Asp-
Phe-NH2 and AT 4-8, Tyr-Val-His-Pro-Phe). The aim was to target 8-opioid receptor 
("message" elements are shown in bold). 

Results and Discussion 

The basic idea for the design was to find conformational constraints which would force 
functional groups constituting the "message", to adopt the "address" spatial arrangement. 
The amino acid sequence of CCK-8 resembles the sequence of DPDPE in that the 
"message" residues in both sequences are separated by a Xxx-Gly dipeptide fragment. 
Accordingly, it was relatively easy to design the Tyr-cyc/o(D-Pen-Gly-Trp-L/D-3-
/ra/w-mercaptoproline)-Asp-Phe-NH2 sequences (compounds la and lb, respectively), 
using 3-mercaptoproline, which is a "chimeric" residue combining features of penicil-
amine and proline. In the AT sequence, however, the "message" residues are separated 
by the tripeptide fragment. There is no way to "squeeze" the backbone of the penta
peptide AT 4-8 fragment to accommodate the template conformation of the 
Tyr-D-Pen-Gly-Phe tetrapeptide backbone. It was possible, however, to constrain the 
Tyr4 and Phe8 side chains of a modified AT 4-8 fragment into the required spatial 
positions by re-directing the peptide backbone of AT 5-8 not along the "backbone", but 
along the "disulfide" side of DPDPE cyclic moiety. In this way, after several 
unsuccessful attempts, sequences of the Tyr-cyc/o(D-Cys-Xxx-4-c«-mercaptoproline)-
D-Phe type (Xxx = Gly, D-Ala, D-His, compounds 2a, 2b and 2c, respectively) were 
designed using 4-mercaptoproline, which is a "chimeric" residue combining features of 
homocysteine and proline. After extensive energy calculation studies, each of the 
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low-energy conformers for compounds la, lb and 2a was compared with the models of 
the 8-receptor-bound conformation of DPDPE [1] by overlapping the nitrogen atom of 
a-amino group; the CYand Cc atoms of the Tyr and Phe aromatic rings; and the Caatom 
of the residue in position 2. Low-energy 3D structures, which were compatible with the 
model in question, were found for each compound. 

All compounds were tested for their binding to p-, 8- and K-types opioid receptors 
(Table 1). Except in one instance(compound 2c), the designed compounds are able to 
bind to 8-opioid receptors with affinity and selectivity comparable to DPDPE. The loss 
of affinity for compound 2c could be attributed to the presence of an extra aromatic ring 
(the imidazole moiety of the D-His residue), which might compete for the same receptor 
binding sites with the Tyr/Phe side chains, not bearing the same "message" information. 

Table 1. Results of binding assays for different types of opioid receptors. 

^ (nM) 

Compound ' 
5 

1.7 
4.5 
19.0 
11.6 
42.0 

Receptor Type 

l-l 

576 
>5,000 

226 
>100** 
>100** 

K 

>5,000 
>5,000 
>5,000 
>1000** 
>1000** 

Tyr-cyc/o(D-Pen-Gly-Phe-D-Pen)(DPDPE) 
(la) Tyr-cyc/o(D-Pen-Gly-Trp-L-3-Mpt)-Asp-Phe-NH2 

(lb) Tyr-cyc/o(D-Pen-Gly-Trp-D-3-Mpt)-Asp-Phe-NH2 

(2a) Tyr-cyc/o(D-Cys-Gly-L-4-Mpc)-D-Phe 
(2b) Tyr-cyc/o(D-Cys-D-Ala-L-4-Mpc)-D-Phe 
(2c) Tyr-cyc/o(D-Cys-D-His-L-4-Mpc)-D-Phe >100* >100** >1000** 

* Mpt and Mpc are trans- and cw-mercaptoprolines, respectively. 
** No competition with standard labeled compounds at that concentration. 

The results are consistent with the concept that the "message" information is 
associated with particular functional groups of the peptide molecule, and the "address" 
with their relative three-dimensional arrangement. The study confirms the validity of the 
three-dimensional 8-opioid pharmacophore model proposed earlier [1], emphasising the 
importance of using reliable pharmacophore models as templates for rational design. In 
our case, we have demonstrated that conformational constraints compatible with the 
proper three-dimensional template ensure highly potent and selective interaction with 
S-opioid receptors for virtually any peptide sequence of the Tyr-(Xxx)n-Phe... type, 
where n = 1, 2, 3. Opioid peptides with n = 3 have not been described previously. 
Finally, our results open the way to peptidomimetics for 8-opioid (and other) receptors. 
Indeed, there is no need to mount the "message" groups on scaffolds of peptidic nature. 
Almost any other scaffold would suffice, provided it stabilizes the "message" groups in 
the correct "address" spatial arrangement. This approach would yield "true" peptido
mimetics, competing with the parent bioactive peptides for the same receptor sites. 
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Introduction 

Biological actions of bradykinin (Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg; BK) are 
mediated by at least two classes of receptors, B1 and B2, both of which are G-protein 
coupled receptors. Most physiological functions of BK and also those involved in acute 
inflammation are mediated by B2'receptors, which are expressed constitutively. The 
gene for Bl receptors, normally not expressed in most tissues, is induced in chronic 
inflammation. B2 receptors require the full BK sequence, including both N-terminal and 
C-terminal arginines, for effective activation, whereas the preferred ligand for Bl 
receptors is BK-(l-8). Bl receptors were first identified in damaged tissue. Bl 
antagonists, for example [Leu8]-BK-(l-8), are characterized by having an aliphatic 
residue in position 8. The "first generation" B2 antagonists, for example D-Arg-
[Hyp3,Thi5,8, D-Phe7]-BK, had low potency and short action in vivo [1]. The "second 
generation" antagonists came from investigators at Hoechst, who modified our best 
antagonist by using D-Tic (tetrahydroisoquinoline-3-carboxylic acid) at position seven, 
and Oic (octahydroindoIe-2-carboxylic acid) at position eight. This antagonist, known as 
HOE-140, was the first to have sufficiently high receptor affinity and in vivo lifetime to 
be investigated as a drug. Many studies with this antagonist have demonstrated the 
participation of BK in many normal and abnormal physiological processes [2]. One 
surprising result was that, in spite its high potency and long duration of action, HOE-140 
was not effective in the later stages of chronic inflammation. Addition of B1 antagonists 
in these studies demonstrated the participation of Bl receptors in sustained inflammation. 

Recently we have synthesized a-(2-indanyl)-glycine (Igl) and N-(2-indanyl)-glycine 
and incorporated them into several positions of our standard BK antagonist structure. 
The best of these new antagonists, D-Arg-[Hyp3,Igl5,D-Igl7,Oic8]-BK, known as B9430, 
is a representative of the new "third generation" of BK antagonists. Although this 
antagonist has the highest potency and longest duration of action in vivo against B2 
receptors of any known antagonist, its unique feature is that it is an excellent antagonist 
for Bl receptors as well. It blocks both the early and late stages of inflammation in 
animal models. Examples of these new antagonists are given in Table 1. 
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Table 1. Structures and activities of selected bradykinin antagonists. 

Number Structure Biological Activities 

RUT 

10.0 
8.9 
8.5 
8.6 
8.0 
7.8 
8.0 
7.8 
8.3 
7.4 
7.8 
8.7 
8.7 
8.2 
8.1 
8.3 

GPI 

8.6 
8.6 
6.0 
8.0 
7.0 
7.6 
7.5 
6.8 
7.2 
7.2 
7.6 
7.4 
8.6 
7.8 
7.2 
7.3 

RA 

6.5 
6.9 
0.0 
0.0 
— 
— 
— 
— 
0.0 
6.4 
6.8 
5.9 
6.6 
6.2 
— 
— 

B9430 DArg-Arg-Pro-Hyp-Gly-Igl-Ser-DIgl-Oic-Arg 
B9340 DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DIgl-Oic-Arg 
B9464 DArg-Arg-Pro-Hyp-Gly-DThi-Ser-DIgl-Oic-Arg 
B9456 DArg-Arg-Pro-Hyp-Gly-DIgl-Ser-DIgl-Oic-Arg 
B9616 DArg-Arg-Pro-Hyp-Gly-Igl-Thr-DIgl-Oic-Arg 
B9588 DArg-Arg-Pro-Hyp-Gly-Igl-Lys-DIgl-Oic-Arg 
B9686 Arg-Arg-Pro-Hyp-Gly-Igl-Ser-DIgl-Oic-Arg 
B9480 DArg-Arg-Pro-Hyp-Gly-Igl-Ser-DIgl-Cpg-Arg 
B9330 DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DTic-Nig-Arg 
B8974 DArg-Arg-Pro-Hyp-Gly-Cpg-Ser-DCpg-Igl-Arg 
B9226 DArg-Arg-Pro-Hyp-Gly-Phe-Ser-DIgl-Oic-Arg 
B9228 Aca-DArg-Arg-Pro-Hyp-Gly-Phe-Ser-DIgl-Oic-Arg 
B9224 Aca-DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DIgl-Oic-Arg 
B9256 Aaa-DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DIgl-Oic-Arg 
B9324 Dhq-DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DIgl-Oic-Arg 
B9334 Sin-DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DIgl-Oic-Arg 

Cpg -a-Cyclopentylglycine; Igl -a-(2-Indanyl)-glycine; Nig - N-(2-indanyl)-glycine; Oic -
Octahydroindole-2-carboxylic acid; Thi - (3-2-Thienyl-alanine; Tic - 1,2,3,4-Tetrahydroiso-
quinoline-3-carboxylic acid; Aaa - Adamantaneacetyl-; Aca - Adamantane carboxyl-; Dhq - 2-
Dehydroquinuclidine-3-carboxyl-; Sin - Sinapinyl-(3,5-dimethoxy-4-hydroxycinnamyl-). RUT -
isolated rat uterus (B2); GPI - isolated guinea pig ileum (B2); RA - isolated rabbit aorta (Bl). 
Potencies are given as the pA2. 

These BK antagonists show very long duration of action in vivo; the effect of B9430 
lasts more than four hours in the rat and dog. They appear to be indefinitely stable on 
exposure to human plasma and tissue homogenates. They show very high affinity for 
human Bl and B2 BK receptors. 

These are the first Bl antagonists having an intact C-terminal arginine. The reason 
for the Bl potency of these antagonists is not known. Because of their combined B2 -
B1 activity, these antagonists represent a new generation of BK antagonists having the 
broadest known spectrum of activity. 
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Introduction 

The 8-opioid receptor belongs to the large family of G-protein coupled receptors 
(GPCRs), transmembrane proteins which transduce external signals to the activation of 
G-proteins. All members of the rhodopsin-like GPCR family share the common spatial 
structure of the transmembrane 7-cc-bundle, which represents the most evolutionarily 
conserved part of these receptors. 

A new approach for GPCR structure modeling originates from the observation that 
the content of hydrophilic residues in the GPCR family is unusually high for membrane 
proteins. It is known that polar groups buried from water in the protein interior have a 
strong tendency to form hydrogen bonds with each other. The pairs of buried 
hydrogen-bonded polar residues that appear and disappear in a correlated manner in 
amino acid sequences can be identified from analysis of multisequence alignments. 
Hydrogen bonds thus obtained can be used as distance constraints for the packing of the 
transmembrane a-helices using a distance geometry algorithm. 

Results and Discussion 

The computational procedure includes several iterative refinement steps of the initial 
receptor model, constructed from the 7 a-helical fragments packed in accordance with 
the electron microscopy map of rhodopsin [1] and helix assignment, proposed by 
Baldwin [2]. The initial model was used to select spatially proximate correlated residues 
from multisequence alignments of 370 GPCRs by our programs ALIGN and ADJUST 
and to produce a list of H-bond distance constraints between correlated polar residues. 
To maximize the number of interhelical distance constraints the sequence of the 
"average" receptor was designed, containing H-bonds from different GPCRs. The 
structure of this "average" receptor was calculated by a distance geometry algorithm 
using the set of -250 distance and -600 angle constraints (sidechain-sidechain H-bonds 
together with a-helix mainchain and sidechain angles and H-bonds). Cp-Cp distances 
between pairs of conservative residues, taken from the "average" receptor structure, and 
two different sets of interhelical H-bonds were used to obtain the sets of structures 
(r.m.s.d.<1.5 A) for "active" and "inactive" conformations of the 8-opioid receptor. The 
final receptor structures were minimized with the 8-selective peptide agonist, 

350 



Peptide Inhibitors/Receptors 

trans-3-(4'-hydroxy)-phenylproline-c[D-Cys-Phe-D-Pen]OH ([Hpp']J0M-13) and the 
alkaloid antagonist, naltrindole (NTI). 

In the "inactive" and "active" conformations of the 8-opioid receptor, sidechains of 
30 polar residues form networks of 24 and 25 H-bonds respectively, and Asp128, Tyr129, 
Lys214 and His278 form H-bonds with ligands (N+, second and third peptide group 
carbonyls, and tyrosine O11 of [Hpp']JOM-13, respectively). The two receptor 
conformations differ in H-bond networks due to rotation of the sidechains of residues: 
Asn131, Asp'45, Arg146, Tyr308. 

Figure 1. Stereoview of "inactive" receptor state with antagonist NTI (solid line) and "active" 
state with agonist [Hpp'jJOM-13 (dashed line). Several C-atoms of fragments of helix III (right) 
and helix VI (left) and the important residues for ligand binding are shown. 

[Hpp']JOM-13 and NTI are complementary to the ligand binding sites in "active" 
and "inactive" receptor conformations, respectively. The residues Asp128, Tyr129, Asn131, 
Met132, Phe133, He183, Lys214, Leu215, Phe218, Trp274, He277, His278, Val281, Val296, Val297, 
Leu300, Cys303, He304 and Tyr308 form the ligand binding pocket. Agonist and antagonist 
are bound to the same receptor site and their important N+ and OH groups interact with 
residues Asp128 and His278, but the orientations of the tyramine aromatic rings are 
different (Figure 1), thus the agonist and antagonist stabilize conformations of the 
receptor with different orientations of the Trp274 sidechains. 
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Introduction 

Pseudomonas aeruginosa utilizes the pilus adhesin to initialize attachment to epithelial 
cells [1]. The adherence process is mediated through the C-terminal region of the pilin 
protein [2]. Although the sequence of this region is only semi-conserved among different 
P. aeruginosa strains, there exists a common receptor [3]. In order to examine how the 
pilus adhesins from different strains recognize and bind to the same receptor, 
single-alanine substituted peptide analogs corresponding to the C-terminal 17-residue 
region of the pilin proteins from P. aeruginosa strains PAK and KB7 were synthesized. 
The ability of these peptide analogs to inhibit the binding of the biotinylated PAK pili to 
A549 human pneumocyte cell line was determined. The results were used to investigate 
the contribution of specific residues for adhesin function and map the receptor binding 
residues or adhesintope on the pilin proteins. 

Results and Discussion 

In this study, a single alanine substituted peptide analog that has an I50 value {i.e. amount 
of peptide that cause 50% inhibition of the binding of biotinylated PAK pili to A549 
cells) greater than 3 fold of that of the native peptide will be considered as an indicator of 
an important residue for receptor binding. Our current data showed that the interactions 
between the C-terminal peptide of the PAK pilin and the A549 cells require a 
conformational adhesintope, which contains six amino acid residues Ser131, Gln136, He138, 
Pro139, Gly141, Lys144 and the disulfide bridge (Table 1). Furthermore, two structural 
requirements, such as a cis conformation and the presence of type I and type II B-turn, 
are proposed from recent NMR structure information [4, 5]. These structural elements 
require the presence of an intrachain disulfide bridge between Cys129 and Cys142, and the 
residues Pro139 and Gly141. Other residues, such as Ser131 and Gln136, may contribute to 
hydrogen bond formation, whereas He138 may be involved in hydrophobic interaction and 
Lys144 may provide a positive charge for receptor interaction. Similarly, nine residues 
were found to be important for the KB7 pilin peptide binding to A549 cells, they are 
Ala'30, Thr131, Thr132,Val133, Asp134, Ala135, Lys136, Arg138, and Pro139 (Table 1). These 
residues can also be classified into four categories such as polar (Thr131,Thr132), 
hydrophobic (Ala130,Val,33,Ala135), ionic (Asp134,Lys,36,Arg138), and conformational 
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control (Pro139). When these residues are compared with those found in the PAK 
adhesintope, it seems likely that compensatory mutations could occur to give rise to the 
KB7 sequence, in which different mutations work together to maintain the functionality 
of the adherence binding domain. That is, multiple mutations such as Thr130-»Ala, 
Serm->Thr, Asp132->Thr, Glnl33->Val, Glul3S->Ala, Gln136->Lys, and Ile138->Arg are 
required in order for the KB7 pilin to maintain the side-chain and structural requirements 
for receptor interactions. Interestingly, the major hydrophobic interaction between the 
receptor and the pilus adhesin involves He138 in PAK and Val133 in KB7 but not Phe137, 
which is a conserved residue found in many P. aeruginosa strains. These results suggest 
that sequence homology is not necessarily a predictor of the adhesintope. 

Table 1. Comparison of the adhesintope sequences found on the C-terminal 17-residue region of 
the pilin proteins from P. aeruginosa strains PAK and KB 7. 

Sequence 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 

PAK* Lys Cys Thr Ser Asp Gln Asp Glu GJn Phe lie Pro Lys GJy. Cys Ser Lys 
KB7* Ser Cys AJa Ihr Thr Val An& Ala Lyi Phe Arg Pro Asn Gly Cys Thr Asp 

* Amino acid residues that are important for binding to A549 cells are underlined and printed in 
bold (see text). 

In conclusion, the amino acid residues required for both PAK and KB7 pilin binding 
to A549 cell were elucidated. This information sheds light on how the pilus adhesin 
interacts with the epithelial cell receptors, and is of importance for the design and 
development of therapeutics that prevent P. aeruginosa infections. 
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Introduction 

Molecular recognition, in biological processes is widely accepted as a surface 
phenomenon. This is particularly true for proteins, where it has often been shown that 
surface loops are responsible for recognition events [1]. A majority of all categorized 
protein surface loops consist of P-turns [2], which are consequently a well-studied 
structural motif. Unlike other structural motifs such as the a-helix and the P-sheet, the 
backbone conformation of the P-turn is highly variable. This variability has led to many 
definitions and subcategories based upon the backbone conformations [3], but these 
classification procedures have provided little information on side chain orientations. 

Here we report a novel P-turn classification protocol based upon the Ca to CP 
vectors of the reverse turn (Figure 1). Since the Ca to CP atoms direct these side chains 
(the informational units), we were led to compare the vector orientations of this initial 
bond. As a result, an alternative description for the P-turn has been developed. 

Results and Discussion 

A program was written that automates the collection and analysis of P-tums from a set of 
randomly selected proteins from those in the Brookhaven protein database with a 
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Figure 1. As a visual guide towards the grouping of 0-turns collected, a mapping of the 
dihedral angles 6 (1 to 4) defined as C8(i)-Ca(i)-Ca(i+1)-C(3(i+1) for i = 1 to 3 and 
CP(i+3)-Ca(i+3)-Ca(i)-CP(i) was used. The four dihedral angles dl to 64 of each turn were 
plotted on a 2-dimensional dihedral graph. Each individual line corresponds to a P-turn. 
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resolution of less than 2A. The set of P-turns collected were then clustered [4] using rms 
comparisons of the Ca and cp atoms. This resulted in 7 different families consisting of 
-30% of the whole dataset (r = 0.950). 

The novelty of this method is that the P-turn is described using all four amino acid 
residues. This is in contrast to previous classification systems which grouped on the 
basis of the "/'+/" and "i+2" residues [3]. We believe that this classification system will 
help in the design of P-turn mimetics and will yield valuable information on the confor
mation of biologically active protein surfaces. 
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Figure 2. Plot of side-chain orientations of the [3-turns collected within the dataset and the 
identification of 7 distinct families at a rms 0.950. 
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Introduction 

The potent and selective inhibition of thrombin may overcome various thrombotic 
disorders. The natural polypeptide hirudin from the leech Hirudo medicinalis binds 
simultaneously to both the active site and fibrinogen recognition exosite (FRE) of 
thrombin with the highest affinity of 20 fM. Synthetic inhibitors, which mimic the 
binding mode of hirudin have been developed [1]. They are composed of an active site 
inhibitor segment, a FRE inhibitor segment and a linker connecting these parts. Arginyl 
methylketone derivatives were incorporated in the P,-P,' region of the active site inhibitor 
segment and enhanced the binding affinity of the inhibitors. The synthesis and inhibitory 
potency of new bivalent thrombin inhibitors is presented. 

Results and Discussion 

Boc-Arg(Z2)-chloromethylketone 1 is the starting material for the building units 2 - 4 , 
which were used in SPPS (Figure 1). 

Boc-Arg(Z2)-CH2-Cl 
1 

Boc-Arg(Z2)-CH2-I 
2 

Boc-Arg(Z2)
vP(CO-CH2-NH-CO-CH2)Gly 

4 

Boc-Arg(Z2)
lP(CO-CH2-S)Gly 

3 

Figure 1. Synthesis of the building units, a) Nal in DMF, 24 h, 35"C, b) HS-CH2-COOH in THF. 
RT, 24 h, c) NH3 in methanol/THF, d) succinic anhydride in THF. 
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The P,'-linker and the FRE inhibitor segment of the inhibitors listed in Table 1 were 
synthesized by conventional SPPS. The building unit 2 was used in the synthesis of the 
inhibitors 5 -10 through alkylation of the corresponding P,1 residue, while the side chains 
of the linker and FRE inhibitor segment on Pam resin were still protected. The synthesis 
was completed by coupling of the corresponding P3-P2 dipeptide to the N-terminal Arg 
residue. Similarly, the building units 3 and 4 were used in the synthesis of the inhibitors 
11 and 12, respectively. 

Table 1. Inhibition constants of thrombin catalyzed hydrolysis of the fluorogenic substrate 
Tos-Gly-Pro-Arg-AMC by the synthesized inhibitors. 

No. Sequence K; (pM) 

5 DPhe-P-Arg4'(CO-CH2-NH)Gly-GGGG-DFEEIPEEYLQ 83 ± 15 
6 DPhe-P-ArgxP(CO-CH2-NCH3)Gly-GGGG-DFEEIPEEYLQ 83 ± 8 
7 DCha-P-Arg»F(CO-CH2-NAc)Gly-GGGG-DYEPIPEEY-Cha-D 1.7 ±0.3 
8 DCha-P-ArgxP(CO-CH2-NCH3)Gly-GGGG-DYEPIPEEY-Cha-D 2.0 ± 0.3 
9 DCha-P-Arg»F(CO-CH2-NCH3)Gly-GGGGNG-DYEPIPEEA-Cha-DGlu 0.87 ± 0.03 

10 DCha-P-ArgT(CO-CH2-N
+C5H4)Gly-GGGG-DYEPIPEEA-Cha-DGlu 0.045 ± 0.01 

11 DPhe-P-Arg,P(CO-CH2-S)Gly-GGGG-DFEEIPEEYLQ 9.4 ±1.2 
12 DPhe-P-Arg^CO-CH^NH-CO-CHJGly-GGGG-DFEEIPEEYLQ 7290 ± 390 

The inhibitors 5, 6, 8 and 9 have an ionizable secondary or tertiary amine in the P,' 
residue. Its protonated form may pull out the electron from the carbonyl carbon of Arg 
and form a transition state analog in their bound state, resulting in an enhanced binding 
affinity. However, no enhanced affinity was induced in the inhibitor 8 compared to the 
inhibitor 7, in which the acetylated amine is not protonatable. On the contrary, the 
introduction of a permanently charged pyridinium ketone in the inhibitor 10 improved 
the affinity ~ 50-fold compared to compounds 7 or 8. The crystal structure of the 
inhibitor 10/thrombin complex demonstrated the formation of a transition state analog 
hemiketal. Thus, the electron withdrawing effect of the secondary or tertiary amine 
seems to be insufficient to induce a tetrahedral intermediate and a permanently charged 
pyridinium group is required for this induction. An incorporation of sulfur in the P,' 
residue (inhibitor 11) also improved the affinity ~ 10-fold compared to the corresponding 
inhibitors 5 and 6. 

The inhibitor 11 has another advantage of a high yield in the synthesis (-75 % after 
HF cleavage). Surprisingly, reversing the NH-CH2 of the P,' residue (Gly to 
CH2-NH-CO in inhibitor 12) drastically reduced the affinity of the inhibitor (~90-fold). 
The arginyl methylketone derivatives not only remove the scissile peptide bond but also 
improve the affinity of the thrombin inhibitors up to the level of natural hirudin. 
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Introduction 

The detailed analysis of ligand binding sites of peptide hormone receptors is important 
for understanding mechanisms of action and as a basis for therapeutic progress. We 
have previously identified regions 20-121 and 390-470 of the insulin receptor as insulin 
binding sites by photoaffinity labelling [1]. Since both domains are relatively large, 
further refinements are required in order to define the hormone binding region as 
precisely as possible. To this end, the application of anti-peptide antibodies appeared 
promising. 

Results and Discussion 

Based on the antigenic index algorithm [2] we have selected and synthesized four 
receptor sequences, two from each binding domain, with an N-terminal Cys extension: 

IRP1 (11-25) C-M-D-I-R-N-N-L-T-R-L-H-E-L-E-N 
IRP2 (66-81) C-V-Y-G-L-E-S-L-K-D-L-F-P-N-L-T-V 
IRP3 (405-419) C-N-Q-N-L-R-Q-L-W-D-W-S-K-H-N-L 
IRP4 (451-465) C-R-Q-E-R-N-D-I-A-L-K-T-N-G-D-K 

Fmoc SPPS was used to assemble the peptides on an alkoxybenzylalcohol resin 
using TBTU or DIC/HOBt as coupling reagent. After medium pressure liquid 
chromato- graphy, the peptides were obtained in 97-99% purity according to HPLC. 
Amino acid analyses showed the correct composition. The purified peptides were linked 
to keyhole limpet hemocyanine via 3-(2-pyridyldithio) propionic acid. Two rabbits 
were immunized (4-5x) with each conjugate in complete Freund's adjuvant to produce 8 
antisera (AS1- AS8), which were ELISA positive with titers ranging from 1/100 to 
1/1000,000 against the corresponding peptide. 

Soluble insulin receptor ectodomain, which contains both complete a-subunits and 
the extracellular part of both p-subunits [3], was recognized by all 8 antisera in a dot 
immunoassay on nitrocellulose with undiluted sera, and some after dilution 1/10. All 
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presera were negative. The antisera were tested with respect to their ability to compete 
with 125I-labelled insulin for receptor sites on IM-9 cells. Antisera against peptides 
66-81 and 451-465 did not interfere with binding of labelled insulin. However, AS2, 
directed against peptide 11-25, and antisera AS5 and AS6, directed against the sequence 
405-419, inhibited insulin binding to the extent of 25-30% at maximal concentration. 

Based on the results reported above, we have reached the following conclusions: 
1. The receptor sequences 66-81 and 491-465 appear to contain continuous epitopes, 
since they are recognized by the anti-peptide antibodies. However, they are neither 
directly nor indirectly involved in insulin binding. 
2. In contrast, the receptor sequence 405-419 may be part of the hormone binding site 
within the large C-terminal receptor domain 390-470 [1]. Its surface accessibility, 
flexibility and hydrophobic/hydrophilic amino acid sequence make it a good candidate 
for this role. 
3. In the N-terminal domain 20-121, the amino end 20-25 seems to be most important. 
4. While steric hindrance or a negative allosteric effect of antibodies on receptor 
confor- mation cannot presently be excluded, we hypothesize that these antibodies 
compete directly for the insulin binding site. 
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Introduction 

Recently, Carruthers et al. synthesized and expressed a gene for the rat glucagon receptor 
[1]. COS-1 cells expressing the synthetic receptor bound glucagon with affinity and 
peptide hormone specificity similar to native receptors on liver cells. The transfected 
COS cells also increased levels of intracellular cAMP when stimulated with glucagon. In 
initial mutagenesis studies, the functional role of Asp64 in the extracellular N-terminal 
domain of the receptor was tested. A mutation at this site in the related growth hormone 
releasing factor receptor, was shown to be responsible for a genetic defect that results in 
mice of small size with hypoplastic pituitary glands [2]. Replacement of Asp64 resulted 
in a mutant receptor that did not bind glucagon and indicated that Asp64 played an 
important role in glucagon receptor binding [1]. This work was conducted to find the 
corresponding positively charged residue in the peptide hormone, which presumably 
could be involved with Asp64 of the receptor in an electrostatic interaction. 

Results and Discussion 

The hormone contains basic residues Lys12, Arg17 and Arg18, aside from His1 which are 
protonated at the physiological pH. We have previously shown that the amino terminal 
histidine contributes a determinant for both receptor recognition and the subsequent 
transduction of the hormone signal [3]. Nine glucagon analogs containing amino acid 
replacements at positions 12, 17, and 18 were synthesized by the solid phase method and 
tested for binding to receptors on liver membranes, and for the ability to stimulate 
adenylate cyclase. (Table 1). 

Replacement of lysine at position 12 with a neutral alanine residue (analog #1) 
resulted in 83% loss in binding affinity for the glucagon receptor. Deletion of position 1 
histidine (analog #2) reduced it further to less than 1%. Neutralization of the charge at 
Lys12 by acetylation in the analog e-acetyl lysine glucagon amide (analog #3), resulted in 
about 50% loss in binding. Reversal of the charge at position 12, in the analogs Asp12 

(analog #4), Glu12 (analog #5) and des-His'Glu12 (analog #6), resulted in 99% loss in 
binding. Interestingly, residual binding affinity in analogs #1-6 was still sufficient to 
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Table 1. Replacement analogs of positively charged residues in glucagon. 

Analog 
of 
glucagon 
amide 

glucagon amide 
1. Ala12 

2. des-His'Ala12 

3. AcLys12 

4. Asp12 

5. Glu12 

6. des-His^Iu12 

7. Ala17 

8. des-His'Ala17 

9. Ala18 

% 
Binding 
affinity 

100 
17 
0.92 

47 
0.6 
1 
0.11 

38 
2.3 

13 

% Max. 
activity 

100 
60 
12 
90 
78 
80 
28 
29 
29 
94 

Cyclase activation 

% Rel. 
Potency 

15 
17 
0.15 

32 
10 
50 
0.28 
0.013 
0.28 

71 

transduce the signal, since all of these peptides were able to stimulate adenylate cyclase 
with relative potencies ranging from 10-50% with reduced activity for each of the 
ofes-His1 derivatives. Replacement of Arg17 with a neutral alanine (analog #7) resulted in 
an analog that retained 38% binding but whose relative potency in the cyclase assay was 
reduced to 0.013%. In contrast, replacement of Arg18 with alanine (analog #9) affected 
binding with a loss of 87% affinity but had only a slight effect on adenylate cyclase 
activity. At position 12 and 18, the positive charge appears to be important for binding 
only. However, at position 17, the positive charge influences both receptor recognition 
and activation. 

The D64K mutant of the glucagon receptor was synthesized by replacement in the 
synthetic gene of a 74-bp BsiWl-Kpnl restriction fragment with a duplex containing the 
desired codon alteration. COS-1 cells expressed the mutant receptor gene at normal 
levels, but failed to bind glucagon. However, upon incubation with Asp12 or Glu12 

glucagon amide, cells expressing D64K caused a 32% and 43% increase in intracellular 
cAMP levels compared to cells expressing wild-type receptor when challenged with 
glucagon. This result might suggest that the opposite but complementary substitutions on 
both ligand and receptor restored some of the binding affinity, enough to partially allow 
transduction of the signal. Not one particular residue but all four positive residues in 
glucagon may contribute to binding affinity and interaction with Asp64 of the glucagon 
receptor. This study was supported by USPHS grant DK24039. 
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Introduction 

A great number of inhibitors have been developed for HIV protease [1]. Norstatine-
based inhibitors of this enzyme, which bear a key hydroxyamide functionality, have been 
investigated in our laboratories [2], as well as in other research groups [3]. We recently 
described the design, synthesis, and activity of conformationally-constrained macrocyclic 
peptide-based inhibitors of HIV protease which incorporate a hydroxyethylamine 
functionality as the transition-state mimetic group [4]. Another example of a 
macrocyclic HIV protease inhibitor, based on a linear peptidyl difluorostatone inhibitor, 
has been described by Podlogar et al. [5]. We now report the incorporation of the 
hydroxyamide (norstatine) transition-state analog group into our macrocyclic peptide 
template structure. 

Results and Discussion 

We decided to first assemble the P3-P, macrocycle, then generate the hydroxyamide 
functionality, and finally incorporate the P,' group. The synthesis of the macrocycle 
template was achieved efficiently in four steps; unfortunately, conversion of this 
macrocyclic methyl ester to the required a-hydroxy ester was problematic, and the route 
which was successful in providing both diastereomers of product only proceeded in low 
yield. However, pure samples of both the (5)-CHOH- (1) and (fl)-CHOH- (2) dia
stereomers of final hydroxyamide product could be obtained. 

Protease inhibition (BRU/IIIB) and HIV-antiviral activity (MT-2 cells, HTLV-1 RF 
virus) were determined [4] to be for 1: IC50 19 nM, antiviral ECS0 76 nM; and for 2: IC50 

3,800 nM. Similar to our previous studies [4], the macrocyclic hydroxyamide 
diastereomer with preferred chirality at -CHOH- (1, designated S in the hydroxyamide 
series) provides ~200-fold greater HIV protease inhibition than the .K-diastereomer 2. 
The hydroxyamides I and 2 are -20 times more potent than the macrocyclic hydroxy
ethylamine analogs which lack only the carbonyl functionality at the transition-state 
mimetic group [4]. Although 1 provides ~17-fold less HIV protease inhibition than a 
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Tyr-OCH, 
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1— 
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\ OH 

CONH2 CONHtBu 
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related acyclic hydroxyamide analog with quinolin-2-ylcarbonyl at P3 [2], it is 2-fold 
more effective than this acyclic analog in the HIV cell assay. The ratio of inhibitory 
activities in the cell assay vs. enzyme assay (i.e., EC50/IC50) was also generally superior 
for the macrocyclic inhibitors, as compared to the ratio observed for acyclic analogs, in 
our previous study [4]. This observation suggests that our macrocyclic inhibitors may 
have improved cell permeability and/or resistance to cellular enzymes, relative to their 
acyclic counterparts. 
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Introduction 

a-MSH is a linear tridecapeptide (Ac-Ser'-Tyr-Ser-Met-Glu'-His-Phe-Arg-Trp-Gly10-
Lys-Pro-Val-NH2) which is involved in many important biological activities including 
skin pigmentation and a variety of proposed CNS-related activities [1]. a-MSH has been 
the subject of extensive structure-activity studies primarily related to its pigmentation 
effects [2]. Recent cloning of 5 melanocortin receptor types [3], two of which are found 
primarily in the brain, has greatly raised interest in this peptide. There is a great need to 
develop potent and selective agonists and antagonists for each receptor. In previous 
studies, we and others have obtained only a few weak antagonists (pA2 values 5-8), and 
they did not provide structurally specific insights as to why they behaved as antagonists 
rather than agonists. One of the best of these, with a pA2 value of 8.4, was obtained by 
substitution of His6 and Arg8 with Trp6 and Nle8, respectively, in an analogue of 
the superagonist [Nle4,D-Phe7]a-MSH to give a potent antagonist. However, the same 
substitution followed by lactam cyclization between the Asp5 and Lys10 side chains gave 
an agonist [4]. This has led us to explore the effect of substituting position 7 which has 
been a critical residue. 

A series of p-substituted unusual aromatic D-amino acid residues were substituted 
into the 7 position of the superagonist cyclic lactam a-MSH analogue N-Ac-Nle4-
c[Asp5,D-Phe7,Lys'°]a-MSH(4-10)-NH2 [5]. Some of the analogues examined are shown 
in Table 1. Several important results have been obtained. For the first time, highly 
potent antagonist analogues for the classical frog skin receptor has been obtained. The 
D-Phe(pl)7 and D-Nal(2')7 analogues 4 and 5, with pAj values of 10.3 and 10.5, 
respectively, are subnamolar antagonists at the classic receptor. Furthermore, both 
compounds, but especially the latter compound, are potent antagonists at the human MC4 
receptor, and also are selective for this receptor over the human MC3 receptor (not 
shown) [6]. Interestingly, though they are structurally analogous to antagonists 4 and 5, 
compounds 2, 3 and 6 are all potent agonists. Even more unexpectedly, all of the new 
analogues 2-6 are agonists at the cloned mouse MCI receptor and human MCI receptors. 
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Table 1. Bioactivities of D-amino acid 7-substituted analogues of a super potent cyclic lactam 
a-melanotropin. 

Compound3 

(Amino Acid 
in Position 7) 

Biological Activities - EC50 (nM) 

Frog Skin mMCl-Rc hMCl-R hMC4-Rc 

1 a-MSH 
2 D-Phe(pF) 
3 D-Phe(pCl) 
4 D-Phe(pl) 

5 D-Nal(2') 

6 D-Nal(l') 

0.10 
0.10 
2.0 
Antagonist 
(PA2=10.3) 
Antagonist 
(pA2>10.5) 
0.50 

1.3 
0.026 
0.0095 
0.19 

0.039 

N.D. 

0.091 
0.016 
0.005 
0.055 

0.036 

Agonist 

0.210 
0.019 
0.018 
Partial agonist 
(pA2=9.7) 
Antagonist 
(pA2=9.3) 
Agonist 

a Analogues of Ac-Nle4-Asp-His-D-Phe7-Arg-Trp-Lys"'-NH2. 
Rana pipien skins;c c AMP dependent 3-galactosidase activity of cloned receptors. 

Presumably this will be the case in vivo. Knowledge of the structural differences 
between frog skin, mouse and human receptors might provide important insights into the 
differential structural requirements of these receptors for interactions with agonists and 
antagonists. 
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Introduction 

The presence of free mercapto group(s) in the ligand binding site of opioid receptors has 
been suggested for smooth muscle preparations from both the guinea pig ileum 
(GPI) and mouse vas deference (MVD). We have shown that [D-Ala2,Leu(CH2S-Npys)5]-
enkephalin (1) binds covalently to p receptors in GPI and MVD, and [D-Ala2,Leu5]-
enkephalyl-Cys(Npys)6 (2) binds exclusively to 8 receptors in MVD [1,2]. These .S-Npys 
(3-nitro-2-pyridinesulfenyl)-containing enkephalin analogs were expected to bind first to 
the ligand binding site of the receptors and then to cross-link the receptor mercapto group 
by the thiol-disulfide exchange reaction. Affinity-labeled receptors exhibited continuing 
activities. In the present study, in order to evaluate whether or not similar 
affinity-labelings are feasible for 5 and p receptors in the central nervous system, we 
carried out the receptor binding assays using rat brain membranes. 

Tyr-D-Ala-Gly-Phe-Leu(CH2S-Npys) (1) 
Tyr-D-Ala-Gly-Phe-Leu-Cys(Npys) (2) 

Figure 1. Amino acid sequences of S-Npys-containing enkephalin analogs. 

Results and Discussion 

Synthesis of enkephalin analogs were carried out by the conventional solution method as 
reported previously [1,2]. The ordinary radio-labeled receptor binding assays using rat 
brain membrane preparations were carried out essentially as described previously [3]. 
Radio-ligands employed were [3H]-[D-Ala2,MePhe4,Gly-ol5]enkephalin (3H-DAGO) for p 
receptors and [3H]-[D-Ser2,Leu5]enkephalyl-Thr6 (3H-DSLET) for 8 receptors. The 
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Table 1. IC50 and EC^ values of S-Npys-enkephalin analogs. 

ic3 0 
3H-DAGO 

1 1.74 
2 42.7 

(nM) 
3H-DSLET 

2.56 
8.01 

3H-DAGO 

0.051 
5.1 

EC5() (pM) 
3H-DSLET 

5.0 
0.034 

Selectivity 

p/5=98 
5/p=1.50 

DAGO;[D-Alaz,MePhe4,Gly-oP]enkephalin 
DSLET; [D-Se^Leu'jenkephalyl-Thr6 

results were analyzed by the computer program ALLFIT [4] and the IC50 values are 
shown in Table 1. Compound 1 is highly potent for both p and 8 receptors, while 2 is 
slightly 8-selective with a moderate binding affinity. 

To evaluate the possible affinity-labeling, rat brain membranes were first incubated 
with 1 or 2 for 30 min at 25°C. The concentrations of peptides were 1.0, 10, 100 nM, 1.0 
and 10 pM. After four consecutive washings of membranes by centrifugation, they were 
further incubated with radio-labeled ligands of 3H-DSLET to assess the number of 8 
receptors remaining and 3H-DAGO for p receptors. With increasing concentration of 
peptides 1 and 2, the receptor population available for these hot ligands decreased 
sharply. This is a clear indication to demonstrate that 1 and 2 can bind covalently to the 
receptors. From the curves showing the relationships of the labeled receptor population 
(%) versus the concentration of 1 or 2 utilized, the effective concentration (ECS0) of 
5-Npys-containing enkephalins to label 50% of the receptors were calculated and are 
summarized in Table 1. 

It should be noted that 1 labeled the p receptors about 100 times more effectively 
than 8 receptors. Since compound 1 showed no binding selectivity for 8 and p receptors 
in the ordinary binding assays, this high selectivity for p receptor in affinity-labeling may 
imply that the S-Npys group of 1 is in close proximity to the thiol group of p receptors, 
but not of 8 receptors. On the other hand, 5-Npys-enkephalin 2 was found to label the 8 
receptors about 150 times more effectively than p receptors. This receptor selectivity in 
affinity labeling is also much higher than that in binding affinity. 

These results indicated that the opioid receptor subtypes in the central nervous 
system also possess the free mercapto group in their ligand binding sites. The present 
study showed that properly designed Npys-containing enkephalins can affinity-label these 
thiols discriminatively. 
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Introduction 

Various sequences within human type IV collagen have been identified as cellular 
recognition sites. The region al(IV)531-543 was initially identified as the third heparin 
binding site in basement membrane collagen [1], and was thus designated Hep-III. Hep 
III and its D-enantiomer (D-Hep III) incorporating this sequence (Gly-Glu-Phe-Tyr-Phe-
Asp-Leu-Arg-Leu-Lys-Gly-Asp-Lys-Tyr) were subsequently shown to promote equi
valent adhesion of melanoma and ovarian carcinoma cell lines (A375SM and SKOV3, 
respectively) [2]. The integrins a l p l , a2|3l, and a3|3l have been shown to participate in 
cellular adhesion to type IV collagen [3]. 

Results and Discussion 

We have used monoclonal antibodies (mAb) against the integrin subunits (31, a l , a2, a3, 
and a5 to inhibit the adhesion of melanoma and ovarian carcinoma cells to Hep III or 
D-Hep III. 35S-labeled cells were incubated with each of the mAbs at various 
concentrations (between 0.0005 to 5 pg/ml) for 1 hour, using normal mouse IgG as a 
control. This was followed by an incubation of 1 hour on plates coated with 5.71 pM 
Hep III or D-Hep III. The (31, a2, and a3 mAbs were effective at inhibiting the adhesion 
of the me'anoma and ovarian carcinoma cells to both Hep III or D-Hep III (Figure 1). 
Normal mouse IgG and mAbs against a l and a5 were ineffective. 

Affinity chromatography was used to isolate the cell surface receptors that bind to 
Hep III. 125I-labeled extracts from the melanoma and ovarian carcinoma cells were 
passed over a column of Hep III covalently bound to CH-Sepharose beads. The column 
was first eluted with 20 mM EDTA, to elute integrins, and then with 1 M NaCl, to elute 
the remaining components bound to the column. Immunoprecipitation of the eluate with 
mAbs against (31, a l , a2, a3, and a5 was performed to identify specific integrin subunits 
involved in the adhesion of the cells to Hep III. The results were analyzed by 
SDS-PAGE, followed by autoradiography. 

Two components of 120 and 150 kD were immunoprecipitated when the (31 or a3 
mAbs were used, corresponding to the size of non-reduced (31 and a3 integrin subunits, 
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a o 
CO 

53 

Inhibitors (fig/ml) 
Figure 1. Inhibition of ovarian and melanoma cell adhesion to 5.71 pM of Hep III or D-Hep III 
with the mAbs Bl (square), a2 (circle), and a3 (triangle). A and C are with Hep III, B and D are 
with D-Hep III. The melanoma cells are A andB, while the ovarian cells are C and D. 

respectively. Each mAb immunoprecipitated the same two components for both the 
melanoma and ovarian carcinoma cells. The a l , a2, and a5 subunits were not detected. 

The inhibition studies with mAbs against the integrin subunits pi, a2, and a3 
indicate that they may be involved in mediating adhesion of the ovarian and melanoma 
carcinoma cells to Hep III or D-Hep III. The immunoprecipitation studies suggest that 
the a3 and pi subunits are associated with and bind to al(IV) 531-543 in collagen. 
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Introduction 

Cells responding to genotoxic damage caused by UV or X-ray radiation or toxic agents, 
for example, normally undergo a halting of their periodic cell division in order to allow 
time for repair of damaged DNA [1]. For this purpose the cell's growth signal is 
modulated by the p53 tumor suppressor protein, which activates the growth suppressor 
WAF1/CIP1 [1, 3]. This gene encodes an inhibitor of cyclin dependent kinases (Cdk). 
This inhibitor protein, called p21Wafl/Cipl (called Wafl hereafter) accumulates following 
DNA damage and is associated with cell cycle arrest in Gl phase. The sequence of this 
164 aa long protein is conserved among several species. However, its conformation and 
its mode of Cdk inhibitory action are not known. For structural and bioactivity studies, 
we have synthesized the whole protein in peptide segments, determined their conforma
tion and identified the regions of protein most likely responsible for its biological 
function. 

Results and Discussion 

The complete human-Wafl protein was synthesized in ten 20-26 aa long peptide 
segments with 4 aa overlaps and with free N- and C-terminals. tBoc chemistry-based 
SPPS was used on a Biosearch Model 9600 synthesizer. Cys protecting group was 
4-methoxybenzyl. Merrifield resin cleavage was achieved with HF in presence of anisole 
and DMS. Cys containing peptides were reduced after HF cleavage with DTT in 6 M 
Gn/0.1 M Tris.HCl, pH 8. Peptides were purified on a Sephadex G-25 column with 1 N 
aq. acetic acid, followed by RPLC. 

Conformation of the 10 peptides was measured with circular dichroism (CD) 
spectroscopy in buffer, and a-helical propensities were estimated by measurements in 
1/1 TFE/buffer. Conformational components were calculated using Woody's Self 
Consistent Variable Selection Method [4]. Peptides in buffer showed very low 
conformational order, with some a-helical content in peptide 2 (Table 1) and in 
Peptide(106-125). Large increase in helical content was only observed in peptides 2 
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Table 1. Relevant peptide segments ofWafl protein. 

Peptide 1(15-40) 
Peptide 2(21-45) 
Peptide 3(58-77) 
Peptide 4(139-194) 

SKACRRLFGPVDSEQLSRDCDALMAG 
LFGPVDSEQLSRDCDALMAGCIQEA 
PLEGDFAWERVRGLGLPKLY 
GRKRRQTSMTDFYHSKRRLIFSKRKP 

(34% a-helix) and 4 (41% a-helix) in the lipophilic TFE solvent (Figure 1), suggesting 
that these regions are either in the interior of the protein or function in interchain or 
intermolecular lipophilic interactions. 

Using the ten peptides, three biologically active regions were discovered here termed 
regions A, B and C. It was found that the more N-terminal a-helical region juxtaposes 
two Cdk2 interacting segments in the protein: region A in peptide 1 blocked Wafl 
binding, and also the inhibition of cyclin E/Cdk2 kinase by Wafl; region B in peptide 3, 
on the opposite side of the same helical region also, antagonized Wafl activity, but this 
peptide did not affect the ability of Wafl to interact with cyclinE/Cdk2. The C-terminal 
a-helical segment 4, termed region C, was found to suppress Wafl - PCNA interactions. 
Identification of active site segments of Wafl may prove useful in generating small 
molecule regulators of cell cycle checkpoints for antitumor therapy. 

250 260 

Figure 1. CD spectra of peptide segments 2 (Panel A) and 4 (Panel B) of Wafl protein that show 
induction of a-helical conformation in TFE. Dotted line, samples in buffer, 50 mM PO.pH 7.2; 
solid line, samples in 1:1 buffer: TFE. Note: Chou-Fasman prediction estimates high a-helical 
content in aa region 36-51. 
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Introduction 

Position 3 in vasopressin has long been considered very intolerant of change. 
Introduction of tetrahydro-isoquinoline-3-carboxylic acid (Tic) at position 3 in the 
potent, non-selective VP antagonist d(CH2)5-D-Tyr(Et)-VAVP (A, Table 1) gave 
diminished V u and OT antagonism but surprisingly led to full retention of V2 antagonism 
(B, Table 1) [1]. We now present an exploration of this lead with other conformational 
probes; 2-aminotetralin-2-carboxylic acid [(+)Atc], [(-)Atc], HO-Tic and other aromatic 
amino acids (Trp, Tyr, Table 1). Furthermore, we present an examination of Tic3 

substitutions in some of our selective antagonists (C, D and E, Table 2). 

Table 1. Pharmacological properties of position 3 modified AVP V^VfOT antagonists d(CHJs-
[D-Tyr(Et)2,X3JVAVP. 

No. 

A 
B 
1 
2 
3 
4 
5 
6 
7 

X3 

Phe" 
Tic" 
HO-Tic 
(+)Atc 
(-)Atc 
Tyr 
Trp 
Ticc 

Tic" 

Anti-V2 

PA/ 

7.81 ±0.07 
7.69 ±0.05 
7.20 ±0.05 
6.86 ±0.02 
5.66 ± 0.09 
7.58 ±0.05 
7.61 ±0.08 
7.52 ±0.06 
7.57 ±0.01 

Anti-V,. 

pA2 

8.22 ±0.12 
6.95 ± 0.03 
7.27 ±0.05 
7.45 ± 0.04 
5.62 ±0.03 
7.45 ± 0.05 
7.64 ±0.01 
6.61 ±0.08 
6.53 ±0.04 

Anti-OT {in vitro) 

pA2 (No Mg24) 

8.32 ±0.10 
7.54 ±0.05 
7.67 ±0.05 
7.44 ± 0.04 
-6 .2 (agonist -0.15) 
7.53 ± 0.04 
7.63 ± 0.04 
7.39 ±0.07 
7.61 ±0.03 

"Estimated in vivo pA2 values represent the negative logarithms of the dose (in nmoles/kg) (the 
"effective dose") that reduced the response seen with 2x units of agonist to equal the response 
seen with x units of agonist administered in absence of the antagonist divided by the estimated 
volume of distribution (67 ml/kg); bData from ref. 1; cPeptide 6 is modified at position 6 by 
D-Cys; dPeptide 7 is modified at position 9 by Tyr-NH2. 
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Table 2. Pharmacological properties of position 3 modified selective A VP V2 antagonists. 

No. 

C 

8 

9 

D 

10 

E 

11 

Peptide 

d(CH2)5[D-Ile2,Ile4,Ala-
NH2

9]AVPb 

d(CH2)5[D-Ile2,Tic3,Ile4, 
Ala-NH2

9]AVP 
d(CH2)5[D-Ile2,Tyr3,Ile4, 

Ala-NH2
9]AVP 

d(CH2)5[D-Ile2,Ile4,Tyr-
NH2

9]AVPb 

d(CH2)3[D-Ile2,Tic3,Ile4, 
Tyr-NH2

9]AVP 
Aaa-D-Tyr(Et)-Phe-Val-Asn-

Abu-Pro-Arg-Arg-NH2
c 

Aaa-D-Tyr(Et)-Tic-Val-Asn-
Abu-Pro-Arg-Arg-NH2 

Anti-V2 

pA/ 

8.16 ±0.03 

6.67 ±0.10 

6.59 ±0.03 

7.85 ±0.03 

6.71 ±0.07 

8.11 ±0.07 

7.15 ±0.07 

Anti-V,. 
pA2 

6.25 ± 0.02 

5.35 ±0.04 

(agonist 
0.01 U/mg) 
6.43 ±0.11 

<5.0 

7.75 ± 0.07 

5.51 ±0.05 

Anti-OT {in vitro) 

pA2 (No Mg2+) 

7.28 ±0.38 

6.92 ± 0.03 

7.08 ± 0.02 

7.25 ± 0.04 

"See footnote Table 1; bdata from ref. 2; cData from ref. 3. 

Results and Discussion 

With the exception of the (-)Atc3 analog (No. 3, Table 1) which exhibits drastic 
reductions in V2, Vla and OT antagonistic potencies and the (+)Atc3 analog (No. 2) which 
retains about 10% of the V2 antagonism of A, all of the remaining position 3 analogs in 
Table 1 exhibit potent V2 antagonism. The two new Tic3 analogs (Nos. 6 and 7) exhibit 
enhanced anti-V2/anti-Vu selectivity similar to B. Tic3 substitution in two of our 
selective V2 antagonists (peptides C and D, Table 2) led to large losses of antagonistic 
potencies. However, peptides 8-10 preserve the V2 selectivities of the parent peptides. 
Most surprisingly, Tyr3 substitution in (C) resulted in a complete loss of anti-Vla potency. 
Peptide 9 exhibits infinite anti-V2/Vla selectivity. These studies demonstrate that position 
3 in AVP V2/Vla antagonists can be modified with good retention of V2 antagonistic 
potencies, and/or V2/V]a selectivities. 
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Introduction 

Hirudin, a small protein of 65 amino acids from the leech Hirudo medicinalis, is the most 
potent natural thrombin inhibitor known to date [1]. It binds specifically to thrombin and 
thereby inhibits the cleavage of fibrinogen and fibrin clotting. 

The recent elucidation of the three-dimensional structure of recombinant hirudin/ 
human thrombin complex [2], and the comparative analysis of the biological activities of 
several hirudin analogues and fragments [3, 4], have led us to rationally design more 
potent, enzymatically resistant, peptide analogues. These may find therapeutic use in 
various clinical disorders, such as vascular diseases and inflammatory response [5]. 

The main structural features of hirudin human thrombin interactions are: i) the 
hirudin N-terminal segment is located near the thrombin active site. It is positioned in a 
non-natural mode because the peptide chain aligns parallel to the a-thrombin residues 
Ser^-dy216, whereas the natural mode of substrate interaction corresponds to an 
antiparallel alignment; ii) the hirudin C-terminal 310 helical segment (Pro60-Gln65) 
interacts with the thrombin anion binding exosite; iii) the hirudin segment Pro48-Ile59 is in 
an extended conformation; iv) the hirudin core Cys6-Lys47 interacts with the thrombin 
surface at only a few points. Synthetic analogues [3,4,6] have been developed with the 
aim of obtaining lower molecular weight compounds capable of reproducing the natural 
hirudin mechanism of action. These analogues contain a catalytic site directed moiety, 
an anion binding exosite, and a spacer linking these segments. They all bind to thrombin 
in a manner that is slightly different from hirudin. They penetrate the active site the same 
way a substrate does, thus causing a scissile peptide bond to undergo catalytic cleavage. 
The insertion of peptide bond surrogates and of extra-methylene groups is required to 
improve potency. 

We have designed a series of low molecular weight hirudin analogues (named 
Hirunorms) that bind to thrombin analogues to hirudin, but different to other hirudin-like 
molecules. Our analogues act as multi-site directed thrombin inhibitors which penetrate 
the thrombin active site in a non-natural mode (parallel mode) and bind to the anion 
binding exosite. 
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Results and Discussion 

Our most active compound is hirunorm V: (H-Chg-Val-2-Nal-Thr-Asp-ala-Gly-PAla-
Pro-Glu-Ser-His-h-Phe-Gly-Gly-Asp-Tyr-Glu-Glu-Ile-Pro-Aib-Aib-Tyr-Cha-glu-OH). 

The synthesis of hirunorms was performed using the standard Boc strategy solid 
phase method. The peptide chains were assembled on the PAM resin. Deprotection and 
cleavage from the resin was obtained by treatment with anhydrous HF. The extracted 
crude materials were purified to homogeneity by preparative RP-HPLC with a 
water/acetonitrile (0.1% TFA) linear gradient. Fab-Mass spectra gave the expected 
molecular ion peak values. The yields were satisfactory for all peptides. 

Hirunorms are potent thrombin inhibitors: i) Hirunorm V inhibits thrombin-
catalyzed hydrolysis of a chromogenic substrate (Chromozym) with an apparent 
inhibition constant Ki'=0.2nM; ii) Inhibitor concentration to double Thrombin Time 
(TT) in human plasma in in vitro experiments is 70nM, whereas to double activated 
Partial Thromboplastin Time (aPTT) it is 425nM; iii) Hirunorm V inhibits thrombin 
induced platelet aggregation with an ICso=50nM. Hirunorms are also highly selective, 
being unable to inhibit plasmin, t-PA and trypsin up to 10 pM concentration and, 
interestingly, Hirunorm V is stable to the amidolytic action of thrombin for at least 2 h 
and is stable in human plasma for more than 2 h. 

Preliminary experiments indicate that Hirunorm V inhibits stasis-induced venous 
thrombosis and arterial thrombosis in anaesthetized rats at 0.20 mg/kg i.v. and 1 mg/kg 
after 15 min drug infusion, respectively. Furthermore, Hirunorm V shows a surprising 
safety profile (personal communication from M. Criscuoli). 

Hirunorms represent a new class of multi-site directed human a-thrombin inhibitors. 
They were rationally designed to interact through their N-terminal end with the thrombin 
active site in a non substrate mode, and to specifically bind the anion binding exosite. 
An appropriate spacer that is able to properly position the N-terminal end in the active 
site was also selected. The peculiar structure of these molecules makes them stable to the 
amidolytic action of thrombin without the introduction of any peptide bond modification. 
Furthermore, the molecules display long lasting activity in human plasma, due to the 
presence of several unnatural amino acids in susceptible positions. Hirunorms are 
potential candidates for injectable anticoagulants, due to their potency, specificity of 
action, long lasting activity and safety profiles. 
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Introduction 

Renin catalyzes cleavage of decapeptide angiotensin I from its protein substrate angio
tensinogen. This is the first and rate-limiting step in a series of reactions leading to 
formation of a potent hypertensive peptide factor angiotensin II. Hence, renin inhibitors 
are potential therapeutic agents against hypertension and other cardiovascular diseases. 
Inhibitor peptides containing a statine (Sta) residue as a transition-state mimetic have 
previously been prepared [1-3]. The Sta residue provides an isobutyl side chain that 
corresponds to the Leu residue at P! position and a hydroxymethylene group that mimics 
the tetrahedral transition-state in renin catalysis. In such inhibitors, the Sta residue is 
followed generally by a PI' amino acid residue. However, the Sta residue inserts two 
extra C-C bonds in the peptide backbone, causing misalignment of sidechains in PI', P2' 
and P3' sites. We have synthesized a series of peptide derivatives of general structure, 
Ac-His-Pro-Phe-His-Sta-CO-NH-R, in which the amide alkyl group, R, was varied to 
mimic the substrate sidechains in PI' and P2' positions. These compounds represent a 
new group of renin inhibitors that do not require natural amino acids at P' positions. 

Results and Discussion 

Inhibitor compounds with a general structure, Ac-His-Pro-Phe-His-Sta-CO-NH-R, were 
synthesized as follows: Ac-His-Pro-Phe-His-Sta-OH, with His- and Sta- sidechains 
protected, was synthesized on chlorotrityl-resin by the solid-phase Fmoc synthesis. The 
C-terminal carboxyl of the protected peptide was activated to N-hydroxysuccinimide 
ester using dicyclohexylcarbodiimide. The peptide alkylamide was formed by addition 
of a respective amine. The peptide was then deprotected and purified by reverse-phase 
HPLC. Inhibition of recombinant human renin by the peptide amides was determined 
using tetradecapeptide renin substrate. Angiotensin I formation was measured by 
radioimmunoassay. 

Our approach to the design of renin inhibitor was to grow an alkyl sidechain, R, after 
the Sta residue to fill PI' and P2' positions. The synthesized inhibitors and their IC50 

values are shown in Table 1. Compounds 2 and 3 with one and two methyl groups on the 
amide nitrogen, respectively, mimicking the Val sidechain at PI, were several fold more 
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potent than 1 with a free carboxyl group. The piperidine ring in 4 caused a 5-fold 
increase in inhibitory potency over 3, suggesting that the constrained structure 
contributed to tighter binding. The cyclohexylamide moiety in 5 showed a similar but 
slightly lower potentiating effect. The isopropylamide moiety in 6 may extend beyond 
PI' but does not reach P2' site, possibly causing lower potency than 3. Further extension 
of the alkyl residue by one and two methylene groups in 7 and 8 gave 4- and 10-fold 
increase, respectively, in the inhibitory potency over 6. These results suggest that alkyl 
groups in 7 and 8 reach P2' position. Addition of a hydroxyl group in PI' position in 9 
and 10 did not improve the inhibitory activity. The significant difference in IC50 between 
the diastereomers 9 and 10 reflects a stereochemical preference in PI' site. Our data 
suggest that PI' and P2' positions are equally important in binding of inhibitors to renin 
and that PI' site is more flexible and accommodates a larger group. 

Table 1. Inhibition of human renin by statine alkylamide containing peptides. 

No. Structure of the Inhibitor Compounds IC5() (nm) 

p5 p4 p3 p2 pl - p l ' p 2 ' 

1 Ac-His-Pro-Phe-His-Sta-CO-OH 1,500 

2 Ac-His-Pro-Phe-His-Sta-CO-NH-CH3 400 

3 Ac-His-Pro-Phe-His-Sta-CO-N(CH3)2 300 

4 Ac-His-Pro-Phe-His-Sta-CO-NH(piperidine) 50 

5 Ac-His-Pro-Phe-His-Sta-CO-NH(cyclohexylamine) 90 

6 Ac-His-Pro-Phe-His-Sta-CO-NH-CH(CH3)2 320 

7 Ac-His-Pro-Phe-His-Sta-CO-NH-CH2-CH(CH3)2 90 

8 Ac-His-Pro-Phe-His-Sta-CO-NH-CH2-CH2-CH(CH3)2 3 0 

9a Ac-His-Pro-Phe-His-Sta-CO-NH-C*H(CH2OH)-CH(CH3)2 60 

10a Ac-His-Pro-Phe-His-Sta-CO-NH-C*H(CH2OH)-CH(CH3)2 180 

"Compounds 9 and 10 are diastereomers. The asterisk indicates asymmetric carbons. 
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Introduction 

a-Melanotropin (a-MSH, Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-
NH2) is recognized for its role in skin darkening and has been the target of extensive 
structure-function studies for several decades. Isolation of the human melanocortin 
receptor, hMClR [1, 2], has allowed us to prepare a 3-dimensional molecular model of 
this receptor. The model was developed based on homology modeling using the 
bacteriorhodopsin [3] template. The superpotent peptides Ac-[Nle4, DPhe7]a-MSH 
(NDP-MSH, MT-I) [4, 5] and cyclo(Asp5, Lys10) Ac-Nle4-Asp5-His6-DPhe7-Arg8-Trp9-
Lys10-NH2 (MT-II) [5, 6] have been docked into this model. These studies were per
formed to gain molecular insight into probable peptide-receptor interactions. 

Phe 195 TM5 

^ g > ^ T ^ C ^ ^ Q H # Asp 121 TM3 

Asp 42 TM2 

v) 
Phe 175 TM4 i) J-^ X NH2 

,SH 
O 

C K N H 2 

Cys 125 TM3 T 

Phe258TM6 ^ \ " \ Asn91TM2 

Figure 1. The pharmacophore residues (DPhe-Arg-Trp) of MT-I and specific receptor inter
actions proposed in the modeled receptor binding pocket. 
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Results and Discussion 

We have developed a 3D molecular model of the peripheral melanocortin receptor, 
hMClR, believed to be involved in skin pigmentation. Superpotent agonists MT-I and 
MT-II were docked into the proposed binding pocket to identify probable ligand-receptor 
interactions involved in physiological response. Figures 1 and 2, of MT-I and MT-II 
respectively, illustrate the peptide pharmacophore residues, DPhe-Arg-Trp, interacting 
with specific receptor residues in the modeled binding pocket . Alternative binding 
locations for the Trp residue in the linear and cyclic peptides have been identified. This 
observation is supported by functional differences observed between binding efficacy, 
cAMP generation, and dissociation studies. Since little receptor mutagenesis data has 
been published to date, alternative peptide-receptor interactions (not shown) have been 
identified by manipulation of the transmembrane spanning a-helical regions to try to 
maximize identification of possible specific and chemical interactions occuring between 
the peptides and this receptor. This work was supported by a grant from the USPHS. 

Phe 195 TM5 

Phel75TM4 

° Asn281TM7 

Phe45TMl 

Asp 121 TM3 

Cys 125 TM3 

Asn 91 TM2 

N^NH 2
+ y ^ 

H HO 
.SH 

HO ' NH2 

Glu 94 TM2 

Figure 2. The pharmacophore residues (DPhe-Arg-Trp) of MT-II and specific receptor inter
actions proposed in the modeled receptor binding pocket. 
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Introduction 

Position 5 in OT agonists has long been known to be essential for agonistic activity [1]. 
Remarkably, the replacement of the Asn5 residue by Thr5 and Asp5 in the OT antagonist 
[Pen',D-Phe2,Thr4]OVT led to good retention of in vitro anti-OT potencies [2]. We now 
present data (Manning, M., Olma, A., Klis, W.A. and Sawyer, W.H., unpublished) on the 
effects of some position 5 changes in the potent non-selective VP antagonist 
d(CH2)5 [D-Phe2]VAVP (A, Table 1). We also present OT antagonists B-E, (Table 2) 
isosterically modified at position 5 to give the five analogs 6-10 (Table 2). 

Table 1. Analogs of the VP antagonist d(CH-),[D-Phe2jVAVP modified at position 5. 

No. 

A 
1 
2 
3 

4 
5 

X5 

Asnb 

Serc 

Glnc 

Phec 

Valc 

Thrc 

Anti-V2 

PV 

8.07 ±0.09 
6.21 ±0.08 
-5 .6 
-5 .7 

- 6 
-6 .4 

Anti-V,. 

PA2" 

8.06 ±0.03 
7.71 ±0.09 
6.55 ±0.08 
-5 .7 

6.48 ±0.01 
7.29 ±0.07 

Anti 

pA2 

(no Mg*) 

7.74 ± 0.06 
7.67 ± 0.06 
7.25 ± 0.07 
Agonist 
(3.4±0.3)d 

7.36 ±0.10 
8.01 ±0.07 

-OT {in vitro) 

pA2 

(0.5 mM Mg2*) 

8.29 ± 0.05 
7.20 ± 0.09 
6.81 ±0.09 
Agonist 
(1.2±0.2)d 

7.00 ±0.08 
7.43 ± 0.05 

"Estimated in vivo pA2 values represent the negative logarithms of the dose (in nmoles/kg) (the 
"effective dose") that reduced the response seen with 2x units of agonist to equal the response seen 
with x units of agonist administered in absence of the antagonist divided by the estimated volume 
of distribution (67 ml/kg); bData from Manning, M., Klis, W.A., Olma, A., Seto, J. and Sawyer, 
W.H.; J. Med. Chem., 25 (1982) 414; This publication; dU/mg. 
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Table 2. OT antagonists with isosteric modifications at position 5. 

No. 

B 
6 
7 
C 

8 
D 
9 
E 
10 

Peptide 

d(CH2)3[Tyr(Me)2,Thr4,Tyr-
Dap5 Analog of B" 
Dab5 Analog of Bd 

desGly-NH2d(CH2)5[D-Tyr2, 

Dap5 Analog of Cd 

desGly-NH2d(CH2)5[D-Phe2
: 

Dap5 Analog of Dd 

desGly-NH2d(CH2)5[D-Trp2, 
Dap5 Analog of Ed 

NH2
9]OVF 

Thr4]OVT 

, Thr4]OVr 

Thr4]OVP 

Anti-OT 

pA2-
b 

7.63 ± 0.07 
7.56 ±0.06 
7.29 ±0.05 
7.77 ± 0.04 

6.67 ±0.02 
7.90 ±0.06 
7.11 ±0.03 
8.02 ±0.03 
7.47 ±0.25 

Anti-V,. 

pA2
a 

7.02 ± 0.07 
5.35 ±0.04 
<5.0 
5.39 ±0.04 

ND 
5.30 ±0.04 
ND 
5.43 ±0.04 
ND 

Antidiuretic 

(U/mg) 

0.015 ±0.006 
< 0.001 
< 0.001 
antagonist 
pA2 < 5.5 
< 0.0005 
< 0.008 
< 0.0005 
< 0.010 
< 0.005 

"See footnote Table 1; hin vitro (no Mg2+); T>ata from ref. 3; dThis publication; "Data from ref. 4; 
Dap = Diaminopropionic acid; Dab = Diaminobutyric acid; ND = non-detectable. 

Results and Discussion 

With the exception of the Phe5 analog (which exhibits OT agonism), the remaining four 
position 5 analogs (Table 1) retain good in vitro OT antagonism and much reduced V2 

and Vla antagonism. 
The DapVAsn5 interchange in B-E led to good retention of in vitro OT antagonism in 

all four resulting analogs 6, 8-10. This interchange totally abolished Vla antagonism in 
8-10 (Table 2). Analogs 8-10 are the first reported totally selective OT antagonists. 
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Introduction 

Human neutrophil elastase (HNE; EC 3.4.21,37) plays physiological functions in host 
defense against bacterial infections and extracellular matrix (ECM) remodelling 
following tissue injury [1]. Ala-Ala-Pro-Val sequence fits the P4-P, sub-sites of elastase 
and inhibits HNE competitively with K, approx.lO"4M. The covalent coupling of lipo
philic moieties as long chain cis unsaturated fatty acids was found to considerably 
increase the inhibitory capacity of the substance, in keeping with the presence of an 
unusual hydrophobic binding site in HNE located near its active center [2-4]. In order to 
get a better insight of the size of this hydrophobic pocket, a series of lipopeptides of 
increasing lipophilic character were synthesized keeping constant the peptide moiety 
(Ala-Ala-Pro-Val) and analyzed for their HNE inhibitory capacities. In the present 
investigations, we also evaluated in vivo the bifunctionality of one such lipopeptide using 
elastin as the target macromolecule and quantified our data by automated image analysis. 

Results and Discussion 

In vitro inhibition of HNE amidolytic activity towards Suc(Ala)3NA by lipopeptides lb, 
lc, Id and le increased with increased lipophilicity of the substances; all compounds 
were more potent HNE inhibitors than N-oleoyl-(Ala)2Pro-Val-OH (la). Compound Id 
inhibited HNE with IC50 = 1.8xl0",() M as compared with IC5O=10"4 M [2] for the peptidic 
moiety above. Such difference indicated, in keeping withthe size of the lipidic part of the 
molecule, that the extended hydrophobic subsites of HNE could accommodate large 
hydrophobic molecules. Modifying the end carboxylic group of the lipopeptide to an 
ester (le) led to decreased inhibitory capacity of the compound. This substantiates 
earlier studies suggesting a primordial site in ionic interactions between ARG217 in HNE 
and the free carboxylate of the enzyme. 
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X-L-Ala-L-Ala-L-Pro-L-Val-Y 

la X=CH3(CH2)7CH=CH(CH2)7CO Y=OH 
lb X=(CH3)3COCO-D,L-NH[CH(CH2)MCH3] Y=OH 
lc X=(CH3)3COCO{D,L-NH[CH(CH2)„CH3]CO}2 Y=OH 
Id X=(CH3)3COCO{D,L-NH[CH(CH2)uCH3]CO}3 Y=OH 
le X=(CH3)3COCO{D,L-NH[CH(CH2)„CH3]CO}3 Y=OCH3 

The in vivo HNE inhibitory capacity of Id as well as its protective functions against 
elastolysis by elastin was further investigated (Figure 1 p>0.0001). Intradermal 
injections of lipopeptide Id did not modify AA% of rabbit skin elastic fibres, as 
compared to animals where only PBS was administered. HNE administrations, in similar 
conditions, resulted in a significant reductions of dermal elastic fibres levels. When Id 
was administered prior (15 min), with or after HNE, it could protect elastic fibre 
degradations induced by the enzyme. Such results extend previous studies demonstrating 
the in vitro, ex vivo and in vivo bi-functionality of lipopeptides acting as potent elastase 
inhibitors and elastic fibre protectors against elastolysis. 
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Figure 1. In vivo HLE activity of compound Id. 1. Two hundred fjL of phosphate buffered saline 
(PBS) pH 7.4, 2. 7.6 /JM HNE in 200 pL PBS, 3. Two hundred and fifty fig of Id dissolved in 
1:1 (v/v) EtOH/PBS followed 15 minutes later by administration at the same site of 7.6 uM of 
HNE (100 pL solution in PBS), 4. 7.6 p.MHNE (100 uL solution in PBS) followed 15 minutes 
later by local administration of 250 fig of Id dissolved in EtOH/PBS 1:1 (v/v). 5. 7.6 juM HNE 
with 250 pg of Id injected simultaneously. 
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Introduction 

Antibodies against the IL-2Ra chain have proven clinically effective as immuno
suppressant agents [1] and thus we have sought small molecules capable of blocking the 
IL-2-IL-2Roc interaction as potential orally active successors to the antibody drugs. A 
combination of X-ray crystallographic studies of IL-2 [2] and site directed mutagenesis 
[3] identified a linear region comprising Lys35, Arg38, Phe42 and Lys43 as critical for the 
binding of IL-2 to IL-2Roc. Modeling experiments suggested that the pentapeptide 
Lys-Arg-Gly-Phe-Lys in an extended conformation with Gly serving as a spacer could 
span the region from Lys35 to Lys43 and achieve good overlap of its side chains with the 
corresponding key residues of IL-2. 

While such peptides are only weak IL-2 antagonists, incorporation of elements which 
promote the bioactive conformation would be expected to improve potency. In keeping 
with recent interest in such constrained spacers, we perceived that phenylogous amino 
acids mimic the geometry of extended dipeptide as illustrated in Figure 1. 

O • H O 

V H l ? H 

Figure 1. Comparison of extended conformation of Ala-Gly with corresponding dipeptide mimic. 

We outline in Figure 2 the synthesis of the phenologous Arg-Gly mimic which is 
suitably protected for insertion into polypeptides. The key step in the synthesis of this 
compound involved the addition of allyl magnesium bromide to the chiral Schiff s base 1 
in the presence of CeCl3 at -50°C. [5, 6]. The reaction proceeded in 85-90% yield to 
give the allyl amine 2 which was shown to be essentially diastereomerically pure by 'H 
NMR. Hydroboration and oxidative cleavage of the chiral auxiliary using lead 
tetraacetate to afforded the amine 3 in 40% yield for the two steps. The absolute 
stereochemistry of 3 was confirmed by X-ray crystallographic analysis. The amine was 
protected as the Boc derivative prior to palladium catalyzed carboalkoxylation [7]. 
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Figure 2. Synthesis ofphenylogous Arg-Gly mimic suitable for insertion into polypeptides. 

Investigation of the conditions for this step led to the selection of Pd(Ph3P)2Cl2 in a 
mixture of n-butanol, DMF and Et3N (4/3/3 by volume) at 80°C under 40 psi of carbon 
monoxide. This reliably gave 85-95% yields of carboxylate from aryl bromide. To 
complete the synthesis, the carboalkoxylation product 4 was treated with N,N-bis-Cbz-
guanidine under Mitsunobu conditions resulting in the orthogonally protected Arg-Gly 
mimic 5. Treatment with lithium hydroxide in aqueous THF effected cleavage of the 
ester and one of the Cbz groups to give the target Arg-Gly mimic 6 in 72% yield for the 
final two steps. 

The Arg-Gly mimic 6 was readily inserted into IL-2 related peptides by the use of 
conventional solution phase chemistry. However, this did not lead to an enhancement of 
potency for the resulting binding epitope analogs. Nevertheless, the general methods 
described should be useful for preparation of other extended Xaa-Gly dipeptide mimics, 
either derived directly from 4 or from 1 utilizing the broad array of organometallic 
reagents available for the stereoselective introduction of the Xaa side chain. 
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Introduction 

There have been a variety of single alanine point mutations experimentally introduced 
into both rat and human bradykinin B2 receptors. These have been shown to decrease 
the affinity for bradykinin [1-3]. In contrast, there have been no mutations reported 
which adversely affect the ability of any peptide antagonists to bind to the receptor. The 
ultimate identification of the amino acid residues which make up this antagonist site 
would be another valuable asset toward the goal of structure-based design of novel 
non-peptide antagonists. 

Results and Discussion 

We previously reported that characterizations of the bradykinin B2 receptors from rat 
and human using NPC 17410 revealed different pharmacologies [3]. Specifically, it 
showed a higher affinity for the human B2 receptor than it did for the rat B2 (human 
IC50=0.95 nM , rat IC50 = 48.0 nM). This ligand "tool" provided a means for evaluating a 
series of bradykinin rat/human B2 receptor chimeras. The chimeras used are depicted 
schematically in Figure 1, together with the IC50 values determined for NPC 17410. 
Chimeras I through III sample the N- and C-terminal sections of the receptor for any 
contributions to an antagonist binding site. The remaining chimeras sample the core 
transmembrane domains of the receptor. Each chimera was shown to respond to 
bradykinin in a fashion similar to wild type when expressed in Xenopus oocytes. For 
each NPC 17410 assay, [3H]-NPC 17731 was used as the radioligand. 

From this systematic approach, specific groups of residues within the receptor were 
identified as possible contributors to an antagonist binding site. NPC 17410 binding to 
Chimeras III, IV, V and VIII showed rat-like pharmacology (low NPC 17410 affinity). 
NPC 17410 binding to chimeras I, II, VI, and VII showed human-like NPC 17410 
pharmacology (high receptor affinity). Comparisons of rat and human receptor 
sequences in the regions sampled by the chimeras reveals that only two clusters of 
residues differ between rat and human B2 receptors. Specifically, TM3 has a cluster of 3 
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NPC 17410 
PHARMACOLOGY 

O (1.0 nM) 

O (1.0 nM) 

0(1 .0 nM) 

0 ( 1 . 0 nM) 

Rat Wild type 46 nM 

n Human Human Wild type 

Figu re 1. Receptor binding curves for the binding of NPC 17410 and NPC 17643 to B2 receptors 
from the guinea pig ileum and cloned rat and human B2 receptors. 

residues which differ, and TM6 has a cluster of 5 residues which differ in rat and human 
receptors. These represent important targets for follow-up point (and cluster) mutation 
experiments. Our current thinking is that the largest effects on NPC 17410 
pharmacology, if any, might be derived from the TM3 mutants since between rat and 
human, these are quite diverse. However, it is also possible that the cluster of residues 
identified in TM6, while not radically dissimilar may, as a group, create different 
hydrophobic environments between these species homologues. The most significant 
individual difference within the TM6 zone is the Phe259(rat)—»Leu257(human) swap and 
might therefore be most significant in this regard. Currently, we have prepared these 
mutant receptors, but at this time binding to NPC 17410 remains unfinished. 
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Introduction 

Many cell surface receptors initiate their effects on cellular growth, metabolism, and 
differentiation by catalyzing tyrosine phosphorylations within their own sequences and 
additional cellular substrates. Insulin, PDGF, EGF and related receptors have intrinsic 
kinase activity, whereas lymphocyte, cytokine and related receptors associate non-
covalently with cytoplasmic tyrosine kinases to initiate their signaling events. Phospho
rylated tyrosines frequently act, in turn, as docking sites for proteins Src homology 2 
(SH2) domains. SH2 domains are phosphotyrosine-binding modules associated with a 
variety of cytoplasmic proteins participating in intracellular signal propagation [1,2]. 

Recently, a second type of phosphotyrosyl recognition domain having no sequence 
homology with SH2 domains has been described in the amino-terminus of the kinase 
substrate She [3-5]. She is phosphorylated upon activation of many cell surface 
receptors and acts as a docking protein for Grb2 which, in complex with another protein 
called Sos, regulates Ras. The She phosphotyrosine binding (PTB) domain binds 
directly with activated kinases or associated proteins, including insulin, EGF, and NGF 
receptors, erbB2, erbB4, and the polyoma virus middle T antigen (mT) via NPXpY 
peptide motifs [6-8]. IRS-1 is phosphorylated more selectively in cells following insulin 
stimulation and may contain a related PTB domain [9, 11]. We have expressed protein 
segments from human She and IRS-1 and compared the capacity of these proteins versus 
multiple SH2 domains to bind with intact phosphoproteins and corresponding synthetic 
phosphopeptides. 

Results and Discussion 

For comparative analyses of binding specificity, She and IRS-1 PTB domains expressed 
as glutathione S-transferase (GST) fusion proteins were combined with radiolabeled and 
unlabeled phosphopeptides as described previously for SH2 domain competition assays 
6, 10]. For example, the She PTB domain binds a mT peptide with highest affinity and 
IL4 and insulin receptor sequences with lower affinities (Figure 1). In contrast, the 
IRS-1 PTB domain binds the IL4 receptor sequence with highest affinity, the insulin 
receptor sequence with intermediate affinity, and not at all with the mT-derived sequence 
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O IR-960/15 

^ IL4R-497/11 

• mT-250/8 

B. IRS-1 PTB 

-9 -8 -7 -6 -5 -4 -3 -8 -7 -6 
log Peptide Concentration (M) 

Figure 1. Differential specificities of She and IRS-1 PTB domains. Competition curves for 
binding of A. She or B. IRS-1 PTB domains with peptides derived from polyoma virus mT antigen 
(LSNPTpYSV), insulin receptor (LYASSNPEpYLSASDV), andIL4 receptor (LVIAGNPApYRS) are 
displayed. 

to demonstrate significant differences in binding specificities between PTB domains. 
Studies with unphosphorylated and scrambled sequences show that phosphorylation and 
peptide sequence are critical for high affinity and specificity [6]. Additional analyses 
with over 50 native and substituted sequences, including those presented in Table I, 
provide a basis for summarizing PTB domain specificities. 

The She PTB domain binds with highest affinity with peptides having the consensus 
sequence *PXN(j,P2pY derived from mT, TrkA, Erb4 and IL2 or EGF receptors QV= 
hydrophobic, P^P.Q.L; P2=T>A>E). The IRS-1 PTB domain does not bind with this 

Table 1. Specificity of She and IRS-1 PTB domains demonstrated by relative phosphopeptide 
affinities. Peptide names denote protein source, site of phosphorylated tyrosine and 
peptide length (note the common NPXpY motif). 

Peptide Source 

mT-250/9 
mT-250/7 
mT-250/6 
IL2R-364/10 
TrkA-490/8 
ErbB4-1242 
IR-960/15 
IR-960/A-1 
IL4R497/11 
IL4R497/10 
IL4R497/9 

Sequence 

LLSNPTpYSV 
SNPTpYSV 
LSNPTpY-NH2 

SCFTNQGpYFF 
IENPQpYFS 
AKKAFDNPDpYWN 
LY AS SNPEp YLS ASD V 
LYASSNPApYLSASDV 
LVIAGNPApYRS 
VIAGNPApYRS 
IAGNPApYRS 

She PTB 
ID50± SEM (pM) 

0.6 ±0.1 
>300 
2.6 ±0.3 
0.8 ± 0.05 
6.3 ±0.5 
1.4 ±0.2 
30±5.3 
12± 1.3 
19 ±2.4 
31 ±3.9 
>300 

IRS-1 PTB 
ID50± SEM (pM) 

>300 
>300 
>300 
>300 
>300 
>300 
170 ±53 
5.4 ±0.7 
4.2 ±0.6 
114±38 
>300 
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motif. Whereas both the She and IRS-1 PTB domains bind ^ X X X N ^ p Y sequences 
derived from insulin or IL4 receptors, specificities vary in detail. ID and 2D 'H NMR 
studies show that these peptides form stable (3-turns in solution [6], although 
configurations of PTB domain-bound peptides are unknown. 

Binding interactions mediated by PTB domains of She and IRS-1 are closely related 
to analogous SH2 domain interactions in that binding affinities are similar, phosphory
lation serves as the on-off switch, and the surrounding sequence provides specificity. 
However, the PTB domains show a direct reversal in orientation of required peptide 
interactions compared to SH2 domains, since residues amino but not carboxyl terminal to 
pTyr determine specificity. Unlike SH2 domains that recognize peptides in an extended 
conformation, PTB domains recognize (3-turn forming sequences. Since She interacts 
with and is phosphorylated by many receptor types including TrkA, TrkB, ErbB2, 
ErbB3, ErbB4, the insulin, IL2 and EGF receptors, and the polyoma virus mT antigen, 
while IRS-1 interacts selectively with the insulin and related IGF-1 receptors (IRS-2/4PS 
interacts with the IL4 receptor in hematologic cells), biological specificity is faithfully 
recapitulated by the PTB domains of these proteins. The apparent promiscuity of She as 
a substrate of many receptor-linked tyrosine kinases and fidelity of IRS-1 as a selective 
substrate of insulin receptors may be accounted for by the inherent specificities of their 
PTB domains. 
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Introduction 

pp60src is a nonreceptor tyrosine kinase which is known to interact with several key 
signalling proteins via sequence specific phosphotyrosine (pTyr) mediated binding with 
its SH2 domain [1]. A structure of the v-Src SH2 domain complexed with 1 (see below) 
has been determined by X-ray crystallography at 2.7 A resolution [2]. 

H-Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile-Tyr-Leu-OH 
p p p p p p 
r-l r r+l r+2 r+3r+4 

Binding site nomenclature 

The design of prototype peptidomimetics has been derived from the above X-ray 
crystallographic structure of phosphopeptide 1 complexed with Src SH2 domain. Such 
structure-based drug design efforts have led to the discovery of potent, specific, and 
stable series of peptide ligands which have novel pTyr and hydrophobic D-amino acid 
replacements. 

Results and Discussion 

Based on the 3D-structure of the Src SH2 complex [2], two series of compounds were 
designed as analogs of 2, [3] and 2 which showed low pM affinity for the Src SH2 
domain (Table 1). Relative to the parent pentapeptide 2, removal of the N-terminal 
acetamide group results in about a 5-fold decrease in binding affinity for 2- The 
a-methyl substituted analog 4 is less potent than the parent analog 2, however it was 
discovered that cc-phenyl substitution at the pTyr moiety did provide high affinity in a 
stereochemically selective manner. The oc-carboxymefhyl analog 7 was the most potent 
of this series. Finally, the D-pTyr analog 2 was 5-fold less potent than the parent 
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Table 1. Binding affinities of phosphopeptides to Src SH2. 

Compound Peptide IC30pM 

2 Ac-pTyr-Glu-Glu-Ile-GIu 0.48 
3 pHpp-Glu-Glu-Ile-Glu 3.40 
4 pHpp(a-CH3)-Glu-Glu-Ile-Glu 20.00 
5 pHpp(a-C6H5)-Glu-Glu-Ile-Glu 1.90 (isomer 1) 
6 pHpp(a-C6H5)-Glu-Glu-Ile-Glu 9.3 (isomer 2) 
7 pHpp(a-CH2C02H)-Glu-Glu-Ile-Glu 0.35 
8 Ac-D-pTyr-Glu-Glu-Ile-Glu 2.85 
9 Ac-pTyr-Glu-D-Hph-NH2 7.80 

10 Ac-pTyr-Glu-D-Trp-NH2 4.20 
11 Ac-pTyr-Glu-D/L-Trp(a-CH3)-NH2 4.00 
12 Ac-pTyr-Glu-D-Nle-NH2 10.40 
13 Ac-pTyr-Glu-D-Ser(Bn)-NH2 5.10 
14 Ac-pTyr-Glu-D-Phg-NH2 8.30 
15 Ac-pTyr-Glu-D-Hcy-NH2 2.10 
16 Ac-pTyr-Glu-D/L-MeTrp-NH2 11.50 
17 Ac-pTyr-Glu-D-MePhe-NH2 2.10 
18 Ac-pTyr-Glu-D-MeCha-NH2 0.96 
19 pHpp-Glu-D-Trp-NH2 21.00 
20 pHpp(a-CH3)-Glu-D-Trp-NH2 14.00 
21 pHpp(a-C6H5)-Glu-D-Trp-NH2 28.0 
22 Ac-F2Pmp-Glu-Glu-Ile-Glu 1.10 
23 Ac-F2Pmp-Glu-D-Hcy-NH2 4.90 

Abbreviations: Hpp, 3-(4-hydroxy-phenyl)-propionic acid; Phg, phenylglycine; Hey, homo-
cyclohexylalanine; Hph, homophenylalanine; MeTrp, Na-methyl-tryptophan; MePhe, Na-
methyl-phenylalanine; MeCha, Na-methyl-cyclohexylalanine. 

phosphopeptide. Relative to the parent tripeptide 9, a 30-fold range of binding affinity to 
Src SH2 was observed for a series of P+2 D-amino acid modification {e.g., 10-21). 
Specifically, replacement of the D-Hph of 2 by a more hydrophobic, constrained amino 
acid D-Trp (10) or D/L-Trp(a-methyl) (11) resulted in about 2-fold increased binding 
activity. Replacing the P+2 aromatic amino acid by D-Nle (12) resulted in 2-fold lowered 
binding affinity. Homologation of the alkyl side chain of 9 to give compound 13, 
effected a slight increase in binding affinity. Interestingly, when D-Phg (13) is 
substituted for D-Hph the binding affinity remains essentially the same. Increasing the 
lipophilicity of the D-Hph was accomplished by reducing the aromatic ring to a 
cyclohexane ring 15 which led to a 4-fold increase in affinity. Finally, several 
N-methyl-D-amino acid substituted analogs (16-1S) led to identification of a compound 
which was nearly 10-fold more potent than the parent tripeptide. 

Modification of the N-terminal acetyl group in 10 was accomplished by employing a 
phosphorylated 3-(4-hydroxyphenyl)-propionic acid for compound 19, 2-(R)-mefhyl-3-
(4-hydroxyphenyl)-propionic acid for compound 2Q, and a 2-(R/S)-phenyl-3-(4-
hydroxyphenyl)-propionic acid for compound 21. These substituted pTyr modifications 
provide a 2-4 fold reduction in affinity when compared with 10, which underscores the 
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likely contribution of a hydrogen bond between the amino-terminal acetamide and 
Arg-155. Similar to such replacements in a pentapeptide series {vide supra) a significant 
decrease in binding was found, (compounds 3-5). 

Finally, we examined a replacement for the labile phosphate group of the above 
pTyr-substituted peptides. A nonhydrolyzable mimetic of the phosphate was prepared by 
replacement of the phosphate ester oxygen with an oc,a-difluoromefhylene moiety. 
Phosphonates of this type have proven to be useful in a number of biological studies 
[4], since a,a-difluoro-phosphonomefhyl phenylalanine (F2Pmp) is a nonhydrolyzable 
mimetic of pTyr. Two compounds, 22 and 23, were synthesized employing F2Pmp, and 
were found to be 2-3 fold less potent than the parent pTyr containing peptides. The loss 
of activity may be partially attributed to a lower pKa2 of the F2Pmp-phosphonate relative 
to that of the pTyr phosphate (pKa2 6.22 versus 1.11 respectively) [4] or to the 
incompatibility of the larger difluoromefhylene unit relative to the oxygen atom. 
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Introduction 

Lipo-, phospho-, nucleo-, and glycoproteins are critically involved in the transduction of 
signals from the extracellular space into the cell and ultimately to the cell nucleus. A 
recent spectacular example which highlights their biological importance is the elucida
tion of the Ras pathway of signal transduction which is central to growth control in 
mammals and other organisms [1]. For the study of such signal transduction pathways 
structurally well-defined lipo-, phospho-, nucleo-, and glycopeptides carrying the 
characteristic structural elements of the parent proteins, are required. The synthesis of 
such peptide conjugates, however, is complicated by their multifunctionality and 
chemical lability. Numerous orthogonally stable protecting groups have to be applied, 
which all must be removable under the mildest, preferably neutral, conditions. 

We have developed enzymatic protecting group techniques which fulfill these 
criteria [2] as efficient tools for the synthesis of peptide conjugates. 

Results and Discussion 

For the C-terminal enzymatic deprotection of peptides and peptide conjugates, we have 
used the heptyl (Hep) esters, and the choline (Cho) esters (Scheme 1). 

P G - A A ' - A A ^ O ^ / ^ / N / PG-AA^AA^O 

v „ / 

Hep Cho 

Deprotection conditions: Deprotection conditions: 
Lipase from Rhizopus niveus, ButyrylchoUne esterase, 
pH 7,37°C, pH 6.5,25°C, 
50-96% 70-90% 

PG = Z, Boc, Aloe, 

Scheme 1. 

OJiy 
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The Hep esters are readily removed from simple peptides [3] and complex glycopeptides 
[4] by means of lipase-mediated saponification of the ester group under mildest 
conditions. Peptide choline esters can be selectively deprotected under similarly mild 
conditions by employing butyryl choline esterase from horse serum as biocatalyst [5]. In 
contrast to the heptyl esters the choline esters display pronounced solubility-enhancing 
properties and render the peptidic substrates for the enzymes highly soluble in aqueous 
solutions, thereby guaranteeing that the enzymatic transformations proceed smoothly. 

For the N-terminal enzymatic deprotection of peptides and peptide conjugates the 
phenylacetamido (PhAc) group and the p-acetoxy-benzyloxycarbonyl (AcOZ) group 
were employed. The PhAc amide can be cleaved from peptides under mildest conditions 
by means of the enzyme penicillin G acylase from E. coli [6] (Scheme 2). However, it 
has the drawback that, as a non-urethane blocking function, it leads to 3-5% racemization 
of the N-terminal amino acid during peptide coupling. The AcOZ group represents the 
first enzymatically removable protecting function for peptide chemistry by which this 
problem is overcome. It is cleaved at pH 6-7 via hydrolysis of the phenolic acetate by 
the enzyme acetyl esterase and subsequent spontaneous fragmentation of the phenol 
generated thereby to liberate the desired peptide or peptide conjugate [7] (Scheme 2). 

(XX Deprotection conditions: 
HN-AA1 -AA2-OPG Penicillin G acylase from E. coli 

pH 7-8,25°C, 
65-95% 

PhAc 

" i f ^ S ^ O >y, HN-AA'-AA^OPG 

If n , 
O Deprotection conditions: 

, Acetyl esterase, 
pH 7,45°C, AcOZ 5 7 - 7 0 % 

PG = Me, t-Bu, Bzl, AU 

Scheme 2. 

The advantageous properties of these enzyme-labile blocking functions allowed for a 
successful synthesis of characteristic structural elements of different peptide conjugates. 
For instance, a glycopeptide which represents a characterisitic partial sequence of a 
glycoprotein found on the surface of human breast cancer cells was built up by 
employing the lipase-mediated hydrolysis of the heptyl esters as protecting group 
technique [4]. In particular, the use of the choline ester as enzyme-labile C-terminal 
protecting function and of the AcOZ-urethane as enzymatically removable N-terminal 
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blocking group allowed for the first synthesis of the characteristic C-terminal 
lipohexapeptide of the human N-Ras protein (Scheme 3). This peptide carries a very 
base-labile palmitic acid thioester as well as an acid-sensitive farnesyl thioether, so that 
protecting groups which are removed by means of acids or bases like the Boc- and the 
Fmoc group cannot be employed in its construction. 

Aloc-Cys-Met-Gly-OCho 
I 
Pal 

AcOZ-Leu-Pro-Cys-OMe 
I 
Far 

Choline 
esterase, 
pH6.5 

59% 
lipase from 
Mucor miehei 
pH5 

65% 

Aloc-Cys-Met-Gly-OH 
I 
Pal 

H-Leu-Pro-Cys-OMe 
I 
Far 

EDC, HoBt f 64% 

Aloe- Cys - Met- Gly- Leu • Pro- Cys - OMe 

L I 
O 

v u / v I 
— V -

Pal Far 

C-Terminal Lipohexapeptide of the Human N-Ras Protein j 
Scheme 3. 
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of Neurohypophysial Hormone Receptors 
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Introduction 

The structurally homologous mammalian neurohypophysial peptide hormones 
[arginine8]vasopressin (AVP) and oxytocin (OT) have distinct physiological roles. In 
common with other hormones and neurotransmitters, subtypes of vasopressin receptor 
(VPR) have been distinguished by pharmacological criteria [1]. Analysis of the amino 
acid sequence of cloned AVP and OT receptor proteins identifies two highly conserved 
domains in the first and second extracellular loops which are hypothesized to provide a 
ligand recognition site [2]. This investigation was designed to determine whether 
molecular recognition occurs between the extracellular domains of neurohypophysial 
hormone receptors and peptide/non-peptide ligands. Our data also endorse the 
application of mimetic peptides to delineate functional receptor domains. 

Results and Discussion 

We used a ligand binding protocol [3] in which the interaction between a labelled ligand 
and a receptor mimetic peptide reduced ligand occupancy of the rat Vla vasopressin 
receptor (rVlaR, Figure 1). Mimetics inhibited the binding of [3H]AVP, [3H][d(CH2)5-
Tyr(Me)2]AVP (a Vla-selective antagonist, [4]) and [3H]SR 49059 (a nonpeptide Vla-
selective antagonist, [5]) in a concentration-dependent manner (Figure 1). Comparative 
pKj values of mimetic peptides corresponding to the extracellular surface of the rVlaR 
(Table 1) indicate that the first extracellular loop (ECU) contains a major binding-site 
determinant with further contributions provided by the N-terminal (ECI) and second loop 
(ECIII). The pharmacological properties of the rV,aR-, and human oxytocin receptor 
(hOTR-)-, derived ECU mimetic peptides were very similar, binding all three classes of 
ligand investigated with comparable pK; values. In contrast, molecular recognition by 
the rat V2 VPR (rV2R) ECU mimetic peptide DATDRFHGPDAL was restricted to the 
natural agonist [3H]AVP (Table 1). These data indicate that the ECU domain of neuro
hypophysial hormone receptors play a major role in ligand recognition and determining 
V,/V2 selectivity. The binding of [3H]SR 49059 to the rVlaR was inhibited with 
comparable affinity by both rVla R-, and hOTR-, derived ECU mimetic peptides 
(Table 1) even though this ligand binds with very low affinity to native OTRs. These 
findings indicate that additional binding-site epitopes are presented by native receptors 
which determine the pharmacological specificity of non-peptide vasopressin antagonists. 
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Figure 1. Left, dose-dependent inhibition of specific fHjAVP binding (0.42-0.62nM) to the rat 
liver Vla VPR by receptor mimetic peptides. All curves are representative of 3-5 independent 
determinations of the apparent Kf (•) DITYRFRGPDWL rVlaR

102-"3, ( • ) DITFRFYGPDLL 
hOTR'00-'", (A) DATDRFHGPDAL rV^'00-'", (o) TYRFRGPD rVlaR'0"-'", (D) QDCWATFIQP 
rVlaR'93-203, (A) DRSVGNSSPWWPLTTE rVlaR

9'24. ( • ) (rD)peptide) LWDPGRFRYTID rVlaR"3-'02. 
Right, inhibition of hormone-stimulated GPa [3] in isolated rat hepatocytes. Data are mean ± 
SEM (n = 3-6): ( • ) DITYRFRGPDWL + AVP (0.5nM), (O) TYRFRGPD + AVP, (0) DITYRF 
RGPDWL + angiotensin II(lOnM). 

Table 1. Comparative inhibition constants of receptor mimetic peptides. 

Peptide 

ECI 
DRSVGNSSPWWPLTTE 
EGSNGSQEAARLGEGD 
DSPLGDVRNEELAK 

ECU 
DITYRFRGPDWL 

TYRFRGPD 
DITFRFYGPDLL 
DATDRFHGPDAL 
LWDPGRFRYTID 
(rDpeptide) 

ECIII 
EVNNGTKTQDCWAT 
EVNNGTKTQD 
QDCWATFIQP 

WATFIQPWGT 
ECIV 

DENFIWTDSEN 

radioligand 

rVlaR
9"24 

rVlaR
24"39 

rVlaR
39"52 

rV.R102-"3 

rV]aR
104-m 

hOTR100-"1 

rV2R10(M" 
rV,aR"3-102 

rV,aR
185-198 

rVlaR
185-194 

r y R193-202 

rVlaR
196-205 

rVlaR
313-323 

AVP 

4.94 
<2 
<2 

6.75 
4.71 
6.25 
3.1 
<2 

4.55 
<2 
5.70 
4.65 

<3 

Apparent pKj 

[d(CH2)5Tyr(Me)2] 

5.13 
<2 
<2 

6.57 
4.56 
6.43 
<2 
<2 

4.61 
<2 
5.54 
4.49 

<3 

SR4905 

5.13 
<2 
<2 

6.73 
4.70 
6.76 
<2 
<2 

3.89 
<2 
5.46 
4.60 

<3 

Carboxy-amidated peptides were purified and characterized as previously described [3]. Values 
are arithmetic means from at least three independent determinations of K,. Peptides are grouped 
according to position on the extracellular surface (ECI-ECIV). The rDpeptide LWDPGRFRYTID 
is a retroinverso homologue synthesized from D aa. 
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None of the peptide mimetics used in this study inhibited [3H]angiotensin II binding 
to the rat liver AT, receptor. Clearly, peptide mimetics of the extracellular domains of 
neurohypophysial hormone receptors display ligand selectivity as they can distinguish 
AVP/OT analogues from other peptide ligands of a similar size. Moreover, the rVlaR 
ECU reverse D-mimetic peptide (LWDPGRFRYTID) was not able to "recognize" any 
vasopressin receptor ligand (Table 1), indicating that backbone atoms of the ECU 
domain of the rV]aR contribute to ligand recognition [6]. 

We predicted that potent binding site mimetics would concomitantly reduce receptor 
occupancy and inhibit AVP-induced effects. The peptide DITYRFRGPDWL did indeed 
inhibit AVP-stimulated hepatic glycogen phosphorylasea (GPa) in a dose-dependent 
manner (Figure 1). This effect was specific for AVP, as the ECU mimetic did not inhibit 
angiotensin II-stimulated GPa activity (Figure 1). The truncated rV]aR ECU mimetic 
TYRFRGPD, which has c. 100-fold lower affinity for AVP (Table 1), was far less potent 
at inhibiting AVP-stimulated GPa activity (Figure 1). 

In summary, our data provide direct evidence that peptide and non-peptide ligands 
specifically interact with common/overlapping binding-site determinants contained 
within the extracellular loops of the rVlaR. Recent studies [7,8] have also emphasized a 
critical role of the ECU domain in determining agonist specificity for vasopressin 
receptors. We suggest that this selective molecular recognition process achieves the 
initial "capture" of the ligand. Additional hydrophobic interactions probably determine 
the final "docked" position of ligands within the binding site. This "capture and 
docking" model allows peptide and non-peptide ligands to interact differently with sites 
within the receptor protein when in their "docked" position. 
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Introduction 

Cells are regulated by many chemical mediators. Most of such mediators bind to plasma 
membrane receptors and induce cell response. GTP-binding regulatory proteins (G 
proteins) are the molecules which convey signals from plasma membrane receptors to 
cytoplasmic effectors such as adenylyl cyclase, phospholipase C, and ion channels [1]. 
Receptors for various peptidergic hormones and neurotransmitters are known to couple 
with G proteins [1,2]. Mastoparan (MP), a tetradecapeptide isolated from wasp venom, 
stimulates exocytosis from various cells such as histamine secretion from peritoneal mast 
cells [3]. Recently, MP has been shown to directly activate some G proteins such as G, 
protein which involves in the inhibition of adenylyl cyclase and the activation of 
phospholipase C [4, 5]. MP catalyzes nucleotide exchange on G proteins in a manner 
similar to that of plasma membrane receptors in the reconstituted phospholipid vesicles 
of G:. The activation of Gj protein is prevented by the ADP-ribosylation of it by the 
treatment of pertussis toxin (PTX). Following these findings, a similar mechanism of G 
protein regulation has been proposed for substance P (SP), a neuropeptide isolated from 
mammals [5]. These results let us hypothesize that these amphiphilic compounds can 
directly activate G proteins even in cell systems. If MP and SP cause exocytosis from 
mast cells as a result of the direct activation of G proteins, there would be a relationship 
between the structural requirements of them for the stimulation of exocytosis and its 
activation of G proteins. Moreover, there would be a difference between the exocytotic 
mechanisms stimulated by them and those induced by the stimulants of receptors. 

Here, the mechanisms of MP- and SP-induced exocytotic secretion from rat 
peritoneal mast cells, which may cause direct activation of G proteins, were investigated. 
To elucidate whether MP and SP can directly activate G proteins in peritoneal mast cells, 
the structure-activity relationships of them with exocytosis from those cells and with the 
activation of G proteins were studied, ^-hexosaminidase (P-HA) release was measured 
to assess exocytotic secretion, because this enzyme is found in secretory vesicles. The 
leakage of lactate dehydrogenase (LDH) was monitored to assess the cytotoxicity of 
peptides. The GTP hydrolysis of G; protein purified from rabbit liver, which demonstrate 
the existence in peritoneal mast cells [6], in the reconstituted phospholipid vesicles of Gj 
was also measured to clarify G protein activation. 
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Results and Discussion 

Mechanisms of exocytosis. MP and SP induced non-lytic (3-HA release from mast cells 
in concentration dependent manner (Figure 1 for MP, the data by SP were not shown). 
First, time course of the enzyme secretion stimulated by MP at various temperatures was 
measured. MP stimulated (3-HA release at 20°C and 37°C, but not at 0°C (data not 
shown). The enzyme was released after MP stimulation with a lag time of 10 sec at 20° 
although the release was initiated less than 3 sec after MP stimulation at 37°C. The 
percentage of released (3-HA compared with the total content of it in mast cells was also 

1(T UT 
Mastoparan [M] 

Figure 1. Effects of extracellular Ca2+ on B-HA release (a) and LDH leakage (b) induced by 
mastoparan: (•) in the presence of 0.9 mM extracellular Ca2*; (O) in the absence of extracellular 
Ca2*. Each point represents the mean ± SEM of separate experiments. 

Table 1. The activities of MP and its analogs on B-HA and LDH release, and GTP hydrolysis of 
Gfstimulated by them. 

Peptides 

mastoparin (MP) 
[Leu13]MP 
[Leu13,Ala'4]MP 
[Ala13]MP 
[Ala'2,Leu13]MP 
[Ala",Leu,3]MP 
[Lys'°,Leu13]MP 
[Ala9,LeuI3]MP 
[Ala6,Leu13]MP 
[Ala4,Leu13]MP 
[Ala3,Leu13]MP 
[Gln4",Ala12,Leul3]MP 

P-HA 

7.1 
3.7 
17.4 
27.3 
3.8 
7.9 
0.5 
30 < 
21.5 
4.2 
16.2 
-

EC50(pM) 

LDH 

90 
100 < 
100 < 
-
30 
50 
-
100 < 
-
50 
-
100 < 

GTPase 

10 pM 

0.12 
0.1 
0.05 
0.04 
0.27 
0.09 
0.02 
0.05 
0.04 
0.06 
0.04 
0.02 

activity (min"1) 

100 pM 

0.21 
0.17 
0.19 
0.12 
0.70 
0.23 
0.12 
0.11 
0.13 
0.16 
0.14 
0.08 
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affected by temperature; 20 pM MP induced about 62 % enzyme release at 37°C, but 
about 22 % at 20°C. 

We examined effect of extracellular free Ca2+ on the time course of enzyme release 
caused by MP. In the presence of 0.9 mM extracellular Ca2+, the enzyme release was 
initiated within 3 sec, and the t/2 was about 5 sec in the presence of 20 pM MP. In the 
absence of extracellular Ca2+, the enzyme was also secreted, but the t/2 was 30 sec after 
stimulation with 20 pM of MP. As shown in Figure 1, the concentration dependence and 
maximal secretion of the enzyme were also affected by extracellular Ca2+. These results 
demonstrated that extracellular Ca2+ was not essential for MP-induced secretion, but it 
increased the kinetics. In addition, removing extracellular Ca2+ increased the sensitivity 
to MP. The same characteristics were observed in the stimulation of exocytosis from 
mast cells induced by SP. 

The P-HA release and the GTP hydrolysis of G; stimulated by the various analogs of 
MP were measured to determine the structure requirements of MP to stimulate exocytosis 
from peritoneal mast cells and to activate G, protein in reconstituted phospholipid 
vesicles of it. As shown in Table 1, the structure-activity relationships of MP and its 
analogs on the stimulation of exocytosis from mast cells and on the activation of G; 

correlated well in the study of hydrophobic and hydrophilic amino acid replacements. 
Both the stimulation of P-HA release and the activation of Gt by MP and its analogs were 
prevented by the treatment of PTX. [Lys'°,Leu'3]MP was the most potent stimulator of 
P-HA release without causing cell lysis. However, this peptide only slightly activated Gr 

Therefore, further studies are required to understand how G protein is directly activated 
by amphiphilic compounds, that is, the translocation of these compounds across the cell 
membrane. 

Acknowledgments 

We thank Drs. E. M. Ross and. K. Wakamatsu for their kind suggestions. This work was 
supported by research grants from United States Public Health Service (No. GM40676), 
the Ministry of Education, Japan (No. 06680605), the program of Special Research 
Project on Circulation Biosystems, University of Tsukuba, and the Naito Research 
Foundation. 

References 
1. Gilman, A.G., Ann. Rev. Biochem., 56 (1987) 615. 
2. Ross, E.M., Neuron, 3 (1989) 141. 
3. Hirai, Y., Yasuhara, T., Yoshida, H, Nakajima, T., Fujino, M. and Kitada, C, Chem. Pharm. 

Bull, 27 (1979) 1942. 
4. Higashijima, T., Uzu, S., Nakajima, T. and Ross, E.M., J. Biol. Chem., 263 (1988) 6491. 
5. Higashijima, T., Burnier, J. and Ross, E.M., J. Biol. Chem., 265 (1990) 14176. 
6. Aridor, M., Rajmilevich,G, Beaven, M.A. and Sagi-Eisenberg, R., Science, 262 (1993) 1569. 

405 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

164 
Allosteric Regulation of an SH2 Domain Enzyme by 

Simultaneous Occupancy of both SH2 Domains 

S. Pluskey, T. Trtib, and S.E. Shoelson 

Research Division, Joslin Diabetes Center and Department of Medicine, 
Harvard Medical School, Boston, MA 02215, USA 

Introduction 

Cell surface receptors with tyrosine kinase activity initiate cellular effects by catalyzing 
tyrosine phosphorylations within their own sequences and additional cellular substrates. 
Proteins (enzymes) with SH2 domains bind these phosphorylation sites to propagate the 
signals to intracellular destinations. While the role of SH2 domains as binding modules 
participating in the formation of signaling complexes has been well publicized, SH2 
domains can also act as allosteric regulators of enzymatic activity. We have screened 
many SH2 domains and found a particularly high level of regulation for SH-PTP2. 
Therefore, we have used SH-PTP2 as a model for detailed analyses of the mechanism of 
allosteric regulation by SH2 domain occupancy. 

Results and Discussion 

We mapped the specificities of the two SH2 domains of SH-PTP2 to find that 
monophosphoryl peptides 1172 (SLNpYIDLDLVK) and 1222 (LSTpYASINFQK) 
corresponding to IRS-1 sequences bind with highest affinity to the N- and C-terminal 
domains, respectively [1]. We also showed that monophosphoryl peptide occupancy of 
either domain stimulates catalysis [2], while simultaneous occupancy of both domains 
has a greater stimulatory effect at much lower ligand concentrations (Figure IA) [3]. 
Additional studies investigate potential mechanisms of activation. 

In the original study we linked the 1172 and 1222 peptides with 4 tandem amino-
hexanoic acid (Ahx) moieties (1172Ahx41222), based on spacer distances between phos
phorylation sites in the PDGF receptor and i\ chains of T cell receptors. Since the 
peptides bind selectively with alternative SH2 domains, we tested the effect of reversed 
orientation on activation. When aligned tail-to-head (1222Ahx41172) rather than 
head-to-tail, the mode of activation was distinctly different than 1172Ahx41222 and 
resembled that of a monophosphoryl peptide (Figure IB). The effect of tether length was 
tested, as well. When the number of tandem Ahx spacers was reduced, less activation 
was observed and higher peptide concentrations were required for the effect (Figure IC). 
Presumably, this was because binding motifs were being brought too close together. 
Levels of activation similarly dropped off with increasing spacer length, in this case 
perhaps due to an entropic penalty for increased flexibility. 
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Figure 1. PTPase activation by SH2 domain occupancy: A. Monophosphoryl peptides 1172 and 
1222 activate at high peptide concentrations, while the tethered bisphosphoryl peptide (1172Ahx4 

1222, labeled 4) stimulates to higher levels at lower peptide concentrations: B. Reversing the 
peptide order (1222Ahx,l 172; labeled R) gives levels of activation similar to the monophosphoryl 
peptides; C and D. Effects of tether length. The number (n) of Ahx spacers within the bis
phosphoryl peptide (1172AhxJ222) was varied between 1 and 10 as shown. 

Thus, the originally designed bisphosphoryl ligand (1172Ahx41222) is most effective. 
SH-PTP2 is potently activated by bisphosphoryl peptide ligation of its SH2 domains, 
suggesting coordinate regulation by the two SH2 domains. The distance between SH2 
domains can be mapped by varying bisphosphoryl peptide spacer lengths; a distance of 
= 72 A between phosphotyrosines is optimal. However, reversing the linker orientation 
is not tolerated, suggesting selective modes of binding. These findings agree with a 
recently solved crystal structure of the tandem SH2 domains of SH-PTP2 [4]. 
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Correlated Mutation Analysis of G Protein a-Chains to 

Search for Residues Linked to Binding 
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Introduction 

The 3D structures of several G protein a-chains have been solved [1-3] but this has not 
yet led to a full understanding of their structure-function relationships. The extreme 
C-terminal sequence of Goc chains were shown to be crucial for receptor binding [4]. 
However, other results point to a different picture [5-7] suggesting that G protein 
coupling to receptors should involve other regions of Ga chains. Here we try to find 
these regions using the correlated mutation analysis [8] of multiple aligned sequences of 
G protein a-chains. 

Results and Discussion 

Table 1 shows the most important network of positions obtained by correlation analysis 
of Ga chain sequences, which discriminates three main classes of chains. Five out of 
thirteen positions in this network (188, 190, 333, 336 and 340) form a nest of correlated 
residues at apposing regions of the p>2-[33 loop and the central part of helix a5 in the 
C-terminal segment of G proteins. For each Ga chain class, different residues can 
occupy these five positions. Residue 190 is always hydrophobic but different charged, 
polar and non-polar residues are found in the other positions. Figure 1 schematically 
indicates these correlated mutated residues and the conserved Asp 337 in the transducin 
structure. 

Table 1. Networks of correlated mutated residue positions obtained from multiple aligned 
sequences of Ga chains 

Get chains 

Gi group 
Gs group 
Gq group 

50 
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Residue Positions 
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aResidue position number as in the transducin structure. 
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Figure 1. Schematic organization of the clustered correlated residues 188 and 190 (B2-B3 loop) 
and 333, 336 and 340 (helix a5). Residue Asp337 is conserved for all G a chains. 

The position of charged side chains is different in different Ga chains, but the 
presence of at least one negative charge and one positive charge, and one uncharged but 
polar group is maintained throughout all Ga chains. Thus, a conserved polar locus at the 
surface of Ga chains is a common feature of these proteins. The C-terminal segment 
containing the correlated mutated residues 333, 336, and 340 was not yet described as 
being involved in receptor binding despite the fact that it is placed between two protein 
segments, 311-328 and 340-350, which were found to be crucial for receptor coupling 
[4]. However, receptor binding experiments leading to these results were performed with 
C-terminal peptides rather than with complete G protein molecules. Future research 
should envisage the possibility that the polar locus formed by the C-terminal helix a5 
and the P2-(33 loop might be important in receptor-Ga chain coupling. 
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Intracellular Signal Transduction Involved 

in Neurokinin Receptors 
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Institute of Applied Biochemistry, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 

Introduction 

The neurokinin peptides, substance P (SP), neurokinin A (NKA), and neurokinin B 
(NKB), regulate various physiological processes [1]. These actions are thought to be 
mediated by three pharmacologically distinct cell-surface receptors classified as NK-1, 2, 
and 3. The preferred endogenous ligand appears to be SP for NK-1, NKA for NK-2, and 
NKB for NK-3 [1]. Recently, we showed that murine neuroblastoma C1300 cells 
expressed neurokinin receptors [2]. In this study, we investigated neurokinin-related 
signaling in this cell line and an AR42J rat pancreatic acinar cell line, which also has 
neurokinin receptors [3], to probe intracellular signal transduction caused by each 
neurokinin receptor subtype. 

Results and Discussion 

Neurokinins induced elevation of intracellular free calcium ([Ca2+];) concentration in a 
concentration-dependent manner (Figure 1). To identify the subtype(s) of neurokinin 
receptors expressed in C1300 and AR42J cells, we performed RNA blot hybridization 
using each specific probe for NK-1,2, and 3, and examined the inhibitory effects of 
selective antagonists on neurokinin-induced Ca2+ mobilization. In C1300 cells, both 
NK-2 and NK-3 mRNAs were detectable, and NKA- and NKB-evoked Ca2+ mobilization 
was inhibited by SR48968 and MEN10,376 (NK-2 antagonists), but [pAla8]NKA(4-10) 
(a NK-2 agonist) did not induce the elevation of [Ca2+]; (Figure 1-A). The response to 
NKA and NKB was not inhibited by CP-96,345 and [Trp7,PAla8]NKA(4-10) (NK-1 and 
3 antagonists, respectively). In AR42J cells, only NK-1 mRNA was detectable, and 
SP-evoked Ca2+ mobilization was inhibited by CP-96,345. These results suggested that 
C1300 cells expessed, at least, NK-2 receptors having features different from known 
NK-2 receptors, and AR42J cells have only NK-1 receptors. 

The mechanisms of Ca2+ mobilization in response to neurokinins were examined to 
elucidate the neurokinin-related signaling. In both cell lines, neurokinins stimulated the 
elevation of [Ca2+]; even in the absence of extracellular Ca2+, but the maximal increase 
was attenuated. The response to neurokinins was also reduced in the presence of nickel 
or cobalt (inorganic Ca2+ influx blockers). These findings indicated that the elevation of 
[Ca2*], by neurokinins was dependent on both mobilization of internal Ca2+ and influx of 
extracellular Ca2+ in both cell lines. Furthermore, nifedipine and co-conotoxin, blockers 
of L- and N-type voltage-dependent Ca2+ channels, respectively, had no effect on NKA-

410 



Signal Transduction 

CD 

re
a 

o 
r j _ , 

+ 
CO 
O 
"co 
fc 

—100-
CD 
co 

o 75-
Q. 
CO 
CD 
": s o -
X 
CO 
fc ?5-

— 0-
10 

Tmj— If— q 

10 "8 10 "7 10 
[Peptide] (M) 

1 1 10- 1 0 10 
[Peptide] (M) 

Figure 1. Concentration-response curves of the [Ca2+]t increase in C1300 (A) and AR42J (B) 
cells induced by neurokinins and related peptides. Cells were stimulated by the indicated 
concentration ofSP (O), NKA (•), NKB (•), [ Alas]NKA(4-10) (•) and senktide (A). 

and NKB-evoked Ca2+ mobilization in C1300 cells, and the depolarization by 60 mM K+ 

did not affect the [Ca2+];. This suggests the influx of extracellular Ca2+ occurs via 
voltage-independent Ca2+ channels in C1300 cells. The inhibitory effect of U73122, a 
putative phospholipase C (PLC) inhibitor, was examined to determine whether PLC 
activation was essential for neurokinin-induced Ca2+ mobilization. Neurokinins response 
in both cell lines was inhibited by U73122. In addition, SP stimulated the formation of 
inositol trisphospate in AR42J cells. In various cell systems, inositol 1,4,5-trisphosphate 
(Ins(l,4,5)P3), which is produced by PLC, interacts with its receptors on a Ca2+-storing 
intracellular organelle, and induces the release of Ca2+. These and the present findings 
suggest that the neurokinins-evoked mobilization of internal Ca2+ in these cell lines may 
be caused by Ins(l,4,5)P3, generated by the activation of PLC. To investigate whether 
neurokinin receptors in the cell lines couple to adenylate cyclase, neurokinins stimulated 
cyclic AMP accumulation was measured. Although forskolin, an activator of adenylate 
cyclase, stimulated the accumulation of cAMP, neurokinins did not in either cell line. 

In conclusion, it was suggested that C1300 and AR42J cells expressed endogenous 
NK-2 and NK-1, respectively, and that neurokinins activated PLC to evoke Ca2+ 

mobilization, but not adenylate cyclase through these receptors. 
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Introduction 

Elastin, the core protein of extracellular elastic fiber, is chemotactic in its proteolytic 
fragments for monocytes [1]. Monocytes participate in the pathogenesis of 
atherosclerosis and in the development of pulmonary emphysema: elastin fragments 
generated at diseased sites are chemoattractants for monocytes. Several repeating 
peptides are included in the hydrophobic regions of elastin. Among these repeating 
peptides, the repeating hexapeptide Val-Gly-Val-Ala-Pro-Gly (VGVAPG) is known to 
be chemotactic for human monocytes [2, 3], but its intracellular mechanism is not yet 
clarified. The aim of this study is to assess the chemotactic potency of repeating elastin 
peptides and a-elastin (chemically treated fragments of elastin), and to clarify the 
mechanism of signal transduction pathway. 

Results and Discussion 

In Figure 1, the positive migration of monocytes in response to a concentration gradient 
ranging from IO"4 to IO4 showed that maximal activities were at 0.1 pg/ml and 1 pg/ml 
for a-elastin and the high polymer of hexapeptide repeat, (VGVAPG)n, respectively. 
The checkerboard assays established that these elastin peptides stimulated direct 
(chemotaxis) rather than random (chemokinesis) migration of monocytes [4]. In contrast, 
the high polymer of pentapeptide repeat, (VPGVG)n, was not chemotactic for mono
cytes (Figure 1). However, among the repeating peptides in elastin, the cross-linked high 
polymer of pentapeptide repeat has been known to be the only elastomer [5]. The fact 
that these repeating peptide sequences exhibit distinct properties is of interest for 
understanding the functions of elastin. 

Uemura et al. [4], observed that the cyclic GMP (cGMP) level in monocytes is 
elevated by two chemoattractants, a-elastin and (VGVAPG)n, but not by the non-
chemoattractant, (VPGVG)n, and that the cyclic AMP level in monocytes is not changed 
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Figure 1 (left). Monocyte migration in response to a-elastin, (VGVAPG) n and FMLP. Mean 
and standard error are shown, n=9. Background migration (buffer alone) was 43, 28 and 28 cells 
per high power field (h.p.f), respectively. 
Figure 2 (right). Effect of PKG inhibitor(KT5823) on monocyte chemotactic response to a-
elastin, (VGVAPG) n and FMLP. Ordinate shows the residual chemotactic activity as percent of 
control stimulated migration in the absence of the inhibitor. 

by a-elastin,(VGVAPG)n or (VPGVG)n. This observation suggests that the chemo
tactic activity of elastin peptides is correlated with the enhanced level of cGMP. 
Therefore, in order to examine the effect of cGMP dependent kinase (PKG), monocytes 
were preincubated with an inhibitor specific for PKG (KT5823) at 37°C for 10 min, and 
then tested for their migration to a-elastin, (VGVAPG)n and FMLP at optimal 
concentrations (0.1 pg/ml, 1 pg/ml and 10"8M, respectively) in the presence of inhibitor. 
KT5823 inhibited monocyte migration to a-elastin and (VGVAPG)n in a dose-dependent 
manner (Figure 2). A 50% inhibition of a-elastin-induced monocyte migration was 
observed at 7 pM KT5823, its inhibitory effect being higher than that for (VGVAPG)n-
induced monocyte migration. However, KT5823 had no inhibitory effect toward 
FMLP-induced monocyte migration. Another inhibitor specific for protein kinase C 
(Chelerythrine) was tested, and the results exhibited that FMLP-induced migration was 
markedly inhibited by this inhibitor, but a-elastin- and (VGVAPG)n-induced migrations 
were not [4]. These results suggest that elastin peptides such a-elastin and (VGVAPG)n 
induce monocyte chemotaxis by increasing the level of cGMP through a signal 
transduction pathway distinct from that of FMLP, which is known to induce cell 
migration by a complex pathway of phosphoinositide cascade through the receptor. 
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Introduction 

A significant number of patients (20-45%) that have undergone percutaneous trans
luminal coronary angioplasty (PTCA) suffer from reocclusion of the arteries, also known 
as restenosis [1]. There is compelling evidence that growth factors such as platelet 
derived growth factor (PDGF) and/or fibroblast growth factors (FGFs) are partially 
responsible for this proliferation and migration of vascular smooth muscle cells. 
Therefore, strategies to block the signalling pathways initiated by the binding of PDGF to 
its receptor have become interesting therapeutic targets. The association of PDGF 
P-receptor with intracellular signal-transducing proteins that contain Src-homology 2 
(SH2) domains such as phosphatidylinositol (PI) 3-kinase can be blocked by specific 
phosphorylated pentapeptides [2, 3]. In particular, we have studied the pentapeptide, 
Tyr(P03H2)-Val-Pro-Met-Leu, from the kinase insert region of the PDGF P-receptor that 
corresponds to tyrosine 751 [2]. This compound (1) blocks the association of PDGF 
P-receptor and the C-terminal SH2 domain of the p85 subunit of PI 3-kinase with an IC50 

of 0.67 pM [4]. In order to further elucidate the structure-activity relationships (SAR) of 
this peptide, we synthesized several analogues to evaluate the importance of the amine 
and carboxy terminus. In addition, we have prepared analogues that are stabilized 
against intracellular phosphotases. 

Results and Discussion 

Compound 1, Tyr(P03H2)
751-Val-Pro-Met-Leu, has an IC50 of 0.67 pM in blocking the 

association of PDGF P-receptor and the C-terminal SH2 domain of the p85 subunit of PI 
3-kinase (Table 1). N-terminal acetylation and C-terminal amidation (compounds 2-4) 
enhanced the ability of the phosphorylated pentapeptide to inhibit this interaction. In 
particular, the acetylated and amidated analogue (compound 4) had an IC50 of 0.16 pM. 
However, truncation of the peptide by deletion of Leu (compound 5) resulted in a 
ten-fold loss of activity. Interestingly, the corresponding tetrapeptide carboxamide 
(compound 6) showed a six-fold enhancement of activity. Likewise, as in the penta-
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peptide series, the N-acetylated and C-amidated tetrapeptide analogue (compound 7) 
possessed submicromolar affinity with an ICS0 of 0.24 pM. Molecular modeling of the 
C-terminal SH2 domain of the PI 3-kinase p85 subunit complexed with compound 7 
supports the high affinity binding observed, suggesting several important interactions [5]. 

In order to further evaluate the potential therapeutic utility of this series of 
phosphorylated peptides, demonstration of cellular activity is critical. It has been shown 
that phosphorylated tyrosines are rapidly metabolized by cellular phosphotases. 
Substitution of the corresponding methylene phosphonate derivative [Pmp (4-phosphono-
methylphenylalanine), compound 8] resulted in 10-fold loss of affinity. The di-
fluorinated derivative [CF2Pmp, 4-phosphono(difluoromethyl)phenylalanine)] has been 
reported to be a substitution that maintains high binding affinity while imparting cellular 
stability [6]. Substitution of the CF2Pmp into the pentapeptide (compound 9) and the 
tetrapeptide (compound 10) resulted in analogues with 1-2 pM affinity. These stabilized 
analogues are undergoing further evaluation in a cell based assay to access cell 
membrane permeability as well as their effects on inhibiting the association of PDGF 
P-receptor with PI 3-kinase and on DNA synthesis. 

Table. Analogues ofTyrfPO^H^'-Val-Pro-Met-Leu (compound 1). 

Cmpd. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

Sequence 

Ac-

Ac-

Ac-

Tyr(P03H2)-
Tyr(P03H2)-
Tyr(P03H2)-
Tyr(P03H2)-
Tyr(P03H2)-
Tyr(P03H2)-
Tyr(P03H2)-
Pmp-
CF2Pmp-
CF2Pmp-

Val-
Val-
Val-
Val-
Val-
Val-
Val-
Val-
Val-
Val-

Pro-
Pro-
Pro-
Pro-
Pro-
Pro-
Pro-
Pro-
Pro-
Pro-

Met-
Met-
Met-
Met-
Met 
Met-NH2 

Met-NH2 

Met-
Met-
Met-NH2 

Leu 
Leu 
Leu-NH2 

Leu-NH2 

Leu 
Leu 

IC50(uM) 

0.67 
0.18 
0.40 
0.16 
7.9 
1.3 
0.24 
8.7 
1.2 
1.7 

n° 

38 
2 
2 
2 
3 
2 

28 
2 
2 
7 

number of determinations. 
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Introduction 

SH3 domains are small protein modules found in numerous signal transduction and 
cytoskeletal proteins. The triple-domain growth factor receptor-bound protein 2 (Grb2) 
utilizes its SH2 domain to bind to Tyr-phosphorylated intracellular domains of activated 
tyrosine kinase receptors and its two SH3 domains to bind to the proline-rich C-terminal 
domain of the guanine nucleotide exchange factor son of sevenless (Sos). This is a key 
step in the Ras signaling pathway. 

Results and Discussion 

In earlier studies [1] we showed that the mouse C-terminal Sos2-derived peptide 
SPLLPKLPPKTYKRE (Sos-A) binds to the N-terminal SH3 domain (N-SH3) of Grb2 in 
an orientation opposite to that observed for the library-selected peptide RKLPPRPSK 
(RLP1) bound to the SH3 domain of phosphatidylinositol 3-kinase (PI3K) [2]. We have 
now determined the refined solution structure of the Grb2 N-SH3 domain complexed 
with the tighter binding peptide VPPPVPPRRR (Sos-E) derived from the mouse Sosl 
sequence (Figure 1). The structure is very well-defined due to assignment of all 'H, 15N, 
and l3C NMR resonances of the complex and unambiguous identification of 117 
inter-molecular NOE restraints, allowing for determination of a higher resolution 
structure than those previously published [3, 4]. The structure of the N-SH3 shows two 
hydrophobic peptide-binding sub-sites: a shallow SI sub-site that contacts the peptide 
Pro2 and Pro3 residues and a deeper sub-site S2 contacting the peptide Val5 and Pro6 

residues. Adjacent to S2 is a third negatively charged sub-site S3, characterized by a 
dynamically averaged set of peptide and N-SH3 sidechain conformations. We have 
observed partial ordering of the sidechain of the peptide Arg8 residue due to a set of 
weak NOEs to the N-SH3 Trp36 indole ring protons. The periodicity of peptide side 
chain intercalation into the sub-sites SI, S2, and S3 of the N-SH3 is consistent with the 
adoption of a nearly ideal polyproline type II (PPII) helix by much of the peptide 
backbone. As expected, the binding orientation of the Sos-E peptide is the same 
("minus" [5]) as that of the Sos-A peptide. 

An intriguing feature of the pseudo-symmetric nature of the PPII helix is the 
possibility of ligands binding to the same SH3 domain in two opposite orientations [6]. 
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Figure 1. Stereo views of the superposition of the final refined structures of the Sos-E-Grb2 
N-SH3 complex. 

Simple reversal of the amide backbone directionality of Sos-E yields a ligand 
(RRRPPVPPPV, retro Sos-E) which can still bind to Grb2 N-SH3, albeit with ten-fold 
reduced affinity. Substitution of the Val6 with Pro in retro Sos-E restored binding to a 
high degree. This is because in the "plus" binding orientation most likely adopted by the 
retro analog, the Val6 sidechain points away from the S2 hydrophobic pocket instead of 
intercalating into the S2 subsite like the corresponding Vals side chain does in the Sos-E 
peptide (Figure 1). The packing defect left by Val6 in the plus orientation can be 
obviated by proline, because of its N-alkyl substitution [5]. Thus, peptide binding 
affinities can be modulated by subtle changes in the molecular packing against the 
N-SH3 surface. 

In contrast, the all D-amino acid retroinverso analog of the Sos-E peptide 
(rrrppvpppv) showed no binding affinity for NSH3, suggesting that in the context of the 
chiral left-handed PPII helix the retro-inverso modification abolishes the overall 
topological equivalence to the parent peptide. 
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Introduction 

The mucous parts of intestinal tracts are covered with mucin glycoproteins [1,2] carrying 
a large variety of glycosylation, which serve the purpose of lubricating and protecting the 
vulnerable epithelia from physical, chemical and biological damage. In case of 
malignant tissue, e.g. colon cancer, the structures present in the mucins are shifted 
towards fucosylated and sialylated core 1 structures, whereas core 2, 3 and 4 structures 
are reduced by down regulation of the glycosyl transferases involved in their synthesis 
[3]. In order to study these processes it is important to have access to glycopeptides as 
substrates and reference compounds for the study of enzymatic reactions and the 
recognition by the immune system. We recently reported the use of the Dts group for 
amino sugar protection in the synthesis of cytosol O-GlcNAc glycopeptides [4-6]. In the 
present work, we describe the application of the Dts group in the synthesis of more 
complex building blocks from mucin core 2, 3 and 4 for use in glycopeptide synthesis. 

Results and Discussion 

The introduction of the Dts group for amine protection in D-glucosamine proceeds as 
follows [5]. Glucosamine hydrochloride was reacted with S-carboxymethyl O-ethyl 
dithiocarbonate followed by O-acetylation and reaction with chlorocarbonyl sulfenyl 
chloride. This gave an acceptable yield of Ac4-D-GlcNDts, which could be converted 
quantitatively into the P-bromide. This bromide was hydrolysed and converted into the 
p-trichloroacetimidate 1, which was used in the 1,1-trans glycosylation of Fmoc-Ser/ 
Thr-OPfp. These building blocks were subsequently used for synthesis of glycopeptides 
containing up to three GlcNAc residues [6]. 

The glycosyl donor 1 is very valuable in the selective synthesis of complex 
oligosaccharides containing P-linked GlcNAc residues. The exclusive formation of 
P-linked product may be ascribed to the bulky character and the participation of the Dts 
group in the glycosylation reaction. Furthermore, the Dts-group can be converted into 
different ./V-acyl groups under extremely mild conditions allowing labile orthogonal 
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protection schemes. Thus, the reduction of the Dts group with a few equivalents of 
dithiothreitol (DTT) affords the free amine, which can subsequently be acylated. 
Alternatively, the Dts groups can be converted directly into N-acetates by reduction with 
zinc in the presence of acetic anhydride in THF, similarly to the reported conversion of 
allyloxycarbonyl groups into N-acetates[7]. In this way, the reaction of, for example, Pfp 
ester with the amine can be avoided. With DTT or zinc the simultaneous reduction of 
azido groups can be achieved, whereas reduction with sodium boron hydride is selective 
and only reduces the Dts-group. Utilizing the flexibility of the Dts-group building blocks 
corresponding to mucin core 2, core 3 and core 4 were synthesized and analyzed by 'H 
NMR spectroscopy. Hydrolysis of the benzylidene group in compound 2 [8] followed by 
selective TMSOTf catalysed glycosylation at the 6-position with 1 gave 67% of 
trisaccharide, which could be converted into the core 2 building block 4 by zinc 
(activated with CuS04 solution) in THF, Ac20 and AcOH (3/2/1). Similarly, compound 
3 was glycosylated at the 3-position with 1 in the presence of TMSOTf to yield 95% 
glycosylation product, which could be converted in 68% yield to the core 3 building 
block 5 with zinc, THF, Ac20 and AcOH. Alternatively, the benzylidene group in the 
above glycosylation product could be removed with aqueous acetic acid and the 
6-position selectively glycosylated with 1 promoted by TMSOTf in an overall yield of 
65%. This trisaccharide amino acid product containing two Dts groups, an azido group, 
a Pfp ester and an Fmoc group was finally converted by the zinc reduction into the core 4 
building block 6 in 61% yield. Glycopeptides recognized by carbohydrate specific 
T-cells have been synthesized using core 1 building block 2 and a similar study is in 
progress with compounds 4 - 6 . 
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Introduction 

Potent biological toxins have been essential to our emerging understanding of voltage 
dependent ion channels. Members of a family of proteolipid toxins from the venom of 
Plectreurys tristes (PLTX's) were among the first presynaptic calcium channel blockers 
to be purified from spider venom [1]. Structural characterization of this family of toxins 
presents unique challenges due the presence of fatty-acyl modifications of the peptide 
backbone. We have used RP-HPLC, Edman degradation sequence analysis, and electro
spray mass spectrometry (ESMS) in combination with Fmoc solid phase synthesis to 
determine the structures of two representative members of the PLTX family. We have 
shown that complete synthesis of such toxins, including the fatty-acyl moiety, is feasible 
by Fmoc chemistry. 

Results and Discussion 

Toxins from Plectreurys venom can be isolated in high purity by application of size 
exclusion chromatography followed by RP-HPLC [1, 2]. We have fully characterized 
two representative members of the fatty-acyl PLTX family. PLTX II, an inhibitory 
calcium channel blocker, was the first characterized [1]. Recently, we have also 
characterized a structurally homologous, excitatory calcium channel blocker, PLTX VI. 
PLTX II has a hydrophilic peptide backbone containing 44 amino acid residues, 
including 10 Cys residues that are apparently involved in 5 disulfide bonds. The primary 
structure of PLTX II was determined by Edman degradation analysis of reduced and 
S-pyridinethylated toxin. Treatment of PLTX II with base resulted in release of a very 
hydrophobic moiety from the C-terminal region. Loss of the hydrophobic component 
apparently results in complete loss of biological activity. Chromatographic analysis and 
ESMS suggested that the hydrophobic component was palmitic acid. A combination of 
sequence and mass spectrometric analysis of a C-terminal fragment of PLTX II suggested 
a novel structure that included a C-terminal carboxyamidated, O-palmitoylated Thr 
residue (Figure 1). 

We undertook the chemical synthesis of the proposed O-palmitoylated, C-terminal 
peptide fragment of PLTX-II to (i) confirm the natural toxin structure, and (ii) provide 
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the means for synthesis of the entire peptide toxin, since the quantity that can be isolated 
from the natural source is limited. Post-translational modifications such as glycosylation, 
phosphorylation, or sulfation have been approached by one of two general chemical 
methods in solid-phase synthesis. The first is an on-resin reaction, where a desired 
sequence is assembled and then chemically treated to modify a specific residue or 
residues. The second is the solution-phase synthesis of a modified amino acid residue, 
followed by incorporation of the modified residue into the desired sequence. Both 
methods provided the desired fragment Cys(Pye)-Asp-Thr(Pal)-NH2, as determined by 
collision-induced dissociation mass spectra. For the synthesis utilizing Fmoc-Thr(Pal), 
the Pal group underwent a partial 0-H>N acyl shift upon base (piperidine) treatment, 
resulting in some O-branched peptide. The C-terminal O-acylation of the native toxin 
was confirmed by comparison to the chemically synthesized material [3]. 

A structural analysis of PLTX VI, similar to that performed upon PLTX II, showed 
that PLTX VI is homologous to PLTX II. Mass spectrometry and sequence analysis 
indicated that PLTX VI contains 40 amino acids, including 10 Cys residues that are 
apparently involved in 5 disulfide bonds (Figure 1). PLTX VI, however, contains a 
carboxyamidated, O-palmitoylated Ser residue in place of the identically modified Thr 
residue found in PLTX II. The C-terminal structure of PLTX VI was also proven by 
comparison to a chemically synthesized C-terminal fragment. 

Ala-Asp-Cys-Ser-Ala-Thr-Gly-Asp-Thr-Cys-Asp-His-Thr-Lys-Lys-Cys-Cys-
Asp-Asp-Cys-Tyr-Thr-Cys-Arg-Cys-Gly-Thr-Pro-Trp-Gly-Ala-Asn-Cys-Arg-

Cys-Asp-Tyr-Tyr-Lys-Ala-Arg-Cys-Asp-Thr(Pal)-NH2 

Ile-Gly-Glu-Cys-Ala-Gly-Trp-Asn-Asp-Asn-Cys-Asp-Lys-Arg-Ser-Cys-
Cys-Asp-Gln-Cys-His-Gln-Cys-Arg-Cys-Lys-Phe-Gly-Ser-Asn-Cys-

Arg-Cys-Thr-Gly-Thr-Lys-Pro-Cys-Ser(Pal)-NH2 

Figure 1. Primary structures ofPLTX-II (top) andPLTX-VI (bottom). 

The entire PLTX-VI was also assembled using Fmoc chemistry. Ser was loaded 
onto Rink amide resin [4] without side-chain protection, followed by coupling of 
Fmoc-Cys(Acm). The side-chain of Ser was then acylated with palmitic acid. The 
remaining sequence was assembled, and the peptide cleaved and side-chain deprotected 
with water/TFA (5/95). [Cys(Acm)]-PLTX-VI was purified by RP-HPLC and then 
characterized by RP-HPLC and ESMS (Figure 2). The protected toxin could be obtained 
by Fmoc chemistry with the palmitoyl group intact. The use of Acm protection allowed 
for the purification of the desired sequence from deletion and/or truncation sequences 
without interference from disulfide crosslinked peptide oligomers. Folding studies of 
PLTX-VI are currently underway. 

The post-translational, O-palmitoylation at a C-terminal Thr or Ser is unique to the 
Plectreurys tristes family of toxins. The presence of the palmitoyl residue is required for 
biological activity. We have demonstrated that Fmoc chemistry is a feasible approach 
for synthesis of small [3] and large O-palmitoyl peptides. 
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Introduction 

Among recombinant human growth factors and cytokines currently on the market or 
under pharmaceutical development, the major group are glycoproteins. They represent a 
most complex combination of biomolecular recognition elements, e.g. protein conforma
tion and polyfunctional branched oligosaccharide antennuarities. This molecular 
complexity, undoubtedly, never could be synthesized by chemical means. For glyco
proteins, biological production via recombinant mammalian cell culture techniques is the 
only way to make these molecules available for drug developments. While the 
glycoprotein sequence is defined by the recombinant nature of the engineered DNA , the 
post-translational disulfide formation and glycosylation is dependent on the biochemical 
machinery of the cell line utilized, e.g. from rodents like Chinese hamster ovary cells 
(CHO), and baby hamster kidney cells (BHK), or from primates like monkey kidney cells 
(COS). Recombinant human erythropoietin (rhEPO), with its pharmaceutical potential, 
is one of the most challenging glycoproteins to manufacture [1-3]. In nature, EPO 
expressed in the kidney appears in the circulation for the generation of erythrocytes from 
pre-committed bone marrow stem cells. For the pharmaceutical development of rhEPO, 
a recombinant rodent kidney cell line was studied regarding the expression system, the 
glycosylation pattern and the cell culturing conditions including downstream processing. 

Results and Discussion 

From post-translational biological folding and processing, monkey as well as human 
EPO do contain small disulfide ring bridging at the positions 29-33. The mouse (rodent) 
glycoprotein does not contain this disulfide. Instead, mouse as well as monkey EPO 
present a mercapto function in position 139, competing for disulfide bonding at the small 
ring. All these EPO structures, however, contain a large second disulfide loop 
crosslinking position 161 and 7. It is essential to note that human and monkey EPO but 
not the rodent protein present an O-glycosylation site at position 126 (serine). These 
structural features have to be considered crucial in addition to the question on 
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Figure 1. Size exclusion gel chromatography profile of rhEPO as described in [5]. 

species-specific glycosylation patterns when an appropriate mammalian expression 
system is chosen. The rhEPO glycoprotein obtained from our studies showed a 
symmetrical peak on size exclusion gel chromatography, typical for its molecular volume 
at a molecular mass of about 34-39 kD (Figure 1). On PAGE, a diffuse banding 
behaviour can be visualized which by Western blotting shows complete identity with 
rhEPO standard. This polyanionic nature of the recombinant product can be further 
elucidated by narrow range isoelectric focussing experiments resulting in 6 distinct bands 
of precisely discriminated isoelectric pi values. By 2D laser scanning the proportions 
within this IEF pattern have been quantified on validated grounds for the demonstration 
of the batch-to-batch consistency of the bioproduct, though microheterogeneous. 
Obviously, the complex oligosaccharide antennuarity is of key importance for the 
complete description of recombinant glycoproteins. In collaboration with Conradt et al, 
[4], the IEF bands were analyzed individually by HPAE PAD chromatography and 
alligned with increasing contents of sialic acid moieties in the branched oligosaccharides 
as shown in Figure 2. By a combination of enzymic digests and acidic hydrolyses 
followed by HPLC/MS comparisons with synthetic sugar standards, Conradt elucidated 
the entire antennuarity of the rhEPO expressed and isolated by us [5]. 

Obviously, recombinant glycoproteins when harvested from mammalian cell culture 
occur in microheterogeneous form. This results not only from natural deviations in the 
oligosaccharide branching but also from biotechnological invasion into the 
post-translational processing cascade consisting of at least 15 distinct enzymatic 
transformations. This way the glycoprotein is finally trimmed with respect to its 
disulfide formation, protein folding and enzymatic oligosaccharide rearrangements. 
With human erythropoietin the terminal degree of sialoylation is of particular importance 
in this respect. There remains the question, what kind of oligosaccharide antennuarity 
comes closest with the human EPO glycolsylation pattern [6]? Obviously, different cell 
lines glycosylate differently [7]. The comparative basis, e.g. human urinary EPO, can 
only be described to a limited degree of accuracy due to metabolic degradations of the 
product varying with the individual patients studied. This then results in another kind of 
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inherent microheterogeneity which one has to live with when natural glycoproteins are 
concerned and are to be reproduced by recombinant techniques. Details on "how pure is 
pure" with the rhEPO expressed and isolated by us have been published elsewhere [5]. 
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Introduction 

Antisense oligonucleotides are putative therapeutic agents for selective inhibition of gene 
expression. With the aim to target oligonucleotides to specific compartments within the 
cell, we investigated the possibility of coupling them to a Lys-Asp-Glu-Leu (KDEL) 
signal peptide [1]. This C-terminal sequence should be able to convey oligonucleotides 
to the endoplasmic reticulum (ER) and from there to the cytosol and the nucleus where 
their targets (mRNAs) are located. 

As a step towards this goal, we synthesized peptide-oligonucleotide conjugates. The 
one-step solid phase synthesis of such hybrids appears unsatisfactory due to side 
reactions during me coupling and the cleavage steps because of the lack of "universal" 
protecting groups suitable for such a strategy. Alternatively, such hybrids may be 
prepared by conjugation of separately synthesized peptide and oligonucleotide moieties, 
each one being adequately functionalized [2]. 

Here we describe an alternative post-synthesis conjugation by linking, in a single 
step, through a thioether bond, an oligonucleotide bearing a thiol group to a N-bromo-
acylated peptide, and the influence of the KDEL signal peptide on the intracellular traffic 
and on the antiviral activity of the conjugate. 

Results and Discussion 

Several peptide-oligonucleotide conjugates made of phosphodiester oligodeoxy-
nucleotide linked to a peptide with a KDEL sequence at its C-terminal end, were 
synthesized. The phosphodiester oligonucleotides used were either the nonadecamer 
(S'GGCTCCATTTCTTGCTCTC) or the pentacosamer fCTCTCGCACCCATCT-
CTCTCCTTCT), specific for t a t ^ and gagHIV genes, respectively. They were 
substituted at the 3' end by an amino group and at the 5' end by thiol group protected by a 
thiopyridyl moiety. The use of tris (carboxyethyl) phosphine (TCEP) to reduce the 
disulfide bond leads to an intermediate oligonucleotide mercaptan and, without any 
purification step, to the peptide-oligonucleotide conjugate avoiding oligonucleotide 
dimerization. 
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The peptide GEEDTSEKDEL, corresponding to the C-terminal sequence of the ER 
resident luminal protein GRP 78 was synthesized on solid support by Fmoc strategy. It 
was either Na-substituted by a Cys(Npys) residue or a bromoacetyl-tyrosine residue to 
get, upon reaction with the oligonucleotide, a conjugate containing a disulfide bridge or a 
thioether bond, respectively. 

The conjugate with a thioether bond was obtained, under nitrogen, by adding the 
Na-bromoacetyl peptide (5 pmol) to a solution of the oligonucleotide mercaptan (1 
pmol) in 1 ml of 0.1 M phosphate buffer pH 7.0, 2 M NaCl. The reaction was complete 
within 6 h at 40°C. The conjugate with a disulfide bridge was obtained by adding the 
N"-Cys(Npys)-peptide (2 pmol) into a solution of the oligonucleotide mercaptan (1 
pmol) under the same experimental conditions. This compound was used as a control; 
the disulfide bridge being easily reduced inside the cell. Peptide-oligonucleotide 
conjugates were characterized by reversed-phase chromatography, amino acid analysis 
and electrospray mass spectrometry. 

The conjugates were labelled with a fluorescent tag, and their uptake and 
intracellular localization were investigated by confocal microscopy. Both conjugates and 
peptide-free oligonucleotides enter the cells and were mainly concentrated in vesicles, 
but their fate was different. By co-incubation experiments at 37°C, the fluorescein-
labelled peptide-free oligonucleotide and the rhodamine-labelled peptidyl-oligo-
nucleotide conjugate adopted a different intracellular routing, as they were localized in 
distinct vesicles. When the incubation temperature was lowered to 15°C, in order to 
slow down the vesicular trafficking, only the conjugate is co-localized with a fluorescent 
antibody specific of a protein marker of the intermediate compartment between the ER 
and the Golgi (ERGIC-53). The presence of oligonucleotide-peptidyl-KDEL conjugates 
in the ER domain suggests that the KDEL signal sequence is involved in their retrieval 
from distal Golgi stacks and in their retention in the endoplasmic reticulum. 

The antiviral activity of peptide-oligonucleotide conjugates directed against HIV gag 
gene was assessed on human peripheral blood mononuclear cells infected with HIV-1 
and on chronically infected THP-1 cells. The anti-gag conjugate with a thioether bond 
(IC50 = 0.6 pM) was three times more efficient than the corresponding peptide-free 
oligonucleotide and ten times more efficient than the same conjugate made with a 
disulfide bridge (IC50 > 5 pM). The conjugates did not elicit any toxicity at 10 pM, the 
highest concentration used. 
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Introduction 

Enveloped viruses must fuse with the plasma membrane for infectivity. A strategy to 
inhibit the infectivity of these viruses is to block membrane fusion by altering the surface 
properties of target membranes. Placing hydrophilic groups at the membrane surface, 
with the use of a natural product lipophosphoglycan, has proven to be an effective 
strategy for greatly reducing the viral fusion rate constant [1]. The current investigation 
explores the use of lipopeptides for this purpose. 

The lipopeptide we have chosen to study is lipogastrin. The peptide was covalently 
linked to a diacyl-lipid moiety to form a lipopeptide as has previously been described [2]. 
The sequence of gastrin-(2-17) is: Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-
Trp-Nle-Asp-Phe-NH2. 

Results and Discussion 

We have studied the fusion of Sendai virus to large unilamellar vesicles made of egg 
phosphatidylethanolamine (PE) with 5 mol %, GDU with or without the addition of 1.8 
mol % of a lipogastrin. The octadecylrhodamine lipid dilution assay [3] was used to 
monitor the kinetics of viral fusion. The DP-gastrin-(2-17) (DP-g) greatly reduced the 
rate of fusion. The fusion kinetics were analyzed to separate the rate constants of 
association and dissociation of the virus with the target membrane, as well as the rate 
constant for membrane fusion. Addition of 1.8 mol% DP-g reduces the fusion rate 
constant 3.5-fold without affecting the reversible binding of the virus to the target 
liposome. There is also a 2-fold decrease in the final extent of fusion, a measure of the 
fraction of virus that is bound in a manner that can proceed to fusion [4]. 

We have begun to evaluate the factors contributing to the inhibitory action of 
DP-g.Lowering of the final extent of fusion is a common feature of anionic amphiphiles 
[5], of which this lipopeptide is an example. However, negative charge is not the only 
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factor reducing the extent of Sendai fusion to these liposomes. A lipopeptide with the 
same lipid anchor but with (Glu)5 replacing the gastrin-(2-17), had no effect on the rate 
or extent of membrane fusion. This (Glu)5-containing lipopeptide lowers the TH of 
dipalmitoleoyl PE. This is in contrast to the DP-g which markedly raises this transition 
temperature. This stabilization of the lamellar phase by DP-g is a property common to 
several inhibitors of viral fusion [1, 5, 6]. We have also studied the free gastrin peptide 
as well as the lipid anchor itself. Neither of these components of DP-g had any viral 
inhibitory activity. In addition, forms of lipogastrin truncated from the amino terminus 
had either lower or no inhibitory activity. The truncated gastrins, the free peptide and the 
lipid anchor, all had weaker effects compared with DP-g in raising TH. We have also 
considered the role of steric interference. The greatest steric interference should occur 
with DP-g. However, we have calculated that the maximal protrusion of this lipopeptide 
from the membrane surface is only 50 A, less than half of the 120 A that the F-protein 
protrudes from the membrane. Alternatively if the peptide covered the surface of the 
liposome the cross-sectional surface area of the peptide would be sufficient to cover all 
of the lipid. However, we believe this arrangement to be unlikely since fluorescence and 
CD measurements show the DP-g to be devoid of secondary structure and are exposed to 
an aqueous environment [7]. In addition, the Pro residue and the sequence of five Glu 
residues would be expected to cause the peptide to protrude more from the membrane 
surface. Thus lipogastrins provide novel inhibitors of viral fusion whose mechanism is to 
prevent the membrane bilayer from forming highly curved structures required as 
intermediates in membrane fusion. 
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Introduction 

The improved chemical and biological properties of synthetic glycopeptides over 
unmodified peptides suggest their use as T cell agonists or antagonists [1, 2]. A pre
requisite for both agonist and antagonist activity is that the molecules bind to the MHC 
proteins and exhibit a longer duration of action than the original antigens. Glycopeptides 
have been used as immunogens [3, 4]. While class I restricted glycopeptide epitopes 
appear to retain their ability to bind to the MHC independent of the anomeric 
configuration of the attached sugars [4], (3-N-glycosylated class II epitopes usually lose 
their MHC-binding ability in an asparagine host location-dependent manner [5-7]. In the 
current study, we investigated the MHC-binding and T cell-stimulatory activities as well 
as the conformation of internally a-O- or p-N-glycosylated analogues of two class II 
restricted rabies virus peptides, VVEDEGCTNLSGF (VF13) and AVYTRIMMNGGR-
LKR(31D). 

Results and Discussion 

In contrast to f}-N-glycosylation, coupling of oc-linked GalNAc or Gal-GalNAc moieties 
to the serine or to the threonines present in the two peptides or replacing the Asn residue 
in the VF13 sequence (this is a natural point mutation in the glycoprotein of some 
rabies-related viral strains) resulted in epitopes that lowered rather than abolished the 
MHC-binding and T cell-stimulatory activities (Table 1). oc-O-glycosylation was more 
efficient than P-N-glycosylation in breaking the helical conformation of the peptides 
resulting in the formation of reverse-turns or unordered structure (Table 1). 

We studied the MHC: peptide interactions by molecular modeling, and obtained 
structural support for the anomeric specificity of MHC binding. While cc-O-linked 
glycopeptides can bind to HLA-DR1 and I-Ek without major alterations in the spatial 
arrangements and hydrogen bonding pattern of class II: peptide binding, the binding of 
P-N-linked glycopeptides is considerably less favorable due to steric and columbic 
conflicts [8]. The strength of the interaction of the MHC:peptide complexes with the T 
cell receptor depends upon the length and location of the saccharide along the peptide 
sequence. Application of this approach to other antigenic stimuli offers a good model to 
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Table 1. In vitro T cell-stimulatory/MHC-binding ability and conformation of glycosylated class 
II rabies epitopes. 

Peptide Amino acid Sugar 
host 

Anomeric T cell stimulation/ Structure 
configuration MHC binding by CD 

31D 

VF13 

Asn 
Thr 

Asn 
Thr 
Ser 
Asn—>Thr 
Asn—>Thr 

GlcNAc or Glc-Glc 
Gal-GalNAc 

GlcNAc 
Gal-GalNAc 
GalNac 
-
Gal-GalNAc 

P 
a 

P 
a 
a 
a 
a 

+++ 

+++ 

++ 

a-helix 
turns 
multiple 

loose helix 
turns 
loose turns 
NA 
helix-turn 
unordered 

"dial in" necessary sugar identity, length, and anomeric configuration, and promising 
amino acid hosts for the successful design of T cell agonist or antagonist glycopeptides. 

The ability of some MHC proteins to discriminate between a- and P-linked carbo
hydrates on epitopes they bind may support two earlier theories. It was proposed that 
both the MHC proteins [9] and the T cell receptor [10] originated from the 
glycosyltransferases and may have retained some glycosyltransferase activity. Critical 
comparisons will be possible when the number of published transferase sequences 
approaches the number of MHC sequences. 
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Introduction 

Trichogin AIV (1), one of several linear lipopeptaibol isolated from Trichoderma strains 
[1], is a blocked and modified decapeptide (N-terminus acylated by an octanoyl group; 
leucinol C-terminus). Members of this peptide class contain a high proportion of glycine 
residues and display membrane modifying properties. Previous structural studies [1, 2] 
determined a unique "amphipathic" helical structure with Gly residues on the hydro
philic side. Dimer formation is thought to be resposible for its biological activity. To 
further examine the helical propensity and to explore biological activity associated with 
the substitution of glycine residues, we synthesized, crystallized and determined the 
structure of Trichogin AIV analog (2) in which serine replaces all glycine residues. 

Results and Discussion 

The right-handed, amphipathic helical structure (Figure 1) initiates with two Type III 
p-turns then transition into an a-helix through Aib 8. An intramolecular hydrogen bond 
between C=0 of Ser 6 and the OH of Ser 9 forms the last 13-membered "alpha" helical 
ring. Subsequently, the conformation changes into a C10 structure which resembles an 
irregular Type I turn at Aib 8/Ser 9. The molecular conformation finishes in a coiled 
shape. All peptide bonds are trans; co values are within ± 8° of 180°. The backbones of 1 
and 2 overlay very well in the corresponding a-helical region (torsion angle for both 
listed in Table 1). Significant differences between the conformation of 2 and of the 
L-isomer of 1 occur at the beginning two C10 structures, where the Type I turns for 1 
provide a different twist to the first three residues, in the orientation of the Leu 7 side 
chain, and along the backbone at the C-terminal Leu-OMe. Molecules are linked 
head-to-tail through intermolecular hydrogen bonds to form infinite chains parallel to the 
b-axis. Hydrogen bonds with solvent molecules also link the parallel chains. This 
structure presents a rare view of a truly amphipathic helix to form a hydrophilic channel. 
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s ^ sA^3 

Figure 1. A stereoview of 2. Only heteroatoms are labeled and, for clarity, only amide hydrogen 
atoms have been included. Intramolecular hydrogen bonds are illustrated with dashed lines. 

Channels are defined by the juxtaposition of four chains of head-to-tail pairs generated 
by the crystallographic 2-fold screw along the b-axis and translation along the a-axis. 
The Ser residues and the solvent molecules are aligned inside of these channels. This 
predominantly helical scaffold, which is maintained even in the presence of Gly or Ser 
will be useful for further modifications designed to probe membrane permeability. 

Table 1. <p/ijr and xl torsion angles in the structures ofl and 2. 

Residue 

Aib 1 
Ser 2* 
Leu 3 
Aib 4 
Ser 5* 
Ser6J 

Leu 7 
Aib 8 
Ser 9* 
Ile 10 
LeuOMe§'! 

2 

0A|//xlt 

-54.1/-37.5 
-68.1/-11.2/56.3 
-69.9/-36.4/-58.5 
-57.5A49.4 
-74.8/-35.5/50.1 
-58.0/-47.8/-175.0 
-58.4/-48.2/-179.2 
-57.5/-33.1 
-78.0/-13.3/82.4 
-94.7/-51.1/-60.0 
-95.7/-41.4/-59.6 

Molecule A* 
<t>A|j/xlt 

-53.2/-36.0 
-70.3/-7.2 
-92.2/-13.9/-68.0 
-53.5/-45.7 
-69.2A32.9 
-62.0/-46.5 
-65.7/-46.1/-70.4 
-54.3A43.2 
-76.0/-25.0 
-90.6/-32.1/72.8 
-107.0/45.1/-56.3 

1 

Molecule B* 
0/il;/xlt 

-53.3A35.8 
-63.1/11.5 
-99.4/-8.5/-60.7 
-56.0/-48.0 
-67.2/-33.0 
-57.1/-43.5 
-65.1/-48.4/-69.9 
-53.3/-40.5 
-73.8/-17.9 
-96.6/-39.6/-67.3 
-100.3/68.1/-58.4 

* Values given are for the molecule containing L-residues; tEstimated standard deviations are less 
than 1.0°; % Gly for 1; § Leuol for 1; f For 2 0 is C'-N-Cct-C and \f is N-Cce-C'-O while for 1 <\> is 
C'-N-Ca-CH2 and i|r is N-Coc-CH2-0. 
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Introduction 

High resolution NMR methods can yield peptide conformational information for peptides 
that may be applied to rational drug design [1]. Conformational analysis requires the 
availability of NMR parameters such as chemical shifts, coupling constants, nuclear 
Overhauser enhancements (NOEs), and temperature dependency of amide proton 
chemical shifts. Of particular interest is the glycopeptide enkephalin analogue (LSZ 
1025) sequence: { , 

Tyr-D-Cys-Gly-Phe-D-Cys-Ser(-P-0-Glucp)-Gly-NH2 

This produces long acting analgesia following intraperitoneal administration in mice, and 
shows evidence for penetration of the blood-brain barrier [2]. Its solution conformation 
was examined by a combined approach including NMR measurements (TOCSY and 
ROESY) in DMSO, molecular modeling, and molecular dynamic (MD) simulations. 

Results and Discussion 

NOEs between the NH of Phe4 and D-Cys5, 3JNa coupling constant for Phe4, and low 
temperature coefficients (<1 ppb/K) for the amide proton of D-Cys5 indicate that a P turn 
is formed around residues D-Cys2-Gly3-Phe4-D-Cys5. Rotamer populations calculated 
from J . coupling constants shows that the side chain of Phe4 strongly prefers the 
gauche(-) rotamer, while the side chains of D-Cys4 and Ser6 favor the gauche(+) rotamer. 
A total of 9 restraints deduced from NOE and coupling constants were incorporated into 
molecular modeling studies. A sample of 20 energy-minimized MD structures (Figure 1) 
shows that the Tyr1 and Phe4 aromatic rings and the one sugar group are pointed in three 
different directions. In addition, the variations of <|),v|/ dihedral angles observed during 
the MD simulations reveal that the peptide backbone of residues from D-Cys2 to Phe4 is 
well constrained, while the C-terminal residues from D-Cys5 to Gly7 are quite flexible. 
Distributions of §,\\f angles in the Ramanchandran plots (Figure 2) confirm that most of 
the MD conformers of the glycopeptide contain a Type II' p-turn, with (<|>,\|/) dihedral 
angles for the i+1 position (Gly3) around (60, -120) and for the i+2 position (Phe4) 
around (-80, 0). 
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Figure 1. Superimposed of 20 structures ofLSZ1025from 100ps MD simulations. 
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Figure 2. Ramanchandran plot (cp, ip) ofLSZ1025 obtained from 100 ps MD simulations. 

The conformation of the 14-membered ring of the glycopeptide generally is similar to 
that found in the crystal structure of DPDPE (RMS of 0.4 A for the lowest-energy 
conformation). The studies of glycopeptides with different sugar groups indicate strong 
similarity among conformations of their peptide moieties. Our study suggests that the 
sugar moiety does not influence the binding conformation of cyclic enkephalin 
glycopeptide analogues. This is shown by receptor binding and bioassay data on a series 
of the glycopeptides. The effect in vivo are different, however, which may be explained 
by differences in transport rates, stability, and clearance rates. 
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Introduction 

The function of O-phosphorylation on Ser, Thr and Tyr residues play an important role 
in intracellular signaling systems [1]. On the other hand, though the presence of 
controlling enzymes is known, the role of intracellular N-phosphorylation in signaling 
processes is not yet clear. Among the N-phosphorylated amino acids, phosphoarginine 
(P-Arg, Figure 1) has been considered to possess important functions. Recently, the 
phosphatase of P-Arg has been identified [2-4]. It has been shown that phosphorylating 
and dephosphorylating actions of basic amino acids also participate in the functional 
adjustment of enzymes in vivo. Therefore, developing a method for determination of 
P-Arg has been required. Until now, inorganic phosphate determination (malachite green 
method) [5] has been used for the detection of P-Arg. However, confusion due to the 
presence of other phosphorylated amino acids could limit the use of this method, as it is 
not able to specifically distinguish different kinds of phosphoamino acids contained in 
proteins. In the present study, we attempted to develop a method that can selectively 
determine the phosphorylated arginine residues. 

Results and Discussion 

Our method proceeds through modification of the dephosphorylated free arginine for the 
purpose of direct determination of its phosphorylated form. A way to do this is to use a 
modification reagent that is specific for the guanidino group of the arginine side-chain. 
An essential condition for modification reagents in the present method is that because the 
N-P bond of arginine side-chain is labile under acidic conditions, the modification 
reaction must be carried out in neutral or alkaline environments where the N-P bond is 
stable. Moreover, it is required for the modification to be irreversible, and arginine 
should not be regenerated under the procedures that follow. As a result, the use of 
1,2-cyclohexanedione (CHD) [6], which satisfies these restrictions, is recommended. 

When a protein, containing both the phosphorylated arginine (P-Arg) and free 
arginine (Arg) residues, is reacted with CHD, Arg residues are converted to N7,N!-
(l,2-dihydroxycyclohex-l,2-ylene)-arginine (DHCH-Arg, Figure 1). Furthermore, the 
addition of boric acid to the mixture forms a stable complex of DHCH-Arg-borate in this 
procedure. 
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Figure 1. Structures of phosphoarginine and DHCH-Arg. 
Under the above-mentioned conditions, phosphorylated Arg is not modified by the 
reagent or converted to any other compounds. The mixtures are then hydrolyzed under 
acidic conditions. In this treatment, P-Arg residues are converted to free Arg. However, 
the DHCH-Arg-borate complex results in unknown products [6]. In this manner, the Arg 
derived from P-Arg hydrolysis was allowed to react with phenylisothiocyanate, and 
determined by phenylthiocarbamyl (PTC) amino acid analysis [7]. The amount of P-Arg 
in the protein is determined as the detected PTC-Arg peak. P-Arg content of the 
analyzed samples showed a reasonable agreement with the calculated values. 

Furthermore, we applied this quantitative method to model peptides containing 
P-Arg and O-phosphofhreonine (P-Thr) residues. These peptides were treated with 
alkaline phosphatase [4], which hydrolyzes both O-P and N-P bonds. The P-Arg content 
was selectively determined by the above-mentioned method, and the decrease of 
phosphoarginine was observed in a time-course manner. The presence of P-Thr did not 
affect the analysis of P-Arg. As a result, an effective method for the selective 
quantitation of phosphorylated-Arg has been developed. 

In conclusion, in the present study, it was confirmed that the specific determination 
of P-Arg by using CHD-PTC method was useful for investigation of enzymes 
participating in the functional adjustment in vivo. 
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Introduction 

Phosphopeptides have received much attention as important biochemical tools to 
elucidate signal transduction pathways [1] and have been the object of intense synthetic 
activity [2]. Disadvantages of methods reported to date include lack of general 
applicability, the need for complicated manipulations and side reactions owing to harsh 
acid deprotection. Our recent studies on nonhydrolyzable phosphopeptide mimetics [3], 
have stimulated us to develop a practical synthetic method for the preparation of 
biologically important phosphopeptides. This involves a combination of dimethyl-
protected phosphoamino acids 1-3 and a two step deprotection protocol. 

o 
° ^ ^ . 0 - P ( O M e ) 2 

R 0-P(OMe)2 ^ ^ 

BocNH COOH 
BocNH' "COOH 

Boc-Ser(OP03Me2)-OH (1, R = H) 
Boc-Thr(OP03Me2)-OH (2, R = Me) Boc-Tyr(OP03Me2)-OH (3) 

Results and Discussion 

To evaluate acidic reagent systems for the final deprotection of dimethyl-protected 
phosphoamino acid-containing peptide resins, three model peptide resins [Boc-Arg(Mts)-
Arg(Mts)-Val-Ser(OPO,Me2)-Val-Ala-Ala-Glu(OBzl)-Merrifield resin 4, Boc-Lys(ClZ)-
Arg(Mts)-Thr(OP03Me2)-Leu-Arg(Mts)-Arg(Mts)-Leu-Leu-PAM resin 5 and Boc-
Thr(Bzl)-Glu(OBzl)-Pro-Gln-Tyr(OP03Me2)-Gln-Pro-Gly-Glu(OBzl)-Merrifieldresin6] 
were used. Previously, we reported that the Me groups on a pSer residue were efficiently 
removed by two-step deprotection consisting of high acidic and low acidic treatments 
[4]. Thus, we first established the reaction conditions of the first-deprotection step [1 M 
trimethylsilyl trifluoromethanesulfonate (TMSOTfJ-thioanisole in TFA, m-cresol, ethane 
dithiol (EDT)] needed to cleave the peptides from the resins (4, 5 and 6) with concomi
tant removal of the Mts, CIZ and Bzl groups. After treating 4, 5 and 6 with the first-step 
reagent, composite additives [dimethyl sulfide (DMS) + TMSOTf] were added in 
different ratios and deprotection monitored by HPLC-analyses of the crude deprotected 
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peptides. Optimized deprotection conditions for dimethyl-protected phosphoamino 
acid-containing peptide resins were established to be a combination of the first-step 
reagent [1 M TMSOTf-thioanisole in TFA (100), w-cresol (5), EDT (5), (v/v)] and the 
second-step reagent [First-step reagent (110) + DMS/TMSOTf (30:20 ~ 40:10), (v/v)]. 
Using this methodology, we achieved the synthesis of a 19-residue MAP-kinase peptide 
possessing two phosphoamino acid (pThr and pTyr) and also Met and Trp (Figure 1). 

Boc-Phe-Leu-Thr(OP03Me2)-Glu(OBzl)-
Tyr(OP03Me2)-Val-Ala-Thr(Bzl)-Arg(Mts)-
Trp(Mts)-Tyr(CI2Bzl)-Arg(Mts)-Ala-Pro-
Glu(OBzl)-lle-Met-Leu-Asn-MBHA resin 

1. First-step reagent 
1 M TMSOTf-thioanisole 
in TFA (100), 
m-cresol (5), EDT (5), (v/v), 
4°C, 1.5 h 

2. Second-step reagent 
Addition of DMS/TMSOTf 
(35: 15), (v/v), 4°C, 4 h 

H-Phe-Leu-Thr(OP03H2)-Glu-
Tyr(OP03H2)-Val-Ala-Thr-Arg-
Trp-Tyr-Arg-Ala-Pro-Glu-
lle-Met-Leu-Asn-NH2 

(MAP-kinase peptide) 

(min) 

Figure 1. Two-step deprotection for the synthesis of MAP-kinase peptide (* desired peptide). 

The use of dimethyl-protected phosphoamino acid derivatives in conjunction with 
two-step deprotection protocols involving the combination of high acidic and low acidic 
deprotection provides an efficient general procedure for phosphopeptides synthesis. The 
method uses commercially available dimethylphosphono amino acid derivatives, 
compatible with standard Boc-based solid-phase techniques, and one-pot deprotection 
with an appropriately modified TMSOTf deprotection system. It enables the synthesis of 
phosphopeptides in a manner similar to that used for non-modified peptides. 
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Introduction 

The (3 subunit of the PDGF receptor associates with and activates PI3-Kinase through the 
85 kDa (p85) subunit's two src-homology (SH2) domains when Tyr740 and Tyr751 are 
phosphorylated (Y*) [1,2]. Peptides with two tethered phosphotyrosines bind with high 
affinity (lnm) and activate PI3-K at similar concentrations [1]. 

This study defines distances between the two SH2 domains of p85 by exploiting a 
500 fold difference in mono versus bidentate binding affinities as measured by surface 
plasmon resonance analysis. 

Results and Discussion 

Synthetic peptides were constructed with the basic p85 SH2 binding probe using Y*ZPZ, 
where Z = norleucine. Based on the spacing between Tyr740 and Tyr741 of the PDGF-r, a 
series of peptides with gly-ser linkers separating the Y*ZPZ motifs were synthesized 
(1-5). The sequence containing 12 amino acids between phosphotyrosine residues (5) is 
shown to bind to and stimulate PI3-K at 5nm. Removal of intradomain serine-glycine 
pairs by shortening the sequence to six or five intervening amino acids (3, 4) afforded a 
slight increase in PI3-K binding. This peptide (3), was of optimal separation revealing a 
minimum distance for bidentate phosphotyrosine binding. Truncation by an additional 
residue (2) resulted in affinity between that of mono and bidentate. Decreasing the 
spacing with the two Y*ZPZ motifs juxtaposed (1) hinders binding. 

The systematic truncation and replacement by glycines attempted a determination of 
a minimum required distance between phosphorylated tyrosines. Although the loss of 
binding energies of the +1, +2 and +3 amino acids gave intermediary levels of binding 
(6), this exceeded monodenate binding by allowing the amino-terminal phosphotyrosine 
to reach its binding pocket. By deletion of amino acids (7-10) intermediate binding is 
maintained with a sub-optimal fit of the second phosphotyrosine, until a minimum 
spacing of one amino acid was reached. This peptide (11) no longer allows the 
amino-terminal phosphotyrosine to occupy the second binding site affording mono-
dentate binding. 
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The relative contribution to binding of amino or carboxy Y*ZPZ motifs was 
elucidated. Peptide 5, in a singly phosphorylated version (15, 16) bound with equivalent 
ED 50 of 10,000nm. Clearly, neither phosphotyrosine contributes more binding energy 
than the other. Peptide 3 was modified in positions +1, +2 and +3 to the phospho 
tyrosines with glycine substitution (6,13). These data suggest the carboxy-terminal ZPZ 
motif contributes 10 fold more binding energy than does the amino-terminal counterpart. 

The interdomain distance between the +3 position and the phosphotyrosine is 
indicated to be 6A, as displayed by peptide 3. The distance between phosphotyrosine 
binding pockets is 16 A. It remains unclear as to which peptide Y*ZPZ motif binds to 
which protein SH2 domain binding pocket. The possibility exists that the peptide 
carboxy-terminal Y*ZPZ motif emulates Tyr751 (not Tyr740) of the PDGF receptor. 

Table 1. 

Cpd Sequence ED50 (nm) MW(calc) MW(obs) 

1 Ac-Y*ZPZY*ZPZS-CONH2 
2 Ac-Y*ZPZSY*ZPZS-CONH2 
3 Ac-Y*ZPZSSY*ZPZS-CONH2 
4 Ac-Y*ZPZSGSY*ZPZS-CONH2 
5 Ac-Y*ZPZS(GS)4Y*ZPZS-CONH2 
6 Ac-Y*(G)5Y*ZPZS-CONH2 
7 Ac-Y*(G)4Y*ZPZS-CONH2 
8 Ac-Y*GPGGY*ZPZS-CONH2 
9 Ac-Y*GGGY*ZPZS-CONH2 

10 Ac-Y*GGY*ZPZS-CONH2 
11 Ac-Y*GY*ZPZS-CONH2 
12 Ac-Y*ZPZSY*GGGG-CONH2 
13 Ac-Y*ZPZSSY*GGGG-CONH2 
14 Ac-Y*ZPZS-CONH2 
15 Ac-Y*ZPZS(GS)4YZPZS-CONH2 
16 Ac-YZPZS(GS)4Y*ZPZS-CONH2 

2,000 
120 
1 
2 
5 
140 
400 
160 
170 
200 
800 
5,000 
1,100 
1,200 
10,000 
10,000 

1,279.3 
1,366.4 
1,453.5 
1,510.6 
1,942.9 
1,241.2 
1,184.1 
1,224.2 
1,127.1 
1,070 
1,013 
1,184.1 
1,271.2 
710.7 
1,862.9 
1,862.9 

1,279.6 
1,366.1 
1,453.2 
1,510.2 
1,942.6 
1242.3(MH+) 
1,184 
1,223.7 
1,127 
1071.3(MH+) 
1014.2(MH+) 
1185.0(MH+) 
1,271 
710.8 
1,862.5 
1863.6(MH+) 
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Introduction 

The synthesis of phosphotyrosine-containing peptides is problematic, particularly if the 
peptides are large or contain multiple phosphotyrosine residues. Several procedures 
have been used for the synthesis of peptides containing phosphotyrosine. First, the 
phosphotyrosine residue may be incorporated as a protected phosphate ester, such as the 
dimethyl or dibenzyl phosphate derivative. However, during Fmoc synthesis, monode-
methylation and monodebenzylation occurs during Fmoc blocking group removal by 
piperidine. Significant loss of the phosphate group during the synthesis and/or cleavage 
reactions occurs when Fmoc-TyrP(dibenzyl) is used [1]. The alternate use of Fmoc-
TyrP(di-r-butyl) [2] is precluded because of the difficulty in its synthesis [3]. Fmoc-
TyrP(dimethylphenylsilyl) ethyl, which is stable to piperidine treatment [4], is readily 
removed by TFA, thus making this derivative attractive for synthesis of phospho
tyrosine-containing peptides. An alternative strategy is the "post-assembly" approach, 
where tyrosine is incorporated as the unprotected side-chain derivative which can then be 
phosphorylated post-synthesis. 

In this report, we opted to use a third synthetic approach that involves incorporation 
of phosphotyrosine by use of unprotected Fmoc-TyrP derivative to synthesize a series of 
four synthetic peptides (Figure 1). A 27 residue sequence from a tyrosine kinase receptor 
was selected for two reasons: 1) to investigate the positional and sequential dependent 
problems in the synthesis of phosphotyrosine peptides, and 2) for use as an affinity 
ligand for purification and analysis of protein kinases. 

Results and Discussion 

Using the BOP/HOBt/NMM protocol synthetic peptides P1-P4 (Figure 1) were 
synthesized and the products after HPLC purification were analyzed by capillary 
electrophoresis and mass spectrometry. The synthesis of Pl (no phosphotyrosine) was 
straightforward and the major product (MW 3169) was obtained in high yield. On the 
other hand, the synthesis of P2 with a single phosphotyrosine (MW 3249) near the amino 
terminus resulted in low yield (10%) after HPLC purification with the major product 
being a deletion peptide lacking the TyrP (MW 3005). Similarly, P3 with a single 
phosphotyrosine near the carboxy terminus was obtained in low yield (MW 3248) with 
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P 1 Biolln 

P2 

P3 

P4 
BioP4 

Figure 1. Schematic representation of the Pl, P2, P3, P4 and BioP 4 peptide constructs. 

the major product (MW 3005) being the TyrP deletion and no measurable product was 
obtained after HPLC purification. The synthesis of P4 (2 phosphotyrosine) resulted in a 
complex mixture of all possible combinations. HPLC purification and mass spectral 
determination of the mixtures indicated that incorporation of the carboxyl-terminal Fmoc 
Tyr P was exceptionally low. 

Using the BOP/HOBt/DIEA protocol, extensive monitoring of individual steps and 
repeated couplings of certain residues, we were able to synthesize the correct peptide in a 
reasonable yield. Mass spectral data depending on the number of phosphotyrosine in the 
peptide indicate that in every case an adduct consisting of either the MW + 135 or MW + 
270. We hypothesize that this stable adduct is an addition of HOBT. Further studies are 
underway to clarify this problem. 

References 

1. Kitas, E.A, Wade, J.D., Johns, R.B., Perich, J.W. and Tregear, G.W., J. Chem. Soc, Chem. 
Commun., (1991) 338. 

2. Perich, J.W., Ruzzene, M., Pinna, L.A. and Reynolds, E.C., Intl. J. Peptide Protein Res., 43 
(1994) 39. 

3. Perich, J.W. and Reynolds, EC, Intl. J. Peptide Protein Res., 37 (1991) 572. 
4. Chao, H.G., Bernatowicz, M.S., Reiss and P.D., Matsueda, G.R., J. Org. Chem. 59 (1994) 

6687. 

447 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

182 
Effects of Glycosylation of a Peptide Epitope from 
HTLV-1 gp46 on Structure and Immunogenicity 

S.F. Conrad1, I.L. Byeon4, A.M. DiGeorge2, M.D. Lairmore1,3, 
M.Tsai4 and P.T.P. Kaumaya12 

'Comprehensive Cancer Center, 'Department of Obstetrics and Gynecology, 
'Department of Pathobiology and"'Department of Chemistry, The Ohio State 

University.Columbus, OH 43210, USA 

Introduction 

The env gene product of the human retrovirus HTLV-1 plays an important role in 
infection and is involved in the production of neutralizing antibodies. The 68 kD 
precursor glycoprotein contains N-linked glycosyl moieties at five sites, four of which 
are found in the gp46 and one in gp21 products. A requirement for the presence of 
carbohydrate in group-specific neutralization has been demonstrated for several 
retroviral systems. It has been shown that removal of glycosylation sites directly affects 
syncytium formation. Thus, N-glycosylation may be involved in modulating neutralizing 
antibody responses by directing the immune response towards selected epitopes. 

The effects of N-glycosylation on stabilization of peptide structure and in modula
ting antibody responses remain to be fully elucidated. However, recent studies indicate 
that addition of glycosyl moieties to Asn residues tends to promote p-turn formation and 
stabilization [1]. As part of our ongoing studies of stabilization of peptide epitopes into 
immunogenic constructs, we investigated the 233-253 sequence of HTLV-1 gp46 which 
contains a carbohydrate moiety at Asn244. Epitope 242-257, of gp46 is recognized by 
sera from HTLV-T individuals, and harbors a conformational determinant. Antibodies 
to 242-257 recognized native gp46 but did not inhibit syncytium formation and did not 
protect rabbits against infection with the HTLV-1 virus. The goals of this study were: 1) 
to synthesize and to characterize the 233-253 peptide with and without a sugar residue at 
the Asn 244 site. 2) To determine the solution conformation of the peptide and 
glycopeptide using two-dimensional NMR and 3) To investigate the antibody response 
to both the peptide and glycopeptide. 

Results and Discussion 

Peptide and Glycopeptide Engineering and Characterization. The 233-253 sequence 
was selected to incorporate a single glycosyslated residue (244), with one P-turn 
structure near the middle of the peptide. A "promiscuous" T cell epitope from measles 
virus (MVF) was incorporated into the SC1MVF and SC2MVF immunogens for raising 
antibodies. 
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The CD spectra of SCI and SC2 indicate the presence of p-turn conformation as 
shown by the weak minima {[B]MX approximately -800-deg cmVdmol) at 200 nm. The 
CD spectra of SC1MVF and SC2MVF in aqueous solution are similar to the SCI and 
SC2 constructs. Complete 'H NMR assignments of SCI and SC2 were obtained using 
standard two-dimensional methods. There are significant changes in the chemical shifts 
of protons in the P-turn region, residues 9-13, between the glycosylated and the non-
glycosylated construct. The GLcNAc residue on Asnl2 caused the most perturbation in 
the amide proton of the adjacent Val 13 residue. Sequential and medium-range NOEs 
observed for SCI and SC2 indicate that both peptides exist in extended chain 
conformations with a p-turn configuration around Asnl2. A small ensemble of peptides 
may be adopting a helical or turn structure in the Thr4-Val7 segment. 
Immune Response to the Various Constructs. Human sera from HTLV-I infected 
individuals reacted to a slightly greater extent with SC2MVF than SC1MVF but there 
was no significant difference between reactivity with SCI vs. SC2. Reactivity towards 
the chimeras was substantially higher than to the individual epitopes, indicating 
stabilization of the peptide conformation within the chimeric construct. 

Table 1. Summary of immune responses in rabbits to SC1MVF and SC2MVF. 

Assay 

Titer 
vs. SC1MVF 
vs. SC2MVF 
vs. SCI 
vs. SC2 
RIPA 
whole vims ELISA 

SC1MVF 

Rabbit 1 
>128,000 
>128,000 
>128,000 
>128,000 
negative 
0.20 

Immunogen 

Rabbit 2 
64,000 
64,000 
64,000 
64,000 
positive 
1.34 

SC2MVF 

Rabbit 1 
128,000 
64,000 
64,000 
64,000 

positive 
0.85 

Immunogen 

Rabbit 2 
128,000 
64,000 
64,000 

128,000 
positive 
0.85 

Titers are for secondary + two week sera and are expressed as the antibody dilution at which the 
absorbance reading is 0.2 units above background. Results for the whole vims ELISA for 1:40 
dilution of antisera and are adjusted for background absorbances for pre-immune sera. Positive 
reaction in the radioimmunoprecipitation assay (RIPA) indicates binding of antiserum to gp46 of 
viral lysate (labeled with [35S]methionine) as determined by autoradiography of SDS-PAGE gels. 

Antibodies in rabbits against each chimera showed significant titers as early as 
primary + three weeks, with very high titers exhibited in the tertiary response (Table 1). 
The anti-SClMVF antibodies recognized SC1MVF, SCI and the SC2-containing 
peptides, but not the MVF sequence. Likewise, the anti-SC2MVF antibodies cross-
reacted with the SCI-containing constructs. Rabbits immunized with SC1MVF and 
SC2MVF rabbit sera exhibited strong response in whole virus ELISA and RIPA in this 
assay (Table 1). 
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Introduction 

Advanced glycosylation endproducts (AGEs) have been linked to the development of 
many of the long-term complications of diabetes, renal insufficiency, and normal aging 
[1, 2]. The formation of these products follows many of the principles of the Maillard 
reaction and begins with the non-enzymatic addition of reducing sugars such as glucose 
to the primary amino groups of macromolecules [3]. These "early" Schiff base and 
Amadori adducts then slowly undergo a series of rearrangement, dehydration, and 
oxidation-reduction reactions to produce the "late" products termed AGEs. AGEs 
crosslink amino groups and are sufficiently stable to persist for the life of the affected 
macromolecule [2, 3]. Although the structures of the most abundant AGEs which occur 
in vivo are unknown, Monnier et al. recently isolated the fluorescent crosslink pento
sidine from human dura collagen [4]. Pentosidine appears to form as the condensation 
product of lysine, arginine, and a reducing sugar precursor. In vitro, pentosidine may be 
readily produced upon incubation of Noc-protected derivatives of arginine, lysine, and 
sugars such as ribose, glucose, fructose, ascorbate and dehydroascorbate [5]. 

Results and Discussion 

Measurements of pentosidine content in a variety of biological specimens have revealed 
that this bi-functional condensation product accounts for only a small percentage (<1%) 
of potential glucose-derived crosslinks [6]. Furthermore, when bovine serum albumin 
(BSA), which contains 59 lysine and 23 arginine residues, is incubated with D-glucose in 
phosphate buffer, pentosidine forms in a yield of only 1 mmol/mol protein. It also has 
been noted that while many proteins such as ovalbumin and BSA can undergo a high 
degree of modification or "impairment" of lysine and arginine residues during advanced 
glycosylation, protein oligomerization rarely ensues. These observations prompted us to 
examine the contribution of intra molecular crosslinking to the formation of pentosidine 
in model systems in vitro. We noted that the amino acid sequence of BSA contains an 
arg-lys (RK) sequence at positions 411 and 412 which, on the basis of kinetic 
considerations, might serve as a highly reactive site for intramolecular pentosidine 
formation. 
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We first incubated the dipeptide arg-lys (RK) at 70°C with two equivalents of 
D-ribose, D-glucose or D-fructose in phosphate buffer for 48 h. HPLC analysis with UV 
(̂ max 320 nm) detection revealed, in each case, a major peak with an identical elution 
time. The characteristic UV spectrum (^mox 320 nm) of pentosidine was evident. MS 
spectra (m/z 361) and 'H-NMR spectra confirmed the structure of a pentosidine-RK 
condensation product. Other peaks present in low concentrations were assigned the 
structure of a pentosidine moiety linking two RK molecules (intermolecular crosslinks). 

In a second model study, the a-amino group of RK was protected in order to study 
the reactivity of the R and K side chains in a domain more closely resembling that of a 
native protein. The incubation of Na-CBZ-RK with two equivalents of D-ribose in 0.2 
M phosphate buffer (pH 7.4) for three weeks at 37 °C yielded pentosidine as a major 
fluorescent compound in 4.5% yield. Separation and purification of this compound was 
carried out by reversed phase HPLC. The 'H-NMR spectrum of the compound revealed, 
beside the protons of the starting material, three protons which resonate as an ABX 
system at 5 = 7.85 (d, J = 6.4 Hz), 7.67 (d, J = 7.4 Hz) and 7.15 (bdd, J = 7.2, 6.9 Hz), 
and which are consistent with the pentosidine structure. The electron spray (ES) mass 
spectrum showed a molecular ion at 495 (M) which is consistent with the molecular 
formular C25H31 N605 (hrFAB 495.2482, calc. 495.2356) and the stucture shown below. 

N ^ N H V = 0 
J HN 

CO2H 

R = H or CBZ 

A similar mechanism may account for the formation of pentosidine from D-glucose, 
which first undergoes oxidative cleavage in the Maillard reaction to arabinose. As 
expected, incubation of RK with glucose under antioxidative condition (EDTA, N2) 
failed to show any pentosidine formation even after 4 weeks incubation at 37°C. 

These model studies support the high reactivity of dibasic amino acid systems 
toward Maillard reactants and suggest a potentially active competition between intra- and 
intermolecular crosslink formation in vivo. These data also may account for the low 
frequency of pentosidine formation in certain protein substrates. 
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Introduction 

The muramylpeptide GMDP (N-acetylglucosaminyl-(Pl->4)-N-acetylmuramyl-L-alanyl-
D-isoglutamine) (see below), a potent immunostimulator, has been extensively studied by 
us [1]. Recently, we found that combination by mixing or by chemical conjugation of 
GMDP with tuftsin (Thr-Lys-Pro-Arg) [2], a known stimulator phagocytosis by macro
phages in vivo, leads to mutual enhancement of their immunostimulating activities [3]. 
Here we describe structural analogs of the GMDP-tuftsin conjugates. 

chbOH 0 ci-bOH1 0 

HO ' ^ 

HoX^^VJlTi \ ^ h « A e 
(5-—-T-->_^AIau<3lu-NH2 

CH| T (/soGIn) 

GlcNAc MnrNAc 

GMDP 

Results and Discussion 

All compounds were synthesized in solution and characterized by TLC, RP-HPLC, 
FAB-MS and, in several cases, 'H-NMR. The activities in the adjuvancity and 
phagocytosis stimulation tests were determined as described [3] (Table 1). 

The immunostimulating properties of muramyl peptides can be enhanced by 
incorporation of a lipophilic substituent. We synthesized a series of stearoyl derivatives 
of the conjugates and tuftsin. We found that lipophilization of tuftsin enhanced its 
activity. In the case of the conjugates, lipophilization reasonably improved the less 
active one, but not the more active (Ll and L2, respectively). We prepared a lipophilic 
analog of GMDP-TKPR with intact N-terminus of tuftsin (L3) that was active but not 
better than Ll in which this position was occupied. 

Evaluating whether the presence of the complete structure of tuftsin is required for 
activity, we conjugated GMDP with a tuftsin antagonist, Lys-Pro-Arg [4]. The 
conjugates were slightly more active than GMDP but less active than GMDP-TKPR; 
lipophilization potentiated the activity. GMDP was also potentiated when mixed with the 
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Table 1. 

Glyco/ Lipo/ Phospho/ Peptides 

Structures and activities of the analogs of GMDP-tuftsin conjugates and related 
compounds. (Gmdp- = GlcNAc-MurNAc-Ala-D-isoGln-, Ste=stearoyl). 

Compound 

GMDP 
Tuftsin 
GMDP-TKPR [3] 

Ll 
L2 

L3 

Ste-TKPR(l) 
Ste-TKPR(2) 
KPR 
GMDP+KPR 
GMDP-KPR(l) 
GMDP-KPR(2) 

GMDP-Ste-KPR 
GMDP-dA-TKPR 

GMDP-Aca-TKPR 

Structure 

Gmdp-OH 
TKPR 
Gmdp^ 

TPR 
Gmdp-TK(Ste)PR 
Gmdp~>̂  

Ste-TKPR 
Gmdp-K(Ste)-^ 

TKPR 
Ste-TKPR 
TK(Ste)PR 
KPR 
equimolar mixture 
Gmdp-KPR 
Gmdp->^ 

KPR 
Gmdp-K(Ste)PR 
Gmdp-D-Ala->^ 

TKPR 
Gmdp-Aca-"\ 

TKPR 

Adjuvant activity 

Optimal dose, 
(iM/mouse 

1.44* 
1.44* 
1.44* 

1.44* 
1.44* 

10-2 

io-i 
io-i 
io-i 
io-i 
io-i 
io-i 

n.d. 
io-i 

10-3 

io-i 
io-i 
10-2 

IO"' 
io-i 

Stimulation 
index vs. 
GMDP 
n.a. 
0.2 
1.6 

2.3 
0.4 

1.3 

0.9 
0.6 
0.5 
2.0 
1.4 
0.3 

n.d. 
0.1 

0.5 

Phagocytosis 
stimul. 
Stimulation 
index vs. 
tuftsin 
1.5 
n.a. 
1.8 

1.8 
1.2 

1.7 

2.3 
3.9 
0.8 
1.2 
1.4 
1.3 

1.7 
1.8 

1.9 

peptide. These results confirm our hypothesis [3] that tuftsin receptors may be involved 
in the mechanism of the conjugate's action. 

Attempts to improve the GMDP-TKPR conjugate by incorporating spacers (D-Ala and 
6-aminocaproyl, Aca) between GMDP and the tuftsin moieties produced only weakly 
active conjugates. Thus, direct binding of GMDP to tuftsin seems to be important. 
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Introduction 

Glycopeptides, similar to phosphopeptides and sulfopeptides, can be prepared by 
solid-phase synthesis using two alternative methods. The first is the building block 
method, in which glycosylated amino acids are used as monomers to introduce sugars 
into peptides [1-3]; and the second is the "global" glycosylation, in which suitably 
protected resin-bound oligopeptides with a free side-chain hydroxyl [4] or carboxylic 
acid [5] function are glycosylated after the peptide chain assembly is completed. Both 
strategies tend to be difficult when a series of extended or complex sugars are used 
because: i) the preparation of many individual Fmoc-Asn(sugar)-OH compounds is 
tedious, and ii) the activated aspartic acid side-chain is prone to intramolecular 
aspartimide formation. 

Results and Discussion 

We attempted to overcome the first difficulty by aminating a commercially available 
mixture of 4-11 glucose unit-containing malto-oligosaccharide analogues and coupling 
the 1-amino-sugar mixture to Fmoc-Asp-O'Bu. As with other glycoamino acids [6], the 
glycosylated asparagine "synthons" can be separated by in one RP-HPLC step (Figure 1). 

To eliminate the undesired aspartimide formation during the "global" glycosylation 
procedure, we blocked the amide NH group C-terminal to the aspartate using secondary 
amino acids. An allyl group was used to protect and Pd to deprotect the side chain of the 
aspartic acid residue to be glycosylated. Two types of backbone protecting groups were 
employed: the non-removable methyl group to avoid any possible steric hindrance, and 
the TFA cleavable Hmb group to enable the preparation of true glycopeptides. Both 
backbone-protecting groups could be used to improve N-glycosylation efficiency of with 
a monosaccharide, GlcNAc [7]. While the methyl group was also effective in improving 
heptasaccharide incorporation, acylation of the same 1-amino-maltoheptose remained 
troublesome with the Hmb protected peptide due to steric hindrance [7]. This strategy 
can be generally used to avoid undesired ring formation in aspartyl peptide synthesis. 

As a third line of investigation, we compared three different deacetylation methods 
of O-glycopeptides that contain Thr residues carrying acetylated disaccharide moieties. 
The most frequently used sugar hydroxyl-protecting group is the acetyl group, which is 
removed principally by nucleophilic substitutions. Although the proposed P-elimination 
during the acetyl removal [8] can be avoided only by using 2 M NH3/MeOH and not by 
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using 0.1 M NaOMe or 0.1-0.001 M NaOH, the targeted ester hydrolysis proceeds much 
faster than the unwanted side reactions even using the latter reagents. This finding is in 
agreement with recent reports that the concern of P-elimination in glycopeptides has been 
exaggerated [9, 10]. 
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Figure 1. Preparative scale separation qfFmoc-Asn(maltooligosaccharide)-0'Bu derivatives on 
RP-HPLC. Chromatographic conditions: Column: Cle 150x25 mm. Solvent A: H2O/0.1% TFA: 
Solvent B: CH3CN/0.1% TFA. Gradient in the Fmoc-Asn(sugar)-OBu range: 0.1% B/min with 9 
ml/min flow rate. Detection: 214 nm. The peaks were identified by MS by using a LaserTec 
Benchtop 2 laser-desorption time of flight instrument. The numbers indicate the number of 
glucose units. The asterisk indicates an unidentified peak. 
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Introduction 

Because of the acid and base instability of phosphoserine and phosphofhreonine [1, 2], 
the typical approach to synthesize phosphopeptides on solid phase containing these 
amino acids is the introduction of the hydroxy-unprotected amino acids. After peptide 
synthesis, the free hydroxyl functions are phosphitilated (phosphoramidite, tetrazole) and 
oxidized (m-chloroperbenzoic acid, I2, tBuOOH). In contrast, phosphotyrosine can be 
incorporated as a building block [Fmoc-Tyr(P03R2)-OH; R = Me, Et, Bzl]. 

We present the data of a multiple synthesis of more than 40 peptides (0.02 mmol) 
followed by multiple phosphitilation [0.75 mmol lH-tetrazole, 0.36 mmol (tBuO)2-
PNEtJ, oxidation (0.2 mmol /w-chloroperbenzoic acid) and cleavage (82.5% TFA, 5% 
water, 5% thioanisol, 5% phenol, 2.5% EDT). The methyl groups of phosphotyrosine 
were cleaved by TMSBr [3]. All the crude peptides, phosphorylated or not, were 
characterized by electrospray-MS. 

Results and Discussion 

After synthesis on solid phase and TFA-cleavage of the unphosphorylated peptides, we 
obtained the expected molecular masses for most of the peptides. For some peptide 
sequences we detected higher masses, which most probably are O-acylated peptides. In 
the case of GGXA (X = S, T), we only detected different higher masses probably due to 
O-acylation. 

After phosphorylation, we identified the phosphopeptides and furthermore three 
by-products by MS. These by-products seemed to be typical for the phosphoramidite 
approach used. 

As expected, the phosphorylation on solid phase was not quantitative, as indicated by 
variable contents of the unphosphorylated peptides: 53% (20 of 36) of the 
phosphorylated peptides contained this by-product in low amounts (up to 20%), but in 
8% (3 of 38) it was the main product. 

The oxidation of the phosphitilated peptides was not quantitative, resulting in 
H-phosphonopeptides. The content of this common by-product depends on both the 
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phosphitilated amino acid (S, T) (Table 1) and the sequence and possibility of steric 
hindrance. The H-phosphonopeptides were obtained in 95% (36 of 38 peptides) of the 
phospho- rylated peptides. In one of these peptides it was the main component. 

In 34% (13 of 38) of the phosphorylated peptides, we detected peptides bridged via a 
phosphodiester linkage. Recently, we described this by-product for the model peptides 
GGSA and GGTA [3]. This by-product was obtained after phosphorylation mostly on 
threonine- but also on serine-residues (Table 1). The typical content was in the range of 
10 to 20%. Only for one sequence, phosphorylated at threonine, was this bridged peptide 
the main product. 

Table 1. Content of crude peptide and by-products after phosphorylation of threonine (14 
peptides) and serine (19 peptides). 

aa 

T 

S 

free 

71% 
10/14 

63% 
12/19 

X(P03H2) 

100% 
14/14 

100% 
19/19 

X(P02H2) 

100% 
14/14 

89% 
17/19 

bridged 

71% 
10/14 

11% 
2/19 

To circumvent O-acylation for sequences described above, we checked selectively 
cleavable O-protecting groups [trityl, tert.-butyl dimethyl silyl (tbdms)]. After the 
peptide synthesis, these protecting groups were cleaved (1% TFA, 5% triisopropyl silane 
in DCM for trityl; 1.5 equiv. Bu4NF for tbdms). The deprotected hydroxyl group was 
phosphorylated as described above. This procedure allowed us to synthesize both the 
unmodified and the phosphorylated peptides in high yields and purities [80% for 
GGS(P03H2)A and 50% for GGT(P03H2)A]. 
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Introduction 

Mistletoe lectin I (ML I), the C-galactoside-specific lectin from Viscum Album L., is a 
component of a commercially available mistletoe extract which has federal approval for 
clinical application in human cancer treatment. Regular injections of optimal doses of 
ML I yield an enhancement of several cellular parameters which are generally believed 
to be involved in antitumor immunity [1]. ML I consists of two different subunits, both 
N-glycosylated and linked by a disulphide bond. The A chain (29 kDa) is cytotoxic, 
whereas the immunomodulatory potency are attributed to the B chain (34 kDa). 

After previous determination of the primary structure of the toxic subunit [2], we 
present the partial amino acid sequence of the B chain of ML I. Sequence information 
was obtained from the analysis of two sets of peptides generated by endoproteinase 
Asp-N and trypsin, respectively. After digestion, the peptides were purified by 
RP-HPLC and characterized by laser desorption mass spectometry (Kratos MALDI III 
equipment, Shimadzu, Europe) and Edman degradation sequence analysis. 

Results and Discussion 

Sequence alignment of the characterized peptides originating from cleavage of the B 
chain of ML I was made by comparison with the cDNA-deduced B chain amino acid 
sequences of abrin-a [3] and ricin-D [4] (Figure 1) which are toxic lectins structurally 
related to ML I [5]. These proteins are collectively known as ribosome-inactivating 
proteins (type II RIPs) and share the same mechanism of action [6]. After binding to 
eukariotic cells by interacting with cell-surface galactosides they enter the cytosol via 
endocytic uptake, irreversibly inhibiting protein synthesis and promoting cell death. 

The sequence comparison of the primary structure of the B chain of ML I with those 
of abrin-a and ricin-D shows a significant degree of similarity, whereby terminal regions 
appear as the most conserved parts of the molecule. In the N-terminal segment (44 
residues) 52% and 67% of the amino acid residues overlap with the abrin-a respectively 
ricin-D sequence,while for the C-terminus (34 residues) an identity of 50% (abrin-a), 
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respectively, 42% (ricin-D) is observed. All Trp residues distributed along the sequence 
remain invariant as well. Undeterminable residues indicated by X at positions 155, 168, 
194 and 212 are presumably Cys residues, which probably build two internal disulfide 
bridges. 

Further examinations of the reported results show that residues which are involved in 
the active galactose-binding sites in the B chain of the ricin molecule are also conserved 
in the amino acid sequence of the B chain of ML I. These are Asp23, Gln36 and Trp38 
(subdomain la) and Asp239, Tyr253, Asn260 and Gln261 (subdomain 2y) [7]. It has 
been proven that these galactose-receptors are responsible for surface binding of ricin 
and for the translocation of its toxic subunit into the cytosol [8]. Based on these results 
and on the reported homology between primary structures of both proteins, it can be 
postulated that ML I may recognize specifically glycosylated lectin ligands present on 
the surface of lymphocytes and monocytes through its galactose-binding sites. This 
lectin-carbohydrate interaction is supposed to be responsible for the immunostimulating 
properties of ML I. 

Abrin-a IVEKSKICSSRYEPTVRIGGRDGMCVDVYDNGYHNGNRIIMUKCKDRLEENQLUTLKSDK 60 
Ricin-D ADVCMD-PEPIVRIVGRNGLCVDVRDGRFHNGNAIQLUPCKSNTDANQLWTLKRDN 55 
ML I DDVTSSASEPTVRIVGRNGMRVDVRDDDFHDGNQIQLWPSKSNN 44 

Abr in-a TIRSNGKCLTTYGYAPGSYVMIYDCTSAVAEATYWEIUDNGTIINPKSALVLSAESSSMG 120 
Ricin-D TIRSNGKCLTTYGYSPGVYVMIYDCNTAATDATRWQIUDNGTIINPRSSLVLAATSGNSG 115 
HL I EATIWQIUG 116 

Abr in-a GTLTVQTNEYLMRQGWRTGNNTSPFVTSIS--G-YS-DLCMQAQGSNVWLADCDSN--KK 174 
Ricin-D TTLTVQTNIYAVSQGULPTNNTQPFVTTIV--G-LY-GLCLQANSGQVUIEDCSSE--KA 169 
ML I TLDYTLGQGWLAR VF-TNEGAIGVLSRDLXMESNGGSVWVETXNSHLQKP 175 

Abr in-a EQQUALYTDGSIRSVQNTNNCLTS-K-DHKQGSPILLMG-CSNGWAS-QRWLFKNDGSIY 230 
Ricin-D EQQWALYADGSIRPQQNRDNCLTS--DSNIRETVVKILS-CGPASSG-QRUMFKNDGTIL 225 
ML I --QWALYGDGSIRPKQNNDQXLTSGRQSN-AGDPV-QLSAXSPGVVQVGRWGFR-DGSIR 230 

Abr in-a SLYDDMVMDVKGSDPSLKQIILWPYTGKPNQIULTLF 267 
Ricin-D NLYSGLVLDVRRSDPSLKQIILYPLHGDPNQIWLPLF 257 
ML I DDDFRDVAQANPKLRRIIIYPATGKPNQMULPLFL 268 

Figure 1. Comparison of the determined B chain sequence of ML I with the of cDNA-deduced 
ones of abrin-a and ricin-D. Conserved amino acids are underlined. So far undetermined 
residues are indicated by X. 
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Introduction 

The £-chain of the TCR/CD3 complex plays a central role in cell signalling via the TCR 
[1,2]. On receptor stimulation, the ĉ -chain is phosphorylated on tyrosine residues in the 
intracellular region of this molecule. It has not yet been revealed which of the seven 
tyrosines present in the ^-polypeptide are phosphorylated nor which kinase is involved in 
this event [3, 4], Dephosphorylation of the protein is necessary for the downregulation 
of T-cell activation, but the phosphatases participating in dephosphorylation have not yet 
been identified [5]. Different peptide fragments and the corresponding phosphorylated 
derivatives of the (̂ -subunit were synthesized in order to investigate the roles of the 
individual phosphotyrosine residues in the biochemical process of T-cell activation. The 
phosphorylated ^-peptides were also applied to establish whether any of them are 
substrates for CD45, a lymphocyte-specific transmembrane tyrosine phosphatase. 

Results and Discussion 

Both the synthon approach and the global method were applied in the synthesis of seven 
short phosphorylated (and non-phosphorylated) fragments of the TCR, CD3 £-chain. Of 
the separation methods applied for the purity control MECC seemed best. Preliminary 
experiments revealed that six short (^-related peptides, corresponding to the conservative 
sequences of the (^-polypeptide are substrates for the src kinases, and one of the seven 
peptides (PPAYQQG), which lies outside the conservative motifs, is not a target for in 
vitro phosphorylation by the src kinases used (lck and fyn) [6]. CD45, a lymphocyte 
surface protein, which has tyrosine phosphatase activity, seems to be responsible for the 
dephosphorylation of the £-chain. It has been demonstrated that CD45 dephosphorylates 

PPAY(/>)QQG, 6IP; NQLY(P)NEL, 69P; REEY^DVL, 80P; QEGLY(P)NEL, 
106P; AEAY(,P)SEIG, 119P; DGLY(/>)QGL, 138P; KDTY(/>)DAL, 149P 

Figure 1. 77ze structures of the synthesized peptides. 
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Figure 2. The FT-IR spectra of several peptides. Band at 1633 cm'1 indicates fi-sheet formation. 

phosphorylated C,- oligopeptides, indicating that this tyrosine phosphatase may play a role 
in the downregulation of T-cell activation. In water, both the non-phosphorylated (nP) 
and phosphorylated (P) peptides give CD spectra characteristic of a predominantly 
random conformation (strong negative band below 200 nm). In TFE solution, the 
peptides exist as mixtures of conformers, and the CD spectra reflect more than one 
prevailing secondary structure. The conformational investigations of these phospho
peptides by means of CD and FTIR spectroscopy supported the idea that the 
phosphorylation event can change the conformations of the parent peptides, mostly 
leading to an increase in the B-sheet conformation. 
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Introduction 

Homology modeling has been useful for the rapid construction of three-dimensional 
model structures of proteins for over twenty years [1]. The rapid growth in the number 
of available protein sequences due to genome projects has made the ability to rapidly 
develop good quality model structures much more important. We have used homology 
modeling to develop structures of a wide range of proteins including members of the 
serine protease [2], aspartic proteinase [3] and anaphylatoxin [4] families. These models 
have been used to help understand enzyme specificity [5] and site-specific mutations [6], 
as well as for drug design [3, 7, 8]. 

During the course of these studies, we have developed a number of model structures 
whose experimental structure has been determined subsequently, either by crystallo
graphy or NMR. To properly evaluate the utility of homology modeling, we initiated a 
detailed comparison of each model with its respective crystal structure. In this work, we 
describe studies on the aspartic proteinase family (Table 1). 

Table 1. Comparison of available model and experimental structures in the aspartic proteinase 
family. 

Protein Model Ref. Experiment Ref. 

[3] Renin 
Cathepsin D 
Candida protease 

1983-1991 
1991 
1993 

51-1992 
1993 
1994 

[9-11] 
[12] 
[13] 

Results and Discussion 

The secondary structure of the experimental structures were assigned by the Kabsch and 
Sander algorithm in PROCHECK [14]. The RMSD of the a-carbons of the residues for 
each of the a helices and (3 strands were compared. The a-carbon positions of the 
secondary structure were then evaluated by domain and for the entire protein. In this 
manner, successively larger pieces of the protein were analyzed. Random coil and turns 
were compared separately. These regions have larger RMSD values than the conserved 
secondary structure since these may be highly flexible loops often affected by crystal 
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contacts. The active sites, those residues within 6A of an inhibitor, were also compared. 
Since many of these models were intended to be used for the design of novel inhibitors, 
it is the similarity of the active site of the model to the experimental structure that is of 
greatest interest. Other geometrical details, such as the position and conformation of the 
side chains, were also examined. Methods, such as the PROCHECK suite of programs 
and the Profiles methodology [15], were used to assess the models. 

The crystal structures of the complex of porcine pepsin with A-62095 [16] and 
chymosin [17] were used as the basis for the development of models of human renin [3] 
and human cathepsin D. A model of a secreted aspartyl protease from Candida albicans 
was developed using the crystal structure of bound rhizopuspepsin as the core. This 
model was compared to the recent crystal structure of the complex of A-70450 in the 
Candida SAP2 enzyme [13]. 

The overall structure of the models compared to the crystal structures was generally 
good, Table 2 (RMSD for secondary structure of the protein ranged between 1.58 and 
2.72A). The active sites of the proteins also compared well (RMSD ranged from 1.08 to 
2.16A). In the Candida albicans proteinase, the insertion of 9 residues near the first 
disulfide bridge (residues 45-50) was properly placed and the deletion of the helix at 
residues 110-116 of the other aspartic proteinases was correctly modeled. 

Table 2. RMSD Values (in A) for comparison of the secondary structure of the model and 
experimental structures (number of residues compared). 

Protein 

Renin 
REN [9] 
REN [10] 
BBS [11] 

Cathepsin 

Candida 

N-Term 

1.70(120) 
1.74(120) 
1.71 (120) 

3.76 (94) 

2.37(73) 

C-Term 

1.40(91) 
1.20(91) 
1.19(91) 

1.18(117) 

2.33 (90) 

Active Site 

1.08(41) 
1.21 (41) 
1.26(41) 

1.56(43) 

2.16(41) 

Total 

1.58(211) 
1.88(211) 
1.70(211) 

2.72(211) 

2.45 (163) 

However, the conformations of the external loops were, in many cases, significantly 
different between the models and the respective crystal structures. In renin, the 240 and 
the 280 loops are involved in crystal contacts in two crystal structures which causes a 
twisted conformation rather than the more classical P strand-turn-fl strand seen in pepsin. 
This leads to a large RMSD of the alpha carbon positions of these loops. In the third 
renin crystal structure, these loops are not involved in crystal contacts, but are exposed to 
solvent and are disordered. 

Occasionally, an error occurs over a short stretch of the model where decisions on 
the alignment of the protein sequences and the resultant placement of residues in the 
model were made incorrectly based on the then available crystal structures of 
homologous proteins. For example, in renin, residues 98-110 of the model are one 
residue off from the crystal structure, which differs in this region from the other aspartic 
proteinases. The misalignment could be detected using the Profiles-3D software, which 
was not available at the time the model was built. However, it is not obvious from a 
modeling perspective how to build the structure correctly. 
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Using the Candida crystal structure, homology models were constructed for the six 
related Candida proteinases which are reported to be virulence factors. Additions and 
deletions near the active site suggested a common specificity for these Candida enzymes, 
especially in the vicinity of the S3 binding pocket [13]. Compounds are currently being 
designed to fit the unusual requirements of the Candida enzyme active site as potential 
antifungal agents. 

In summary, homology modeling permits rapid construction of reasonable models 
for new proteins. The core of the model structure, the defined secondary structure, 
compares favorably with the crystal structure. The flexible loops and the insertions and 
deletions display significant variation from the experimental structure. Fortunately, most 
of these loop deviations are not in the active site, but some are close enough to affect 
ligand specificity. Computational tools are emerging that may allow us to recognize 
residues or regions of the model structure that are wrong, but the correct solution is often 
not obvious. Nature still surprises us with novel structures. 
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Introduction 

The prion protein (PrP) plays a central role in the development of fatal neuro
degenerative diseases that can occur in sporadic, inherited and infectious forms [1]. 
Although the function of the normal, cellular protein (PrPc) is unknown, mice in which 
the PrP gene is ablated, are resistant to infection with prions. The only known 
component of the infectious prion particle is an abnormal isoform designated PrPSc, 
which is formed by an unknown posttranslational process. There are no known covalent 
differences between the two isoforms, but PrPc is a-helical whereas PrPSc is rich in 
P-sheet [2]. Limited proteolysis of PrPSc causes N-terminal truncation to give PrP 27-30 
which polymerizes into amyloid rods. Sequence homology allowed secondary structure 
predictions that identified four regions of 13-17 residues likely to be structured, although 
there was ambiguity between different algorithms as to whether a-helices or P-sheets 
would be favored [3]. Three of four synthetic peptides H1-H4 preferentially adopted 
p-sheet structure, both in the solid state and in aqueous solution, from which amyloid 
fibrils precipitated [4]. They could also form a-helices in certain solvents, thus the 
ambiguities of the structural predictions were reflected in the behavior of the peptides. 
This led to the hypothesis that conversion of PrPc to PrPSc involves a conformational 
transition of one or more of the putative helices [5]. For the reasons below, HI 
(MKHMAGAAAAGAVV, residues 109-122) is believed to play a major role in this 
conformational change. 

• Peptide HI displays both a-helix and P-sheet character [4] and can induce P-sheet 
structure in other PrP peptides [6]. 

• HI is in the most highly conserved region of PrP, even showing high homology 
between mammalian and avian forms. 
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• It is in a region bordered by the N-terminus of infectious PrP 27-30 (residue 90) and 
an amber mutation in a patient who died from a prion disease (residue 145). 

• It is in a region identified in PrP plaques (residues 58-150). 

• It is in a region in which sequence variations have the greatest influence on the 
barriers to transmission of disease between species (residues 90-130). 

Results and Discussion 

Solvent-induced transitions of HI and related peptides were monitored by CD and 
correlated with ultrastructure seen by electron microscopy (EM). a-Helices were 
promoted in HI by 50% aqueous hexafluoroisopropanol (HFIP) whereas aqueous media 
induced p-sheet. The more hydrophilic 104H1 (KPKTN-H1, residues 104-122) showed 
three separate conformations; a-helix in 50% HFIP, coil in aqueous media and P-sheet 
in 50% acetonitrile (AcN). Peptide AGAAAAGA (residues 113-120), conserved across 
all species, retained its P-sheet structure under almost all conditions. In both HI and 
104H1, helix formation was independent of concentration, indicating the helical species 
to be monomeric, whereas the transition from the a-helix or coil to P-sheet was 
concentration dependent. EM showed aggregation of both helical and sheet structures, 
the former giving large ribbons several microns in length and up to 100 nm wide, unlike 
the P-sheet fibrils which were similar in morphology, dimensions and Congo red binding 
to the amyloid fibrils of Alzheimer's AP peptides. 

The lifetime of hydrogen/deuterium exchange for hydrogens protected from rapid 
exchange by hydrogen bonding due to secondary structure is suited to monitoring by 
mass spectrometry. This revealed that for HI and 104HI, the 7-8 residues involved in 
the slowly exchanging P-sheets were identical for both peptides, whereas peptide H2 
(MLGSAMSRPMMHF, residues 129-141) showed a reduced half-life consistent with 
this peptide being predominantly coiled. 

The conformations of peptides in the solid state can be studied by infrared 
spectroscopy. For unstructured regions of a peptide or protein, the frequencies of the 
carbonyl bond vibrations that contribute 90% of the amide I absorption are 1645-1650 
cm"1. Dipole-dipole interactions in anti-parallel P-sheets cause a splitting of the FTIR 
absorption into high (-1690 cm"1) and low (-1625 cm') frequency components, the latter 
being the strongest. Dipole-dipole interactions in the P-sheet are disrupted by 
introducing 13C at individual carbonyls, reducing the frequency of the vibration by 
-35-40 cm"1. Disruption of the transition-dipole coupling caused splitting of the low 
frequency peak for HI when isotope labels were incorporated in residues Gly114-Val121, 
thus the P-sheet extends over the 8-residue region GAAAAGAV. 

Solid state 13C-NMR chemical shifts also characterize peptide conformations. 
Cross-polarization magic angle spinning NMR of 13C-H1 analogs confirmed the 
existence of P-sheet in the same region as identified by FTIR. Upon lyophilization from 
HFIP, -70% of the signal shifted to values indicative of a-helix. The helical 
conformation showed only limited stability and spontaneously reverted to the P-sheet 
form, particularly in moist air. Double 13C-labeled HI analogs are being studied by 
rotational resonance to measure internuclear distances of up to 8 A, to obtain a 3-D 
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structure of the P-sheet. Preliminary data indicate the presence of a P-turn. HI and 
longer peptides linking HI and H2 were analyzed by high resolution proton NMR in 
solution in micelles of perdeutero-SDS. The chemical shifts for residues 112-122 of 
peptide HI were upfield relative to random coil values, indicating a-helical 
characteristics that were confirmed by NOE's. The chemical shift of His1" was 
downfield, thus this was not involved in the a-helix. Thus residues 112-122 in peptide 
HI (109-122) formed an a-helix when dispersed in SDS. Peptide H2 showed no 
tendency to form a-helix, whereas longer peptides (residues 109-141 and 90-145) 
embracing both HI and H2 showed enhanced secondary structure with both regions 
being helical [7]. Thus helix HI stabilizes H2, consistent with the 4-helix bundle model 
for PrPc in which HI and H2 interact through hydrophobic patch sites [3]. 

Due to insolubility and the difficulty of obtaining sufficient pure protein, no high 
resolution structures have yet been obtained by crystallography or NMR for either 
isoform of PrP. Peptides are particularly valuable to help substantiate aspects of 
•theoretical models of these structures. Peptide HI can be stable either as an a-helix or a 
P-sheet under a wide variety of conditions. The region of the amino acid sequence 
corresponding to residues 113/114-121/122, (A)GAAAAGAV(V), appears to be the 
most highly structured, irrespective of the conformation of the peptide (a-helix or 
P-sheet), its physical state (solid or solution) or the nature of any solvent. These findings 
further support the probable importance of region HI and may aid the understanding of 
the molecular basis of the transition from PrPc to PrPSc. 
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Introduction 

Proline is known as a classic breaker of both the a-helical and P-sheet structures in 
water-soluble proteins and peptides. However, the Pro residue is widely distributed in 
the putative transmembrane (TM) domains of many protein transporters and channels, 
regions believed to be a-helical [1]. To address the structural features of this interesting 
residue as a function of molecular environment, we have studied the conformations of a 
series of Pro-containing model peptides in various solvents such as aqueous buffer, 
organic solutions, and lipid micelles. These studies reveal that proline can be a helix 
former in helix-promoting media, whereas its character as a P-sheet breaker is retained in 
both aqueous and membranous environments. 

Results and Discussion 

We have designed peptides of generic sequence H2N-(Ser-Lvs):-Ala-Leu-Z-Ala-Leu-Z-
Trp-Ala-Leu-Z-fLvs-SeryOH. where Z = Ala or Pro. Peptides with 0, 1, 2, or 3 Pro 
residues in their corresponding hydrophobic core (underlined) are indicated ALA [2], IP, 
2P, and 3P, respectively (Table 1). Variation of Pro contents was made to examine the 
influence of Pro residues on peptide conformation individually as well as collectively. 

Table 1. Amino acid sequences of Pro-containing model peptides. 

Name Pro No. Amino Acid Sequence3 

SKSK-ALA-ALA-W-ALA-KSKSKS 
SKSK-ALA-ALP-W-ALA-KSKSKS 
SKSK-ALP-ALP-W-ALA-KSKSKS 
SKSK-ALP-ALP-W-ALP-KSKSKS 

"Peptide termini are unblocked. Single letter codes of amino acids are used. 

Peptide conformations in aqueous buffer, pH 11.3, were first examined by circular 
dichroism (CD) spectroscopy. As shown in Figure la, peptide ALA, containing no 
prolines in its hydrophobic core, is partially a-helical at low temperatures. Introduction 
of proline(s) into the peptide sequence results in a complete loss of a-helicity for the 
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corresponding peptides IP, 2P and 3P (Figure lb and lc). Moreover, peptide ALA was 
observed to undergo a transition from a-helix to p-sheet when the temperature is 
increased to ca. 40°C (Figure la). Interestingly, none of the Pro-containing peptides was 
able to form p-structures at elevated temperatures (Figure lb and lc). These results 
show proline to be an effective breaker of both a-helical and P-sheet structures in water. 

Figure 1. Temperature dependence of peptide conformation in aqueous buffer, pH 11.3. CD 
spectra are shown for peptides a) ALA, b) IP and c) 3P. Curves are as labeled. CD spectra were 
recorded on a Jasco-720 spectropolarimeter. Peptide concentration: 60 uM. 

The peptides were then analyzed in the membrane-mimetic environments of sodium 
dodecylsulfate (SDS) and lyso-phosphatidylglycerol (LPG) micelles at either pH 7.0 or 
11.3 to examine the impact of the positive charges of Lys residues on peptide-lipid 
interactions and peptide conformation. Peptides ALA and IP displayed significant 
contents of a-helicity in both micellar systems regardless of pH (Figure 2). However, 
peptides 2P and 3P were largely random under these conditions. These results suggest 
that proline can be tolerated in an a-helix, yet it is still destabilizing to the a-helical 
conformation in membrane environments and this destabilizing effect is additive. 

Unlike lipid micelles, organic solvents provide a homogeneous, low dielectric 
environment which can facilitate secondary structure formation in peptides. As shown in 
Figure 3a, CD spectra recorded for the peptide series in 90% methanol are qualitatively 
similar to those in lipid systems, suggesting peptides in the latter media are likely situated 
at the water-micellar interface due to the short length of the hydrophobic core. Addition 
of salt (NaCl) into the medium of 90% methanol has minimal effect on peptide 
conformation except for peptide IP, which undergoes a transition from partial a-helix to 
P-structure (Figure 3 b). As Pro is known to promote p-turns in proteins, this transition 
may be mediated by the single Pro residue at the middle position of peptide IP primary 
sequence such that a P-turn-P strand structure motif is formed. By this rationale, the Pro 
residue in peptide IP is more likely in a P-turn conformation rather than being within the 
P-strands. In support of this notion is the observation that neither of peptides 2P and 3P 
forms P-sheets under the same conditions (Figure 3b). It is tempting to propose that the 
extra Pro residue(s) in the latter peptides actually participate in destabilization of the 
P-sheet conformation. 
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Figure 2. CD spectra (25"C) of peptides ALA, IP, 2P, and 3P in a) 10 mM SDS, pH 11.3, and b) 
10 mMLPG, pH 7.0. Peptide concentration: 30 pM. 
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Figure 3. CD spectra of peptides ALA, IP, 2P, and 3P at 25"C in a) 90% methanol, and b) 90% 
methanol with 10 mM NaCl. Peptide concentration: 30 pM. The pH's of the solutions were ca. 
4.5. Curves are as labeled on the diagram. 

The overall results suggest that proline is a prototypical P-sheet breaker in both 
aqueous and membrane environments, but it is not, in essence, an a-helix breaker in 
membranes. These characteristics of Pro may impart specific structural and functional 
properties to transmembrane segments of membrane proteins. 
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Introduction 

The theoretical model of a-helix formation presented here is the first part of a more 
general approach to calculation of the lowest free energy partition of peptides and 
proteins into elements of regular secondary structure and coil under different experi
mental conditions. Estimations of secondary structure stability in the method are based 
on unfolding free energies measured in peptide substitution and protein engineering 
experiments and on transfer free energies of model compounds. In the simplest case of 
linear peptides, considered here, when there is no intra- and intermolecular aggregation 
of a-helices, the lowest energy partition of peptide into helices and coil can be 
calculated using the dynamic programming algorithm. However, for flexible peptides, 
the situation is complicated by averaging of many helix-coil partitions. Recent 'H NMR 
studies of more than a hundred peptides in aqueous solution and complexes with 
micelles are used here to verify the model. 

Results and Discussion 

The thermodynamic model of a-helix formation is based on consideration of different 
helix-coil partitions of a peptide molecule as conformational states for which free 
energies, AG,, relative to the coil in aqueous solution are given by 

N 

where AG" is the helix-coil free energy difference for helix /' from the /-th partition. The 
additivity of helix energies works as long as the helices do not interact with each other. 

The energy expression for the a-helix in aqueous solution, AG", is a sum of 
mainchain enthalpy and entropy per residue contributions for the "host" polyAla peptide 
(AH and AS), the M G ^ ^ free energy differences for individual residues in middle 
helix, N-cap, N-turn, and C-turn positions, and contributions of electrostatic, hydrogen-
bonding and hydrophobic interactions between sidechains. Most of the sidechain 
parameters were taken or estimated from published protein engineering and peptide 
substitution data. Hydrophobic interactions between side chains were estimated based 
on decrease of their accessible surfaces. 
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For a micelle bound peptide, relative free energies of helix-coil partitions, can be 
approximately given by 

AG/ = XAG™ + £ A G coil 
7 

where the energy of every micelle bound helix, AG™ , is the sum of the helix-coil free 
energy difference in aqueous solution plus an additional term describing transfer of the 
helix from aqueous solution to the micelle interior: 

AG up + min^col £ AG£*-} 

where AG,;> is the "detergent perturbation energy" due to embedding of the helix into a 
micelle, AGj, are water-cyclohexane transfer energies of sidechain analogs, corrected 
for their burial in the helix, A(cp,co) is the set of buried residues from the helix arc whose 
position and size are defined by the angles op and co, and the residue numbers k and n 
define the fragment of the helix i which is immersed into the micelle. The immersed 
fragment of the helix ; and its equilibrium rotational orientation at the water-micelle 
interface are calculated by optimization of the total transfer energy with respect to the k, 
n, 9, and co variables. The size of the helix arc, co, and the length of the 
micelle-incorporated helix fragment are related by the geometrical hydrophobic 
matching condition. 

The energy expression for bound coil, AG™', was based on consideration of 
different coil configurations with buried or solution exposed side chains which reflect 
the tendency of all hydrophobic side chains in the coil to be buried in the micelle, but in 
which "anchoring" of the hydrophilic mainchain at the water-micelle interface does not 
allow burial of more than two sequential side chains. 

After calculation of helix-coil free energy differences (AGa) and energy of bound 
coil (AG""') for every fragment of peptide chain, occupancies P: of every helix turn from 
residue i to i+2 were calculated using two averaging models: (1) Boltzman averaging of 
all partitions containing one and two helices; (2) two state equilibrium of the lowest 
energy partition and coil. The fragments of peptide molecule with occupancy P. 
exceeding a detectability cutoff/0,, were considered as helical and compared with helices 
identified by 'H NMR spectroscopy by the presence of medium range i/i+3,4 NOEs 
(next page). 

The following parameters of the model provide the best fit of calculated and NMR 
spectroscopy detected helices: for peptides in aqueous solution, AH = -1.1 kcal/mol, 
AS = 3.8 cal/mol/K, Pd = 0.25; for peptides in complexes with micelles, AH = -1.15 
kcal/mol, AS = 3.95 cal/mol/K, AG,7/, = 1.2 kcal/mol; Pd = 0.30. Parameters of bound 
coil indicate that coil fragments do not compete significantly with helices for binding 
with micelles. 
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The calculated (bold) and experimentally detected (underlined) helices for peptides 
in complexes with micelles are shown below. 

Annexin -AOWD ADELRAAMKGL GTP EDTLIEILASR TNK 
Mitochondrial presequence ML S LROSIRFF KPATRTLCSSRYLL 
Mitochondrial ALDH signal peptide M LRA ALSTARRLSRLLSY A-
Mellitin G IGAVLKVLTTGLPALISWIKRK ROO-
Glucagon HSQGTFTSDYSKYLDS RR AODFVOWLMN T 
Histocompatibility complex derived peptide GN EQSFRV DLRTLLR Y A 
Glucagon-like peptide HAEGTFT SNVSSYL EGQ AAKEFIAWLVK G R-
Calcitonin CSNLS TCVLGKLSOELHKLO TY PRTNTGSGTP-
M13 Coat protein 
AEGDDPAKAAFNSLOASATE YIGYAWAMVWIVGATIGIKLFKKFTSKAS 
T4 lysozyme 1-13 M NIFEMLRID EGL 
Bombolitin III IK I MDILAKLGKVLAH V 
Dynorphin A (1 -17) YG G FLRRIR PKLK WDNQ 
L6L8 OmpA peptide MKK TALALAVALAGFATVAOA A PKD 
des-8 OmpA peptide MKKT AIAAVALAGFATVAOAA PKD 
des-6-9 OmpA peptide MKK TAVALAGFATVAOAA PKD 
P-endorphin (12-26) T PL VTLFKNAIIKNA 
bacteriorhodopsin 34-65 VSDPDAK KFYAITTLVPAIAFTMYLSMLL GYG 

1-35 -QAQITGR PEWIWLALGTALMGLGTLYFLV KG MGVSD 
hGRF fragment 15-32 GQL S ARKLLODILSR OOG-
Uteroglobin (18-47) PSSYETSLKEFEPD DTMKDAGMOMKK V LDS 
Eledoisin -EPS KD AFIGLM- Substance P RPK POOFFGLM-
Lysozyme 59-81 TKDE AEKLF N ODVDAAVRGILR N 
Thiolase 1-21 M ALLRGVFIVAAKR TPFGAYG 
Met-Enkephalin YGGFM Bradykinin RPPGFSPFR 
Retro-Bombolitin I V H ALVKGLKALMTTIKI-
Antihemophilic factor peptide TR YLRIH POSWVHOIALRM E VL 

For the total of 77 peptides in aqueous solution (34 NMR detected helices) and 28 
peptides in complex with micelles (31 NMR detected helices), the thermodynamic 
model correctly predicts 91% and 88%, respectively, of the helix or coil states if 
Boltzmann averaging is used. For the two state model, correctly predicted states are 
87% and 83% for peptides in aqueous solution and in complex with micelles, 
respectively. A number of unstable helices in aqueous solution were not detected with 
the two state model because corresponding experimentally observed NOEs arise from 
averaging of different helix-coil partitions with similar energies. 
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Introduction 

The amide bond, the fundamental linkage of peptides and proteins, can adopt cis or trans 
conformations by a partial 7i-electron derealization between carbonyl and amide units to 
maintain a coplanar and rigid linkage among the four adjacent bonded atoms. The 
cis-trans isomerization of amide bonds involves a high energy barrier (16-22 kcal/mol) 
and it is important in many processes that require alternation to protein structures. It has 
been proposed that the cis-trans isomerization involves an unstable transition state in 
which the planar arrangement present in the ground state is distorted by twisting or 
tilting. The unstable nature of this transition state has made it difficult to study. In order 
to investigate the complicated biophysical mechanism of amide rotation in peptides, we 
designed linear peptidomimetics that contain stable tilted or twisted amides to obtain 
accurate information on their structures [1]. 

Results and Discussion 

We have synthesized a series of aziridine-containing model amino acid and dipeptide 
derivatives using the published methods (Figure 1). The presence of the aziridine ring 
was expected to induce specific conformational preferences in peptide backbones. Based 
on the Brown's definition of tilt and twist angles of an amide [4], the constrained 
aziridine structure forces the pyramidation and rehybrization of the nitrogen from sp2 

toward spMike geometry. The N-pyramidization generates a net tilt angle of the lone 
pair away from the normal perpendicular position to the plane of carbonyl and nitrogen 
atoms. Along with this tilt, a rotation of the lone pair from the parallel position to the 
7t-electron pair of the carbonyl group can occur to produce a twist angle. 

In the X-ray diffraction studies of 1 and 2 (see the aziridine central part of the crystal 
structures, Figure 2), structure 1 adopts a tilt angle of 37° and twist angle of 7° in the 
urethane group. In the crystal structure of 2, the amide bond to the aziridine ring 
generates tilt angle of 38° and a twist angle of 15°. These amide distortions were also 
maintained in solution as shown by 13C-NMR experiments [2, 3]. The characteristic 
chemical shifts of carbonyl groups of amides in peptides fall between 175ppm and 
167ppm. As a consequence of the tilt and twist angles, the carbonyl group attached to 
the aziridine nitrogen is more ketone-like, which is revealed in the 13C-NMR spectra by a 
down field chemical shift. It is believed that the tripeptide 3 adopts the similar distorted 
amide form in the aziridine region. 
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Figure 1. 77ze representative aziridine-containing amino acid and peptide derivatives. 
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Figure 2. 77ze X-ray structures of the tilted and twisted amide bonds in the aziridine central part 
of compound 1 and 2. 

We have shown that the quite stable tilted and twisted amides based on an aziridine 
structure can be synthesized. Currently, we are working on the binding assay of some 
aziridine-containing model compounds for peptidyl-prolyl rotamase activities. 
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Introduction 

An Ala2-»Thr2 modification in GRF displays a dual effect: (i) provides resistance to 
proteolytic cleavage by dipeptidylpeptidase-IV, the main plasma enzyme degrading Ala2-
containing GRFs from various species, and (ii) leads to a greatly reduced in vitro 
GH-releasing activity [1]. An additional replacement of Gly15 with Ala" in the Thr2-
format was only marginally effective in improving the in vitro GH-releasing activity [1] 
even though the Ala1'-modification itself led to a significant potency enhancement [1,2]. 
We decided to examine solution conformations of [Leu27]bGRF(l-29)NH2 (parent 
peptide, 1, its Ala15 counterpart 2 as well as Thr2- 3 and Thr2,Ala15- 4 modified analogs 
of 1 with the hope of finding some structural differences which could explain the greatly 
reduced in vitro activity resulting from the Thr2 substitution. 

Results and Discussion 

CD studies indicated that the Thr2 for Ala2 substitution did not affect the overall a-helix 
forming potential. More a-helix was induced in the Ala15-modified GRF analogs 2 and 4 
as compared with their respective Gly1'-containing counterparts in the presence of 0-40% 
methanol (Table 1). 'H NMR studies in 35% TFE in sodium phosphate buffer pH 4 

Table 1. CD analysis of GRF analogs in 10 mM sodium phosphate buffer pH 7.4 in the presence 
of various methanol concentrations. 

Analog 

1 
2 
3 
4 

0% MeOH 

12±3 
25 ± 3 
14 ± 3 
25 ± 3 

20% MeOH 

38±4 
62 ±4 
38 ±4 
60 ±4 

% cx-Helixa 

40% MeOH 

70 ±5 
80 ±5 
70 ± 5 
75 ± 5 

60% MeOH 

85 ±6 
86 ±6 
85 ± 6 
83 ± 6 

80% MeOH 

114 ± 12 
90 ± 12 
119±12 
106 ±12 

' % a-Helix was calculated by the method of Chen et al. [4]. 

479 



T.M. Kubiak et al. 

revealed a highly helical secondary structure of 4 which was generally similar to that of 1 
[3] but differed by (i) an increased stability of the a-helix in the region of residues 9-29 
due to the Ala's substitution, and (ii) stabilization of a non-random irregular secondary 
structure in the N-terminal region (residues 1 -8) due to the presence of Thr2, rendering 
this part of the molecule more rigid. This is in contrast to the parent peptide whose 
N-terminus seemed to be more flexible. A greater degree of a-helical structure for 4 
relative to 1, most likely due to the Ala15 substitution, was also seen by NMR for the 
region of residues 4-9, as evidenced by CaH, - NHi+3 NOE crosspeaks in the NOESY 
spectrum of 4. However, significantly higher AS/AT values for Ile'NH (11.2 vs. 6.0 
ppb/°C) and Asn8NH (14.0 vs. 8.5 ppb/°C) for 4 vs. 1 suggest that these NHs are more 
solvent exposed in 4 than in 1. This is the opposite of that expected for a pure 
equilibrium between helical and random conformers in 4 for which the degree of helicity 
was found to be enhanced. We infer that non-helical, non-random N-terminal (residues 
1-8) conformer populations in 4 are present which are due to the Thr2 substitution rather 
than to Ala15. Other 'H NMR data pointing to a greater rigidity {i.e. less degree of 
random structure) for the N-terminus of 4 which might be attributed to the Thr2 

substitution include: (i) a medium strength Asp3NH - Ala4NH NOE in 4 vs. none in 1, 
and medium vs. strong Asp3aH - Ala4NH NOEs in 4 vs. 1, (ii) the significantly smaller 
A5/AT of 6.0 ppb/°C for Thr'NH vs. 14.5 ppb/°C for Ala2NH, and (iii) a 3JNH.aof 8.0 Hz 
for Thr'NH vs. 6.0 Hz for Ala2NH. Since the Ala15 for Gly15 modification has been 
shown to improve inherent GH-releasing activity of GRF [1, 2], it is hypothesized that 
the observed structural effects of Thr2 might negatively affect the way the Thr2-
substituted GRF peptides interact with the receptor and this could be responsible for the 
analogs' decreased inherent GH-releasing activity. 
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Introduction 

Although peptides have prominent possibility as versatile functional molecules, de novo 
designs of the peptides with stable secondary structure are still problematic. Here we 
present a possible structure controlling method by metal complexation using bipyridyl 
alanine as a metal binding site. 

Results and Discussion 

Metal binding amino acid, S-2-amino-3-(2,2'-bipyridin-5-yl) propanoic acid (Bpa), was 
obtained by the published method [1-3]. To evaluate the effect on secondary structure 
stabilization, model peptides having two Bpa residues were synthesized by solid phase 
synthesis using Fmoc strategy. The amino acid sequences of the model peptides are 
shown in Table 1. Except for the Thr residue in BPA4, all residues other than Bpa have 
only an alkyl side chain to restrict the metal coordination sites to the bipyridyl groups. 

Table 1. The amino acid sequences of the model peptides containing two Bpa residues. 

Code Sequence 

BPAO Ala-Bpa-Bpa-Ala 
BPA1 Ala-Bpa-Ala-Bpa-Ala 
BPA2 Ala-Bpa-Ala-Ala-Bpa-Ala 
BPA3 Ala-Bpa-Ala-Leu-Ala-Bpa-Ala 
BPA4 Ala-Bpa-Ala-Leu-Thr-Ala-Bpa-Ala 

We have previously demonstrated that these model peptides having two Bpa residues 
form stable complexes with various metal ions [1,4], Circular dichroism studies of these 
peptide-complexes with metal cations indicated the possibility of controlling the 
secondary structure, i.e., the direction of elipticity at around 310 nm (attributed to the 
bipyridyl groups coordinated to the metal ion) changes alternatively with increasing 
number of residues between the two Bpa residues [4, 5]. This spectroscopic evidence 

481 



H. Yamamoto et al. 

indicates that complexation of metal ion induces the formation of chiral complexes 
involving both bipyridyl groups in the peptides. Thus, we tried to determine the exact 
structures of these peptide complexes with metal ion. 

To elucidate the molecular structures of the peptide-metal complexes, 2D-NMR 
studies of zinc complexes were carried out. During the analyses of NOESY experiments, 
many long-range NOEs were observed between the residues near the N- and C-terminus. 
The existence of such type of NOEs clearly indicates that the peptidic chain has a 
turn-like structure. Although we failed to find any information about the bipyridyl 
groups because of the large quadrupole moment of the Zn2+ cation, we were able to get 
enough distance constraints for restrained molecular mechanics calculations. The 
molecular structures were determined by restrained molecular mechanics using 
CHARMm and QUANTA. As shown in Figure 1, the chirality around the metal center 
was systematicaly changed according to the number of residues between two Bpas. This 
result is quite consistent with the results from CD experiments. 

BPAO 4 BPA2 W~~BPA4 

BPA1 * ^ BPA3 

Figure 1. Molecular structures ofZn2* complexes of the model peptides. 

In conclusion, incorporation of two Bpa residues into a peptide framework has been 
proved to be useful in designing the three dimensional structure and various functions of 
de novo peptides, since the Bpa residue combines the wide scope of coordination 
chemistry with a versatile peptide chemistry. 
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Introduction 

The actomyosin interface is involved in the conversion of chemical energy in muscle 
contraction reviewed in [1]. The three-dimensional structure of globular and filamentous 
actins has been resolved [2]. Domains 3 and 4 of actin are involved in filament building 
whereas domains 1 and 2, located on the surface of the molecule, are able to interact with 
myosin. Given the involvement of the residues Arg95 [3], Glu" and Glu100 [4] in actin-
myosin interaction, three peptides belonging to region 77-100 of actin (TNWDDM 
EKIWHHTFYNELRVAPEE) have been synthesized. Their structures in solution and 
their interaction with cardiac myosin subfragment-1 (SI) were studied by 'H NMR. 

Results and Discussion 

Because Ac-77-95-NH2 aggregated in water at pH 3.2, the NMR experiments were 
carried out in the presence of 10% TFE. NMR data were in agreement with those 
obtained by CD and indicated the ability of this peptide to display a helical structure with 
increasing amounts of TFE. The solution structure of Ac-91-100-NH2 and 
Ac-77-100-NH2 actin peptides was examined by two-dimensional 'H NMR at 600 MHz 
at pH 3.2 and pH 8.0 in water. Based on NMR-derived interproton distances, the 
structures of Ac-77-100-NH2 were calculated and then compared with that of the 
corresponding fragment observed in the crystallographic structure of actin [2]. We found 
that three helix turns spanning 79-89 residues out of four were conserved in solution; the 
first one appeared loosened. In addition, the trans conformation of the Ala97-Pro98 amide 
bond remained unchanged. These results clearly showed that the helical structure was 
conserved in solution. 

The interaction of these three peptides with a 0.15 mM SI solution (pH 8.0) was 
studied at 10°C by observing the chemical shift and line width of the aromatic signals of 
these peptides. In preliminary experiments, we observed a new low field Ala97 methyl 
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signal in the presence of S1. However, the increase in intensity of this signal with time 
was not in agreement with peptide-Sl interaction. Consequently, [methyl-13C]Ala97 

labeled Ac-91-100-NH2 and Ac-77-100-NH2 were synthesized to better identify this 
chemical shift variation by using both direct 'H and 'H-l3C-edited spectra. The 
'H-13C-edited spectra only display the methyl signal of Ala97 and clearly showed that this 
new signal was significantly thinner than the initial one. The fact that the same behavior 
was observed with Ac-77-100-NH2 and Ac-91-100-NH2 suggested that the Arg95-Val96 

amide bond was cleaved by a trypsin-like enzyme co-purified with SI. After addition of 
trypsin to the peptide solutions, similar spectra were obtained and the new signal was 
identified as being that of the VAPEE-NH2 pentapeptide. 

In the presence of EETI II, a trypsin inhibitor, the 'H-13C-edited spectra showed that 
this cleavage was indeed reduced (Figure 1). From the line width of the peptide aromatic 
signals in the presence of SI, we observed that aromatic signals of Ac-91-100-NH2 were 
not affected and that those of Ac-77-100-NH2 were broader than the signals of 
Ac-77-95-NH2; these data suggest a stronger interaction between SI and Ac-77-100-NH2. 

These results allow us to conclude that the 77-92 helical part of the peptide along 
with Glu99 and Glu100 residues are involved in actin-myosin interaction. Using 
recombinant myosin fragments, we will attempt to identify the myosin residues involved 
in this actin-myosin interaction site. 

_ J L J U L J H W V_ 
ppn 7.5 0 7.25 7 .00 6.75 1.4 1.3 1.4 1.3 

Figure 1. 'H and 'H-"C edited spectra of the [methyl-13C]Ala97 Ac-77-100-NH2 peptide with 
and without cardiac myosin SJ (0.15 mM, pH 8.0, and at 10°C). Part A, low field spectra in the 
presence of EETI II: peptide, SJ, peptide and SJ in a 1:1 and a 2:1 ratio. Part B, 'H-'3C edited 
spectra of the Ala97 methyl signal with (left) and without EETI II (right). 
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Introduction 

Our laboratories have designed and synthesized irreversible HIV-1 protease inhibitors 
containing a cw-epoxide {i.e. Qc-Asn-Phe [(lS,2R)-c«-epoxide]Gly-NH-CH(isopropyl) 
(X) where Qc stands for 2-quinaldic acid; X = C(0)NH(OMe), LB71097; benzyl, 
LB71112; isopropyl, LB71116; phenyl, LB71119) [1]. The irreversible inhibitory action 
of these compounds is caused by the formation of a covalent bond between HIV-1 
protease and these inhibitors resulting in ring opening of the epoxide [2]. Although the 
epoxide ring of these inhibitors is opened in HIV-1 protease, it remains in solution where 
the inhibitors are recognized by the enzyme. Thus, understanding the conformational 
preferences of these inhibitors in solution is important for designing new target 
compounds in this series. In this report, we describe NMR and molecular modelling 
studies of these inhibitors. 

Results and Discussion 

The proton resonances of the inhibitors were assigned employing DQF-COSY. Vicinal 
coupling constants and NOE intensities were measured from ID-spectra and ROESY 
experiments, respectively. The observed NMR data of the inhibitors are almost identical, 
indicating that conformational preferences of these compounds are similar to each other. 
For example, strong-medium NOEs were observed between Phe(cep) NH and the C'H of 
the epoxide from the ROESY spectra of all four analogs [where Phe(cep) is the 
N-terminal side residue generated by the replacement of the Phe-Gly peptide bond with a 
cw-epoxide]. In addition, there is no NOE between Phe(cep) CaH and the C'H of the 
epoxide. These results indicate that the W angles of Phe(cep) prefer to adopt about 140° 
in all of the four analogs. 

Probable conformations of LB71116 were obtained from quenched molecular 
dynamics using DISCOVER. Starting conformations of these calculations were obtained 
from the MOP AC minimization of the structures which were generated from INSIGHT II 
or intuitively constructed on the basis of NMR data. 

Among the probable conformations of LB71116, the structures complied with NMR 
data were selected as preferred conformations in solution. The three preferred 
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conformations were obtained (Figure 1). Free molecular dynamics started from each of 
the three preferred conformation were carried out to prove that the three conformations 
are in a conformational equilibrium. 

A B C 

Figure 1. Preferred conformations of LB71116. 

As seen in Figure 1, the preferred conformations of LB71116 in solution contain 
extended structures similar to P-sheet. 

In stabilizing these conformations, the epoxide has important roles. To avoid steric 
hindrance with the epoxide ring, the *¥ of Phe(cep) is maintained about 140°. As 
mentioned, these results are supported by NMR data. 

The three preferred conformations were compared with the binding conformation of 
LB71116 observed in the X-ray studies of LB71116/HIV-1 protease complex [2]. 
Although the epoxide ring is opened in this complex, the orientations of sidechains and 
distances among pharmacophore groups are similar to those of the conformation A, 
which is energetically the most favorable among these preferred conformations. We 
believe that such similarity can explain high activities and selectivities of these inhibitors 
to the HIV-1 protease. 
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Introduction 

Laminins are large heterotrimeric glycoproteins specifically located in basement 
membranes. Several laminin isoforms have been identified with at least eight genetically 
distinct subunits [1]. They serve diverse biological functions including promotion of cell 
adhesion, growth, migration and differentiation, and influence on the metastatic potential 
of tumor cells [2]. Laminin-1 consists of three chains designated a l , (31 and yl, which 
are held together in a triple-stranded a-helical coiled-coil structure in the long arm region 
and form a cruciform shaped molecule [2]. Recently, we have demonstrated that a short 
sequence from the carboxy-terminus of the long arm of each chain is required to initiate 
assembly of the laminin chains [3, 4]. Site-directed mutagenesis studies suggested that 
charged amino acid residues within these short sequences were important for the specific 
formation of double- and triple-stranded coiled-coil structures [3, 4]. Synthetic peptides, 
Bl and B2 (51-mers from the mouse laminin pl and yl chains, respectively), and M 
(55-mer from the laminin a2 chain), containing these sites were found to assemble into 
double- and triple-stranded coiled-coil structures in a chain specific manner. The 
heterotrimer of the synthetic peptides showed a high thermal stability (Tm = 62°C) 
similar to those of the recombinant trimers (approximately 200 amino acids long for each 
chain) [5]. Furthermore, the hydrophobic residues, such as isoleucine in the laminin a2 
and yl chains, were found to be crucial for stabilizing the heterotrimeric coiled-coil 
structure [5]. Here we focus on the mechanism of laminin assembly and examine the 
peptide conformation and stability under various conditions using CD spectroscopy. 

Results and Discussion 

The synthetic peptides, Bl: SKLQLLEDLERKYEDNQKYLEDKAQELVRLEGEVRSL 
LKDISEKVAVYSTC (mouse laminin pi chain position 1735-1785), B2: KASDLDRK 
VSDLESEARKQEAAIXDYNRDIAEIIKDIHNLEDIKKTLPTGC (mouse laminin yl 
chain position 1548-1598. Met (position 1571) was replaced with norleucine (X) 
and M: VRNLEQEADRLIDKLKPIKELEDNLKKNISEIKELINQARKQANSIKVSVS 
SGGD (mouse laminin a2 chain position 2095-2149) were synthesized by Boc based 
SPPS methodology utilizing the two-step deprotection method [6, 7]. 
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CD spectra of the synthetic peptides B1-B2 dimer (5 mM) and B1-B2/M trimer (3.3 
mM) were recorded at 190 nm to 250 nm in 50 mM sodium phosphate solutions at 
different pH (2, 7.4 and 10) at 20°C. The B1-B2 dimer at basic and neutral conditions 
(pH 7.4 and 10) showed similar CD spectra (55% and 56% a-helix, respectively), while 
at pH 2 the a-helicity of B1-B2 (66%) was significantly increased. These results 
indicate that there are intra- and/or interchain repulsions by acidic amino acids in the 
B1-B2 dimer, and these repulsions partially destroy its a-helical conformation. At acidic 
conditions, a-helicity of the B1-B2/M (50%) was lower than those of the trimer at 
neutral and basic conditions (69% and 67% a-helix, respectively). The CD spectrum of 
B1-B2/M was comparable to the sum of the CD spectra of B1-B2 and M at pH 2. These 
results suggest that B1-B2/M is dissociated into B1-B2 and M at these acidic conditions. 

Next, we determined the pH dependence of the thermal stabilities of B1-B2 and 
B1-B2/M by monitoring changes in the CD spectra (222 nm) at various temperatures. At 
pH 7.4, the Tm values of B1-B2 and B1-B2/M were 43°C and 62°C, respectively. The 
thermal stabilities of the dimer and the trimer were increased at low pH. B1-B2 and 
B1-B2/M showed the highest Tm values at pH 2 (71°C and 72°C, respectively). This 
suggests that B1-B2/M is dissociated to the dimer and monomer, and that the melting 
curve of B1-B2/M at pH 2 is primarily dependent on conformational change of the 
B1-B2 dimer. While at higher pH, the Tm values for the dimer and the trimer were 
decreased slightly, the Tm values for B1-B2 and B1-B2/M, were 39°C and 56°C at pH 
10, respectively. This suggests that there are intra- and/or interchain repulsions by acidic 
amino acids in B1-B2 chains. These repulsions could create a less stable double-
stranded coiled-coil structure of B1-B2 at neutral and basic conditions. At acidic 
conditions, the repulsions are minimized by side chain protonation of aspartic acid or 
glutamic acid, and the dimer is stabilized largely by hydrophobic interactions. 

These findings suggest that ionic interactions between B1-B2 dimer and M are 
critical for the formation of the triple-stranded coiled-coil structure. The intra- and/or 
interchain repulsions in the B1-B2 dimer by acidic residues seem to be compensated by 
heterotrimeric assembly with the M peptide to form the triple-stranded coiled-coil 
structure, in which interchain ionic interactions are highly contributory. 
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Introduction 

We have previously analyzed NMR data with a computational protocol which combines 
distance geometry and energy minimization (DG/EM) to examine the solution conforma
tions of several novel RGD-containing cyclic peptides which are active as GPnb/m" 
receptor antagonists [1]. We are now extending this work using time-averaged molecular 
dynamics (MD) calculations where the NOE constraints are satisfied over an average 
time period rather than in a static manner. Here, we present our first results from 
time-averaged MD studies on cyclo (D-Ala-Arg-Tyr-Asp-Mamb) 1 (Mamb, /w-amino 
methyl benzoic acid). Although similar in composition to the tightly binding cyclo(D-
Abu-N-Me-Arg-Gly-Asp-Mamb) 2, 1 is not active in the GPUb/nia receptor binding assay 
[2]. The lack of activity could either be caused by the steric bulk of the Tyr residue or 1 
may fail to adopt a backbone conformation consistent with binding. We wanted to 
investigate whether 1 could adopt the active backbone conformation found in 2 using 
both the DG/EM and time-averaged NOE methods. 

Results and Discussion 

NMR analysis of 1 in DMSO-d6 at 25°C produced 20 useful NOEs which were used as 
calculated upper and lower bounds. 500 DG conformations were generated using this set 
of NOEs. After two energy minimization steps and a JNHa coupling constant check, 28 
conformations remained which clustered into two families. Neither conformation was 
similar to the solution conformation of 2. 

The centroid conformations of the two DG/EM families were used as the starting 
conformations for two time-averaged MD calculations. Each started with 10 ps of 
equilibration time-averaged MD, followed by 220 ps of time-averaged MD, both steps 
using the GROMOS suite of programs [3]. NOE upper and lower bounds were not used 
in this calculation, the distance derived from each NOE was used as constraints. A 
united atom approach was used for all methylenes which reduced the number of 
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constraints to 16 [3]. Analysis of the distance violations at 2 ps intervals over the time 
course of the calculations showed that both reached a reasonable level of convergence 
after 50 ps. The final 60 conformations (120 ps) were used for analysis from each 
calculation. 

Cluster analysis of 28 final DG/EM conformations combined with the last 60 
conformations from both MD trajectories (148 total conformations) yielded four 
conformational families. Cluster 1 contains a mixture of DG/EM and MD run 1 
conformations. Its centroid conformation contains y-turns centered on the Asp and Arg 
residues. Cluster 2 contains a mixture of DG/EM and MD run 2 conformations. Its 
centroid conformation contains a type II' P-turn centered at D-Ala-Arg and a y-rum 
centered at Asp. This conformation is very similar to that found for 2 in both its NMR 
and crystal structures (see Table 1) [1]. Cluster 3 only contains conformations from MD 
run 2. Its centroid conformation contains a y-turn centered on Arg and an inverse y-turn 
centered at Asp. The latter is the only difference between cluster 3 and cluster 1 and may 
be artificially caused by not running the MD calculation long enough. Cluster 4 only 
contains DG/EM conformations. The members of this cluster all exhibit a very different 
backbone conformation which contain very few observable regular secondary structures. 

Tablet. <p and Wangles from the centroid conformations of 1 and 2. 

Centroid 
conformation 

1 cl 
1 c2 
1 c3 
1 c4 
2 NMR 
2 x-ray 

D-Ala/D-Abu 

<t> 
130 
58 
127 
159 
52 
55 

W 

-111 
-137 
-100 
-71 
-112 
-113 

Arg 

* 

-88 
-95 
-84 
-150 
-117 
-107 

w 

40 
77 
-42 
40 
55 
36 

Tyr/Gly 

* 

-140 
173 

-54 
-164 
-143 
-118 

<P 

55 
156 
132 
-72 
-161 
-144 

Asp 

<J> ¥ 

37 -60 
-75 99 
-49 74 
-145 -80 
-74 94 
-94 93 

In conclusion, cluster 2 shows that 1 can adopt a backbone conformation similar to that 
of 2. This backbone conformation was only observed using time-averaged MD 
calculations. The time-averaged MD failed to find conformations similar to cluster 4. 
These preliminary results suggest the DG/EM approach may be generating unrealistic 
virtual conformations. The lack of biological activity for 1 thus appears related to steric 
restrictions imposed by GPIIbm1'1 rather than an inactive backbone conformation. 
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Introduction 

The endothelins (ETs) are potent constrictors of vascular smooth muscle. The ETs 
possess a hydrophobic C-terminal hexapeptide that has been utilized to develop potent 
antagonists, such as PD 142893 (Ac-DDip,6-Leu-Asp-Ile-Ile-Trp21, Dip = 3,3-diphenyl-
alanine) [1] and PD 145065 (Ac-DBhgl6-Leu-Asp-Ile-Ile-Trp21, Bhg = 10,11-dihydro-
5H-dibenzo [a,d] cycloheptene glycine) [2]. Both of these compounds exhibited low 
nanomolar affinity for the ETA (40 and 3.5 nM, respectively) and for the ETB receptor (60 
and 15 nM, respectively) and antagonized ET-stimulated vasoconstriction in vitro. 
Unfortunately, PD 142893 and PD 145065 have relatively short half-lives (18.1 and 10.6 
min., respectively), in rat intestinal perfusate [3]. We have shown that incorporation of 
NMelle in position 20 results in analogues that maintain high affinity for the ET 
receptors and have enhanced metabolic stability. In particular, Ac-DBhg'6-Leu-Asp-
Ile-NMelle-Trp21 (PD 156252) has low nanomolar affinity for both ET receptors (ETA; 
1.0 nM/ ETB; 40 nM) and exhibits greatly enhanced stability (538 +/- 52 min) in rat 
intestinal perfusate. Interestingly, proton NMR and molecular modeling studies of the 
disodium salt of PD 156252 reveals that in an aqueous environment the molecule exists 
in a fully extended conformation while in DMSO it adopts a strikingly different 
conformation. The NOE patterns indicate that a geometric isomerization about the 
Ile19-NMeIle20 imide bond takes place upon changing from a hydrophilic to a 
hydrophobic medium. 

Results and Discussion 

The proton NMR spectra of PD 156252.2Na differs dramatically dependent upon the 
solvent. In particular, in water the spectrum is characterized by a large degree of 
dispersion in the methyl region with the y-methyl protons of He" at exceptionally high 
field (0.18 ppm), while in DMSO the dispersion collapses in the methyl region and is 
replaced by significant dispersion in the amide region. In fact, NOE measurements have 
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shown that these spectral changes can be attributed to geometric isomerization around the 
Ile19-NMeIle20 peptide bond. Thus, in water this imide bond is trans and the peptide 
takes on an extended conformation, while in DMSO this bond is completely cis and the 
peptide prefers a more compact structure (Figure 1). 

Figure 1. Calculated structure of PD 156252.2Na in DMSO (right) and a hypothetical extended 
structure ofPD 156252.2Na in water (left). 

These observations may have implications on the increased half-life of PD 156252 
observed in rat intestinal perfusate. It has been shown that the major metabolite of PD 
145065 is Ac-DBhg-Leu-Asp-Ile-Ile, probably as a result of carboxypeptidase activity 
[4]. In fact, carboxypeptidase inhibitors have been shown to increase the half-life of PD 
145065 by 75% in rat intestinal perfusate [5]. Currently, the structure of PD 156252 
under physiological conditions is not known. However, since the barrier of cis/trans 
interconversion is demonstrably lower for PD 156252 it may be hypothesized that this 
"alternative conformation" would render the C-terminus less accessible to carboxy
peptidase activity, thus accounting for the enhanced metabolic stability while maintaining 
high receptor affinity. Likewise, it is also possible that methylating the p-l amino acid of 
a substrate leads to an analogue that does not fit properly into the enzyme, either 
sterically or by disruption of a critical hydrogen bonding interaction. These observations 
may provide a unique strategy for the preparation and delivery of metabolically stabilized 
peptides. 
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Introduction 

The Saccharomyces cerevisiae peptide pheromone, a-factor(WHWLQLKPGQPMY), 
has been suggested to assume a bent form as its biologically active structure [1, 2]. 
Constrained analogs of a-factor containing a covalent bond that force the middle 
of this pheromone into a turn, such as cyclo1-l0[Lys7, Glu10, Nle'2]cc-factor (C42) and 
cyc/o7'10[Orn7, Glu10, Nle12]a-factor (C32) manifested very different bioactivities. 
Specifically, C42 was 20 times more potent than C32 in the growth arrest assay against 
strain RC629 [3]. In order to discern whether these different biological potencies were 
related to the conformation of the lactam ring in the center of these pheromones, we 
analyzed these peptides using NMR and CD techniques and modeled their structures 
using Boltzmann searches and AMBER minimization. For comparison, similar 
investigations were also carried out on two model tetrapeptides qyc/oM[Ac-Lys-Pro-Gly-
Glu-NH2] (Tetra 42) and cyclo' "[Ac-Om-Pro-Gly-Glu-NHJ (Tetra 32). 

Results and Discussion 

The conformations of cyc/o7J0[Lys7, Glu10, Nle12]a-factor (C42) and cyclo1 ̂ [Om1, Glu10, 
Nle12]a-factor (C32) were studied in DMSO-d6 using NMR spectroscopy. The 
assignment of all observed resonances was based on the combined use of COSY, 
TOCSY, NOESY or ROESY experiments. The temperature coefficients (d8/dT) of the 
amide protons for the Glu10 aNH of C32 (-0.06 ppb/K) and the Glu4 aNH of Terra 32 
(-0.9 ppb/K) indicated that both protons were involved in a strong intramolecular 
hydrogen bond. In the Lys-containing peptides (C42 and Tetra 42), a strong intra
molecular hydrogen bond was not detected. However, the relatively small dS/dT values 
observed for the Gly NH of C42 and Tetra 42 (-3.1 ppb/K) were consistent with weak 
but significant hydrogen bonding for this proton. 

Models of the studied peptides were built with the BIOPOLYMER module of the 
SYBYL software package, and searched using an iterative constrained annealing 
procedure based on the measured NOE restraints. The resulting models were minimized 
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with the AMBER force field and the conformers best fitting the experimental data were 
identified. The analysis of these structures reveals the following: 1) The turn regions in 
the two 13mers adopt conformations similar to those of the corresponding tetramer cyclic 
compounds. 2) The proline dihedral angles in the 42 compounds seem to accommodate 
a seven membered ring comprising the Gly NH hydrogen bonded to the carbonyl of Lys, 
very similar to that encountered in the center of a y rum. This is consistent with the fact 
that the Gly NH has the lowest temperature coefficient of all amide protons in these 
molecules. 3) Another feature of the 42 molecules is that the Gly residue is less bent. 
Consequently, the NH of Glu points to the outside of the ring. This is consistent with the 
high temperature coefficient observed for this proton. 4) In the models of the 32 
compounds the Glu NH appears to form a bifurcated hydrogen bond to both the Pro 
carbonyl (forming a y-turn like seven membered ring) and to the Lys carbonyl (forming a 
type II P-turn like 10 membered ring). Both the quantitative NMR data and the ensuing 
computational analysis support the fact that the conformation realized in the 13mer is 
closer to a P-turn, while that in the tetramer is closer to a y-turn like ring. 5) A notable 
difference between the 32 and 42 compounds is the orientation of the side chain amide 
group. In the 32 molecules the side chain carbonyl points towards the same side of the 
ring as the Pro carbonyl, and in the 42 molecules the side chain carbonyl points toward 
the opposite direction. 

Since this y-carbonyl has been previously shown to be a critical element for the 
a-factor activities [3], it is significant that the Glu y-carbonyl in the less active analog 
(C32) has a very different orientation from that in the more active analog (C42). The 
data suggests that C32 may be less active because the y-carbonyl of Glu in this molecule 
is in a position that differs from that present in the biologically active conformation. 
These results help to refine our understanding of the stereochemical requirement for the 
central region of the pheromone. 
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Introduction 

In order to mimic cell membrane environments, conformational analysis of bioactive 
peptides is generally performed in TFE or surfactant micelles. The use of phospholipid 
bilayers as more proper mimicry is severely limited by poor solubility of the lipids, 
particularly if higher concentrations of peptides are required for spectroscopic 
experiments. The search for an alternative two-phase system led us to reverse micelles 
which are frequently used in protein chemistry [1], but which have rarely been employed 
in conformational studies. For comparative analysis of the various membrane mimetic 
environments, the gastrointestinal hormone secretin was used as model peptide [2]. 

Results and Discussion 

Secretin was shown to interact with the zwitterionic DMPC vesicles (lipid/peptide molar 
ratio = 90) by microcalorimetric measurements as the pretransition of the ripple phase is 
lowered by 2°C and a shoulder appears in the hs-DSC endotherm above the T. of the 
DMPC. This peptide lipid interaction was further confirmed by AT-FT-IR spectra where 
the decreased intensities of the CH3 and CH2 bands reflect the disordering effect of 
secretin on the lipid packing of the DMPC bilayer. Nevertheless the CD spectra of 
secretin in presence of DMPC vesicles (lipid/peptide molar ratio = 100) indicate only a 
marginal increase in a-helical content which is, however, significantly enhanced in the 
presence of negatively charged DMPG vesicles (Table 1). Despite the higher solubility 
of DMPG vs. DMPC which allowed characterization of the conformational state of 
secretin in the presence of DMPG vesicles even by IR spectroscopy (Figure 1), a 
maximal lipid/peptide molar ratio of merely 37:1 could be achieved. As about 
2000-3000 phospholipid monomers are needed to form a single vesicle, the numerical 
ratio of vesicle-to-peptide is very low. We have therefore analyzed the conformational 
properties of secretin in reverse micelles. The water pool entrapped in the hydrophobic 
core of reverse micells is known to show properties different from those of bulk water 
and to resemble the water at lipid/water interphases [1]. In fact, in reverse micelles of bis 
(2-ethylhexyl) sulfosuccinate (AOTVisooctane/water secretin entrapped in water pool is 
folded into ordered conformations consisting of a-helix and P-turns similarly to what is 
observed in presence of DMPG bilayers as well documented by the CD (Table 1) and IR 
spectra (Figure 1). Both the DMPG vesicles and AOT reverse micelles are characterized 
by a negatively charged interphase. Natural cell membranes, although mainly built up by 
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Table 1. CD spectroscopy data of secretin in various systems; % a-helical content was 
determined using [8]222 = 36100 deg cm2 dmol'1 for 100% a-helix. 

System 

phosphate buffer 
DMPG vesicles 
DMPC vesicles 

[^222 

9300 
15600 
12400 

% helix 

26 
43 
34 

System 

90% TFE 
SDS micelles 
AOT reverse micelles 

[6]222 

27800 
17200 
14700 

% helix 

77 
48 
41 

the zwitterionic phosphatidylcholine lipids, also contain clusters of negative headgroups. 
Thus, both systems are related to natural membrane environments. The ability of reverse 
micelles to properly mimic phospholipid bilayers is further substantiated by the 
comparison of the structuring effect of AOT and DMPC reverse micelles with that of 
normal SDS micelles or TFE (Table 1) (Figure 1). From NMR analysis of secretin, it is 
known that this peptide hormone may fold into a rod-like a-helical structure or into 
helical stretches interrupted by more or less pronounced P-bends depending upon the 
a-helix inducing effect of the solvent used [3, 4]. The present data confirm the too 
strong a-helix inducing effect of TFE and clearly indicate the reverse micelle system as 
well suited for conformational analysis in membrane mimetic conditions, particularly in 
view of its full optical transparency even at high reverse micelle-to-peptide ratios which 
are readily obtained because of the low surfactant aggregation number. 
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Figure 1. FTIR spectra of secretin in aqueous solution ( -), 90% TFE (•••••), DMPG vesicles 
( ) , DMPC reverse micelles ( ) and AOT reverse micelles (w=10) (- - -); all systems in 
5mMphosphate buffer (pH=5.4), 20°C. 
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Introduction 

Cyclopentapeptides of chiral composition (-D-L-D-D-L-) have well defined preferences 
for a y/pil conformation when at least one of the L residues is proline [1]. Recently, 
cyclopeptides of this type have been described as selective endothelin antagonists {i.e. 
BQ-123; cyclo-[DVal-Leu-DTrp-DAsp-Pro-]) [2] and their conformations, studied in 
solution, revealed the typical y/pll preference, with the y turn centred at the fifth (Pro) 
residue [3]. 

As both endothelin and neurokinin receptors belong to the G-Protein Coupled 
Receptors (G-PCR), family they may be presumed to posses topologically similar 
binding sites for small size antagonists; if this were the case, these conformationally rigid 
cyclopentapeptides may be expected to represent a template of general utility in 
obtaining G-PCR's antagonists. 

We used sequences from known linear neurokinin antagonists (i.e. Spantide ) [4] to 
synthesize two new cyclopeptides ( ITF-1544 cyclo-[-DTrp-Phe-DTrp-DLys-Pro-] and 
ITF-1565 cyclo-[-DTrp-Pro-DLys-DTrp-Phe-]) which showed good NK1 and/or NK2 
antagonistic properties. 

Results and Discussion 

Both ITF-1544 and ITF-1565 were prepared in solution and cyclized using a procedure 
already described by Spatola [5]. The HPLC profiles (220 nm) showed purity of more 
than 97% and FAB-MS and AAA gave the expected results. 

Effects of ITF 1544 and ITF 1565 were measured on i) contraction induced by 
substance P (SP) in rabbit caval vein, ii) neurokinin A (NKA) in rabbit pulmonary artery 
and iii) endothelin (ET) in rat aorta. The results showed that both the peptides are weak 
antagonists for the NK2 receptor, while only ITF-1565 is a potent and competitive 
antagonist for NK1 receptor (pA2=6.93). 

ID and 2D 'H-NMR spectra of both ITF 1544 and ITF 1565 (6 mg/ml in 80% 
CD3CN + 20% H20 ) were recorded at 30°C on a VARIAN VXR spectrometer operating 
at the nominal proton frequency of 300 MHz. The NMR pulse sequences used for the 
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proton resonance assignments included COSY, TOCSY, and ROESY. The temperature 
dependence of the NH chemical shift was studied in the range 5 to 40°C. Initial random 
structures were produced by means of distance geometry algorithms implemented in the 
program DGEOM [6]. Both structure optimizations and molecular dynamic calculations 
were carried out using the program DINAMICA [7]. From the NMR experiments and 
the molecular modelling studies, evidences were obtained that both ITF 1544 and ITF 
1565 are quite rigid molecules which prefer the typical y/pil conformation. The y turn 
appears to be centered at residue 5 (Pro in ITF 1544 and Phe in ITF 1565) in both 
peptides, confirming the prevailing role of the D-L-D-D-L configuration in determining 
the backbone conformation of cyclopentapeptides [1]. 

As a consequence, the presumed pharmacophore DTrp-Phe-DTrp would occupy 
either positions / to i+2 of a reverse y-tum (ITF 1565) or positions /' to i+2 of a pil-turn 
(ITF 1544). 

In conclusion, we have demonstrated that it is possible to use cyclo-pentapeptides of 
D-L-D-D-L configuration as a rigid template to obtain antagonists of different G-protein 
coupled receptors. The possibility of determining the 3D requirements for antagonistic 
effects will be of great value in the design of new non-peptide peptidomimetics. 
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Introduction 

A novel class of conformationally constrained bicyclic antagonists of oxytocin (OT-BC) 
with the amino acid sequences 

Xxx1-Tyr2-Ile3-Glu4-Asn5-Cys6-Pro7-Lys8-Gh/-NH2 
i 1 

where Xxx are P'-mercaptopropionic acid (Mpa) or (p'-mercapto-P,P-dimethyl> 
propionic acid (dPen) [1, 2], presents a unique opportunity to reveal conformational 
features responsible for the uterine receptor binding of oxytocin antagonists. Here we 
report results of extensive conformational studies of the two OT-BC analogs. 

Results and Discussion 

'H and 13C NMR spectra indicate presence of one predominant isomer for both OT-BC 
analogs in DMSO at 300 K. I3C chemical shifts of Ca and Cp carbons of Pro7 (31.8 and 
21.7 ppm, respectively, for [Mpa']OT-BC), as well as NOE cross-peaks between CaH 
protons of Cys6 and Pro7 definitely prove a cis conformation for the Cys6-Pro7 peptide 
bond in both bicyclic analogs. Strong NOEs between amide protons of residues 2 to 4 
and low temperature coefficients observed for NH of He3 and Glu4 are indicative of a 
type I or III P-turn located at the residues TyrMle3. 

The conformational features revealed by NMR were consistent with one of three 
models of 3D structure of OT-BC suggested by an independent conformational search [3, 
4]. This model was tested by distance-restrained, (p-torsion-restrained and free molecular 
dynamics (MD) simulations at 300 K performed for both OT-BC using the AMBER 
force field with 8 = 45 characteristic of DMSO. The distance and (p angle restraints were 
derived from NOEs and 3JNct coupling constants, respectively. Average interproton 
distances obtained from MD trajectories were in good agreement with NOE data. MD 
simulations at 500 K revealed conformational transitions in the lactam bridge moiety, 
which were consistent with 3Jot|3 coupling constants for Glu4 and Lys8. Applying torsion 
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angle constraints gradually shifted with 20° steps either to the Cp-S-S-Cp angle or to the 
%1 angle of Cys6, we found transitions between left-handed conformers of the disulfide 
bridge with a gauche (-) rotamer of Cys6 and right-handed conformers of the disulfide 
bridge with a gauche (+) rotamer of Cys6, suggested by3 J . coupling constants and NOEs 
observed for CPH2 protons of Cys6. 

Based on the NMR data and results of MD simulations, we propose a dynamic 
model for the solution structure of OT-BC with a stable backbone conformation 
containing a type III P-turn at TyrMle3 and a cis peptide bond Cys6-Pro7, and with 
relatively flexible disulfide and lactam bridge moieties. This conclusion is confirmed by 
CD spectroscopy. The two OT-BC analogs in aqueous solution have identical CD bands 
in the far UV region which reflect their similar backbone structure. In contrast, the CD 
bands at 245 nm, which may be assigned to the disulfide chromophore, are different for 
the two OT-BC and sensitive to the type of solvent. 

Supported by the U.S. Public Health Service, Grant No. DK-17420, and by Polish 
Scientific Research Committee (KBN), Grant No. DS/8145-4-0094-5. 

Figure 1. A dynamic model of solution structure of [Mpa']OT-BC: superposition of low-energy 
conformers with different conformations of the disulfide and lactam bridges. 
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Introduction 

In an accompanying note [1] we have shown that a peptide built of a signal sequence 
associated with a nuclear localization (NLS) leading to the sequence Ac-M-G-L-G-L-H-
L-L-V-L-A-A-A-L-Q-G-A-W-S-Q-P-K-K-K-R-K-V-Cya is able to facilitate the transport 
of fluorescent probes toward cellular nuclei, these probes being covalently linked to the 
peptide through the mercaptoamide or Cya moiety. However, it must be noticed that the 
efficiency of this type of peptide is strongly reduced when the incubation is made in 
presence of proteases. In order to enhance their resistance toward proteolysis by 
substitution of some residues by non natural amino acids without altering the overall 
properties of the peptides, it was of major importance to elucidate its conformation(s). 
This was achieved mainly by means of CD, FTIR and NMR. 

Results and Discussion 

By CD measurement, this peptide, when dissolved in water, is in a random coil 
conformation while the addition of TFE induces, as usual, formation of an a helical 
structure [2]. However, such a random coil —> a transition is not the sole conformational 
transition which can be induced for this peptide. Indeed, an increase in the ionic strength 
of the medium leads to a CD spectrum characterized by a minimum centered at 215 nm 
which is indicative of the formation of P structures [3]. The same trend is observed when 
lipid vesicles (DOPC or DOPG) are added to the medium. The tendency for this peptide 
to form P structures is confirmed by an infrared spectroscopy study in the solid state. 
Indeed, the spectrum of a film cast from a solution containing TFE shows an amide I 
band centered at 1656 cm'1 (Figure 1) [4] which is characteristic of a fully a helical 
structure, while an incubation with water or lipids such as DOPG leads to a complex 
spectrum with two major components at 1656 and 1625 cm"1 (Figure 1). The presence of 
this latter band, which is characteristic of the presence of P structures [4], confirms that 
the nature of the medium from which the peptide is recovered may strongly influence its 
conformational state. As the aim of this work is the precise determination of the 
conformation responsible for the translocation process of fluorescent probes, we 
undertook an NMR study of this peptide. Up to now, only the a helical structure could 
be observed by NMR investigations made in a water/TFE (70/30) mixture. Several 
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NOEs of dNN, daN(i,i+3) and dap(i,i+3) type can be detected from residue 1 throughout 
residue 20. The finding of these NOEs is consistent with the presence of an a helix [5] 
which ends at the Pro21 residue. The C-terminal part of the peptide is in a non ordered 
form as no typical NOE corresponding to structured forms can be detected in this part of 
the peptide sequence. 

1650 1600 1550 
Wavenumber cm ' 

1400 

Figure 1. Solid state FTIR spectrum of the peptide. Spectrum A: peptide recovered after 
evaporation of TFE. Spectrum B: peptide film leading to spectrum A and then incubated with 
DOPG vesicles. 

At the present stage, owing to the strong conformational versatility of the peptide, it 
would be premature to propose a mechanism which accounts for the transfer properties 
of the peptide. Additionally, we do not know whether the whole peptide is translocated 
and which conformation is involved, although our results suggest that the P structures 
could play a major role. Further investigations dealing with the identification of the 
conformational state and also with the positioning of the peptide with respect to lipid 
bilayers are under way. 
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Introduction 

Human C5a is a 74 residue glucopolypeptide generated by the enzymatic cleavage of the 
fifth component of the complement cascade and is generally recognized as a principle 
mediator of local and systemic inflammation. Due to its pro-inflammatory activities, C5a 
has been implicated as a pathogenic factor in a number of inflammatory and autoimmune 
disorders. Consequently, there is considerable interest in understanding the structural 
features associated with C5a receptor binding and signal transduction. 

Human C5a has a highly ordered N-terminal region consisting of a tightly packed, 
4-helix bundle which is primarily associated with receptor recognition and binding [1], 
Protruding from the ordered domain is the flexible C-terminal region (residues 65-74), 
which is primarily responsible for signal transduction. Thus, a peptide synthesized with 
sequence homology to the C-terminal (C5a65.74 or ISHKDMQLGR) behaves as a full 
agonist relative to the parent polypeptide, but at a markedly reduced potency {ca. 0.001% 
of C5a) [2, 3]. As part of an ongoing structure-function study, we recently synthesized a 
panel of C5a65.74Y65,F67 analogues in which conformational flexibility in the C-terminal 
end was restricted [4]. One of these analogues, YSFKDMPLaR, expressed about 5% of 
full C5a activity. In this study, we use NMR and conformational analyses to identify the 
structural features of this analogue responsible for the increase in potency. 

Results and Discussion 

A panel of C5a agonist peptides based on the sequence of C5a65.74 Y65, F67, 
(YSFKDMQLGR) was used in a structure-function analysis of the likely conformational 
features responsible for biological activity. Different methods were used to restrict 
flexibility and bias certain features of backbone conformation in the C-terminal region 
(residues 71-74) [4]. These conformationally constrained peptides were tested in two 
different assay systems: (1) spasmogenic activities (smooth muscle contraction of human 
fetal artery and guinea pig platelet aggregation); and (2) human neutrophil (PMN) 
activities (PMN polarization and P-glucuronidase release). A structure-function analysis 
of these conformationally restricted peptides led to the identification of an analogue, 
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YSFKDMPLaR, that expressed approximately 5% of the activity of natural C5a. A 
detailed conformational analysis led to the prediction of a helix-like conformation for 
residues 65-69 and an extended backbone conformation for residues 70-71. The 
C-terminal residues, (71)72-74, correlated with a P-turn of either type II or V for the 
expression of spasmogenic and platelet aggregatory activities [4], while a P-turn of type 
V appeared to be favored in the PMN polarization and enzyme release activities [5]. 

To further identify the specific type of P-turn associated with the increased 
biological activity, a-amino-isobutyric acid, (Aib) was substituted for D-Ala at position 
73 [YSFKDMPL(Aib)R]. The presence of Aib in position 73 locks a P-turn turn of type 
II into the C-terminal region of the peptide (residues 71-74). In smooth muscle 
contraction, this peptide expressed only 0.003% of C5a activity, supporting the notion 
that a type II P-turn is probably not a preferred conformation for this response. 

Sequence specific proton resonance assignments for the potent peptide 
YSFKDMPLaR were obtained using DQF-COSY, TOCSY, and NOESY 2D NMR 
experiments. The NMR results suggest that residues 65-69 have a-helical character due 
to the presence of medium NOE between the proton of Ser66 and amide of Asp69, 
daN(i, i+3), and NOE cross peaks, dNN(i, i+1), between the amide protons of Ser66 and 
Phe67 as well as between Lys68 and Asp69. The absence of NOEs consistent with well 
defined secondary structural features in the region comprised by residues 70-71, suggest 
that this is a region of extended backbone conformation. In the C-terminal, four residues 
(-PLaR), the NMR data indicated that the structural feature associated with the increase 
in biological activity appears to be a p-turn of type V [6]. This observation is based on 
the following NOE cross peaks: (1) a weak NOE cross peak dNN(i+2, i+3) [D-Ala73, 
Arg74]; (2) a weak NOE cross peak doN(i+2, i+3) [D-Ala73, Arg74]; and (3) a medium 
NOE cross peak dpN(i+2, i+3) [D-Ala73, Arg74]. Thus, it appears that the three 
important structural features responsible for increased biological activity in the agonist 
peptide YSFKDMPLaR, include helix-like conformation (residues 65-69), extended 
backbone conformation (residues 70-71), and a type V p-turn (residues 71/72-74). 
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Introduction 

The cyclic P-casomorphin analog H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] (Nal = naphthyl-
alanine) represents the first known cyclic opioid peptide having mixed p agonist/ 
8 antagonist properties [1]. In an effort to improve the activity profile of this compound, 
5-position analogs represented by the formula H-Tyr-c[-D-Orn-2-Nal-D-Pro-Xxx-] 
(Xxx = Ala, D-Ala, Aib, Sar, NMeAla, D-NMeAla, and NMeAib) were prepared [2]. 
All analogs were potent p-agonists and also were potent 8-antagonists (Xxx = D-Ala, 
Aib, Sar), or weak 8-antagonists (Xxx = Ala, NMeAib), or partial 8-agonists (Xxx = 
NMeAla, D-NMeAla) [2]. In the present paper we describe low energy conformers of 
these compounds resulting from a molecular mechanics study. 

Results and Discussion 

The "bare" ring structure for each of these compounds was studied using a systematic 
grid search procedure [3]. For the Gly5 parent peptide, 32 low energy ring structures (< 3 
kcal/mol above the minimum) were obtained. This ring structure is moderately flexible, 
with local constraints imposed only by the D-Pro4 residue. In the case of the Ala5-, 
D-Ala5- and Aib5-analogs, 24-30 low energy structures were found. Analysis of the 
Sar5-peptide resulted in 16 low energy ring conformations and the remaining analogs 
containing an N-methylated Xxx5 residue had the most rigid ring structures (9-13 low 
energy conformers). 

An analysis of the complete peptides was performed for the D-Ala5-, Sar5-, and 
NMeAla5-containing analogs. The Tyr1 residue and the 2-Nal3 side chain were attached 
to the low energy ring structures, and a systematic search and energy minimization was 
performed. Representative low energy conformations are shown in Figure 1. The 
D-Ala5-analog was the only peptide found to contain hydrogen bonds. The three 
hydrogen bonds consistently observed were: D-Ala-NH to D-Orn-CO (type II P-turn); 
2-Nal-NH to Tyr-CO (inverse y-turn); D-Orn-e-NH to 2-Nal-CO (type I P-turn). The 
Sar5-analog was unique in that it was the only peptide with cis peptide bonds. Although 
the lowest energy structures had no cis peptide bonds, conformations 2 kcal/mol above 
the lowest energy conformation contained two cis peptide bonds, one between 2-Nal and 
D-Pro, and one between D-Pro and Sar. 
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(b) 

(c) (d) 

Figure 1. Representative low energy conformations ofH-Tyr-c[-D-Orn-2-Nal-D-Pro-Xxx-j where 
Xxx = D-Ala (a); NMeAla (b); Sar (c); and Sar with cis peptide bonds (d). Hydrogen bonds are 
represented with dashed lines. 

These conformations were found to be in good agreement with structural parameters 
determined by NMR spectroscopy [4]. Despite the fact that each compound showed 
different backbone preferences, low energy conformers characterized by a tilted stacking 
arrangement of the two aromatic rings were found for all three of them, in good 
agreement with a proposed model of the receptor-bound conformation of cyclic 
dermorphin analogs that are p-agonists [3]. Low energy conformations of the D-Ala5-
and Sar5-analogs, but not of the NMe-Ala5-peptide, showed good spatial overlap of their 
two aromatic rings and terminal amino group with the corresponding moieties of the 
non-peptide 8 antagonist naltrindole. These results provide a structural explanation of 
the mixed p agonist/ 8 antagonist profile of the D-Ala5- and Sar5-analogs. 
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Introduction 

Many biologically active peptides have been shown to interact with their specific 
receptors mainly due to hydrophobic forces. The hypothesis suggesting that the receptor-
bound conformation of a peptide is close to that at the lipid-water interface seems to be 
endorsed, though indirectly, by a number of independent experimental results [1]. These 
findings offer several new elements for analysis of "conformation-function" relationships 
and conformationally directed computer design of peptide bio- regulators based on the 
predictions of the peptide ligand orientation with respect to the receptor surface. We 
have extended the tools of molecular mechanics to adapt them to the calculation of stable 
molecular conformations at a phase boundary, the "water - lipophilic phase" [2, 3]. Here 
we discuss some applications of this approach in peptide drug design. 

Results and Discussion 

The phase boundary is the surface dividing two compartments, which possess the 
solvation properties of water and octanol. The ECEPP force field and rigid valence 
geometry were used for calculation of intramolecular interaction energy; the solvation 
energy was calculated according to the Hopfinger-Scheraga approach. For each starting 
conformation, the program successively carried out the energy minimization for the sum 
of intramolecular and solvation energies with respect to dihedral angles, the depth of 
molecule immersion into the lipophilic phase, and the macrorotation angles which 
determine the orientation of the molecule at the phase boundary. The energy of transfer 
from water to the phase boundary may be estimated as the difference between the 
energies of those conformers which are most stable at the phase boundary and in water. 

This offers several new elements for the analysis of "conformation-function" 
relationships of peptide bioregulators. The conformer stability at the phase boundary 
rather than in vacuum can be used for selection of the set of preferred structures for 
elucidation of the receptor-bound structure. Further, one may reduce the set of 
conformations eligible as "biologically active" by rejecting those conformations not 
common in the sets of boundary-stable conformers of all active compounds. Assuming 
that the orientation of the peptide molecule with respect to the phase boundary mimics its 
orientation in the receptor-bound state, we may suggest that any conformers having one 
or more of functionally important groups definitively exposed into water, so that it is 
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impossible for any contact with the lipophilic phase seem unlikely to be the "biologically 
active" ones. The introduction of additional bulky groups on the receptor-adjacent side 
of the peptide molecule should result in loss of activity. Activity of such modified 
analogs implies that the added bulky groups are not oriented toward the receptor surface 
in receptor-bound conformation. Therefore, conformers having these bulky groups 
deeply immersed into the lipophilic should be also eliminated from the set of tentative 
"biologically active" conformers. Finally, it is reasonable to assume that the receptor-
bound structures of two active analogs would possess similar orientations at the phase 
boundary. This provides another criterion for the restriction of the set of candidates for 
"biologically active" conformer. 

This approach is exemplified in brief by examination of the set of tentative 
receptor-bound conformations proposed for 8-opioid peptides dermenkephalin (DRE) 
and the cyclic analog DPDPE ([4], Table IX and VII, respectively). Of the 6 candidate 
conformers of DRE, conformer, #2 is significantly more stable at the phase boundary 
(6.1 kcal/mole less than second stable conformer #6). 

B 

Figure 1. DRE conformers #2 (A) and #6 (B) at phase boundary (lipophilic phase at the bottom). 

This conformer also has the most favorable orientation of its functionally important 
groups (sidechains of Phe and Tyr, and the amino group) with respect to lipid phase; all 
of them located close to the phase boundary (Figure IA). The structures with the Tyr 
sidechain conformers Xi~ ± 60° are bound at the lipid surface such that this residue 
protrudes far into the aqueous phase (Figure IB). Of the three candidate DPDPE 
conformers, structures #1 and #2 are significantly more stable at the boundary. 
Conformers #1 and #2 of DPDPE were found structurally close to conformers #2 and #4 
of DRE[4], respectively. Conformer #1 of DPDPE has an arrangement of functionally 
important groups at the phase boundary very similar to that of conformer #2 of DRE; in 
the case of the second pair of structures, their orientations are completely different. 
These observations serve to favor the first pair of structures as candidates for the 
receptor-bound conformers. 
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Introduction 

The deltorphins consist of naturally occurring peptides isolated from amphibian skin and 
contain a D-amino acid at position 2 [1-3]. These peptides exhibit both higher affinity 
and selectivity for the 8 opioid receptor than do enkephalins or their derivatives [1, 2]. 
Deltorphin A [Tyr-D-Met-Phe-His-Leu-Met-Asp-NHJ [2, 3] and deltorphin C [Tyr-D-
Ala-Phe-Asp-Val-Val-Gly-NHJ [2,3] associate with the 8, receptor subtype [4], while 
deltorphin B [Tyr-D-Ala-Phe-Glu-Val-Val-Gly-NH2] [2, 3] prefers the second receptor 
subtype 82 [5]. The existence of multiple binding sites and receptor subtypes suggests 
that there are differences in either the receptor binding site or in the conformation of the 
peptide [6]. Molecular dynamics simulations of the deltorphins [6] offered low energy 
conformations with extended and compact features. These topographies could be 
utilized to predict multi-site binding [6]. Substitution of 1-aminocycloalkane-l-
carboxylic acid residues for either D-Ala, Phe, or Asp in deltorphin C (DC) is a method 
for characterizing 8 opioid receptor properties and evaluating multiple receptor binding 
sites. Molecular dynamics simulations of DC and these analogues provide a method for 
estimating structural motifs of small molecules that interact with 8 opioid receptors. 

Results and Discussion 

Synthesis and purification of the deltorphins [7] and deltorphin C analogues were 
performed by solid phase methods and radioreceptor assays used synaptosomal 
membranes according to published procedures [7]. Statistical analyses incorporated 
graded concentrations of each analogue in competition assays and assessed the data for 
one- and two-site binding with the non-linear regression analysis of InPlot™ (GraphPad). 
Only the combination of the following criteria validated the heterogeneous binding sites: 
r| < 0.850, 95% confidence levels for r| not < -0.900 and P < 0.0001 in the F-test 
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comparing fits to one- and two-site binding models [8]. AMBER dynamics (v. 3.0, rev. 
A) and simulated annealing using MacroModel (v. 4.0) were performed on a Silicon 
Graphics Indigo2 computer system and graphics visualization of AMBER output utilized 
Multi (v. 3.0.0). 

Alteration of DC by substitution of 1-aminocyclohexane (Ahx), pentane (Apn), and 
propane (Apr) at positions 2, 3 or 4 characterized 8 receptor properties. Ahx at positions 
2 and 3 displayed about a 10-fold loss of in 8 affinity but higher 8 selectivity (K/VK,6 = 
1,254 and 1,666, respectively) than DC (K;

6 = 0.15 nM, K^/K;6 = 980). Apn and Apr 
substituted at position 3 exhibited moderate 8 affinities (K^ =10.1 nM and 17.5 nM, 
respectively) and selectivities (443 and 535). However, Apn substitution at position 4 
exhibited high 8 and p affinities (K8 = 0.054 nM, Kf= 0.58) with minimal 8 selectivity. 
Substitutions at Phe3 resulted in a loss of 8 and p affinities indicating that this residue is 
not essential per se; however the aromaticity of Phe3 enhanced 8 affinities. Loss of 
chirality at position 2 by the substitution of [Ahx2] for D-Ala only resulted in a moderate 
loss of 8 affinity indicating that the D-isomer may not be required depending on the 
replacement residue. Loss of the charged residue at position 4 enhanced 8 and p 
affinities suggesting that an anionic residue is not necessary for 8 binding and inhibits p 
binding. DC, [Apr3], and [Apn4] fitted one-site 8 binding models while [Ahx2], [Ahx3] 
and [Apn3] fitted two-site 8 binding models. 

Molecular dynamics simulations indicated that these peptides adopt distinct 
conformations in solution. P-Turns in the N-terminal regions and extended C-terminal 
regions seem to be a conformational motif linked with binding at the 8 receptor; 
furthermore, structures containing p-turns exhibited lower energies than extended 
conformations. Higher energy conformers offered correlations between the extended 
structures and one-site 8 binding models and peptide analogues with turns fitted two-site 
8 binding models. 
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Introduction 

Each calcium binding site in calmodulin has the characteristic EF-hand motif, also called 
the helix-loop-helix motif conformation [1,2]. The calcium binding ability of these sites 
varies over a wide range, and since the actual binding of calcium occurs in the 12 residue 
loop region, most of the studies have concentrated on varying the sequence of this region 
[3, 4]. In order to study the effect of the E and F helices on the binding affinities of the 
loop region, we have synthesized two sets of peptides corresponding to the sites 1 and 4 
of calmodulin. Spectroscopic methods involving calcium ion mimics are primarily used 
for studying the affinities of small peptides, since direct assay methods are difficult. The 
cationic dye "Stains-All" generates specific absorption peaks and induced circular 
dichroism (CD) peaks when it binds to calcium binding peptides and proteins [5-7]. 
Upon binding to rod-like or helical regions of a peptide, the T-band, occurring at around 
500 nm of the dye is activated while binding to globular or unordered region of the 
peptide activates the J-band at around 610 nm. Thus, "Stains-All" can provide 
information on the conformational status of the calcium binding region. 

Results and Discussion 

We have synthesized and studied two sets of EF-hand peptides corresponding to the 
weak site 1 and the strong site 4 of calmodulin by monitoring the induced ellipticities of 
the dye "Stains-All." In the first set of peptides the E and F helices from site 4 were used 
and the binding loops were changed. In the second set, the helices from site 1 were used 
while changing the binding loops from 1 to 4 (Table 1). The length of the F helix in site 

Table 1. Calmodulin peptides with helices from sites I and IV. 

Peptides Amino acid sequence 

111 F K E A F S L F D K D G D G T I T T K E L G T V M R S L 
141 F K E A F S L F D I D G D G Q V N Y E E L G T V M R S L 
414 V D E M I R E A D K D G D G T I T T K E F V Q M M T A K 
444 V D E M I R E A D I D G D G Q V N Y E E F V Q M M T A K 
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4 was only eight amino acids from the end of the binding loop. Hence, in order that an 
appropriate comparison of the effects of these helices on the calcium binding loop be 
made, we decided to keep the helix length to eight residues to either end of the binding 
loop. As a result, all the peptides used for this study are 28 residues in length. Exchange 
of the helices in both cases is seen to lead to a significant change in the affinity of 
peptides to "Stains-All." 

When the E and F helices flanking site 1 is replaced with those of site 4 {i.e. 
modifying peptide 111 to 414), it leads to a 35-fold increase in the affinity to 
"Stains-All" in the J-band region. Likewise, 414 effects a 70-fold increase in the 
ellipticity of the T-band of the dye. (Table 2). Similarly, the inducibility of dye bands by 
peptide 141 is greatly reduced in relation to peptide 444. Peptide 444 induces a 20-fold 
increase in ellipticity of the J band of "Stains-All" compared to peptide 141. In the 
T-band region, the ability of peptide 141 to induce ellipticity is decreased by 3-fold 
(Table 2). 

Table 2. Normalized relative ellipticities induced by the various peptides in "Stains-All". 

Peptides J-band T-band 

111 154 182 
414 5780 12860 
141 28210 112850 
444 642900 382600 

These results suggest that the role of the E and F helices sandwiching the ion-binding 
loop can be significant. In addition to the composition and sequence of the loop, those of 
the helices are also important to the calcium binding process, a point that would be of 
importance when chemically designing peptides such as the calcium binding motifs of 
calmodulin and related calcium binding proteins. 
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Introduction 

Collagen-like polypeptides based on the Gly-Pro-Hyp repetitive motif are known to form 
homotrimeric triple helical structures in solution. In order to stabilize the triple helix via 
covalent links, homotrimeric "mini-collagens" have been constructed using di-lysine as 
template [1]. In nature, both homo- and heterotrimeric collagens are found, whereby the 
exact registration of the three chains is essential for a correct folding. In type III 
collagen, the folding of the three a l chains from the C-terminal end is initiated by a 
nucleus stabilized by interchain disulfide bonds. We have used this cystine-knot 
principle for the synthesis of a heterotrimeric mini-collagen molecule containing 
Gly-Pro-Hyp repeating units and the ccipi-integrin recognition site of the basement 
membrane collagen [ocl(IV)]2cc2(IV) [2]. Unlike nature, that uses three disulfide bridges 
to tighten the assembly of the three chains, our synthetic approach foresees two disulfide 
bridges and two different cysteine protecting groups that allow for selective disulfide 
pairings. The four cysteines (one in each al(IV)-mimetic chain and two in the 
a2(IV)-mimetic chain) were positioned at the C-termini by modelling the triple helix in 
the correct register according to the Fraser model of the collagen triple helix (Figure 1). 

Results and Discussion 

The single peptide chains related to the sequences 457-469 of the a l and a2 chains of 
the human basement membrane type IV collagen [2] and extended with Gly-Pro-Hyp 
repeats to 31mers and 32mers were synthesized by standard SPPS procedures on a 
Wang-resin following the Fmoc/tBu strategy. HBTU/HOBt was used as coupling 
reagent except for the cysteines that were coupled via the Pfp esters/HOBt. As shown in 
Figure 1, the cysteines were protected as S-StBu and S-Acm derivatives; both are stable 

(al) : H-(GPO)3-GPO-GDQ-GPO-GIO-(GPO)2-GC(StBu)-G-G-OH 
{al): H-(GPO)3-GAK-GRA-GFO-GLO-(GPO)2-GC(Acm)C(StBu)-GG-OH 
(a 1'): H-(GPO)3-GPO-GDQ-GPO-GIO-GYO-GPO-GPC(Acm)-GG-OH 

Figure 1. Sequences of the peptide chains used for the construction of a heterotrimeric mini-
collagen molecule with a cystine-knot (O = Hyp). 
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Figure 2. Scheme of disulfide bridging of the three collagen-type peptide chains. 

to the acid treatment of the resin-cleavage step. Amino acid analysis, HPLC and MS, 
were used to characterize the three S-protected peptides. Assembly of the three peptide 
chains is shown in Figure 2. In the first step, the a l - and a2-peptide were deprotected 
at the S-StBu function with tributylphosphine. Then, the a2-peptide was activated at the 
thiol function with azodicarboxylic acid di-tert-butyl ester [3] and reacted with the free 
thiol group of the a 1-peptide. After heterodimer purification by size-exclusion chroma
tography and its characterization by MS, the final interchain disulfide bridging with the 
al'-peptide was carried out in water in a potential coil-dependent selective manner 
assuming a partition of the monomer between the homo- and heterotrimer, but in favor of 
the latter aggregate. After size exclusion chromatography at RT and at 60°C, amino acid 
analysis indicated the correct assembly of the three chains into the expected heterotrimer. 
Such heterotrimer exhibited the characteristic collagen-type CD spectrum and a sharp 
melting curve with a melting temperature of 54°C (Figure 3), 28°C higher than that of the 
a l ' - peptide-homotrimer; this confirmed our working assumption for the last oxidation 
step in water. The protection scheme used should also allow for a second selective 
disulfide formation, e.g. via CH3OCOSCl, under denaturating conditions. 

tw Ct 
o .2 

re
e 

er
s 

s?s Q 8 

1.0 

0 5 

0 

\ 

• 

-
. 

~~~\ 
\ \ 

\ 
\ \ 
\ \ 

IO 3 0 5 0 7 0 
Temperature (°C) 

Figure 3. Thermal denaturation curves of the al' monomer (- -) and of the synthetic hetero
trimeric mini-collagen ( ) in 0.1 Mphosphate buffer pH 7.4. 
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Introduction 

Self-assembling molecules incorporating functional groups have potential biomedical 
applications such as drug delivery and biointerface modification. We have developed 
self-assembling amphiphiles with peptide head groups for directly measuring and 
manipulating the structures and intermolecular forces in model membranes. Several 
sequences from collagens which are responsible for cell adhesion and migration have 
been reported. In many cases, triple helical conformation is essential for receptor 
recognition. We have synthesized amphiphiles containing the al(IV)1263-1277 
collagen sequence Gly-Val-Lys-Gly-Asp-Lys-Gly-Asn-Pro-Gly-Trp-Pro-Gly-Ala-Pro 
(fIV-HlJ), which binds K1735 M4 mouse melanoma cells [1]. In the present study, we 
show that these peptide amphiphiles self assemble into triple helical structure and have 
increased thermal stability as compared with the peptide alone. 

Results and Discussion 

The structure of the compounds used in our study are shown below. Peptides are 
covalently coupled to the dialkyl ester of Glu with a C2 spacer using Fmoc solid-phase 
synthesis and purified by reversed-phase HPLC [2]. All investigated peptide amphi
philes form stable monolayers at the air water interface. Surface pressure is detectable at 
molecular areas <2.5 nmVmolecule. The layer can be compressed to a molecular area of 
0.6 nmVmolecule. This indicates a fully stretched out structure of the peptide in the 
headgroup. 

At 25°C both (Gly-Pro-Hyp)4-/7P-#77-(Gly-Pro-Hyp)4 and the peptide-amphiphile 
exhibit CD spectra with a maximal ellipticity near X=115 nm, characteristic of triple 
helical structure (Figure 1). In contrast, at 25°C peptide /7F-//77-(Gly-Pro-Hyp)4 does 
not show positive ellipticity at this wavelength. When the solution is heated, peptide 
(Gly-Pro-Hyp)4-/7K-//77_(Gly-Pro-Hyp)4 gives a typical sigmoidal transition associated 
with the transformation of triple-helical to single-stranded structure (Tm=36°C). On the 
other hand, the peptide-amphiphile shows a gradual transition starting at 40°C to 80°C. 
NMR spectra of the peptide and the peptide-amphiphile show the same trend of change 
with increasing temperature. These observations are indicative of greatly enhanced 
thermal stability of the triple-helical structure incorporated into amphiphile headgroups. 
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Figure 1. Circular dichroism study of: 1 (CI2)2-Glu-C2-[IV-Hl)'-(Gly-Pro-Hyp)# 2 (Gly-Pro-
Hyp) .-[IV-Hlj'-(Gly-Pro-Hyp),, 3 [IV-H1]-(Gly-Pro-Hyp)4, and 4 IV-H1 (25°C). The inset 
shows the melting curve for: 1 (Cl2)2-Glu-C2-[IV-Hlj-(Gly-Pro-Hyp)4, and 2 (Gly-Pro-Hyp)4-
[IV-Hlj'-(Gly-Pro-Hyp) ,. 
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Introduction 

The elucidation of the conformational features of linear peptides in solution is a hard task 
to achieve in particular with small and medium size compounds. Moreover, in the case 
of molecules of biological interest, the experimental conditions in which they are active 
are not easy to simulate in the laboratory. 

We have recently studied some peptide fragments related to the hormone precursors 
of oxytocin and somatostatin [1]. The interest for such peptides arises from the lack of 
knowledge about the exact mechanism leading to the maturation of the inactive 
pro-forms. The proteolytic enzymes involved in the bioactivation process act at the level 
of pairs or singlets of basic residues such as arginine and lysine in the pro-forms. It was 
proposed that the basic residues, constituting the active site, are located in flexible 
structural segments close to P-turns and/or loops [2]. 

To characterize such structural parameters, which are thought to play a key role in 
the enzyme-substrate recognition, and to verify if these features represent a general motif, 
also shared by different pro-hormones [3], we have undertaken a conformational study on 
a series of peptides reproducing the sequence around the proteolytic dibasic site of 
Pro-somatostatin: 

H-Pro-Ala-Met-Ala-Pro-Arg-Glu-Arg-Lys-Ala-Gly-Ala-Lys-Asn-NIL, SomWT 
H-Pro-Ala-Met-Ala-Ala-Arg-Glu-Arg-Lys-Ala-Gly-Ala-Lys-Asn-NH2 SomI 
H-Pro-Ala-Met-Ala-Gly-Arg-Glu-Arg-Lys-Ala-Gly-Ala-Lys-Asn-NH2 Somll 
H-Pro-Ala-Met-Ala-Ser-Ser-Asn-Arg-Lys Ala-Gly-Ala-Lys-Asn-NH2 Somlll 

These peptide analogues represent a useful system to evaluate specific structural 
requirements necessary for the recognition mechanism. The conformational analysis was 
carried out in different solvents by a combination of spectroscopic techniques such as 
CD, IR [4], NMR and computational methods. The NMR data have been used as 
conformational constraints in a series of conformational searches and energy 
minimizations in order to build-up realistic models in solution. The results appear to 
indicate the existence of folded conformation that is characterized by a (J-turn 
architecture. 
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Results and Discussion 

For each peptide a set of consecutive daN(i,i+l) and dNN(i,i+l) were identified in the 
NOESY or in the ROESY spectra and other NOEs and ROEs involving sidechain 
consecutive residues. In some cases, resonance overlaps lead to some ambiguities in the 
attribution of NOE or ROE contacts. It should be noted that a common pattern of NOE 
effects has been observed for each peptide in the proximity of the active site. The same 
pattern of NOE effects have been evaluated both in DMSO and DMSO/H20. 

For peptides SomWT, Somll and Somlll, all recognized as substrates by the enzyme 
[4], NOE data indicate the occurence of a P-turn in the 4-7 and 11-14 regions of the 
polypeptide chain, respectively on the left and right sides of the dibasic site (Arg!-Lys9). 
On the other hand, for peptide SomI, not recognized by the endoprotease, the NOE 
contacts suggest a p-turn between Ala5-Arg8 and Gly1'-Asn14. It should be noted that, in 
this case, the first P-turn is shifted by one amino acid involving the first residue (Arg8) of 
the cleavage site. Such observation could justify the lack of recognition from the 
enzyme. 

The structural NMR informations have been confirmed by a series of energy 
minimizations. Experimental NMR data are generally consistent with the minimizations 
carried out. In the final structures, the turns in the regions 4-7 and 11-14 are found to be 
stable, even though modest deviations from the canonical P-turns are observed. 

In conclusion, our study indicates the occurrence of folded segments close to the 
dibasic site in the C-terminal fragments of prosomatostatin. By considering previous 
work [5-7] on model peptides representing prohormone sequences around the active site, 
these structural features seem to indicate a general motif in these proforms. 
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Introduction 

The pathological features of postmortem brain afflicted with Alzheimer's disease (AD) 
include amyloid deposition in the senile plaques and cerebral blood vessels, and the 
neurofibrillary tangles [1]. One major proteinaceous component of amyloid deposits is a 
40 amino acid protein, 131-40, which also circulates freely in skeletal tissues and 
cerebrospinal fluid in a soluble form [2]. Aluminum salts have been reported to promote 
synthetic (31-40 aggregation in solution [3, 4], and significantly affects the solution con
formation of 131-40 and derived analogs [5, 6]. In this study, the number of aluminum 
ions involved and their binding sites on the synthetic 131-40: 

Asp'-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-Gln-Lys-Leu-
Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-Ala-Ile-Ile-Gly-Leu-Met-
Val-Gly-Gly-Val-Val40 

were determined using complementary data from 27A1 NMR and UV/CD spectroscopy. 

Results and Discussion 

The low field 27A1 NMR spectra of Al(III) solution in the presence of increasing amounts 
of 131-40 show a distinct signal near 15 ppm (Figure 1) and was attributed to the 
generation of a Al(III)-complexed 131-40 species. The intersection of the titration curves 
from the plot of intensity of this novel signal relative to the reference hexaaquo ion signal 
at 0 ppm (Figure IB) suggests the stoichiometry of the observed species. If it is assumed 
that all the detectable 27A1 species were observed, then within these limits there are 
between 4 and 6 Al(III) complexed with each 131-40 molecule. 

The CD spectrum of a 131-40 solution in the presence of Al(III) is shown in Figure 2. 
On addition of equimolar EDTA, in terms of Al(III), the Al(III)-induced conformational 
change is all but abolished. Aluminum titrations of the CD spectra show a pseudo-
sigmoidal behavior suggesting cooperativity, and the corresponding Hill plot gives the 
average association constant of 150 pM, with an intercept of 1.67. Earlier, it has been 
shown that there are at least 3 amino acid modifications in 131-40 [7]. Taken together 
with the 27A1 NMR data and the poor signal/noise ratios for the CD could account for the 
disagreement between the two spectroscopic determinations in this report. 
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Introduction 

The emerimicins are members of the peptaibol family of antibiotics which act as 
voltage-gated ion channels. As an aid in understanding their mechanism of action, we 
have been studying their conformations by experimental and computational methods. 
Previous structural studies of the N-terminal fragment of emerimicin (Ac-Phe-Aib-Aib-
Aib-Val-Gly-Leu-Aib-Aib-OBzl, EM 1-9) have shown it to be a-helical in the crystalline 
state [1] and mixed oc/310-helical in DMSO [2]. Here, we compared these experimental 
results with theoretical studies of conformations of the 1-9 fragment of emerimicin. 

Results and Discussion 

A relaxation-rate matrix approach within the program Macrosearch [3] was used to 
extract distance restraints from solution NMR data of EM 1-9 in DMSO [2]. These 
restraints, along with torsion angle restraints and explicit H-bond restraints, were used in 
systematic conformational searches to identify conformations consistent with the NMR 
data. All 32 possible H-bonding patterns were considered for the five residues which are 
solvent-shielded. This analysis confirmed previous studies suggesting that the peptide is 
a mixed cc/3l0 helix, and several of these mixed forms were consistent with the NMR 
data. In an independent study, energy calculations were performed employing the 
ECEPP force field and the build-up calculation protocol [4] in which the solvent was 
represented by a constant dielectric, e = 45. Several tens of low-energy backbone 
conformers (E - Emin < 10 kcal/mol) were found for EM 1-9. The family containing the 
lowest energy conformer was found to be helical. The lowest energy conformer was in 
agreement with the a-helical X-ray structure obtained previously for EM 1-9 (Table 1). 
To study local flexibility of this low-energy helical conformer, Monte Carlo simulations 
were performed as described previously [4]. When the 35,000 conformations generated 
in the vicinity of the local minimum were averaged, the resulting structure was found to 
compare favorably to the X-ray structure. The torsion angle ranges sampled during the 
Monte Carlo analysis were very similar to those allowed in the Macrosearch analyses of 
the NMR data. The interproton distances predicted by the Monte Carlo simulations 
largely reproduced the interproton distances measured by NMR. In the Monte Carlo 
data, 48% of the conformations had six i - i+4 hydrogen bonds, which is the predicted 
number for an a-helical EM 1-9 structure. Many conformations possessed one, two or 
three hydrogen bonds of the / - i+3 or 3]0type. No pure 310-helical structure was found. 
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The experimental and computational results in this study are consistent with each 
other and with other studies suggesting that the energy barrier between a- and 310-helical 
forms is small, and that the transition between them is not concerted but instead involves 

mixed a/3 l0 states [5]. 

Table 1. EM 1-9 conformers determined by experimental and computational 

Residue 

Phe 

Aib 

Aib 

Aib 

Val 

Gly 

Leu 

Aib 

Aib 

Angle 

4> 
V 

<t> 
V 

<t> 
¥ 
4> 
V 
* 
V 
0 
V 

<t> 
V 
4> 
¥ 
* 

V 

NMR+ 
Macrosearch 

-60 to -50 
-50 to -20 
-70 to -40 
-40 to-10 
-90 to -50 
-60 to-10 
-90 to -40 
-50 to-10 
-110 to-60 
-40 to-10 
-90 to -60 
-60 to -40 

-60 
-60 to -30 

-80 
-30 to-10 

40 to 80; 150 to-
-90 to -70; -50 to 

-180 to+180 

•160 
-30 

Lowest 
energy 

-56 
-44 
-54 
-53 
-61 
-42 
-55 
-43 
-71 
-40 
-58 
-40 
-76 
-47 
-57 
-31 
56 

64 

Monte Carlo 
X 

-71 
-38 
-56 
-48 
-60 
-40 
-56 
-42 
-74 
-37 
-59 
-41 
-76 
-44 
-54 
-38 
55 

61 

o 

15 
10 
4 
7 
4 
5 
4 
7 
7 
6 
6 
8 
9 
7 
5 
8 
5 

15 

methods. 

X-ray [1] 

-61.9 
-43.4 
-50.7 
-57.4 
-58.1 
-49.9 
-55.0 
-52.4 
-76.3 
-27.6 
-59.7 
-32.6 
-82.1 
-32.4 
-53.7 
-38.1 
55.1 

47.7 
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Introduction 

The problem of opioid analgesics interacting with 8-receptors is very urgent in modern 
molecular pharmacology. In this respect, studies of 5-selective peptides are especially 
valuable, since known non-peptide opioids possess just a moderate 8-selectivity. We 
have previously developed a model for 5-receptor pharmacophore based on energy 
calculations [1], which was strongly confirmed by synthesis and biological testing of 
several conformationally constrained analogs of opioid peptides with distinct selectivity, 
as well as with the X-ray data for DPDPE [Tyr'-cyclo(D-Pen2-Gly3-Phe4-D-Pen5)] [2]. 
Here we report the use of the model as a template for computational design of novel 
rigidified analogs of DPDPE with high potency of binding and 8-selectivity, using 
3-mercaptoproline, a "chimeric" residue combining features of penicilamine and proline. 

Results and Discussion 

Employing energy calculations, we have designed two compounds, Tyr'-cyc/o (D-Pen2-
Giy,-Phe4-L-3-Mpf5) (DPMPT) and Tyr'-cyc/o(D-Pen2-Gly3-Phe4-D-3-Mpt5) (DPDM-
PT). Each of low-energy conformers of DPMPT and DPDMPT was compared with the 
models for the 8-receptor-bound conformation of DPDPE [1] by overlapping the 
nitrogen atom of a-amino group, the CY and Cc atoms of the Tyr and Phe aromatic rings, 
and the Ca atom of the D-Pen residue. Results of comparison showed that some 
low-energy 3D structures of DPMPT and DPDMPT are compatible with the model for 
the 8-receptor-bound conformation of DPDPE (Table 1). 

DPMPT and DPDMPT were tested for their binding to 8-, p- and K-opioid receptors. 
The corresponding K; values were 3.5, 68, and >5,000 nM for DPMPT, and 103.7, 
>5,000, and >5,000 nM for DPDMPT, respectively. Independent studies by homo- and 
heteronuclear 2DNMR spectroscopy and energy calculations showed that DPMPT exists 
in DMSO solution in conformational equilibrium between several backbone conforma-
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tions with the same type of 3D structure for the cyclic moiety, but with somewhat 
different conformers of the acyclic part of the molecule and two types of rotamers for the 
D-Pen side chain, namely t and g". For DPDMPT, energy calculations combined with 
the experimental data suggest that any one out of four low-energy conformers belonging 
to the same type of the backbone of cyclic moiety may be a possible candidate for 
DPDMPT conformer in DMSO. DPDMPT structure revealed by the X-ray crystallo
graphy showed remarkable similarity to DPDMPT solution conformations (Table 1). 

Table 1. Description of low-energy conformers of DPMPT and DPDMPT. 

Residue 

Angle 

DPMPT 
DPDMPT 
DPDPE 

¥ 

141 
140 
142 

Tyr 

xi 

180 
180 
180 

D-Pen2 Gly 

<|) \\i "i) V •t' 

Models of 5-receptor-bound conformers 
79 21 -86 -25 -140 
78 35 -94 -33 -141 
80 -145 66 27 -157 

Low-energy conformers of DPMPT backbone interconverting 
/ 
// 
/ / / 
IV 

140 
140 
140 
140 

-
-
-
-

Possible low-energ) 
/ 
II 
III 
IV 
X-ray 

138 
140 
80 
80 

124 

-
-
-
-
-

76 -146 80 -73 -136 
140 -149 80 -72 -136 
73 -147 81 -72 -138 

140 -149 80 -72 -136 

Phe 

73 
73 

-57 

xi 

-60 
-60 
-75 

3-Mpt/D 

CQ 

167 
15 

179 

in DMSO solution 
74 
75 
73 
75 

-
-
-
-

-178 
-178 
-177 
-178 

' conformers of DPDMPT backbone in DMSO and in crystals 
141 -151 123 -124 -153 
73 -146 123 -125 -153 

142 -151 127 -121 -155 
73 -146 123 -125 -153 

127 -140 114 -126 -127 

67 
66 
66 
66 
69 

-
-
-
-
-

14 
13 
13 
12 
6 

-Pen5 

* 

-75 
75 

126 

-75 
-75 
-75 
-75 

75 
75 
75 
75 
86 

The determined solution conformations of both compounds were compared to their 
suggested 8-receptor-bound conformers, using the same six atomic centers (rotamers of 
the side chains of the Tyr and Phe residues were assumed to be t and g", respectively). 
Results showed that all four possible solution conformations of DPDMPT are non-
similar to DPDMPT 8-receptor-bound conformation, whereas two possible solution con
formations of DPMPT are compatible to the suggested 8-receptor-bound conformation of 
DPMPT with rms = 0.83 A. This can explain the difference in binding of DPMPT and 
DPDMPT to 8-receptors by a suggestion that the 8-receptor-bound conformation of 
DPMPT pre-exists in solution, whereas solution conformations of DPDMPT should be 
more significantly distorted to match the 8-receptor-bound conformation of DPDMPT. 
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Introduction 

We have recently studied the conformational properties of two highly potent PTH/PTHrP 
receptor antagonists, i.e., [Leu", D-Trpl2]PTHrP(7-34)NH2 and [Ahx818, D-Trp12, 
Tyr34]PTH(7-34)NH2 using CD, 2D-NMR and computer simulations [1]. In 1:1 
TFE-water, both analogs adopt a helical structure comprising the sequence 15-32. In an 
attempt to identify the relevant elements of bioactive conformation, we synthesized by 
solid phase methodology the following structurally constrained analogs of PTHrP in 
which i-to-(i+4) side-chain to side-chain cyclization through a lactam bridge was 
introduced: 

l 1 I 1 
[Lys13, AspI7]PTHrP(7-34)NH2 (1) [Lys26, Asp30]PTHrP(l-34)NH2 (2) 

Analog 1 is a potent PTH/PTHrP antagonist, while analog 2 is a potent agonist. 

Results and Discussion 

In aqueous solution, both analogs exhibit CD properties typical of a random structure 
with a small amount (-15%) of helix. Thus, the constraint imposed by the lactam bridge 
is insufficient to stabilize the helical conformation in water. Upon addition of TFE, a 
sharp increase of the helical content occurs in both analogs between 0 and 20% (v/v) 
(Figure 1). Saturation conditions are reached practically at 30% TFE, with two 
overlapping CD spectra corresponding to a helical content of 75%. The profile of the 
conformational change as a function of the solvent composition is different from that of 
the linear peptides PTHrP(l-34) and PTH(l-34) for which a folded structure was 
assigned [2, 3]. In those cases, the conformational change occurs at higher TFE 
concentration and an initial folding of an a-helical domain in the C-terminal portion of 
the sequence at low TFE concentration was suggested, followed by folding of a second, 
N-terminal helical domain at higher TFE concentration [3]. In analogs 1 and 2, the 
lactam constraints were introduced in the PTH/PTHrP receptor binding domain [4]. Our 
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results seem to indicate that these constraints facilitate the propagation of the a-helical 
structure upon addition of TFE. The relevant elements of secondary structure of both 
analogs in TFE/water (1:1) were assessed by 2D-NMR. From the NOE pattern of analog 
1 it is possible to identify a helical segment extending from residue 13 to 34. Thus, with 
respect to previous results on PTHrP(7-34) [4], the lactam bridge contributes to stabilize 
the helical structure and to extend it toward the N-terminal portion of the sequence. In 
line with previous work on PTH(l-34) [3], the NOE pattern of analog 2 indicates the 
presence of two helical stretches, from residue 5 to residue 12 and from residue 14 to 
residue 34. In this case, the lactam bridge is positioned within the principal binding 
domain (sequence 25-34), where the linear peptide has already a high propensity to fold 
into the helical conformation. Further stabilization of the helix of the principal binding 
domain enhances the binding properties of this analog which maintains full agonistic 
activity because of the presence of the functionally important activation domain at the 
N-terminus. Studies on more constrained cyclic analogs of PTHrP are underway in an 
attempt to obtain more information on the bioactive conformation of PTH/PTHrP. 
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Figure 1. CD spectra of analogs 1 ( ) and 2( ) in TFE. In the insert, the molar ellipticity 
at 220 nm as a function of TFE content for analogs 1 (O) and 2 (%) is reported. 
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Introduction 

A number of experimental methods are used to determine the receptor-bound confor
mation of peptides as part of the process of rational drug design, including X-ray 
diffraction and solution-NMR methods such as transferred- and isotope-edited NOESY. 
Many receptor/ligand systems are not amenable to these types of analyses due to 
dynamic properties incompatible with solution-NMR analysis or difficulties in preparing 
crystalline samples. In these cases, solid-state NMR can provide structural information 
that would otherwise not be available. Rotational-echo double resonance (REDOR) 
NMR is a solid-state, magic-angle spinning experiment that measures heteronuclear 
dipolar coupling between pairs of labeled nuclei and allows interatomic separation to be 
determined based on the r'3 distance dependence of dipolar coupling [1]. Thermolysin 
was the first metalloproteinase to be characterized in atomic detail [2], and has provided 
insights into the mechanism and specificity of other zinc proteases. In this study, we 
compare REDOR measurements of internuclear distances in bound Cbz-Glyp-[l-'3C]Leu-
[15N,2-13C]Ala (ZGPLA), a phosphonamidate transition-state analog inhibitor of thermo
lysin [3], to the corresponding crystallographically determined distances. 

Results and Discussion 

Specifically labeled ZGPLA was synthesized [3] and infused into thermolysin crystals [2] 
which were then recovered by centrifugation for analyses. The 3IP chemical shifts of the 
bound, free, and hydrolyzed forms of the inhibitor in the solid-state were the same as 
seen previously in solution spectra of this inhibitor complexed to thermolysin [4]. 

In a solid with 31P-15N dipolar coupling, the 3IP rotational spin echoes which form 
each rotor period can be prevented from reaching full intensity by rotor-synchronized 15N 
7i pulses. The difference (AS) between the 3IP NMR spectrum obtained under these 
conditions (S) and one obtained with no ,5N Tt pulses (So) depends on the strength of the 
dipolar coupling (D), the number of rotor cycles over which dephasing occurs (Nc) and 
the rotor period (Tr). From the ratio AS/S determined at several values of Nc, an average 
31P-15N distance of 3.89±0.10 A was determined for ZGPLA bound to thermolysin. 

A 13C-observed, 31P-dephased REDOR experiment analogous to the experiments 
described above could, in principle, yield the desired 13C-3'P distances. However, 
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natural-abundance 13C contribution to the full-echo signal is a potential source of error. 
This can be circumvented by incorporating a nearby "N and using it to select the l3C 
signals of interest [1]. In these measurements, two REDOR experiments were performed 
successively. The first experiment used 1SN TC pulses to dephase the 13C signal. Because 
the 15N-13C pair are directly bonded, their interaction dominates the l5N-13C dipolar 
coupling in the sample and AS/S0 maximizes in a number of rotor cycles of dephasing at 
which background 13C contributions to AS are negligible [1]. In the second REDOR 
experiment, 31P dephasing pulses result in a difference signal, AS, from which the 13C-31P 
dipolar interaction can be calculated using S0 for the specifically labeled 13C atoms as 
determined from the first ISN-13C experiment. Using this double-REDOR approach, 
3,P-13C and 31P-'3Ca distances in the enzyme/inhibitor complex were found to be 
3.61±0.10 and 5.37±0.13 A, respectively. 

Although no X-ray coordinates have been reported for ZGPLA bound to thermolysin, 
there are four published complexes of phosphorous-based, transition-state analog 
inhibitors having all or most of the atoms involved in these REDOR studies: ZFPLA and 
ZGPLL [5], and P-Leu-NHj and phosphoramidon [6]. All are similar to ZGPLA in having 
Leu at the R,' position, and are nearly superimposable with respect to the atoms in this 
REDOR study. The average P-N, P-C, and P-Ca distances in these complexes are 
3.91±0.13, 3.58±0.04, and 5.17±0.18 A, respectively. These distances are consistent 
with our solid-state NMR measurements, demonstrating that REDOR NMR has the 
ability to provide information on the receptor-bound conformation of a ligand equivalent 
to that obtainable by solution NMR and X-ray methods. 
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Introduction 

Experimental evidence [1] shows that YSPTSPSY (peptide 1) binds to DNA by inter
calation of tyrosine residues. In the model proposed previously [1], both sequences 
SPTS and SPSY form a type I p-turn. As demonstrated by NMR [2], there is a good 
evidence for the presence of type I and II P-turns in the first sequence SPTS, but the 
second sequence SPSY is less structured. In this study, strategies based on random 
search energy minimizations have been applied to generate populations of conformers 
characterizing peptide 1. Subsequent analysis based on statistical methods and clustering 
allowed to determine the existence of four families of conformers containing p- and/or 
y-turns. Employing a Monte-Carlo based docking procedure, peptide 1 was docked in a 
DNA double helical fragment with the sequence [d(GACGTC)]2. The peptide binds on 
the minor groove stacking the CG base pairs. Upon binding, the structure of SPSY is 
modified into a type I P-turn. Five intermolecular hydrogen bonds are observed but the 
van der Waals interactions constitute the major stabilization factor for the complex. 

Results and Discussion 

Conformational domains of YSPTSPSY: The most stable conformers are distributed into 
four major families respectively 1,2,3,4: 

Tyr'-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7-Tyr8 Tyr'-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7-Tyr8 

I 11 I I I I I 
1 P-turn y-turn 2 v-turn y-tum 

Tyr'-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7-Tyr8 Tyr'-Ser2-Pro3-Thr4-Ser5-Pro6-Ser7-Tyr8 

I I I I I 11 I 
3 y-tum P-turn 4 P-turn P-turn 

The largest number and the most stable conformers belong to family 1. Conformers with 
two P-turns (family 4) are the least stable and the least abundant. The results indicate 
that the second sequence SPSY is less structured than the first sequence SPTS. The 
majority of turns founds are type III, in agreement with the NMR results [2]. In most 
conformers, the aromatic rings are positioned on the same side of the peptide 1 with 
Tyr'-Tyr8 distances suitable for intercalation into DNA. 

Structure of the YSPTSPSY-DNA complex: The major stabilizing factor is due to 
van der Waals contacts. Additional stabilization is provided by aromatic ring stacking. 
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Family 2 
2 y-tiirns 

Figure 1. Peptide l-[d(GACGTC)]2 complex (a) front view in the major groove showing 
intermolecular hydrogen bonds (dotted lines) and (b) side view showing the difference between a 
family 2 conformer (dotted lines) and a docked conformer (full lines). 

In addition to van der Waals interactions between Ser2 or Ser5 and the central CG base 
pairs, four intermolecular hydrogen bonds are observed (Figure la). This suggests that 
Ser2 and Ser5 are the key residues for the binding of peptide 1 to DNA. 

Comparison of peptide 1-DNA and triostin A-DNA complexes: In both complexes, 
strong van der Waals contacts and four hydrogen bonds between the central CG base 
pairs and the serine or alanine residues are found for peptide 1 or triostin A, respectively. 
The pattern of stacking interactions between the base pair rings and the aromatic rings of 
peptide 1 or triostin A are similar. Strong conformational similarities are observed 
between peptide 1 and triostin A. 

Conformation of YSPTSPSY in the complex: The lowest energy conformation of 
peptide 1, of family 1 has been docked into the DNA fragment. The docking results 
indicate the major stabilization factor to be the interaction between the N-terminal part of 
peptide 1 and the CG base pairs. Interaction is only possible if the N-terminal segment is 
folded to form a P-turn. It is evident from Figure lb that conformers of family 2 or 
family 3 cannot bind to DNA, even though their tyrosine rings intercalate. Atoms from 
the N-terminal end remain far from the CG base pairs and so interactions essential to 
complex formation cannot occur. Following docking and energy minimization of the 
complex, the docked conformer rearranges and the i|/ angle of Thr4 deviates by 40° from 
the ideal value of a type I p-turn. The C-terminal segment changes from a v-turn to a 
type I P-turn. This new geometry is similar to the structure proposed previously [1]. The 
conformation of free peptide 1 is therefore modified as a result of bisintercalation. 
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Introduction 

Isosteres are linkages that replace peptide bonds but preserve the Ca-Ca distance between 
amino acids. The effects of isosteres on protein secondary structure is not known. Here 
we focus on inserting the N-methyl isostere into a model peptide to study its effect on 
secondary structure. This isostere should have two major effects. It will remove the 
ability of the NH group to act as a proton donor in a hydrogen bond and it replaces a 
hydrogen atom with a bulky methyl group. The effects of the N-methyl isostere on 
a-helix formation were measured by CD and analyzed using helix-coil transition theory. 
This allowed us to quantitate the change in total energy associated with the replacement 
of the peptide bond with the isostere. 

Results and Discussion 

Melting curves for the control peptide of sequence Ac-WGG(EAAAR)4A-Amide and 
similar peptides with the N-methyl isostere at positions 5, 11, 16, 21 and D-Ala at 
position 11 have been obtained. If we assume that the helix coil transition is a simple 
two-state model, C^H, then the pseudo-equilibrium constant can be expressed as 
K=Helix/Coil= ([e]-[e]c)/([6]H-[6]); where [0] is the observed ellipticity, [9]H is the 
ellipicity of the helix, and [9]c is the ellipicity of the coiled state. The thermodynamic 
properties are described by the van't Hoff relationship, lnK=-AH7R(l/T-l/Tm). The 
parameters Tm and H° are derived by finding the best fit of these parameters to the 
experimental melting curves. At any particular temperature AG and AS can be obtained, 
and all modified peptides are compared to the control peptide to obtain AAH, AAG, and 
AAS for the change of a peptide bond to the isostere linkage (Table 1). 

However, helix formation by small peptides in aqueous solution is not a simple 
two-state transition. At a given temperature, we do not have a simple equilibrium 
between a fully helical and a fully coiled state; instead we have a population of 
conformations where helix and coil residues are distributed heterogeneously throughout 
the peptide. Therefore, we use Lifson-Roig (LR) theory [1] to model this conformation 
population. The LR model describes the state of each amino acid in a sequence using 
statistical weights for helix elongation (w), helix nucleation (v), and coil probabilities (u). 
These weights are then combined to form a partition function that describes the system. 
The mathematics of the system are expressed in matrix form and may be easily 
manipulated using the mathematical software package MAPLE [2]. 
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In the uniform helix model, we assumed that u=l, v=0.048, and <w> is a constant for 
all amino acids. <w> was adjusted to match experimental data for the control peptide, 
while w' and v' were altered to fit the experimental data for the modified peptides, and 
AAG=-RTln(w'/<w>). In the full helix model, we keep u=l, v=0.048, but each amino 
acid has it's own w factor [3], and the partition function is expressed as a series of 4x4 
matrices [4]. Factors for salt bridges, temperature dependence, and end capping are also 
included. In this full helix model AAG=-RTln(w7wAla). 

Table 1. A AG (kcal/mole), A AH (kcal/mole), A AS(eu) values for #05 and dll at (TC. 

Two-state model 

AAG AAH AAS 

#05a +0.28 +0.51 +0.88 
dl l" +0.67 +0.75 +0.40 

Uniform helix model Full helix model 

AAG AAH AAS AAG AAH AAS 

+1.25 +1.14 +0.40 +1.25 +2.68 +5.20 
+2.75 +11.80 +33.00 +1.83 +3.14 +4.80 

"N-methyl isostere at position 5, bD-Ala at position 11; data for other isosteres could not be 
analyzed because w' is negative. 

The numbers derived from the simple two-state model are much lower than those 
derived from the more detailed LR analysis (Table 1). We believe that the LR model fits 
this system better, but have found that frequently the w' parameter of a single amino acid 
becomes negative. A negative w' term means that the isostere has disrupted more than 
one single residue in the helix. This can be done in two ways. First, the isostere may 
disrupt adjacent hydrogen bonds. This effect is readily seen with computer models. 
Second, when the isostere disrupts the helix, it should also disrupt the salt bridge holding 
that part of the helix together. The charged groups that made up the salt bridge are then 
free to interact with the charged groups of adjacent salt bridges to disrupt additional salt 
bridges. While we do not see this effect in our modeling studies, it can be removed by 
changing our model helix to one that does not depend on salt bridges for stabilization. 

Further work is needed to differentiate between these two possibilities. If salt 
bridges are the problem, then a new model peptide will eliminate this factor from the 
analysis. If disruption of adjacent residues is the problem, then the LR theory must be 
modified to mimic the actual system more closely. We are currently expanding this 
approach to include other isosteres like COCH2 (ketomethylene) and CH2NH2 (reduced 
ketone). These isosteres remove the ability of the peptide backbone to hydrogen bond 
without introducing additional bulky groups. By comparing the differences between 
different isosteres, it should be possible to determine the strength of the a-helix hydrogen 
bond as well as quantitate other backbone-backbone interactions. 
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Introduction 

Helical peptides may serve as models for probing the secondary and higher order 
structure of proteins. Electron spin resonance (ESR) of peptides doubly spin labeled 
with the methane-thio-sulfonate spin label (MTSSL) has provided several new insights 
regarding helical structure [1-3]. To further explore these observations, doubly labeled 
peptides of varying length, incorporating the modified amino acid TOAC [4], were made 
such that a full turn of the helix could be examined. The TOAC label is unique in that 
the nitroxide moiety is rigidly attached to the peptide backbone and, as such, may be 
capable of reporting subtle local changes to the conformation of the peptide. 

Results and Discussion 

Two processes are at work in the spectra obtained from the spin labeled peptides (see 
Figure 1). The first process, dipole-dipole coupling, appears exclusively in the longer 
sixteen and twenty residue peptides because the molecular tumbling is not sufficiently 
rapid to average the dipole tensor to zero. Dipole-dipole interactions are inversely 
dependent upon the cube root of the distance between the labels [5]. The second process 
is through-space J-coupling and is observed in all the peptides. Through space coupling 
arises from overlap of the nitroxide wave functions which, in turn, is exponentially 
dependent on the distance between the labels [8]. These distance-dependent interactions 
provide the cornerstone to interpreting the ESR spectra of the biradicals. 

In hexameric peptides, the labels provided spectroscopic evidence that reported 
structural changes resulting from modifications to the primary sequence. For example, 
we explored the influence of Aib, a strong helix-favoring amino acid, upon the structure 
of the peptide. Analysis of the resulting biradical spectrum revealed increased 
through-space coupling indicating the helical structure of the hexamer had been 
stabilized by the Aib. Comparison of the spectra from a hexamer and pentamer peptide 
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i->i+3 i-»i+4 

274 K -A 
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-At 

334 K_ M $c 
Figure 1. ESR spectra (200 gauss scan width, 0.2 gauss Mod. Amp.) of the 20 residue, alanine 
based peptides in water (5 mM MOPS, pH 7.1). 

revealed the increased helicity that occurs with increasing peptide length [6, 7]. Also, 
changes in the Na- blocking groups lead to observable changes in the EPR spectrum 
offering insight into how the varying electronic properties of such groups control helicity. 

In conjunction with the spectra from the hexamer, longer sixteen and twenty residue 
peptides revealed a length dependent transition from 310- to a-helix observed previously 
by both ESR and crystallographic experiments [1, 6, 7]. The doubly TOAC labeled 
peptides also provided spectroscopic evidence unique to the two helical conformations, a 
and 310-helix. From the distance dependence of the dipole-dipole interaction at 274K, 
the distance ranking for the labels is D^j+4 < D^i+3, characteristic of an a-helical confor
mation. As the temperature increases, the rotational correlation time decreases leading to 
an averaging of the dipole-dipole tensor to zero. However, at 334K the spectra show a 
motionally narrowed through space J-coupling component (i—>l+3) and a dipole-dipole 
interaction (i->i+4) to be present. From the 1/r3 distance dependence of the dipole-
dipole interaction, we conclude that these 20 residue Ala-based peptides remain mostly 
a-helical at higher temperatures. In the motionally narrowed component, the presence of 
a strong J-coupling in the i->l+3 peptide and lack a strong J-coupling in the i->l+4 
peptidesuggests the formation of 3I0-helix. 

In summary, increased structural resolution obtained from the TOAC label provides 
new insights into helical peptides. With two unique spectral components observable, the 
question of relative proportions of 310 and a-helix becomes a tractable problem. 
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Introduction 

As we have recently reported [1], introduction of Aib in the third position of deltorphin I 
{le., in lieu of the, supposedly, necessary Phe3 of the message domain) yields a peptide 
that not only retains a fairly high opioid agonism but has a 8/p selectivity substantially 
higher than the parent peptide. This observation can be interpreted in two ways: either i) 
by admitting that the "message" is constituted by the tyramine moiety alone (and 
selectivity is entirely due to the address domain) or ii) by hypothesizing that the 
"message domain" can not be defined purely in terms of constitution {i.e. sequence) but 
mainly in terms of (outer) surface features. In order to answer these questions, we have 
performed a detailed conformational analysis of [Ac6c

3]- and [Aib3]deltorphin I. 

Results and Discussion 

[Aib3]- and [Ac6c
3]deltorphin I were examined by NMR spectroscopy in DMSO at room 

temperature and in a DMSO/water cryomixture at low temperature. The peptides are 
highly structured in both solvents, as indicated by the exceptional finding of a nearly zero 
temperature coefficient for the Val5 NH resonance. NMR data cannot be explained on 
the basis of a single structure, as apparent from the presence of self-contradictory 
backbone NOEs, but it was possible to interpret all NMR data on the basis of a few 
structural families. The conformational averaging was analyzed by means of an original 
procedure: in practice, a starting set of base conformers is generated by conformational 
searches and energy minimization, each one of them being compatible with the 
requirements of a solvent-shielded Val5 NH and with the experimental absent NOEs 
(anti-NOEs). The base conformers can enter in a generic conformational ensemble with 
individual mole fractions x;. A penalty function is associated to each conformational 
ensemble {i.e., to each vector {xl, i = 1... Nconf, E; x; = 1), which measures the weighted 
mean square difference of calculated and experimental NOEs and J coupling constants, 
and the relative minima of this function are searched by an algebric procedure, the mole 
fraction normalization costraint being accounted for by a Lagrange multiplier. 

535 



O. Crescenzi et al. 

distance, A 

experimental 
ensemble #1 
ensemble #11 
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Figure 1. Experimental vs. calculated backbone NOEs for the best conformational ensembles. 

Figure 1 shows the excellent agreement of experimental and calculated backbone 
NOEs for the ensembles corresponding to the first 5 minima of the global penalty 
function. Analysis of the corresponding ensembles shows that there is no single 
prevailing conformer, nor even a prevailing mixture: while confirming our hypothesis of 
a conformational averaging, this result points to the possibility that each one of the 
structures represented in the ensembles be regarded as a putative bioactive conformation. 
Accordingly, the shapes of all base conformers entering in the selected ensembles were 
compared with rigid S-selective opiate agonists, e.g. SIOM [2]. Surprisingly, we found 
that the best overlay was realized by conformers which place in the region of space 
occupied by the second aromatic residue of non peptidic agonists the side chains of Val5 

and Val6, i.e. two residues normally attributed to the address domain [3]. These facts 
may be interpreted as a strong indication that a rigid subdivision between message and 
address domains is generally difficult or impossible. It is important to recall that the 
domain concept [4], as imported from the protein field, is inextricably linked to global 
shape rather than constitution of a portion of the peptide sequence. The intrinsic 
structural stability of most proteins makes the two definitions nearly coincident in most 
cases, but this may be far from true in short-sequence peptides. 
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Introduction 

A type II1 P-turn has been previously proposed as a critical component in mediating the 
insulin-potentiating activity of human growth hormone (hGH) [6-13] related peptide 
analogues [1]. In order to enhance the biological potency of hGH [6-13] peptides, the 
metabolic stability of this peptide has been increased through the synthesis of several 
non-homologous sequences and non-peptidic mimetics [1]. As the conformational 
flexibility of these peptides during their interaction with biological surfaces is a critical 
factor in their biological action, we have studied the surface-mediated conformational 
and dynamic properties of these hGH [6-13] peptide analogues using reversed phase high 
performance liquid chromatography (RP-HPLC). 

Results and Discussion 

Parameters related to the hydrophobic interactive contact area (S-value) and binding 
affinity (log k0 value) of each peptide for the stationary phase ligands [2, 3] were deter
mined for the peptide analogues listed in Table 1 over a range of temperatures between 5 
and 85°C. The S and log k0 values were determined from log K versus cp plots as 
previously described [2]. The dependence of S and log k0 values on temperature for the 
a-aminosuccinimide, the P-aspartyl and the D-Ala1'Pro12 analogues chromatographed on 
a C18 silica sorbent are shown in Figure 1. Peptide 1 is the active form of the parent 
hGH [6-13] with a cyclization at the Asp"-Asn12 linkage which allows a putative type II' 
p-turn to be adopted [2]. The P-aspartyl analogue (peptide 2) is a linear rearranged 
product of the a-amino-succinimide peptide and cannot adopt a type II' P-turn [2]. The 

Table 1. 

No 

1 
2 
3 

Physical characterisitics 

Peptide 

a-aminosuccinimide 
P-aspartyl 
D-Ala"-Pro12 

of peptides used in this study. 

Sequence 

H2N-LSRLFDNA-CONH2 

H2N-LSRLFDNA-CONH2 

H2N-LSRLFaPA-CONH2 

Active1 

Yes 
No 
Yes 

P-turn2 

Yes 
No 
Yes 

1 Insulin potentiating activity from reference [1]. 
2 Determined from NMR and molecular dynamics studies. 
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Figure 1. Dependence of S and log k0 on temperature for peptides l(O), 2 (%) and 3(A) 
separated on a C18 sorbent. 

D-Ala11- Pro12 analogue contains a proline residue at postion 11 and also adopts a P-turn 
conformation [2]. It can be seen in Figure 1 that there is very little change in the S and 
log k^ values for the linear peptide 2 over the temperature range 5-85°C, behaviour which 
is indicative of a peptide which does not adopt any significant stabilized secondary 
structure [3,4]. In contrast, the corresponding cyclized a-amino-succinimide peptide 1 
exhibited significant variation in S and log k,. values over the same temperature range. 
In particular, there was a decrease in both parameters between 5-15°C, which 
corresponds to a decrease in the interactive contact area and associated affinity. Between 
15-45°C there was an increase in S and log k0 followed by a decrease up to 85°C. These 
results are consistent with large changes in the conformation of the peptide with 
increasing temperature which alters the number of interactive residues. The decrease in 
S and log k0 values at higher temperature suggest that the highly flexible structure which 
exists at high temperatures interacts with the immobilized ligands through a much smaller 
proportion of its molecular surface and with reduced affinity. The dependence of S and 
log k0 on temperature for the proline containing analogue also exhibited large variations 
compared to the linear analogue. In addition, there was a large decrease in these 
parameters at 35°C which was not observed for the imide analogue. The results 
demonstrate that relatively small differences in peptide conformation can be detected by 
RP-HPLC. 

Peak bandbroadening can also be used to provide information on peptide conforma
tional changes in interactive systems. Significant changes in the molecular contact region 
which occur within the time scale of the separation are manifested as large changes in 
experimental bandwidths [4]. The dependence of experimental bandwidths on 
temperature and column residence time for the linear peptide is shown in Figure 2(a). 
The data reveal a small increase in bandwidth at longer residence times which again is 
consistent with a peptide that does not adopt any secondary structure. In contrast, the 
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Figure 2. Dependence of bandwidth on temperature and gradient time for (a) peptide 2 and (b) 
peptide 3 separated on a C18 sorbent. 

corresponding 3D mesh plot for the proline containing analogue (peptide 3) is shown in 
Figure 2(b) and demonstrates a large rise in the bandwidths between 15-45°C at longer 
gradient times. This temperature range also corresponds to the temperatures at which 
large changes occurred in the S and log 1^ values and indicates that the conformational 
changes associated with the change in retention parameters occurred at a much slower 
rate than the changes associated with the unfolding of the a-aminosuccinimide analogue. 
Overall, these results have further illustrated the potential of RP-HPLC for monitoring 
subtle changes in peptide structure. 
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Helix-promoters, Non-natural Residues, Retro-peptides 

and Non-peptidic Inserts 
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Washington, DC 20375, USA 

Introduction 

X-ray crystallography of single crystals has been a major tool for establishing the folding 
of peptides, properties of the molecular surface, precise hydrogen bonding, and motifs 
for aggregation. The latter are particularly important for ion channel formation. Two 
categories of peptides will be addressed; helical peptides (in collaboration with P. 
Balaram, Indian Institute of Science) and retropeptides with a variety of core inserts (in 
collaboration with D. Ranganathan, CSIR, Trivandrum, India). 

Results and Discussion 

The presence of one or more Aib residues in a sequence results in a helical backbone 
almost without exception; a 3l0-helix for a small number of residues and an a-helix for a 
larger number (greater than 8 or 9) [1]. Facile transition between 310- and a-helices in 
heteropeptides as a function of length has been demonstrated [2]. More recent analyses 
with one Dxg residue (dipropyl or dibutyl glycine) show good a-helix formations for 
decapeptides, without any spatial problems arising from the extra bulky side-chain on the 
a,a-disubstituted residue, Figure 1 [3]. The position of the Dxg residue in the sequence 
does not seem to matter. Placing the Dxg residue near the N terminus or in the middle of 
a peptide sequence does not appear to affect the helix forming propensity. 

The successful design and assembly of predictable helix modules suggested the 
possibility of combining helices with linkers to obtain 2-helix bundles, and eventually 
4-helix bundles. A helix-linker combination, Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-,4cp-
OMe (Acp e-aminocaproic acid), results in an a-helix with an extension of the Acp at a 
right angle to the helical backbone. In the next step, the helix-linker-helix combination, 
Boc-Val-Ala-Leu-Aib-Val-Ala-Leu-/Icp-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe, has an 
identical conformation for the helix-linker portion; however, the second helix is attached 
at 180° to the desired conformation. That is, the axes of the two helices are offset but 
they continue in the same direction [4] rather than in an antiparallel U shape. A different, 
although related, approach is to attach the linker at the N-terminal rather than the 
C-terminal. In Boc-Gly-Dpg-Gly-Val-Ala-Leu-Aib-Val-Ala-Leu-OMe, the Boc-Gly 
segment is extended away from the a-helix formed by the remaining residues in the 
molecule [5]. The plan is to attach a helix at the Boc moiety. 
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Figure 1. The isomorphous structures of Boc-Aib-Ala-Leu-Ala-Leu-Dgg-Leu-Ala-Leu-Aib-OMe 
andBoc-Aib-Ala-Leu-Ala-Leu-Aib-Leu-Ala-Leu-Aib-OMe where Dpg6 (left) replaces Aib6 (right). 

The Pro or Hyp residues are frequent helix breakers, but appear to be necessary for 
severely bending the helices that form funnel-shaped ion channels. The ion transport 
peptide Leu-zervamicin and its synthetic apolar analog have an almost identical 
backbone conformation with a severely curved helix [6]. Thus, the curvature of the 

molecules B m o l e c u l e s A m o l e c u l e s B 

xz diagonal 

Figure 2. Independent molecules A (black) and B (white) of (HOOC-Aib-CO-CH2-CH2-)2 each 
having 2-fold rotation symmetry. Molecules A are joined into ribbons by pairs of N1A...01A 
hydrogen bonds. Molecules B are joined into a separate, similar ribbon by pairs ofNlB...OlB 
hydrogen bonds. The A and B ribbons, extending along the vertical direction (y axis), are 
components of an extensive /3-network that is formed by hydrogen bonds O2B...O0A and 
O2A...O0B. 
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backbone has not been affected by the removal of all polar moieties from the amphiphilic 
Leu-zervamicin. The apolar analog still retains some weak ion transport properties [7], 
probably due to backbone carbonyls that are extended away from the curved backbone in 
the vicinity of the Pro residues. 

Nonpeptidic inserts into the central core of peptides and bis retropeptides can play 
the role of stiffeners, spacers, or templates for the control of molecular orientation and 
subsequent self-assembly in a supramolecular sense. In a family of Aib retro bispeptide 
dicarboxylic acids, inserts of oxalyl, fumaryl, and adipoyl, making use of the same two 
types of hydrogen bonds, yield three different self-assembly patterns [8]: a two-
dimensional p-network, P-networks combined into a three-dimensional y-network [9] and 
interdigitating ribbon assemblies, respectively. The interdigitating ribbon patterns 
created by the adipoyl insert are shown in Figure 2 [8]. Oxalo inserts in a variety of bis 
retropeptide diesters produce extended sheets, or helix assemblies, or ribbons by 
extensive hydrogen bonding in a supramolecular assembly. 
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Peptidyl Models for Coenzyme Catalysis 
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Pasadena, CA 91125, USA 

Introduction 

The coenzymes constitute a powerful class of catalytically competent biomolecules. We 
have recently reported the development of coenzyme-amino acid chimeras, which allow 
exploitation of this catalytic potential within synthetic polypeptides [1]. Towards this 
end, a-amino acids with the core functionality of the coenzymes pyridoxal phosphate and 
thiamin diphosphate have been synthesized and incorporated into diverse peptidyl 
constructs. Here we report on the utility of these residues in functional protein design. 

Results and Discussion 

The pyridoxal chimera (Pal, 1) was incorporated into peptides as a pyridoxol precursor 
(Pol, 2) and obtained from the latter via a post-synthesis oxidation [2]. The thiazole-
amino acid (Thz, 4) was synthesized from L-Asp [3]. The Thz residue was transformed 
to the fhiazolium species (Taz, 3) by alkylation of the protected peptide. Peptides were 
synthesized using solid phase Fmoc methodology, purified by RPHPLC, and 
characterized by mass spectrometry. 

RN* 

U > k yA Fmoc^ >L o H 

H O H O 
R=Me, Bzl 

3 4 

Pyridoxal phosphate catalyzes many transformations involving amino acid 
substrates. We initially focused on the ability of the Pal-peptides to mediate the trans
amination of an a-amino acid (L-Ala) to the corresponding keto acid (pyruvate) in the 
presence of Cu(II). Modest rate enhancements (compared to 5'-deoxypyridoxal) were 
obtained with "hairpin" hexapeptides P2 and P3 [2]. In these peptides, Pal- mediated 
transamination was amenable to catalysis by a general base (His, P2; 3-(3-pyridyl)alanine 
(Pyr), P3) situated across a heterochiral type-II reverse turn [4]. Consequently, the 
transaminase activity of these peptides paralleled the acidity of the residue at this 
position (Table 1). The importance of secondary structure in delivering the general base 
was highlighted by the poor reactivity of peptide P4, which lacks the reverse turn. 
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Table 1. Transamination kinetics for the model Pal hexapeptides. Assay conditions: [L-Ala]= 
IM, [Palpeptide]=0.1 mM, [CuClJ=0.1 mM, pH4.0, p = 0.29 (KCI). 

*ob5xl05 tm 
Coenzyme System (min"1) (h) 

Pl Ac-T-V-P-DA-Pal-G-NH2 

P2 Ac-T-H-P-DA-Pal-G-NH2 

P2 Ac-T-Pyr-P-DA-Pal-G-NH2 

P2 Ac-T-H-P-G-Pal-G-NH2 

Control 5'-deoxypyridoxal 

At a higher level of structural complexity, the coenzyme-amino acid chimeras offer 
convenient access to peptidyl models for coenzyme catalysis. Underscoring this point is 
our semisyntheses of RNase-S derivatives incorporating the Pal residue [1]. The 
S-peptideM4 fragment serves as a convenient vehicle for the introduction of unnatural 
amino acids into the RNase-S complex. The optimized Pal-RNase complex (Cl-SP) is 
able to mediate the transamination reaction in the absence of metal ions (Table 2). 
Apparently, a steric "lock" on the Schiff base intermediate in this species is sufficient for 
activation. In contrast, Cu(II) was essential for the activity of complex C3-SP in which 
few steric constraints operate on the Pal7 chimera. The poor activity of complex C2-SP 
resulted from occlusion of the coenzyme moiety by Nle7. Together, these RNase-S 
complexes demonstrated the ability to modulate coenzyme reactivity within existing 
protein templates. 

Table 2. Transamination kinetics for the RNase-S derivatives incorporating the Pal residue. See 
Table 1 for assay conditions. Sufficient S-Protein (SP) was added for 90% complex 
formation with the Pal peptides. 

RNase-S Complex: S-peptideM4 sequence 

Cl-SP: Ac-Nle-E-T-A-A-A-Gly-Pal-E-R-Q-H-Nle-D-NH2 

C2-SP: Ac-Nle-E-T-A-A-A-Nle-Pal-E-R-Q-H-Nle-D-NH2 

C3-SP: Ac-Nle-E-T-A-A-A-Pal-Phe-E-R-Q-H-Nle-D-NH2 

*obsX 

(min 
+Cu(II) 

510 
198 
427 

105 

"') 
-Cu(II) 

1288 
107 
77 

**> 

[-Cu(II)] 

16.7 
1.4 
1.0 

In addition to protein semisynthesis, we are actively exploring the de novo design of 
functional biomolecules utilizing the Taz chimera. The reactivity of the thiazolium 
heterocycle in thiamin-dependent processes is due to facile ionization of the C2-methine 
promoted by a hydrophobic environment, which stabilizes the zwitterionic intermediate 
[5]. We have replicated this phenomenon by positioning the Thz residue at the 
hydrophobic interface of an amphiphilic helix bundle patterned after the a i p motif by 
DeGrado [6]. An N-terminal "helix capping" SALEE sequence [7] was included for 
enhanced helicity. Activation of the Thz residue to the Taz heterocycle was accompli
shed by a post-synthesis alkylation (Figure 1). 

Methyl (MetTaz) and benzyl (BzTaz) derivatives of Thz-helices were synthesized 
and analyzed by CD. The Thz-peptide is 55% helix. Methylation erodes the structure 
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N**S 

H,N 

1 ^ 0 , TEA, DMF 

2) R-X, 25'C 
R= Me, Bz 
X= I, Br 

Reagent R 

Resin-bound Thz-peptide 

Figure 1. Post-synthesis alkylation strategy for the Thz-peptides. 

AcN. \ysAyyyysyy C\\ CONH, 

Taz-peptide 

probably due to adverse electrostatics, which affect helix packing. Interestingly, the 
benzylated analog exhibits increased helicity, indicative of favorable hydrophobic 
interactions at the helix interface. Hydrogen/deuterium (H/D) exchange rates were 
measured to evaluate the effects of peptide architecture and N-3 substituent on the acidity 
of the C-2 mefhine. Thiazolium salts (Table 3, entries 1 and 2) were used as controls. 
The benzylated derivatives consistently showed faster exchange rates reflecting the 
increased hydrophobic environment of the thiazolium moiety. As predicted by the CD 
analyses, optimum exchange rates were observed with BzTaz-Helix (Table 3, entry 4). 
This motif is therefore well suited to the future construction of functional Taz-peptides. 

Table 3. H/D exchange kinetics at 27°C (pH5.1, 50 mMNaOAc/D20, 150 mMNaCl). 

No. Substrate % helix ty(min) k. (min"1) 

1 3,4-dimethylthiazolium bromide 
2 3-benzyl-4-methylthiazolium bromide 
3 Ac-S-A-L-E-E-MetTaz-L-K-L-L-A-E-L-L-K-NH2 
4 Ac-S-A-L-E-E-BzTaz-L-K-L-L-A-E-L-L-K-NH, 

-
-
27 
63 

>50 
11.3 
3.2 
-0.5 

0.014 
0.061 
0.22 
1.38 
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Introduction 

The formation of a lactam bridges between the side chains of lysine and acidic residues 
has proven a useful tool in inducing helical structure in peptides of biological [1] and 
synthetic origin [2, 3]. The focus of this study was to determine the effect of spacing and 
orientation of lactam bridges formed between the side chains of glutamic acid or aspartic 
acid and lysine. All peptides are 14 residues in length and have the general structure; 

Ac-EI(X)ALK(Z)EI(X)ALK(Z)-NH2 

where X = Glu, Asp, or Lys and Z = Glu or Lys. 

Two lactam bridges were incorporated at the N- and C-termini of the cyclized peptides. 
In addition, the hydrophobic residues are arranged in a 3,4 repeat common to coiled-coils 
in order to facilitate peptide dimerization and increase the helical content [4]. In order 
to determine the effect of hydrophobicity in the dimer interface to peptide helicity, He2 

and He9 were substituted by Val in both the lactam bridged and linear peptides. 

Results and Discussion 

The peptides listed in Table 1 were prepared by solid-phase peptide synthesis as 
described previously [3]. Where sequence changes were made to study different 
orientations of the lactam bridge, the linear homolog was synthesized as a control. 
Peptide 2EKI (/', i+4) is essentially 100% helical in benign conditions and only a slight 
increase in molar ellipticity at 222 nm is observed in 50% TFE. The peptide is 
characterized by minima at 222 and 208 nm and a maxima at 192 nm typical of 
a-helices. Reversing the orientation of the (/', i+4) lactam bridge to Lys-Glu surprisingly 
decreases the helical content relative to the EK peptide. Peptide 2KEI {i, i+4) has 27% 
helical content under benign conditions but readily adopts a helical conformation in the 
presence of TFE. Although 2KEI (/, i+4) is substantially less helical than 2EKI (/', i+4) 
and Linear EKI, there is a marked increase in helical content relative to its own linear 
counterpart Linear KEL The low helical content of the linear peptide may be attributed 
to a destabilizing interaction between the charged groups of the side-chains and the 
partial charges arising from the helix dipole [5]. This interaction is removed upon lactam 
formation and therefore cannot account for the discrepancy in helical content between 
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EK and KE oriented lactams. Modeling studies suggest that the carbonyl oxygen of KE 
lactams may closely approach the carbonyl oxygen of the i,h peptide bond (Lys-Ala). In 
order to alleviate this disruptive interaction, the peptide adopts a random structure. 

Decreasing the size of the (/, i+4) lactam by incorporating Asp in place of Glu (DKI 
{i, i+4)) results in a peptide with only 22% helical structure under benign conditions and 
34% in 50%> TFE. The peptide is less helical than its linear counterpart in benign 
conditions (22% vs. 11%) and very much less in 50% TFE (34% vs. 83%). These results 
contradict work by Felix and coworkers [7] in which DK (/, i+4) lactams increased the 
proportion of helix in [Alal5]-GRF(l-29) peptides. In our model system, our results 
clearly indicate that DK (/', i+4) lactams result in peptides with destabilized helices. 

Table 1. Circular dichroism result of lactam bridged and linear peptides. Peptide concen
trations 750 mM +/- 30 mM. 

Sequence 

Ac-EIEALKKEIEALKK-am 

Ac-EIEALKKEIEALKK-am 
I I I I 

Ac-EIKALKEEIKALKE-am 

Ac-EIKALKEEIKALKE-am 
i I I i 

Ac-EIDALKKEIDALKK-am 

Ac-EIDALKKEIDALKK-am 
I I I I 

Peptide Name 

Linear EKI 

2EKI(M+4) 

Linear KEI 

2KEI(u+4) 

Linear DKI 

2 D K I ( M + 4 ) 

Benign 

-18600 

-30350 

-2900 

-8600 

-8200 

-6700 

\$\TI 

50% TFE 

-30000 

-32150 

-14000 

-29100 

-25500 

-10300 

Helix Content11 

Benign 

61 

99 

10 

27 

27 

22 

50% TFE 

98 

105 

45 

95 

83 

34 

a calculated molar ellipticity of the peptide at 222 nm (deg .cm^dmol"1) 
bThe % helical content was calculated from the ratio of the observed [0]222 divided by the predicted 
molar ellipticity (-30700) as determined for a peptide of 14 residues [6]. 

The helical content associated with Peptides 2EKI {i, i+4) and Linear EKI is 
dependent upon peptide concentration indicative of the existence of a monomer/dimer 
equilibrium. In order to determine the effect of hydrophobicity on dimerization and 
helical content, the hydrophobicity was decreased by substituting residues He2 and He9 

with Val. From Table 2, it is apparent that this substitution reduces the helical content of 
the lactam bridged and linear peptide as compared to the EKI peptides. However, the 
decrease in helicity is significantly less for 2EKV (/, i+4). In addition, concentration 
dependence studies indicate this peptide associates as a dimer whereas its linear homolog 
does not suggesting these lactams enhance dimerization. Moreover, the amount of 
helical stabilization that can be attributed to lactam bridges (Table 2, Linear - lactam) is 
similar in magnitude to the amount of helicity induced in the linear sequences in 50% 
TFE (Benign- TFE), indicating the efficacy of these lactam bridges in imparting helical 
structure. 
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Table 2. Circular dichroism results of lactam bridges and linear peptides. 

Peptide 

Linear EKI 
2EKI (/, i+4) 
Linear EKV 
2EKV (i, i+4) 

Benign 

-18600 
-30350 
-7550 
-24500 

Mm 
50% TFE 

-30000 
-32150 
-27500 
-31100 

A[0]222
b 

(Benign-TFE) 

11400 
1800 

19950 
6600 

A[0]222
b 

Linear-Lactam Benign 

11750 

16950 

Helix C( 

Benign 

61 
99 
25 
80 

Mitent (%)c 

50%TFE 

98 
105 
90 

101 

" calculated molar ellipticity of the peptide at 222 nm (deg.cm2.dmol"'). 
b AIOjjjj is the difference between the ellipticity at 222 nm in benign buffer and in 50% TFE for 
the linear peptide and lactam peptide of the same sequence. 

cThe % helical content was calculated from the ratio of observed [9]^ divided by the predicted 
molar ellipticity (-30700) as determined for a peptide of 14 residues [6], 

In summary, our study of lactam bridged peptides clearly shows the importance of 
lactam orientation in inducing and stabilizing helical content in small amphipathic 
peptides. In addition, this study reaffirms the value of lactam bridges as a method of 
stabilizing a-helices and enhancement of dimerization. 
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Introduction 

De Novo design is a challenging endeavor that critically tests our understanding of 
protein folding and structure while also laying the groundwork for the design of novel 
biomimetic polymers and molecular devises. We are interested in designing novel 
mimics of redox-active proteins, that are far simpler than their natural counterparts, but 
that nevertheless contain the minimal requirements for function [1]. We refer to these 
mimetics as maquettes because they resemble the simplified scale models employed by 
architects and artists to appreciate various aspects of their full-scale designs. We 
recently demonstrated the feasibility of this approach through the design of 
helix-link-helix peptides, designated a2, that dimerize to form four-helix bundles capable 
of binding one, two or four hemes. In each case, the heme-binding site consisted of two 
His residues which ligate the heme iron, and hydrophobic residues, which interact 
favorably with the porphyrin macrocycle. The multiheme proteins displayed many of the 
remarkable properties of natural multiheme cytochromes including electrochemical and 
spectroscopic non-equivalence between various bound hemes, as well as redox co
operativity arising from interheme charge interactions. Encouraged by this success ,we 
endeavored to introduce a closely associated porphyrin dimer as a mimic of the special 
pair in the reaction center. 

Results and Discussion 

The RC is a 95 kd protein whose membrane spanning portion includes 11 transmembrane 
a-helices. The cofactors which include four chlorophylls b, two pheophytins b, and two 
quinones, are arranged with nearly perfect two-fold symmetry. Two of the chlorophylls 
are closely associated {ca 1 A) and form the so-called special pair which is central to the 
primary events of light activated electron transfer. In the present work, we modeled the 
reaction center by using [a2]2 as a scaffold to effect the cofacial dimerization of two 
hemes in a manner reminiscent of the special pair of chlorophylls [2]. Coproporphyrin I 
(CP), which contains four equivalent propionates, was coupled to the N-terminus 
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of a (whose sequence is CGGGELWKLHEELLKKFEELLKLHEERLKKL-CCW/7,) to 
render CP-a and heterodimerized with the 5-nitro-2-pyridinesulphenyl (pNpys) deri
vative of Ac-a to finally yield CP-a2 [3]. This covalent dimer further dimerizes by 
noncovalent forces to form a four-helix bundle, 124 residue protein [CP-a2]2. 

The UV-Vis spectrum of [CP-a2]2 reveals that the CP chromophore is in a dimeric 
form (Soret at A,=372 nm) above IO"8 M, its limit of detection [4]. Since the KD of CP in 
the same conditions is ca 2 x IO"5 M, it is inferred that the dimeric structure of [CP-a2]2 

lowers the dimerization constant of the prophyrin by at least a factor of IO3. In addition, 
the covalently attached CP serves as a probe of the topology of the bundle; the spectral 
results proves that [CP-a2]2 is an all-parallel bundle of helices, because only this 
orientation allows the cofacial dimerization of the probe. 

The dimer-monomer equilibrium can also be shifted to higher values of KD by 
addition of trifluoroethanol (TFE). TFE disrupts the hydrophobic interactions that 
stabilize the quaternary and tertiary structure of proteins, while simultaneously 
maintaining the helicity of monomeric a-helices [5, 6]. Titration of [CP-a2]2 in aqueous 
milieu with TFE gave a neat transition from dimer to monomer spectrum between 10% 
and 32 % TFE, consistent with the dissociation of [CP-a2]2 to yield monomeric CP-a2. 
These spectral changes are parallel to those found in a simple concentration experiment 
with free CP in the same aqueous buffer conditions. These dimer-monomer transitions 
are characterized by a red-shift of the Soret band (372 to 394 nm, isosbestic point 
at 378 nm) with concomitant blue-shift of the Qx-Qy bands (500-600nm region) and 
general hyperchromicity (Figure 1). 

0.5 

s 

Monomer 
32% TFE 
394 nm 

Dimer 
10% TFE 

372 nm 

300 650 

Figure 1. UV-Vis monitoring of the dissociation of[CP-a2]2 into CP-a2 monomers by addition of 
TFE (4.5 pM) concentration of peptide in 50 mM Tris buffer, WOmM NaCl at pH 8.5). Traces 
recorded are (in % TFE): 10, 19, 24 and 32. 
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In conclusion, we have succeeded in preparing a protein that self-associates two 
porphyrins in a cofacial manner. This same protein is capable of binding four additional 
iron protoporphyrin IX molecules (data not shown), resulting in a structure with a total of 
six prosthetic groups. Ongoing work is aimed at arranging the hemes in a geometry that 
will give rise to high-yield electron transfer as in the reaction center. 
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Introduction 

Recent progress in chemoselective ligation, orthogonal protection techniques, and 
solubilization of peptide fragments have increased our potential for constructing protein
like molecules. In particular, the ligation of unprotected peptides to Regioselectively 
Addressable Functionalized Templates (RAFT) allows for the design of Template 
Assembled Synthetic Proteins (TASP) exhibiting complex structural and functional 
properties. In the present contribution, we report on recent progress in template-assisted 
protein denovo design [1-3]. 

Results and Discussion 

A number of recently proposed chemoselective ligation methods [4-6] have been 
evaluated for use in TASP design. To this end, the orthogonally protected topological 
template 1 [Y,=Boc, Y2=Aloc, Y3=l-(4,4-dimethyl-2,6-dioxo-cyclohexylidene)ethyl 

Y, Y2 Y3 Y4 

r ' ' i "i 
1 C |_P G K A K P G K A Kj 

(Dde), Y4= Fmoc] has been transformed into a multifunctional RAFT molecule suitable 
for the chemoselective ligation of unprotected peptide blocks - a means for overcoming 
the poor solubility of fully protected peptide derivatives in TASP synthesis [7]. Special 
attention was given to the orthogonally protected aminooxy group needed for oxime 
bond formation. This transformation is achieved by selective deprotection of Y: and 
subsequent reaction with the corresponding Y-aminooxyacetyl derivative in the order as 
given for 1. A prototype of a RAFT molecule giving access to a combination of different 
chemoselective ligation procedures such as oxime, thioether, and thiazolidine formation 
is shown in Figure 1. Starting from the orthogonally protected template 1, the chemo-
selectively addressable sites on the template are introduced according to the following 
strategy: (i) removal of Fmoc (position 4, Figure 1) with piperidine/DMF and attachment 
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of a COOH - containing maleimide derivative, (ii) removal of Dde (position 3, Figure 1) 
by hydrazine and coupling of Na-Fmoc-Ser, (iii) removal of Boc (position 1, Figure 1) by 
50% TFA and coupling of Boc-aminooxy acetic acid, (iv) removal of Aloe (position 2, 
Figure 1) by palladium / tributyltinhydride and coupling of Na-Aloc-Ser. 

For fixing up to four different peptide blocks to this RAFT molecule, the following 
strategy has been explored: (i) thioether formation at position 4, (ii) removal of the 
Na-Fmoc group of Ser at position 3 and oxidation to the aldehyde [5] the subsequent 
ligation with a peptide containing N-terminal Cys results in a thiazolidine ring system [6, 
8], (iii) removal of the Boc group in position 1 and ligation with a peptide containing an 
aldehyde group [9] to give oxime 1, (iv) removal of the Na-Aloc group of Ser at position 
2 and oxidation to the aldehyde as in ligation step (ii), ligation with a peptide containing 
a N-terminal aminooxy group results in oxime 2. 

Oxime 1 

P 
i 
CHO 

N H 2 

O 

T 

*" 

P 

CH 
II 
N 

O 

i 
T 

Thiazolid 

T 
i 
CHO 

SH * 
L - N H 2 

P 

ne 

T 

T N H 

p 

Thioether 

T 

k 
0^ N yO 

s $ 
p 

T 

k 
0~.Ny° 

SH 
$ 
P 

Figure 1. Regioselectively Addressable Functionalized Template (RAFT) for the construction of 
TASP molecules by chemoselective ligation procedures (see text). 

These procedures are currently used to construct chimeric TASP molecules 
mimicking antigenic, binding, and catalytic sites of proteins. Applying analogous 
procedures, two-domain TASP molecules exhibiting independent folding topologies have 
been prepared as depicted in Figure 2. The combination of B-cell (P,) and T-cell (P2) 
epitopes may result in TASP of immunological relevance. Two-domain TASP of the 
type P, = ion channel forming 4a-helix bundle, P2 = receptor ligand, may be used as 
versatile biosensor systems. 

Nonpeptidic molecules (P2) have been attached to the opposite face of the template 
in order to modulate the physicochemical and pharmacokinetic properties of peptide 
hormones (P,). The preparation of a two-domain TASP with somatostatin analog 
RC-160 as P, and fructose as P2 illustrates the synthetic approach depicted in Figure 2 as 
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follows: (1) deprotection of the Aloe group and coupling with D-ara/3/'«o-hexos-2-ulose 
by reductive amination [10], (2) Boc removal followed by the attachment of RC-160 via 
chemoselective ligation. 

Boc 

Template 

Aloe 

1. -Aloe; +Pi 

2. - Boc; + P2 • 

F\ 

V -4 

Template 

• 

— 

* 1 
p2 

. 2 

1' 

peptidic hormone 

binding site 

antigen 

ligand 

B cell epitope 

•JL. 

• carbohydrate 

- lipid 

steroid 

transmembrane 
peptide 

T cell epitope 

Figure 2. Chimeric two domain TASP for the construction of template-assembled bioactive 
molecules (Pl) with modulated physicochemical properties (P2) (see text). 
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Introduction 

The retro-enantio concept [1-3] derives from the first ideas of Prelog and Gerlach [4] on 
the topology of cyclic peptides, continued by Shemyakin et al. [5], but especially 
developed and extended to linear peptides for nearly two decades by Goodman et al. [6, 
7]. If the chirality of all the stereogenic centers of the parent peptide are inverted, the 
enantio peptide is obtained and the side chains adopt the topology of the mirror image of 
the parent peptide. If the sequence is reversed and the peptide rotated 180° in plane, the 
retro peptide obtained again has the mirror image side chain topology. However, most 
interesting is that the parent side chain topology is obtained if both changes are 
performed, that is, in the retro-enantio peptide. Nevertheless, the extrapolation of the 
retro-enantio concept from small rather flexible peptides to large peptides or proteins 
with fixed secondary or tertiary structure is, in our opinion, not so straightforward, 
especially in those cases where a chiral backbone is present, such as the a-helix. 

Results and Discussion 

The N terminal part of Staphylococcal protein A (SpA), a cell wall constituent of 
Staphylococcus aureus, consists of five highly homologous Fc-binding domains 
designated as E, D, A, B, and C. Each 60 aa domain is known to bind the Fc region of 
IgG molecules of various mammalian species. The 3-D structure of the B domain has 
been studied both in solution using NMR spectroscopy [8] and, in a complex with an Fc 
fragment of human Ig antibodies, by X-ray crystallography [9], from which it has been 
deduced that the B domain is composed of a bundle of three a-helices. We have studied 
the C terminal a-helix (helix III) of this bundle to explore the validity of the retro-enantio 
concept in systems with a high helical content. We have prepared the four versions of 
helix III, normal (1), retro (2), enantio (3), and retro-enantio (4), and the complete B 
domain with and without three additional residues in the N terminal part, 5a and 5b 
respectively, and also some variations of 5a, referred to as 6 and 7. 

Ac-D-P-S-Q-S-A-N-L-L-A-E-A-K-K-L-N-D-A-Q-A-P-K-NH2 1 
Ac-K-P-A-Q-A-D-N-L-K-K-A-E-A-L-L-N-A-S-Q-S-P-D-NH2 2 
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Ac-D-P-S-Q-S-A-N-L-L-A-E-A-K-K-L-N-D-A-Q-A-P-K-l<ili2 3 
AC-K-P-A-Q-A-D-N-L-K-K-A-E-A-L-L-N-A-S-Q-S-P-D--NH. 4 
Ac-A-P-K-A-D-N-K-F-N-K-E-Q-Q-N-A-F-Y-E-I-L-H-L-P-N-L-N-E-E-Q-R-N-G-F-

I-Q-S-L-K-D-D-P-S-Q-S-A-N-L-L-A-E-A-K-K-L-N-D-A-Q-A-P-K-NH2 5a 
Ac-A-D-N-K-F-N-K-E-Q-Q-N-A-F-Y-E-I-L-H-L-P-N-L-N-E-E-Q-R-N-G-F-I-Q-S-

L-K-D-D-P-S-Q-S-A-N-L-L-A-E-A-K-K-L-N-D-A-Q-A-P-K-NH2 5b 
Ac-A-P-K-A-D-N-K-F-N-K-E-Q-Q-N-A-F-Y-E-I-L-H-L-P-N-L-N-E-E-Q-R-N-G-F-

I-Q-S-L-K-D-K-P-A-Q-A-D-N-L-K-K-A-E-A-L-L-N-A-S-Q-S-P-D-NH2 6 
Ac-A-P-K-A-D-N-K-F-N-K-E-Q-Q-N-A-F-Y-E-I-L-H-L-P-N-L-N-E-E-Q-R-N-G-F-

1-Q-S-L-K-D-K-P-A-Q-A-D-N-L-K-K-A-E-A-L-L-N-A-S-Q-S-P-D-NH2 7 

The four 22-residue peptides (1-4) were synthesized on a t>-methylbenzydrylamine resin 
using the Boc/Bzl strategy. After HF cleavage they were purified by MPLC and 
analyzed by amino acid analysis, HPLC, HPCE, and ES-MS. The CD spectra of the four 
peptides in water show, in all cases, a very small tendency to adopt helical structures; the 
spectra of 1 and 2 are the mirror images of 3 and 4. Nevertheless, the addition of TFE or 
hexafluoroisopropanol (HFIP) increases the helix content considerably. This behavior is 
parallel to that observed by 500 MHz NMR. In water, peptides 1 and 2 have weak N;Ni+1 

NOESY peaks, while in d3-TFE or d2-HFIP both peptides show a higher degree of helical 
structure. The n.O.e. pattern and the 8a values point to a continuous distribution of the 
tendency to adopt helical structure along the sequence. 

Peptides 5a, 5b, 6, and 7 were synthesized, purified, and analyzed in the same way 
as described above. The CD spectrum of 5a in water shows, in contrast to the spectra of 
peptides 1-4, a high degree of helicity that is increased slightly by addition of TFE or 
HFIP. Our design of peptide 5a includes three extra residues from the preceding domain 
(APK) at the N terminal part. The aim of this modification was to confirm the helix 
promoting effect of the proline. The comparison of the CD spectra of 5a and 5b and the 
500 MHz NMR spectrum of 5a in water clearly confirms this characteristic. The 
1D-NMR spectrum shows a large chemical shift dispersion at the NH region and the 
presence of several anomalous methyl group chemical shifts above 8 0.8. TOCSY, 
DQF-COSY, and NOESY experiments provided a more detailed description of the 
molecule. Altogether, our results point towards a structured molecule with a high a-helix 
content. When helix III of the 5a peptide was substituted by the retro or retro-enantio 
peptide (6 or 7), the properties of the molecule changed dramatically. The comparison of 
CD spectra of peptide 5a, 6, and 7 in water (Figure 1), suggests a considerable loss of 
tertiary structure in peptide 6, with an almost complete loss of structure in peptide 7. 
This agrees with the NMR spectra of 6 and 7. Addition of TFE or HFIP gave an increase 
in helicity. A preliminary ELISA with anti-mouse IgG conjugated with peroxidase 
showed a serious loss of IgG binding ability of peptides 6 and 7 when compared with 5a. 

In conclusion, all of our results indicate that it is difficult to retain the side-chain 
topology in highly helical compounds synthesized using D-aa. Nevertheless, we have not 
explored all the possibilities of our system. In particular we have not synthesized 
peptides in which helix III is rotated through 180° which is crucial in the retro-enantio 
concept. Our results represent the first example of extensive use of D-aa in a complete 
secondary structure element of a protein or a protein domain, keeping an all-L 
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configuration for the rest of the molecule. We propose the term diastereo-proteins for 
this type of situation. We think that diastereo-proteins will play an increasing role in 
rational design of artificial proteins with new foldings and/or improved properties. 
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7, 0% TFE 
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i—i—i—i—i—i—i—r 
190 200 210 220 230 240 250 260 

Figure 1. CD spectrum of the 5a, 6 and 7 peptide in 0% and 30% TFE/3mM potassium 
phosphate. 
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Introduction 

For a completely synthetic vehicle for gene therapy, we believe that we will need the 
following: a DNA condensing agent, an endosomal lysis agent, a cellular receptor 
ligand, and a nuclear localization signal. To test this hypothesis, we have designed a 
series of synthetic peptides to serve these various functions. The DNA condensing 
peptides were based on polylysine, a known DNA condensing agent [1], and contain 
from six to twelve lysine residues with the sequence, YKAKnWK, {Kh). Since we 
desired endosomal lysis where the pH is acidic, a hydrophobic amphipathic helical 
peptide [2] of twenty amino acids composed primarily of glutamic acid and leucine 
residues was designed, GLFEALLELLESLWELLLEA, (JTS-1). The nuclear locali
zation signal was chosen from the large T antigen of SV40 [3] and the receptor ligand 
was from apolipoprotein E [4]. Here, we present results using the first two components 
of this hypothetical system to prepare a purely synthetic gene delivery complex. 

Results and Discussion 

The peptides were synthesized by solid phase peptide synthesis techniques [5] using fast 
Boc chemistry [6] as implemented in our laboratories, cleaved with HF containing 10% 
anisole and 1% ethanedithiol (60 ml/g resin), and purified by reversed phase HPLC \1, 
8]. The DNA condensing peptides were purified on a Vydac C,8 column using a gradient 
of 0.1% TFA and 5% 2-propanol. The acidic amphipathic helical endosomal lysis 
peptides were purified on a Vydac C4 column in 0.0IM ammonium phosphate/2-
propanol at pH 6.7. Purity was determined by analytical reversed phase HPLC, amino 
acid analysis, FAB (lytic peptides) or electrospray (condensing peptides) mass spectro
scopy. 

Since polylysines are known to be cytotoxic [9], the condensing peptides were tested 
for cytotoxicity on HepG2 cells. After 24 hrs, 100% of the cells were viable at 100 pM 
of the K8 peptide while all cells were killed by 0.1 pM polylysine. When the condensing 
peptides were added to a CMV-p-galactosidase DNA vector [10], stable particles of 50 
to 300 nm, as determined by dynamic laser light scattering [11], were formed. The 
complexes were stable from 20 to 140 hrs. Particle size and stability were dependent on 
the number of lysine residues in the peptide and the peptide to DNA molar ratio. 
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The a-helicity of the lytic peptide, JTS-1, was determined by CD spectroscopy to be 
95% even in 6M GnHCl suggesting a highly aggregated peptide. Indeed, size exclusion 
chromatography on Superose 75 in phosphate buffered saline (PBS) at pH 7.4 gave a 
molecular weight of 44 kDa. A molecular weight of 13.5 kDa was found in 3M GnHCl 
indicating formation of a very stable hexamer. The introduction of Pro at position 13 
resulted in a reduction of the helicity to 75%. The molecular weight of this analog was 
determined to be 13 kDa in PBS and 2.3 kDa in 3 M GnHCl. The endosomal lytic 
agents were tested for their effects on liposomes and erythrocytes at pH 7.5 and 5.5. As 
expected, these peptides were capable of lysing liposomes and erythrocytes efficiently at 
pH 5.5 but not at pH 7.5. 

When combined to form ionic complexes with the DNA/Kn peptide complex and 
added to cells in culture, we found that a variety of cell types could be transfected. Using 
CMV-P-Gal as the DNA vector, K8 as the condensing peptide, and JTS-1 as the lytic 
peptide, we found the following percentage of blue cells when these cell lines were 
stained with X-gal [12]: 3T3, 25%; 9L, 15%; C6, 5%; sol8, 30%; MCA-26, 30%; 
HCT-116, 25%; ML3, 5%; HepG2, 25%; SKOV3, 1% , and 293, 40%. The transduction 
efficiency was dependent on the amino acid sequence of the condensing and lytic 
peptides as reflected in the complex particle size, stability and charge. We conclude that 
these peptide/DNA complexes can be used as vehicles for very efficient gene delivery in 
vitro and show great promise for in vivo studies. 
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Introduction 

The betabellin target structure is a P-sandwich protein consisting of two 32-residue (3 
sheets packed against one another by hydrophobic interactions [1-3]. Thus, betabellin 
12D [4, 5], betabellin 14D [5, 6], and betadoublet [7], a 66-residue P sandwich, are 
covalent homodimers having a single disulfide bridge between the P sheets. However, 
betabellin 12S is a noncovalent homodimer that folds into a P sandwich even though it 
lacks a disulfide bridge between the P sheets [4, 5]. 

Results and Discussion 

We have designed, synthesized, and characterized two 64-residue p-sheet proteins that 
bind divalent metal ions (Figure 1). Betabellin 15D is a homodimer containing two 
disulfide-bridged betabellin-15 chains, whereas betabellin 12/15 is a heterodimer having 
a betabellin-15 chain disulfide-bridged to a betabellin-12 chain. Each chain contains 
three pairs of D-amino acids (pd, ph, or pk) to promote the formation of inverse-common 
(type-I') P turns [8]. If their P sheets were folded as in Figure 2, betabellin 15D would 
contain six imidazole ligands at one edge of the p sandwich, and betabellin 12/15 would 
have four. Both of these 64-residue nongenetic proteins were assembled by the solid-
phase method, purified by RP-HPLC, and found to bind divalent metal ions by circular 
dichroic (CD) spectroscopy. Betabellin 15D formed more stable complexes with Co11 

and Cu11 but betabellin 12/15 bound only Mnn. 

HSLTAKIpkLTFSIAphTYTCAVpkYTAKVSH 
Betabellin 15D: | 

HSLTAKIpkLTFSIAphTYTCAVpkYTAKVSH 

HTLTASIpdLTYSINpdTATCKVpdFTLSIGA 
Betabellin 12/15: I 

HSLTAKIpkLTFSIAphTYTCAVpkYTAKVSH 

Figure 1. Structures of betabellins 15D and 12/15. Lower-case letters are D-amino acids. 
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Figure 2. 8-Sheet structures of betabellin-12 chain (left) and betabellin-15 chain (right) looking 
down on nonpolar face. Note the 18 B-sheet hydrogen bonds (...) between 3 pairs of polar 
residues (circled, side chains back) and 6 pairs of nonpolar residues (boxed, side chains forward). 

Unlike the betabellin-12 chain, the betabellin-15 chain did not fold in buffer to form 
a noncovalent dimer. Hydrophobic interaction of the nonpolar faces of two betabellin-15 
sheets did not induce folding as a P sandwich. But betabellins 15D and 12/15 each folded 
into a P-sheet structure in 50mM NaCl/50mM K phosphate (strong negative CD band at 
218nm). The extent of P structure varied with the temperature, pH, and ionic strength. 
Betabellin 12/15 was very soluble in water (15mg/mL) and thermally stable (rn=69°C , 
/7m=39kcal/mol, pH6.5). Betabellin 15D was also stable {Tm=lTC , #m=38kcal/mol, 
pH6.4) and very soluble in water (30mg/mL). The P structure of betabellin 15D nearly 
doubled when it bound Cu u but its Tm decreased to 55°C when it bound MnD. In electron 
paramagnetic resonance studies, the Cu11 site of Cu11 Co" betabellin 15D was reduced to 
Cu1 inefficiently by H202 and efficiently by K „ Fe(CN)6. Betabellins 15D and 12/15 are 
the first P-sandwich proteins engineered de novo to bind metal ions. 
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Introduction 

Human T-cell leukemia virus type 1 (HTLV-I) is the etiologic agent of adult T-cell 
leukemia (ATL). An immunodominant domain located in the central region of envelope 
protein gp46 (SP4a, aal90-209) as well as a major T-cell epitope (gp46 194-210) have 
been identified with synthetic peptides [1,2]. In previous studies, we have engineered 
the SP4a epitope as a chimeric construct incorporating a promiscuous T cell epitope. 
This peptide vaccine can induce high-titered antibodies specific for the native viral 
envelope protein [3]. However, the neutralizing efficacy is low, suggesting that the sp4a 
epitope encompasses a conformational epitope that is poorly duplicated by 190-209 
sequence. In this study, we re-engineered the epitope by extending the sequence to aa 
175-209 (designated SP4ex) in order to obtain a reactive mimic. SP4ex and SP4exMVF 
(a peptide construct incorporating sp4ex and a promiscuous T cell epitope MVF) were 
synthesized. These constructs were compared for immunogenicity in both mice and 
rabbits. In addition, we evaluated the ability of sera from HTLV-I infected persons to 
recognize the peptide constructs. SP4ex elicited high titered antibodies in animals which 
recognized both immunogens as well as native form of gp46. The majority of sero
positive human sera reacted with SP4ex in ELISA. 

Results and Discussion 

A panel of 12 specimens of HTLV-I infected patient serum were acquired and their 
reactivity against SP4ex was evaluated by ELISA. Ten of HTLV-I patient sera tested 
positive, indicating SP4ex is a major immunogenic domain, and as such, a promising 
candidate for a peptide-based vaccine. Both SP4ex and SP4exMVF were used to 
immunize 10 ICR outbred mice. Antibodies elicited by either peptides recognized both 
immunogens and sp4ex-containing recombinant proteins. However, SP4exMVF was a 
more effective immunogen than sp4ex and was capable of inducing higher-titered 
antibodies in a greater percentage of mice. This is likely due to the stimulatory nature of 
MVF to enhance immunogenicity of peptides. 

The chimeric construct SP4exMVF was also used to immunize three New Zealand 
white rabbits as described in ref [3]. All three rabbits generated high-titered antibodies 
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as shown by direct ELISA. The rabbit sera were also studied by competitive ELISA 
(Figure 1). Both SP4ex and SP4exMVF were good inhibitors of antibody binding to the 
recombinant protein RE-3 and MTA-1, suggesting the peptides were mimicking the 
structure of the corresponding domain in the native protein, gp46. Thus, by engineering 
the new sequence SP4ex, we were able to demonstrate further the importance of 
conformation in the design of peptide vaccines able to elicit high affinity antibodies 
specific for native protein. 

0.4 0.2 
Dilution 

PreBleed D. ELISA sp4exmvf -*?- sp4ex mvf-turn Cyt.C 

Figure 1. Competitive ELISA with pooled rabbit anti-sera collected three weeks after tertiary 
immunization. Direct ELISA starts with 800 fold dilution of sera. The dilution of sera used for 
competitive ELISA is 1600 fold. MVF-turn is a portion of SP4exMVF without the SP 4ex. The 
control peptide Cyt.C is a 40-residue peptide corresponding to a sequence in Cytochrome c. 

To conclude, the engineered conformational synthetic HTLV-I peptide epitope was 
highly immunogenic in mice and rabbits. Antibodies raised to the epitope were highly 
specific for the native protein. The protective effect of the immunogen is being 
evaluated by syncytia inhibition assay and by monitoring virus status of rabbits 
challenged with HTLV-I-infected cells. This work was supported by Grant CA16058 to 
PTPK and MDL. 
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Introduction 

In spite of numerous investigations and proposals of de novo designed peptide 
facilitating the transport of drugs toward intracellular domains, the efficiency of such 
vehicles is still rather poor, especially with regard to their selectivity! 1-3]. In order to 
improve these points, we developed a new type of carrier in order to get a better insight 
of the mechanisms involved in the various translocation processes, namely the crossing 
of the various barriers encountered on going from the external medium to cellular nuclei. 
Here we describe the basis of the design of a peptide which is able to carry fluorescent 
probes, its synthesis and the nuclear localization of the probes induced by the peptide. 

Results and Discussion 

The design of the peptide was based on simple principles: it must contain i) a 
hydrophobic sequence to facilitate membrane anchoring, and ii) a sequence which gives 
the target address. In addition, the synthesized peptide must be available for further 
chemical modifications such as the addition of the fluorescent probe. This can be 
achieved by the conventional Fmoc-method [4, 5] and by use of C-terminus mercapto-
amide peptides which can be easily obtained after removal of disulfide linked peptide-
resin. To satisfy the above criteria, a sequence corresponding to a nuclear localization 
signal (NLS) [6] and a signal peptide [7] having a hydrophobic sequence was selected. 
The choice for the signal peptide sequence was camian crocodylus Ig (v) light chain 
because it has a low valine content, thus facilitating synthesis of the assembly, which is 
associated through a proline containing linker to the NLS sequence of the SV40 large T 
antigen. The latter was chosen because it is a small fragment. The following sequence 
has been synthesized: Ac-M-G-L-G-L-H-L-L-V-L-A-A-A-L-Q-G-A-W-S-Q-P-K-K-K-
R-K-V-Cya, where Ac corresponds to an acetyl group and Cya to the mercaptoamide or 
cysteamide function. 

After synthesis, the peptide was further modified by coupling to either lucifer yellow 
iodoacetamide or fluorescein maleimide. The peptides were incubated for 3 min. with 
fibroblast cells which were then examined by confocal microscopy. As fluorescein alone 
has a spontaneous nuclear localization it appears that the most significant result is 
obtained with the lucifer yellow derivative. 
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The localization of lucifer yellow is shown in plate 1 which reveals a nuclear localization 
of the fluorescent chromophore when in the conjugate form while it is perinuclear in its 
free form. 

Figure 1. Confocal microscopy localization of lucifer yellow in fibroblast cells. Left panel: free 
form showing the perinuclear localization. Right panel: conjugate form with nuclear localization. 

In conclusion, it appears that peptides built of a hydrophobic sequence, such as that 
of a signal peptide sequence associated with a nuclear localization sequence, are able to 
facilitate the transport of material toward nuclei of cells. Peptide conformation which 
can lead to these properties are discussed in an accompanying report [8]. 

Acknowledgments 

This work was supported by the GDR 1153 'Peptides et proteines amphipathiques' from 
the CNRS. 

References 

1. Derossi, D., Joliot, A.H, Chassaing, G. and Prochiantz, A., J. Biol. Chem., 269 (1994) 
10444. 

2. Sheldon, K., Liu, D., Ferguson, J. and Garie>y, J., Proc Natl. Acad. Sci. USA, 92 (1995) 
2056. 

3. Bongartz, J-P., Aubertin, A-M., Milhaud, P.G. and Lebleu, B., Nucleic Acids Res., 22 (1994) 
4681. 

4. Mery, J., Brugidou, J. and Derancourt, J., Pept. Res., 5 (1992) 233. 
5. Mery, J., Granier, C, Juin, M. and Brugidou, J., Int. J. Pept. Protein Res., 42 (1993) 44. 
6. Kalderon, D., Richardson, W.D., Markham, A.F. and Smith, A.E., Nature (London), 311 

(1984) 33. 
7. Briggs, M.S. and Gierasch, L.M., Advances in Protein Chemistry, 38 (1986) 109. 
8. Chaloin, L., Mery, J., Lamb., Heitz, A., Bennes, R. and Heitz, F., this volume. 

568 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

234 
Structure-function Studies of De Novo Lytic Peptides 

M.L. McLaughlin1, M. Javadpour1, S.M. Bishop1, S.M. Cowell1, 
C L . Becker1, J. Lo2,M.M. Juban3 and K.M. Morden3 

Departments of 'Chemistry, 'Veterinary Pathology, and3Biochemistry, 
Louisiana State University, Baton Rouge, LA 70803, USA 

Introduction 

Cecropins and magainins inhibit bacteria at concentrations that are harmless to 
mammalian cells [1]. These peptides have amphipathic a-helical domains that are 
probably necessary for their function. Using the amphipathic a-helix as a minimalist 
starting point, this paper describes our efforts to synthesize peptides that retain or 
enhance the selectivity of natural lytic peptides. The peptides have triad/heptad repeats 
and can be summarized as follows: (PN,N2PPN,N2)n or ( P N ^ P N ^ P ) , , where P = 
lysine, N, = leucine or phenylalanine, N2 = alanine or glycine, and n = 1-3. The peptides 
were assayed for minimum inhibitory concentration (MIC) against bacteria and sublethal 
concentration (SLC) against cultured mammalian fibroblasts (3T3 cells). Circular 
dichroism (CD) spectra were used to determine peptide secondary structure in SDS 
micelles. These data show that peptide helicity in model membranes correlates with 
biological selectivity. Peptides with reduced helicity have greater biological selectivity 
than even magainin 2, which is considered to be a selective peptide antibiotic. 

Results and Discussion 

The sequences of peptides synthesized, the MIC against E. coli and S. aureus, and the 
SLC against 3T3 cells are summarized in Table 1. The 7-mer peptides are not lytic, 
whereas the 14- and 21-mers are quite potent against both bacterial strains. The 14-mer 
peptides and (KLGKKLG)3 are more selective than the natural lytic peptide, magainin 2. 
Comparable concentrations of these peptides and magainin 2 are needed to inhibit 
bacterial growth and much higher concentrations of the peptides are required for lysis of 
mammalian cells. The other 21-mers tested are comparable in selectivity to the peptide 
toxin, melittin. Melittin inhibits bacteria and lyses mammalian cells at about the same 
peptide concentrations [2]. 

CD spectra of several of these peptides in SDS micelles have been obtained and the 
% helicity has been calculated. The helicity of the peptides correlates with cytotoxicity 
against 3T3 cells (Table 1). Highly helical peptides are highly cytotoxic. Magainin is 
moderately helical and cytotoxic, and the 14-mers and (KLGKKLG)3 have low helicity 
and cytotoxicity. 
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Table 1. Peptide MICa (bacteria) and SLC b (3T3 cells) in pM and % Helicity in SDS Micelles. 

Peptide0 

(KLAKKLA) 
(KLAKLAK) 
(KLAKKLA)2 

(KLAKLAK)2 

(KFAKKFA)2 

(KLGKKLG)2 

(KLAKKLA)3 

(KLAKLAK)3 

(KALKALK)3 

(KFAKKFA)3 

(KFAKFAK)3 

(KLGKKLG)3 

Magainin 2 
Melittin 

E. coli 

>100 
>95 
6.0 
5.8 
4.8 
8.2 
4.2 
3.7 
3.9 
1.8 
3.0 
3.4 
9.4 
3.0 

S. aureus 

>100 
>95 
6.0 
5.8 
4.8 
16.4 
4.2 
3.7 
7.8 
2.7 
2.8 
3.4 
18.8 
3.0 

3T3 

Not lytic 
Not lytic 
>272 
>517 
>294 
Not lytic 
11 
9 
11 
5 
11 
>393 
60 
1 

% Helicity1 

None 
None 
24 
37 
— 
None 
79 
79 
. . . 
— 
.. . 
33 
46 
93 

aMICs were determined against E. coli ATCC 25922 and S. aureus ATCC 25723. 
bSLCs were determined using 2:1 serial dilutions with minimal essential media (MEM) and 
applied to a 1-day old monolayer of 3T3 cells (~ 1 x IO4 cells per well). The supernatant was 
removed and the cells were treated with 0.2% trypan blue stain. Inclusion of trypan blue dye 
within a cell is indicative of cell death. Sublethal dose is defined as the highest dilution in which 
at least one adherent cell is not stained. 
'Peptide concentrations were determined by quantitative amino acid analysis. 
dBased on [6]222 in 25 mM SDS micelles and 10 mM sodium phosphate buffer pH=7.4; % a-helix 
= -100([0]222 + 3000)/33000. 

Idealized amphipathic a-helical peptides have been synthesized with greater in vitro 
bacterial inhibition than magainin 2 and with lower cytotoxicity against a mammalian cell 
line. The low helicity of these peptides in SDS micelles correlates with this selective 
biological activity. 
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Introduction 

In de novo design of artificial proteins, metal ion complexes have been employed to 
combine a-helical peptide segments for the bundle structure [1-3]. They are placed at 
the end of the peptide chains, which are usually exposed to hydrophilic environments. 
Since the metal ion complex moieties are hydrophilic, there has not been an attempt to 
place them at the hydrophobic inside of the a-helix bundle structure. In designing 
metalloprotein models for artificial functions, the use of various ligand groups is required 
to build metal ion nests. 

Results and Discussion 

We designed a 3 a-helix bundle structure on a cyclic pseudopeptide template [4, 5] as 
illustrated in Figure 1. Two cyclohexylalanines (Cha) were introduced in the amphiphilic 
13-peptide segment to enhance it's hydrophobicity. The hydrophobic residues (Cha and 

a -Helical segments : 
Lac-Pro-Glu-Cha-Leu-Lys-Ala-X-Ala-Glu-
Leu-Cha-Lys-Ala-OH X = Gln(OH) or Bpa 

H 

M^J-ST0" 
o o 

N-Hydroxyglutamine Bipyridylalanine 
(Gln(OH)) (Bpa) 

3a-cyclo 6 : 

Cyclic pseudopeptide template : 
cyclo (-Lys-Abz-Lys-Abz-Lys-Abz-) 

**. ft ft 

nVoWt^Vx)*) 
Metal ion's nests in 3 a-cyclo 6 

Figure 1. Design of3a-helix bundle structure with hydroxamates and bipyridines. 
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Figure 2. Spectral analyses of the complex formation of3aBpa with Co2* andNi2*. 

Leu) are expected to form a tight hydrophobic core to surround the hydrophilic metal ion 
nest, for which N-hydroxy glutamine (Gln(OH)) and 5-bipyridylalanine (Bpa) are 
employed [6, 7]. Three similar segments were combined in parallel to cyclo(L-Lys-/n-
Abz)3 (Abz = aminobenzoyl). 

The binding of Fe3+ to the hydroxamate nest was monitored by an increasing 
absorption band at 420 nm. The pseudoprotein was saturated by equimolar amount of 
Fe(N03)3. The binding of Co2+ and Ni2+ to the trisbipyridine nest was also monitored by 
absorption spectral changes with the addition of these ions. In both cases, a band at 
288 nm decreased, when metal ions were added while new bands at 300 and 301 nm for 
Co2+ and Ni2+, increased with isosbestic points (Figures 2A,B). From the titration curves 
(Figure 2C), the pseudoprotein, 3aBpa formed a 1:1 complex with these ions. The a-
helicity decreased slightly on formation of metal ion complexes (Figures 2D,E). The CD 
absorption band was significantly increased upon the addition of Co2+ and Ni2+. As 
shown in Figure 2F, the 3aBpa-M2+ are fairly stable during the denaturation with 
guanidine hydrochloride. These results demonstrate that it is possible to form metal ion 
complexes in an hydrophobic environment. 
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Introduction 

Synthetic hemopeptides derived from de novo design principles are being used as 
molecular maquettes of redox proteins to study structure and function. In previous work, 
a 3l-amino acid a-helical peptide (a, /fc-CGGGELWKLHEELLKKFEELLKLAEER-
LKKLCONH2) with a heme-binding histidine at position 10 was synthesized and linked 
via the disulfide to form homo-a-dihelix structures (a2), which in turn assembled to form 
(a2)2, a four helix homodimer. The a-helices of (a2)2 were deduced to be parallel 
because of charge coupling between hemes in the 10 position [1]. We have sought to 
confirm the all-parallel association of (a2) to form the (a2)2 structure and to explore the 
possibility to form an antiparallel (a2)2 by altering the amino acid composition of the a 
building block. Here we provide further evidence that the original (a2)2 is all-parallel 
and have located a single point in the sequence, alanine-24, that if changed to serine-24, 
apparently leads to an antiparallel (a2)2 assembly. 

Results and Discussion 

The methods used to elucidate the a-helical (a2)2 hemopeptide structure include the 
following: electrostatic interactions between hemes, ligated by histidine pairs in the 10 
position; measurement of free thiols by reaction of Ellman's Reagent with self-assembled 
monolayers; and attachment of fluorescent pyrene probes to each (a2) dihelix structure. 

In a parallel configuration electrostatic interactions would bring interacting hemes 
into van der Waals contact with an Fe-to-Fe distance of 13 A. This could be expected to 
give charge interaction through the interior of a water-soluble protein in the range of 100 
mV. However, an antiparallel assembly with hemes at the 10 position would have an 
Fe-to-Fe distance of 26 A along the axis of the molecule where the high aqueous 
dielectric dominates over and diminishes the charge interactions to <5 mV. Redox 
titration revealed two potentials in the alanine-24 (a2)2 peptide (Emidpoint= -215 mV, -100 
mV), suggesting a heme interaction between peptides in the parallel position, while the 
serine-24 (a2)2 peptide exhibited only one potential (E^,^ , = -200 mV). Such a result 
could derive from separation of the helices and subsequent loss of charge coupling, or 
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from an alteration in the alignment/orientation of the dihelix dimers. These results are 
consistent with the conclusion that the change resulted in the transformation of a parallel 
assembly in the alanine-containing (a2)2 hemopeptide to an antiparallel assembly in the 
serine-containing (a2)2 hemopeptide. Self-assembled monolayer films confirmed this 
effect: cyclic voltammetry demonstrated one versus two potentials and Ellman's reagent 
indicated the presence of free thiol groups in the serine-24 (a2)2 hemopeptide, though not 
in the alanine-24 (a2)2 hemopeptide. 

A second method to identify the parallel or antiparallel nature of the original (a2)2 

and its derivatives used pyrene. 1-Pyrenebutyric acid was coupled to the N-terminus of 
both peptides [2-4], one pyrene molecule per (a2) dihelix structure. When excited at 350 
nm, both the alanine-24 and serine-24 (a2)2 peptides in aqueous solution show some 
pyrene monomer fluorescence at 380 and 400 nm, while only the alanine-24(a2)2 peptide 
shows a clear pyrene excimer peak at 480 nm indicating that the pyrenes are in close 
proximity, as would occur in a parallel arrangement. The H10 peptides both contain 
tryptophan at the 7 position and pyrene-tryptophan interactions by exciplex formation 
might be responsible for the weak fluorescence observed between 450 and 500 nm [5-7]. 
Through the observation of heme interactions and attached fluorescent probes, this study 
revealed that substituting a single critical residue appears to significantly alter the (a2)2 

peptide assembly. 
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Introduction 

Designing water soluble p-sheet peptides remains a challenging problem in bioorganic 
chemistry. Progress in this area include use of alternating hydrophobic and hydrophilic 
residues [1-5], use of planar hydrogen bonding templates [6] and use of benzofuran 
derivatives to anchor two peptide chains at a suitable distance from each other [7], and 
use of cystine disulfide linkages to hold two strands together [8-10]. In order to 
systematically study the effect of disulfide bridge length on P-sheet conformation, we 
synthesized short peptides containing cysteine, homocysteine, and (S)-a-amino-e-
mercaptohexanoic acid (Amh) and oxidized them to yield the disulfide bridged dimers. 
Peptides with a strain free disulfide bridge show more pronounced P-sheet character as 
compared to cystine peptides. 

Results and Discussion 

In an earlier report, we had shown that, while short peptides containing S-protected thiol 
amino acids adopt random coil structures, their disulfide bridged dimers fold into P-sheet 
structures [10]. Cystine disulfide bridges do not possess the correct geometry to hold 
two peptide chains in perfect P-sheet conformation [11]. We had observed that replacing 
a cystine disulfide bridge between two adjacent peptide strands with a strain free 
disulfide bridge formed between the side chains of Amh residues located at staggered 
positions on adjacent peptide strands results in a dramatic increase in the P-sheet 
character of the peptide [10]. In the present studies, we have synthesized three disulfide 
bridged peptide dimers, each containing a different thiol amino acid to determine the 
effect of disulfide bridge length on P-sheet stability. The secondary structure was 
determined using CD spectroscopy on 5 pM solution of the peptides in water containing 
100 pM SDS at room temperature. Peptide 1 containing a cystine disulfide bridge shows 
only modest P-sheet character while peptides 2 and 3 containing strain free disulfide 
bridges, formed between the side chains of homocysteine and Amh respectiely, show 
much more pronounced P-sheet character (Figure 2). The results clearly show that a 
longer, strain free disulfide bridge between two peptide strands is much more efficient in 
stabilizing the P-sheet structure of the peptide dimer as compared to a cystine disulfide 
bridge. 
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NH2-VKKI-X-VSIP-CONH2 

NH2CO-PISV-X-IKKV-NH2 L 
Peptide 

1 
2 
3 

Cysteine 
Homocysteine 

Amh 

Figure 1. Sequence of peptides 1-3 
Wavelength[nm] 

Figure 2. CD spectra of 5pM solutions of 
peptides 1-3 in aqueous solution containing 
WOpMSDSatRT. 
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Trigger Cytoplasmic Delivery of Liposome 
Encapsulated Molecules-
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Introduction 

The development of liposomes as agents of cytoplasmic drug delivery has received much 
attention. Recently, a method to efficiently transport liposomes into cells through the 
pathway of receptor-mediated endocytosis was developed and found to enhance drug 
delivery through the presence of a folate-PEG-PE lipid conjugate [1]. Although drugs 
may be delivered to cells via liposomes, the drugs remain trapped within the endosomal 
compartments. This has led to the development of pH sensitive liposomes, recently 
reviewed by Chu and Szoka [2]. We have developed a new pH sensitive cell target 
specific liposome preparation that does not contain lipid components that have been 
shown to have pH sensitive characteristics, i.e. CHEMS, DOPE, or oleic acid [2]. Our 
liposomes, containing PC and PE, have been shown to enhance the stability of the 
liposome preparation, while achieving pH sensitive content delivery due to the presence 
of a helix forming peptide. The peptide (EALA), having the sequence AALAEALAE 
ALAEALAEALAEALAAAAGGC(Acm), was designed to enhance the favorable aspects 
of Szoka's GALA peptide [3] while making it available for covalent modification. 
EALA was predicted to cause cytoplasmic leakage of endocytosed liposomes due to its 
ability to form an amphipathic a-helix under mildly acidic conditions, and consequently 
interact with and disrupt membrane bilayers. 

Results and Discussion 

Studies using peptides to induce membrane fusion relied on the introduction of peptides 
both non-covalently and external to the liposome [3]. Our strategy involved the 
encapsulation of EALA into the aqueous interior of liposomes and the covalent 
attachment of EALA to a maleimide derivative of PE to achieve irreversible membrane 
anchoring of this peptide. To quantitate the extent of cytoplasmic delivery of liposomal 
contents, a new methodology was developed that exploits the dramatic increase in 
quantum yield of propidium iodode (PI) upon binding DNA [4]. 

EALA was synthesized using solid phase methodology [5] on PAB resin [6] using 
Fmoc strategy [7]. Purification and characterization of the peptide was achieved using 
HPLC and FAB-MS. pH dependent CD experiments confirmed the ability of EALA to 
adopt an enhanced a-helical conformation under acidic conditions [4]. The covalent 
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attachment of EALA to maleimido phosphatidyl ethanolamine (EALA-PE) was achieved 
by Acm deprotection of C-terminal Cys [8] followed by DTT reduction of the resulting 
methyl mercaptan derivative. Liposomes were prepared by the extrusion method [9], and 
contained 10:1 egg PC:folate-PEG-PE encapsulating 5 pM PI and either co-encapsulated 
10 pM EALA or containing an additional 5% of EALA-PE lipid component. 

To study the kinetics of release of encapsulated PI following endocytosis by KB 
cells, the fluorescence of the cell suspension was measured (\.x=540nm and A,,.m=615nm) 
and compared to the maximum PI release achieved by sonication of the same cell sample. 
Introduction of EALA into the liposome interior caused impressive cytoplasmic delivery 
of encapsulated PI, -20%. An additional rate enhancement of the release was observed 
with covalently lipid-linked EALA [4]. 

Table 1. The stability of Folate-PEG-PE liposomes. 

Percent Efflux of PI 

PE/PC 
PE/PC EALA" 
PE/PC/EALA-PE" 
CHEMS/DOPE 
CHEMS/DOPE EALA" 

0 
0 
0 
11 
11 

Liposome Type 4°C in PBS, 1 week 37°C in Serum, 4 hours 

4 
3 
40 
56 
58 

"Liposomes encapsulating EALA peptide; bLiposomes containing covalently lipid-linked EALA 
peptide. 

The ability of liposomes to retain their vesicle contents is important if they are to be 
modified for the purpose of drug delivery. The results of the stability of these liposomes, 
versus those preparations containing pH sensitive lipid components, upon storage and 
serum treatment are presented in Table 1. We believe the stability of these liposomes 
coupled with their cell type specificity and intracellular delivery characteristics will make 
them a desirable vehicle of cell-specific drug delivery. 
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Introduction 

Recently, three-dimensionally designed peptides have been successfully employed to 
elucidate protein function. Montal et al, applied Mutter's template-assembled synthetic 
protein (TASP) approach to the construction of Ca channel models and obtained insight 
into the roles of S3 segments. Such peptide-based approaches seem promising to obtain 
a different kind of information on protein function from that obtained through 
gene-manipulation. We report here new approaches to construct four-helix-bundle 
protein models, the main feature of which is the feasibility to construct protein models 
composed of four a-helices with different amino acid sequences. Using one of these 
approaches, a model of voltage sensor region (S4) of Na channel was constructed. 

Results and Discussion 

We have developed three approaches. In the first, peptide-units were assembled through 
disulfide cross-linking by activation of a cysteine through pyridinesulfenylation. In the 
second, assembly was accomplished through cross-linking using nucleophilic attack of 
sulfhydryl group on a bromoacetyl moiety. These two approaches were used to obtain 
antiparallel four-helix-bundle proteins (Figure 1). The third approach involved chloro-
acetylated peptide units being introduced onto a modified Mutter template [4-Cys-
template (CyT) : H-Cys(Acm)-Lys-Cys(SH)-Pro-Gly-Cys(MBzl)-Glu-Cys(Ada)-Gly-OH 
(MBzl: p-methoxybenzyl)]. Stepwise protecting group removal from the three cysteines 
should allow successive introduction of four peptide units to yield parallel four-helix-
bundle proteins. To see if a protein model with four a-helices was constructible with this 
approach, a model of the voltage sensor region (S4) of Na channel was constructed. 

a-Helical peptide-units were designed as shown in Figure 2. Peptide-units named 
[Nal], [Nail], [Nalll], [NalV] correspond to the S4 region of Electrophorus electricus 
Na channel, which region was assumed to work as the voltage sensor region of the 
channel. On the N-terminus of the sequences, chloroacetyl-GABA was placed as a 
linker. Incorporation of [Nail] onto CyT was conducted by reacting free SH group of the 
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(a) (b) 

Figure 1. Four helix-bundle proteins constructed by peptide-unit assembling using (a) selective 
disulfide formation and (b) selective S-alkylation . 

[Nal] 
[Nail] 
[Nalll] 
[NalV] 

Cl-Ac-GABA-RNVSALRTFRVLRALKTITIFPGY-NH2 

Cl-Ac-GABA-QGMSVLRSLRLLRIFKLAKSWPGY-NH2 

Cl-Ac-GABA-GAIKNLRTIRALRPLRALSRFEGY-NH2 

Cl-Ac-GABA-RVIRLARIARVLRLIRAAKGIRGY-NH2 
V J 

spacer S4 

assembling on CyT 

H 3 N + - C ^ S K < c « » S p ^ 

"OOC-G ̂
c > E ^ c « ^ 

TNH3I 
COO 

Figure 2. Construction of a model of the voltage sensor region (S4) ofNa channel using CyT. 

template with chloroacetyl moiety of the [Nail] in 6M GnHCl-O.lM Tris (pH 8.0) (room 
temperature, 16h). The product was treated with IM TMSBr-thioanisole / TFA (0°C, 
2h) to remove MBzl group. After introduction of [Nalll], the obtained peptide was 
treated with IM TFMSA- thioanisole / TFA (0°C, 1.5h) to remove Ada group. Then, 
[NalV] was introduced and Acm group removed by AgOTf/ TFA treatment (0°C, 1.5h). 
Finally, introduction of [Nal] afforded the desired protein. The sample was examined on 
HPLC and found to be highly pure. The estimated molecular weight (13,000) from 
SDS-PAGE and the amino acid compositions after 6N HCl hydrolysis were in good 
agreement with the theoretical values. Thus, fidelity of the structure of the model was 
confirmed. The CD spectrum of the protein in MeOH was suggestive that the protein has 
a-helical structure in the membrane [6]222: -13,100 deg cmVdmol (14pM protein/ 
MeOH)]. A preliminary experiment showed the protein to have ion channel activity in a 
lipid membrane. Further characterization of the channel activity is under way. 
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Introduction 

The human immunodeficiency virus encodes a proteinase which is responsible for the 
processing of polyprotein products of the gag and pol genes into their mature forms [1]. 
The enzyme is an aspartyl proteinase comprising a highly conserved domain. 
Asp-Thr-Gly are at the active site and functions as a C2-symmetric homodimer [2], As 
the native enzyme can adopt a conformation in which a two-fold symmetry axis extends 
through the active site, it might also be desirable to include the C2 symmetry through the 
center of the inhibitors. With this in mind, another important factor was taken into 
account for the design of inhibitors; that is, irreversibility. Although many transition 
state analogues have been developed with success so far [3], their inherent reversible 
characters made us question their long term efficacy in vivo. In an effort to develop 
epoxide-containing irreversible inhibitors with high potency, we utilized the concept of 
symmetry for the design of novel inhibitor structures. 

Results and Discussion 

Ph 
H O S 

PhCI^O^^^^JL J l ^ ^^K-A^^N^^OCHzPh 1 R:CH2Ph 
Y 
O ^ H 

H2 

Compound 1 worked as a reversible inhibitor on the enzyme with K; of 75nM, which was 
300-fold less potent than Abbott's C2-symmetric compound A75925. If the catalytic 
water molecule attacks the epoxide ring, 1 should be converted to A75925 after a long 
period of time and observed K: value of 1 should be same as that of A75925. After 
preincubation of 1 with HIV-1 protease, however, new species such as A75925 have not 
been detected and Kj value of 1 was 300-fold higher than that of A75925. The lower 
potency of 1 compared to A75925 could be interpreted as the rigidity of the epoxide ring. 
Compared with the diol isostere, the epoxide ring in compound 1 was so rigid that the 
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overall conformation of 1 should be totally different from the active conformation of 
A75925, which suggested that Pl', P2' and P3' in 1 would be in a different orientation 
from that of A75925. Also, the absence of hydrogen bonding of die epoxide ring with 
the two aspartyl groups in contrast to the hydroxyl groups in A75925 could be another 
reason for the lower potency of 1 compared to A75925. To overcome this problem, the 
phenylalanine was replaced for glycine at Pl' for two reasons. First, computer modeling 
based on the X-ray structure of enzyme-A75925 complex suggests that the removal of 
Pl' benzyl side chain make 1 in the arrangement that the epoxide ring could make a 
direct contact with the two active site aspartates. If that is the case, a new designed 
compound would exhibit irreversible character. Second, the greater importance of the P 
region than the P' region was previously observed for the binding of renin inhibitors and 
a similar observation was noted for the asymmetric peptidomimetic inhibitor complexes 
of HIV protease [4]. 

As expected, the resulting compound 2 displayed rapid, time-dependent inactivation 
of HIV-1 protease following pre-incubation of various concentrations of 2 with the 
enzyme at different time intervals. The calculated bimolecular rate constant for the 
formation of HIV-1 protease-2 complex (kina/K,) was 1.5x108 M'min"1 and the active site 
titration studies using 0.1-1 molar equivalent of 2 over the concentration of the protease 
indicated 1:1 stoichiometric binding ratio of inhibitors to the protease. In addition, X-ray 
crystallographic structure of HIV-1 protease-2 analogue complex showed that Asp25 of 
the enzyme attacked the epoxide ring and made a covalent bond with 2. Therefore, 
inactivation of HIV-1 protease by 2 involves enzyme-catalyzed alkylation of the 
unprotonated active site aspartyl residue, in analogy to the inactivation of simian 
immunodeficiency virus by EPNP. The 50% inhibition constant (IC50) of 2 was 30 nM 
against HIV-1 in H9 and Sup Tl cell lines as assessed by syncytium formation and 
reverse transcriptase assay. 

In conclusion, the design of 2 was successful in that it produced an inhibitor with 
high affinity and irreversibility. Studies of X-ray crystallographic structure of HIV-1 
protease-2 complex suggested that the inactivation of HIV-1 protease by 2 was due to 
covalent modification of an active-site residue. 
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Introduction 

GrowMol [1] is a unique structure generating program that grows potential inhibitors in 
the enzyme active site atom by atom. A three dimensional coordinate is entered as the 
growth point and inhibitor construction begins by calculation of rotational isomeric states 
for that atom and selection of one of these for the new atom. This atom is then given a 
complementarity score based on how well it interacts with nearby active site atoms. A 
hydrogen bond donor near a hydrogen bond acceptor would receive a high score whereas 
a hydrophobic atom in a hydrophilic pocket would receive a low score. After the desired 
number of atoms for a molecule has been generated, the molecules are minimized inside 
and outside the active site. This gives the inhibitor a strain energy that is related to the 
free energy difference between the bound and unbound states. An evaluation program is 
then used to rank the inhibitors based on their complementarity scores. 

Results and Discussion 

The search focused on generating known cyclic aspartic protease inhibitors of pepsin 
such as Szewczuk's alkyl bridging di-cysteinyl pepstatin analogs [2]. 

X= (CH2)4, (CH2)5, (CH2)6i
J 

583 



A.S. Ripka et al. 

Growth began at the beta carbon of the P3 side chain. After the initial run did not 
discover Szewczuk's compounds, the atom selector table was modified. This table 
allows the user to change the probability that a given atom will be chosen for attachment 
to the new growth point. The preference for amide bond formation was lowered and the 
probability for heteroatoms and carbon were set equal; this gave a better result as to the 
atom that best fit in the active site. After this modification, two compounds identical to 
Szewczuk's (x^CHL,), and (CH2)6) were generated by GrowMol. Several other related 
compounds surfaced from multiple GrowMol trial runs. Some of these novel synthetic 
targets are currently being synthesized in our labs. 

(S,N,C atoms used here) 

RELATED 

H2N 

N,C atoms used here) 

n=4,5,6 

O A H OH 

H 2 N A Y N V A N -S H2N 
OH 

i H ? 
O JL H 

GrowMol has demonstrated the capability of reproducing known potent inhibitors 
for R. chinensis pepsin. This suggests that similar novel structures generated by the 
program will also be active. 
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Introduction 

The use of templates to assist in the organization of peptides to form three-dimensional 
protein-like structures has emerged as a useful technique in studying the protein folding 
problem [1]. We are interested in linking peptide strands to cavitands (rigid organic 
macrocycles that contain enforced cavities [2]) to form a new family of Template 
Assembled Synthetic Proteins (TASPs), which we have named caviteins (cavrtand + 
protein). Here we briefly describe the design, synthesis, and characterization of a 
four-helix bundle cavitein. 

Results and Discussion 

We have recently synthesized tetrathiol cavitand 1 in our laboratory and have linked it to 
various activated L-phenylalanine derivatives [3]. This demonstrated the synthetic utility 
of tetrathiol 1 as a building block to synthesize caviteins. The rigid tetrathiol 1 is parti
cularly attractive as a template because its thiol functionalities are spaced about 7 A 
apart, nearly ideal for a four-helix bundle [4]. Furthermore, its enforced hydrophobic 
cavity may act as a binding site for various substrates in future caviteins. 

We designed the peptide sequence, 2 (Figure IB), to be an amphiphilic a-helix such 
that the hydrophobic faces can self-assemble to form the core of a four-helix bundle. 
Incorporated into the design are intrastrand salt bridges and an amidated C-terminal 
glycine [5], both of which are known to stabilize a-helical structures. 

Peptide 2 was synthesized by standard methods using Fmoc chemistry and an 
amidating resin [6]. The last step involved coupling of the free N-terminus with 
chloroacetyl chloride followed by cleavage from the resin with TFA. The crude peptide 
was then reacted with tetrathiol 1 with DIEA in DMA overnight at room temperature 
(Figure 1 A). Purification of cavitein 3 was carried out with RP-HPLC to afford a white 
solid. The purified cavitein was characterized by electrospray mass spectrometry and 
CD. Preliminary CD spectra (Figure 2) for cavitein 3 show minima at 208 and 220 nm 
and a maximum at 195 nm which are typical for a-helices. 

585 



B.C. Glbb et al. 

A. 

+ 4 

B. 2: Cl-CH2-CO-Glu-Glu-Leu-Leu-Lys-Lys-Leu-Glu-Glu-Leu-Leu-Lys-Lys-Gly-NH 2 

Figure 1. A. Schematic representation of the synthesis of cavitein 3 where the linkage between 
tetrathiol 1 and the peptide is [-SCH2CO-j B. Amino acid sequence of peptide 2. 

1.300E+01 

-B .OOOE+00 

Figure 2. CD spectrum of cavitein 3 at 25"C in 10 mM borate buffer atpH 7.5. 

In conclusion, we have designed and synthesized the first cavitein with significant 
a-helical structure. Studies on the stability of this cavitein and caviteins containing more 
flexible linkers are underway. 
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Introduction 

Insight into some of the forces involved in protein folding can be gained through 
studying models of protein substructure. We are modeling p-sheet structure using 
"template assembled synthetic proteins" (TASP's) [1]. We call our family of TASP's 
"caviteins" [2], as they involve rigid organic macrocycles covalently linked to peptide 
strands. Through careful design, we hope to overcome the two major problems 
associated with modeling (3-sheets: low water solubility and uncontrollable aggregation. 
Here we describe the design and synthesis of a cavitein that can form an eight-stranded 
antiparallel (3-sheet. 

Results and Discussion 

We have recently reported the synthesis of a cavitein using a tetrathiol cavitand [2]. The 
p-sheet cavitein 1 was synthesized using the same method. This cavitein has interstrand 
distances that promote dimerization (via complementary interstrand hydrogen bonds) to 
form an eight stranded antiparallel P-sheet TASP 2 (Figure IA). With each peptide 
strand hydrogen bonded to its two neighbors, a "closed surface" is formed. The peptide 
strands are designed to have both a hydrophobic and a hydrophilic face. The 
hydrophobic side chains will be directed into the core of this "closed surface" TASP, and 
the hydrophilic side chains will be exposed to the solvent, thus imparting water 
solubility. 

The properties of cavitein 1 were compared to those of a single stranded "control" 
compound 3 (Figure IB). Preliminary CD studies at pH 7.5 indicate that 1 shows P-sheet 
structure at 200pM, but is mostly random coil at low concentrations. Control 3 shows 
only random coil structure up to lOOOpM. This result is consistent with 
template-promoted P-sheet structure. We are currently investigating the stability of 
cavitein 1 and confirming the proposed dimeric structure. 
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A A A A 

CH, c " > CU, 

A 
= -CH2CO-(Ala-Lys)3 -NH2 

B. 
O 

Me jy ^ (Ala-Lys)3NH2 

Figure 1. A. Proposed dimerization of 1 to form an eight-stranded antiparallel B-sheet 2. B. 
"Control" compound for CD studies. 
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Introduction 

Hydrogen bonds contributed by the residues in the 'flaps' region (I47GGIGG52) of HIV-1 
protease (HIV-1 PR) are crucially important for proteolytic activity. We envisaged that 
selected replacement of a Gly-Gly sequence by a thioether or thioester [1] isostere would 
allow some insight into enzyme-inhibitor recognition. We therefore synthesized, via 
chemoselective ligation, two pairs of HIV-1 PR analogues in which the Gly48,49 or Gly5152 

residues were replaced with thioester or thioether isosteres. a-Aminobutyric acid (Aba) 
was used as an isosteric replacement for Cys67 and Cys95. Synthesis of thioether ligated 
HIV-1 PR is shown in Figure 1. 

a) Boc-NH-CHz-CHj-S-CHj-/^ -0-CH2-CONH- Resin 

i) SPPS Boc/HBTU in situ neutralisation 
ii) HF/p-cresol 9:1, -5°C, 90 minutes 

[HIV-1 PR (l-50)]-NH-CH2-CH2-SH + Br-CH2-CO-[HIV-l PR (53-99)] 

Ligation in 6M Gn.HBr, 100 mM Tris, pH 8.5, 3-12 hours, 
8 mg of each peptide in 1 ml solution 

V" 
[HIV-1 PR (1-50)]-[NH-CH2-CH2-S-CH2-Co]-[HIV-1 PR (53-99)] 

Thioether isostere 

b ) -NH-CH2-CO-NH-CH2-CO- -NH-CH2-CO-S-CH2-CO-

Gly-Gly Thioester isostere 

Figure 1. a) Synthesis and ligation of HIV-1 PR with Gly51'52 replaced by a thioether isostere; 
b) Gly-Gly and Thioester isostere structures for comparison with the Thioether isostere. 
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Results and Discussion 

HPLC purified chemoselectively ligated HIV-1 PR analogues gave mass spectra 
consistent with the expected structure. Tryptic digest of [NHCH^H^CHjCO]51"52 

HIV-1 PR gave fragments of the expected masses as determined by LC-MS analysis. 
Using a modification of the method described in [2] (pH 6.5, I = 0.1M, 37°C), kinetic 
parameters and inhibition constants for the inhibitors JG365 [3] and DMP323 [4] were 
determined for the HIV-1 PR analogues (Table 1). 

Table 1. Kinetic parameters and inhibition constants of HIV-1 PR and analogues. 

HIV-1 protease 

Recombinant (HXB2 isolate) 
[NH-CH2-CH2-S-CH2-CO]4!M9 

[NH-CH2-CH2-S-CH2-CO]51M 

[NH-CH2-CO-S-CH2-CO]4M9 

[NH-CH2-CO-S-CH2-CO]51-52 

1-99 Synthetic (SF2 isolate) 

Km 
(uM) 

45 
200 

80 
250 

8 
21 

^cat 

(sec"1) 

10.6 
0.011 
1.2 
0.3 
4.6 

8 

JG365 
Kt (nM) 

4 
200,000 

1,900 
30,000 

40 
1.8 

DMP323 
Kj (nM) 

1.6 
17 
9 

30 
0.8 
1.0 

Comparison of both Gly48,49 isosteric HIV-1 PR analogues with X-ray structures of 
apo (5) and inhibited (3) HIV-1 PR suggest that the decrease of activity of these 
analogues was due to changes in both H-bonding within the secondary structure of the 
flaps, and changes in H-bonding to inhibitor (and presumably substrate). The lower 
activity of the Gly51,52 thioether analogue may be due to differences in stereochemistry 
within the structure of the flaps of this analogue. This study highlights the sensitivity of 
HIV-1 PR to subtle changes in the flaps region. 

References 

1. Schnolzer, M. and Kent, S.B.H., Science, 256 (1992) 221. 
2. Toth, M.V. and Marshall, G.R., Int. J. Peptide and Protein Res., 36 (1990) 544. 
3. Swain, A.L., Miller, M.M., Green, J., Rich, D.H., Schneider, J., Kent, S.B.H. and Wlodawer, 

A, Proc. Natl. Acad. USA, 87 (1990) 8805. 
4. Otto, M.J., Reid, CD., Garber, S., Lam, P.Y.-S., Scamati, H., Bacheler, L.T, 

Rayner, M.M. and Winslow, D.L., Anitmicrob. Agents Chemother., 37 (1993) 2606. 
5. Wlodawer, A., Miller, M., Jaskolski, M., Sathyanarayana, B.K., Baldwin, E., Weber, I.T., 

Selk, L.M., Clawson,L., Schneider, J. and Kent, S.B.H., Science, 245 (1989) 616. 

590 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

245 
The Design and Synthesis of a Metalloporphyrin-peptide 

Hybrid Artificial Protein 

G.R. Geier III and T. Sasaki 

Department of Chemistry, University of Washington, Seattle, WA 98195, USA 

Introduction 

The design and synthesis of artificial proteins have become an increasingly popular 
approach for studying protein folding, for understanding the behavior of native proteins, 
and for developing novel catalysts. In this study, we report the design and synthesis of 
an Fe(III)porphyrin-peptide hybrid artificial protein (Figure 1). 

In many artificial proteins, a templating molecule is used to organize short peptide 
chains into secondary and tertiary structures. In our hybrid, the porphyrin ring acts as a 
template by crosslinking the peptide. The Fe(III)porphyrin plays a second role as a 
possible catalytic site. Metalloporphyrins are well known prosthetic groups in many 
oxygen binding proteins. In monooxygenases, such as the cytochrome P450 family, the 
porphyrin delivers a single oxygen atom to an alkane or alkene substrate. 

Like the porphyrin, the peptide performs a pair of functions. First, it enhances 
the water solubility of the porphyrin. Second, it determines the environment directly 
surrounding the metal center of the porphyrin. By varying the amino acid sequence, one 
could produce a family of artificial proteins each with a unique binding site. 

Figure 1. Schematic drawing of the Fe(III)porphyrin-peptide hybrid artificial protein. 

Results and Discussion 

The Fe(III)porphyrin-peptide hybrid was designed to approximate the active site of 
native cytochrome P450 [1, 2]. This required tethering an amphiphilic alpha helix in 
reasonable proximity to the porphyrin ring. The peptide sequence was selected to adopt 
an alpha helical structure [3, 4] with hydrophilic residues projecting away from the 
porphyrin ring to enhance the water solubility of the hybrid, and non-polar residues 
projecting toward the porphyrin ring to produce a hydrophobic binding site. Two 
cysteine residues at i and i+\ 1 positions were included for coupling to the porphyrin. 
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The porphyrin ring selected provides two linking groups for coupling to the peptide, 
spaced the distance of three turns of an alpha helix. In addition, the linking arms position 
the peptide reasonably close to the porphyrin. The porphyrin fragment was synthesized 
via a phenyl-dipyrrylmethane intermediate [5-7]. The peptide chain (Ac-Ala-
Cys-Glu-Gln-Leu-Leu-Lys-Glu-Leu-Leu-Gln-Lys-Cys-Ala-NH2) was synthesized on an 
Applied Biosystems 43 OA peptide synthesizer. N-terminal Fmoc protection, DCC/HOBt 
coupling, and Rink resin were used. The hybrid was prepared from the porphyrin and 
peptide fragments [8], and metallated with Fe(II) acetate [9]. CD spectra of both the 
metal free and Fe(III) hybrids support our design. The hybrids are very helical with 
helicity independent of concentration (2x10 ~SM to 2xlO'6M) and percent TFE added. 
The independence of helicity with concentration suggests that the peptide is 
non-aggregating. The constant helicity with increasing TFE suggests high initial helicity. 
Solubility behavior of the hybrids is consistent with the amphiphilic nature of the 
peptide. The porphyrin alone is insoluble in aqueous media, but the hybrids are readily 
soluble in water with only a small amount of TFE added (10%-20%). 

Comparison of the NMR spectra of the peptide fragment and metal free hybrid also 
is in agreement with the intended structure. Protons on residues predicted to be close to 
the porphyrin ring are shifted up field owing to the aromatic ring current. Finally, CD 
spectra recorded at low TFE show a large induced CD band in the Soret region (400-450 
nm). Also, the ,̂max of the Soret band in the UV/Vis spectrum shifts and broadens with 
decreasing TFE. This suggests the formation of a face to face dimer. At low TFE, the 
open hydrophobic face of the porphyrin appears to prefer aggregation with a second 
porphyrin over contact with water. 

This study demonstrates an effective design and synthesis of a metalloporphyrin-
peptide hybrid. Studies examining the catalytic behavior of the hybrid, and the 
production of related molecules with different amino acid sequences are forthcoming. 
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Introduction 

Polyamines are ubiquitous biomolecules and play crucial roles in many cellular 
events [1], but the mechanisms by which they do what they do are largely unknown. The 
di- and polyamines putrescine, spermidine, and spermine have been found as mono- and 
di- y-glutamyl derivatives in rat liver homogenates [1]. This finding suggests that these 
molecules may influence the structure and function of proteins and peptides as a result of 
covalent attachment via glutamyl side chains. It is also known that in a peptide a-helix, 
amino acid side chains at positions /', i+4, i+7, and i+11 project from the same face of 
the helix. A helix may thus be stabilized if these side chains can be crosslinked, either 
covalently or noncovalently [3]. The distances between side chains in such an 
arrangement are approximately 5.5 A, the per-turn translation distance of the a-helix. 

The polyamine spermine contains four amino groups, protonated at physiological 
pH, that are separated by three, four ,and three carbons respectively. The distances 
between these positive charges are 4.6, 6.0, and 4.6 A, and could conceivably form ion 
pairs with negatively charged side chains in the /, i+4, i+7, and i+11 positions. 

In fact, spermine associates non-covalently with a synthetic peptide, SBP (Ac-YEQA 
AEQQEAAQEA-CONH2), increasing its a-helicity from 19 to 38% [4]. This peptide 
contains glutamates in the requisite positions for ionic interaction with spermine amino 
groups. In the present paper, we present evidence that another synthetic peptide, SBPII 
(Ac-YQAAAEAAEAA AEA-CONHj), can be covalently modified with spermine at the 
glutamyl side chain using guinea pig liver transglutaminase (GPLT). The covalently 
bound spermine is then in a position to form ion pairs with glutamates in the i+4, i+7, 
and i+11 positions of the helix. The effect on the helicity is even more dramatic than that 
caused by the non-covalent attachment. 

Results and Discussion 

SBPII was synthesized using standard Fmoc/DCC/HOBt chemistry. When spermine 
was added to SBPII, in the presence of GPLT, Ca+2, and DTT in pH 8 buffer at 37°C, 
a new compound formed in near-quantitative yield over 24 hours [4]. This compound 
was identified as SBPII-spermine by electrospray-ionization mass spectrometry [(ESI-
MS): 781.9 (M+2H)2+; and AAA (found/expected): Tyr (1/1), 4 Glx (4/4) Ala (9/9). 
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Figure 1. Schematic of spermine attached to SBPII via Gln 2. Proposed ionic interactions 
between positively charged amines of spermine and Glu6, Glu9, and Glu'3 are shown. 

SBPII-spermine is significantly more helical (60% helical) than SBPII (30% helical) 
(at pH 7, in the presence of 20% TFE) as determined by the molar ellipticity per residue 
at 222 nm. At pH 7, the side chains of the Glu residues are largely deprotonated, and the 
amino groups of spermine are largely protonated, leading to efficient ion pair formation. 
These interactions are decreased at other pH values, as either the Glu side chains become 
protonated and neutral, or the spermine amino groups become deprotonated and likewise 
neutral. In fact, SBPII-spermine shows similar helicity to SBPII at pH 5, 6, 8, and 9. 

The helical stabilization gained by covalently attaching spermine to a peptide 
appears to be much greater than that gained by non-covalent spermine-peptide 
association. Work is currently underway to synthesize a peptide covalently cross-linked 
by spermine through the / and i+11 positions. 
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Introduction 

A common consequence of peptide hormone interactions is receptor aggregation. Little 
is known concerning the cause, mechanism, or function of this event. Dimeric and 
heterodimeric compounds have been shown to affect multiple biological properties [1] 
and even to convert a hormone antagonist into an agonist [2]. We have explored new 
synthetic routes designed to lead to homo-oligomeric and hetero-oligomeric peptide 
analog structures based on modifications of the Tam MAP (multiple antigenic peptide) 
[3] approach, and have characterized both linear and cyclic [4] ligands. 

Oligomeric peptide analogs have intriguing prospects for probing the nature of 
biochemical molecular recognition. Here we report the synthesis and characterization of 
homo-oligomeric and hetero-oligomeric peptide analogs using two bioactive pharma
cophores as shown in Figure 1. 

Example: 
X= Tyr-D-Ala-Phe-Xxx 
Y= Arg-Gly-Asp 

Figure 1. Representative structures of homo-oligomeric (X=X'=Y=Y') and hetero-oligomeric 
(X=X'and Y=Y) or (X=YandX'=Y)peptide analogs. 

Ligand X 

Ligand X* 

Ligand Y 

Ligand Y' 

Results and Discussion 

The expected products (Table 1) were obtained based on amino acid analysis, mass 
spectrometry and, in some cases, proton NMR. All showed dramatic decreases from the 
predicted opioid activities. Most are based on deltorphin-like sequences, (Tyr-D-Ala-
Phe-Xxx-), which are known to be highly potent and usually 5 selective. Enkephalin 
dimers have been previously shown by several groups to furnish analogs with good 
potency [5]. It is likely that the MAP core hinders effective receptor binding. We are 
now modifying the core structure and we hope that utilizing appropriate spacer functions 
will overcome this apparent limitation. In the case of a dimeric peptide library 
(compound IV), this non-opioid derivative nevertheless shows modest (micromolar) 
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Table 1. Properties of oligomeric peptide analogs. 

Compound 

(Y-d-A-F-E)2-K-Aca-A 

( Y - a ^ k - K - G - K - A 

J 
(R-G-D^-K-G—' 
Y-a-^ o 

X-G-* 
R - G - D ' E 

*-̂ lJ 
: -A-OH 

MS 

calc. found 

1351.5 1351 

2007.3 2007.2 

2007.3 2007.9 

GPI 

1.9% at 
10 pM 

4561 
±1105 

25.9% 
atlOpM 

ic5 0 

MVD 

21.7% at 
10 pM 

59.1% at 
10 pM 

3.2% at 
10 pM 

R - G - D E 

C-Gly-B-Gly-A-Gly 
)Lys—Gly 

C'-Gly-B'-Gly-A'-Gly 
A, B, C and A', B", C = Glu, Tyr, Arg 

1320.5- 1320-
1524.8 1524 

5545 ± 
931 nM 

2086 ± 
946 nM 

activity in both the mu and delta assays. The additional "spacer" elements (glycine 
introns) may help overcome the MAP deficiencies cited above. Efforts are underway to 
deconvolute this library (27 x 27 analogs) to identify the most potent analog(s). 

We conclude that the preparation of these interesting peptide hybrids is synthetically 
feasible and can represent a useful starting point for new types of combinatorial 
sequences for drug discovery. 
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Introduction 

Collagens are composed of three a chains that intertwine to form a right-handed super-
helix. To fully understand the subtleties of collagen structure, we developed a branching 
protocol for solid-phase synthesis that ensures proper alignment of three peptide strands 
in triple-helical conformation [1,2]. The resulting triple-helical polypeptides (THPs), or 
"mini-collagens", are composed of 79-124 amino acids [1-3]. Following chemical 
synthesis of small proteins in the -80-125 residue range, reversed-phase (RP) HPLC is 
typically the purification method of choice as well as one of the analytical techniques 
used to verify product purity. We have studied the chromatographic behavior of three 
homo- trimeric THPs (see below), one of 124 residues and two of 106 residues, with the 
goal of developing conditions that optimize THP resolution and separation of impurities. 

THP-5 
THP-6 
THP-7 

[(GPP*)8GVKGDKGNPGFPGAP(Aha)]3(K,K)YG 
[(GPP*)6GVKGDKGNPGWPGAP(Aha)]3(K,K)YG 
[(GPP*)6GPQGIAGQRGVVGLP*(Aha)]3(K,K)YG 

Results and Discussion 

Seven different RP-HPLC columns were used in this study (Table 1). All three THPs 
were purified in two steps, first using preparative column 1 followed by semi-preparative 
column 2. Analytical RP-HPLC was initially used on a fraction of THP-5 eluting from 
column 1. This fraction, which contained the desired THP-5 by Edman degradation 
analysis, eluted as a very broad peak on large-pore columns 3 and 4. Substituting IPA 
for ACN, increasing column temperature to 60°C, or replacing TFA with either HFBA or 
sulfate/phosphate buffer, did not improve peak broadening. Switching to small-pore 
column 5 improved peak sharpness considerably. Sharpness was further improved on 
diphenyl column 6, but resolution was still poor. Finally, non-porous C18 column 7 
produced a well-resolved chromatogram. Following the second step purification with 
column 2, columns 6 and 7 eluted THP-5 as the sharpest and most well-resolved peaks. 

THP-6 was analyzed following two-step RP-HPLC purification. Sequencing showed 
that one purified fraction contained the desired THP-6. As was the case for THP-5, the 
sharpest peaks from this fraction were eluted by columns 6 and 7. 
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Following two-step purification, THP-7 RP-HPLC analysis was performed on 
fractions eluting at 31.0-32.0 min (fraction 1) and 36.5-39.0 min (fraction 2). These two 
fractions eluted from columns 6 and 7 as sharp, single peaks, having unique retention 
times. Sequence analysis indicated that fraction 1 was a deletion peptide while fraction 2 
was the desired THP-7. The apparent purity and difference in retention time of the two 
fractions demonstrated the effectiveness of the two-step purification to isolate the desired 
synthetic product from our crude mixture. 

Table 1. RP-HPLC column descriptions. 

Column 

1 
2 
3 
4 
5 
6 
7 

Vendor 

Vydac 
Vydac 
Dynamax 
Dynamax 
Hypersil 
Vydac 
Tosohaas 

Support 

c 
diphenyl 

c 
c4 
c 
diphenyl 

c 

Particle 

15-20 
5 
12 
5 
5 
5 
2.5 

size (pm) Pore: 

300 
300 
300 
300 
120 
300 
non ] 

size (A) 

Dorous 

Column size (mm) 

250 x 22 
250 x 10 
250x4.6 
250x4.6 
200x2.1 
250 x 4.6 
35x4.6 

We found that THPs can be best resolved from synthetic impurities by diphenyl or 
non-porous C„ RP-HPLC. The present and prior studies [1, 2] indicate that the 
homogeneities and compositions of THPs can be confirmed by a combination of Edman 
degradation sequence analysis, MS, AAA, HI-HPLC, SE-HPLC, and diphenyl and 
non-porous Cl8 RP-HPLC. While RP-HPLC is an indispensable tool for the purification 
of THPs, critical analysis of these biomolecules should be based on techniques that 
minimize or are not affected by triple-helical structural perturbations. 
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Introduction 

GrowMol [1] is a computational method for the de novo generation of novel structures 
complementary to the active site of a target enzyme. GrowMol is useful for discovering 
novel inhibitors of metalloproteases [1] and rediscovering known inhibitors [2]. The 
method has been successfully applied to the aspartic acid protease pepsin. Here, we 
discuss the discovery of a new class of pepsin inhibitors, unsymmetrical peptidyl ureas. 

Results and Discussion 

Application of GrowMol to the pepsin-Abbott renin inhibitor (A66702) [3] complex 
(inhibitor removed) created approximately 25,000 potential inhibitors. Many, highly 
diverse, unsymmetrical peptidyl ureas were generated. The majority of these potential 
inhibitors were comprised of two hydrophobic moieties connected by a urea linkage. 
The GrowMol-generated structure 1 was simplified to the unsymmetrical peptidyl urea 2, 
to provide the initial synthetic target (Scheme 1). The procedure [4] for the preparation 

Simplification 

Scheme 1. 

of unsymmetrical ureas is shown for the initial target 2 (Scheme 2). In the presence of 
diisopropylethylamine (DIEA), 13-cyclohexylalanine methyl ester 3 was added slowly to 
triphosgene solution at 0°C. A solution of phenylalaninol 4 and DIEA was then added, 
in one portion, at room temperature to afford the unsymmetrical peptidyl urea 2 (82%). 

Pepsin inhibition assays were conducted under standard conditions [5]. Methyl ester 
2 and the benzylphenyl analog 5 moderately inhibited pepsin, Ki = 68 ± 7 pM and Ki = 
35 + 10 pM, respectively (Table 1). Incorporation of a statine moiety (6) increased 
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1. DIEA (2.2), triphosgene (0.4), 
CH2Cl2,0oC 

., DIEA (2.2), CH2CI2 
Ha.NH,'^S 'CH20H 82% 

Scheme 2. 

pepsin inhibition (Ki = 20 + 2 pM). The terminal amide analog 7 did not inhibit pepsin 
at its solubility limit (100 pM) and the benzyl ether control 8 was inactive. The 
dipeptide control 9 was a moderate pepsin inhibitor, Ki = 83 + 6 pM. 

Table 1. Inhibition constants for the simplified GrowMol target and several analogs. 

GrowMol was used to discover a new class of pepsin inhibitors, unsymmetrical 
peptidyl ureas. A series of unsymmetrical ureas was synthesized and shown to display 
moderate inhibition. This work demonstrates that GrowMol successfully predicts novel 
biologically active enzyme inhibitors. 
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Introduction 

A key component in the design of artificial ion channels is the design of regulatory 
elements. As a first step in this direction, we have synthesized a derivative of the peptide 
ion channel, gramicidin, with an extension designed to act as a gate at the entrance (and 
exit) of the channel. A conformational change of the gate (cis-trans isomerization of a 
carbamate group) moves a charged amino group relative to the mouth of the channel and 
regulates cation flux. This process results in conductance steps in single-channel 
recordings of these derivatives [1]. Since modelling indicates that the charged amino 
group may actually enter the mouth of the channel, and may therefore experience some of 
the voltage-drop across the membrane, we were interested in testing for a voltage 
dependence of the conformational behaviour of these channels. 

Results and Discussion 

Figure 1 shows single channel recordings of gramicidin-l,3-propane diamine in 
glycerol-monooleate/hexadecane membranes. In this derivative, OC(0)NH(CH2)3

+ has 
replaced the C-terminal hydroxyl group of the parent molecule. The derivative was 
synthesized and purified as described previously [1]. The steps to and from the baseline 
correspond to dimerization and dissociation of gramicidin channels, respectively. The 
steps to different current levels which occur during the lifetime of the dimer are a result 
of cis-trans isomerization of the two carbmate linkages in the channel [1] (one linkage on 
each monomer). As the applied voltage increases, the two upper current levels and the 
two lower current levels merge. We have shown previously, using channels with only 
one end modified, that at 200mV it is isomerization of the carbamate group at the 
entrance of the channel which is responsible for the largest current steps [1]. Clearly, at 
lower voltages, the conformational state of the carbamate group at the channel exit can 
also have a significant effect on the observed current (Figure 1). For each voltage, we 
measured the total time spent in each state over a time period long enough so that each 
state was well-sampled. The fraction of time the channel had a cis-carbamate at the 
entrance was 14% of the total at 50 mV and increased to 25% at 300 mV. This finding 
indicates a clear linkage between applied voltage and conformation. The magnitude of 
the effect is modest, and we suggest that it might be due to a stabilizing effect of voltage 
on a subset of cw-state conformers which place the charged terminal amino group 
partially within the channel itself. 
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Figure 1. Single-channel recordings of gramicidin-1,3-diaminopropane at different voltages. 
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Introduction 

Collagen type I serves as a structural protein and is an important recognition element in 
the interaction of cells with molecules of the extracellular matrix. Type I collagen is the 
most abundant of the collagens and has a heterotrimeric structure consisting of two a 1(1) 
chains and one a2(I) chain. Several regions of the a 1(1) chain have been identified as 
binding sites for cell receptors. One of these sites, the sequence ccl(I) 757-791 within the 
cyanogen bromide fragment 7 [ocl(I)CB7], inhibits the fibronectin-mediated adhesion of 
Chinese hamster ovarian cells to type I collagen [1]. Applying solid-phase methodology 
developed to synthesize branched triple-helical collagen-model peptides (THPs) allows 
the study of the significance of the triple-helical conformation in biological processes [2]. 

Results and Discussion 

A collagen-model polypeptide incorporating residues 772-786 from the collagen al(I)-
chain (Gly-Pro-Gln-Gly-Ile-Ala-Gly-Gln-Arg-Gly-Val-Val-Gly-Leu-Hyp) with a triple-
helical conformation was synthesized. The a 1(1)772-786 THP was purified on a 
preparative Cl8-reversed-phase HPLC and a second purification was performed on a 
semi-preparative reversed-phase diphenyl column [3]. The molecule was characterized 
by Edman degradation sequence analysis, analytical HPLC and LD-MS. Edman 
degradation sequence analysis indicated that the crude THPs contained at least 50% of 
the desired product. From the purification, a small fraction of a peptide was isolated 
which by Edman degradation was characterized to contain the deletion sequence 
772-783, missing the first three amino acids close to the branch. In conformation 
analysis by CD, the al(1)772-786 THP exhibited typical features of a collagen-like 
conformation such as a large negative mean residue ellipticity [0]m at 200 nm and a 
positive [0]m at 225 nm. On recording the ellipticity as a function of temperature, 
a 1(1)772-786 THP exhibits a temperature dependent melt with a melting temperature of 
ca. 43°C. 

Cellular responses were studied by adhesion of normal human dermal fibroblasts 
(NHDF) to the triple-helical peptides al(1)772-786 THP, al(1)772-783 THP, the linear 
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Figure 1. Adhesion of fibroblasts as a function of al (1)772-786 THP (solid line), al (1)772-783 
THP (dashedline), or al(1)772-786SSP (dottedline) concentration. 

single stranded peptide al(I)772-786 SSP and the triple-helical peptide GPP* containing 
only the structural motif through 8 repeats of Gly-Pro-Hyp. 

No adhesion could be observed for the linear peptide at a concentration below 70 
pM. The NHDF showed a profound preference for adhesion to the triple-helical peptide 
al(I)772-786 THP with a 50% cell adhesion at 2 pM peptide concentration. Fibroblasts 
showed a considerably lower adhesion activity towards the shorter al(I)772-783 THP. 
No adhesion activity could be seen with the generic triple-helical peptide GPP*. These 
results demonstrate the importance of amino acid residues 784-786 in cellular 
recognition and the significance of the triple-helical conformation for cell adhesion to 
this specific collagen recognition site. 
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Introduction 

Regioselectively addressable functionalized templates (RAFT) [1] are valuable topo
logical scaffolds for use in protein de novo design according to the TASP concept 
(Template Assembled Synthetic Proteins) [2]. In this context, we have performed the 
first detailed conformational investigation of such molecules using a combination of 
NMR, restrained molecular dynamics, and CD spectroscopy. 

Results and Discussion 

RAFT molecules are typically orthogonally protected lysine-containing cyclic deca
peptides. In this study, three prototype RAFT were examined which contain up to four 
selectively addressable sites (1, 2) or have selectively addressable faces (3). They may 
be represented by the general formula: 

Y3 Y5 Y8 Yio 

II II 
c[P—G K—X—K P—G K—X—K] 1-3 

(For X = A; 1 has Y8 = Dde[3], Y10 = Boc, Y3 = Aloe, Y5 = Fmoc; 2 has Y8, Y3 = Aloe, 
Y5, Y10 = Boc. For X = K; 3 has Y3, Y5, Y8, Y'° = Boc, Y4 = Y9 = Aloe) 

Templates of this type with only one kind of protecting group cannot be studied 
readily by NMR, owing to the inherent residue redundancy and consequent loss of 
information. In 1-3 however, the removal of symmetry by differential protection 
permitted a full characterization by 600MHz COSY, TOCSY, and NOESY experiments. 
The progressive change in the symmetry of these systems was particularly evident on 
comparison of the NOESY spectrum of 1 with those of 2 and 3, where in the former case, 
all four lysine spin systems could be identified. NOE experiments also demonstrated that 
all the peptide bonds in the templates are trans; in the case of proline this was shown by 
an NOE between Ha-Lys5/I° and H6-Pro6". 
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Based on additional data from amide thermal coefficient analysis and selective 
(soft-COSY) experiments, a type II P-turn was predicted about the Pro-Gly units. This 
was supported by CD spectra in several different solvents, which for all three RAFT 
resemble the so-called Class B spectrum [4], indicative of such turns (Figure 1.) 

Figure 1. CD spectra of 1-3 in H20-MeOH (50/50, v/v); concentration 0.5mg/ml. 

For restrained molecular dynamics simulations of 1, the starting structure deduced 
from the NMR results was based on two type II P-turns, linked by two tripeptide motifs 
in an extended conformation with all lysines on one face of the template. In the course of 
lOOps simulations at 600K and 900K, no significant violations of the NMR-derived 
constraints were observed, and no structures in which lysines were oriented on both faces 
of the template were generated. The averaged (<&, 4*) values obtained for the Pro"6 and 
Gly2'7 residues were still close to those expected for a slightly distorted type II p-turn [5]. 

In summary, we have demonstrated that RAFT 1-3 have stable well-defined 
conformations. This knowledge should prove very useful in applications of RAFT that 
use their ability to present functional groups in fixed spatial orientations. 
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Introduction 

Recently, we reported the discovery of a new class of opioid peptide-derived 8 
antagonists that contain a tetrahydroisoquinoline-3-carboxylic acid (Tic) residue in the 
2-position of the peptide sequence [1]. The two prototype antagonists were the tetra
peptide H-Tyr-Tic-Phe-Phe-OH (TIPP) and the tripeptide H-Tyr-Tic-Phe-OH (TIP). 
The pseudopeptide analog H-Tyr-Tic4*[CH2-NH]Phe-Phe-OH (TIPPPF]) showed high 
8 antagonist potency, extraordinary 8 selectivity and stability against enzymatic 
degradation [2], Subsequently, the Ala3-analog of TIP was shown to retain moderate 8 
antagonist potency [3]. Surprisingly, iodination at the 3'-position of the Tyr1 phenol ring 
converted the antagonist into an agonist in the case of TIPP, but not in the case of TIP 
and TIPP[*P] [4]. Here we describe TIPP analogs containing an aliphatic amino acid 
residue in the 3-position of the peptide sequence that are highly potent and selective 8 
antagonists. We present the opioid activity profiles of Trp3-analogs of TIP(P) and an 
analysis of their tryptophan fluorescence decay in dilute aqueous solution, in an effort to 
examine the possibility of differences in aromatic ring clustering. 

Results and Discussion 

Replacement of Phe3 in TIPP with Leu, Ile or norvaline (Nva) resulted in compounds 
that retained potent 8 antagonist activity in the mouse vas deferens (MVD) assay and 
showed high 8 selectivity in the opioid receptor binding assays (Table 1). Obviously, an 
aromatic residue in the 3-position of the peptide sequence is not absolutely required for 
high 8 antagonist potency. Most interestingly, saturation of the Phe3 aromatic ring in 
TIPP, as achieved through substitution of cyclohexylalanine (Cha), led to a compound 
(H-Tyr-Tic-Cha-Phe-OH [TICP]) with substantially increased 8 antagonist potency and 
higher 8 selectivity than the parent peptide. The corresponding pseudopeptide H-Tyr-
TicH'tCH-.-NHJCha-Phe-OH (TICPPF]) showed a further improvement in 8 antagonist 
activity. 
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Table 1. In vitro opioid activities of TIPP analogs. 

Compound 

H-Tyr-Tic-Phe-Phe-OH 
H-Tyr-Tic^CH^NHFhe-Phe-OH 
H-Tyr-Tic-Leu-Phe-OH 
H-Tyr-Tic-Ile-Phe-OH 
H-Tyr-Tic-Nva-Phe-OH 
H-Tyr-Tic-Cha-Phe-OH 
H-Tyr-Tic¥[CH2-NH] Cha-Phe-OH 
H-Tyr(3'-I)-Tic-Cha-Phe-OH 
H-Tyr-Tic-Trp-Phe-OH 
H-Tyr-Tic-Trp-OH 
H-Tyr(3'-I)-Tic-Trp-Phe-OH 

MVD assay 

Ke [nM]" 

4.80 
2.89 
8.59 

13.1 
8.17 
0.438 
0.219 

12.7 
2.56 
6.23 
19.8 (IC40)C 

Opioid receptor binding* 

K;" [nM] 

1720 
3230 
904 

6460 
6900 
3600 
1050 
4010 
1790 
5000 
1630 

K* [nM] 

1.22 
0.308 
2.84 
4.37 
2.62 
0.611 
0.259 
3.33 
0.301 
7.55 
2.20 

K/VKi6 

1410 
10500 

318 
1480 
2630 
5890 
4050 
1200 
5950 
662 
741 

"Determined against DPDPE. 'Displacement of [3H]DAMGO (p-selective) and [3H]DSLET (5-
selective) from rat brain membrane binding sites. Tartial agonist (maximal inhibition of 
electrically evoked contractions = 80%). 

In comparison with H-Dmt-Tic-Phe-Phe-OH (Dmt = 2',6'-dimethyltyrosine) [4], 
TICP[*P] shows the same extraordinarily high 8 antagonist potency but is seven times 
more 8-selective. It is a 13 times more potent 8 antagonist than TIPP[*P] and, due to the 
presence of the reduced peptide bond, can be expected to be equally stable against 
enzymatic degradation [2]. Thus, TICPPP] represents a superior new 8 antagonist. 
Interestingly, the analog H-Tyr(3'-I)-Tic-Cha-Phe-OH was an antagonist in the MVD 
assay with a potency about 30 times lower than that of TICP. Thus, unlike in the case of 
TIPP, introduction of an iodine substituent at the 3'-position of Tyr1 in TICP did not 
produce a 8 agonist. This result demonstrates again how a relatively subtle structural 
modification, such as the saturation of an aromatic ring, can have a determinant effect on 
agonist versus antagonist behavior. 

TIP(P) peptides are very hydrophobic and structurally flexible molecules that may 
undergo a so-called "hydrophobic collapse" [5] in an aqueous environment. It is 
possible that subtle structural modifications, such as introduction of an iodine substituent 
at the 3'-position of Tyr1 or saturation of the Phe3 aromatic ring may produce different 
patterns of aromatic ring clustering that may result in either 8 agonist or 8 antagonist 
activity, as described above. To examine this possibility, we prepared and characterized 
Trp3-analogs of TIP(P) peptides. H-Tyr-Tic-Trp-Phe-OH (TITP) and H-Tyr-Tic-
Trp-OH (TIT) were found to be very selective 8 antagonists with activity profiles similar 
to those of their respective parent peptides (TIPP and TIP) (Table 1). On the other hand, 
H-Tyr(3'-I)-Tic-Trp-Phe-OH showed a nearly full 8 agonist effect in the MVD assay, in 
parallel to the 8 agonist behavior observed with its iodinated parent H-Tyr(3'-I)-Tic-Phe-
Phe-OH [4]. Tryptophan fluorescence decay measurements were performed in aqueous 
buffer (pH 7.5, 20°C) at low concentration (5 x 10"5 M). Analysis of the fluorescence 
decay of N-acetyltryptophanamide resulted in a single fluorescence lifetime (T = 3.04 ns) 
which reflects the aqueous environment of this reference compound (Table 2). In the 
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Table 2. Tryptophan fluorescence decay analysis of TIPP-relatedpeptides. 

Compound i; [ns] a, 

H-Tyr-Tic-Trp-Phe-OH 2.645 0.415 
1.463 0.536 
0.323 0.049 

H-Tyr-Tic-Trp-OH 2.610 0.484 
1.340 0.470 
0.317 0.046 

H-Tyr(3'-I)-Tic-Trp-Phe-OH 5.087 0.231 
1.590 0.680 
0.253 0.089 

N-acetyltryptophanamide 3.040 1.0 

case of the peptides a three-component analysis produced the best fit with the 
fluorescence decay curves. The longest fluorescence lifetime determined for TITP and 
TIT was about 2.6 ns, indicating that the indole moiety in these peptides is exposed to 
the aqueous environment. On the other hand, the iodinated Trp3-analog showed a 
longest-lived component of 5.1 ns with an amplitude factor (a) of 0.23, suggesting that 
in a significant proportion of conformers the Trp side chain is somewhat shielded from 
the solvent and located in a more hydrophobic environment provided by the other 
aromatic rings present in the molecule. It thus appears that iodination at the 3'-position 
of Tyr produced a change in the pattern of aromatic ring clustering which may be related 
to the observed conversion of an antagonist into an agonist. 
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Introduction 

Oxytocin (OT) antagonists are of potential therapeutic value for the prevention of 
pre-term labor and as pharmacological tools for studies on the physiological actions of 
OT [1]. A radioiodinated OT antagonist from these laboratories [125I] d(CH2)5[Tyr(Me)2, 
Thr4,Tyr-NH2

9]OVT [2] has found widespread use for studies on OT receptor locali
zation and characterization [1-3]. Here we present a series of OT antagonists based on 
modifications of our lead OT antagonist desGly-NH2, d(CH2)5[Tyr(Me)2,Thr4]OVT (A) 
[4] modified at position two (Table 1) [5], which are more potent and more selective than 
Atosiban (d[D-Tyr(Et)2,Thr4]OVT [6], the sole OT antagonist currently in clinical trial 
for the prevention of premature labor [7]. We also present a new series of radio
iodinatable OT antagonists (Table 2). These were designed by incorporating a variety of 
iodinatable substituents at the C-terminal of A via an Eda (ethylene diamine) linker. 

Results and Discussion 

Replacement of the Tyr(Me)2 residue in A [4] Table 1 by D-Tyr(Me)2, Tyr2, D-Tyr2, 
D-Phe2 and D-Trp2 led to the series of OT antagonists 1-5 (Table 1) [5] which, with the 
exception of No. 2, are all more potent than Atosiban [5, 6]. More significantly, four of 
these new peptides (Nos. 2-5) exhibit substantial reductions in anti-Vu potencies relative 
to Atosiban. Thus all are as potent or more potent than Atosiban and all are more 
selective than Atosiban. They are thus promising candidates for development as 
potential tocolytic agents for the prevention of pre-term labor. The four new 
retromodified radioiodinated OT antagonists (Nos. 2 to 5, Table 2) possess very similar 
pharmacological properties to those of No. 1, Table 2 [2]. These retromodified OT 
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Tablet. Oxytocin antagonists based on desGly-NH2,d(CH3)5[X2,Thr4]OVT which are more 
potent and more selective in vivo than Atosiban. 

No. 

A 
1 
2 
3 
4 
5 

X2 

Atosibanbc 

Tyr(Me)4 (A)d 

D-Tyr(Me)e 

Tyrc 

D-Tyrc 

D-Phec 

D-TrpE 

Anti-OT 
ED" 

5.95 
1.3 
1.09 
5.87 
2.85 
3.86 
3.08 

Anti-V„ 
EDa 

48.5 
23 
38 
420 
272 
338 
248 

ED 
Ratiof 

8 
17 
35 
72 
95 
88 
80 

Potency vs 
Atosiban8 

1 
5 
5.5 
1 
2.1 
1.5 
1.9 

Selectivity vs 
Atosiban11 

1 
2 
4.4 
9 
12 
11 
10 

"The effective dose (ED) is defined as the dose in vivo (in nanomoles/kilogram) of antagonist that 
reduces the response to 2 x units of agonist to the response with x units of agonist administered in 
the absence of antagonist; bAtosiban is d[D-Tyr(Et)2,Thr4]OVT [6]. Originally reported in ref. 6 
as a Vla agonist; cData from a repeat synthesis reported in ref. 5; dData from ref. 4; This 
publication and ref. 5. fED Ratio = anti-Vla ED/anti-OT ED. 8Anti-OT potencies relative to the 
ED of Atosiban. hED Ratios relative to ED Ratio of Atosiban. 

Table 2. Retromodified radioiodinatable OT antagonists. 

Anti-OT Ki; Anti-Vla Anti-V2 

No. Peptide pA2"
c nMd pA2

b'c pA2
b-c 

1 d(CH2)5[Tyr(Me)2,Thr4,Tyr-NH2
9]OVTc 7.83 ± 0.04 0.17 7.02 ±0.07 -5 .2 

2 d(CH2)5[Tyr(Me)2,Thr4,EdaV 7.50 ±0.04 2.40 7.07 ± 0.09 -6 .0 
Tyr'°]OVTf 

3 d(CH2)5[Tyr(Me)2,Thr4,Eda9<- 7.66 ±0.06 1.50 6.96 ± 0.04 -5 .8 
D-Tyr'°]OVTf 

4 d(CH2)5[Tyr(Me)2,Thr4,Eda9<- 7.55 ±0.03 0.27 6.98 ±0.06 -5 .5 
HO-Phaa'°]OVTf 

5 d(CH2)5[Tyr(Me)2,Thr4,EdaV- 7.53 ± 0.03 0.47 6.86 ± 0.03 - 5.5 
HO-Phpa'°]OVTf 

Scatchard analysis using radioiodinated antagonists: Kd, nM8 

6 [I25I]-d(CH2)5[Tyr(Me)2,Thr4, 0.095 
Tyr-NH2

9]OVTth 

7 [125I]-d(CH2)5[Tyr(Me)2,Thr4, 0.076 
Eda9 <-HO-Phaa'0lOVTf 

"In vitro pA2 values represent the negative logarithm to the base 10 of the average molar 
concentration of antagonist which reduces the response to 2 x units of agonist to the response 
with x units of agonist; bEstimated in vivo pA2 values represent the negative logarithms of the 
"effective dose" (see footnote a Table 1) divided by the estimated volume of distribution (67 
ml/kg); cAnti-OT, anti-Vla and anti-V2 pA2 values have been estimated for the rat receptors; % 
values have been estimated for the human OT receptor except for analogue 1, where it was the rat 
OT receptor; "Original synthesis and pharmacological data reported in ref. 2; This publication; 
^ values have been estimated for the human OT receptor; bData from ref. 3. 

613 



M. Manning et al. 

antagonists exhibit high affinities for the human OT receptor. They can be radio
iodinated in good yield. The [l25I] OT antagonist (No. 7) is an excellent radioligand. It 
has a very good affinity and a low non-specific binding. At 80 pM, a concentration not 
far from the Kd value, the non specific binding is only 7.5% of the total binding. Another 
attractive property of these molecules should be their resistance to proteolytic 
degradation. This could make these antagonists suitable for in vivo studies (e.g. 
intracerebroventricular administration for behavioral studies or intravenous administra
tion for other functional studies). These retromodified OT antagonists could also be 
promising new candidates for use in the treatment of pre-term labor. 

We have presented in Tables 1 and 2 a series of new OT antagonists which are more 
potent in vivo than Atosiban [5, 6]. Those in Table 1 are also much more selective with 
respect to Vla receptor antagonism than Atosiban. The new potent and selective in vivo 
OT antagonists in Table 1 appear to offer advantages over Atosiban for development as 
tocolytics for the prevention of pre-term labor. We have also presented in Table 2 a 
series of new retromodified radioiodinatable OT antagonists which have high affinity for 
the human OT receptor. The [l25I] derivative (No.7) is a potentially useful new tool for 
studies on OT receptor localization and characterization. 
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Introduction 

The nonapeptide [Arg8] vasopressin (AVP) and oxytocin (OT) are two closely related 
members of a hormone family that differ by only two amino-acids. They apparently 
derive from the same ancestral gene and both are secreted from the posterior pituitary of 
male and female mammals. These hormones exert their biological effects on a large 
variety of cell types, including nerve cells, by receptors which are members of the opsin 
superfamily and which have the typical architecture of seven transmembrane domains. 
Within this superfamily, the four known AVP and OT receptors constitute a subclass. 

Results and Discussion 

Mammals have three types of vasopressin receptors (Via, Vlb and V2) and at least one 
type of oxytocin receptors [1]. Complementary DNAs encoding each of these have been 
isolated [2]. The primary structures of the Via, Vlb, V2 and OT receptors of several 
species including lower vertebrates as fish and snail are now available. Their relatedness 
resides predominantly in the transmembrane domains and the extracellular loops 1 and 2. 
The gene encoding for the human V2 receptor has been localized to the distal region of 
the long arm on the X chromosome at the level of q28-qter locus, a region identified as 
the locus for congenital nephrogenic diabetes insipidus [3]. The gene encoding for the 
human OT receptor has been localized on chromosome 3p26.2, an area not associated 
with known genetic disorders [4]. Both genes contain introns [3-5]. 

A huge amount of pharmacological data on the biological actions of AVP and OT 
and on their receptors have been published [6]. They have led to the design of AVP and 
OT analogues that are potent and selective agonists and antagonists of the antidiuretic 
(V2-mediated) and vasopressor (VI-mediated) responses to vasopressin and of the 
uterotonic response to oxytocin. Pharmaceutical companies have also developed 
nonpeptide antagonists for Via, V2 and OT receptors. It should be noted that there are 
marked differences among mammalian species in the ligand selectivity and distribution 
of AVP and OT receptors [2]. Transposition of pharmacological data obtained in the rat 
to other mammalian species may be hazardous and lead to erroneous interpretations. 

In collaboration with M. Manning and his group, we have developed a series of 
radioiodinated antagonists having a high affinity and a high selectivity for the Via and 
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OT receptors. These ligands are very useful for identification, pharmacological 
characterization and localization of AVP and OT receptors, particularly in the central 
nervous system. They have been essential to reveal the plasticity of AVP and OT 
receptors as well as the potential role of AVP receptors in nerve cell regeneration [7]. 
Equally worth mentioning is the design of a series of photoactivatable and iodinatable 
vasopressin linear antagonists that should be suitable to identify the antagonist binding 
domain of the receptor using a biochemical approach. 

While the primary structures of many receptors are now known, their conformations 
are not. However, a three dimensional model of the vasopressin Via receptor has been 
proposed [8], based on the model of bacteriorhodopsin and refined according to the 
experimental projections map of bovine opsin. The model predicts that AVP, which is 
characterized by a cyclic structure could be completely buried into a 15-20A deep cleft 
defined by the transmembrane helices of the receptor and interact with amino-acids 
located within this region. Some of these amino-acids involved in agonist binding have 
been selected for site-directed mutagenesis. In addition, this model is proposed for all 
the members of this receptor family. The agonist binding cleft of this receptor family 
would be situated in a position equivalent to that described for the cationic 
neurotransmitters. 

Using our three dimensional model [8], and data obtained after labelling the renal V2 
receptor with a photoreactive vasopressin [9], a single residue, located on the first 
extracellular loop of the receptor, has been shown to be crucial not only for agonist high 
affinity binding but also for receptor selectivity [10]. One hopes that a better 
understanding of the structure-function relationships will help to determine the molecular 
basis of the pharmacological properties of these receptors and lead to a rational design of 
specific agonists and/or antagonists. 
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Introduction 

Diabetes is a systemic disease most readily characterized by hyperglycemia. Insulin has 
proven to be a highly effective drug in the management of elevated blood glucose and 
thus sustained life for millions of diabetics. However, it is extremely difficult to 
normalize blood glucose with conventional insulin therapy. The Diabetes Control and 
Complications Trial (DCCT) was a multicenter study that examined the influence of 
intensive glucose management over the course of the last decade [1]. The results clearly 
confirmed the reduction of diabetic microvascular complications in those persons with 
diabetes capable of maintaining a more normal glucose profile. The most disconcerting 
features to the intensively insulinized patients were an increase in severe hypoglycemic 
events and the rigid lifestyle imposed by multiple dose insulin regimens. 

Insulin analogs that provide a more precise time of action have been postulated as a 
means to improved and safer glucose control. Current insulin formulations are poor 
surrogates for normal physiology where insulin release from the pancreas is closely 
matched to increases in glucose concentrations. Subcutaneous injection of a mealtime 
insulin, such as soluble regular insulin (currently the most rapid acting commercial 
formulation), provides insulin in a protracted fashion for an excessively extended 
duration [2]. The absorption of insulin is influenced by several molecular and physio
logical factors. The inherent ability of insulin to self-associate to higher molecular 
forms, most notably the hexamer, is an apparent rate limiting step in achieving a 
biological response since insulin must dissociate to a primarily monomeric form to enter 
the circulation. Consequently, there is significant interest in understanding the physical 
and chemical aspects that govern insulin self-association and recognition by the insulin 
receptor [3]. 

The foundation of our approach to the structural improvement of human insulin was 
grounded in the thinking that only the slightest of change should be introduced. 
Lys(B28), Pro(B29) human insulin (Lys-Pro) is an analog where the naturally occurring 
amino acid sequence of insulin at positions B28 and B29 is reversed [4], The design of 
this particular analog was inspired by the natural sequence of Lys-Pro at the homologous 
position in Insulin Like Growth Factor I [5]. Lys-Pro insulin is equipotent to human 
insulin and yet absorbed more quickly from subcutaneous injection sites [6]. This 
renders the insulin more suitable for mealtime glucose control where administration is 
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timed nearly simultaneous to a meal and the duration of action appears nearly identical to 
the extent of the glucose excursion. Physicochemical studies suggest that this more 
desirable time action is due primarily to a weakend propensity to self-association relative 
to human insulin [7]. 

Results and Discussion 

In this report, we present results from one year clinical studies in 631 patients with 
diabetes mellitus that were designed to compare the mealtime efficacy of Lys-Pro insulin 
to human regular insulin in regimens of intensive insulin management. Patients with 
diabetes were randomized to subgroups using either Lys-Pro or regular as a pre-meal 
insulin with no change in the basal insulin. The glycemic treatment goals were a fasting 
glucose of 140 mg/dL without hypoglycemia and maintenance of 2 hour post-meal 
glucose concentrations below 180 mg/dL. Patients administered regular insulin 30-45 
min before or Lys-Pro 0-15 min before each meal. The recommended injection-meal 
intervals were used to avoid biasing the studies in favor of the more rapid acting Lys-Pro 
[8, 9]. All injections were advised to be given subcutaneously in the abdominal area 
only. Hypoglycemia was defined as a patient experiencing any sign or symptom 
normally associated with hypoglycemia (regardless of serum glucose), or a serum 
glucose value below 36 mg/dL. 

In insulin-dependent patients with diabetes the mean postprandial rise in serum 
glucose concentration was 92% lower at two hours in Lys-Pro treated patients than those 
using regular insulin. At study completion, the mean HbAl(. level was slightly but 
significantly lower in the Lys-Pro group compared to the regular insulin group (8.1% vs. 
8.4%, p=.03). There was no difference in the overall rate of hypoglycemic episodes 
between Lys-Pro and human regular insulin treated patients. However, there was 
evidence of reduced risk of hypoglycemia in Lys-Pro treated patients experiencing 
improved glucose control. Among all patients with hemoglobin A,c values of < 7%, 
treatment with Lys-Pro resulted in a 33% reduction in the number of patients 
experiencing more than 2 episodes of hypoglycemia each 30 days compared to regular 
insulin. There was no evidence of a significant Lys-Pro specific immunogenic response 
or an increased crossreactive insulin antibody titer. The magnitude of slight weight gain 
was comparable in both groups and there were no differences in the frequency or types of 
adverse events between the two study groups. 

In summary, the inversion of the B28 and B29 residues of human insulin to yield 
Lys-Pro insulin results in an analog with the same amino acid composition and isoelectric 
properties as human insulin. Large scale clinical studies have proven Lys-Pro insulin to 
be an efficacious, safe, and convenient mealtime insulin agonist. 
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Introduction 

Amylin is a 37 residue, disulfide-bridged, C-terminally amidated peptide hormone that 
shows some amino acid sequence homology with CGRP and calcitonin. It is co-secreted 
with insulin from pancreatic (3-cells in response to nutrients and is believed to act as a 
partner to insulin in regulating blood glucose. The biological actions of amylin have 
recently been reviewed [1,2] and appear to be the result of activation of high affinity 
amylin receptors first identified in the nucleus accumbens region of rat brain [3]. In 
juvenile-onset (Type I) and late stage maturity-onset (Type II) diabetes amylin is 
deficient. However, amylin levels appear to be elevated in insulin resistant obese 
people, including many with hypertension, and in those with the so-called "syndrome X". 
It has been proposed that excess amylin action contributes to the metabolic and 
cardiovascular disorder of "syndrome X" and that amylin blockade is a novel therapeutic 
approach to this apparently pre-diabetic (Type II) state. Herein, we describe the 
identification of potent and selective peptide amylin antagonists, two of which have been 
investigated preclinically and in Phase I clinical studies. 

Results and Discussion 

All peptides were synthesized using standard solid phase Boc or Fmoc strategies, 
purified by HPLC and tested for inhibition of l25I-rat amylin binding to nucleus 
accumbens membranes [3]. In previous studies with CGRP, truncated analogs lacking 
the disulfide bridge were reported to be full CGRP receptor antagonists [4]. We initially 
tested the following truncated peptides for binding to the amylin receptor: rat amylin 
8-37, hCGRP 8-37 and salmon calcitonin 8-32 (la). Surprisingly, we found that the 
shorter peptide, salmon calcitonin 8-32 (la) was the most potent amylin inhibitor. A 
series of analogs of (la) was designed and synthesized in an effort to specifically enhance 
binding and selectivity to the amylin receptor. The results are shown in Table 1. In the 
first series of peptides (Ib-Ih) several positions in (la) were chosen for replacement 
(underlined) by the corresponding amylin amino acids. The effects of peptide length and 
acetylation were also explored. The most potent peptide of this series, (Ig) (AC253) (Ki 
= 0.06 ± 0.01 nM), was also tested for inhibition of 125I-hCGRP binding to the CGRP 
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Table 1. Inhibition of radioligand binding by peptide antagonists. 

Peptide Amino Acid Sequence" Ki(nM)b 

rAmylin 8-37 ATQRLANFLVRSSNNLGPVLPPTNVGSNTY -NH2 289 ± 82 
hCGRP 8-37 VTHRLAGLLSRSGGVVKNNFVPTNVGSKAF- NH2 8.4 ± 4.0 

la VLGKLSQELHKL QTYPRTNTGSGTP-NH, 1.22 ±0.24 
Ib Ac-VLGKLSQELHKL QTYPRTNTGSGTP-NH2 0.22 ± 0.02 
Ic Ac-VLGKLSQELHKL QTYPRTNTGSNTY-NH, 0.34 ± 0.09 
Id Ac-LGKLSQELHKL QTYPRTNTGSNTY-NH2 0.70 ±0.07 
le Ac-LGKLSQELHRL QTYPRTNTGSNTY-NH, 0.07 ± 0.02 
If Ac-LGRLSQELHKL QTYPRTNTGSNTY-NH2 0.18 ±0.01 
Ig (AC253) Ac-LGRLSQELHRL QTYPRTNTGSNTY-NH2 0.06 ± 0.01 
Ih Ac-GRLSQELHRL QTYPRTNTGSNTY-NH2 17.6 ±3.2 

Ila Ac-ATQRLANFLVRS PVLPPTNVGSNTY-NH2 63 ±24 
lib Ac-ATQRLANFLVRS OTYPRTNVGSNTY-NH-, 0.5 ±0.1 
He Ac-ATQRLANFLVRL OTYPRTNVGANTY-NH, 0.04 ±0.01 
lid Ac-TQRLANFLVRL- -OTYPRTNVGANTY-NH, 0.10 ±0.02 
He (AC625) Ac-ATQRLANELVRL QJYPRTNVGSNTY-NH2 0.64 ± 0.13 
Hf Ac-ATQRLANQLVRL -OTYPRTNVGSNTY-NH-, 0.13 ±0.05 
Ilg Ac-ATQLLANELVRL -QJYPRTNVGSNTY-NH, 1.71 ±0.02 
Ilh Ac-ATQQLANELVRL -OTYPRTNVGSNTY-NH, 2.7 ± 0.4 
Hi Ac-ATQLLANQLVRL -OTYPRTNVGSNTY-NH, 0.46 ± 0.08 

" The dashes in the sequences have been introduced to allow the alignment of the peptides with the 
sequence of rat amylin 8-37 and CGRP 8-37. 

b Results are Ki's (mean ± SEM, n > 2) for inhibition of 125I-rat amylin binding to nucleus 
accumbens membranes. 

receptor in SK-N-MC cell membranes [5] and for inhibition of l2SI-human calcitonin 
(125I-hCT) binding to the calcitonin receptor in Cla-6 cell membranes [6]. The Ki's at 
these receptors were 13.5 ± 2.4 nM and 0.4 ± 0.05 nM, respectively. This peptide was 
selected for further evaluation (vide infra). 

In the second series of peptides we incorporated selected features of sequence (la) 
into amylin 8-37. Based upon a homology alignment with (la), five amino acids in the 
middle of rat amylin 8-37 were deleted resulting in (Ila) which had increased potency. 
Subsequent modifications (underlined) to this peptide were done to incorporate residues 
thought to be important for potency in series (Ia-Ih) as well as other residues to explore 
different properties. Although (lie) (AC625) was not the most potent amylin inhibitor 
(Ki = 0.64 ± 0 . 1 3 nM) in vitro from series II, comparative in vivo data resulted in its 
selection for further evaluation. Ki's for (lie) as an inhibitor of 125I-hCGRP binding 
to the CGRP receptor in SK-N-MC cell membranes and of 125I-hCT binding to the 
calcitonin receptor in Cla-6 cell membranes were 6.1 ± 0.4 nM and 2.6 ± 0.4 nM, 
respectively. 

To test for the ability of (Ig) (AC253) and (He) (AC625) to antagonize the effects of 
pharmacologic doses of amylin in vivo [7] each peptide was administered to fasted, 
anesthetized rats as a bolus injection of 1.5mg followed by a continuous infusion at 
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0 2 4 6 
Hours from start of amylin infusion 

Figure 1. Prevention of amylin-induced increase in plasma lactate by preinfusion with amylin 
antagonist in anesthetized rats [7j. 

3mg/hr for 1.5 hr. Thirty minutes after the start of antagonist infusion a 50 pg bolus of 
rat amylin was injected, followed by a continuous infusion of rat amylin at 50 pg/hr for a 
further 6 hours. The results, shown in Figure 1, illustrate the ability of (Ig) (AC253) and 
(He) (AC625) to inhibit amylin-induced hyperlactemia. 

In summary, we have identified two series of peptides, (Ia-Ih) and (Ila-IIi), which 
inhibit binding of amylin to its receptor in nucleus accumbens membranes and are 
effective in vivo in antagonizing metabolic actions of amylin. Two of these peptides, 
(Ig) (AC253) and (He) (AC625), have been further evaluated preclinically and in Phase I 
clinical studies. 
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Introduction 

Individual compounds can be identified from soluble synthetic combinatorial libraries by 
either of two methods, the iterative strategy [1] or the positional scanning strategy [2, 3]. 
In the positional scanning approach, a single defined position (O) is walked through all 
positions along the peptide length, e.g. OZZZ-NH2, ZOZZ-NH2, ZZOZ-NH2, and 
ZZZO-NH2. The most active amino acids can be determined for each position in a single 
screening. Individual peptides representing all possible combinations of the most active 
amino acids are then synthesized and tested for activity. Thus, using this method only a 
single synthesis is required to obtain individual peptides following screening. During 
synthesis of a mixture position (Z) in a positional scanning library, all amino acids are 
coupled simultaneously. Due to the different coupling rates of the amino acids, the 
amino acid mixture used for coupling must contain amino acid ratios which will yield an 
approximately equimolar coupling of all amino acids present in the mixture. Such ratios 
have been determined for a series of L-, D- and unnatural amino acids. A positional 
scanning tetrapeptide library has now been prepared containing 16 L-, 14 D-, and 20 
unnatural amino acids. This library was screened in a radioreceptor assay selective for 
the p opioid receptor and used to rapidly identify potent new p-selective peptides. 

Results and Discussion 

Each of the mixtures making up the tetrapeptide positional scanning library was screened 
for its ability to inhibit binding of [3H]-DAMGO to rat brain membranes. The mixtures 
were initially screened at a fixed concentration (0.008 mg/ml). IG50 values were 
subsequently calculated for those mixtures which inhibited >90% of [3H]-DAMGO 
binding for positions 1-4. The most active mixtures found were: position 1, YZZZ-NHj 
(IC50 = 500 nM); position 2, Z(D-Nve)ZZ-NH2 (IC50 = 690 nM), and Z(D-Nle)ZZ-NH2 

(IC50 = 1112 nM); position 3, ZZFZ-NH2 (IC50 = 824 nM), ZZGZ-NH2 (ICS0 = 1119 nM) 
and ZZWZ-NH, (IC50 = 1227 nM); and position 4, ZZZ(L-Nap)-NH2 (IC50 = 279 nM) 
and ZZZW-NH2 (ICS0 = 850 nM). Thus, amino acids chosen for inclusion in the 
synthesis of individual peptides were as follows: position 1-Tyr, position 2- D-Nve and 
D-Nle, position 3 - Phe, Trp and Gly, position 4- L-Nap and Trp. Twelve combinations 
of these amino acids were synthesized as individual peptides. IC50 values obtained for 
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Table 1. IC50 values for individual peptides in assays selective for p, 6, and K receptors. 

Peptide 

Y-(D-Nve)-G-Nal-NH2 
Y-(D-Nle)-G-Nal-NH2 
Y-(D-Nve)-G-W-NH2 
Y-(D-Nle)-G-W-NH2 
Y-(D-Nve)-F-W-NH2 
Y-(D-Nve)-W-Nal-NH2 
Y-(D-Nve)-W-W-NH2 
Y-(D-Nve)-F-Nal-NH2 
Y-(D-Nle)-F-W-NH2 
Y-(D-Nle)-W-W-NH2 
Y-(D-Nle)-F-Nal-NH2 
Y-(D-Nle)-W-Nal-NH2 

IC50 (nM) 

0.2 
1 
3 
5 
5 
5 
5 
7 
15 
17 
30 
32 

8 

IC50 (nM) 

28 
27 
90 
107 
92 
201 
257 
219 
178 
816 
223 
164 

K 

IC50(nM) 

203 
816 
1701 
2250 
228 
214 
752 
1221 
1178 
2045 
1859 
1226 

67p 

140 
27 
30 
21 
18 
40 
51 
31 
12 
48 
7 
5 

Ratio 

K/p 

1015 
816 
567 
450 
46 
43 
150 
174 
79 
120 
62 
38 

these peptides in assays selective for the p, 8 and K receptors are given in Table 1. The 
screening of this library of 6.3 million tetrapeptides (504) and testing of the twelve 
individual peptides identified was accomplished in two weeks. This study illustrates the 
power of the positional scanning concept for the rapid identification of new receptor 
ligands. 
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and Selective Dyn A(1-11)-NH2 Analogs 
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Introduction 

Dynorphin A is the putative endogenous ligand for the K opioid receptor and is highly 
potent at all three of the commonly accepted opioid receptors. This characteristic is 
shared by Dyn A(1-11)-NH2 (1), which was used as a template in this study (Table 1). 
The in vivo use of Dyn A-like peptides is hindered by at least two problems: i) a lack of 
selectivity for the K receptor; and ii) a high sensitivity of several peptide bonds of Dyn A 
analogs to enzymatic degradation. We recently reported that alkylation of the tyrosine 
residue in position 1 and replacement of the glycine residue in position 3 with L- and 
D-alanine (2-5) lead to peptides with p vs K selectivity ratios ranging from 57 to 350 [1, 
2]. Synthesis and testing for in vitro stability in mouse brain homogenates of a series of 
analogs of 1 with one reduced bond showed that the Leu5-Arg6 bond was the most 
susceptible to enzymatic degradation, though this bond modification lead to a 
non-selective peptide 6 [3, 4]. In an attempt to increase both selectivity and enzymatic 
stability, we have synthesized analogs containing two or three of the above mentioned 
modifications. 

Results and Discussion 

Replacing the Arg6 by its D counterpart lead to a stable analog, as the t1/2 for 7 was > 500 
min, compared to 42 min for 1. As for 6, that also displayed a t1/2> 500 min, though high 
potency was retained, the K vs p selectivity was very poor. Stable analogs 8 and 9 with a 
D-alanine residue in position 3 displayed a slight increase in K selectivity and complete 
resistance to enzymatic degradation. Unfortunately, this increase was only small when 
compared to the one obtained for peptides 1, 4 and 5, so apparently the changes are not 
additive. Also, it seems that modifications at the 3 and 6 positions are mutually 
exclusive, as shown by the loss in affinity for 9. Adding a propyl chain onto the tyrosine 
residue (10) only decreased further the affinity at all three receptors. 10 and 11 were 
synthesized and tested to see if the two modifications that increase drastically the 
selectivity for the K receptor with no loss of affinity were additive. Results were not as 
good as expected, as these analogs showed about a 4 to 7 fold loss in affinity for the K 
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Table 1. Binding affinities, selectivities and enzymatic stabilities of various Dyn A analogs'. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

Peptideb 

DynA(l-ll)-NH2 

[Propyl-Tyr1] 
[Butyl-Tyr1] 
[D-Ala3] 
[Ala3] 
[ (CH2-NH)W] 
[D-Arg6] 
[D-Ala3, (CH^NH)5"6 

[D-Ala3,D-Arg6] 
[Propyl-Tyr1 ,D-Ala3,D-Arg6] 
[Propyl-Tyr',D-Ala3] 

K 

0.58 
1.02 
2.15 
0.76 
1.10 
0.61 
0.90 
2.8 
15 
56 
5.2 

IC50(nM)a 

H 

9.9 
192 
123 
260 
210 
0.64 
3.1 
13 
268 
939 
1437 

5 

26 
637 
319 
1,000 
730 
32 
45 
3,600 
5,680 
14,210 
3,879 

Selectivity 

p/K 

17 
188 
57 
350 
190 
1 
3 
5 
18 
17 
276 

8/K 

44 
625 
148 
1300 
660 
52 
50 
1286 
379 
254 
679 

Stability 

^(min) 

42 
60 
55 
82 
-
>500 
>500 
>500 
>500 
>500 
-

Binding affinities and enzymatic stabilities were determined as described in [3, 4]. 
b All peptides, except 1, are Dyn A(l-11)-NH2 analogs. 

receptor. Nevertheless, the K vs p and 8 selectivities were conserved or even improved 
in 10 which contained a N-propyl tyrosine residue in position 1. The K VS p selectivities 
slightly decreased, when compared to 4. Overall, results indicated that the best 
selectivities were obtained with the combination of the N-propyl Tyr1 and D-Ala3 

modifications. 
We have been able to design peptides that were stable to enzymatic degradation, but 

that displayed no or very poor K VS p selectivity. This feature was improved by the 
incorporation in the message segment of these peptides of modifications that we had 
previously found to yield highly selective Dyn A analogs. Finally, the combination of 
both message modifications lead to peptides which displayed no increase in selectivity 
when compared to their parent compounds. It therefore seems that the two modifications 
were not additive. 
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Processing Enzymes 
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Introduction 

Relaxin is a two chain peptide hormone made by the corpus luteum of the ovary during 
pregnancy [1]. Relaxin's best known action is to remodel smooth muscle and connective 
tissue of the reproductive tract in preparation for parturition [2], and newly detected sites 
of production and action suggest it has a wider physiological role. Relaxin is found in 
male prostate tissue and seminal plasma, and high affinity receptors for the hormone have 
been detected in rat heart [3] and brain tissue [4]. 

Relaxin is member of the insulin family of peptide hormones [5] and is produced by 
processing of a larger precursor, prorelaxin, which consists of the B chain linked to the A 
chain by a connecting C peptide of around 100 residues. During processing, the C 
peptide is excised and the A and B chains trimmed to their mature lengths. Structures of 
the stored and secreted forms of relaxin are known and the processing sites have been 
postulated [6]. Cleavage occurs between a Leu and Ser at the B chain - C peptide border 
and after the tetrabasic sequence between the C peptide and A chain. The enzymes that 
process prorelaxin have not been elucidated. 

A simple test was designed to detect prorelaxin processing activity. It was applied to 
fractionated porcine ovary extracts and cleavage at prorelaxin processing sites detected. 
Active material was isolated, characterized and found to be a member of the prohormone 
convertase (PC) [7] family of processing enzymes. 

Results and Discussion 

A rapid and convenient test was established to detect prorelaxin processing activity in 
porcine ovary extracts. Unmodified peptide substrates were chemically synthesized 
which represent the two prorelaxin processing sites. Cleavage of these peptides was 
detected using reversed phase high performance liquid chromatography (RP-HPLC) and 
capillary electrophoresis (CE) and resulting fragments were identified by their retention 
times compared to synthetic standards. 

Secretory granules were purified from the granulosa cells of pregnant pigs and the 
contents of the granules were fractionated. After ammonium sulfate precipitation, the 
proteins were separated by affinity-, anion exchange-, then hydrophobic interaction 
chromatography. Fractions from each step were tested for ability to cleave the synthetic 
substrates at the prorelaxin processing sites. 
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The fractions were also tested for immunoreactivity with polyclonal antisera raised 
against synthetic peptides that represent sequences from prohormone processing 
enzymes. Fractions that were active in both tests were further purified by microbore 
RP-HPLC and analyzed by immunoblotting and Edman sequencing. 

A 67kD enzyme was purified which was immunoreactive with the polyclonal 
antisera. The enzyme cleaved the C peptide - A chain spanning peptide after the 
tetrabasic sequence Arg Lys Lys Arg and did not cleave the peptides at any other sites. 
The enzyme was Ca2+dependent, with optimal activity in the peptide cleavage test at a 
Ca2+ concentration of lOmM and at pH 5.5-6.5. The inhibition profile of the enzyme 
suggested it was a serine protease. Sequence analysis identified the enzyme as the 
porcine form of the processing enzyme prohormone convertase 1 (PCI). 

The PCs are a family of proprotein processing enzymes which have varied tissue 
distributions. PCI and PC2 are found mainly in endocrine tissues and have been shown 
to correctly process a number of prohormones including proinsulin. This is the first time 
PCI has been detected in the pig. It is also the first time the enzyme has been described 
in the ovary. 

A candidate prorelaxin processing enzyme has been isolated from the corpora lutea 
of pregnant pigs. Characterization of this enzyme demonstrates that it is the porcine form 
of prohormone convertase 1. Colocation of the enzyme with relaxin and prorelaxin in 
the luteal cell secretory granules suggests porcine PCI is a potential prorelaxin 
processing enzyme. 
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Introduction 

All cyclic opioid peptide analogs with high potency and high selectivity for either p or 8 
receptors that have been reported to date contain the essential tyrosine residue at the 
N-terminal position outside the ring structure [1]. Addition of a lysine residue to the 
N-terminus of various linear opioid peptides was reported to result in compounds 
retaining considerable p agonist potency [2]. In an effort to obtain cyclic opioid peptides 
containing the tyrosine residue as part of the ring structure, we prepared a series of 
peptides corresponding to the N-terminal tetrapeptide segment of deltorphin I or II that 
were N-terminally extended with L- or D-lysine and were cyclized between the e-amino 
group of Lys0 and the co-carboxylate function of Asp or Glu in the C-terminal position of 
the peptide sequence. 

Results and Discussion 

The cyclic parent pentapeptide H-Lys-Tyr-D-Ala-Phe-Asp-NH2 was a fairly potent p 
agonist in the p receptor-representative guinea pig ileum (GPI) assay and a weak agonist 
in the mouse vas deferens (MVD) assay (8 receptor-representative) (Table 1). The 
D-Lys'-analog of this peptide was a weak antagonist (Kc = 2.63 pM) against the 
p-selective agonist H-Tyr-D-Ala-Phe-Phe-NH2 (TAPP) in the GPI assay. Diastereomers 
with a D-configured Asp5 residue or with D-configuration at both the 1- and the 
5-position residue showed weak activity in both assays. Expansion of the peptide ring 
structure through replacement of Asp5 with Glu resulted in a compound, H-Lys-Tyr-
D-Ala-Phe-GIu-NH2, with an unchanged activity profile. Surprisingly, reduction of the 
Tyr2 - D-Ala3 peptide bond produced a drastic decrease in both p and 8 agonist potency. 
The Gh/-analog H-Lys-Tyr-Gly-Phe-Asp-NH2 also turned out to be a weak p agonist, 
whereas the corresponding Glu5 analog showed weak p antagonist activity (Ke = 2.66 
pM). It thus appears that increased structural flexibility in the central part of the peptide 
sequence is detrimental to high p agonist potency. Replacement of Tyr2 in the parent 
peptide with 2',6'-dimethyltyrosine (Dmt) led to a compound, H-Lys-Dmt-D-Ala-Phe-
Asp-NH2, that showed a very potent p agonist effect in the GPI assay (IC50 = 25.4 nM). 
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Table 1. In vitro opioid activities and receptor affinities of cyclic peptide analogs. 

GPI assay MVD assay Receptor binding assays" 

Compound IC50 [nM] 

508 
2630 (K& 

4650 
>10000 

409 
, >10000 

5430 
2660 (Key 
25.4 
490 
246 

IC50 [nM] 

9580 
)" 966 

4070 
>10000 
63300 

>10000 
8640 

' >10000 
part, agonisf 

K/'fnM] 

624 
11600 

>10000 
18600 
4030 
3020 

>18900 
>50000 

391 
54.0 (KJ7 3720 
11.4 9.43 

K;5 [nM] 

>700000 
>14500 
41700 

>360000 
6870 
7050 

275000 
>100000 

135 
408 
2.53 

H-Lys-Tyr-D-Ala-Phe-Asp-NH2 

H-D-Lys-Tyr-D-Ala-Phe-Asp-NH2 

H-Lys-Tyr-D-Ala-Phe-D-Asp-NH2 

H-D-Lys-Tyr-D-Ala-Phe-D-Asp-NH2 

H-Lys-Tyr-D-Ala-Phe-Glu-NH2 

H-Lys-Tyr4'[CH2NH]D-Ala-Phe-Asp-NH2 

H-Lys-Tyr-Gly-Phe-Asp-NH2 

H-Lys-Tyr-Gly-Phe-Glu-NH2 

H-Lys-Dmt-D-Ala-Phe-Asp-NH2 

H-Lys-D-Dmt-D-Ala-Phe-Asp-NH2 

[Leu5]enkephalin 

"Displacement of [3H]DAMGO (p-selective) and [3H]DSLET (8-selective) from rat brain 
membrane binding sites. 'Antagonist (Ke determined against TAPP). "Partial agonist (maximal 
inhibition of electrically evoked contractions = 30%). "Antagonist (Kc determined against 
DPDPE). 

The effect was p receptor-mediated, since it was reversed by low concentrations of 
naloxone (Kc = 2.16 nM). This compound represents the first example of a cyclic opioid 
peptide that contains the essential Tyr (Dmt) residue within the ring structure and still 
retains high p agonist potency. Its high p agonist activity observed in the GPI assay was 
in contrast to its low p receptor affinity determined in the binding assay. This 
discrepancy may reflect either a species difference or a difference in the structural 
requirements between central and peripheral p receptors. Therefore, this peptide may 
turn out to be a valuable tool in further studies of p receptor heterogeneity. The 
diastereomeric peptide H-Lys-D-Dmt-D-Ala-Phe-Asp-NH2 was a moderately potent p 
agonist in the GPI assay and a fairly potent 8 antagonist against [D-Pen2,D-Pen5] 
enkephalin (DPDPE) in the MVD assay, thus representing another prototype of a mixed 
p agonist/8 antagonist. 
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Introduction 

GHRH is a 44 residue hypothalamic peptide that stimulates both synthesis and release of 
pituitary GH [1]. The biological activity of GHRH resides in the N-terminus and 
hGHRH(l-29)NH2 is the shortest fragment that retains full bioactivity [2]. GHRH, 
however, is cleaved by dipeptidyl peptidase IV (DAP-IV) that circulates in the plasma of 
most species to yield an inactive GHRH(3-44) [3]. Thus, most analogs have been 
designed to resist DAP-IV activity. Some success in producing longer acting analogs 
has been achieved by introducing modified tyrosines for Tyr1, substituting D-amino acid 
surrogates for Tyr1 or Ala2, and substituting beta- branched Val or Thr for Ala2. We 
surmised that a relatively simple modification could be made at the N-terminus that 
would maintain activity and impart resistance to DAP-IV activity. 

We chose to explore analogs of Leu27GHRH(l-29)NH2 where Tyr1 was replaced by 
acyl glycines because of their ease of synthesis, high coupling efficiency, and lack of 
potential for racemization. N-acetylGly1 and p-methylbenzoylGly1 (pMH) analogs were 
prepared by SPPS and compared with native Tyr1 and des-NH2Tyr' for their ability to 
stimulate GH secretion in cultured rat pituitary cells and resist DPP-IV activity. 

Results and Discussion 

The results of in vitro GH release are shown in Table 1. Both the des-NH2Tyr' and 
N-acetylGly1 analogs were significantly (p<0.05) less potent stimulators of GH secretion 
than were either native hGHRH(l-29)NH2 or the corresponding Leu27 reference peptide. 
The pMH1 analog, however, was surprisingly only slightly less active than native 
hGHRH(l-29)NH2 and twice as potent as the Leu27 parent. 

The resistance to DAP-IV was assessed by measuring the degradation of 30 pg each 
of Leu27 hGHRH and the pMH1 analog exposed to 1ml of porcine plasma at 37°C during 
a 2 hour incubation period. A linear regression of parent peptide remaining in solution 
[log absorbance (214nm) peak area] was used to calculate an apparent half-life of 
12.2min for Leu27(l-29)NH2 and 121.5min. for the pMH' analog. Further, no peak 
corresponding to hGHRH (3-29)NH2 was observed at any time point for the pMH1 

analog. 
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Table 1. Potency of GHRH(129)NH2 and its analogs to release GH from rat primary pituitary 
cells . 

Analog N EC50 (nM) 

hGHRH(l-29)NH2 6 0.09±0.01 

L27,hGHRH(l-29)NH2 5 0.30±0.07 

des-NH2Tyr',L27,hGHRH(l-29)NH2 3 1.44±0.60 

N-AcGly',L27,hGHRH(l-29)NH2 6 2.12±0.43 

pMH',L27,hGHRH(l-29)NH2 6 0.14±0.06 

Pituitary cells were exposed to doses of each peptide ranging from OnM to 20nM. GH secreted 
into the medium was measured by RIA [4]. Data obtained for each dose was analyzed by ALLFIT 
to obtain the median effective concentration for stimulating GH release (EC50). Values represent 
the mean±SEM for 36 determinations. 

Previous studies have shown that the aromatic character and hydrogen bonding 
capability of Tyr1 is critical for activity and replacement of Tyr1 with most other residues 
has resulted in significant loss of receptor-ligand interaction [5]. We have shown that 
the use of a glycine linker to attach aromatic moieties to the N-terminus of hGHRH 
restores the activity that would normally be lost to a Gly1 substitution. We believe the 
pMH1 N-terminus could be integrated into the final stages of a recombinant synthesis to 
provide a potent, long-acting GHRH analog. In the course of this study, we found that 
/j-methylbenzoyl Gly1 (pMH) substitated GHRH provides a new analog with therapeutic 
potential for conditions of GH deficiency and insufficiency. 
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Introduction 

Diabetes mellitus is a widespread, degenerative disease that can be divided into two 
major categories: type I, or insulin dependent diabetes; and type II or non-insulin 
dependent diabetes. Type I diabetes is characterized by lack of suitable production of 
insulin by the beta cells of the pancreas, while in type II diabetes insulin levels are near 
normal, but increased gluconeogenesis and glycogenolysis are observed. According to 
Unger and Orci's [1, 2] bihormonal hypothesis of diabetes mellitus, insulin abnormality 
causes impairment of glucose utilization, and glucagon might be a primary mediator of 
the overproduction of glucose and ketone bodies in diabetes. Glucagon is a 29 residue 
polypeptide (MW=3,482) which interacts with hepatic receptors to stimulate glucose 
production and release during a hypoglycemic state (Figure 1). 

1 5 10 15 
H-His-Ser-Gln-Gly-Thr-Phe-Thr-Ser-Asp-Tyr-Ser-Lys-Tyr-Leu-Asp-Ser-Arg-Arg-Ala-

20 25 29 
Gln-Asp-Phe-Val-Gln-Trp-Leu-Met-Asn-Thr-OH 

Figure 1. Primary sequence of glucagon. 

In order to obtain a complete understanding of the mechanism of action of glucagon 
and its involvement in the diabetic state, new insights into glucagon structure-activity 
relationships are needed. Synthetic glucagon analogues can be used as specific 
biochemical probes that might enhance and identify those molecular features essential 
for receptor recognition (the binding message) and those necessary for transduction of 
message and corresponding physiological response (the activity message). 

Results and Discussion 

Previous results from the Hruby [3] and Merrifield [4] laboratories were considered in 
conjunction with incorporation of neutral, hydrophobic amino acid residues in positions 
9, 11 and 16 of the glucagon molecule. Six different glucagon analogues were designed, 
synthesized, characterized and evaluated for binding affinity and adenylate cyclase 
stimulation (Table 1). 
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Table 1. Biological activities of synthetic glucagon analogues. 

Compound 

Glucagon 

l-[desHis',Val9, 
Ile",Ilel6]-NH2 

2-[desHis1,Val9, 
Val",Val16]-NH2 

S-fdesHisWal9, 
Leull,Leu16]-NH2 

4-[desHis',Val9, 
Leu'^Leu'^Lys17, 
Lys18,Glu21]-NH2 

5-[desHis',Nle9, 
Leu",Leul6,Lys17, 
Lys18,Glu21]-NH2 

e-fdesHis^Nle9, 
Ile11,Ile16]-NH2 

Binding 

IC50(nM) 

1.5 

6.0 

6.0 

11.0 

6.5 

7.0 

9.0 

Relative Binding 
Potency (%) 

100 

25 

25 

14 

23 

21 

17 

EC50(nM) 

8 

ia@10pM 

ia@ lOuM 

ia@ 10pM 

ia@ lOpM 

ia@10pM 

ia@10pM 

Adenylate Cyclase 

Maximum % 
Stimulation 

100 

0 

0 

0 

0 

0 

0 

pAj 

6.15 

6.20 

6.30 

6.25 

7.25 

7.25 

Compared to glucagon (IC50=1.5nM), analogues 1-6 were found to have IC50 values 
of 6.0nM, 6.0nM, ll.OnM, 6.5nM, 7.0nM and 9.0nM, respectively. When these 
compounds were tested for their ability to block adenylate cyclase (AC) activity, they 
were found to be antagonists having no stimulation of AC and pA2 values of 6.15, 6.20, 
6.30, 6.25, 7.25 and 7.25, respectively. This suggests that replacing Asp9, Ser" and Ser16 

with more hydrophobic residues, produces little loss in binding potency, while inhibiting 
adenylate cyclase activation. From a kinetic point of view, there is an interesting lack of 
correlation between glucagon antagonist binding and pA2 values. This may be due, in 
part, to a difference in agonist versus antagonist binding which leads to varying 
dissociation rates. 
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Introduction 

We have recently described the introduction of racemic ce-Fmoc, oc'-Boc-aminoglycine 
[Fmoc-D/L-Agl(Boc)] [1] and Fmoc-D/L-Agl(Me, Boc) into peptides as scaffolds for 
SAR studies (see J. Rivier, et al. this volume, p. 275). Acylation/alkylation of the side 
chain amino function of a newly incorporated Agl readily mimics the side chains of most 
amino acids by simply varying the acylating/alkylating agent employed. The use of these 
racemic betidamino acids for SAR, however, is predicated on the working hypothesis 
that aminoglycine and its alkylated and acylated derivatives are compatible with 
biological systems. We herein report on (i) the introduction of betidamino acids into a 
bioactive gonadotropin releasing hormone (GnRH) antagonist and (ii) their utilization in 
the identification and design of new receptor-specific somatostatin (SRIF) analogs. 

Results and Discussion 

Peptides were synthesized by SPPS using a Boc/benzyl strategy employing standard 
protocols [2]. After incorporation of either racemic Fmoc-Agl(Boc) or Fmoc-Agl(Me, 
Boc), removal of the Boc protection and acylation of the newly unmasked amino side 
chain using an appropriate acyl halide or carboxylic acid, the Fmoc group was cleaved 
and the synthesis completed. The SRIF analogs were oxidized (following HF cleavage) 
using I2 in AcOH. The crude, diastereomeric peptide mixtures were purified by 
preparative RP-HPLC using two solvent systems [3]. A nomenclature scheme based on 
elution position in 0.1% TFA/CH3CN has been adopted with the hydrophilic 
diastereomeric peptide being arbitrarily labeled as containing L or D-Agl(acyl) and the 
hydrophobic one as containing D or L-Agl(acyl). Peptides obtained were characterized 
by HPLC, CZE and LSIMS and shown to have purities in excess of 95%. 

To investigate biocompatability of the betide scaffold, we prepared Agl(acyl)-
substituted analogs of the GnRH antagonist Acyline [Ac-D2Nal-D4Cpa-D3Pal-Ser-
4Aph(Ac)-D4Aph(Ac)-Leu-ILys-Pro-DAla-NH2] (4Aph is 4-aminophenylalanine, Ilys is 
NE-isopropyllysine) [4]. Acyline is fully active in an antiovulatory assay at 2.5 pg/rat 
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and is long acting; replacement of D-2Nal with L-2Nal decreases the potency by a factor 
often (full inhibition at 25 pg/rat). Using the corresponding betidamino derivative D/L-
Agl(2-naphthoyl) [b2Nal], one diastereomer ([Ac-L- or D-b2Nal']Acyline) obtained was 
equipotent to Acyline and the other one ([Ac-D- or L-b2Nal']Acyline) was less potent by 
only a factor of two . Replacing the D3Pal at position 3 with D/L-Agl(3-nicotinoyl) 
[b3Pal] gave diasteromeric peptides equipotent to the parent Acyline. These results (and 
others) lead to the conclusion that acylated Agl substitutions are compatible with 
biological systems and that D- and L-betidamino acid containing peptides (most of the 
time) only differ in potency by a factor of 1 to 5 (versus 5-1000 fold difference for the 
corresponding D- and L-amino acid substitutions in most peptides), suggesting that 
peptides with D- and L-betidamino acid substitutions may assume similar conformations. 

Using this betidamino strategy, we have begun to probe the structural requirements 
of the five known membrane-associated SRIF receptor subtypes (SSTR1-5), as only few 
receptor-specific SRIF ligands have been identified [5]. We report the biological effect 
of Agl-based substitutions at position 8 of des-AA1'2451213[DTrp8]SRIF, (Cys3-Phe6-
Phe7-DTrp8-Lys9-Thr'°-Phe"-Cys14), an analog with good affinity at all five cloned SRIF 
receptors. Both des-AA1A4'5-,2,13[D- and L-b2Nal8]SRIF had IC50> 1000 nM at SSTR1-5. 
Using Fmoc-D/LAgl(Me, Boc) provided des-AA1'2'4'5'12'13^- or D-b,3Me2Nal8]SRIF 
which showed marked selectivity for SSTR1 and SSTR3 (IC50 600 and 200 nM resp.). 
The other diastereomeric peptide, des-AA12'4-5l2l3[D- or L-b|3Me2Nalg]SRIF, had high 
selectivity and good potency for SSTR3 only (IC50 = 62 nM and IC50 > 1000 nM for 
SSTR1, 2, 4 and 5). Presumably, the introduction of the methyl group on the side chain 
of the betidamino acid influenced the available range of accessible conformational space, 
increasing the specificity of the ligand toward one receptor while concomitantly 
decreasing specificity toward the others. The conformational basis of these results is 
being investigated spectroscopically and computationally. Longitudinal scans (each 
amino acid in a sequence is substituted by the corresponding alkylated and non-alkylated 
betidamino acids) and orthogonal betide scans (libraries where Agl is reacted with a 
large number of acylating agents) will play a major role in peptide drug discovery. 
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Introduction 

The production of proteins containing non-proteinogenic amino acid residues by 
recombinant techniques is methodically limited. In order to obtain insulins with non-
proteinogenic amino acid residues a convenient enzymatic-chemical approach was 
pursued, which circumvents the oxidative combination of the separate A- and B-chain. 
The approach is based on the enzymatic condensation of both chains with subsequent 
oxidative folding of the monocatenate species. In this study, the practicability of the 
method for preparing insulins with non-proteinogenic amino acid residues is illustrated 
by the synthesis of [Tyr(NO2)

A14,AbzB1]des-B30-single-chain insulin containing 
2-amino- benzoic acid (Abz) and 3-nitrotyrosine. This donor/acceptor pair can be used 
for distance dependent resonance-energy transfer measurements [1]. 

Results and Discussion 

[Tyr(NO2)
A14,AbzB1]des-B30-single-chain insulin 1 was synthesized to investigate the 

distance dependent intramolecular resonance-energy transfer between Abz81 and 
Tyr(N02)

A14 [2], which should allow the monitoring of the formation of tertiary stucture 
by fluorescence emission measurements made during oxidative folding. 

[Tyr(N02)
A14]insulin-(Al-A21)-peptide 2 was prepared by SPPS on Wang-resin 

using the Fmoc/TBTU protocol whereas NB'-Boc[AbzB,]insulin-(Bl-B29)-peptide 3 was 
obtained by semisynthesis from native insulin. For the synthesis of 1, LysB29 of 2 and 
Gh/1 3 were condensed using lysyl endopeptidase (LEP) catalysis. After Boc 
deprotection, reduction with mercaptoethanol and removal of the reducing agent, 
oxidation in air yielded the disulfide-folded product 1 (RP-HPLC purity 93%). In 
Figure IA, RP-HPLC tracings of acid trapped folding intermediates and products at 
different times of air oxidation are shown. Fluorescence emission spectra recorded at 
different reaction times (Figure IB) reveal that the oxidative folding and formation of 
tertiary structure are accompanied by an increase of energy transfer from the donor to 
the acceptor (decrease of fluorescence quantum yield) and demonstrate that distance 
dependent processes during oxidative folding can be followed by the method. 
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Figure 1. (A) RP-HPLC diagrams of acid trapped samples during the oxidative folding of 
[Tyr(NO2)

A'4,AbzB'Jdes-B30-single-chain insulin 1. The hexathiol form was oxidized under air in 
aqueous 0.1 M glycine/NaOH buffer at pH 10.6, c(protein) = 0.5 mg / ml. (B) Fluorescence 
emission spectra at different times of the oxidative folding ofl. Excitation wavelength: 350 nm. 

After isolation of the folded product 1, it was proteolyzed by LEP to yield the 
dicatenate des-(B30)-insulin derivative. A LEP catalyzed transpeptidation carried out 
according to the procedure described in the literature [3] leads to the full-chain insulin 
analogue. The enzymatic-chemical approach described in this study allows us to 
prepare efficiently single-chain insulins as well as dichenar insulins starting from native 
and/or synthetic chains. 
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Introduction 

We have previously reported the development of NK, and NKj tachykinin receptor 
antagonists by the application of a "peptoid" design strategy [1,2]. This paper describes 
how a synthetic dipeptide library [3] has been implemented in the development of 
nanomolar dipeptide [4] and subsequently non-peptide [5] NK, receptor selective 
antagonists. 

Results and Discussion 

From the screening of our dipeptide chemical library through a cloned human NKj 
receptor binding assay, Boc(S)Phe(S)PheNH2 (IC50=1550nM) was identified as an initial 
lead compound. Conformational constraint was first introduced into this dipeptide by 
alpha-methylation at the C-terminal phenylalanine residue to give Boc(S)Phe(RS) 
aMePheNHj, (IC50=1520nM). Examination of the C-terminal SAR of this dipeptide led 
to a series of modified dipeptides exemplified by PD 157672 Boc(S)Phe(R)ccMePhe 
NH(CH2)7NHCONH2, (IC50=16nM). This compound is selective for the NK3 receptor 
over the NK, and NK^ receptors and acts as a competitive NK3 receptor antagonist in 
human and guinea pig functional assays [4]. 

Our next consideration was to reduce the peptidic nature of this ligand and hence the 
replacement of the N-terminal Boc(S)Phe moiety was investigated. The aMeTrp deriva
tive (RS)isopropylbenzyloxycarbonyl(RS)aMeTrp(Samethylbenzylamine was prepared 
as part of our NK, receptor program. As this compound was found to have micromolar 
affinity for the NK3 receptor (IC50=1200nM), the N-terminal isopropylbenzyloxy-
carbonyl moiety was identified as a possible replacement for the N-terminal BocPhe 
moiety in our dipeptide ligands. Replacement of the N-terminal BocPhe moiety in 
PDI57672 with (S)isopropylbenzyloxycarbonyl resulted in a non-peptide ligand with an 
IC50 value of 43nM for the NK3 receptor. 

Optimization of the phenyl ring of the aMePhe residue led to identification of PD 
161182 (Figure 1) which binds selectively to the NK3 receptor with an IC50 value of 7nM. 
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Figure 1. PD 161182. 

In vitro functional assays in human and guinea pig paradigms indicate that PD 161182 is 
a competitive NK3 receptor antagonist (Table 1). 

Table 1. In vitro functional data for PD 161182. 

In vitro functional assays, (Ke, nM) Binding affinities (IC50, nM) 

CHO cells0 GPbhabenula CHO cells0 GPd 

0.9(0.5-1.5) 6(4-7) 7(6-10) 4(1-6) 

a,b,c,d see reference [4]. 

We have described how a micromolar lead obtained from a dipeptide library has been 
developed into a high affinity non-peptide NK3 receptor selective antagonist. To our 
knowledge this represents the first example of the development of high affinity 
non-peptide antagonists for a membrane bound peptide receptor based on the screening 
of a synthetic peptide library. 
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Introduction 

This paper describes our continuing effort to develop insulin analogs with optimized 
pharmacodynamics for improved control of blood glucose and to evaluate the importance 
of the insulin C-terminal B chain region in insulin self-association. Our current approach 
is based on the introduction of cationic charge repulsion in the insulin dimer interface 
through substitution of the naturally occurring amide bond with an amino-methylene, 
\|/[CH2NH] moiety. 

Results and Discussion 

A sequential series of \|/[CH2NH] human insulin analogs in the B24-29 region were 
prepared by a combination of chemical methodologies including solid-phase, solution-
phase and semisynthetic techniques. 

All new peptides were studied, in vitro, by assaying for their ability to interact with 
both insulin and IGF-1 receptors on human placental membranes [1] and to stimulate 
glucose transport in isolated rat adipocytes [2]. As shown in Table 1, whereas most 
analogs retain considerable biological activity, the replacement of the peptide amide 
bonds in both PheB24 and PheB25 results in analogs with severely decreased biological 
potency. To examine the causes for the extremely low biological potencies observed in 
these Phe\|/[CH2NH] analogs, we further explored four additional analogs bearing both 
the \|/[CH2NH] and a single D-amino acid substitution at position B24, B25 or B26 
(Table 1). However, these substitutions afforded only inactive insulin analogs. 

The effects of introducing the \|/[CH2NH] unit in the C-terminal B chain region on 
insulin self-association was examined using equilibrium ultracentrifugation (Figure 1) 
[3]. All of the analogs examined were shown to self-associate to a considerably lesser 
extent than native human insulin. In particular, the replacement of the amide bond with 
the ^ [C^NH] unit within the aromatic B24-B26 region led to even less aggregated 
analogs than [LysB28, ProB29]-insulin, LysPro. It is known from analysis of the 2 Zn X-ray 
structure of insulin that the PheB24, PheB25 and Tyr826 residues play a critical role in the 
formation of an anti-parallel P-sheet within the dimer [4]. Therefore, the introduction of 
cationic charge repulsion in the aromatic p-sheet forming region effectively weakened 
the insulin dimer association. 
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Table 1. Relative receptor binding affinity and biological activity in the isolated rat adipocyte 
assay. 

Peptides Receptor binding potency Biological 

Human insulin 
IGF-1 
[PheB2>(CH2NH)]-HI 
[PheB2fy(CH2NH)]-HI 
[TryB2V(CH2NH)]-HI 
[Thr^VCHjNHH-HI 
[ProB2V(CH2NH)]-HI 
[LysB29t|/(CH2NH)]-HI 
[D-PheB24v|/(CH2NH)]-HI 
[D-PheB25\|/(CH2NH)]-HI 
[D-PheB24,PheB2>(CH2NH)]-HI 
[D-TyrB26,PheB25\j/(CH2NH)]-HI 

Insulin 

1.00 
0.03+0.003 
0.03±0.003 
0.02±0.003 
1.25±0.19 
0.47±0.06 
1.09±0.10 
1.05±0.17 
<0.01 
<0.001 
<0.01 
<0.001 

IGF-1 

1.00 
402.45±92.31 

0.14±0.07 
0.23±0.15 
2.06±0.76 
0.52±0.21 
1.65±0.47 
1.19±0.22 

potency 

1.00 
— 
0.01 
0.01 
0.76 
0.53 
0.90 
0.94 

10.0 

8 . 0 -

6 . 0 -

4 . 0 -

2 . 0 -

0.0 

0.0 1.0 2.0 
Concentration 

3.0 
(mg/ml) 

Figure 1. Equilibrium ultracentrifugation of human insulin and analogs in the absence ofZn. 
Human insulin fj); LysPro (0); Phe"24ilfCH^Hfinsulin (O); Ty^^CH^Hj-insulin (+); Thr"27 

ilfCHjNHfinsulin (A): ProB2Sil/(CHJNH)-insulin (v);LysB29 (CH^Hj-insulin (®). 
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Introduction 

In the view of their importance in insulin self-association and biological activity, the 
C-terminal residues (B24-B30) of the human insulin B chain have been the subject of 
numerous physicochemical and biological activity studies. Previous studies indicated 
that the absence of the terminal pentapeptide, Tyr-Thr-Pro-Lys-Thr, is of only modest 
biological consequence, and yet its presence is required for proper insulin self-
association. Here we report our attempt to examine the effect of each amino acid residue 
in the C-terminal B chain pentapeptide on insulin self-association through the sequential 
substitution of each naturally occurring amino acid residue with L-alanine. 

Results and Discussion 

The human insulin analogs were prepared either by conventional solid-phase and 
trypsin-catalyzed semisynthetic methods, or by chain combination using a synthetic B 
chain analog and an E. co//-expressed A chain. Each analog was assayed both for its 
affinities to the human placental insulin and IGF-1 receptors (Table 1) and its propensity 
to self-associate (Figure 1). Our results demonstrate that sequential alanine substitutions 
in this region of insulin have only modest changes in biological effects relative to human 
insulin, which is consistent with the previous structure-function analysis in this region. 
In equilibrium sedimentation experiments, each analog presented a diminished 
propensity to self-associate when compared to the native human insulin. The largest 
disruption to association was observed in [AlaB26]-insulin. The 2 Zn insulin X-ray crystal 
structure revealed that both of the Tyr826 residues in the insulin dimer are involved in the 
formation of hydrogen bonds and hydrophobic interactions within the anti-parallel 
P-sheet of the C-terminal region of the B chains [1]. Consequently, it was expected that 
the alanine replacement for Tyr826 would result in an analog with the weakest 
self-association in the series. The fact that [AlaB27]- and [AlaB29]-insulin analogs showed 
a similar reduced capacity for self-aggregation indicates that a nonpolar amino acid 
residue, such as alanine, at either B27 or B29 positions can also significantly alter insulin 
aggregation. This also suggests that the native Thr827 and LysB2S> play a role in stabilizing 
the insulin dimer. An unexpected result is observed in the study of [AlaB28]-insulin. Its 
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Table 1. Receptor binding assays. 

Peptides 

Insulin 

Relative receptor binding affinity 

IGF-1 

Human insulin 
IGF-1 
[AlaB26] 
[Ala827] 
[Ala828] 
[Ala829] 
[Ala830] 

Human insulin 
Human insulin 
Human insulin 
Human insulin 
Human insulin 

1.00 
0.017 ±0.001 
0.87 
0.95 
0.37 
0.62 
1.01 

0.04 
0.05 
0.06 
0.02 
0.09 

1.00 
456.84 ±158.41 
0.64 
1.28 
0.43 
0.43 
0.87 

± 
± 
± 
± 
± 

0.05 
0.04 
0.03 
0.07 
0.04 

1.0 2.0 
Concentration 

3.0 
(mg/ml) 

4.0 

Figure 1. Equilibrium ultracentrifugation of human insulin and analogs in the absence of Zn. 
Ala826-insulin (V); Ala627-insulin (0); Ala828-insulin (+); AlcP^insulin (A); LysPro (O).; Human 
insulin (CD). 

aggregation profile shows that it self-associates slightly better than the other analogs in 
this series. The importance of the Pro828 residue in insulin self-association is recognized. 
Our findings surprisingly demonstrate that modification of Pro828 can yield an insulin 
analog with high-affinity self association. Furthermore, [AlaB28]-insulin showed a 
relatively low bioactivity in vitro but was fully active in vivo (unpublished data). In 
conclusion, our study demonstrates a clear structural basis for optimal insulin 
self-association. 
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Introduction 

Recently, the cyclic casomorphin analog H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] (1) has 
been shown to be an opioid peptide with mixed p agonist/8 antagonist properties [1]. 
Compounds with this activity profile are thought to have potential as analgesics that may 
not produce tolerance and dependence [2]. Structure-activity studies of this class of 
opioid peptides revealed that the 2-Nal3 residue could be replaced by aromatic amino 
acid residues containing a second aromatic ring without compromising 8 antagonism. 
However, these modifications resulted in an almost complete loss of p activity [3]. 
Therefore, in the present study, the 2-Nal3 residue was maintained and parent peptide 1 
was modified in position 1 by substitution of Tyr with N-MeTyr (2) or 2',6'-dimethyl-
tyrosine (Dmf)(3) and in the 5-position by replacement of Gly with a-aminoisobutyric 
acid (Aib)(4), N-methylaminoisobutyric acid (MeAib)(5), P-Ala (6), D- or L-Ala (7,8), 
sarcosine (Sar)(9) or D- or L-N-mefhylalanine (MeAla)(10,ll). 

Results and Discussion 

The cyclic 13-casomorphin analogs were synthesized by conventional solution synthesis 
(1-5) or manual solid-phase peptide synthesis on Sasrin resin (6-11). The opioid activity 
profiles of the peptides were determined using the GPI- and MVD bioassays and 
receptor binding assays based on displacement of [3H]DAMGO (p-selective) and 
[3H]DSLET (8-selective) from rat brain membrane binding sites. 

N-Methylation of the Tyr1 residue of 1 resulted in a compound (2) with 4 times 
higher potency in the GPI assay and almost 10-fold increased 8 antagonist potency in the 
MVD assay (Table 1). The Dmt'-analog (3) bound to both p and 8 receptors with 
affinities in the subnanomolar range (-0.5 nM), was a potent p-agonist (IC50 = 7.88 nM), 
and showed 100 fold increased 8 antagonist potency as compared to analog 1. Thus, this 
compound is a highly potent and balanced mixed p agonist/8 antagonist. 
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Table 1. Opioid activities and receptor affinities of cyclic B-casomorphin-5 analogs. 

no. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

GPI 

IC50, nM 

384 
92.5 

7.88 
477 
288 
609 
600 
108 
159 
355 

35.3 

IC50, nM 

1000(25%)° 

1000(30%)fl 

3000(25%)° 

MVD 

Ke, 

Deltorphin I 

202 
38.8 

3.37 
55.8 

480 

5.99 
950 

7.81 

nM 

DPDPE 

233 
45.9 

2.13 
31.6 

370 

5.35 
1290 

11.2 

Binding assay 

K ^ n M 

5.89 
1.70 
0.460 

22.6 
29.2 
67.4 
72.0 
16.4 
14.8 
10.8 
14.5 

KjS, nM 

17.2 
1.30 
0.457 
4.53 
9.04 

66.7 
0.755 

107 
2.41 

66.9 
282 

K^/Kj5 

0.342 
1.31 
1.01 
5.00 
3.23 
1.01 

95.4 
0.153 
6.14 
0.161 
0.0514 

" Partial agonist; value in parentheses indicates maximal inhibition of the electrically evoked 
contractions. 

Compounds 6, 10 and 11 were partial 8 agonists, whereas compounds 5 and 8 
showed weaker 8 antagonism than parent peptide 1. Analogs 4, 7 and 9 turned out to be 
mixed p agonist/8 antagonists, displaying 5-40 fold enhanced 8 antagonist potency in the 
MVD assay and similar p agonist activity in the GPI assay in comparison with 
compound 1. Interestingly, the D-Ala5 containing analog 7 showed subnanomolar affinity 
for the 8 receptor, but low p receptor affinity representing the most 8 selective P-
casomorphin-5 analog reported to date. The 8 binding affinities of the antagonists are in 
good correlation with the 8 antagonist potencies determined in the MVD assay (r= 
0.945). 
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Introduction 

Galanin, a 29- amino acid peptide, was originally isolated from porcine intestine [1] and 
subsequently reported to be widely distributed in the peripheral and central nervous 
systems [2, 3]. Using synthetic galanin fragments and analogs, we have been able to 
demonstrate that the receptor binding site of galanin resides in the N-terminal portion of 
the peptide [4-7]. Recently, we have demonstrated that galanin(l-15) analog, such as 
[D-Thr6, D-Trp89]-galanin(l-15)-ol, acts as an antagonist for the inhibitory effect of 
galanin on glucose-induced insulin release in vitro [6]. In this study, we have examined 
the structural requirement of galanin for occupancy of rat hippocampal and human small 
cell lung carcinoma (SCLC) cell membranes, and the effects of galanin-related peptides 
on [Ca2+]i mobilization in human SCLC (SBC-3A) and glucose-induced insulin release 
from the isolated rat pancreas were compared. 

Results and Discussion 

Binding study: Table 1 shows comparison of the ability of galanin-related peptides to 
inhibit the binding of 125I-rat galanin and 125I-human galanin in rat hippocampal and 
human SBC-3A cell membranes, respectively. Human and rat galanin and galanin(l-15) 
were found to be nearly equipotent in displacing the tracer on human SBC-3A cell 
membranes, whereas the C-terminal fragments such as human galanin(9-30) and 
galanin( 16-30) did not displace 125I-human or -rat galanin even at concentration up to 
106M (data not shown). Among the analogs examined, [D-Trp8]-galanin(l-15)-ol 
showed significantly higher affinity than those of human and rat galanins on both rat 
hippocampal and human SBC-3A cell membranes, suggesting the importance of D-Trp 
at postion 8 for the binding. 
Effect of galanin-related peptides on [Ca'*]i mobilization: Galanin(l-15)-ol and 
[D-Trp8]-galanin(l-15)ol as well as human and rat galanins increased [Ca2+]i mobilization 
significantly in human SBC-3A cells (Table 1), while galanin(l-ll) and human 
galanin(9-30) and (16-30) did not show any effect on [Ca2+]i (data not shown). These 
results indicate strongly that the active site of galanin resides in the N-terminal 1-15 
sequence. For binding assays with rat hippocampal membranes, 125I-rat galanin was used 

647 



K. Yamabc et al. 

Table 1. Relative potencies of galanin-related peptides in binding ability and their effects on 
[Ca2+ji mobilization. 

Relative potency (%) 

Rat hippocampus 

[Ca2+]j mobilization 

SBC-3A cell in SBC-3A cell 

Human galanin 
Rat galanin 
Tuna galanin 
Galanin (1-15) 

105.8 
100 
12.6 
11.4 

[D-Trp8]-galanin(l-15)-ol 175.0 

100 
144.0 

4.2 
92.4 

549.0 

+ 
+ 

not tested 
+ 
+ 

as radiolabeled ligand, while l25I-human galanin was used for assays with human 
SBC-3A membranes. Potencies relative to that of galanin are calculated as [IC50: human 
galanin/ICS0: galanin related peptide] x 100. 
Effects of galanin analogs on glucose-induced insulin release: Synthetic tuna galanin 
with Ala at position 6 showed binding affinity to both the hippocampal and SBC3A 
membranes, although the potency was lower than those of mammalian galanins. 
However, synthetic tuna galanin peptide at 108M did not cause any inhibition against 
glucose-induced insulin release. Synthetic [Ala6, D-Trp8]-galanin(l-15)-ol at 10"8M did 
not show any significant effect on glucose-induced insulin release. However, synthetic 
[Ala6, D-Trp8]-galanin(l-15)-ol as well as [D-Thr6, D-Trp89]galanin(l-15)-ol at 10"7M 
were found to abolish the inhibitory effect of 10'9M rat galanin on glucose-induced 
insulin release in the isolated perfused rat pancreas. 

The present study revealed clearly the importance of the N-terminal 1-15 sequence 
of galanin for receptor binding and [Ca2^ mobilization in human SBC-3A cells. In 
addition, the present results suggests that both [D-Trp8]-galanin(l-15)-ol and [Ala6, 
D-Trp8]-galanin(l-15)-ol may be a key compound for development of galanin super
agonist or antagonist. 

Rokaeus, A., Jornvall, H, McDonald, T.J. and Mutt., V., FEBS Lett, 164 

Lundberg, J.M., Tatemoto, K., Carlquist, M. and 
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Introduction 

The oligosaccharide moieties of glycoproteins and other glycoconjugates of the biological 
membranes play a key role in cell-cell recognition. This fact may be due to the strongly 
hydrophilic chains, normally located at the outer surface of the molecules in aqueous 
environments, which render them available for the interaction with other molecules. 
Glycosylation may also affect the conformation and the stability of proteins [1]. Relevant 
effects of glycosylation have been proved also on small peptides. For example, the 
introduction of sugar moieties on small hydrophobic peptides can produce the formation of 
compact, turn folded conformations in aqueous solvents [2]. Among the peptides of the 
tachykinin family, SP, NKA and NKB play a transmitter role in mammals. These peptides 
act as the preferred, yet not exclusive, endogenous ligands at either peripheral or central level 
for three distinct receptors termed NK,, NK, and NK, respectively, which mediate the actions 
encoded by the common C-terminal sequence of tachykinins. In particular, the NK, receptor 
mediates the spasmogenic effect of tachykinins on human smooth muscle; therefore the 
development of NK, tachykinin receptor selective antagonists is of great interest. The 
introduction of D-Trp residues in the sequence of NKA(4-10) led to the development of a 
family of potent and selective tachykinin NK2 receptor antagonists [3]. 

Results and Discussion 

We have investigated the influence of glycosylation on the structure-activity relationship of 
the antagonist heptapeptide MEN 10376 (H-Asp-Tyr-D-Trp-Val-D-Trp-D-Trp-Lys-NH2) and 
of its minimal active fragment, i.e. the pentapeptide MEN 10414 (H-Asp-Tyr-D-Trp-Val-
D-Trp-NH2). Glycosylated Tyr, Ser and Asn were introduced in the antagonists in the 
N-terminal position or in the place of the corresponding unmodified amino acid. The 
syntheses were performed by the SPPS following the Fmoc/tBu strategy, using glycosylated 
building-blocks as Pfp esters in a standard synthetic protocol [4] using the NovaSyn Gem 
continuous-flow synthesizer on TentaGel S RAM resin. All the compounds were purified by 
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RP-HPLC and characterized by FABMS and amino acid analysis. Na-Fmoc-NT-(2,3,4,6-
tetra-0-acetyl-P-D-glucopyranosyl)-Asn-OPfp [5], Na-FmooO-(2,3,4,6-tefra-0-acetyl-P-D-
glucopyranosyl)-Tyr-OPfp [6], Na-Fmoc-0-(2,3,4,6-tetra-0-benzoyl-P-D-glucopyranosyl)-
Ser-OPfp [7] were at this purpose synthesized following the procedure previously described. 
In fact, this is the most versatile and general approach presently available for the preparation 
of a large variety of N-, phenolic O- and aliphatic O-linked glycopeptides with well defined 
and predetermined structure [8]. We synthesized the following glycosylated analogs of the 
two NK, antagonists MEN 10376 and MEN 10414: MEN 11038 [H-Asn(Glc)-Asp-Tyr-
D-Trp-Val-D-Trp-D-Trp-Lys-NH2], MEN 10871 [Asp-Tyr(Glc)-D-Trp-Val-D-Trp-NHJ, 
MEN 11201 [H-Asp-T^Glc^D-Trp-Val-D-Trp-D-Trp-Lys-NH,], MEN 11202 [H-Tyr(Glc)-
Asp-Tyr-D-Trp-Val-D-Trp-D-Trp-Lys-NH2], MEN 11258 [H-Ser(Glc)-Asp-Tyr-D-Trp-Val-
D-Trp-D-Trp-Lys-NH2] and MEN 11259 [H-Ser(Glc)-Asp-Tyr-D-Trp-Val-D-Trp-NH2]. 

The antagonist activity of the described glycopeptides at the NK2 receptor of the rabbit 
pulmonary artery bioassay, expressed as pA2 values resulted of 7.2 for MEN 11202, 7.3 for 
MEN 11258,6.7 for MEN 11038,6.2 for MEN 11201, < 5 for MEN 10871 and < 6 for MEN 
11259. These results indicate that the antagonist activity is preserved, as compared to MEN 
10376 (pAj = 8.1), when the glycosylated amino acids were added to the entire sequence, 
while the introduction of the glycosyl moiety (Glc) on the side-chain of Tyr induced a 
dramatic decrease in affinity. 

The general decrease of activity produced by the addition of the glycosyl moiety might 
be attributed to the steric hindrance of Glc. For the active analogs MEN 11202 and MEN 
11258 in vivo investigations will show whether the presence of Glc is a consequence in terms 
of absorption and distribution of the glycosylated drugs in the animal. 
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Introduction 

Many secretory peptide hormones and growth factors carry an amide group at their 
carboxyl terminus which is essential for full biological activity. The natural form of 
Growth Hormone Releasing Factor (GRF(l-44)-NH2), a potential therapeutic agent for 
osteoporosis and other growth related disorders [1], is a member of this family. Two 
major hurdles in the production of peptides using recombinant technology are 
adventitious proteolysis and C-terminal oc-amidation. These have been overcome using 
a process involving 3 enzymatic steps and a 2-stage HPLC purification, to enable us to 
prepare multi-gram amounts of injectable grade GRF(l-44)-NH2. GRF(l-44) 
containing a C-terminal Ala extension has been expressed in E. coli as a fusion protein 
linked to human carbonic anhydrase (HCA) through an interlinking peptide containing 
recognition sites for thrombin and enterokinase. 

Since prokaryotic expression systems lack the specific enzymes involved in the 
C-terminal oc-amidation, the Ala extension provides an enzymatic recognition site for 
post-translational oc-amidation. Incorporation of the peptide onto HCA affords 
protection against proteolytic degradation [2]. 

Results and Discussion 

Fusion protein from fermentations is readily isolated in the form of inclusion bodies by 
differential centrifugation. Dissolution followed by proteolysis with thrombin provides 
the Ala extended LNK-GRF(l-44) precursor peptide, where LNK is part of the linking 
peptide containing an enterokinase recognition site. 

The conversion to the natural C-terminal oc-amidated peptide utilizes a unique 
process involving a photolabile amidating agent, o-nitrophenylglycine amide 
(ONPGA), via a carboxypeptidase-Y catalyzed transpeptidation [3]. After 
transpeptidation, the solution is desalted, purged with argon and the resulting 
LNK-GRF(l-44)-ONPGA adduct is irradiated at A. > 320 nm for 2 hours to give 
LNK-GRF-NH2 in high yields (-95%). This solution is diluted 5 fold with 50 mM 
succinic acid and pH is adjusted to 5.5. GRF(l-44)-NH2 is obtained by hydrolysis with 
enterokinase followed by a two-step HPLC purification involving ion exchange (IE) 
and Cs chromatography (Scheme 1). 
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N 
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Scheme 1. 

Homogeneity and purity are established by HPLC using a Cg reverse phase column, 
HPLC using a Polysulfoethyl Aspartamide column and capillary electrophoresis, all 
calibrated with authentic GRF(l-44)-NH2. The identity of GRF(l-44)-NH2 is further 
established by amino acid residue composition and sequence, MALDI and FAB mass 
spectroscopy. All analyses are in agreement with the theoretical values expected based 
on the peptide sequence. 

Since the apparent sequence and amino acid compositions of GRF(l-44)-OH and 
GRF(l-44)-NH,(Met27SO), potential side products of the process, are identical to 
GRF(l-44)-NH2, it was necessary to demonstrate that these peptides can be separated 
chromatographically. GRF(l-44)-NH2is completely separated from GRF(l-44)-OH and 
GRF(l-44)-NH2(Met27SO) with the use of the Polysulfoethyl Aspartamide column. 

The drug product, prepared for an IND study, has been characterized completely as 
to structure, composition, and biological activity and is considerably more 
homogeneous than material synthesized by solid phase chemical methods. A pilot 
study on the effectiveness of recombinant GRF(l-44)-NH2 in the treatment of 
osteoporosis is in progress. 
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Introduction 

LHRH agonists are currently used to treat a variety of sex hormone dependent diseases 
such as prostate cancer, endometriosis, uterine fibroids and precocious puberty[l]. 
However, because of their mechanism of action, LHRH agonists may occasionally cause 
an initial flare of the disease. This provided the impetus for the major research effort 
devoted to the discovery of a LHRH antagonist, but progress was slow due to inadequate 
potency and safety [2]. We have previously reported a variety of substitutions at 
positions 7, 8 and 9 of the antagonist NAcD2Nal-D4ClPhe-D3Pal-Ser-NMeTyr-DCit-
Leu-Arg-Pro-DAla-NH2 (1)[3]. We next focussed on position 6 to improve the potency 
and safety of our compounds, particularly we substituted various ureas at the N-epsilon 
amine of DLys6. 

Results and Discussion 

To expedite the synthesis of our compounds, we developed a method for making ureas 
by SPPS. By this method the decapeptide was prepared with MBHA resin using 
standard protocols [4] with BocDLys(N-e-Fmoc) at position 6. After removal of the 
Fmoc group the peptide-resin was treated first with l,l'-carbonyldiimide and then with 
an appropriate amine. When a diamine was reacted with DLys(N-e-imidazole-carbonyl), 
the resulting free amine was further coupled to various acids. The decapeptides were 
cleaved from the resin with HF and then purified by HPLC. These novel LHRH 
antagonists were then tested for in vitro LH suppression (pA2), for histamine release 
(HR) (ED50) in rat peritoneal mast cells (Table 1), and for LH suppression in vivo in 
castrate rats at 30pg/Kg (Figure 1) [4]. 

The pA2 values for most of the compounds prepared was above 11.0. However, all 
of the compounds had HR ED50's < 3. Three antagonists containing DLys(shikimyl-l,3-
diaminopropylcarbonyl)6 (2), DLys(Shikimyl-l,2-diaminoethyl carbonyl)6 (3), or DLys-
(hydroxyethylpiperazinocarbonyl)6 (5), when tested in the castrate rat, suppressed LH 
with a duration of action longer than (1) (Figure 1). This new method of preparing ureas 
allowed rapid production of novel LHRH antagonists that had improved in vivo activity. 
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Table 1. In vitro activities of LHRH antagonists. 

NAcD2Nar-D4ClPhe2-D3Pal3-Ser4-NMeTyr5-X6-Leu7-Arg8-Pro9-DAla,0-NH2 

Compound X PV ED„ 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

DCit 
DLys(Shikimyl-1,2-diaminoethylcarbonyl) 
DLys(Shikimyl-l,3-diaminopropylcarbonyl) 
DLys(2-Furanoyl-1,2-diaminoethylcarbonyl) 
DLys(Hydroxyethylpiperazinocarbonyl) 
DLys(Hydroxyethylaminocarbonyl) 
DLys(Morpholinoethylaminocarbonyl) 
DLys(Cyclohexylaminocarbonyl) 
DLys(Morpholinocarbonyl) 
DLys(Methylpiperazinocarbonyl) 
DLys(Histaminecarbonyl) 

10.87+0.34 
11.55+0.52 
10.59+0.01 
10.90+0.07 
10.74+0.20 
11.00±0.05 
11.00+0.10 
11.30+0.30 
11.30+0.10 
11.50+0.20 
11.56±0.16 

1.65±0.37 
3.68±0.90 
2.87±0.17 

<3 
3.26±1.93 
<3 
<3 
<3 

3.33±0.50 
<3 
<3 

apA2=the negative logarithm of the concentration of antagonist that requires 2-fold higher 
concentration of agonist to release LH from rat pituitary cells. bED50=the effective dose of 
antagonist that gives 50% of maximal release of histamine from rat peritoneal mast cells. 

15- f r Control 

DCit (1) 

DLys(Shikimyl-l,2-di-
aminoethylcarbonyl) (2) 

DLys(Shikimyl-l,3-di-
aminopropylcarbonyl) (3) 

DLys(hydroxyethyl-piper-
azinocarbonyl) (5) 

Time (min.) 

Figure 1. Suppresion ofLHin the castrated rat following sc injection of 30 pg/Kg. 
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Introduction 

The opioid peptide dynorphin A (Dyn A) shares a common N-terminal sequence, 
referred to as the message sequence [1], with other mammalian opioid peptides and has a 
unique C-terminal address sequence which imparts high affinity for kappa opioid 
receptors. We used this message-address concept to design Dyn A analogues as 
potential opioid receptor antagonists by combining the message sequence from novel 
peptides reported to have 5 and p antagonist activity with the C-terminal address 
sequence of Dyn A-(l-ll). We synthesized [Tic2,Phe3,D-Pro'°]Dyn A-(l-ll), 1, and 
"extracet" (AcRFMWMRR-(D-A)-RPKNH2), 6, along with selected analogues, using 
the reported 6 antagonist TIPP (Tyr-Tic-Phe-Phe, where Tic = 1,2,3,4-tetrahydroiso-
quinoline-3-carboxylic acid) [2], and the p antagonist [Arg6]acetalin (AcArg-Phe-Met-
Trp-Met- ArgNH2) [3], respectively, as the "message sequence". 

Results and Discussion 

The Dyn A analogues were synthesized by solid phase peptide synthesis using 
Fmoc-protected amino acids. In the case of 1 and its analogues, HATU plus HOAt 
improved the efficiency of couplings involving the hindered amino acid and significantly 
improved the yield and purity of the desired peptide. 

The affinities of the synthesized peptides for K, 8, and p opioid receptors were 
evaluated in radioligand binding assays using [3H]diprenorphine, [3H]DPDPE, and 
[3H]DAMGO, respectively, and cloned opioid receptors stably expressed in Chinese 
hamster ovary cells. (Table 1). [Tic2,Phe3,D-Pro10]Dyn A-(l-ll), 1, exhibited modest 
affinity for K-receptors, but preferentially interacted with 8 opioid receptors, a finding 
also reported recently by Schiller and coworkers for [Tic2,Phe3,D-Pro'°]Dyn 
A-(l-l 1)NH2 [4]. Replacement of Tic2 by other conformationally restricted amino acids, 
Pip (pipecolic acid) or N-MePhe, had little effect on K receptor affinity, but 5 and p 
receptor affinity varied over a 10 to 20-fold range. [NMePhe2,Phe3,D-Pro10]Dyn 
A-(l-l 1), 3, exhibited the best K vs 8 receptor selectivity within this series, but only had 
a small preference for K over p receptors. Replacement of Tic2 by Phe, 4, substantially 
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1 
2 
3 
4 
5 
6 

[Tic2,Phe3,D-Pro10] 
[Pip2,Phe3,D-Pro10] 
[NMePhe2,Phe3,D-Pro10] 
[Phe2,Phe3,D-Pro10] 
[Ti^Gly^D-Pro10] 
Extracet 

18.4±1.5 
13.8+1.6 
15.9+3.7 
80.7+4.7 
35.2+0.4 
6.6+2.5 

S.N. Kulkarni et al. 

Table 1. Opioid Receptor Binding Affinities of Selected Dyn A-(l-11) Analogues. 

Peptide KappaJC, (nM) K, Ratio (K/5/p) 

1/0.32/3.7 
1/0.83/0.55 
1/7.9/1.6 
1/8.5/3.7 
1/1.9 
1/22/0.17 

decreased affinity for all three opioid receptors types, indicating that the conformational 
restriction in position 2 enhanced receptor affinity. Replacement of Phe3 by Gly, 5, had 
a small effect on K receptor affinity, but decreased 8 receptor affinity greatly. Combi
nation of the p receptor antagonist [Arg6]acetalin with the "address" sequence of Dyn A 
to give extracet, 6, markedly enhanced K receptor affinity, (65-fold) compared to 
[Arg6]acetalin (Kpl.6 nM). N-terminal acetate group removal of extracet decreased the 
K receptor affinity 6-fold (data not shown). 

Opioid activity was evaluated in the electrically stimulated guinea pig ileum (GPI). 
[Tic2,Phe3,D-Pro'°]Dyn A-(l-ll) and its analogues generally exhibited weak agonist 
activity (30-60 % inhibition of the muscle twitch at 1 pM). [Tic2,Gly3,D-Pro10]Dyn 
A-(l-ll), 5, however, did not exhibit significant agonist activity at doses up to 3 pM. 
The [Arg6]acetalin "message" sequence decreased efficacy at opioid receptors, resulting 
in potent partial agonists (maximum response 30-60% for "extracet" and [Arg6]acetalin). 

These results suggest that incorporation of a modified "message" sequence into 
Dyn A analogues can affect opioid activity and that the C-terminal address sequence of 
Dyn A can be used to significantly enhance K opioid receptor affinity. These initial 
peptides thus represent interesting lead compounds which can be used in the further 
development of opioid antagonists based on the structure of Dyn A. 
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Introduction 

Peptide YY (PYY), a 36-residue peptide amide mainly localized in the endocrine cells of 
colon, inhibits intestinal blood flow, motility, and secretion in rats. The antisecretory 
effect has also been demonstrated in humans [1]. PYY which is released in response to 
nutrient stimuli also enhances basal and postprandial absorption [2], and promotes 
intestinal growth [3]. These actions of PYY are mediated by intestinal PYY-preferring 
receptors which has different structural requirements for interaction than those mediating 
the peripheral cardiovascular effects of PYY and its homologue, neuropeptide Y [1, 4]. 
PYY(22-36) has been identified as the active site for interaction with intestinal PYY 
receptors, and inhibiting short circuit current (SCC) in the intestine [4]. To improve the 
binding and selectivity, a number of PYY(22-36) analogs were synthesized, and their 
affinities for Y-l (SK-N-MC), Y-2 (SK-N-BE2) and intestinal PYY receptors were 
investigated. 

Results and Discussion 

Since preliminary studies revealed that substitution of Tyr27 dramatically altered the SCC 
potency [4], a series of N-a-Ac-PYY(22-36) analogs with various aromatic residues at 
position 27 were synthesized. These exhibited the following order of intestinal receptor 
affinities: Dip < Pep < Nal < Bth ~ Tic ~ Trp < Bip ~ Phe < Thi < intact PYY. 
However, investigation of their effects on SCC in rat jejunal preparations revealed that 
N-oc-Ac-[Trp27]PYY(22-36) to be the most potent, exhibiting even higher potency [EC50 

= 0.005 nM] than intact PYY [1.0 nM] [5]. Therefore, the effects of N-oc-Ac-[Trp27] 
PYY(22-36) on intestinal absorption were investigated in awake dogs with jejunal, ileal 
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Table 1. Peak Probsoptive effects of 200 and 300 pmol/kg/hr N-a-Ac-[Trp27]PYY(22-36) in 
canine ileum and colon, respectively. 

H 20 (pl/min) 
Na+ (uEq/min) 
Cl' (pEq/min) 

Basal 

437+92 
68+13 
63+9 

Ileum 

Peak* 

725+98 
120+14 
101+13 

Basal 

204+25 
41+5 
45+5 

Colon 

Peak* 

503+49 
78+9 
77+8 

* p < 0.05 vs. basal by ANOVA; peak absorptions were observed 30 and 90 min after starting 
intraluminal infusion in ileum and colon, respectively. 

and/or colonic Thiry-Vella-Fistulas [2]. Intraluminal (Table 1) and intravenous (not 
shown) administration of this analog significantly increased the colonic and ileal HjO, 
Na+ and Cl' absorptions. 

Further SAR studies revealed that substitution of Leu residues in N-cc-Ac-
PYY(22-36) with Trp at 28 or 30 (0.6 nM) increased the receptor affinity while that at 
24 reduced it. N-a-Ac-[Nle24'28'30, Nva31]PYY(22-36) with Nle->Leu and Nva->Ile, 
exhibited good affinity (0.59 nM). This analog may have increased proteolytic stability, 
especially at Asn29-Leu30 which is known to be susceptible to endopeptidase-24.11. 
Although N-cc-Ac-[Phe27]PYY(25-36) exhibited comparable affinity (3.2 nM), PYY 
(27-36) analogs bound poorly. All the 22-36 and 25-36 analogs interacted poorly with 
Y-l cells, but with a few exceptions, bound to Y-2 cells and hippocampus with a potency 
comparable to that of intestinal receptors. 

In summary, we have synthesized high affinity Y-2 receptor selective ligands, and 
shown for the first time that a PYY peptide can stimulate absorption both during IV and 
intraluminal infusions. These analogs may prove useful in treating malabsorption 
problems in patients undergoing intestinal surgery and those with AIDS. 
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Introduction 

Motilin (Mot), a linear polypeptide of 22 amino acid residues (H-Phe-Val-Pro-Ile-Phe5-
Thr-Tyr-Gly-Glu-Leu10-Gln-Arg-Met-Gln-Glu15-Lys-Glu-Arg-Asn-Lys20-Gly-Gln-OH), is 
found in the duodenojejunal mucosa of several species, including man. The peptide 
appears to be involved in stimulating peristaltic contractile activity of the upper gut 
during fasting [1]. In addition, recent in vitro experiments have demonstrated that 
motilin induces an endothelium-dependent relaxation of coronary strips, suggestive of a 
role in the regulation of vascular tone [2]. Definitive evidence for the involvement of 
motilin in these physiological processes has been lacking due to the paucity of specific 
motilin receptor antagonists. Recently, we described the in vitro pharmacological 
properties of two high affinity motilin antagonists that resulted from replacement of Pro3 

with phenylalanine in both [Leu13]Mot and its truncated analog, [Leu13]Mot-(l-14) [3, 4]. 
In the present study, we have systematically modified the residue in position 3 of 
[Leu13]Mot-(l-14) in order to elucidate the physicochemical and conformational factors 
leading to motilin agonism and antagonism. 

Results and Discussion 

Peptides were synthesized by SPPS on PEG-PS resins using Fmoc continuous flow 
techniques. Receptor binding affinity (pKd) was determined by the displacement of 
[(125I)Nlel3]-motilin bound to rabbit antral smooth muscle membranes. Contractility 
(pEC50) was measured in a tissue bath assay employing rabbit duodenal segments. 

Replacement of Pro3 in [Leu,3]Mot-(l-14) (1) with Gly3 (2) or Asn3 (3) produced 
analogs that behaved as full agonists in the tissue bath assay (Table 1). In contrast, the 
incorporation of charged residues (4, 5) was incompatible with high affinity binding, 
affording extremely weak agonists. This result is in accord with previous SAR studies of 
motilin which had indicated that the sequence H-Phe'-Val2-Pro3-Ile4 bound to a generous 
hydrophobic pocket within the receptor protein. 

Substitution of Pro3 with hydrophobic aromatic or alicyclic amino acids (6-8) 
produced high affinity motilin antagonists. Inversion of configuration maintained 
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Table 1. Comparison of receptor affinities and contractile activities of Pro3 substituted 
[Leu"]motilin-(l-14) analogs. 

H-Phe-Val-Pro3-Ile-Phe-Thr-Tyr-Gly-Glu-Leu-Gln-Arg-Leu-Gln-OH 

# 

1 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 

Analog 

[Leu13]Mot-(l-14) 
Postion 3 modifications: 
Gly 
Asn 
Glu 
Lys 
Phe 
2-Nal" 
Cha" 
D-Phe 
h-Phe 
Tic" 
D-Tic 
N-MePhe 

pEC50 

7.55 

7.17 
6.33 
5.77 
4.03 
Ant 
Ant 
Ant 
Ant 
6.29 
5.29 
4.71 
Ant 

pKd 

8.36 

8.23 
7.13 
5.97 
4.96 
8.16 
7.56 
7.68 
8.09 
8.06 
7.75 
6.67 
8.79 

% Inhibition11 

12 
98 
74 

86c 

PA2 

7.03 

"3-cyclohexylalanine, Cha; l,2,3,4-tetrahydroisoquinoline-3-carboxylic acid, Tic; 3-(2-naphthyl)-
alanine, 2-Nal. ""Inhibitory effect of IO'5 M antagonist on the maximum contractile effect of IO"7 

M motilin. c10"43 M antagonist was used. 

antagonist activity (9). However, introduction of the conformationally mobile phenethyl 
side chain of h-Phe3 gave an analog (10) that behaved as a full agonist at high 
concentrations. In light of the latter result, we investigated the effect of constrained 
analogs of Phe3 on bioactivity. Surprisingly, restricting the %l and %2 torsion angles of 
phenylalanine through N-C8 cyclization, as in Tic3 (11) and D-Tic3 (12), also led to 
significant residual agonism. The agonistic properties of 11 and 12, however, are not 
due to substitution of the Na-H of Phe3, as evidenced by the superior antagonistic activity 
of the N-MePhe3 analog (13). 
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Introduction 

Parathyroid hormone (PTH), a linear peptide of 84 amino acid residues, maintains 
calcium homeostasis through its effects on kidney and bone. Full biological activity and 
potency are located in its N-terminal segment, residues 1 to 34 or larger. We have 
substituted systematically each amino acid of the human hormone, hPTH-(l-36)-NH2, by 
either by L-alanine or by the corresponding D-amino acid. All analogs were tested for 
binding to the PTH-receptor and for receptor activation in bone-derived cells. 

The aim of this study was to gain, in a short time, an overview on 
structure-activity-relationships of this 36-mer peptide by the use of multiple peptide 
synthesis and of standardized, crude preparations in cellular assays for bioactivity. 
Results obtained in this way were validated by re-testing a number of the purified 
analogs. 

Results and Discussion 

A comparison of the binding and cAMP data of the Ala substitution series is shown in 
Figure 1. 

F. I Q L M II N L. y O V II N V 

D c A M P In U M R c e l l s 

^ B i n d i n g to (J K -1 c e l l s 

S e q u e n c e . i f h P T H - ( l - 3 6 ) - a m i d e 

Figure 1. Binding of [Ala"] hPTH-(l-36)-NH2 analogs to oppossum kidney cells (OK-1) [1] and 
production ofcAMP in rat osteosarcoma cells (UMR-106-06) [2J. Binding constants (pKr) and 
activity constants (pDJ shown relative to hPTH-(l-36)-NH2. Peptides were synthesized by 
Fmoc/tBu tactics on a multiple peptide synthesizer, model SMPS 350 by Zinsser Analytic 
(Frankfurt, Germany), and the crude preparations standardized by HPLC using hPTH-(l-36)-NH2 

as an external standard and ES-MS for identification. 
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The effects of Ala substitution on binding clearly showed a regional difference: 
strong effects in the (2-8) and (20-28) segment; weak effects in the (9-19) and (29-36) 
segment. There was no significant increase in potency by Ala substitution with mostly a 
decrease in potency being observed. The strongest effects were seen in the (20-28) 
segment, notably for substitution of R20, W23, L24 and L28. The effects of Ala substitution 
on cAMP response were similar to the ones on binding with the strongest (negative) 
effects seen in the (2-8) segment. There was a weak increase upon Ala substitution for 
K13, N16, and E19. There was good agreement between the crude, standardized 
preparations and several purified analogs (data not shown). 

The effects of D-aa substitution on binding and cAMP response were very similar 
(Figure 2). Epimerization at any aa-residue caused a significant decrease in potency for 
both, binding and receptor activation. A segmentation was much less evident than was 
observed with the Ala scan. D-aa substitutions were relatively best tolerated at the 
C-terminal (32-36). The most pronounced negative effects on potency in either series 
were observed for substitutions in those regions which are known to adopt an 
amphiphilic, helical conformation [3]. 

S V S E I Q I . M H N L C K H L N S M E R V E W I . H K K L Q D V H N F V 

• cAM P in UM R cells 

(^binding tu OK-1 cells 

Sequence u f h PT H -(1 -3 6 )-a m ide 

Figure 2. Binding and cAMP production of [D-aa"] hPTH-(l-36)-NH2 analogs. Conditions for 
assays and peptide synthesis as for Figure 1. Purity (by HPLC) ranged from 16 % to 70 % for 
the crude preparations. 

Multiple peptide synthesis was applied successfully to the synthesis of a large series 
of 36-mer peptides. The use of standardized, crude preparations for bioassay provided a 
quite reliable overview on the structure-activity-relationship in about six weeks time per 
series including testing. The effect of Ala and D-aa substitution in most positions of 
hPTH was to decrease affinity to and activation of the PTH receptor. The information is 
useful for the design of further analogs of PTH. 
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Introduction 

The development of an effective and safe LHRH antagonist is a long term goal for the 
treatment of prostrate cancer, endometriosis and other sex steroid dependent diseases. 
We previously reported that N-methylation of position 5 of several LHRH antagonists 
maintained activity, either in vitro or in vivo, and improved water solubility [1]. In an 
effort to improve the duration of action and the safety of LHRH antagonists we examined 
conformational restrictions of the N-terminus of the known decapeptide antagonist 
NAcD2Nal-D4ClPhe-D3Pal-Ser-NMeTyr-DCit-Leu-Arg-Pro-DAla-NH2(l)[l]. 

Results and Discussion 

Initially we substituted N-oc-mefhyl at position 1 of compound (1) to prepare NAcN-
MeD2Nal" analog (2). This antagonist was as potent as (1) in vitro, and had increased 
duration of action in vivo as determined by LH suppression in the castrate rat at 30 pg/kg 
(Figure 1) [2]. In the histamine release (HR) assay from rat peritoneal mast cells [3], 

Control 

NAcD2Nal (1) 

NAcNMeD2Nal (2) 

2-(N-pyrrolidinonyl)-
2-(R)-(2-naphthyl-
methyl)acetyl (3) 

N-ButyrylD2Nal (6) 

Time (min.) 

Figure 1. Suppression ofLH in the castrated rat following sc inlection of 30 pg/kg. 
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Table 1. In vitro activities of LHRH antagonists. 

X'-D4ClPhe2-D3Pal3-Ser4-NMeTyr5-DCit<i-Leu7-Arg8-Pro9-DAlaI0-NH2 

Compound X pA2
a ED. b 

50 

1 
2 
3 
4 
5 
6 

NAcD2Nal 
NAcNMeD2Nal 
CPNA 
N-FormylD2Nal 
N-PropionylD2Nal 
N-ButyrylD2Nal 

10.87+0.34 
10.61+0.20 
11.09+0.25 
11.35±0.05 
11.40±0.14 
11.25±0.05 

1.65+0.37 
<3.0 

7.98+3.9 
<3.0 

3.61±0.19 
2.98±1.09 

apA2 = the negative logarithm of the concentration of antagonist that requires 2-fold higher 
concentration of agonist to release LH from rat pituitary cells. bED50 = the effective dose of 
antagonist that gives 50% of maximal release of histamine from rat peritoneal mast cells. CPNA = 
2-(N-pyrrolidinonyl)-2-(R)-(2-naphthylmethyl)acetyl. 

antagonist 2 had an ED50 equivalent to the parent. As a next modification, we linked the 
N-a-methyl with the acetyl group of residue 1 to form a lactam. The antagonist 
2-(N-pyrrolidinonyl)-2-(R)-(2-naphthyl-methyl)-acetyl-D4ClPhe-D3Pal-Ser-NMeTyr-D-
Cit-Leu-Arg-Pro-DAla-NHj (3) was as potent as the parent in vitro and had a prolonged 
suppression of LH in vivo (Figure 1). Analog 3 had an ED50 for HR four-fold higher 
than the parent indicating an improved safety profile. To determine whether this effect 
was due to additional hydrophobicity at the N-terminus we also prepared the 
N-propionyl-D2Nal' analog (5) and N-butyryl-D2Nal' analog (6). These antagonists had 
improved HR ED50's, but did not have increased in vivo duration of LH suppression 
(Figure 1). 

In summary, upon restriction of the N-terminus of (1), either by N-methylation or by 
linking the acetyl group to the a-N-methyl, we produced LHRH antagonists which in 
vitro were equally potent to the parent in inhibiting LH release, and in the castrate rat 
had longer duration of action. Antagonist 3 also had a better safety profile as determined 
by HR ED50. 
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Introduction 

During the past two decades, many efforts have been made to find GnRH antagonists 
with enhanced antiovulatory potency (AO) and low histamine releasing toxicity (HRT). 
It is well-established that antagonists having a negatively-charged residue such as D-Glu6 

have low HRT, as well as low AO activity [1]. Earlier we have also shown that GnRH 
antagonist D-Glu(taurine)6, which has a negatively charged sulfonic acid moiety in 
position 6, has low HRT and low AO activity [2]. Here we report the synthesis of 
several GnRH antagonists having a residue (1), (2) or (3) (Figure 1) in position 6 or 3. 
These compounds represent an attempt to have both the AO benefit of a positively-
charged residue and the low histamine releasing benefit of a negatively-charged residue. 

D-Pal(CH2COOH) 
(3) 

Figure 1. The structures of dipolar residues. 

Results and discussion 

The peptides having amino acid derivative D-Lys(ONic) (I) were made by a post-
synthesis solid phase modification method in which Boc-D-Lys(Fmoc) was used. The 
Fmoc protecting group was removed with 50% piperidine in DMF and the free amino 
group was acylated with nicotinic acid-N-oxide. Boc-3-D-pyridylalanine-N-oxide was 
easily prepared from Boc-3-(3'-pyridyl)-D-alanine in 80% yield by oxidation with 3-
chloroperoxybenzoic acid. Antagonists containing dipolar residue (3) were synthesized 
with Boc-3-D-Pal(CH2COOBzl) which was prepared by N-alkylation of Boc-3(3'-
pyridyl)-D-alanine with benzyl 2-bromoacetate. 
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All the peptides with amino acid derivatives (1), (2) or (3) were synthesized using 
standard automated Boc/Benzyl solid phase protocol. After treatment with HF/10% 
anisole, peptides were purified by preparative HPLC and characterized by amino acid 
analysis and mass spectrometry. 

As shown in Table 1, compared with the antagonist D-Glu(taurine)6, GnRH D-
Pal(N-0)6 has almost same level of HRT, but much better AO activity, 50% inhibition of 
ovulation at a dose of lpg in rats. GnRH D-Lys(Onic)6 (entry 3) and D-Pal (CH2COOH)6 

(entry 2) also have low HRT and good AOA of 1/8, 6/8 at 1.0 pg. Substitution of 
N-Me-Tyr5 for Tyr5 does not influence the AOA and HRT to any extent (entries 3 and 4). 
Replacement of D-Pal(N-0)6 by D-Pal(N-0)3 increases the HRT remarkably, from 145 to 
25 pg/ml (entries 5 and 6). 

Table 1. Characteristics of GnRH Antagonists with or without dipolar residues. 

Entry 

1 
2 
3 
4 
5 
6 

Other residues in a sequence 
of (Ac-D-Nal',4-Cl-D-Phe2,..., 
Lys(ipr)8, D-Ala'")GnRH 

D-Pal3, D-Glu(taurine)6 

D-Pal3, D-Pal(CH2COOH)6 

D-Pal3, D-Lys(Onic)6 

D-Pal3,N-Me-Tyr5,D-Lys(Onic)6 

D-Pal3, D-Pal(N-0)6 

D-Pal(N-0)3, D-Pal(ipr)6 

AOAa 

1/8 (5.0 pg) 
6/8 (1.0 pg) 
1/8 (1.0 pg) 
4/8 (1.0 pg) 
4/8 (1.0 pg) 
6/8 (1.0 pg) 

HRED50 
pg/mlb 

131 
75 
48 
40 

145 
25 

"AOA is anti-ovulatory activity expressed by number of rats ovulated/number of rats tested at a 
dose given in micrograms per rat. 

bHR assay is tested in vitro using rat mast cells. 
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Introduction 

Isolated from cerebral venous blood of rabbits as a sleep factor, DSIP displays a number 
of other non-sleep effects [1]. According to our data, the most pronounced feature of its 
multifunctional physiological action is the highly expressed stress-protective and 
adaptogenic activity. A number of DSIP analogues was synthesized and their 
antiepileptic and antimetastatic potency was investigated in some test-models along 
with DSIP. Structure-activity dependencies were established for this series of 
compounds [2, 3]. The mechanism of action for DSIP is poorly understood although 
biochemical approaches have shed more light on this. 

Results and Discussion 

In the present study, the metabolic effects of DSIP were estimated under experimental 
hypoxical stress. The peptides were injected i.p. to rats at a dose of 120 pg/kg prior to 
stressful short-term housing in a reduced atmosphere. The functional state of brain 
mitochondria was analyzed. 

Changes in enzyme activity are the key mechanism regulating metabolic processes 
providing alterations in the functional state of an organism. Translocation and changes in 
activity of mitochondrial enzymes localized on the membrane of these organelles play a 
major role. Mitochondrial creatine kinase being involved in regulation of ATP/ADP 
transport through mitochondrial membranes is one of the most important enzymes of 
energetic metabolism. Under DSIP injection in rats, the activity of this enzyme in brain 
mitochondria was increased about 30%, while under hypoxic conditions the effect was 
more pronounced with a 65% increase. Monoamine oxidase type A (MAO-A) is known 
as an important brain enzyme participating in metabolism of biogenic monoamines. 
MAO-A exhibited the activity only in mitochondrial fraction and this activity was 
practically not found in cytoplasmic fraction obtained from the brain of intact animals. 
Subjection of rats to hypoxic conditions led to a decrease in MAO-A activity in the 
mitochondria and its appearance in the cytoplasm. Preliminary injection of DSIP (i.p., 
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120 pg/kg) to rats prior to stressful housing in a reduced atmosphere partially inhibited 
hypoxia induced changes. Mitochondrial MAO-A activity was increased about 46% in 
comparison with DSIP-untreated rats with hypoxia although it did not reach the values 
corresponding to intact animals. At the same time, the opposite effect of DSIP on 
MAO-A activity in the cytoplasm may be traced. In addition, DSIP has a tendency to 
normalize the serotonin content in the brain of rats with hypoxia. DSIP also completely 
normalized the ability of another enzyme, hexokinase (key enzyme in glucose utilization 
in brain), to absorb on mitochondrial membranes that deviated from the normal level 
under stress. 

In order to evaluate the relationships between structure and activity we investigated 
the related effects of DSIP analogues in rats with hypoxia. Therefore, several DSIP 
analogues varying in positions 1, 2 and 6 were synthesized by solid-phase method on the 
9500 Peptide Synthesizer (MilliGen/Biosearch) [3]. 

To compare efficiency of these analogues, we analyzed the changes in activity of 
mitochondrial MAO-A and also in the content of serotonin in rat brain after their 
injection prior to hypoxia manipulation. The data obtained were compared with 
corresponding values for rats subjected to hypoxia without preliminary injection of 
analogues. We found analogues ID-3 and ID-5 much more active than DSIP. They 
almost fully prevented stress-induced changes in the mitochondrial MAO-A activity and 
serotonin content in rat brain. It shduld be noted that the analogue ID-5 was found to be 
active also as antiepileptic agent [3]. Similar action on serotonin level was found for all 
other tested analogues. Analogues ID-1 and ID-8 were inactive in relation to MAO-A 
activity. It follows from the above results that activity of DSIP is sensitive to structural 
alterations of the molecule. 

DSIP and some of its analogues can modulate changes in brain mitochondria 
MAO-A activity induced by hypoxia in rats. These peptides possess preventing action. 
This effect of DSIP might be attributed to the ability of this peptide to decrease the 
intensity of lipid membrane peroxidation [4] and thereby to retain the association of the 
enzyme with mitochondrial membranes. 

Thus a number of DSIP analogues was tested and among them there were some 
compounds with an enhanced ability to counteract hypoxia induced changes in MAO-A 
activity and serotonin content in comparison with native neuropeptide. 
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Introduction 

Thyrotropin Releasing Hormone (TRH, /j>Glu-His-Pro-NH2) stimulates the release of 
thyrotropin and a number of other hormones from the anterior pituitary [1]. In addition 
to these endocrine effects, TRH produces a wide range of stimulatory effects in the 
central nervous system (CNS). TRH and a number of analogues have thus been 
investigated for clinical use in diseased states such as motor neurone disease, 
Alzheimer's disease and in cases of spinal injury [2]. TRH and its analogues are rapidly 
degraded in vivo, however, and suffer from lack of discrimination between endocrine and 
central receptors, which may give rise to unwanted side-effects [3]. 

We report here our initial synthetic studies on TRH, where the labile amide bond 
between the first two residues is replaced by ether (-CH2-0-) and thioether (-CH2-S-) 
moieties, in an attempt to increase half-life and/or receptor specificity. 

^ - N H 

CH, 
H2S04/KBr/ 

<^„NH 

CH, 
H2N-CH-C02H NaN02 

CH,OH 

^ N H 
DCC/CH2C12 

^ _ J ; H 2 O H 

N 
H 

CH, -W£ NaH/THF/ 

4°C rs II 

HN 

(I) 

Pro-NH2/DCC/ 

HOBt 

\ = N 

\ = N 

Figure 1. Synthesis of TRH ether analogs. 
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^ - N H (i)CsCOC6H5 Y - N H 

CH2 CH2 

Br-CH-C02H (" ' 3 HS-CH-co2H 

O ^ N CH2OTs + ^ H 2 O ^ N ^ ^ ^ 

H HS-CH-co2H H CH2 

HN 7 
\ = N 

ProNH2/DCC/ 

Figure 2. Synthesis of TRH thioether analogs. 

Results and Discussion 

The synthetic protocols adopted are outlined in Figures 1 and 2. Steric hindrance pre
cluded the straightforward addition of the amino alcohol to the cc-bromoacid (Figure 1) 
during synthesis of the ether pseudo-dipeptide and an alternative scheme was used during 
synthesis of this analogue. 

The stability of these analogues to in vivo degradation and biological activity will be 
investigated. 
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Introduction 

The endothelins (ETs), discovered in 1988 [1], are a family of three isopeptides ET-1 1, 
ET-2 and ET-3. All three of these peptides are encoded in the human genome and each 
is composed of 21 amino acids, with disulfide linkages between cysteine residues at 
positions 1,15 and 3,11. The ETs elicit their effects through binding to receptors of the 
G-protein coupled seven-transmembrane spanning superfamily. Two receptor sub-types 
have been fully characterized from human tissues through molecular cloning and 
expression. The ETA subtype binds ET-1 and ET-2 with higher affinity than ET-3 and is 
principally located on vascular smooth muscle cells where it mediates vasoconstriction 
and proliferation. The ETB subtype which binds all three ETs with equal, high affinity is 
also linked to vasoconstriction in certain vascular beds, but in addition mediates the 
release of endothelium-derived nitric oxide. 

OMe 

^ v ^ O . 

H02C 

1 Endothelin-1 

COjH 

2 SB 209670 1 SK&F 107328 

Evidence is mounting to support the existence of additional receptor subtypes and at 
present, despite extensive animal model studies, controversy surrounds the optimal 
antagonist selectivity considered necessary for the treatment of human disorders [2]. This 
critical question will only be resolved by clinical trials, which are now ongoing, and may 
depend upon the disease targetted. Our own involvement in the ET receptor antagonist 
area began with screening non-peptide compounds from our G-protein coupled receptor 
ligand collection. As a result of implementation of a peptidomimetic hypothesis 
involving mimicry of ET-1, the effort culminated in the preparation of SB 209670, 2, a 
potent mixed antagonist of ETA and ETB receptors (Kj's: 0.4nM and 15nM, respectively) 
[3]. 
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Results and Discussion 

From our investigations with the indane series of antagonists (e.g. 2) it was apparent that 
both the 2-carboxyl and the benzodioxole moieties of these molecules are important for 
high affinity binding. Further searching of our compound collection based upon these 
structural components led to the discovery of SK&F 107328, 3. which was shown to be a 
ligand for ETA and ETB receptors (Kj's: 420nM and 3400nM, respectively). SK&F 
107328 was originally prepared for our angiotensin II receptor antagonist program (K; = 
170nM, AT-1) and its discovery in the present context adds it to the growing list of so 
called permissive structures, i.e. ligands which bind multiple G-protein coupled 
receptors. 

While an overlay of the framework of 2 on the indane nucleus 2_ (A, Figure 1) 
indicates a good fit between the corresponding benzodioxole rings and carboxylic acids, 
the 3-phenyl of the indane does not overlay well with the N-benzyl substituent of the 
imidazole. Further inspection of molecular models suggests that a superior overlay with 

O^«o cx^o 
A B 

Figure 1. Molecular modeling overlays of the nucleus of SB 209670 with the framework of 
SK&F 107328 (A) and the framework of SB 209834 (B). 

250 
SCHILD PLOT 

0.01 0.1 1 

[SB 209834] (nM) 

-•-Control 
-o-SB 209834 (100 nM) 

SB 209834 (1 pM) 
SB 209834 (10 pM) 

10 100 1000 

[ET-1] (nM) 

4 SB 209834 

Figure 2. Inhibition of ET .-mediated vasoconstriction in isolated rat aorta by SB 209834. Schild 
analysis for the inhibition of ET-1 contraction in isolated rat aorta by SB 209834. 
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SB 209834 

OBn 

02(-Bu 

Scheme 1. (a) NIS, EtOH, 45" (91%); (b) MnO,, CH2Cl2(54%); (c) (CH^O,, Bu4NF, 5A sieves, 
THF (84%); (d) 10% Pd/C, KOAc, MeOH (99%); (e) (2-benzyloxymethoxy-4-methoxyphenyl 
magnesium bromide, then MnOr CHfil? (79%); (j) 10% Pd/C, latm. H? EtOAc (91%); (g) NaH, 
t-butyl bromoacetate, DMF (93%); (h) Lawesson's Reagent, toluene (69%); (i) methyl-2-
diazo-3-(5-benzodioxole)propionate, ether (92%), chromatography 60:40 mixture; (j) Treatment 
of major isomer with P(OCH^3, N-methylimidazole (66%); (k) NaOH, iPrOH, then HCl aq., pH 
3-3.5 (62%). 

the indane can be obtained by incorporation of an aryl moiety at the 3-position of the 
acrylic acid (B, Figure 1). Furthermore, removal of the N-benzyl substituent was anti
cipated, on the basis of previous SAR studies, to reduce AT-1 receptor affinity. As a 
result, SB 209834, 4. was prepared and found to have high affinity for ETA receptors 
(Ki=2nM), measurable, albeit weaker, affinity for ETB receptors (K=500nM) and no 
apparent affinity for AT-1 receptors. The potency of 4 at ETA receptors was confirmed 
in a functional assay. Thus, in the isolated rat aorta, treatment with 4 produces parallel 
rightward shifts in the concentration-response curve to ET1, Kb=9nM (Figure 2). 
Compound 4 shows no agonist activity in this tissue and Schild analysis is consistent 
with competitive antagonism. Our synthesis of 4 is shown in Scheme 1. 

In summary, we have designed a novel, achiral endothelin antagonist of high potency 
which is without measurable affinity to the AT-1 receptor. 
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Introduction 

Inhibition of the aspartyl protease of the human immunodeficiency virus (HIV) remains 
an attractive target for the treatment of AIDS [1,2]. Great progress has been made in the 
design of peptidomimetic inhibitors based on knowledge of peptide substrates of the 
enzyme [3]. In addition, broad based screening has identified the non-peptide template, 
4-hydroxycoumarin, as an inhibitor of HIV-1 protease [4-6]. After a series of structure 
based design cycles it was discovered that appropriately branched substitution on a 
4-hydroxypyrone template could replace the aromatic ring of the 4-hydroxycoumarin 
nucleus [4]. Chemical intuition suggested to us that the five-membered ring congener, 
tetronic acid, might also be a suitable template for potent HIV-1 protease inhibitors 
which might offer some advantageous physico-chemical properties. Molecular 
modelling using the x-ray crystal complexes of HIV protease and 4-hydroxypyrone 
inhibitors supported this contention and suggested that appropriately substituted tetronic 
acids could productively interact with the S2 through S2' binding pockets of the enzyme 
(Figure 1). In addition, microbial derived acyl-tetronic acids were reported to be weak 
HIV-1 protease inhibitors [7-9]. 

Results and Discussion 

Initially, 3-cyclopropylphenylmefhyl tetronic acids were prepared since this branched 
side chain had provided for potent 4-hydroxypyrone-based inhibitors [10]. Besides ring 
size, one of the most interesting structural design considerations between tetronic acid 
and 4-hydroxypyrone based inhibitors is the hybridization at the 5- (6-) position of the 
template. The 5-position in tetronic acid is a sp3 hybridized carbon which allows for 
disubstitution. In addition, as an sp3 carbon, the attached side chain(s) of the tetronic 
acid are oriented at angles different from that of the sp2 hybridized carbon of the 
corresponding 6-position of the pyrone ring. 

These structural differences provide unique opportunities to explore conformational 
space in the tetronic acid series unavailable in the pyrone based inhibitors. From a series 
of 5-monosubstituted alkyl and phenylalkyl tetronic acids the benzyl and phenylpropyl 
substituents were found to provide the most potent inhibitors, with the benzyl analogue 
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Asp25 
Asp25' 

NH 
Ile50' 

Figure 1. Model of 3,5-substituted tetronic acid based HIV-1 protease inhibitors depicting key 
subsite and H-bonding interactions in the enzyme active site. 

(U-98807, Figure 1 where R, and R5 are phenyl, R~ and Rj are proton and R4 is cyclo
propyl) possessing a Kj of 65 nM against HIV-1 protease. This potency was similar to 
U-96988, the 4-hydroxypyrone clinical candidate, but was achieved without introducing 
branching on the side chain at the 5-position. 

With such a potent inhibitor in hand, it was possible to obtain an x-ray 
crystallographic structure of U-98807 while bound to HIV-2 protease and to update our 
modelling effort. As suggested by the initial modelling, the tetronic acid template 
successfully fulfilled the necessary binding interactions with the enzyme's catalytic Asp's 
and the flap Ile amides (in the absence of the ubiquitous water molecule). When overlaid 
by the bound structure of a similar 4-hydroxypyrone, the tetronic acid ring was found 
oriented in much the same way as the 4-hydroxypyrone ring, but shifted slightly relative 
to the catalytic Asp's. U-98807 was found to productively interact with the S2, S,' and S2' 
subsites of the enzyme. However, the S, subsite remained essentially unoccupied. 
Subsequent modelling suggested that the S, subsite could be reached either by branching 
at the 5-a-position (a successful strategy in the 4-hydroxypyrone series) or by 
disubstitution at the 5-position with a relatively small alkyl group. 

As predicted by the model, the analogue with 5-a-ethylbenzyl substitution (i.e., 
Figure 1 where R, is phenyl, Rj is ethyl and R3 is proton) was a potent inhibitor (K( of 43 
nM), but with only a modest increase over U-98807. The best inhibitor in the 5-a-
substituted series was the 5-a-ethylbutyl analog (Kj of 27 nM). The ability to interact 
with the S, subsite was then explored via 5,5-disubstitution. Within this series as one 
substituent was held constant (i.e., benzyl, phenylethyl or phenylpropyl) the most potent 
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inhibitors were obtained when the second side chain was propyl (K, 4-6 nM) with 
decreased potency for smaller or larger groups. Again, this was not unexpected from the 
model based on the U-98807/enzyme complex. 

The potent inhibitor 3-cyclopropylphenylmethyl-5-phenylpropyl-5-propyl tetronic 
acid (U-102377, Kj of 4 nM, Figure 1 where R, is phenylethyl, Rj is proton, R3 is propyl, 
R„ is cyclopropyl and R5 is phenyl) was co-crystallized with HIV-1 protease and the 
x-ray structure showed a surprising result. The ring of U-102377 was shifted signifi
cantly in the active site pocket allowing for less room in the S2 subsite. Consequently, 
the 5-phenylpropyl side chain no longer occupied the S2 subsite, as seen with U-98807, 
but reached instead through the S, subsite into the S3 subsite. The smaller 5-propyl side 
chain was now in the S2 subsite. Of interest, the activities of the 5-a-substituted and 
5,5-disubstituted tetronic acids were consistent with the modelling predictions based on 
the initial x-ray structure, but possibly for the wrong reason. Nonetheless, the tetronic 
acid template provided very potent HIV-1 protease inhibitors. 
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Introduction 

We have described two series of 1,4-benzodiazepine GPIIb/IIIa antagonists. The first 
series [1], typified by compound 2 [2] bearing an amidinophenylamide in position eight, 
was designed from cyclic peptide antagonists, displaying a near atom-for-atom overlay 
with the RGD portion of peptide SK&F 107260 5 which displays a turn-extended-turn 
about RGD. The second series[3], typified by 4, bearing an amidinophenylamide in 
position seven, was found to readily overlay cyclo(Pro-Arg-Gly-Asp-Gly-Pro) K) which 
displays a (3 turn about Gly-Asp. Although the spatial location of the 7-amidinophenyl 

S> Str$> 
CQ,H Y ^ CO,H tcfeH 

N"2 HN 

B1 B1 

1 H 5, fi CH2CH2Ph 
SK&F 107260 

2 CH3 Z CH, 

NH, 

H N * ^ , O, _JS H ! V ' N ~ \t*_ "-N. 

. ' ' ' T ' V fi. (2S)-
H O ^ . H ° O X SB 214857 CH3 

-N^yy-'}-~ . J . 

r ° H ) ~ 0 &(2-R) CH3 

C02H O COjH 

B1 

2 H IQ, cyclo(Pro-Arg-Gly-Asp-Gly-jQ-Pro) 

4 CH3 J_-4,fi-Zare racemic 
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R,S 
R,S 
R,S 
R,S 
(S-Asp) 
R,S 
R,S 
S 
R 
(S-Asp) 

150 
65 
380 
160 
57.0 
20 
90 
28 
8167 
5260 

1.5 
1.6 
26 
90 
1.5 
1.5 
4.0 
2.5 
1530 
1900 

J. Samanen et al. 

Table 1. In Vitro Activities of Peptide and Nonpeptide GPIIb/IIIa Antagonists. 

Configuration Platelet Aggregation Binding Inhibition 
of Benzodiazepine hPRP/ADPa 3H-5 / hGPIIb/IIIab 

Compound at Position 2 IC50 (nM) Ki (nM) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

"Platelet aggregation in human platelet-rich plasma induced by ADP. 'Binding of 3H-SK&F 
107260 to GPIIb/IIIa purified from human platelets, reconstituted in liposomes. 

group in compounds 3 and 4, differs from the 8-amidinophenyl group in 1 and 2, the 
nonpeptides 3. and 4 display high affinity to human GPIIb/IIIa and high potency in a 
human platelet aggregation assay (Table 1) albeit lower than 1 and 2. Compounds 1 -4 
displayed potent in vivo activity after intravenous administration, but only 2 displayed 
activity in vivo after intraduodenal administration (Figure 1) [2]. The in vivo duration of 
2, however, was insufficient for b.i.d. dosing. The hypothesis that superior activities in 
the 8-substituted series related to spatial location of the cation invoked a search for 
7-substituents that could position a cationic group in the same region of space as the 
cation in 1 or 2. 

Results and Discussion 

That search led to the rigid bipiperidinyloxo group, which gave the 7-substituted 
compound 6, which was shown to be a potent GPIIb/IIIa antagonist (Table 1). 
Compound 6 was also potent in vivo, Figure 1, and superior to 2. Continued 
optimization of oral activity in the 7-series led to the discovery that replacement of the 
4-phenethyl group with 4-Me, as in 7, resulted in a decrease in potency in vitro but a gain 
in activity in vivo, Figure 1. Both enantiomers of 7 were prepared by enantiospecfic 
synthesis from R and S aspartic acid [4]. The S-enantiomer 8 is considerably more 
potent in vitro than the R-enantiomer 9. SB 214857, 8, is a potent antiaggregatory agent 
after intravenous and intraduodenal administration and displays a long duration of action 
(Figure 1). 

That 8 may be a nonpeptide mimetic of the peptide 5 comes from the fact that both 
compounds a) position cationic amine and anionic carboxylate groups in the same 
regions of space, and b) are derived from (S)-aspartic acid. 3H-8, bearing tritium in the 
benzo-group, displays specific, saturable binding to human GPIIb/IIIa with a Kd of 2 
nM, identical to the Ki of inhibition of 3H-5 binding to GPIIb/IIIa by cold 8. 3H-8 
binding is completely reversed either by cold 8 or cold 5, even after preincubation for 1 
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Figure 1. Percent platelet aggregation (canine whole blood stimulated with collagen) ex vivo 
after intravenous administration, closed circles, or intraduodenal administration, open circles, to 
the conscious dog of compound 2, £ 6, 7, and SB 214857, 8. 

hour. The Ki values for various compounds determined in either an 3H-8 or 3H-5 
competition binding assay are similar [4]. Thus, we observe no appreciable difference 
between the binding of SB 214857 and SK&F 107260 to purified human GPIIb/IIIa. 
Thus, SB 214857 appears to be an example where the peptide and nonpeptide ligands 
may bind to the same receptor binding site. 
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Introduction 

We have developed a new and uniform class of peptidomimetics by the incorporation of 
carbohydrates into the backbone of peptides [1, 2]. Carbohydrates are frequently found 
in natural products of therapeutic importance, but to our knowledge it is part of a 
peptidic structure only in the case of galantine I [3]. 

In order to use carbohydrates as peptide building blocks they have to be transformed 
into sugar amino acids (SAA). Here we present pyranoid ring structures that carry an 
amino and a carboxylic function in distinct substitution patterns. These SAA impart 
significant conformational restrictions when incorporated into peptides through the rigid 
six membered sugar ring. 

OH 
C0 2 H 1 

H O - V * « * ^ N H 2 = j ^ 
OH ,xx H2N' O ^C02H 

Figure 1. Example for a sugar amino acid (SAA). 

A main advantage of the SAA is that they are more or less "natural" molecules in an 
"unnatural" combination. It is very unlikely that SAA-containing peptides are degraded 
enzymatically, but if processing occurs with the release of SAA they are most probably 
excreted by the phase II uronic acid pathway. Uronic acids are used as carrier molecules 
in the human body for an active decontamination [4]. Most of the other "unnatural" 
peptidomimetics have a totally unknown metabolism. 

Results and Discussion 

Figure 2 shows a series of SAA which can be used as a construction kit for peptide 
conformations; thereby the SAA offer the possibility to design mimetics from dipeptide 
isosteres to a-amino acids. The syntheses of all these SAA are straightforward and use 
cheap starting materials. SAA 3 and 5 are already known in the literature [5, 6]. 
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Dipeptide Isosters 
3 steps from 

Glucosamine 
3 steps from 
Glucose 

C02H 
H O - V ^ 0 , 

H O - V - ^ ^ -
NH2 

OMe 

HO OH 

*v~$-
linear 

^ X y y ' \ • « " 

A° 
H N vl • 

A, 
flexible fl -tun; 

y -Amino Acid 
4 steps from 

Glucuronolactone 

co2H 
HO- \ \J~0 

HO V—-^X NH2 

OH -

P -Amino Acid 
5 steps from 

Glucosamine 

co 2 H 

' -turn 

o -Amino Acid 
5 steps from 

Glucuronolactone 

C02H 
H O - v A — N ^ H 

H O - V - ^ A " 
OH , 

Homoproline 

Figure 2. SAA in a construction kit for peptide conformations. 

All SAA of Figure 2 contain a six membered ring with all substituents in equatorial 
positions. Therefore the chair conformation is very stable and rigid which allows the 
prediction of the conformational restrictions when incorporated in peptides. SAA 1 
constrains a linear peptide conformation, whereas the others are turn mimetics. The 
diameter of the turn decreases from the left to the right. 2 and 3 serve as (3-tum mimetics, 
4 as a pseudo y-turn mimetic and 5 is a homoproline or a tri-hydroxy pipecolic-acid. 

Despite the different conformational restrictions introduced by these SAA, the 
physical, chemical and pharmaceutical properties should be more or less preserved 
because all SAA carry two or three hydroxy groups in a similar arrangement. On the 
other hand, the hydroxy groups can easily be modified, e.g., by benzylation or by other 
hydroxy protecting groups. This will change the physical and chemical properties. The 
protecting groups could even serve as mimics for additional peptidic structure in a way 
which has been demonstrated by Hirschmann et al. [7]. 

In order to characterize the conformational behavior of the SAA, several cyclic 
SAA-peptides were synthesized (Figure 3). Their conformations were determined by 

Phe 

D-Pro Ala D-Pro 

Figure 3. Conformation of the SAA 2, 3 and 4 in cyclic peptides. 
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NMR spectroscopy and molecular dynamics calculations. In these cyclic peptides, the 
SAA 2, 3 and 4 are linked to tetrapeptides which contain one D-amino acid. The 
D-amino acid in i+1 position of the lower loop stabilizes a pil'-turn. In case of the first 
two peptides, the SAA 2 and 3 occupy the i+1 and i+2 position of a pseudo upper p-turn. 
The peptide containing SAA 4 forms a narrow loop similar to a y-turn. 

The SAA have been employed in linear and cyclic peptides of biological importance. 
For example SAA 2 was used as a dipeptide isostere in the highly potent and ccvP3 

selective cyclic RGD-peptide cyc/o(-D-Phe-Val-Arg-Gly-Asp-) [8] where it replaces the 
D-Phe-Val moiety. A superposition of the SAA 2-peptide with cyclo(-D-Phe-Val-Arg-
Gly-Asp-) shows that the conformation of the active Arg-Gly-Asp motifs are very similar 
(Figure 4). So the SAA-peptide shows the same selectivity tendency although the activity 
is lower because the sugar peptide does not contain the important lipophilic side chains. 

SAA(2) 

IC50[nM] 

Fibrinogen receptor 

Vitronectin receptor 

D-Phe-Val - R G D SAA(2) - R G D 

300 2200 

3 275 

Figure 4. Superposition of cyclo(-D-Phe-Val-Arg-Gly-Asp-) with cyclo(-SAA(2)-Arg-Gly-Asp-) 
and their activity towards the fibrinogen and the vitronectin receptor. 
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Introduction 

In recent years, the osmium-catalyzed asymmetric dihydroxylation (AD) introduced by 
Sharpless and coworkers has evolved into one of the most enantioselective processes 
known [1]. However, very little effort has been undertaken to explore the possible 
application of AD reactions in peptide chemistry. Herein we describe an efficient and 
enantioselective strategy using AD reactions to prepare multigram quantities of oc,P-
dimethylated amino acids and p-methylated amino acids. 

Results and Discussion 

In the AD reactions (Figure 1), we chose the commercially available a,P-unsaturated 
ester derivatives as the substrates, and the most versatile "dimeric" bis(dihydro-
quinidinyl) phthalazine as the catalytic ligands which are included in the reagent mixture 
of AD-mix-oc and AD-mix-p. 

Ri 

Sharpless 
AD Reaction 
AD-mix-a 

(1)NaN3/Acetone/H20 

(2) Hydrolysis, 
Ether, 20%H2SO,]/H2O 

(1)LiBr/DMF/50°C 
(2) Hydrolysis, 

Ether, 20%H2SO4/H2q 

(3) NaN3/DMF/7CPC 

R,, R2 = H, orCH3 

HO . f 2 

OH O 
1 

OBzl 
(1)SOCI2/CCI4 

(2) NalOVRuCfe 

H O ^ R , 
T (1)H2/Pd-C 

"tr0" (2) (Boc)20 
BuOH/H20 

81% 

HOv^R, 

R2 II 

OBzl owpd-c 
(2) (Boo)20 

BuOH/H20 

0"'"s ...,k „OBzl yr. 
2 O 

H O ^ R , 

R^'K^OH 
Boc-N |l 

H O 

HOv^Ri 

Boo- N" 
HR2 o 

OH 

Figure 1. Enantioselective syntheses of a-methylated amino acids. 
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Starting with benzyl tiglate (60mmol, Figure 1: R„ R2=CH3), the Sharpless AD 
reaction with AD-mix-oc in the presence of CH3S02NH2 proceeds smoothly to give diol 1 
with excellent optical purity (>96%ee). The diol 1 is converted to its 2,3-cyclic sulfite 
with SOCl2 and oxidized to cyclic sulfate 2 in a one-pot fashion[2]. The subsequent 
nucleophilic substitution at the oc-C of 2 with clean inversion of chirality and acidic 
hydrolysis provides the desired oc-azido ester 3. Compound 3 readily undergoes catalytic 
hydrogenation to produce the enantioisomerically pure (2S,3S) 2-methylthreonine. The 
X-ray diffraction analysis of (2S,3S) Boc-2-methyIthreonine 4 proves the correct 
structure of the final product. In addition, the cyclic sulfate 3 can be converted to its 
diastereoisomer, (2R,3S) 2-methylthreonine by two sequential inversion steps with LiBr 
and NaN3. The oc-azido ester 3 can be stereospecifically transformed to the aziridine 
derivative. These aziridine compounds are very important intermediates for the synthesis 
of a,P-dimethylated cysteine[3] and tryptophan analogs (Figure 2 ). 

3 or its diastereomisomers 

I (1)PPh3/MeCN/70°C 
L (2) Cbz-OSu/DMAP/Pyr. iGwo^-v^u, . , , . ,™-, . - , . . M e O v ^ j s . 

< p-CH30C6H,CH2SH ^ - ^ v x v ^ R ' . N-Me-lndole 
BF3-B20,DCM ° b z 

. , ' r.n.R,i o r j - c i iU /u tM R , — * . 
COOBzl 

• COOBzl R, COjBzl BF3-Et20/DCM R2-X 
C b z H N Cbz-HN 

Methylated Tryptophans Aziridine Svnthons Methylated Cysteines 
R i , R2= H, o r C H 3 , . _. 

(4 Stereoisomers) 

Figure 2. Enantioselective synthesis of a, B-dimethylated cysteines and tryptophan. 

As an extension of the above strategy, we have synthesized the a//o-threonine 
analogs and related cysteine and tryptophan derivatives starting with benzyl crotonate 
(Figure 1 and 2, R,=CH3, R2=H). This efficient method can provide the a//o-threonine in 
30mmol scale and high optical purity (>99% ee) which we anticipate will provide large 
amounts of L- and D-a//o-threonines in a facile manner. 

In this report we demonstrate that the Sharpless asymmetric dihydroxylation 
reactions are very powerful routes to generate a variety of unusual amino acids. The 
reactions involved are clean, simple and readily scaled-up. This method is also a 
versatile strategy to synthesize more complex alkyl substituted amino acids. We are now 
actively examining such reactions. 
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Introduction 

Selective cholecystokinin-A (CCK-A) receptor agonists are of interest as appetite 
suppressants for treating obesity. All reported CCK-A agonists with potential therapeutic 
utility are reduced peptide analogs of CCK-8. Two examples are A-71623 (Boc-Trp-
Lys(Tac)-Asp-MePhe-NH2) [1] and ARL-15849 (Hpa(S03H)-Nle-Gly-Trp-Nle-MeAsp-
Phe-NH2) [2]. 

In an approach to increase in-vivo stability we designed a template to constrain 
residues of the tetrapeptide lead (Figure 1) [3]. We rationalized that the 1,2,4-triazin-
6-one template could be readily synthesized from available chiral precursors and offer a 
robust, versatile scaffold for three of four residues of A-71623. This approach led to the 
discovery of CCK-A selective peptidomimetic agonists. 

\ = < J t W i yc°'H 

y^ COZH \ y s 
I O / H O / MS O R1 J? yy~^~~^ y~^ „ / U . . ̂ y y ° „ 

^ VN^TO N H*
 H l 0 ^ ? ^ 

Figure 1. a) tetrapeptide lead A-71623; b) template approach (R = CH3, OH; R'= tBu, iPr; X = 
NH, CH=CH); andc) l,2,4-triazin-6-one leads (R' = tBu, iPr; R2 = OH, OS03H). 

Results and Discussion 

A synthesis for the 1,2,4-triazin-6-one peptidomimetics (Figure 2) was developed from 
thioamide containing dipeptide esters and hydrazino-acids available by Evans' chiral 
alkylation methods [4]. Useful synthetic features include regiospecific ring closure as 
shown, preservation of chirality at all centers, and stability of the l,2,4-triazin-6-one to 
standard peptide elongation and side chain elaboration. 
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u 

o IH O 

H.N^-A NH2 

(/ V H 

Cbz H H A Y - H 

Figure 2. Synthesis of1,2,4-triazin-6-one ARL-16610 (R1 = iPr, R2 = OH), a) HgfOAc)^ b)HCl, 
c) iPrOCO-Trp-OH, TBTU, HOBt, d) H/Pd, e) p-hydroxycinnamoyl-OSu. 

A series of l,2,4-triazin-6-ones analogous to A-71623 were synthesized with the 
template centered at each residue of the peptide. CCK-A affinity assays showed 
optimum activity in the triazinones centered at Asp with natural side chain length and 
chirality at each residue with the exception of Lys where D-Lys was preferred (Figure 2). 
Functional assays in phosphatidylinositol hydrolysis (PI) and guinea pig gallbladder 
contraction (GPGB) in the lead series showed that substitution on the e-amino of Lys 
withp-hydroxycinnamic acid or its sulfated form led to full functional efficacy (Table 1). 

In feeding inhibition (FI) experiments the lead compounds inhibited feeding in rats 
in a dose (ip) dependent manner (Table 1). This inhibition was reversed by the CCK-A 
antagonist MK-329 showing the mechanism was CCK-A receptor based. ARL-16610 
was stable for over 8 hours in stomach acid and dog kidney homogenate models 
indicating excellent metabolic stability. 

Table 1. Affinity and functional assay results for 1,2,4-triazinone CCK -A peptidomimetics. 

ARL 
No. 

15989 
16446 
16610 
16617 

R1 

tBu 
tBu 
iPr 
iPr 

R2 

OH 
OS03H 
OH 
OSO3H 

CCK-A 
vs agonist0 

K((nM) 

30 
8.7 

CCK-A 
vs antagb 

K((nM) 

200 
110 
180 
100 

CCK-A 
vs antagc 

K,(nM) 

820 
470 

1600 
570 

K( Ratio 
vs antagd 

4.2 
4.2 
9.1 
5.5 

PI 
Eff. 
(%) 

70 
100 
91 
90 

GPGB 
kC50 
(nM) 

80 
130 

1400 
55 

FI,ip 
ED50 

(^g/kg) 

3000 
1200 
300 
70%c 

a[125I]-BH-CCK-8, b[3H]-MK-329 with G-protein coupled, c[3H]-MK-329 with G-protein 
uncoupled, dG-protein uncoupled over coupled K̂  "Feeding inhibition at 1000 pg/kg. 
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Introduction 

Modification of peptides to obtain chemically stable and/or conformationally restricted 
analogues can be done by replacement of amide bonds or peptide fragments with non 
peptidic moieties. Thus, five-membered heterocyclic ring systems, such as imidazole, 
oxazole, and thiazole, have been used as mimics to replace the peptide bond [1]. 

We have synthesized six different Phe-Gly analogues containing a 1,2,4-oxadiazole, 
a 1,3,4-oxadiazole, or a 1,2,4-triazole moiety. These ring systems are frequently used as 
ester and/or amide bioisosters in the synthesis of biologically active compounds [2]. The 
obtained dipeptidomimetics have been used as building blocks in solid phase peptide 
synthesis replacing Phe3-Gly4 in dermorphin (Tyr-D-Ala-Phe-Gly-Tyr-Pro-Ser-NFy [3], 
which is a highly potent and selective p-receptor ligand. The N-terminal tetrapeptide is 
the minimal sequence required for activity [4]. Examples of structural features suggested 
to be important for biological activity are the orientation of the aromatic side chains [5] 
and the Phe3-Gly" peptide bond [6]. We therefore consider dermorphin an interesting 
target for evaluation of the dipeptide analogues as mimics of Phe-Gly. The synthesized 
pseudopeptides 1-6 have been evaluated in a p-receptor binding assay. 

Tyr-D-Ali 

Tyr-D-Al! 

Pro-Ser-NH2 

yr-Pro-Ser-NH2 

Dermorphin 

Tyr-D-Ala> 

1 ; X=N, Y=0 

3; X=N, Y=NH 

" Y -N O 

2; X=N, Y=0 
4 ; X=N, Y=NH 

Tyr-Pro-Ser-NH2 

Tyr-D-Ala^ 
^ Pro-Ser-NH2 

T y r - D - A ^ ^ O ^ Tyr-Pro-Ser-NH2 
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Results and Discussion 

Phe-Gly analogues were synthesized by reported procedures for X-Gly mimetics [2]. 
Boc-L-Phe-OH was used as starting material. Enantiopurities were determined by HPLC 
on a chiral stationary phase. All compounds showed enantiopurities above 93% ee. 

Manual solid phase peptide syntheses were performed on a MBHA-resin in a plastic 
syringe, using NaBoc-protected amino acids. Benzyl was used as the side chain 
protecting group for Tyr and Ser, and HBTU/HOBt/DIEA were used as coupling 
reagents. The Boc-groups were removed with cone. TFA. 

In the synthesis of the Phe-Gly fragments in 1, 3, 4, 5, and 6, the carboxylic acid 
functions were protected as esters. These analogues were hydrolyzed prior to coupling to 
the resin. The derivatives having the carboxylic function attached directely to the 
heterocycle (the Phe-Gly residues in 1, 3, and 5) cannot be isolated as acids after 
hydrolysis as they are readily decarboxylated. Therefore the couplings of these 
compounds were done using the carboxylates (3 and 5) or immediately after isolation of 
the acid (1). Couplings of the Phe-Gly analogues in 1, 2, and 5 were performed by 
formation of mixed anhydrides (EtOCOCl/NMM in DCM/DMF). Interestingly, the 
deprotection of Na of the Phe-Gly residue with TFA resulted in racemization. To avoid 
this iodotrimethylsilane (TMSI) was used as deprotecting agent in that step. The peptide 
analogues 1-6 were purified by reversed phase HPLC and characterized by MS and 
amino acid analysis. 

Receptor affinities for the p-opioid receptor were determined by displacement of 
[3H]DAMGO from rat brain (minus cerebellum) membrane preparations (Table I). 
Compounds 1, 4, 5, and 6 showed high binding affinities for the p-receptor, whereas 2 
and 3 showed moderate and low affinities, respectively. Studies on the p/3 selectivity of 
1-6 are ongoing. 

Table 1. p-Receptor binding affinities of dermorphin analogues 1-6. 

Compound DAMGO 1 2 3 

[3H]DAMGO 1.5 5 70 300 
K,, nM 

4 

10 

5 

7 

6 

15 
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Introduction 

Incorporation of conformational constraints into peptides or proteins is constructive for 
identifying the functional conformations of bioactive linear peptides, guiding the design 
of antagonists or agonists, and understanding protein folding processes. Various side-
chain to side-chain bridges that stabilize secondary structures have been reported [1]. 
The aim of our present study is to develop the solid-phase synthesis and applications of a 
new type of cyclic peptide in which a non-native tri-functional amino acid (such as 
diaminobutyric acid - Dap) is used to link three side-chains of amino acids in one peptide 
chain simultaneously, forming a branched bridge. Such structures may serve as a 
peptidomimetic scaffold in stabilizing secondary structures, such as the a-helix, or even 
more complex structures. For a-helix stabilization, we have designed two such bicyclic 
peptides, 1 and 2 (Scheme 1), having three linked residues in positions i, i+3 and i+7 in 
the linear amino acid sequence. The sequences of our peptides were derived from early 
(i, i+4) lactam-bridged model peptides to allow comparisons [la]. The conformational 
effects of these novel branched bridges have been studied by CD. 

Results and Discussion 

Previous studies have shown that solvent played an important role in solid-phase 
cyclization reactions. In the solvent mixture DMSO:NMP (1:4) the yield of the desired 

CIZ OBzl CIZ OBzl C1Z 

I I I I I 
Boc-Lys-Leu-Lys-Glu-Leu-Asp-Gln-Lys-Leu-Xxx-Glu-Leu-Lys-Gln-

OFm OAU 
(CH2)4-NH-CO-CH-NH-AUoc a. (i) Fmoc & OFm deprotection; 

' (ii) cyclization inDMSO:NMP(l:4); 
CH2-NH-Fmoc b , • ) AUoc & OAU cleavage 

(ii) cyclization inDMSO:NMP(l:4); 
1 lc. HF cleavage. 

NH2-Lys-Leu-Lys-Glu-Leu-Asp-Gln-Lys-Leu-Xxx-Glu-Leu-Lys-Gln-OH 

NH 

CH2 

C O - C H - N H -

Scheme 1. Synthetic route to Peptide 1 (Xxx=Asp) or Peptide 2 (Xxx=Glu). 
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monomeric peptides was maximized [2]. As seen in Scheme 1, two consecutive solid-
phase cyclizations, constructing branched-bridge cyclic peptides, have been achieved by 
combining standard Boc/Benzyl methods with the orthogonal Fmoc/OFm and Alloc/OAll 
[3] protecting groups. The use of an optimized solvent system (DMSO:NMP=l:4) for 
the cyclizations was essential for the successful synthesis of these peptides (Figure 1). 

A 220 

MH+ (Calc.)=1779.09 
MH+(Found)=1778.8 

Eluents: A: 0.05%TFA/10%MeCN 
B: 0.05%TFA/90%MeCN 

Gradient: 10-30%B in30min, 1.2ml/min 

-f-
0-° t (min) 

Figure 1. HPLC profile of the crude Peptide 1 product after HF cleavage. 

25.0 

Preliminary CD studies have been done in lOmM phosphate buffer, pH=7.0, or in 50% 
TFE at 25°C. As seen in Figure 2, Peptide 1 adopted a folded, nonhelical conformation 
in aqueous buffer or in 50% TFE, but Peptide 2 was substantially a-helical in 50% TFE. 
We hope to extend the application of branched side-chain bridges with multiple points of 
attachment to the stabilization of more complex structures. 

c? o 
o 
E 

^- -5000 
E 

& -15000 
— • — Peptide 2 1 

10000 

=• 5000 

o 
E 

;r- o 
E u 
Sf -5000 

•o 

<D -10000 

-15000 

— • — P e p t i d e 2 

-

' 

180 200 220 240 260 

wavelength (nm) 
200 220 240 260 
wavelength (nm) 

Figure 2. CD Spectra of Peptide 1 and Peptide 2 in 10 mM phosephate buffer, pH=7.0 (left) and 
in 50% TFE (right). 
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Introduction 

Cyclic hexapeptides are extensively studied for structure activity relationships and one 
D-amino acid in the sequence is thought to favor the cyclization during synthesis due to 
its P-turn promoting properties [1]. To determine the prerequisites required for a 
successful cyclization we have synthesized 39 individually head-to-tail cyclized hexa
peptides c[RGDSPO] and c[RGDSPo] including all usual L- (O) and D- (o) amino acids 
and Gly. The influence of the C-terminal residue on yield and racemization was 
examined. Since no difference in cyclization tendency has been observed when using 
L-amino acids in the C-terminal sequence position we have designed 400 
cyclohexapeptides ctRC^DSOjY] representing all possible combinations of the 20 
L-amino acids in positions O, and 02. The influence of Gly and Pro on cyclization 
tendency of linear all L-hexapeptides was investigated. 

Results and Discussion 

Linear hexapeptides were prepared by Fmoc/tBu strategy using Fmoc-amino acid-2-
chlorotrityl resins on a multiple peptide synthesizer (Syro, MultiSynTech, Bochum, 
FRG). After cleavage from the resins with 20% acetic acid the fully side-chain protected 
peptides were individually and simultaneously cyclized in solution (0.001 M in DMF). 
Excess reagents were removed by washing steps, side chains were deprotected with 
TFA/scavenger and cyclic peptides were precipitated from ether. 

For ring closure of RGDSPO and RGDSPo, three different reagents were used 
(TBTU, HATU, PPA) and crude cyclic peptides (purity > 80%) were obtained. Peptides 
containing amino acid residues with branched side chains in the C-terminal position (O = 
I, V, T; o = i, v, t) were only partially cyclized as shown by HPLC and electrospray 
ionization mass spectrometry (ESI-MS). Linear and modified linear (Na-acetylated) 
peptides could be identified as side products. No difference was observed in the yield of 
cyclopeptides when TBTU, HATU or PPA were used for ring closure. L- and D- amino 
acids in the C-terminal position have no influence on cyclization of the hexapeptides 
RGDSPO and RGDSPo. Racemization of the C-terminal amino acids was determined by 
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Table 1. Racemization of C-terminal amino acids in RGDSPO and RGDSPo (O = all L- and o = 
all D-amino acids) after cyclization with PPA determined by GC and HPLC (n.d. = not 
determined; ? = cyclopeptide was not identified due to side products in HPLC). 

c[RGDSPO] 

A 
C 
D 
E 
F 
H 
I 
K 
L 
M 
N 
P 
Q 
R 
S 
T 
V 
W 
Y 

% Racemization 

GC 

n.d. 
n.d. 
n.d. 
9.1 
5.2 
14.2 
31.8 
n.d. 
21.0 
7.0 
n.d. 
n.d. 
12.9 
n.d. 
n.d. 
9.0 
26.2 
n.d. 
6.0 

HPLC 

4.9 
2.4 
0.5 
1.2 
1.4 
4.4 
? 
0.5 
1.3 
1.6 
2.0 
0 
6.5 
4.0 
0 
? 
? 
0.5 
1.2 

c[RGDSPo] 

a 
c 
d 
e 
f 
h 
i 
k 
1 
m 
n 
P 
q 
r 
s 
t 
V 

w 
y 

% Racemization 

GC 

n.d. 
n.d. 
n.d. 
3.1 
6.2 
6.4 
16.2 
n.d. 
10.3 
2.3 
n.d. 
n.d. 
2.8 
n.d. 
n.d. 
1.2 
13.7 
n.d. 
3.6 

HPLC 

3.1 
3.7 
0.8 
0 
1.8 
0 
? 
3.0 
2.3 
0 
1.0 
1.0 
1.0 
2.5 
0 
9 

7 

3.2 
3.2 

GC on chiral phase (after hydrolysis in 6N HCl, 18 h, 110 °C) and HPLC (Table 1). 
Higher rates of racemization were observed using GC, since racemization occurs under 
the conditions of the hydrolysis and this amount of racemization adds up to the amount 
originally present in the peptide. 

All 400 all-L-hexapeptides RO,DS02Y were cyclized (= 80% yield) and were 
characterized by ESI-MS. Side reactions lead to products (< 25%) with higher molecular 
masses: +60 amu (Na-acetylated linear peptides), +87 amu (Na-acetylated linear peptide 
dimethylamides) [2] and +166 amu. 

To conclude, L- and D- amino acids in the C-terminal position have no influence on 
the cyclization of the hexapeptides RGDSPO and RGDSPo. Ile, Val, Thr (D- or L-) in 
the C-terminal position reduced cyclization yields. We could not confirm investigations 
where Gly, Pro or D-configured residues in the sequence are reported as essential 
prerequisites for ring closure of linear hexapeptides [3]. 
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Introduction 

We recently communicated methodology for synthesizing a new variety of conforma
tionally rigid p-turn analogues via a Claisen condensation / reductive amination / lactam 
cyclization sequence [1]. Improvements in our procedure now provide gram quantities 
of enantiopure indolizidinone amino acids (IAAs). For example, (3S, 6S, 9S)-lAA-l is 
synthesized in 45% overall yield from L-N-(phenylfluorenyl)glutamate y-methyl a-t-
butyl diester. From L-glutamate, we have also synthesized diastereomeric indolizidinone 
amino acids (35, 6R, 95)- and (35, 65, 9if)-IAA-l [1]. In addition, we have synthesized 
(3R, 6R, 9R)- and (3R, 65, 9/?)-IAA-l via the same strategy from D-glutamate. Since our 
route gives easy access to these azabicycloalkane amino acid analogs, we have turned to 
study the stereochemical and structural factors governing the conformational preferences 
of IAAs in peptides. Here we report syntheses of N-acetyl N'-methylamide 2 as well as 
gramicidin S (GS) analog 3. 

(35, 65, 95)-Indolizidinone Amino Acid (IAA) 

H 

IAA: 
IAA-1: 

2 : 

R 
H 

Boc 
COCH3 

R' 
OH 
OH 

NHCI 
HN 

R O p 
R' 

GS analog_3: Cyclo[IAA-Val-Orn-Leu-IAA-Val-ORn-Leu] 

Results and Discussion 

The incorporation of IAA-1 into peptides is readily accomplished using TBTU in 
acetonitrile [2]. N-Acetyl N'-methylamide (35, 65, 95)-2 was synthesized in 81% overall 
yield from IAA-1 by coupling to MeNH2, cleaving the Boc group with HCl in dioxane, 
and acetylating with acetic anhydride. Model studies on 2 as well as preliminary 
conformational analysis using NMR and FT-IR indicate that (35, 65, 95)-2 can adopt 
y-turn as well as type If p-turn conformations. The y-tum structure is predicted to be the 
lower energy conformation for amide 2. In addition, the IAA stereochemistry influences 
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the potential for P-turn formation which decreases in the order of (35, 6R, 95) —> (35, 65, 
95) -»(35, 65, 9/0-2. 

Since the modification of GS with thiaindolizidinone amino acids was shown to give 
analogs possessing conformations and antibacterial activities similar to that of the native 
peptide [3, 4], the replacement of the D-Phe-Pro residues in GS by rigid dipeptide 
derivatives has become a standard method for measuring their capacity to serve as 
surrogates of the i + 1 and / + 2 residues in type II' P-turns [5-7]. Therefore, we have 
synthesized GS analog 3 using (35, 65, 95)-IAA-l in order to examine the consequence 
of replacing the thiaindolizidinone sulfur by a methylene group as well as the effect of 
inverting the bridgehead stereochemistry. 

A convergent approach and solution-phase techniques were used to synthesize GS 
analog 3. IAA-1 was coupled to H-Val-(Z)-Orn-Leu-allyl-TFA using TBTU and Et3N in 
CH3CN which provided Boc-IAA-Val-(Z)-Orn-Leu-allyl in 82% yield after chromato
graphy on silica gel with 0-5 % MeOH in EtOAc as eluant. This material was then 
divided and independently deprotected at the C-terminal with Pd(PPh3)4 and morpholine 
in THF (94%) and at the N-terminal with TFA in CH2C12 (98%). The two tetrapeptides 
were then coupled with TBTU to furnish Boc-IAA-Val-(Z)-Orn-Leu-IAA-Val-(Z)-Orn-
Leu-allyl in good yield. Deprotection of the allyl ester and Boc group as described 
above, followed by cyclization with TBTU furnished the protected GS analog (m/z = 
[MH]+ 1282.3). No traces of dimeric nor polymeric products were observed by MS 
analysis of the cyclization reaction. Final hydrogenolysis of the Cbz protecting groups 
with Pd-black as catalyst in MeOH-HCl gave GS analog 3 (m/z = [M]+ 1013.9). 

In conclusion, we have used IAA-1 to synthesize peptides 2 and 3. Conformational 
analysis of 2 and 3 using NMR, FT-IR, and CD, as well as bioactivity studies of 3 are 
now in progress in order to further examine the use of IAAs to stabilize turn conforma
tions in peptides. 
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Introduction 

In 1992 it was claimed by Schwyzer that the activity of Substance P (SP) agonists and 
antagonists toward the NK-1 receptor is dependent upon the interaction between the 
phenyl rings of Phe7 and Phe8 and an electronegative atom (S,0) in an appropriate 
position [1] (position 11 in peptidic analogs). This theoretical hypothesis was supported 
by analogy of certain distances and angles in low-energy calculated conformations of SP 
and of the non-peptidic antagonist CP 96,345. According to Schwyzer, these conforma
tional conditions enabling % interaction between the sulfur atom of Met1' and the phenyl 
rings, which appear also in the analogs Cycloseptide [2] and Spantide [3] are mandatory 
for both agonistic and antagonistic NK-1 activity. 

At about the same time, we used backbone-cyclization [4] to prepare a new 
backbone to side-chain cyclic analog of WS-Septide [Ac-Arg6, Pro9]SP6.n [5] in which 
Met'' was replaced by (D,L)-HCys, and the sulfhydryl group was linked to the backbone 
nitrogen of Gly in position 9 through a thioether and an amide bond yielding a 17 atom 
ring (Analog A, Figure 1). This peptide showed relatively high agonistic activity and 
selectivity for the NK-1 receptor [EC50=2.0 x 10"8M on NK-1 (guinea pig ileum, GPI) 
and >10"5 M on NK-2 (rat vas deferens) and NK-3 (rat portal vein)]. 

On the other hand, analogs in which Met" was replaced by Glu y-tert-butyl ester 
[6], Glu y-benzyl ester [7] or Asp P-benzyl ester [8] were also found to be potent 
agonists of the NK-1 receptor, suggesting that a bulky lipophylic ester group at position 
11 could substitute the thioether group. 

Results and Discussion 

We now present the preparation of new backbone to side-chain and backbone to 
backbone cyclic analogs, in which the HCys" residue was replaced by amino acids 
containing an co-carboxyl moiety, such as (D and L) Asp, (D and L) Glu and Na-(co-
carboxyalkylene)Gly. The co-carboxyl was linked directly to the oo-amino group of 
Na-(o>aminoalkylene)Gly in position 9 forming a lactam ring (Analog B, Figure 1). 
Analogs containing rings between 13 and 20 atoms were prepared. The new analogs 
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?| B) * 
HN— C—CHj-S HN C 

I I I I 
(CH^3 (CHj)2 (CH^m (CH2)n 

Ac-Arg-Phe-Phe-N-Gly-Leu-HCy8-NH2 Ac-Arg-Phe-Phe-N-Gly-Leu-X—NH2 

Figure 1. A) Structure of the backbone to side-chain cyclic analog containing a thioether and 
amide bridge. B) General structure of the new analogs containing an amide bridge (m = 2,3,4,6; 
n =1,2,3,4,5; X= L-Asp, D-Asp, L-Glu-, D-Glu, N"-(a>-carboxyalkylene)Gly). 

were detected in vitro for their agonistic activity by the guinea pig ileum assay with and 
without atropine, to distinguish between direct action on the NK-1 receptor of the 
smooth muscle and indirect action via the NK-3 neuronal receptor. 

The results were not surprising. All Analogs showed EC50 values of 0.1-1 mM when 
tested on unblocked GPI. For some analogs, the activity was totally nullified in the 
presence of atropine. 

There was no significant difference between cyclic and pre-cyclic analogs or when L 
or D amino acids or Gly building units were used in position 11. 

In conclusion, replacing the thioether moiety of Analog A by an amide bond led to a 
stong decrease in the activity of the new SP6.n analogs. Apparently, a more lipophylic 
group in this position is required to compensate for the absence of the thioether group for 
NK-1 agonism. In accordance with the theory of Schwyzer, the activation of NK-1 is 
abolished upon exclusion of the sulfur atom, although the overall conformation is 
maintained. 
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Biphalin-1,1 '-Stereochemical and Truncation 
Modifications 

G. Li1, W. Haq1, L. Xiang1, A. De Leon2, P. Davis2, R. Hughes1, 
B. Lou1, T.J. Gillespie2, F. Porreca2, T. Davis2, M. Romanowski1, 

X. Zhu1, A. Misicka1, A. Lipkowski1, H.I. Yamamura2, 
D.F. O'Brien1 and V.J. Hruby1 

Department of'Chemistry and 'Pharmacology, University of Arizona, 
Tucson, AZ 85721, USA 

Introduction 

Biphalin, a dimeric enkephalin (Tyr-D-Ala-Gly-Phe-NH)2, is a strong agonist for both 8 
and p opioid receptors. Our previous study suggested that biphalin is a super antinoci
ceptive peptide, 257- and 6.7-fold more potent than morphine and etorphine respectively, 
in eliciting antinociception [1]. Although biphalin has been known for more than a 
decade [2], very little progress has been made in this research area because of its 
unknown conformational structure and novel antinociceptive mechanism as well as its 
tedious multiplestep solution synthesis. Here we report a modified one-pot synthesis of 
the key precursor of biphalin, a NMR structural study and the role of unusual amino 
acids in biphalin molecular design from 1,1'-stereochemical and truncation modifi
cations. 

Results and Discussion 

Four biphalin analogs were obtained by solution-phase synthesis using a convergent 
synthetic procedure. The optically pure 2', P-dimethyltyrosines were synthesized by an 
enantioselective method developed in this laboratory [3]. The key bridge precursor 
(Phe-NH-NH-Phe) was synthesized from a one-pot cross coupling reaction between 
Boc-Phe and hydrazine using BOP or HBTU reagents in DMF solution with great 
efficiency (95% yield). The further cross coupling reactions were conducted from the 
bridge dimer (1 equiv) and wing precursors (2 equiv). 

The NMR structure study in DMSO solution showed that the two wings are 
symmetrically arranged on the two sides of the bridge dimer. There are two symmetric 
type II' P-turns in the biphalin structure. No hydrogen bonding was determined by 
dynamic NMR. However, a weak NOE between tyrosine and phenylalanine aromatic 
rings was observed. The aromatic interaction might be responsible for the two turns. 

Opioid receptor binding affinities and selectivities in competition binding assays are 
listed in Table 1, and biological activities in the Guinea Pig Ileum (p) and Mouse Vas 
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Table 1. Binding affinities of biphalin analogs. 

Biphalin Analogs 
IC50(nM) 

8a 

5.2 
36 

1800 
820 
880 

nb 

2.8 
4.1 

130 
60 

600 

u/S 

0.54 
0.11 
0.07 
0.07 
0.68 

(Tyr-D-Ala-Gly-Phe-NH)2
C 

(2S,3 S) ,2'-di-Me-Tyr-D-Ala-Gly-Phe-NH)2 

(2R,3R),2'-di-Me-Tyr-D-Ala-Gly-Phe-NH)2 

(Trp-D-Ala-Gly-Phe-NH)2 

(Tyr-D-Ala-Phe-NH)2 

a, versus [3H][p-C l-Phe4] DPDPE; b, versus [3H]CTOP; c, estimated from Kt 

Table 2. Bioassay data of biphalin analogs. 

Biphalin Analogs 

IC50(nM) 

8a 

27 
120 

1750 
57 

"b 

8.8 
3.48 

611 
830 

p/8 

0.33 
0.029 
0.35 

14.7 

(Tyr-D-Ala-Gly-Phe-NH)2 
(2S,3 S) ,2'-di-Me-Tyr-D-Ala-Gly-Phe-NH)2 

(2R,3R),2'-di-Me-Tyr-D-Ala-Gly-Phe-NH)2 
(Tyr-D-Ala-Phe-NH)2 

Deferens (8) assays are listed in Table 2. The data in Table 1 shows that substitution of 
Tyr' by (2S, 3S) 2',P-dimethyltyrosine provided improved binding selectivity for the p 
opioid receptor, while the binding affinity for p receptor remained almost the same as the 
native biphalin. The biological activity at p receptor (Table 2) was enhanced more than 
2 fold; however, the biological potency of 8 receptor was decreased from 27 nM to 127 
nM. Systematic replacements using 2',6',P-tri-Me-Tyr of (2S, 3S) stereoisomer will be 
conducted in the future. (2R, 3R) 2',P-di-Me-Tyr and Trp modifications resulted in poor 
binding or/and biological activities. These results further confirmed that a L-tyrosine is 
needed in biphalins. Another interesting observation is that the truncated biphalin 
(Tyr-D-Ala-Gly-NH)2 resulted in 8 selectivity rather than p selectivity of the native 
biphalin. Membrane permeability studies of P-methyl modified biphalins is currently in 
progress. Supported by USPS, NIDA, University of Arizona Fellowship (G. Li) and 
Indian Govt. DBT (W. Haq). 
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Introduction 

Some naturally occurring 2(l/7)-pyrazinone derivatives possess antibiotic and smooth 
muscle relaxation activity. Thus, great efforts have been directed towards the 
development of synthetic procedures for 2(l/7)-pyrazinone derivatives. Of the various 
synthetic procedures evolved, each has some problems to be solved [1]. 

Previously, we reported a simple and convenient synthetic procedure for 2(1/7)-
pyrazinone derivatives starting from dipeptidyl chloromethyl ketones [2]. This novel 
method can afford 2(l.f7)-pyrazinone derivatives which contain desired substituents at 
positions 3 and 6. Here we report the synthesis of 2(l/7)-pyrazinone derivatives which 
contain amino and/or carboxy function(s), as intermediates for the preparation of peptide 
mimetics. 

Results and Discussion 

As previously reported [3], each stereoisomeric dipeptidyl chloromethyl ketone gave 
similar cyclization yield. Therefore, an appropriate dipeptidyl chloromethyl ketone can 
afford the desired pyrazinone derivatives. For the introduction of the amino function, we 
selected lysine or ornithine and for the introduction of carboxy function, we selected 
aspartic acid or glutamic acid as the constituent amino acid of the dipeptide. As shown 
in Figure 1, synthesized dipeptidyl chloromethyl ketone was easily cyclized. The 
pyrazinone derivative obtained was hydrogenated over a Pd catalyst to give free amino 
and/or carboxy function(s)-containing pyrazinone. 

In order to study the properties of the introduced amino group and carboxy group, 
various kinds of dipeptidyl chloromethyl ketones were prepared. During the cyclization 
reaction of H-Asp(OBzl)-Phe-CH2Cl in MeOH, it was revealed that the benzyl ester 
group was partially substituted for a methyl group, and during hydrogenation of the 
formed pyrazinone derivative, decarboxylation easily occurred. These phenomena were 
due to the electron withdrawing property of the pyrazinone ring. However, such an ester 
interchange and decarboxylation described above did not occur in the case of cyclization 
of H-Phe-Asp(OBzl)-CH2Cl in MeOH and catalytic hydrogenation of the formed 
pyrazinone derivative, respectively. From these results, it can be deduced that the 
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lV-Ri 

H3N, 

l, ii, in 
Ri: Me, i-Bu or Bzl 
R2: (CH^NHi (CH^iM;, 
D : 3 or 4 

i, u, in 
R,: C H J C O Z C H ^ S H J 
R2: Bzl 

i, n, in 
Ri:(CH2)2C02CH-,C6H5 
R2: Bzl 

OH 

• H ° 
ii, iii 

]:(CH2)2C02CH2C6H5 

• : CCH2)3NH2, (CH2)4NH2 

: 3o r4 

i, n, in 
Rj : Bzl 
R2: CH2C02CH2C6H5 

Figure 1. Synthetic scheme for preparation of amino and/or carboxy group introduced 
2(1H)-pyrazinone derivatives from dipeptidyl chlormethyl ketones, i) 4.9 N HCl/dioxane. ii) 
MeCN, 55°C, 1 h. iii) H/Pd-black. 

methylene group attached to the position 3 but not position 6 of pyrazinone is the active 
one. The activity of the above mentioned methylene group was confirmed by the NMR 
measurement of exchange rate of hydrogen atoms of the methylene group with 
deuterium. The amino function was easily introduced by employing lysine or ornithine. 
Cyclization of H-Glu(OBzl)-Lys(Z)-CH2Cl, followed by catalytic hydrogenation afforded 
an amino and carboxy function-containing pyrazinone derivative. 

This synthetic strategy thus enabled us to obtain intermediates of peptide mimetics. 
These pyrazinone derivatives can be elongated N-terminally and/or C-terminally to 
prepare novel agonists, antagonists and enzyme inhibitors. Already, we have synthesized 
peptide mimetics which exhibited smooth muscle relaxation and enzyme inhibitory 
activities. 
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Introduction 

Azapeptides are peptide analogues where a nitrogen has been substituted for at least one 
CaH group. They offer the advantage of modulating the conformational properties of the 
main chain with retention of the side chains which are eventually required for biological 
activity. The synthetic procedure using hydrazine condensation with an isocyanate, or by 
reacting an amine with an activated urethane is not efficient when proline must be 
coupled with an aza residue [1]. We have used triphosgene as a coupling agent for the 
synthesis of AzAsn-Pro-containing azapeptides. The Z-AzAsn-Pro-NHiPr azadipeptide 
and some analogues have been studied in solution (IR and NMR) and in the solid state 
(X-ray diffraction), and their conformational properties have been compared with those 
of the cognate peptide Boc-Asn-Pro-NHMe. We have also introduced by SPPS Z-Trp-
AzAsn-Pro-OH in [AzAsn68]MIR, an aza analogue of the immunogenic oc67-76 AChR 
decapeptide (MIR = Trp-Asn-Pro-Ala-Asp-Tyr-Gly-Gly-Ile-Lys) [2]. The NMR data of 
both compounds have been compared in SDS aqueous solution where the MIR adopts a 
folded conformation resembling that in the MIR-antibody complex [3]. 

Results and Discussion 

The synthesis of the azadi- and azatripeptides is illustrated in Figure 1. 3 was prepared 
by action of triphosgene on 2 which was obtained by regioselective Z-protection (85 % 
yield) of 1 using ZOSu. The in situ reaction of 3 with a C-protected Pro-derivative 
resulted in 4 or 6. NH3 treatment converted the AzAsp(OEt) residue into AzAsn, and the 
Z-protection was eliminated by catalytic hydrogenolysis. The tBu ester protection was 
necessary to prevent spontaneous cyclization of 6 during Z elimination. A threefold 
excess of 8 was coupled with the fully protected Ala-Asp(OBzl)-Tyr(2-BrZ)-Gly-Gly-Ile-
Lys(2-ClZ) heptapeptide linked to a PAM-resin, using BOP as coupling agent. Resin 
and protecting group cleavage was achieved by TFA/TFMSA (10:1), after which the 
[AzAsn6S]MIR azadecapeptide was purified by HPLC using MeCN gradient in TFA 0.1 
% water solution and on a C18 column. 

The crystal structure of 4 and 5b revealed a pi-like folded conformation (Figure 2) 
which was also observed for Boc-AzAla-Pro-NHiPr. The non-planarity of the AzAsn 
a-nitrogen (D-like chirality) results in a Na-CO bond distance of 1.41 A and its lone-pair 
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HCl,NH2-NH-CH2-C02Et 1 

J ZOSu 
CH2-C02Et 2 

\ (CI3CO). ,CO 

[z-NH-NCCHj-COjEO-COCi] 3 
H-Pro-NHiPr — — - . H-Pro-OtBu 

Z-AzAsp(OEt)-Pro-NHiPr 4 

NH2R 

Z-AzAsn(R)-Pro-NHiPr 5 

R=H 5a 
R = Me 5b 

Z-AzAsp(OEt)-Pro-OtBu 6 
I 1)H2/Pd-C5% 
j 2) Z-Trp-OH/BOP 

Z-Trp-AzAsp{OEt)-Pro-OtBu 7 
I DNH, 
j 2) TFA 

Z-Trp-AzAsn-Pro-OH 8 

Figure 1. Synthesis of AzAsn-Pro-containing azadi- and azatripeptides using triphosgene as a 

coupling agent. 

Figure 2. Bl-like folded crystal structure of the 4 and 5b azadipeptides. 

becomes accessible to hydrogen bonding. This molecular structure is also largely 
preponderent in DCM solution, at variance with the cognate Boc-Asn-Pro-NHMe 
dipeptide which assumes an Asx-turn with a Me-NH to Asn-CO hydrogen bond [4]. 

In SDS aqueous solution, the MIR decapeptide exhibits many short-range and 
medium-range Overhauser effects indicative of a rigid folded structure in which the Trp 
aromatic ring is close to the Pro, Tyr and Ile side-chains. In contrast, the [AzAsn68]MIR, 
which proved to have no antibody affinity, exhibits fewer short-range NOESY correla
tions denoting a less tightly folded conformation. 
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Introduction 

The E-alkene replacement of the peptide bond first introduced by Sammes et ah,[I] has 
been incorporated into numerous biologically active peptides, e.g. enkephalin, substance 
P, cholecystokinin (CCK) analogs and renin inhibitors, with remarkably variable 
biological results. The complex between the potent immunosuppressant, Cyclosporin A 
(CsA, 1,) (Figure 1), and its binding protein, Cyclophilin A (CyPA), contains 2 trans 
amide bonds that are involved in key hydrogen bonds to the protein [2]. Herein, we 
replace these critical 4,5- and 9,10-amide bonds with £-alkene bonds to assess the 
relative importance of peptide bonds for stabilization of the protein-peptide complexes. 

Results and Discussion 

Synthesis: The syntheses of [MeLeu9i|/[£-CH=CH]Leu10]CsA (2) and [MeLeu4 

iJ/[£-CH=CH]Val5]CsA (3) are shown in Schemes 1 and 2. For analog 2, £-alkene 
isostere 4 [3] was esterified, deprotected and PyBrop-coupled to Fmoc-D-Ala in 
excellent yield (Scheme 1). Tetrahydrothiophene/AlCl3-mediated hydrolysis of ester 5 
gave acid 6 which was converted to the acid chloride and condensed with octapeptide 8. 
Thus, linear undecapeptide 9 was obtained in 85% yield with no observable racemi
zation because of the impossibility of azlactone formation during the fragment coupling. 
Boc-MeLeml/[E-CH=CH]Val-OH (10) was coupled to MeLeu-Ala benzyl ester with 
BOP-C1 to give tetrapeptide 11 (Scheme 2). This intermediate was elaborated to analog 
3 via standard protocol [4]. The poor yield obtained in the final cyclization step (14 
—»3) indicates the importance of the CsA 4,5-amide bond for facile cyclization. 
Presumably, intramolecular hydrogen bonds observed in the CsA CHC13 solution 
conformation promote ring closure by lowering the entropic barrier for this reaction [5]. 

N-CHj 

Figure 1. CsA analogs. l(CsA): X = CONMe, Y = CONH; 2: X = E-CH=CH, Y = CONH; 3: X 
= CONMe, Y = E-CH=CH. 
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BocMeLemj/[£-CH=CH]Leu-OH (4) a,b,c (94%) -> 
FmocDAla-MeLeu\|/[£-CH=CH]Leu-OMe (5) d (90%) -> 
FmocDAla-MeLeui|/[£-CH=CH]Leu-OH(6) 

y..— c,e (85%) H-MeBmt-Abu-Sar-MeLeu-Val-MeLeu-AlaOBn (7) 
<-.— f (85%) -— H-MeVal-MeBmt-Abu-Sar-MeLeu-Val-MeLeu-AlaOBn (8) 

FmocDAla-MeLeui|/[.E-CH=CH]Leu-MeVal-MeBmt-Abu-Sar-MeLeu-Val-MeLeu-AlaOBn(9) 
g;h (62%) -> 2 

Scheme 1. Synthesis of CsA analog 2. 

<_ i (76%) BocMeLeu\|/[£-CH=CH]Val-OH (10) 
y- j,i (73%) BocMeLeut|/[£-CH=CH]Val-MeLeu-AlaOBn (11) 

y. j;k (92%) BocAbu-Sar-MeLeui|f[£-CH=CH]Val-MeLeu-AlaOBn (12) 
<r- l,m - N,0-isopropylidene-MeBmt-Abu-Sar-MeLeu\|/[£-CH=CH]Val-MeLeu-AlaOBn (13) 

FmocDAlaMeLeuMeLeuMeValMeBmtAbuSar-MeLeuiJ;[£-CH=CH]Val-MeLeu-AlaOBn(14) 
&h (25%) -> 3 

Scheme 2. Synthesis of CsA analog 3. 

Reagents: a) CH2N2, b) HCl, c) PyBrop/DIEA/Fmoc-aa, d) A1C13/(CH2CH2)2S, e) EtjNH, f) 6 (acid 
chloride)/DIEA, g) aq.NaOH/EtOH, h) (Pr-P02)3/DMAP, i) BOP-Cl/DIEA/dipeptide j) TFA, k) 
DCC/HOBt/NMM/protected MeBmt, 1) aq. HCl, m) BOP/NMM/tetrapeptide acid. 

CyPA inhibition: Analog 2 binds >4000-fold less tightly to CyPA as compared to CsA 
QC. (2) >25 pm, K((CsA) 6 nm) [6]. Thus, the hydrogen bond between Tip121 (CyPA) 
and the CsA MeLeu9 carbonyl group observed from NMR and X-ray studies is 
exceedingly critical for CyPA inhibition. Still, this result is interesting since solvation-
factors are expected to favor CyPA inhibition by 2 [7]. Conversely, replacement of the 
4,5-amide bond of CsA with an £-alkene moiety results in only an 8-fold loss of binding 
affinity (Kj (3) 47 nm). The observed intramolecular hydrogen bond between the CsA 
MeBmt1 sidechain hydroxyl group and the MeLeu4 carbonyl group, therefore, seems to 
have limited importance for CyPA inhibition. 
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Introduction 

Glycoprotein GPIIb/IIIa is a surface platelet integrin which, via the plasma protein 
fibrinogen, links together activated platelets to form an aggregate. Platelet aggregation is 
involved in thrombotic disorders such as unstable angina, myocardial infraction and 
reocclusion after angiopasty. The RGD sequence is a key recognition domain for 
GPIIb/IIIa [1]. Inhibition of fibrinogen binding to GPIIb/IIIa is a good target for 
therapeutic prevention of platelet aggregation. 

Results and Discussion 

Our goal has been to design and synthesize a low-molecular weight centrally constrained 
fibrinogen receptor antagonist. We have previously shown that DMP 728, RGD 
containing cyclic peptide, is a potent inhibitor of platelet aggregation with an affinity of 
approximately 100 pM for binding to the receptor [2]. The analysis of the conformation 
of DMP728 by 'H NMR [3] and computer modeling has led us to design nonpeptide 
antagonists with benzimidazole as a central constraint. These ligands contain a basic 
group to substitute for the guanidine of the Arg and an acidic moiety to mimic the 
carboxylate of the Asp. Benzimidazole containing inhibitors of platelet aggregation have 
fluorescence properties and could be readily employed as markers to follow the binding 
to GPIIb/IIIa. The chemistry leading to the benzimidazole is presented in Figure 1. 
The 6-carboxy-2-(4-cyano-phenyl)-benzimidazole, a starting material for further 
modification, was synthesized using two approaches, however, the condensation of 
4-cyanobenzaldehyde with 3,4-diaminobenzioc acid via Schiff base gave a better purity 
of the crude product. During the condensation of 4-cyano-benzoyl chloride with 
3,4-diaminobenzoic acid, 6-carboxy-2(methyl)-benzimidazole was also formed as a 
by-product. The antithrombotic effect of the synthesized nonpeptide analogs of DMP728 
was assayed by the addition of the test compounds at various concentrations to 
platelet-rich plasma (PRP) prior to platelet activation by various agonists (ADP, 
collagen, arachidonate, thrombin, epinephrine). Table 1 presents selected examples of 
nonpeptide inhibitors of platelet aggregation and their IC50(pM). While this work was in 
progress, a related series of benzimidazole derivatives appeared in the patent literature. 
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Figure 1. Synthesis of benzimidazole derivatives. 

Table 1. Structure - activity relationship of GPIIb/IIIa inhibitors. 
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Introduction 

Amino acid pyrrolidides (Pyr) and thiazolidides (Thia) are known as potent competitive 
inhibitors of dipeptidyl peptidase IV (DP IV) and prolyl endopeptidase (PEP) [1, 2]. 
Furthermore, it is known that a backbone modification such as the introduction of a 
thioxoamide bond, changes the binding properties and the hydrolytic stability of the 
protease substrates [3]. The influence of such a thioxoamide bond upon the inhibition of 
the following proteases was investigated using the serine enzymes PEP from 
Flavobacterium meningosepticum and human placenta, dipeptidyl peptidase II (DP II) 
from human placenta, DP IV from pig kidney and the metal-depending proteases 
aminopeptidase P (APP) from Escherichia coli and from rat intestine. 

Table 1. Competitive inhibition of PEP and DP IV. 
No 1 R-Ala-Pyr No 2 R-Phe-Pyr No 3 R-Val-Pyr No 4 R-Ile-Pyr 
No 5 R-Ala-Thia No 6 R-Phe-Thia No 7 R-Val-Thia No 8 R-Ile-Thia 
R= Boc for PEP R= H for APP, DP II, DP IV 

No 

1 
2 
3 
4 
5 
6 
7 
8 

bacterial PEP 

amide 
^ [pM] 

34.6 
54.6 
58.5 
40.9 
19.9 
11.2 
20.3 
23.3 

thioxoamide 
K{ [pM] 

134 
122 
257 
301 
133 
82.7 

262 
190 

human PEP 

amide 
Ki [pM] 

0.0439 
1.6 
0.130 
0.184 
0.0193 
0.494 
0.172 
0.183 

thioxoamide 
^ [pM] 

1.19 
77.3 
30.7 
11.1 
0.414 

63.5 
5.54 

11.7 

DP IV 

amide 
K,[pM] 

15.4' 
2.261 

0.4751 

0.243' 
3.392 

1.00 
0.2672 

0.1262 

thioxoamide 
Kj[pM] 

47.6 
24.7 

1.07 
1.02 
7.88 
3.99 
0.208 
0.203 

1 Ref. 4 2 Ref. 5 
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Results and Discussion 

Amino acid amides were synthesized by use of conventional solution methods. The 
introduction of thioxoamide bond was obtained by use of Lawesson reagent. The 
inhibition was followed in continuous assays using chromogenic substrates with 
4-nirroanilid residues (pNA). APP from rat was measured discontinuously by HPCE 
with Gly-Pro-Pro-pNA as substrate. 

Generally, R-Xaa-Thia are better inhibitors than R-Xaa-Pyr for all investigated 
proteases. The results in Table 1 show that the amides of the general structure R-Xaa-Pyr 
and R-Xaa-Thia are better inhibitors of both PEP and DP IV than the corresponding 
thioxoamides. The difference of inhibition is up to two orders of magnitude. In contrast 
to the inhibition of PEP and DP IV, DP II is better inhibited by Xaa-\|/[CS-N]-Pyr and 
Xaa-f[CS-N]-Thia than by the corresponding amides (Table 2). This result displays the 
first selective inhibition of DP II and DP IV. A similar tendency was observed, 
inhibiting bacterial APP by compounds of both classes. APP from E.coli (and similarly 
APP from rat) is weakly inhibited by all tested compounds. 

Table 2. Competitive inhibition of DP II and APP. 

No 

1 
2 
3 
4 
5 
6 
7 
8 

amide 
K, [pM] 

21.8 
13.9 
26.7 
30.2 
4.42 
3.18 
7.66 
7.06 

DP II 

thioxoamide 
K,[pM] 

3.32 
7.32 
8.23 
4.75 
0.647 
0.603 
0.920 
1.10 

bacterial APP 

amide 
^ [mM] 

10.0 
0.56 

2.14 

thioxoamide 
Ki [mM] 

17.6 
1.14 

24.8 
2.43 
0.850 
0.340 
2.92 
0.390 

rat APP 

thioxoamide 
Ki [mM] 

21.4 

5.77 
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Non-peptide Mimics of Neuropeptide Y: Analysis of 
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at Yj and Y2 Receptors 
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University of Kansas, Lawrence, KS 66045, USA 

Introduction 

Our laboratories identified benextramine (dithiobis[N-(N-[2-methoxybenzyl]-6-amino-
hexyl)-2-amino ethane]) as a competitive antagonist of neuropeptide Y (NPY) receptors 
in the rat brain and periphery based on comparison of its structural similarities with that 
of an NPY pharmacophore model [1, 2]. Subsequently, we designed two diguanidine 
analogs, the N,N'-dialkyl diguanidine SC3117 (2) and the N,N-dialkyl diguanidine 
CC2137 (3), which were characterized as potent non-peptide antagonists of NPY Y2 

receptors in the rat periphery [3, 4]; these analogs were also more active than 
benextramine in the rat brain cortex. In this study, analogs 3a-3f (Figure 1) were 
synthesized to determine the importance of the benzylic amines and guanidinium groups 
of 3 for NPY receptor antagonist activity. 

O H H O R 

11 y) H3N+ H NH2
 l O [ L^ H 

ArO 

i ^ 1 " ) 3a:R = H 3d: R - ^ N H * 
Ai=2,6-diClPh 

H2N-TNH2+ 3 b : R = H ' + V H > 3 * R - H < > 
y ~^^^ru~-\, I 

Ph-H+N NH-Ph O ^ NH, 
3c: R= V 3f:R= V 2 

CHi-h 

2(CC2137) 

Figure 1. Non-peptide mimics 1 and 2 and the analogs (3a-3f) synthesized in this study. 

Results and Discussion 

Compound 3a was synthesized by adapting a previous method [4]. Briefly, the diamide 
resulting from reaction of butyrolactone and hexanediamine was reduced with borane to 
the diamine, and after protection as its tBoc derivative, the dialcohol was treated with 
carbonyldiimidazole and 2-naphthylmethylamine. Deprotection of the tBoc groups gave 
3a. A convenient method to the guanidines and imidazolidines was developed; reaction 
of 3a with methylthiopseudourea iodides gave the products in high yield and purity. 
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The NPY receptor systems were characterized as Y, or Y2 based on the relative 
activities of NPY, PYY, [Leu31,Pro34]NPY and NPY(13-36) (data not shown). Although 
diamine 3a was inactive at the rat brain cortex Y, binding sites, the diguanidine 3b and 
the diimidazolidine 3c were two to three time more active than CC2137, evidence 
demonstrating that the secondary amines of CC2137 are not required for activity. 
Similarly, the poor activity of the diamine 3a and the diurea analog 3f demonstrates the 
importance of the charge on the guanidinium groups in this series. Additionally, the 
weak activity of these analogs at Y2 binding sites in pig spleen as compared to the potent 
activity of SC3117 and CC2137 at the Y2 postsynaptic receptors in the rat femoral artery 
is preliminary evidence for heterogeneity in NPY Y2 receptors. 

Table 1. Summary of the activities of NPY non-peptide mimics at Y, receptors in rat brain, at Y2 
receptors in pig spleen, and at both Y', and Y2 NPY receptors in the rat femoral artery. 

Compound 

Benextramine 
1 (SC3117) 
2 (CC2137) 

3a 
3b 
3c 
3d 
3e 
3f 

ic5„ 

Rat Cortex2 

56 ±8.0 
19±3.0 
15 ±2.6 
>100 
6.4 ±1.6 
>100 
nd 
4.1 ±1.1 
>100 

.(MM) 

Pig Spleen2 

110±15 
106 ±23 
nd3 

31 ± 9 
30 ±12 
nd 
nd 
190 ±28 
460 ±112 

rat femoral artery IC30 (pM)1 

post Y, 

2.7 ±0.2 
>1000 
>1000 

nd 
nd 
nd 
nd 
nd 
nd 

post Y2 

2.7 ± 0.2 
0.043 ±0.004 
0.0020 ± 4e-4 

nd 
nd 
nd 
nd 
nd 
nd 

'IC50 (±SEM) in rat femoral artery is the concentration required to antagonize 50% of the 
vasoconstriction activity of either 1.0 pM [Leu31,Pro34]NPY (for postsynaptic Y, receptors) or 1.0 
pM NPY(13-36) (for postsynaptic Y2 receptors). 2ICJ0 (±SEM) in rat cortex (Y,receptors) and pig 
spleen (Y2 receptors) is the concentration of compound required to displace 50% of specifically 
bound 1.0 nM [3H]NPY from membrane preparations (n=2 to 6). 3 not determined 
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Introduction 

Substance P (SP) is an endogenous undecapeptide belonging to the tachykinin family, 
being the natural ligand for the NK-1 receptor. SP receptor antagonists have been investi
gated for their potential pharmacological application in inflammatory processes [1]. 

In a program aimed at synthesizing novel NK-1 receptor antagonists, we generated a 
bioactive model superimposing the low energy structures of peptide (FK-888) and 
non-peptide antagonists (SR-140333, CP-96345, CP-99994, CGP-47899). We replaced 
the Hyp in FK-888 with (IR, 2S)-2-&mmo cyclohexane carboxylic acid obtaining a series 
of NK-1 receptor antagonists with interesting biological activity [2]. By computational 
analysis, we noticed that, in our antagonists, the naphthyl and indolyl moieties were very 
close in space and we found the propensity to stacking between two aromatic rings was 
correlated with the biological activity. Therefore, we hypothesized that a 7t-7t* 
interaction was the key structural feature for the biological activity and that the 2-amino 
cycloalkyl-1-carboxylic acids (2 Acnc) act as "scaffolds" to bring the two aromatic rings 
in the right spatial position [3]. We decided to replace the 2 Ac"c, with the aim of 
favouring the n-n* interaction between two aromatic rings by decreasing the overall 
conformational flexibility with the 1-aminocycloalkyl-l -carboxylic acids (Ac"c) [4]. 

Results and Discussion 

We selected 1-aminocycloalkyl-l-carboxylic acids because of their known conforma
tional rigidity which they impart when inserted in a peptide chain. We found by means 
of our computational studies a good reproduction of 3D placement of the three aromatic 
ring of FK-888 in the new analogues. As expected, the distribution of the low energy 
structures in our antagonists was strictly centered on those presenting a stacked assembly 
among the naphthyl and indolyl moieties. In order to verify this hypothesis, we have 
synthesized the Ac"c analogues. 
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)H 
<#* 

„ .... ^""CA > C ^ W / 

Figure 1. Geometrical shape comparison of low energy structures of FK 888 (bold line) and 
MEN 10930 (dashed line). 

All the compounds synthesized have shown a higher binding affinity than their 
2-aminocycloalkyl analogues, the most promising candidate being the Ac6c derivative 
(MEN 10930). 

Table 1. Human lymphoblastoma IM9 cells binding data for FK-888 and new antagonists 
containing 1-aminocycloalkylcarboxylic acids analogues. 

Compounds p ^ 

FK 888 N-Me-13C-Hyp-L-2-Nal-NMeBzl 8,5 
MEN 10725 13C-(lR,2S)cis2-Ac6c-L-2-Nal-NMeBzl 8,0 
MEN 10930 13C-l-Ac6c-L-2-Nal-NMeBzl 9,0 
MEN 11084 13 C-1 -Ac3c-L-2-Nal-NMeBzl 7,0 
MEN 11118 13 C-1 -Ac5c-L-2-Nal-NMeBzl 8,6 

N-Me-I3C: [l(Me)indol-3-yl carbonyl]-; I3C: [l(H)indol-3-yl carbonyl]; 1-Ac5c: 1-aminocyclo-
pentane-1- carboxylic acid; 

It is conceivable, and will be the object of further investigations, that the substitution 
of 2 Ac"c with Ac°c produces an increase in the stacking phenomenon. 
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Introduction 

Naturally-occurring peptide hormones such as opioid and neurohypophyseal hormones 
have exhibited potent biological activities in vitro, as well as in vivo. Many peptides are 
not good drug candidates because of their limited oral availability and their susceptibility 
to enzymatic degradation. It is essential in the design of novel peptidomimetic drugs to 
assess the effect of the structural modifications on in vitro metabolic stability. 
Modifications to the naturally-occurring peptide hormones include the incorporation of 
D-amino acid residues, retro-inverso peptide fragments, and cyclization through 
mainchain or sidechain couplings. In our laboratory, we have carried out modifications 
incorporating lanthionine (monosulfide bridged) diamino acids to form cyclic 
compounds, such as [D-AlaL

2, L-AlaL
5]enkephalinamide where AlaL indicates the termini 

for a lanthionine residue. To assess the stability of both cystine-containing (disulfide-
bridged) peptides and their corresponding lanthionine analogs to enzymatic degradation, 
we have modified existing assays [1]. Here, we report our results of stability studies on 
lanthionine-containing analogs of enkephalin, dermorphin and oxytocin. 

Results and Discussion 

Disulfide- and lanthionine-containing peptides were incubated with rat brain homo
genates and initial rates of substrate disappearance determined via an HPLC method we 
have developed. The peptides were dissolved in 5mM Tris.HCl (pH 7.2) buffer and 
incubated with rat brain homogenates. Aliquots of the mixture were removed at intervals 
and enzymatic activity quenched with trifluoroacetic acid. Initial rate of substrate 
disappearance was followed via RP-HPLC. Many enzyme-catalyzed reactions follow 
pseudo-first order kinetics. Thus, plotting ln (% Remaining) vs time yields a line, the 
slope of which is the rate constant (k). Half-life values are calculated using the equation: 
t1/2 = [(In 2)1 k]. These calculations were carried out using Cricket Graph III software. 

Our results (Figure 1, Table 1) demonstrate that the lanthionine-containing 
peptides are less susceptible to degradation by the enzyme homogenates than the 
corresponding cystine-containing compounds. This relative increase in stability in vitro 
is an indication that they should be more stable in vivo, thus the lanthionine containing 
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a. 

4.8 

Figure 1. Typical plot showing the enzymatic degradation of the cystine-containing enkephalin 
(-O-) and the lanthionine-containing enkephalin (-D-). 

Table 1. Half-life (tl/2) values. 

Compound / Peptide Half-Life (t1/2) 

H-Tyr-D-Cys-Gly-Phe-L-Cys-NH2 
1 — S - S 3 

H-Tyr-D-AlaL-Gly-Phe-L-AlaL-NH2 
1 S ' 

H-Tyr-D-Cys-Phe-L-Cys-OH 1—s-s—' 
H-Tyr-D-AlaL-Phe-L-AlaL-OH 

H-Cys-Tyr-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2 
1 S — S ' 

H-AlaL-Tyr-Ile-Gln-Asn-AlaL-Pro-Leu-Gly-NH2 

4.0±0.1 hours 

19.7 ± 0.5 hours 

1.5 ±0.1 hours 

31.3 ±0.8 hours 

1.9 ±0.1 hours 

5.0 ±0.1 hours 

peptides are expected to be better candidates for drug design. We are currently 
extending this study to other families of peptide hormones. 
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Introduction 

Much information has been generated which provides insights into the key structural 
features of bradykinin receptor binding sites and the residues which participate in ligand 
binding [1]. Moreover, there is evidence that agonist and antagonist ligands bind to 
different locations on the bradykinin B2 receptor. The design of non-peptide antagonists 
from this information requires the synthetic reassembly of the important structural 
moieties and functional groups onto non-peptide templates, each of which should ideally 
be consistent with the putative structure of these binding site models [2]. 

The three moieties required in this modular synthetic approach were, first, a 
positively charged N-terminal piece, second, a mid-section containing a bend or twist, 
and a mimetic of Phe5 and third, a C-terminal piece of appropriate hydrophobicity and 
structurally simulating a type II p-turn. The process of fragment re-assembly led 
ultimately to the synthesis of several general heterocyclic templates which were ideally 
suited for insertion either at module 2 or 3. In total, four completely unique non-peptide 
templates were designed and synthesized. These include 6,5-spirocycles, (3- and 
y-carbolenes, phenanthridinones, biphenylanilines and cinnamic acids. Each of these 
was designed within the framework of several criteria. First, a given scaffold must 
closely match the known SAR and be highly compatible with the putative ligand binding 
site structure. Second, each scaffold must be a relatively simple synthetic target, having 
readily available starting material, no chiral centers and having a total synthesis of not 
more that 4-5 steps. Finally, each template must have a "C-terminal" carboxylate and an 
"N-terminal" amino group with no interfering functionality such that it could be readily 
used in a solid phase synthetic strategy. To rapidly explore the receptor affinities of all 
possible combinations of these non-peptide templates at position X and Y of the 
sequence DArg-Arg-X-Y-Arg, a combinatorial synthetic approach was taken. 

Results and Discussion 

In this study, there were four different cinnamic acids, four different carbolines (P and y), 
three different phenanthridinones, and five different spirocyclics. The variability of the 
phenanthridinione series was that the central ring could be opened or formed and the 
amino group could be meta or para substituted. In the carbolene series, the cyclic amino 
group was either at the P or y position of the cyclohexenyl ring and the methylene chain 
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bearing the "C-terminal" carboxylate could be of variable length. The spirocyclic series 
was also varied in the carboxylate carbon linker length and also in the substitution on the 
5-membered ring nitrogen. The cinnamic acids had two carbon chains which could be of 
varying length, one of which had the further possibility of containing a double bond. 
Rather than perform individual syntheses of all possible combinations of these templates, 
members of each ring type were pooled in equimolar amounts prior to incorporation into 
the sequence DArg-Arg-X-Y-Arg. Since each individual member of each pool was 
constructed on a similar carbocyclic scaffold, the chemical environment of the 
N-terminal amino group and C-terminal carboxylate groups were expected to follow 
similar kinetic and thermodynamic controls during solid phase synthesis. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

DArg-Arg 

C^SPRO 

<^[PHEN 

<Jf\mH~ 
<^CARB_ 

C3P H 0_ 
C^PHEN 

C ^ CINN __ 

C^[_CARB 

CfjSPRO 

<^F>HEN 

<^C INN 

C^CARB 

Figure 1. Composition of twelve non-peptidic libraries of the sequence DArg-Arg-X-Y-Arg. Both 
X and Y were selected from the set of scaffolds described in the text. 

One of the twelve libraries synthesized (Figure 1) was of the series DArg-Arg-
PHEN-CINN-Arg, and contained 12 different structures. Here, only the CINN position 
is randomized, and the PHEN moieties were specific. The first decoding breakdown 
sublibrary required the preparation of three new libraries of 4 compounds each. The 
final step in the process, required to elucidate the active component(s), was to synthesize 
and purify each of the 4 members of this library. Of the four novel non-peptidic 
structures only one, NPC 18884 (K^O nM), had activity. This was shown to be an 
antagonist in a cellular assay measuring bradykinin-stimulated IP turnover (IC50 1 pM). 
Overall, there were 285 possible structures to survey due to the number of structure-
based scaffolds prepared. This was rapidly accomplished via 19 syntheses, 19 assays, 
and 4 purifications. This study demonstrates synergy between structure-based design 
and combinatorial methodology. Combinatorial assembly of structurally biased building 
blocks is a prudent synthetic compliment to inherently vague binding site models. 
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Introduction 

NMR has been used as an integral part of the analysis of the structure-function 
relationship of adenylate kinase (AK) from chicken muscle (overexpressed in 
Escherichia coli). The enzyme catalyzes the interconversion between MgATP+AMP 
and MgADP+ADP. In the earlier part of our studies, various site-specific mutants were 
constructed. One and two dimensional NMR were used to determine whether the global 
conformations of the mutants have been perturbed in comparison with the wild-type 
enzyme. Perturbation of the global conformation, if observed, suggests that the mutated 
residue is likely to play a structural role. If the global conformation has not been 
perturbed, then the mutant is subjected to detailed kinetic analysis to determine the 
functional role of the residue. This approach has allowed us to map out the substrate 
binding site and to understand the detailed mechanism of catalysis, as summarized in 
Tsai, et al, 1991 [1]. 

As a complementary approach, NMR was used to identify the residues in proximity 
to substrates. The residues were then chosen for site-specific mutagenesis studies to 
determine their functional roles. To this end, we have performed total assignments of 
AK complexed to MgAP,A [2]. AP5A has five phosphates between two adenosines and 
is a well established bisubstrate analog inhibitor of AK. Both 15N and 15N/nC uniformly 
labeled enzymes have been used, and various two and three dimensional experiments 
have been performed. Although AK is a fairly large protein (21.6 kDa) in the NMR 
standard, we have been able to assign over 90% of the backbone 'H, "C, and 15N 
resonances, as well as a substantial amount of side chain resonances. The assignments 
were then used to determine the secondary structure of AK. Most importantly, the 
residues in proximity to the adenosine moieties of AP5A have been identified. Gln-101 is 
one of the residues identified by NMR to be in proximity to the adenine ring of the AMP 
moiety. This residue was then further investigated by the first approach for its structural 
and functional roles. The results are described in this report. 

Results and Discussion 

The mutant Q101E, in which Gln-101 is replaced by Glu, has been constructed and 
purified as previously described [3]. As shown in Figure 1, the proton NMR spectrum of 
Q101E is very similar to that of the wildtype (WT) AK. This was further confirmed by 
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A. WT 
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Figure 1. Partial proton NMR spectra ofWTAK (A) and Q101E (B). 

2D NOESY experiments for the enzymes in the free and the MgAP5A complexed forms 
(spectra not shown). Thus it can be concluded that the global conformation of the mutant 
has not been perturbed significantly, and that the functional data of the mutant can be 
interpreted with confidence. 

The binding affinity toward MgAP5A, however, is substantially lower for the mutant. 
The Kd value obtained from proton NMR titration experiments in Figure 2 is 0.04 mM, 
which amounts to a binding energy of ca. 5 kcal/mol. The corresponding value for 
WT AK is 11 kcal/mol [4]. Presumably because of the weakened binding affinity, the 
two adenosine moieties are in fast exchange on the NMR time scale as opposed to slow 
exchange for wildtype AK and many other mutants [2]. The weakened binding affinity 
could be caused by a perturbed interaction between the side chain of Glu-101 and the 
adenosine of the AMP moiety of MgAP5A. This was confirmed by kinetic analysis. 

Full kinetic analysis was performed by the procedure described previously [3, 4] and 
the results are summarized in Table 1. Comparison of the data between Q101E (column 
3) and WT (column 2) indicates that kcat decreases to 2% and AMP binding affinity 
decreases substantially. Furthermore, the specificity toward AMP is relaxed. While the 
activities of WT AK toward GMP and IMP were too low to be measured quantitatively, 
the activities of Q101E toward GMP and IMP became significant (columns 4 and 5). 
The results of NMR and kinetic analyses taken together suggest that the side chain of 
Gln-101 interacts with the adenine ring of AMP and controls the substrate specificity of 
AK toward AMP. 

Table 1. Comparison of kinetic data between WTand Q101E. 

Parameters3 

K-(s-i) 
KMgATP ( m M ) 
KNMF (mM) 
K Ww (mM) 
KiNMP(mM) 

WT/AMPb 

650 
0.042 
0.098 
0.16 
0.37 

Q101E/AMP 

14 
0.17 

10.4 
0.097 
5.9 

Q101E/GMP 

1.7 
0.08 
8.2 
0.094 

10.9 

Q101/IMP 

0.094 
0.2 

12.6 
0.082 
5.2 

aK and K; values are Michaelis and dissociation constants, respectively. 
Tbe data for WT are from [6] 
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Figure 2. Proton NMR titration ofQIOlE with MgAP^A. The starting cone of free enzyme is 1.8 
mM. The ratios oflMgAP^Aj/IQWlE] are shown. 
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Introduction 

A common problem with structure refinement utilizing NMR data is the presence of 
conformational averaging fast on the NMR time scale. In such cases, the NMR 
observables (i.e. NOEs, coupling constants) are averaged quantities and conformational 
restraints developed from the observables will be consistent with the averaged structure 
which may not be realistic or even physically possible. Therefore, the restraints used in 
computer simulations must be treated as averaged quantities. The inherent flexibility of 
peptides requires that great care be taken in the application of experimentally derived 
conformational restraints. 

The method utilized in our laboratory to address this problem is to simulate a large 
number of structures (an ensemble) during the conformational refinement, a method we 
refer to as ensemble dynamics. Restraints developed from NOEs or coupling constants 
are applied as an average to the entire ensemble; each individual structure does not need 
to fulfill the conformational restraints, as long as the average (using the proper average 
R"6 or R3 for NOEs and the cosine series, cos2 0 + cos 9, for coupling constants) 
reproduces the NMR observables. Only if the ensemble average does not fulfill the 
experimental observation a penalty force is applied. One of the major advantages of 
ensemble averaging over other methods (i.e. time averaging of experimental restraints) is 
the fact that one need not to be concerned with multiple correlation times and the choice 
of the proper time-span over which to average. Of course, the answers from ensemble 
and time averaging must be the same if the system under investigation is ergodic. 
Results of the application of the ensemble method in the examination of model peptide 
systems are in the literature [1-3]. 

The ensemble calculation procedure was used in the conformational refinement of 
two microcystins: Leu2,Arg4 (LR) and Leu2,Tyr4 (LY). Both of these cyclic heptapeptides 
with the general formula, cyclo(-D-Ala'-X2-D-Me-isoAsp3-Y4-Adda5-D-isoGlu6-Mdha7-) 
where X and Y are variable L-amino acids, Adda is 3-amino-9-methoxy-2,6,8-trimethyl-
10-phenyldeca-4,6-dienoic acid, Mdha is N-methyl dehydroalanine and D-Me-isoAsp is 
D-erythro-(i-methyl aspartic acid, are potent inhibitors of type 1 and 2A protein 
phosphatases. 

724 



IVMR 

6 D-iso-Glu 7Mdha 

D-Me-iso-Asp 

Figure 1. Structural formula ofLR microcystin. 

Classical refinement techniques, applying the experimental restraints to a single 
structure, failed to produce realistic conformations in agreement with the NMR data. 
Therefore, ensemble calculations were carried out for both the LR and LY microcystins 
using distances derived from NOEs. 

Results and Discussion 

The microcystins were examined by proton NMR in DMSO-d6 at 500 MHz. All of the 
proton resonances were assigned using standard techniques as previously described [3, 
4]. There were 64 (30 intraresidue, 21 sequential, 13 long range) and 79 (46 intraresidue, 
15 sequential, 9 long range) NOEs observed for the LR and LY microcystins, 
respectively. Distance restraints were calculated using the standard two-spin approxi
mation and the cross-peak from the P-methylene protons of glutamic acid as a reference 
(assuming a distance of 1.78 A). The ensemble calculations were carried out with an 
ensemble of 500 structures using methods previously described [1]. 

The resulting structures from the ensemble calculation reproduce the NMR derived 
distances; there were no violations greater than 0.3 A. For brevity, we concentrated on 
the results obtained for the LY microcystin. For one half of the molecule, 
-Leu2-D-isoAsp3-Tyr4-Adda5-, one conformation was observed. This indicates that the 
experimental data can be adequately described by one conformation (free simulations, 
using no restraints, show a complete random sampling of the <|>,i|/ space) [6]. For the 
other half of the molecule, centered about Mdha7, two conformations were observed. 
This is illustrated in a Ramachandran plot (shown in Figure 2) for the dehydroalanine; 
two distinct populations with (j),\i/ values of -30° ,+30° and +30° ,-30° are observed. 
Similar results are obtained for the residues adjacent to Mdha. The constraint from 
cyclization does not allow for a planar arrangement of the Mdha, although averaging 
over the ensemble, a planar conformation, with a (j),\)/ of 0°,0°, would result. 

The ensemble simulations presented here suggest that the LY microcystin is 
undergoing fast exchange between two conformations centered about Mdha. This 
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Figure 2. A Ramachandran plot for N-methyl dehydroalanine illustrating the results obtained 
from the NOE-restrained ensemble simulations of the LY microcystin. 

finding would account for the inability of standard refinement procedures to reproduce 
the observations from NMR. The conclusions from the simulation of the LR microcystin 
are similar. These results indicate that, even for cyclic peptides, conformational 
averaging fast on the NMR time scale must be taken into account during computational 
structure refinement. 
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Introduction 

Monelline is a sweet protein produced by an African plant, Dioscoreophyllum cumminsii 
Diels, which binds specifically on the human receptor of sweetness. It is sweeter than 
sucrose by the factor of 70,000 on a molar basis. The monelline molecule consists of 
two polypeptide chains, i.e. A chain with 45 amino acid residues and B chain with 50 
residues. The X-ray analysis of native monelline by S.H. Kim revealed that the 
C-terminus of B-chain is located very close to the N-terminus of the A-chain in space. 
Gene cloning techniques were applied to fuse two chains at these termini and to produce 
a single-chained monelline. The resulting polypeptide was as sweet as natural monelline. 
It is interesting that the single-chained monelline had increased thermal stability and was 
renaturable after heat denaturation. In order to investigate the mechanism of how the 
molecule obtains this stability from the conformational aspect, we determined the 
solution conformation of the single-chained monelline by NMR and distance geometry 
calculations. Furthermore, the heteronuclear NMR relaxation measurements have been 
applied to study the system from the dynamic aspect. The single-chained monelline used 
in this experiment (hereafter called MNEI) was designed and characterized by Tancredi 
et al. [1], where a dipeptide unit, Gly-Phe, was inserted as a linker between A and B 
chains (Figure 1). After treatment at 80° C for 20 min, MNEI recovered almost complete 
activity. To prepare the isotope labeled MNEI, the synthetic fused monelline gene was 
expressed in M9 type culture medium which was labeled by 15N and/or 13C nuclei. 

a) Native 
Achain(45residu"^n ^ a A s s o c i a t i o n b v 

"™ non-bonded interaction 
B chain (50 residues) j 

b) MNEI | B chain (50 residues) | - G - F - | A chain (45 residues) 

Figure 1. Constructions of polypeptide chains for a) native monelline and b) MNEI. 
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Results and Discussion 

Using heteronuclear multi-dimensional NMR methods including HNCACB and 
H(CCO)NH, C(CO)NH methods, almost all signals coming from the backbone of the 
polypeptide chain except some of the signals relating to the N-terminal residue and the 
successive prolyl residues at the C terminal end were assigned. The chemical shift 
differences from the standard values expected for each amino acid residue existing in the 
random coil state are shown in Figure 2. It is well known that Ca carbon shows a 
down-field shift in an a-helical segment and an up-field shift in a peptide segment in a 
(3-sheet conformation whereas C„ carbon has a tendency to show the reverse shifts in each 
case. Judging from these criteria, the secondary structure of MNEI was expected to have 
a distinct a-helical structure in the region of Phell-Ile26 and at least four segments in 
(3-sheet structure as shown in Figure 2. This secondary structure profile is consistent 
with those found in the crystal structures of native monelline and MNEI and in the 
solution structure of another single chained analog SCM where the two peptides were 
fused directly without spacing residues. 

As distance information for the structure calculation, 458 distance constraints by the 
NOEs, 57 d> angle constraints and 70 distance constraints from hydrogen bonds, were 
obtained. Some fifty conformers were elucidated by simulated annealing calculations. 
Twenty-one structures among them were free from the violations of distance and angle 
constraints larger than 0.5 A and 5°, respectively. These 21 structures, of which average 
value of rmsd from the averaged structure was 1.58 A for backbone atoms are shown 
with superimposition in Figure 3. The structure profile of MNEI is characterized by an 
a-helix and five stranded anti-parallel (3-sheet structure. This is very similar again to 
those found in crystal structures of native monelline and MNEI. The rmsd between the 
average structure of MNEI and its crystal structure was 1.84 A. The respective peptide 
segments with ordered secondary structure elements of each resulting conformer showed 

A6(ppm) 

30 40 50 

Residue No. 

\ P-sheet K~fJ-helix XT-sheet? ( 1 ft-sheet |~[iTsheet \-\ (j-slieeT|-

Figure 2. Plot of secondary shift ofCa and C/3 resonances. 
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Figure 3. Best fit superpositions of the backbone atoms of the 21 SA structures. 

good convergence. Thus, the rather poor convergence shown in Figure 3 might be 
attributed to the internal motion of the molecule. 

The backbone dynamics of specific residues in NMEI was investigated by 15N NMR 
relaxation measurements; T„ T2 and NOE of the amide 15N, with interpretation in the 
term of motional parameters using the model free approach proposed by Lipari and 
Szabo [2]. First, the overall correlation time of the molecule was estimated with the 
average values of T[ and T2. Then the order parameters S2 which describe the amplitudes 
of the internal motion were calculated for each residue. They are illustrated on the 
skeleton structure in Figure 4. The smaller values of S2 found in the linker region 
indicates that poorly ordered structures with higher flexibility are localized around this 
peptide segment which has also rather large rmsd values and poor convergence as shown 
in Figure 3. Furthermore, the l3C chemical shift differences in this region are very small. 
These facts reveal that the linker region takes a random coil structure in solution. 

|S2^0.7 
§0.7 < S2 ^ 0.! 
|0.8 < S2 

Figure 4. Schematic representation of the solution structure of MNEI. The backbone is shaded 
according to the magnitude of the S2. 
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Introduction 

The ability to separate mass-limited mixtures of biological origin presents a problem of 
small-volume analysis. Most on-line detection schemes provide little information to 
elucidate the three-dimensional structure or chemical environment of separated 
components. To address this shortcoming, a method has been developed which employs 
on-line NMR analysis of compounds separated by capillary electrophoresis (CE) [1, 2]. 
The technique employs a microcoil fabricated of 50 pm wire wrapped around a capillary 
to form a 1-mm long, transmitter/receiver coil. A 75 pm i.d. capillary yields a sample 
chamber within the microcoil of just 5 nL, a 50,000-fold reduction in sample volume 
compared to conventional NMR. The layout of the apparatus and a typical spectrum is 
shown in Figure 1. Formerly, broad linewidths greater than 10 Hz prevented observation 
of proton scalar coupling. Now, resolution is similar to conventional 300 MHz NMR. 
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Figure 1. Layout of NMR detector for capillary electrophoresis. The CE set-up is housed in a 
tube which fits in the magnet. The microcoil is wired to a traditional transmit/receive circuit. The 
inset shows a microcoil spectrum from a 300 MHz NMR of the triplet region of neat ethylbenzene 
with a linewidth of 0.6 Hz and good lineshape. The mass of sample enclosed within the 5 nL 
capillary detection cell is only 4.3 pg (41 nmol). The spectrum is from a single data acquisition. 

Results and Discussion 

High resolution spectra with picomole detection limits of biochemicals have been 
achieved using microcoil NMR. Figure 2 shows a microcoil spectrum of Aplysia 
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californica a-bag cell peptide 1-7. The mass sensitivity (signal-to-noise ratio per pmol) 
of the microcoil is greatly enhanced compared to the traditional 5 mm spinning tribe. 
The ratios of sensitivities of the microcoil to the 5 mm tube is over 130-fold [3]. For a 
given sample amount, this corresponds to a reduction in data acquisition time by a factor 
greater than 10,000. 

Greatly improved spectroscopic methods, including 2-dimensional COSY spectra 
[3], now allow application of small-volume, on-line NMR analysis to a wide variety of 
biological problems, including single cell analysis. 

— i — | — i — i — i — | — i — i — i — i — i — i — i — i i ' ' r 

8 6 4 2 0 PPM 

Figure 2. 300 MHz NMR spectrum of a-bag cell peptide (1-7). The 5 nL detection cell contains 
3.0 pg (3.3 nmol) of sample. The detection limit (defined at S/N = 3) is 112 ng (124 pmol). The 
spectrum is from 256 acquisitions taken in 12 min. 

This work provides high resolution NMR spectra on nanoliter-volume samples 
containing microgram (nanomole) quantities of sample. This capability allows NMR to 
be used as a detector in CE [1, 2], microbore LC [4], small-scale stopped flow, and flow 
injection analyses. The microcoil method is particularly suited to mass-limited samples 
such as those of biological origin, those of synthetic or pharmaceutical interest, and when 
used as a detector for CE or other microseparations. 
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Introduction 

Tick anticoagulant peptide (TAP) is a 100-400 pM 60-residue inhibitor of the serine 
protease factor Xa (fXa) [1]. It is highly effective in vivo as an antithrombotic agent, 
indicating that fXa inhibition may be a viable means of preventing blood clots. 
Knowledge of TAP's tertiary structure, leading to the sites and mode of binding to fXa 
could be used to design novel orally-active small molecule inhibitors of fXa pro-
coagulation activity. 

TAP is exquisitely selective against fXa, having no inhibitory activity against a 
variety of proteases [1]. The molecule most structurally similar to TAP, basic pancreatic 
trypsin inhibitor, BPTI, inhibits also elastase, urokinase, plasmin, chymotrypsin, and 
kallikrein [2]. We will show that the mechanism of TAP binding to fXa is unique from 
the binding of BPTI/Kunitz inhibitors with their cognate serine proteases. Such 
differences may help to elucidate the nature of the binding of TAP to fXa. 

Results and Discussion 

Since TAP has a propensity to aggregate, complicating its structural assignments, studies 
using pulsed field gradient experiments and 13C-double-filtered NOESY experiments of 
l3C-labeled/unlabeled (1:1) TAP were performed to confirm that the sample under the 
final conditions (pH 2.5, 1.5 mM, 298 K, H20/D20 (9:1) or D20) was monomeric. The 
assignment and nOe determination of the structure was achieved mostly with NOESYs 
performed with 60-240 ms mixing times, and checked with 13C-'H correlation, 15N-'H 
NOESY, and amide exchange experiments. Detailed discussion of the experimentally 
determined structure has been published [1]. 

We compared TAP with the crystal structure of BPTI by alignment of the p-sheets 
and a-helices of TAP and BPTI, which superimpose extremely well; the N-terminal 
310-helices of TAP and BPTI have slightly different orientations in this alignment. 

BPTI by NMR spectroscopy shows conformational flexibility at Cys'4-Cys38 and 
adjacent residues [1]. TAP has an insertion loop in this region, and its tertiary structure 
also shows structural and mobility differences at and near Cys15-Cys39 for residues 
Asp,3-Asp16, Ser35, Trp37, C39, and Pro40, via line-broadening effects in the NMR spectra 
M-
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In the BPTI/trypsin complex, the residues binding to trypsin are Thr", Prol3-Ile19, 
Val34, and Gly36-Arg39. The positioning of TAP in the active site of fXa in a manner 
analogous to the BPTI/trypsin complex, aligning TAP with BPTI and the catalytic triad 
(Asp102-His57-Ser195) of fXa with that of trypsin, produces many clashes that are not easily 
removed. Moreover, this model does not explain the results of other studies on TAP. 
TAP is not cleaved by fXa whereas BPTI is by trypsin. Therefore, TAP does not bind in 
a substrate-like mode. Mutation studies on TAP [1, 3] have shown that the residues 
critical to the activity of TAP, Tyr1-Leu4, Asp10, and Asp47 are not those that would be 
predicted from a BPTI-trypsin binding mode [4]. Mao et al. have shown that the 
mutations Asp'°-»Arg and Tyr'—>Trp produce mutants many times more potent [3]. We 
know from the TAP solution structure that the sidechains of the Arg3 and Arg(Asp)10 are 
indeed separated by 10-20 A, depending on their individual orientations. 

The improvement in potency due to a second positive charge at Arg10 may indicate 
that there are two cation-binding sites in fXa for TAP. Indeed, fXa has two cationic 
binding sites (S, and S3) which are about 10-17 A apart. It is probable that these two 
sites are occupied by the chromogenic substrate S2765 (Z-DArg-Gly-Arg-PNA), the 
dibasic small molecule inhibitors such as diamidinoarylpropionic acid derivatives [5], 
and antistasin, a 30-60 pM inhibitor of fXa [6]. It is possible that the Asp10—>Arg mutant 
similarly binds Arg3 and Arg10 in both the S, and S3 sites. 

Therefore, in spite of the sequence and structural similarities of TAP to BPTI, the 
mutation studies show that the binding of TAP will present a unique mode of binding of 
an inhibitor to a serine protease. Modes of binding incorporating the above mentioned 
mutation result and the known cation binding sites of fXa are currently being modeled. 
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Introduction 

Major advances in understanding determinants of protein structures have come from the 
systematic examination of peptides that adopt stable secondary structure in water [1,2]. 
However, there are few studies on isolated loops from proteins [3]. It is important to 
identify determinants of loop structure since loops are well represented on protein 
surfaces, provide sites for receptor binding and can serve as bases for drugs and synthetic 
peptide vaccines. Here we report NMR structure determinations for dodecameric 
peptide loops selected for their enhanced affinities for an antiprotein monoclonal 
antibody [4]. Higher affinities are indicators of conformational constraint and identify 
potential mimetics for structural studies. 

Results and Discussion 

Linear Ac-GILDTSNPVKTGGG-NH2, hydrazone loop [JTLDTSNPVKTGZJG-NH, and 
disulfide loop AcfCILDTSNPVKTCJ-NHj bind an antiprotein mouse monoclonal 
antibody, 4B7, with relative affinities of 1, 32 and 256 respectively [4]. The hydrazone 
loop was synthesized and cyclized on the solid support [4]. Each peptide was purified by 
HPLC and confirmed by FAB MS. NMR data for 20 mM solution of each peptide in 
10% D20/H20, pH 5 at 24°C was collected from ID and 2D DQF-COSY, P.E.COSY, 
TOCSY and ROESY spectra. Spectral data was processed with Biosym's Felix 2.3 
software. Structure determinations were conducted using Biosym's NMRchitect and 
Discover software packages. Calculated structures were examined for disallowed 
geometries with Procheck [5]. 

NMR data for the two loops indicate that they adapt similar structures. More and 
stronger midrange NOE's for the disulfide loop show that it is better ordered than the 
hydrazone loop. Temperature coefficients for Ser (~3ppb/°C) and Asn (~lppb/°C) 
mainchain amide protons are low providing evidence that the tips of both loops are well 
ordered. NOE's and the Asn temperature coefficient suggest that DTSN populates a 
Type I reverse turn. Distinct chemical shifts for geminal (3 protons, coupling constants 
and NOE's indicate that rotations of the side chains of DTSN are restricted. However, 
large aN(i, i+1) NOE's suggest that extended forms are in dynamic equilibrium with the 
ordered forms. 
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Figure 1. Backbone traces of calculated structural families of hydrazone (left) and disulfide 
(right) loops. Hydrogen bonds are identified for a typical member of the disulfide family. 

Calculated structural families for both loops are well ordered at their tips, DTSNPV 
[Figure 1]. Hydrogen bonds form between Ser NH-Asp carboxylate sidechain and the 
Asn NH-Asp mainchain carbonyl oxygen. Disorder in the remainder of the peptide 
could reflect true disorder or an insufficient number of constraints. MAb 4B7 binds 
DTSNPV in conformations similar to the structural families [4]. These results suggest 
that the loops form significant populations of an ordered conformer in water that 
correspond to the native conformation. 

The identification of a loop mimetic provides a starting point for investigating the 
role of individual amino acids in stabilizing the loop. The Asp side chain could play an 
important role as it does in initiating a-helix formation [6]. (i-branched amino acids 
may restrict conformation in a loop context. Importantly, the enhanced affinity of MAb 
4B7 for loops is accounted for by an improved conformation. Similar data for other 
loops and antibodies provides further targets for these studies. 
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Introduction 

Ascidian trypsin inhibitor (ATI) from hemolymph of a solitary ascidian, Halocynthia 
roretzi, is a single polypeptide chain with 55 amino acid residues that shows no extensive 
homology to other known protease inhibitors [1,2]. It has four disulfide bridges in a 
molecule [3]. Two of these constitute CSH motif (cystine stabilized a-helical motif) that 
is characterized by an a-helical structure containing a Cys-Xl-X2-X3-Cys sequence 
stabilized by two disulfide bridges with Cys-X-Cys, which is found in hormonal peptides 
(endothelin-1), honey bee toxins (apamin), scorpion toxins (charybdotoxin), etc [5-7]. 
The sequences Cys37-Ala38-Leu39-Cys40-Cys41 and Cys12-Argl3-Cys14 correspond to the 
above segment, where the disulfide bridges, Cys12-Cys41 and Cys14-Cys37, are formed. 
There has been no report that Cys at the X3 position in the helix-forming segment forms 
the disulfide bridge with other Cys, as in ATI. In the present study, we analyzed the 
solution structure of ATI by means of 2D-NMR and simulated annealing calculations. 

Results and Discussion 

From the pattern of sequential and medium-range NOEs of ATI, together with the 
observed groupings of slow amide proton exchange, the secondary structure of ATI is 
characterized by an a-helical conformation in the sequence, Asn35-His43, and a three-
stranded antiparallel (3-sheet in the sequence, Leu21-Ile26, Ala29-Arg34 and Glu48-Asn51. 
The 400 NOEs were converted into distance constraints, and structure calculation was 
carried out by simulated annealing (XPLOR version 3.1). The overall folding of the 
main chain of ATI is shown in Figure 1. The secondary structure and the overall folding 
of main chain of ATI were similar to those of typical Kazal-type inhibitors, such as the 
third domain of Japanese quail ovomucoid (OMJPQ3) and human pancreatic secretory 
trypsin inhibitor [8, 9]. Taken together, ATI can be classified as a member of the 
Kazal-type inhibitor family on the basis of the tertiary structure. 

The present results also showed the Cys-Xl-X2-X3-Cys segment of CSH motif in 
ATI forms a-helix conformation. This shows that the presence of Cys at the X3 position 
does not interfere with the formation of the helix of the CSH motif. 
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Figure 1. Schematical representation of the solution structure of ATI. The picture was generated 
with program MOLSCRIPT. with program MOLSCRIPT. 

In the course of the studies on the structure of OMJPQ3, it appears that the situations 
of Asn33 and Asn39 in a-helix, as well as that of the half-cystines, were noteworthy. The 
side chain NH of Asn33 forms a hydrogen bond with the main chain carbonyl oxygens of 
Pro17 at P2 site and Asp19 at P'l site of the scissile bond to act as a spacer between the 
reactive site loop (the primary contact region) and the secondary contact region 
(Tyr3'-Asn36). The side chain of Asn39 forms a hydrogen bond with the main chain of 
Lys13 to participate in the stabilization of the reactive site conformation. Asn33 of 
OMJPQ3 corresponds to Asn35 of ATI, but Asn39 of the former is replaced by Cys41 in the 
latter. Cys41 forms a disulfide bridge with Cys12 and this is one of two disulfide bridges 
constituting the CSH motif. Therefore, the disulfide bridge seems to contribute to not 
only the stabilization of a-helical conformation but also that of the reactive site 
conformation. Furthermore, ATI is likely to have a more rigid structure than that of 
OMJPQ3 at the reactive site region. 
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Introduction 

Our laboratory has recently identified a series of potent polyhydroxymono-amide renin 
inhibitors (Figure la). A feature exhibited by these inhibitors is that a change in 
stereochemistry of carbinol C3 as in 1 and 2, and a change in hydroxyl position (C4 to C5) 
as in 1 and 3 results in small differences in binding potencies (IC50 values of 9, 7, and 12 
nM, respectively). NMR spectroscopy was used to identify and compare the preferred 
solution conformations of these inhibitors. Comparisons were also made between the 
unbound structures determined by NMR and the renin-bound structures determined by 
X-ray crystallography. 

Results and Discussion 

A thorough analysis of 'H J-coupling and ROESY NMR data suggested that inhibitor 1 
has a predominant conformation in DMSO in the unbound state. By using NMR-derived 
restraints, the solution structure of 1 was modeled by a combination of distance 
geometry, energy minimization, and molecular dynamics. The twenty-five lowest-energy 
structures that satisfy the NMR data have a similar overall conformation. The lowest-
energy structure that best satisfies the NMR data is shown as thick lines in Figure lb. 
The solution structures of 2 and 3 were not subjected to the modeling protocol. 
However, it is likely that 2 and 3 have similar conformations as 1 in the unbound state as 
judged by the similarity of the J-coupling and ROESY data. The most noticeable 
difference was found along the torsion angle along the C3-C4 bond. Inhibitor 1 prefers 
one of three possible staggered rotamers, whereas this bond is conformationally averaged 
in 2 and 3. 

The crystal structures of inhibitors 1, 2, and 3 in complex with renin have been 
determined [1]. In each case, there are two distinct renin complexes per asymmetric unit. 
Figure lb shows a superposition of the two inhibitor structures in the renin-bound state 
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Figure 1. (a) Inhibitors 1, 2, and 3 are shown, (b) The NMR solution structure of 1 in the 
unbound state is shown as thick lines. The crystal structures of inhibitors 1, 2, and 3 in the 
renin-bound state are shown as thin lines. 

(thin lines). All three inhibitors have similar overall conformations, although the P3 

position of 2 shows the greatest variability. 
A comparison of the solution structure and the crystal structures show that the 

inhibitors assume similar conformations when unbound and renin-bound (with exceptions 
in the P3 position). This similarity shows that gross conformational changes of the 
inhibitor are not prerequisite to binding renin. Figure lb shows the unbound structure of 
1 (thick lines) superimposed with the renin-bound structures (thin lines) of 1. The left 
side of the NMR structure is slightly skewed or "propeller twisted" relative to the X-ray 
structures due to a small difference in the torsion angle along the carbonyl-C6 bond which 
serves as a pivot for the right and left sides of the inhibitor. The extra conformational 
mobility observed at the P3 position in the solution structures of 2 and 3 is evidently not 
detrimental to inhibitor potency. Interestingly, the crystal structures show that renin can 
accommodate different P3 conformations of the inhibitor. 
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Introduction 

Special effort is currently being directed towards the development of opioid peptide 
analogs that are mixed p agonist/8 antagonists owing to the recent finding that pre
treatment of mice with the non-peptide 8 antagonist naltrindole prevented the 
development of morphine tolerance and dependence [1]. The cyclic P-casomorphin 
analog H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] (GIy5) represents the first reported example 
of a cyclic peptide with mixed p agonist/8 antagonist properties [2]. Here we report 
results of NMR conformational studies carried out on three analogs of Gly5 in which Gly 
has been replaced by D-Ala (D-AIa5), Sar (Sar5) and NMe-Ala (NMe-Ala5) [3]. 

Results and Discussion 

One-dimensional 'H NMR spectra acquired for the three compounds in [2H6]DMSO at 
room temperature revealed larger than usual linewidths in the aliphatic region for Sar5 
which narrowed upon heating the sample from 25 to 50°C (Figure 1). This differential 
line broadening reflects conformational exchange that is most likely linked to cis-trans 
isomerization around the 2-Nal3-D-Pro4 and D-Pro"-Sar5 peptide bonds [4]. Observation 
of a significantly greater number of Nuclear Overhauser effects for Sar5 compared to the 
other two compounds further supports the existence of Sar5 structures with cis peptide 
bonds. Although N-alkylated amino acids are also contained in the ring structures of 
D-Ala5 and NMe-Ala5, there was no experimental evidence of minor conformers with 
cis peptide bonds for either analog. Single component spectra were observed for all 
three compounds. This indicates that in the case of SarS the fractional population of cis 
isomers was low. 

Temperature coefficient data obtained for D-Ala5, Sar5 and NMe-Ala5 indicate 
that the amide protons are shielded from the solvent in a non-uniform manner (Table 1). 
A temperature coefficient between 3 and 4 ppb/K typical of a fully exposed proton was 
measured for the terminal exocyclic amine in all three cases. In contrast to Sar5 and 
NMe-Ala5, the NH protons of residues 2, 3 and 5 of D-Ala5 are all either shielded or 
engaged in intramolecular hydrogen bonding in a large proportion of the conformational 
ensemble. 
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1.7 4 .6 4.B 

Figure 1. 'HNMR spectra ofSarS in DMSO at the indicated temperatures. 

Table 1. NH proton temperature coefficients for Tyr-c[D-Orn-2-Nal-D-Pro-Xaa-j (ppb/K). 

Proton 

TyrNH 
OrnNH 
OrneNH 
2-NalNH 
D-AlaNH 

Xaa = D-Ala5 

3.16 
0.80 
0.67 
0.80 
0.79 

Xaa = Sar5 

3.25 
2.23 
2.74 

? 
-

Xaa = NMe-Ala5 

3.93 
2.19 
2.72 
2.45 

-

? indicates NH chemical shift could not be measured due to spectral overlap. 

It can be concluded that all three cyclic P-casomorphin analogs studied exhibit 
distinctly different conformational properties in DMSO. The obtained structural 
information can be used for the design of more constrained, and more potent mixed p 
agonist/8 antagonists. 
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Introduction 

Motilin is a 22-residue peptide hormone which stimulates the contractile activity of the 
stomach and upper small intestine [1]. The motilin 1-12 (Ml 12) fragment displays 
biological effects similar to those of motilin in vitro [2]. Selective reduction of the amide 
groups of Ml 12 to form CH2NH isosteres resistant to enzymatic cleavage results in a 
decrease in contractile response for the analogs reduced in positions 1-2 (C12M112) and 
2-3 (C23M112) and in a total loss of activity for all other positions [2]. In this study, the 
three-dimensional structures of Ml 12 and its CH2NH analogs were investigated by NMR 
and molecular modeling and correlated with biological activity. 

Results and Discussion 

The temperature dependences of the amide chemical shifts (temperature coefficients) for 
Ml 12 and the CH2NH analogs are presented in Table 1. The temperature coefficients of 
C12M112 and C23M112 are nearly identical to those of Ml 12 for the amide protons of 

Table 1. Temperature coefficients (x Hf ppm/K) of amide protons of Ml 12 and analogs" 

Residue 

Fl 
V2 
14 
F5 
T6 
Y7 
G8 
E9 
L10 
Qll 
R12 

M112 

-1.71 
-6.96 
-5.71 
-5.29 
-6.99 
-4.94 
-6.98 
-5.29 
-5.72 
-5.21 
-4.69 

C12 

-5.07 

-7.18 
-6.13 
-7.14 
-4.99 
-6.89 
-5.41 
-5.94 
-5.94 
-4.77 

C23 

-5.99 
-7.00 

-8.01 
-4.60 
-6.94 
-5.81 
-5.73 
-5.60 
-4.84 

C34 

-8.47 
-7.09 

-4.79 
-4.39 
-6.89 
-6.06 
-5.93 
-5.49 

C45 

-2.54 
-7.11 

-4.86 
-6.98 
-5.93 
-5.96 
-5.20 

C56 

-2.31 
-7.43 
-5.01 

-9.62 
-8.94 
-6.47 
-6.72 
-6.31 

C67 

-1.74 
-6.89 
-5.44 
-6.04 

-6.19 
-8.42 
-6.16 
-4.92 

C78 

-2.94 
-7.44 
-5.52 

-5.14 
-5.12 

-6.00 
-5.90 
-6.40 
-6.66 

C89 

-4.94 
-6.89 
-6.04 

-5.66 
-5.36 
-2.22 

-5.81 

a Cxy corresponds to Ml 12 with a CH2NH in position xy. 
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residues 6-12, suggesting an identical C-terminal structure. This is not the case for the 
other analogs. The N-terminal coefficients (residues 1-5) of all analogs are different 
from those of Ml 12. Few hydrogen bonds are present. 

Analysis of DQFCOSY, TOCSY and NOESY spectra lead to the assignment of all 
resonances of Ml 12, C12M112 and C45M112. Between 38 and 55 intra-residue 
connectivities and between 27 and 54 inter-residue NOE connectivities were observed 
for the three molecules. Backbone dihedral angles derived from 3JNHaH coupling 
constants were nearly identical for Ml 12 and C12M112 but differed for C45M112. 

Molecular modeling included conjugate gradients energy minimization, molecular 
dynamics, cluster analysis followed, for each cluster, by steepest descent energy 
minimization, introduction of the NMR constraints, molecular dynamics and conjugate 
gradients energy minimization. A total of 31, 30 and 27 of the 35 final structures of 
Ml 12, C12M112 and C45M112, respectively, converged onto an identical folding 
pattern. None of these structures displayed NOE distance violations of more than 0.5 A. 
The molecular models display H bonds consistent with the temperature coefficients: 
between the NH of Phe1 and the CO of He4 for Ml 12, between the NH of Phe1 and the 
CO of Val2 in C45M112, and between the C-terminal NH2 and the CO of Gln" in 
C45M112. The overall structures of Ml 12 and C12M112 are similar and present an 
analogous folding pattern in the C-terminal part but differ in the N-terminal part. 
However, the structure of C45M112 is different. For all three molecules, the Gly8-Gln" 
region is the best defined. 

These conformational results based on different NMR parameters (NH exchange 
rates, chemical shifts, coupling constants, NOE distances) demonstrate that reduction of a 
single backbone carbonyl group leads to significant structural effects. Reduction in any 
position leads to structural perturbations in the N-terminal segment whereas reduction 
beyond position 3-4 causes changes in the whole molecule. This can be explained by an 
increase in flexibility resulting from the destruction of the planarity of the amide bond. 
Therefore, the desirable effects of protection against enzymatic cleavage provided by the 
methylene group produce structural disturbances affecting or destroying biological 
activity. Based on these results, conservation of the amide bond rigidity seems to be an 
essential element for the design of biologically active non-hydrolyzable peptide analogs. 
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Introduction 

FMDV is the cause of a disease afflicting domestic livestock. The disease can be 
prevented by vaccination but the preparation of appropriate vaccines is complicated by 
the occurrence of seven distinct serotypes and by the considerable antigenic variation 
within serotypes. The immunodominant site of the virus is contained within residues 
141-160 of VP1. Several antigenic variants of serotype A12 have been isolated which 
differed only at positions 148 and 153 of VP1 (Figure 1) [1]. The 141-160 peptides 
corresponding to four of these variants (called peptides A,B,C and USA) have been 
compared by CD spectroscopy [2, 3]. The results were consistent with the classification 
of the peptides into two classes, A with C and USA with B, which had been derived from 
their serological behavior [1]. In this work, NMR and computer calculations were 
carried out on the four A12 peptides and on that from serotype OIK. A correlation 
between structure and serological behavior is provided. 

Results and Discussion 

NMR parameters, derived for peptides A, USA and OIK in TFE-OH solutions, were 
used for DG and RMD calculations. Those structures which were compatible with the 
NMR parameters were grouped into homogeneous sets based on Ca traces superim-
position. The general characteristics common to most of the families thus identified were 
as follows. 

Peptide OIK was largely helical. The C-terminal half region (residues 153 to 160) 
was also helical in A and USA while the conserved RGD triplet, used by the virus to bind 
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and to infect the host's cells, was part of a turn similar to that contained in the helix of 
peptide OIK. In peptide A the central residues formed a large loop stabilised by a 
H-bond between the NH of D147 and the CO of A152 (Figure 1). A similar loop was 
found in USA although restricted to fewer residues and stabilised, in the majority of 
cases, by interactions between D147 and SI50 (Figure 1). 

These results and those from additional NMR studies and calculations with and 
without NMR constraints carried out on A, USA, C and B permitted classification of the 
latter into the same two families deduced from CD and serological data. Furthermore, 
they offered a structural explanation for the antigenic variation within the A12 serotype 
and between serotypes. Thus, the major structural differences among the five peptides 
were found in the central region of the sequence where residues are less conserved 
(Figure 1). In the four A12 peptides, either G149 or S150 or both induce a bend with 
residue 148 defining the size of this bendMoop and hence the antibody specificity. 
Conversely in OIK the replacement of G and S with Q and V respectively (see Figure 1) 
changed the structure of this region of the peptide to that of a helix. 

152 147 

152 

150 
147 

141 147 148 152 153 160 
A Gly-Ser-Gly-Val-Arg-Gly-Asp-Ser-Gly-Ser-Leu-Ala-Leu-Arg-Val-Ala-Arg-Gln-Leu-Pro 
B Leu Pro 
C Ser Ser 
USA Phe Pro 

OIK -Asn-Leu-Arg-Gly-Asp-Leu-Gln-Val-Leu-Ala-Gln-Lys-Val-Ala-Arg-Thr-Leu-

Figure 1. The central region of peptides A and C (A), USA and B (B) and OIK (C). The different 
structures could account for the antigenic variation induced by mutations at position 148 (A12 
peptides) and positions 149 and 150 (OIKvs A12). 
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Introduction 

Human CEA is extensively expressed on greater than 90% of human colorectal, gastric, 
and pancreatic carcinomas as well as approximately 50% of breast cancers and 70% of 
non-small cell lung cancers. CEA is also expressed to some extent on normal colon 
epithelium and in some fetal tissue. The CEA gene has been sequenced and shown to be 
part of the human immunoglobulin gene superfamily, and thus shares some homology 
with other molecules found on normal human tissues. At the amino acid level, CEA 
shares approximately 70% homology with NCA (non-specific cross reacting antigen) 
which is found on normal granulocytes. The immunogenicity of CEA in humans is at 
best controversial. Several papers claim antibodies to CEA in patients, while others 
report these observations are artifacts. No reports of the presence or absence of human 
T-cell responses to CEA exist. 

Results and Discussion 

One strategy that is being pursued to determine if one can induce T-cell responses to 
CEA in carcinoma patients is to place the CEA gene into vaccinia virus. Vaccinia was 
chosen as a vector for several reasons. Among these are: (a) its wide use in humans in 
the eradication of smallpox; (b) its ability to infect a wide range of cells, including 
professional antigen presenting cells (APCs), and express the inserted gene product in a 
manner that has the potential to be processed in the context of class I and/or class II 
MHC molecules; and (c) animal model studies have shown that the use of a recombinant 
human CEA vaccinia virus (designated rV-CEA) is superior to the use of soluble CEA in 
the induction of anti-tumor effects on established CEA expressing tumors. These 
findings correlated with the appearance of CEA specific cytotoxic T-lymphocytes 
(CTLs) in rV-CEA inoculated animals. rV-CEA has also been administered to rhesus 
monkeys and has been shown to induce CEA-specific T-cell responses with no toxicity. 

It is important to emphasize, however, that experimental model results should have 
extremely limited extrapolation to potential human immune T-cell responses. For one, 
human CEA is a foreign gene in both mice and non-human primates. However, the more 
important point to consider is the question of whether human APCs, including tumors, 
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will process CEA in such a manner as to present specific CEA peptides in the context of 
human MHC, for human T-cell recognition. Since mouse and non-human primate MHC 
binding motifs are different from human motifs, studies in animal models cannot answer 
the question of T-cell immunogenicity in humans. Even the use of CEA transgenic mice 
could not answer these questions, because they would possess murine MHC motifs. 
Thus, while animal model studies were conducted to demonstrate that rV-CEA can 
indeed infect mammalian cells in vivo to a level as to induce immune responses, and to 
demonstrate lack of toxicity, only clinical trials can adequately answer the question as to 
the potential ability of rV-CEA to induce CEA specific human T-cell responses. A Phase 
I IRB approved clinical trial by the NCI/Navy Oncology Branch (M. Hamilton, P.I.) 
involving rV-CEA (Therion Biologies Corp.) in patients with metastatic carcinoma 
(gastrointestinal, lung, and breast) has been completed. No toxicity was observed other 
than usually seen with the smallpox vaccine. Even with the highest dose group receiving 
three monthly injections of IO7 pfu rV-CEA, the maximum tolerated dose was not 
achieved. 

Peripheral blood lymphocytes (PBLs) obtained from patients with metastatic 
carcinoma, both pre- and post-vaccination with rV-CEA, were analyzed for T-cell 
response to specific 9-11 mer CEA peptides selected to conform to human HLA class 
I-A2 motifs. While little or no T-cell growth was seen from pre-immunization PBLs of 
patients pulsed with CEA peptides and IL-2, T-cell lines were obtained from PBLs of 
patients post-vaccination, after 1 to 3 cycles of stimulation. Cytolytic T-cell lines from 
three A2 patients were established with one peptide (designated CAP-1) and the T-cell 
line (designated V24T) from one patient was chosen for detailed analysis. V24T was 
shown to be a CD8+/CD4+ double positive and to synthesize high levels of TNF-a when 
exposed to the 9 amino acid CAP-1 peptide. When autologous EBV-transformed B-cells 
were either incubated with CAP-1 peptide, or transduced with the CEA gene using a 
retroviral vector, they were lysed by the V24T cell lines. Allogeneic non-A2 EBV 
transformed B-cells were not lysed when incubated with CAP-1. A human colon 
carcinoma cell line which is CEA positive and A2 positive, was also lysed by the V24T 
cell line while two non-A2 CEA positive colon carcinoma cell lines were not. To further 
define the class I HLA-A2 restricted nature of the V24T cytotoxicity, the non-A2 CEA 
expressing colon carcinoma cell line was infected with a recombinant vaccinia virus 
expressing the HLA class I-A2 gene and was shown to become susceptible to V24T lysis. 
Cells infected with vector alone were not lysed. 

These studies demonstrate for the first time, (a) the ability to generate a human 
cytolytic T-cell response to specific epitopes of CEA, (b) the class I HLA-A2 restricted 
nature of the T-cell mediated lysis, and (c) the ability of human tumor cells to 
endogenously synthesize CEA so as to present a specific CEA peptide in the context of 
MHC for T-cell lysis. These findings thus have implications in the development of 
specific second generation cancer immunotherapy protocols. Preclinical studies are 
currently underway to determine the efficacy of the use of other immunogens alone or in 
combination with rV-CEA. These include avian pox-CEA recombinants, baculovirus 
derived CEA, and peptides modeled to induce and/or enhance T-cell responses. 

Activation of T-cells requires at least two signals: an antigen-specific signal 
delivered through the T-cell receptor and a costimulatory signal mediated through 
molecules designated B7-1 and B7-2. Previous studies have shown that introduction of 
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the B7 gene into tumors using retroviral vectors has led to enhanced antitumor effects. A 
limiting factor for potential clinical applications using this approach is the low efficiency 
of infection of retroviral vectors and consequent manipulations of infected cells. 
Vaccinia virus thus represents an alternative vector for B7 gene expression in tumor cells 
or antigen presenting cells. We have recently described the construction and characteri
zation of recombinant vaccinia viruses containing the murine B7-1 and B7-2 genes 
(designated rV-B7-l and rV-B7-2). Infection of cells with these constructs results in 
rapid and efficient cell surface expression of both B7-1 and B7-2 (>97% of cells express 
B7 at 4h). 

In recent preclinical studies, we have demonstrated the an admixture of rV-B7 and 
rV-CEA (at proper ratios) greatly enhances CEA specific T-cell responses and anti-tumor 
activity. These studies also have implications for the admixture of rV-B7 with 
recombinant vaccinia viruses containing genes for other tumor associated antigens or 
genes for infectious agents in the activation of specific cytolytic T-cell population. 
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Introduction 

In animal models, malignancy can be treated by vaccine and T cell therapy. In humans, 
one of the major obstacles in developing cancer vaccines has been the lack of defined 
target antigens. Recently, however, several groups have identified proteins in human 
malignancy that can be recognized by the patient immune system [1]. Identification of 
human tumor antigens is an important step towards extrapolating successful animal 
studies into immune therapies for human malignancy. One ploy to identify tumor 
antigens has been to characterize the antigens on autologous tumors that are recognized 
by autochthonous T cells [3]. Antigens identified by such studies have largely been 
"self proteins expressed on normal as well as malignant cells [1-5]. These proteins may 
be expressed during fetal development, but present in adults in only a limited number of 
tissues, (e.g., MAGE), or may be related to the normal function of the now malignant 
cell, (e.g. tyrosinase). In some circumstances, the proteins identified are involved in 
malignant transformation or the maintenance of the transformed state (e.g., HER-2/neu or 
ras). Immune responses directed against each of these proteins have been detected in 
patients with a variety of cancers. 

The realization that the immune systems of patients with cancer can generate 
responses against proteins expressed on their own malignancy, even self proteins, has 
intensified interest in the development of an effective cancer vaccine. However, methods 
to generate immune responses to "self tumor antigens are not well defined. A key to 
inducing an immune response to self proteins may lie in the use of peptide based 
vaccines. In several model systems immunity to self or transgene encoded proteins has 
been elicited by immunization with peptides [7, 8]. T cells recognize antigen in the 
context of processed peptides that bind in the MHC molecule. Current theories of self 
recognition suggest that immunodominant epitopes of self proteins elicit tolerogemic 
responses [7]. Other potentially immunogenic epitopes, functionally defined as 
subdominant epitopes, are "ignored" by the immune system when in the protein, but are 
immunogenic as peptides. If subdominant epitopes could be identified for "self tumor 
antigens, peptide vaccines might be most appropriate for generating responses. 

Peptide vaccines have several advantages. Peptides are relatively easy to construct 
and produce and may retain chemical stability over time, decreasing lot to lot variation. 
Vectors with infectious or oncogenic potential are not necessary. Perhaps the most 
important advantage is the theoretical ability to manipulate the immune response with 
defined peptide epitopes. Protective immunity generated by vaccination depends on 
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elicitation of immune responses with appropriate function. Peptide vaccines will allow 
the generation of T cell populations specific for defined epitopes and with defined 
function thus allowing a directed and effective immune response. 

Results and Discussion 

The HER-2/neu oncogenic protein is a good model system in which to assess the efficacy 
of a peptide vaccine. The HER-2/neu oncogene (c-erbB-2) encodes a transmembrane 
protein with homology to epidermal growth factor receptor. HER-2/neu is amplified and 
overexpressed in 20-40% of invasive breast cancers, is associated with aggressive 
disease, and is an independent predictor of poor prognosis in subsets of patients [9]. 
HER-2/neu may also be related to cancer formation with overexpression being detectable 
in 50-60%> of ductal carcinomas in situ [10]. 

Studies from our laboratory showed that some breast cancer patients with 
HER-2/neu overexpressing cancers have a preexistent immune response to the protein [5, 
6]. Of 50 patients with HER-2/neu positive tumors, 42% had an antibody response to the 
protein. Only 4% of 145 normal blood donors had detectable antibody responses. CD4+ 
T cells specific for the HER-2/neu protein and peptides have also been detected in cancer 
patients [5, 6]. In 7 patients with HER-2/neu positive breast cancers, 3 had proliferative 
T cell responses directed against the protein and/or peptides. All three responded to 
peptide epitopes derived from both the intracellular (ICD) or extracellular (ECD) 
domains of the protein. One patient responded to the peptides, but not to the intact 
protein, indicating the intact protein may suppress an effective immune response. The 4 
patients who did not have a response to the protein or peptides did not respond to tetanus 
toxoid used as a control. 

The finding that some patients had an existent immune response to HER-2/neu was 
surprising in that others had previously attempted and failed to immunize rats to rat neu 
protein expressed by a recombinant vaccinia virus [11]. Although mice immunized with 
the same vectors developed vigorous immune responses to rat neu, when rats were 
immunized they did not develop detectable antibody or delayed type hypersensitivity 
responses to the protein. The conclusion was that mechanisms of tolerance prevented 
immunization in rats and would prevent immunization in humans. Presumably, 
immunization with intact HER-2/neu protein would be ineffective in generating immune 
responses. 

To determine whether a peptide vaccine could elicit immunity to HER-2/neu, rats 
were immunized to peptides derived from the homologous rat protein, neu. The amino 
acid sequence of the rat neu protein was analyzed using a sequence motif searching 
program, "TSites", that incorporates several algorithms to distinguish peptide epitopes 
appropriate for class II MHC restricted T cell responses [12]. A panel of potential 
peptide epitopes was identified and constructed. Rat immunization studies validated that 
peptides identified in this manner can elicit both T cell and antibody immunity [13]. Rat 
neu and human HER-2/neu are 89% homologous. Rats were immunized with 
combinations of ECD and ICD peptides that are highly homologous or 100% 
homologous between rat and human neu proteins. Complete Freund's adjuvant was used. 
Immunization elicited IgG antibody responses that were specific for both rat and human 
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protein. Peptide immunizations also elicited CD4+ T cell proliferative responses specific 
for rat neu protein. Thus, the concept that HER-2/neu peptides can be used in vaccines 
to circumvent T cell and antibody tolerance is valid. Of note, there was no evidence of 
toxicity or autoimmunity through a five month observation period. 

Immunogenic peptides identified in studies such as these may be directly applicable 
to the design of a vaccine for use in human cancers. Rat "self peptides, rather than 
foreign peptides, were used to immunize rats so that the results might be extrapolated to 
the use of human peptides in humans. The peptides used were homologous to the human 
HER-2/neu sequence and the antibodies generated were specific for both rat and human 
protein. Thus, the results predict that immunization of humans with the same peptides is 
likely to generate similar immune responses. The induction of an immune response to rat 
neu in rats lays the foundation for testing peptide based vaccines in humans for 
generating immune responses to HER-2/neu protein in patients with HER-2/neu positive 
cancers. 
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Introduction 

Transforming proteins encoded by mutationally activated ras proto-oncogenes are 
potentially unique targets for cancer vaccines. The three ras proto-oncogenes, H-ras, 
K-ras, and N-ras, encode highly homologous, Mt 21,000, GTP-binding proteins [1]. 
Activating mutations are found in GTP-binding regions; virtually all relevant mutations 
are found in codons 12 (Gly), 13 (Gly), and 61 (Gln). The resultant oncoprotein remains 
in the constitutively activated, GTP-bound state. Activating ras mutations have been 
detected in a substantial proportion of many common malignancies, including lung, 
pancreatic, and colon. Experimental evidence in vitro and in transplantable tumor 
models supports the possibility that protection against tumors bearing activated ras can 
be achieved using vaccine approaches [2-4]. We have identified a rodent tumor model, 
A/J mouse lung, that is a very sensitive in vivo system for the detection of activating 
K-ras mutations [5, 6]. A/J mice are not only susceptible to lung tumor induction by 
chemical carcinogens but also have a high incidence of spontaneous tumors. The 
expression of activating ras mutations as well as the tumor progression in this model 
parallels that of human tumors. The patterns of chemically-induced ras mutations are 
specific for each chemical or class of chemicals. We examined the immunobiology of 
oligopeptides corresponding to activating mutations of p21 ras in this autochthonous 
tumor model system. 

Results and Discussion 

We first examined whether immune responses to ras oncopeptides could be elicited in 
A/J mice, as immune responses in the H-2" background had not been previously reported. 
A/J mice were immunized using a mixture of three ras peptides corresponding to codons 
5-17 and bearing activating substitutions at codon 12 [250 pg/0.2 ml of ra.s(5-17)12G->c, 
ras(5-n)]2G~*D, and ras(5-ll)no~>v]. Codon 12 Asp is the most common spontaneous and 
chemically-induced mutation in A/J mice. Codon 12 Val substitutions occur spontane
ously and in response to N-nitrosodiethylamine and benzo[a]pyrene. Codon 12 Cys 
rarely occurs spontaneously but does occur in response to benzo[a]pyrene. CGP-1 1637 
(600 pg/0.6 ml)was used as the adjuvant in a squalene-based vehicle (1.2 ml). Each 
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mouse received 0.4 ml of the mixture (125 pg of peptide per mouse) s.q. and were 
boosted on day 14 with the same peptide mixture in vehicle without adjuvant. Spleens 
were harvested on day 24. Significant proliferative responses to ras(5-n)nG~*c and 
ras(5-17)12G_>v were induced. Proliferative responses to ras,(5-17)12G->D were very weak. 
Codon 12 Asp substitutions have also not been strongly immunogenic in H-2d BALB/c 
and H-2b C57BL/6 mice and in human studies [7, 8]. The role of "immune surveillance" 
in carcinogenesis is controversial. Interestingly, however, the most common activating 
spontaneous and carcinogen-induced substitution observed in A/J mice is only weakly 
immunogenic. 

The immunogenicity of subunit peptide vaccines can be enhanced in a variety of 
ways. Covalent conjugation to large carrier molecules is undesirable, as this often results 
in hypersensitivity, loss or inappropriate presentation of epitopes, appearance of 
undefined structures, MHC restriction, and batch to batch conjugate variability. 
Antigenic peptides derived from, for example, tetanus toxin (TT) have been identified 
that appear to be "promiscuous" in their recognition in association with many MHC 
molecules. We have examined the effectiveness of engineered chimeric constructs 
incorporating promiscuous T-cell epitopes to enhance immunogenicity and to meet the 
challenge of MHC polymorphism. Our studies have indicated that certain haplotype-
restricted immune responses can be bypassed by including promiscuous T-cell epitopes 
in the immunogen. Additional peptide length, although not predicted to bind in the 
peptide-binding groove of the MHC class II molecules, can enhance peptide capacity to 
stimulate T-cell responses; chimeric peptides containing promiscuous peptide can be 
more antigenic than native peptides and, significantly, do not require processing [9, 10]. 

We assembled a chimeric peptide consisting of ras(5-ll)nG~*D (YKLVVVGAD 
GVGK) joined by a 4-residue linker sequence (LSPG) to TT3 (FNNFTVSFWLRVPK 
VSASHLE). We also engineered a chimeric consisting of the native ras(5-17) sequence 
similarly to TT3. TT3 was chosen because it poses few problems synthetically. A/J 
mice were immunized with 0.125 pg of the chimerics on day 1 and 14 using CGP-1 1637 
as an adjuvant, splenocytes were collected on day 28, and lymphoproliferative responses 
to the chimeric peptide immunogens and to native peptide sequences assessed. Strong 
proliferative responses to the immunizing peptide were observed. Although there was 
cross-reactivity, likely an anti-TT3 response, enhanced lymphoproliferative responses to 
ras(5-17)12G_>D could be demonstrated in mice immunized with the ras(5-17)12G_>D-TT3 
chimeric in the presence of syngeneic antigen presenting cells (Figure 1). 

The mechanism of the enhanced immunogenicity of the chimeric peptide 
incorporating a promiscuous T-cell epitope is not known. The additional peptide length 
may have improved the binding of native sequence to the H-2" haplotype. It could be the 
result of a helper effect provided by the TT3 component of the chimeric peptide. The 
chimeric construct may also provide an entirely new set of peptides due to the new 
opportunities created by the fusion peptide sequence that can be better presented in the 
context of the formerly nonbinding/nonreactive MHC molecule. These studies in a 
relevant animal model do suggest the possibility that genetically restricted stimulatory 
activity of mutated ras peptides can, at least in one instance, be addressed. The safety 
and stability of these constructs may make them particularly useful in vaccine approaches 
targeting human oncogenes. 
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Figure 1. Lymphoproliferative responses elicited by chimeric constructs. A/J mice were 
immunized in vivo with either ras(5-17)[12D]-TT3 (solid bars) or ras(5-17)-TT3 (open bars) 
chimeric constructs. Proliferative responses to the immunogen or oligopeptides corresponding to 
native sequences were assessed in vitro. Data represent mean ± SDfor triplicate samples. 
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Introduction 

Immune responses to foreign antigens, both antibody responses and cytolytic T cell 
responses, require ths function of helper T lymphocytes. Antigen-dependent activation 
of helper T lymphocytes requires that the antigen be processed and presented by cells, 
such as B cells, which express the Major Histocompatibility Complex (MHC) class II 
molecules (reviewed in [1]). In B lymphocytes, processing involves the binding of 
antigen to surface Ig, internalization of antigen into acidic subcellular compartments 
where the antigen is proteolytically degraded and the resulting peptides bind to the class 
II molecules. The peptide-class II complexes are then displayed on the cell surface for 
recognition by T cells. Thus, protein antigens must be reduced to short peptide 
fragments bound to MHC class II molecules before immune responses can be initiated. 

The class II molecule is a heterodimer of two 30kD proteins, a and (3, which fold 
together to form two extracellular domains, one of which contains a peptide binding 
groove that accommodates peptides of 8 to 9 amino acids in length in an extended 
conformation (reviewed in [2]). Amino acid sequence analyses of the peptides isolated 
from class II molecules show that these range in length from 8 to over 25 residues. For 
the most part, these peptides are derived from exogenous proteins or cellular proteins 
present in the endocytic route. The class II a and P chains are synthesized in the 
endoplasmic reticulum where they bind to a third chain, the invariant chain (Ii). The Ii 
insures proper transport of the class II molecules to the subcellular site where peptides 
are loaded and blocks the binding of peptides to the class II molecules until the class II 
molecules reach the peptide-loading compartment. In the peptide-loading compartment, 
the Ii is proteolytically removed from class II. An intermediate in this process is a 
peptide of Ii called CLIP bound to the class II molecules. CLIP is removed from the 
class II molecules prior to binding of exogenous antigen. Because of the central role of 
antigen processing in immune responses, it important to elucidate the cellular and 
molecular mechanisms required for processed antigen class II complex assembly. 
Integral to such studies is the isolation and characterization of subcellular compartments 
in which key events in the assembly process occur. We have recently undertaken such 
studies in B lymphocytes which have processed antigen initially bound to the BCR. 

Results and Discussion 

Previous studies from this laboratory identified subcellular compartments in which class 
II molecules bind peptides [3]. Our particular focus was on the loading of class II 
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Table 1. Subcellular compartments in the class II assembly pathway'. 

Pooled Fractions: 1-4 5-10 11-12 13-15 16-19 20-22 

EE 
LE 
PM 
ER 

GOLGI 
LYS 

MITO 
TGN TRANSPORT 

SDS-UNSTABLE 0 0 
SDS-STABLE 0 _ _ 0 

Ii _ © 0 
HLA-DM _ _ _ _ _ © 

CLIP-ClassII _ _ _ _ _ © 

PROCESSED Ag-CLASS II 
15 min _ _ _ _ 0 

2h 0 © 
4h _ 0 _ 
8h _ 0 _ 

ANTIGEN-Ig 
Omin 0 

30 min 0 0 _ _ _ 0 
lh _ 0 _ 0 
2h _ _ 0 

1 B cells were subjected to subcellular fractionation as described [3] and the subcellular fractions 
were assayed for a variety of enzymatic and serological markers which together define the early 
endosomes (EE), late endosomes (LE), plasma membrane (PM), endoplasmic reticulum (ER), 
Golgi apparatus (GOLGI), lysosomes (LYS), mitochondria (MITO), and trans Golgi network 
transport vesicles (TGN-transport). Fractions were assayed for SDS-stable class II molecules, 
invariant chain (Ii), HLA-DM, and CLIP-class II complexes. At various times after processing 
was initiated (15 min, 2 h, 4 h, 8 h), fractions were also assayed for the presence of functional 
processed antigen-class II complexes. The trafficking of antigen bound to the surface BCR, was 
followed in cells biotinylated to labeled surface Ig and incubated with l23I-labeled Fab of anti-Ig, 
as an antigen. A - indicates no activity. A 0 indicates the activity was detected. 

molecules with peptides derived from antigens initially bound to the BCR. B cells were 
incubated with antigen for various lengths of time and subjected to subcellular fractiona
tion on Percoll density gradients. The gradient fractions were assayed for various 
enzymatic and serological markers identifying well characterized subcellular organelles. 
To identify peptide-loaded class II molecules, subcellular fractions were tested for the 
ability to stimulate an antigen-specific T cell hybrid in vivo. In addition, in separate 
experiments, class II molecules were immunoprecipitated from 35S-labeled cells and 
assayed for the presence of SDS-stable class II heterodimers as an indication of 
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peptide-filled class II molecules. Alternatively, class II molecules were identified by 
Western blotting of subcellular fractions. The results are summarized in Table 1. We 
found that functional processed antigen-class II complexes capable of stimulating T cells 
were first formed in dense compartments which cosedimented with lysosomes and 
subsequently transported in endosomes to the plasma membrane. The presence of 
functional processed antigen-class II complexes correlated with the steady state levels of 
SDS-stable class II molecules, an indication of peptide-filled class II molecules. No Ii 
was detected in this compartment. HLA-DM, a molecule implicated in the loading of 
peptides onto class II [4] was present in this compartment, as were the CLIP-class II 
intermediates in the Ii-class II dissociation (Green, unpublished observation). Further 
experiments using inhibitors of Ii-class II dissociation showed that Ii-class II complexes 
were transported intact in vesicles which sediment in fractions 13-15 (Xu, unpublished 
observation). Upon entering the dense compartments, Ii is rapidly proteolytically 
removed from class II molecules and peptide is loaded. 

We have also investigated the entry of antigen bound to the surface BCR into the 
peptide-loading compartment and found that the surface Ig normally trafficks to the 
dense compartments from the plasma membrane. The bivalent binding of antigen which 
cross-links the surface Ig increases the rate of transport of the Ig and antigen to the 
peptide loading compartment (Song, unpublished observations). 

In summary, at present a reasonably detailed picture of the subcellular sites of 
antigen processing is emerging. The ability to isolate the compartments in which critical 
events in the pathway occur offers an important opportunity to explore the cellular 
machinery required for the degradation of antigen, the removal of Ii from class II 
molecules and the binding of the antigenic peptides to the class II molecules. 
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Introduction 

The sequence motifs of peptide ligands binding to MHC class I and II molecules have 
been determined from isolated natural peptide libraries [1] for a large variety of HLA 
types using pool sequencing [2] and HPLC-MS. Independently from the analysis of 
natural peptide pools, the use of complex synthetic peptide libraries [3] in assays for 
MHC binding and for T cell recognition allows the exact determination of MHC 
restricted peptide motifs [4] and the construction of MHC blocker molecules. The 
self-nonself recognition mechanisms via MHC/peptide/T-cell receptors seem to be 
understood on the molecular level. Therefore the earlier steps in epitope selection, 
namely the processing of antigens [5] and the transport of peptide fragments [6] in the 
ER, is becoming a challenging field of research in immunochemistry. First, results 
concerning the immunodominance of epitopes and competition between peptides will be 
discussed. The contribution of proteasome mediated proteolysis to the hierarchy of 
epitopes and the involvement of the peptide transporters are selection principles prior to 
MHC binding as shown by our processing and binding studies using peptide libraries. 

Results and Discussion 

Self and foreign peptides presented at the surface of antigen presenting cells by 
MHC-class I molecules are distinguished by the receptor (TCR) of cytotoxic T-
lymphocytes (CTL). These peptides originate from proteolytic cleavage of intracellular 
proteins and MHC I molecules are loaded with the peptides in the endoplasmatic 
reticulum (ER). Free peptides would be rapidly digested in the cytosol, therefore 
processed peptides are taken up by the heterodimeric, ATP-dependent peptide 
transporter protein (TAP 1 and 2) [6] immediately after proteasomal cleavage of a 
protein [5]. TAPs protect and transport peptides through the ER membrane to the 
nascent MHC I. After binding, the peptide-MHC I complex migrates to the outer 
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membrane. Thus, the selection and recognition processes e.g. for a viral CTL epitope 
include various contacts one after the other on proteasomes, TAP, MHC, and TCR. In 
addition, further events may take part such as ubiquitinylation of proteins prior to 
processing and binding of processed peptides to heat shock proteins (HSP 70) prior to 
transport and after TAP transport into the ER, they may bind to the glucose mediated 
chaperon gp 96 which is associated with MHC I. 

It is not yet clear how all these proteins involved in processing, transport, and 
presentation of peptides act together in order to produce only very few highly defined 
CTL epitopes out of a very large number of potential epitopes within a viral protein. 
Little is known about the specificity of peptide selection especially for proteasomes and 
TAP. 

Proteasome specificity. We have found experimental evidence for a major role of 
proteasomes in determining immunodominance of epitopes [5]. Two methods were used 
for localizing proteolytic cleavage sites of a dominant and a subdominant epitope within 
22-peptides of ovalbumin. Firstly, controlled amounts of 22-peptides were introduced 
into the cytosol of target cells via pH-sensitive liposomes. The efficiency of 
MHC-restricted octapeptide presentation was determined by CTL assays specific for 
SIINFEKL (dominant CTL epitope) and KVVRFDKL (subdominant). Secondly, 
purified proteasomes were incubated with 22-peptides containing the minimized CTL 
epitopes and varied flanking regions. After 36h at 37 C, the digests were separated by 
HPLC and pool sequencing [2] was carried out. The parent substrates (inter alia) used 
for these experiments were the 22-peptides Ova Y51-71 (containing the subdominant Kb 

restricted epitope) and Ova Y249-269 (containing the dominant Kb restricted epitope). 
The latter was varied within the flanking regions by Gly and Pro replacements. 

Ovalbumin Y51 -71 YTQIN 
Ovalbumin Y249-269 YVSGLEQLE 
Analogs YGSGGGQGG 

YGSGGGQGG 
YVSGLEQLE 

Consistent with the sequence motifs of naturally isolated self peptide pools of MHC I 
some specificity for cleavage after charged and hydrophobic residues was observed. 20S 
proteasomes cleave exactly the flanking regions at the N- and C-termini of the immuno
dominant Ova Y257-264 and destroy most of the subdominant Ova Y55-62 [5]. Thus, 
SIINFEKL is the major product of Ova Y257-264, whereas the predominant cleavage 
site of Ova Y51-71 is within the subdominant epitope. The introduction of proline or 
glycine at the flanking regions of the dominant CTL epitope results in inefficient 
processing of SIINFEKL, whereas introduction of the natural flanking regions from 
SIINFEKL into those of KVVRFDKL enhances processing of this subdominant epitope. 
Thus, inefficient processing may be one reason that subdominant epitopes although 
fitting to the allele-specific MHC binding motif are marginally generated and do not 
induce CTLs upon immunization with ovalbumin. However, subdominant epitopes may 
be excellent vaccine candidates. We have shown earlier that suitable lipopeptide 
immunogens carrying tripalmitoyl-S-glycerylcysteine induce long lasting memory CTLs 
against short peptides [7, 8]. 
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Specificity of peptide transporters. Peptide libraries and a larger set of peptides of 
various lengths containing the core sequence RRYNASTEL (derived from the histone 
H3 CTL epitope RRYQKSTEL) were prepared as well as nonnatural substitution 
analogs. The peptides were used to investigate the binding specificity and transport 
capacity of the human TAP 1,2 complex reconstituted in insect cells [6]. As a reporter 
peptide in competition assays, we used iodine radiolabeled RRYNASTEL (affinity 
constant 310 ± 30 nM). Experimental evidence was found for stabilizing effects of 
N-terminal arginine and a hydrophobic C-terminus on peptide binding to TAP. 
However, no selectivity was observed within a range of 9-15 amino acids in length, the 
longest peptide decreased in affinity only 1,2-fold. Surprisingly the introduction of bulky 
p-[l-naphthyl]-L-alanine and E-dansyl-lysine residues (originally designed for mapping 
label positions) strongly stabilize peptide binding in almost every position and ATP 
driven peptide translocation is still possible. Experiments with the random nonapeptide 
library X9 compared to the sublibraries OXg clearly allowed the assignment of stabilizing 
and destabilizing residues in terms of Gibbs free enthalpy (AAG). 
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Introduction 

Multiple sclerosis (MS) is a chronic demyelinating disease of the human central nervous 
system (CNS) which can be characterized clinically by a remitting-relapsing or a chronic 
progressive course. The perivascular infiltration of lymphoid and myeloid cells and 
concomitant demyelination has led to the theory that an autoimmune response against 
myelin antigens is involved in disease pathogenesis [1]. Perhaps the strongest evidence 
for an autoimmune reaction against myelin as a contributing factor in MS is the similarity 
between the clinical, histopathological and immunological features of MS and 
experimental autoimmune encephalomyelitis (EAE) in animals. Induced by a single 
injection of myelin basic protein (MBP) combined with complete Freund's adjuvant 
(CFA), EAE in the Lewis rat manifests clinically as a monophasic acute ascending 
paralysis, histopathologically by a quantifiable perivascular mononuclear cell infiltration 
in the CNS, and immunologically by the presence of cell-mediated and humoral antibody 
responses to MBP [2]. Recent interest in the treatment of EAE has focused on 
antigen-specific means of immunosuppression utilizing the oral administration of MBP 
[3, 4] and treatment with T cell receptor peptides [5,6]. 

We and others have reported that oral administration of MBP, derived from the 
guinea pig (GP), profoundly suppresses subsequently induced EAE in the Lewis rat by a 
mechanism of T cell anergy [7]. In contrast, the oral administration of the self antigen, 
rat MBP does not confer protection. In the present study, we have extended our 
investigation to determine the specificity of oral tolerance at the level of MBP synthetic 
peptides. We tested the tolerogenicity of the major encephalitogenic peptide 68-88 
derived from guinea pig MBP and rat MBP, differing by a single amino acid, as well as 
the minor encephalitogenic MBP peptide 87-99. Our results indicate that the GP peptide 
68-88 induced profound tolerance, whereas the rat peptide and peptide 87-99 did not. 

Results and Discussion 

We have previously reported that oral tolerance in EAE is specific for the fed antigen, 
extending to species specific determinants on the MBP molecule [3]. The encephalito
genic site on the MBP molecule responsible for causing EAE in the Lewis rat has been 
localized to the 68-88 region [8]. We examined the tolerogenicity and fine specificity of 
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synthetic peptide 68-88 derived from GP and rat MBP as well as the minor 
encephalitogenic peptide 87-99. The rat and GP 68-88 peptides differ by a single amino 
acid at position 80 (serine/threonine substitution) [9]. This particular residue has been 
proposed as a T cell receptor contact residue [10]. Our results show that animals fed 5 
mg of GP 68-88, along with soybean trypsin inhibitor (STI) were protected from EAE 
induced with GP 68-88 or rat 68-88 compared with vehicle-fed control rats (Figure 1). 
The tolerance accompanying the oral administration of GP 68-88 was evidenced by 
suppression of clinical EAE, suppression of lymph node cell (LNC) proliferative 
responses, and marked reduction in IL-2 secretion in response to GP 68-88 and MBP 
antigens [11]. In contrast, feeding 5 mg of self peptide rat 68-88 or GP 87-99 with or 
without STI offered no protection (Figure 1). The LNC proliferative response to rat 
68-88 was also suppressed in rats fed whole GP MBP or the rat peptide, irrespective of 
their clinical status [11]. Soybean trypsin inhibitor alone had no effect on EAE induction 
but peptides fed without STI were not protective, suggesting that STI presumably 
prevents the degradation of peptide in the gastrointestinal tract. 

These findings of peptide specificity for oral tolerance confirm and extend our 
previous studies carried out at the whole MBP molecule level [3]. Such specificity 
suggests the contribution of a clonal anergy or deletional mechanism following oral 
administration of the major encephalitogenic epitope. The relative contribution of 
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Figure 1. Suppression of EAE clinical signs in female Lewis rats by the oral administration of 
guinea pig MBP 68-88 along with soybean trypsin inhibitor, but not rat 68-88 or GP 87-99. 
Values indicate mean maximum clinical score ± SEM. Numbers on each set of bars indicate the 

feeding groups. Results shown represent 5-6 rats per group from one experiment. This 
experiment was repeated 3 times with comparable results. 
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anergy or other mechanisms to tolerance following oral administration of other peptide 
epitopes is not clear at present. The results of this study imply that: (1) tolerance to 
non-self MBP peptide GP 68-88 is occurring at the level of T-cell recognition; (2) GP 
68-88 peptide which is encephalitogenic for the Lewis rat is able to confer profound 
tolerance when administered orally and that the tolerance achieved extends to the self 
peptide; (3) the presence of STI or an analogous protease inhibitor is essential for 
eliciting peptide induced oral tolerance. Thus, small structural differences at the single 
amino acid primary sequence level can produce dramatic differences in the clinical 
outcome following oral administration of peptides, with important implications for the 
design of human MS clinical trials. 
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Introduction 

For vaccine and several other purposes (e.g. immunodiagnostics and therapy, gene 
therapy, enzyme engineering) it is desirable to construct macromolecular assemblies of 
high complexity yet of defined structure. In order to link the various components of such 
assemblies, it is necessary to use chemistry which is very mild and specific. Oxime 
chemistry [1] lends itself well to the assembly of constructions containing up to nine 
synthetic polypeptide chains. Native proteins may also be incorporated into these 
macromolecular assemblies of defined structure through appropriate site-specific 
chemical and enzymatic modification. We have already shown how, using oxime and 
thiol chemistry, it is possible to prepare a conjugate between an antibody fragment and 
the enzyme beta-lactamase [2], and we have described the synthesis of a F(ab')3 trioxime 
of 152 kDa which shows much better tumor to non-tumor localization ratios than the 
clinical antibody from which it was derived [3]. In this communication, we show how 
oxime chemistry can be used to attach five copies of a synthetic peptide to a model native 
protein. A protein connected in this way could have a tissue targeting or particular 
immunostimulatory function, or simply be chosen to act as a source of T-helper epitopes. 

Results and Discussion 

The N-terminal Thr residue of a small model native protein was oxidized with periodate 
to a glyoxylyl function essentially according to Mikolajczyk et al, [2] and reacted with a 
carrier molecule NH2OCH2CO-Gly3-[Lys(Ser)]5-Gly-OH (Figure 1 steps 1 and 2) whose 
synthesis and properties have already been described [4]. The resulting mono-oxime 
protein-carrier conjugate was again oxidized with periodate to give the penta-aldehyde, 
which was reacted (Figure 1 steps 3 and 4) with an aminooxyacetylated synthetic 
influenza peptide Ac-DC(SCH2CH2NHCOCH2ONH2)-TLIDALLGDPH-NH2 [5] leading 
to the formation of five further oxime bonds. The final hexa-oxime construction was 
characterized by reversed phase HPLC and electrospray ionization mass spectrometry 
(ESI-MS). It was found to be a single component as judged by reversed phase HPLC 
(Figure 2a) and to have the expected molecular weight as judged by ESI-MS (Figure 2b). 
About half of this weight is due to the native starting protein and about half is due to the 
five copies of synthetic peptide added to the structure. Techniques such as those 
described here permit the precision engineering of fairly complex macromolecular 
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Figure 1. Reaction scheme showing the four steps involved. Mild periodate treatment (Step 1) 
oxidizes the N-terminal aminoalcohol (Thr) to a glyoxylyl function, which forms an oxime bond 
with the carrier molecule (Step 2). Further periodate treatment (Step 3) oxidizes the aminoalcohol 
(Ser) residues of the carrier, which then react (Step 4) with the aminooxyacetylated peptide to give 
the final hexa-oxime construction. 
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Figure 2. (a) Analytical HPLC of purified hexa-oxime; (b) ESI-MS characterization: found 
20550.85 +/- 5.54, calc. 20549.4. 
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constructions for vaccine and other purposes. Synthetic polyoximes have recently been 
shown to elicit high litres of antibodies able to recognize native influenza virus and to 
stimulate, even at very low concentrations, proliferation of a peptide-specific T-cell clone 
[6]. 
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Introduction 

In our continuing work on the development of peptide models for vaccination, we have 
devised a single matrix, multicomponent strategy to incorporate fundamentally different 
B and T cell epitopes [1]. In such studies, we have demonstrated that template constructs 
containing different B and T epitopes were effective in eliciting enhanced immune 
responses [2], and able to bypass MHC restriction [3]. In the present study, we have 
designed and synthesized six additional peptides (see Table 1) with differential 
positioning to explore 1) the relationship between T and B epitopes within the single 
multicomponent matrix and 2) to further delineate the phemenon of MHC restriction in 
these constructs. 

Results and Discussion 

Peptide Synthesis and HPLC Purification. A combinatorial Fmoc/t-butyl, Fmoc/benzyl, 
Boc/benzyl approach as well as a fourth level of protecting group strategy (Npys) was 
used to synthesize the template constructs [3]. For synthesis of (ocN)l(TT)2-X and 
(o^XTTJ-X, the C-terminal section of the template was synthesized using Boc protection 
of the a NHj of lysine and the amino terminal residue (Lys) bearing e FMOC group. The 
first TT sequence was constructed using Fmoc/benzyl chemistry and the amino terminus 
of the TT sequence was capped by acetylation. After removal of the Boc group from the 
template strand, the next section of template was synthesized with Boc/-Lys(Fmoc) at the 
amino terminus. The second TT epitope was constructed using Fmoc/benzyl strategy. 
Peptides were cleaved by the low-high HF procedure and purified by semipreparative 
HPLC. 
Immune Responses Groups of five mice each of three inbred strains (C3H/HeJ, BALB/c, 
C57BL/6) were immunized subcutaneously on the back and at the base of the tail as 
described previously [2]. The chimeric construct ccNTT was immunogenic in all strains 
except BALB/c (Table 1). The (ocN)2-(TT)2-X which contained two copies of aN and 
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Table 1. Antibody responses in mice to the various template constructs. 

Haplotypes 
Strains 

EPITOPE 
COMBINATION 
Chimeric 
aNTT 
dual B and T 
(aN)2(TT)2-X 
one B & two T 
(aN),(TT)2-X 
two B & one T 
(aN)2(TT),-X 
one B & one T 
(dN)1CTT)1-X 
one B & one T 
(aN)(TT)-X 
chimeric B and T 
aNTT Chimeric-X 
one B no T 
aN-X 

(-) not determined 

H-2b 

C57BL/6 
H-2k 

C3H/HeJ 
H-2d 

BALB/c 
OUTBRED 
MICE 

TITERS vs NATIVE LDH-Q (No. Responders/No. Immunized) 

4000 (4/4) 

>51200 (5/5) 

>12800 (4/4) 

12800 (4/5) 

1600 (5/5) 

400 (-) 

>12800 (-) 

0(-) 

12800 (5/5) 

>51200 (5/5) 

12800(5/5) 

12800(4/4) 

3200 (4/5) 

400 (-) 

1600 (-) 

0(-) 

100(0/5) 

32000 (4/4) 

12800 (5/5) 

12800 (5/5) 

3200 (2/5) 

800 (-) 

400 (-) 

(-) (-) 

X Template 

12800(8/10) 

>51200 (6/6) 

> 12800 (9/9) 

>12800(8/8) 

6400 (-) 

(-)(-) 

(-) (-) 

(-) (-) 

TT on a template was immunogenic in all strains. Thus, by assembling the B and T 
epitopes on a template, we were able to broaden the immune response in the strains 
tested. In order to further understand this phenomena, we synthesized as described above 
6 additional template constructs. (ocN)i(TT)2-X containing only one copy of the B cell 
epitope was immuno- genie albeit with 4 fold lower titers. Similarly, (aN)2-(TT),-X with 
one T cell epitope was 4 fold less immunogenic suggesting that higher titers are obtained 
when 2 copies of either B or T are included. Interestingly, when the chimeric aNTT was 
assembled on the template, similar immunogenic profile compared to the chimeric aNTT 
was obtained. These results suggest that epitope orientation on the template construct is 
a unique phenomenon which may have important implication for vaccine design. 
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Introduction 

A critical issue involves the development of a strategy for identifying constrained 
synthetic peptide vaccines. We systematically vary the size and cadence of natural 
peptide sequences constrained with hydrogen bond mimics [1] while using neutralizing 
monoclonal antibodies to identify the best mimetic. Since every other amino acid in 
proteins engages in a hydrogen bond and most hydrogen bonds in proteins are localized, 
many potential conformations can be screened. Here we report on the use of this strategy 
for the identification of a constrained peptide corresponding to an epitope on Pfs25, a 
protein found on malaria sexual stages and recognized by a neutralizing monoclonal 
antibody, MAb 4B7 [2]. 

Results and Discussion 

The epitope recognized by MAb 4B7, ILDTSNPVK, was initially mapped to a predicted 
(3-hairpin loop on Pfs25 with overlapping peptides [3]. A series of loops varying in size 
(8-12 amino acids from the Pfs25 sequence) and cadence (overlap of one amino acid) 
was constrained with either a hydrazone covalent hydrogen bond mimic [1] or a disulfide 
link [4]. The hydrazone loops were synthesized and cyclized on the solid support using 
multiple cyclic peptide synthesis [1]. Each peptide was purified by HPLC and confirmed 
by FAB MS. Relative affinities for representative linear and loop peptides for MAb 4B7 
were determined in ELISAs (Table 1). Hydrazone loop 1 and the disulfide loop bind 
MAb 4B7 with the highest affinities. Mouse polyclonal antisera raised against loop 1 but 
not the corresponding linear 1 bound and agglutinated P. falciparum malaria gametes 
[5]. Thus by constraining the peptide antigenicity and immunogenicity were significantly 
improved. 

The high affinity loops, loop 1 and the disulfide loop, have been co- crystallized 
with MAb 4B7 [6]. X-ray crystal structures show that MAb 4B7 binds the tip of the 
loops, DTSNPVK, in similar conformations [7]. The NMR structure determinations of 
loop 1 and the disulfide loop in water show that the tips of both loops populate similar 
conformations to those bound by the antibody in the crystal structures [8]. 
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Table 1. Relative affinities of selected linear and loop peptides for MAb 4B7. 

Peptide Sequence Affinities 

Linear 1 Ac-GILDTSNPVKTGGG-NH2 1 
Hydrazone Loop 1 [JILDTSNPVKTGZ]G-NH2 32 
Hydrazone Loop 2 [JILDTSNPVKTGGZ]G-NH2 4 
Hydrazone Loop 3 [JCILDTSNPVKGZ]G-NH2 4 
Hydrazone Loop 4 [JLDTSNPVKTGGZ]G-NH2 4 
Hydrazone Loop 5 [JLDTSNPVKGZ]G-NH2 1 
Disulfide Loop Ac-[CILDTSNPVKC]-NH2 256 

These results provide strong evidence that conformation plays an important role in 
antigenicity and immunogenicity. They underscore the subtle interplay of forces that 
lead to optimized mimetics. Link position in a natural sequence has a considerable effect 
on loop conformation. Both loop 5 and the disulfide loop include the recognized epitope 
but show a 256-fold difference in affinities for MAb 4B7. Addition of just one amino 
acid to Loop 1 yielding Loop 2 reduces affinity about 8-fold. Shifting the amino acid 
cadence within the optimal size class (Loops 1,3,4) reduces affinity 8-fold. NMR 
structure determinations for Loop 1 and the disulfide loop [8] show that the disulfide 
loop populates the MAb 4B7 bound conformer to a higher degree than the loop 1 as is 
reflected by the relative affinities. It would be difficult to predict these effects. MAbs 
provide important resources easily used to select optimized mimetics from series of loops 
that have been systematically varied in size and cadence. Importantly, Loop 1 displays 
enhanced immunogenicity [5]. A similar study on HIV peptides is reported [9]. 
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Introduction 

Based on the cytokine production T helper cells have been divided into two subsets: 
THI cells which secrete IL-2, IFN-yand TNF-p while TIC cells secrete IL-4, IL-5, IL-6 
and IL-10 [1-4]. We show here that three strongly immunogenic peptides with 
overlapping sequences, K3, EYK(EYA)3; K4, EYK(EYA)4; and K1A2, EYKEYAAYA 
(EYA)2 have different affinities for MHC. As determined by the cytokine profile, low 
affinity peptide K3 induced TH2 cells while the high affinity peptide Kl A2 induced THI 
cells. K4 peptide with intermediate affinity induced both THI and TH2 cells. Therefore, 
we postulate that peptide size and its affinity for MHC control the induction of THI 
and/or TH2 cells of similar specificity in vivo. 

Results and Discussion 

We have reported earlier that K3, K4 and K1A2 peptides induce proliferative responses 
of different magnitude in BALB/c mice [5]. In direct binding assay to I-Ad , it was 
observed that Kl A2 has relatively stronger affinity for I-Ad while K3 has weaker affinity. 
Peptide K4 has the affinity intermediate between K3 and K1A2 (Tablel). K1A2 differs 
from K4 in having Ala at position 7 in place of Glu which seems to contribute to the I-Ad 

binding capacity of the K1A2 peptide. The small size of the K3 peptide seems to 
account for its lower affinity. The effect of affinity of the peptide on the activation of 
THI and TH2 cells was investigated. The lymph node cells from mice immunized with 
K3, K4 or K1A2 were cultured with either of the peptides and supernatants were assayed 

Table 1. Affinity of K3, K4 and K1A2 peptides for I-Aa. 

Peptide Amino acid Sequence "inhibitory Concentration 
(IC50%, pM) 

K3 E Y K E Y A E Y A E Y A 85.0 
K4 E Y K E Y A E Y A E Y A E Y A 19.0 
K1A2 E Y K E Y A A Y A E Y A E Y A 0.27 

"Radiolabeled (1251) ovalbumin peptide (323-339) and 1-Ad was incubated as described before [6] 
with different concentrations of these peptides and the concentration of K3, K4 and Kl A2 that 
was required for 50% inhibition of binding was measured. 
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for the presence of different cytokines. This showed that the peptide K1A2 with the 
highest affinity induces THI while K3 that has low affinity induces TH2 cells. K4 with 
intermediate affinity induces both THI and TH2 cells (Figure 1). 
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Figure 1. Selective activation of THI and/or TH2 cells in response to K3, K4 and K1A2 peptides. 
BALB/c mice were immunized with 50pg of either of the peptide emulsified with CFA in hind foot 
pad. After ten days, lymph node cells were cultured with 50pg/ml of K3 (W) or K4 (HI) (la) or 
K1A2 (Ib). Supernatants were assayed for the presence of different cytokines as described [1]. 

We postulate that affinity of the peptide is influenced by its size. Thus, a high affinity 
peptide forms more stable complex with MHC providing sufficient contact time for the 
activation of THI cells. On the other hand, low affinity peptides forming a less stable 
complex provide brief contact period sufficient for the activation of TH2 cells. 
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Introduction 

The retro-inverso or retro-D modification involves the synthesis of a native sequence in 
reverse order using amino acids of opposite chirality. The surface presented by these 
analogs is topologically equivalent to the native surface while their backbone orientation 
is reversed [1]. In a therapeutic application, the enhanced proteolytic stability of these 
analogs may offer a significant advantage over native sequences [2]. The present study 
focuses on the ability of peptide specific T-cells to recognize a set of modified peptides. 
The model chosen for this study was the T-cell receptor transgenic mouse model (327 
line) with specificity for the lymphocytic choriomeningitis virus glycoprotein peptide 
LCMV 33-41 presented by H-2Db [3, 4]. We synthesized, in addition to the native 33-41 
epitope (KAVYNFATM), the retro, the all-D, and retro-D versions of this peptide. 
These were tested at various concentrations in a T-cell proliferation assay. 

Results and Discussion 

The data from the T-cell study indicate only the retro-D analog as capable of inducing 
proliferation. Activity was observed in the micromolar range, which is several orders of 
magnitude higher than the concentration required for proliferation with the native 
sequence (Figure 1). Nevertheless, the ability of only the retro-D peptide to effect T-cell 
proliferation implies that overall topology or perhaps only several critical side chain 
contacts are essential for a proliferative response to occur. The lack of proliferation 
observed in the case of the all-D sequence indicates that a correct backbone 
configuration alone is insufficient to trigger a T-cell response even at high concentra
tions. An important consideration in interpreting these results is the role of the MHC and 
its ability to present modified peptides to a T-cell. 

The negative results obtained with the retro and all-D analogs may reflect their 
inability to form a stable complex with the MHC molecule. The effect of retro, all-D, 
and retro-D modifications on MHC class II binding has been examined [5]. The 
resulting analogs had binding affinities in the low micromolar range but several orders of 
magnitude lower than the corresponding native peptides. In our study, the retro and 
all-D analogs failed to induce T-cell proliferation at similar concentrations. This data 
suggests that side chain topology is a key component of T-cell recognition. 
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Figure 1. T-cell proliferation assay. 
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Introduction 

Fimbriae are one type of surface appendage expressed by nontypeable Haemophilus 
influenzae (NTHi) and are comprised of the subunit fimbrin [1,2]. Fimbriae have been 
shown to be adhesins and a virulence factor for otitis media in chinchilla models of this 
major pediatric disease [2]. Toward the goal of developing a broadly protective vaccine 
against OM for use in an "outbred" pediatric population, we have identified and 
synthesized two peptides (LB 1 and LB2) from areas of fimbrin protein predicted to be 
potentially immunoreactive domains based upon multiple algorithmic analyses. LB1 is a 
19-mer representing Arg 117 to Gly 135 and LB2 is a 18-mer representing Tyr 163 to 
Thr 180 of fimbrin isolated from NTHi strain #1128 (Figure 1). Both have been co-
linearly synthesized [3, 4] with a "promiscuous" T-cell epitope from the fusion protein of 
measles virus (MVF). In this study, we report the relative immunogenicity of LB 1 and 
LB2 in rabbits and chinchillas; the ability of antisera directed against these chimeric 
peptides to recognize both denatured and native fimbrin protein as well as the ability of 
LB 1 and LB2 to directly block bacterial adherence. 

Results and Discussion 

Synthetic chimeric fimbrin peptides LB 1 and LB2 were found to be highly immunogenic 
in both rabbits and chinchillas (Table 1). Rabbit oc-LBl and oc-LB2 and chinchilla 
oc-LB2 also recognized denatured fimbrin of both a homologous and heterologous NTHi 
strain (#1128 and #86-028NP) via Western blot (not shown). Additionally, antisera 
generated against both LB1 and LB2 recognized native fimbriae expressed on the surface 
of whole bacterial cells via indirect immunogold labeling (not shown). LB1, but not 
LB2, directly inhibited adherence of NTHi to chinchilla tracheal mucosal epithelium in a 
dose-dependent manner (5% and 65% at 50 or 100 pg/ml, respectively). 

In this study, we report the relative immunogenicity of two chimeric synthetic 
peptides of fimbrin, the subunit of one NTHi adhesin known as fimbriae. Their ability to 
induce high titered antibody in a chinchilla host which recognizes native protein, 
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LB1 " . N t ^ s w ^ ^ t a ^ 
Ser-Leu-Lvs-Leu-Leu-Ser-Leu-lle-Lvs-Glv-Val-lle-Val-His-Arq-Leu-Glu-Glv-Val-Glu-COOH 

1 6 3 180 
LB2 H^WtMnMslseM^ 

Ser-Leu-Lvs-Leu-Leu-Ser-Leu-lle-Lvs-Glv-Val-lle-Val-His-Arg-Leu-Glu-Glv-Val-Glu-COOH 

Figure 1. Fimbrin peptides co-linearly synthesized with a "promiscuous" T-cell epitope. LBl is a 
19-mer representing fimbrin Argl 17 to GlyJ35 and LB2 is an 18-mer representing fimbrin Tyrl63 
to Thrl80 (shaded areas represent deduced fimbrin amino acid sequences). Both are linked via a 
5 or 6 residue peptide to a "promiscuous" T-cell epitope from the fusion protein of measles virus 
(MVF seq 208-302, underlined). 

Table 1. Titers induced in rabbits and chinchillas by chimeric synthetic fimbrin peptides versus 
synthetic peptides and fimbria! protein. 

Antigen 

LBl 
LB2 

LBl 
LB2 

Host 

species 

Rabbit 
Rabbit 

Chinchilla 
Chinchilla 

LBl 

200,000 
50,000 

50,000 
1,000 

Reciprocal 

LB2 

10,000 
100,000 

5,000 
50,000 

Titer* against 

NTHi # 1128 fimbrial protein 

10,000 
10,000 

15,000 
10,000 

* Pre-immune sera titers for all animals versus each of the three listed antigens was < 1:100. 

indicates the potential for their use as immunogens against nasopharyngeal colonization 
by NTHi, the very first step in the disease course of otitis media. Efficacy studies using 
LBl and LB2 as immunogens against nasopharyngeal colonization and otitis media in a 
chinchilla model are continuing. 
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Introduction 

The third variable region of human immunodeficiency virus type 1 (HIV-1) surface 
envelope glycoprotein gpl20 (V3 loop) plays a key role in HIV-1 infection and 
pathogenesis. This region contains the principal neutralization domain of HIV-1 gpl20, 
and anti-V3 antibodies block HIV-1 induced cell fusion. The V3 loop is involved in the 
post-binding events necessary for viral entry into CD4+ cells. In addition, HIV-1 can 
infect some CD4" cells, suggesting the existence of alternative receptors. One such 
receptor, the glycosphingolipid galactosyl-ceramide (GalCer), has been identified in 
neural and intestinal epithelial cells. The infection of CD47GalCer+ colonic HT-29 cells 
can be blocked by anti-V3 antibodies which also inhibit binding of HIV-1 gpl20 to 
GalCer. The V3 loop is directly involved in the binding of HIV-1 to the GalCer 
receptor. 

Recently, we reported that a synthetic multibranched peptide (SPC3) containing 
eight V3 loop consensus motifs GPGRAF inhibited HIV-1 infection in both CD4+ and 
CD4" cells [1]. This synthetic polymeric construction displays eight GPGRAF motifs 
radially branched on an uncharged poly-Lys core matrix. This peptide is a potent 
inhibitor of HIV-1 infection in human lymphocytes and macrophages [2] as well as in 
CD4" human colon epithelial cells. In the present communication, we show that SPC3 
affects HIV-1 infection by two distinct mechanisms: i) prevention of GalCer-mediated 
HIV-1 attachment to the surface of CD47GalCer+ cells, and ii) postbinding inhibition of 
HIV-1 entry into CD4+ lymphocytes. 

Results and Discussion 

Anti-HIV Activity of SPC3 in CD4+ Lymphocytes. CEM cells exposed to 
HIV-1 (LAI) for 1 hr were treated before, during and/or after viral exposure with 10 pM 
SPC3. Pretreatment of the cells with SPC3 did not result in an inhibition of infection. 
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Similar data were obtained when the peptide was present during the infection phase in 
competition with the virus. In contrast, a marked inhibition of HIV-1 production was 
observed when the cells were first exposed to HIV-1 for 1 hr and subsequently cultured 
in the presence of SPC3 during 7 days. This SPC3-induced antiviral effect could reflect 
an inhibition of infection and/or a blockade of HIV-1 expression. The latter is however 
unlikely since SPC3 did not affect the production of p24 by HIV-1 infected CEM-8E5 
cells. Moreover, using an infectious center end point assay, we could estimate that less 
than 1 cell per 100,000 was infected by HIV-1 in SPC3-treated cultures versus 1 to 5 
cells per 10 in untreated cultures. Thus, the antiviral activity of SPC3 corresponds to an 
inhibition of HIV-1 infection. Interestingly, it was not necessary to keep SPC3 in the 
culture medium throughout the experiment, since a minimal treatment of 2 hr after HIV-1 
exposure was sufficient to inhibit infection. RIPA analysis of metabolically labelled 
CEM cells exposed to HIV-1 and treated or untreated with SPC3 indicated clearly that 
SPC3 does not affect the biosynthesis of the cellular proteins but only that of HIV-1 
proteins. Ultrastructural analysis of CEM cells showed that SPC3 did not alter the 
morphology of these cells and that the antiviral activity of SPC3 could not be related to 
cellular toxicity. Binding test by the ELISA gpl20-caprure assay with CD4-coated 
plates showed that, at concentrations up to 100 pM, the peptide did not affect the 
interaction between gpl20 and its binding site on the CDR2 domain of CD4. 

AntiHIV Activity of SPC3 in CD47GalCer+ Cells. The mechanism of action of 
SPC3 was analyzed in CD4 7GalCer+ HT-29 cells. When SPC3 was added in 
competition with HIV-1(NDK), a marked inhibition of infection was observed. In 
remarkable contrast with the results obtained with CD4+ lymphocytes, SPC3 had no 
effect on the infection of HT-29 cells when added after the initial contact witb the virus: 
the presence of SPC3 during the whole phase of viral exposure was necessary to obtain 
an inhibition of infection. The binding of gpl20 to GalCer on HPTLC plates was 
strongly inhibited by SPC3, but not by control peptides that do not inhibit HIV-1 
infection of HT-29 cells. 

Inasmuch as SPC3 mimicks a biologically active form of the V3 loop, the different 
facets of its antiviral activity could be related to: i) the involvement of the V3 loop in the 
interaction between gpl20 and GalCer on the surface of CD47GalCer+ cells, and ii) the 
role of the V3 loop in the post-binding events which follow HIV-1 attachment to CD4+ 

cells leading to virus fusion (3). In the latter case, it is likely that the V3 loop interacts 
with an accessory binding site necessary for the fusion to proceed. The nature of such a 
coreceptor has remained elusive. Due to the ability of the V3 loop to recognize GalCer, 
one should consider the possibility of a glycolipidic coreceptor allowing HIV-1 entry 
into CD4+ lymphocytes. 
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Introduction 

Recognition of antigenic peptides bound in the groove of class I MHC molecules by 
receptors on CD8+ T cells triggers cellular immune responses. This recognition event is 
critical to the process that leads to autoimmune diseases. Structural and functional 
studies have shown that several residues from the central portion of the peptide and from 
the a,- and oCj-helices of MHC molecules were involved in this recognition. For the 
purpose of studying inhibition of T cell activation and the immunogenicity of class I 
MHC complexes, we have designed and synthesized de novo cyclic peptides that 
incorporate PEG in the ring structure. 

NH2-Leu-Leu-Phe-Lys-Tyr-Pro-Val-Lys-Val-C02H 
I I 

(CH2)4 (CH2)4 

NH NH 
I I 

OC CO 
LO-(CH2CH20)nJ 

Results and Discussion 

Design of cyclic peptides based on Tax peptide (LLFGYPVYV) was guided from 
knowledge of the conformation of several nonamers bound in the groove of HLA-A2 [1]. 
Peptide side chains at positions 4 and 8 are generally shown pointing up and therefore 
are ideal sites for the substitution of lysine residues. High molecular weight PEG 
dicarboxylic acids were used to link covalently the side chains of lysine residues 
resulting in large ring structures that include all residues predicted to contact the TCR. 
The excellent water solubility of the repeating oxyethylene group favors extension of 
PEG loops out of the binding site and toward TCRs. Functionalization of PEGs into 
PEG dicarboxylic acids was achieved as reported for monomethoxyPEG [2]. Starting 
materials of different average molecular weights were used; PEG 300, PEG 400, and 
PEG 600, which correspond to an average number of repeating oxyethylene unit (n 
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value) of 6.4, 8.7, and 13.2, respectively. Tax peptide was synthesized on HMP resin 
using Fmoc amino acids, Boc amino acid for the last residue, and l-(4,4-dimethyl-2,6-
dioxocyclohex-l-ylidene)ethyl (Dde) protecting groups for the side chains of lysine 
residues engaged in ring closure. Selective cleavage of Dde groups was achieved 
quantitatively with 1% hydrazine hydrate in NMP followed by cyclization of the 
liberated lysine side chains via PEG dicarboxylic acids. In this novel cyclization 
strategy, ring formation occurs on the support in a single step using a symmetrical 
homobifunctional spacer. The symmetrical nature of PEG molecules ensures that 
structurally homogeneous cyclic peptides are obtained. The cyclization reactions 
proceeded in DCM:DMF (1:9) using BOP and was complete after 24 hours. Final 
deprotection and cleavage of the peptide from the support was done with 95% TFA to 
afford desired cyclic peptides (Tax 300, Tax 400, and Tax 600) with ring size varying 
between about 44 and 65 atoms. Crude cyclic peptides were purified by RP-HPLC and 
eluted either as sharp (Tax 300 and Tax 400) or broad (Tax 600) peaks. In all 
cyclization reactions studied, the desired cyclomonomers were the major product with no 
evidence for formation of cyclodimers as analyzed by RP-HPLC. Peptide composition 
was confirmed by amino acid analysis and the presence of PEG was demonstrated by 
FABMS. 

HLA-A2 complexes were reconstituted from E. co//-expressed human heavy chain 
and p2m in the presence of excess cyclic peptides and purified by gel filtration 
chromatography [3]. All cyclic peptides promoted assembly of class I MHC complexes. 
FABMS analysis of purified complexes revealed the expected series of [M + H]+ peptide 
ions confirming the association of cyclic peptides with HLA-A2. Thermal denaturation 
studies experiments were done to determine the effect of the peptide ring structure on 
the stability of complexes. Denaturation curves were obtained by monitoring the change 
in CD signal at 218 nm as a function of temperature [4]. Results showed that melting 
temperatures (Tms) for HLA-A2 complexed with cyclic peptides are similar and range 
between 70.7°C (Tax 300) and 72.1°C (Tax 600), suggesting stabilization is essentially 
independent of the particular size of the peptide ring structure. Results also showed that 
the stability of these complexes is comparable with that of HLA-A2 complexed with Tax 
mutant peptide (LLFK (Ac)YPVK(Ac)V) (Tm = 68.9°C). Since measurement of melting 
temperatures by CD has been shown to correlate with peptide binding affinity for class I 
MHC complexes [4], these results suggest that cyclic peptides and Tax mutant peptide 
adopt similar bound conformations. These preliminary results show that PEG loops 
have no destabilizing effect on the structure of class I MHC complexes. 
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Introduction 

The identification of the epitopes recognized by T lymphocytes in tumor development, 
infection, and autoimmune disease is of great interest for the development of immuno-
therapeutics, diagnostics, and vaccines [1]. Cytotoxic T lymphocytes (CTL) recognize 
the peptides presented by MHC class I on the cell surface. Recently it has become 
possible to analyze these naturally processed peptides directly [2, 3]. A typical strategy 
involves the elution of peptide material from MHC class I molecules isolated by 
immunoaffinity capture. The eluted material can be Edman sequenced directly - "pooled 
sequencing", or the peptides can be separated by a series of reversed-phase chromato
graphic steps, with subsequent sequencing by MS/MS [4]. At all stages of the peptide 
isolation procedure, peptides can be assessed for their ability to elicit a T cell response in 
a CTL assay. However, there are drawbacks to this approach. These multiple manual 
manipulations of small samples are slow, characteristically result in poor sample 
recovery, increased probability of contamination, and are poorly suited to analyze large 
numbers of samples. 

In addition to MHC molecules, it has recently been postulated that heat shock 
proteins (Hsp) such as Hsp70 and Hsp90 by virtue of their ability to bind peptides may 
also play a role in antigen processing/presentation [5] possibly by chaperoning peptides 
to MHC or to the cell surface directly. 

Results and Discussion 

An objective of this research is to develop systems that can both isolate and characterize 
antigenic peptides in which manual transfer steps were eliminated. A multi-valved 
apparatus (Integral™ workstation) which allows automated, directed transfer of analyte 
between the various unit operations was used with an optional interface into an 
electrospray triple quadropole mass spectrometer. 

We focused on characterizing peptides associated with MHC class I, and Hsp70 and 
Hsp60, after isolation from a tumor. Two mouse lymphoma tumors were used for these 
studies, RMA and MC57X. Lymphoma tissue was homogenized and lysates prepared as 
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previously described [6]. MHC class I and Hsp60 were isolated by immunoaffmity 
capture on specific MAb columns, and Hsc70 was isolated by a combination of IEC and 
HIC. 

For these proteins, bound peptides were resolved after acid elution onto a series of 
RP columns. MHC class I peptides were assayed at each stage for T cell responses using 
anti-tumor CTL s. Peptide(s) present in each fraction off RP columns were collected and 
analyzed by mass spectrometry, either by ESI/MS/MS or by MALDI-TOF MS. A 
representative delayed extraction MALDI-TOF mass spectrum [7] of a tumor-derived RP 
peptide fraction positive in CTL assay is shown in Figure 1. 

zz 
o 
O 

700 800 900 1000 1100 1200 1300 1400 1500 
Mass (m/z) 

Figure 1. Delayed extraction MALDI-TOF mass spectrum of tumor-derived peptides. 

References 

1. 
2. 
3. 

4. 

5. 
6. 
7. 

Slinglhuff, C.L., Hunt, D.F. and Engelhard, V.H., Curr. Opin. Immunol, 6 (1994) 733. 
Englehard, V.H., Curr. Opin. Immunol., 6 (1994) 13. 
Cox, A.I., Skipper, J., Chen, Y., Henderson, R.A., Darrow T.L., Shabanowitz J., Engelhard, 
V.H., Hunt, D.F. and Slingluff, C.L., Science, 264 (1994) 716. 
Engelhard, V.H., Appella, E., Benjamin, D.C, Bodnar, W.M., Cox, A.I.,., Chen, Y., 
Henderson, R.A., Huczko, E.L., Michel, H., Sakaguichi, K, Shabanowitz J., Sevilir, N., 
Slingluff, CL and Hunt, D.F. in Sette, A. (Ed.) 'Chemical Immunology', Vol. 57, Karger, 
Basel, Switzerland, 1993. p.39. 
Srivastava, P.K., Udono, H., Blachere, N.E. and Li, Z., Immunogenetics, 39 (1994) 93. 
Franksson, L., Petersson, M., Kiessling R. and Karre K, Eur. J. Immunol, 23 (1993) 2606. 
Vestal, M., Juhasz, P. and Martin S., Rapid. Commun. Mass Spectrom., 9 (1995) 1044. 

785 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

329 
Serum Amyloid A (SAA) and Corresponding Peptides 

Inhibit T-Cell Adhesion to Laminin and Bind 
to Human Neutrophils 

L. Preciado-Patt and M. Fridkin 

Department of Organic Chemistry, The Weizmann Institute of Science, 
Rehovot 7100, Israel 

Introduction 

Serum amyloid A (hSAA) is a normal human serum apolipoprotein component which 
exists in the body in complex with high density lipoprotein 3 (HDL3) [1]. It is 
synthesized mainly in the liver in acute phase situations, chronic inflammation and 
neoplastic diseases [2]. Elevated amounts of hSAA are rapidly incorporated into HDL3 

while displacing Apo AI, suggesting that SAA might alter normal cholesterol metabolism 
[3]. Although acute phase roles for SAA have not been determined, several different 
functions have been suggested. SAA is proteolyzed by lysosomal enzymes originating 
from human polymorphonuclear leukocytes (PMN) [4, 5]. Peptides NYIGSDKYF (SAA 
28-36) and GLPEKY (SAA 99-104), were identified among other proteolytic fragments. 
The former peptide is related to the cell binding domain (YIGSR) of laminin, an 
extracellular-matrix protein that plays an important role in immune-cell migration from 
blood vessels to inflammatory reaction sites [6]. SAA-related peptides corresponding to 
the 28-36 domain were capable of inhibiting the adhesion of human T-lymphocytes to 
laminin coated surfaces. These results suggest that SAA-derived peptides might play an 
important role in modulation of the inflammatory response. Adhesion of 
polymorphonuclear neutrophils to endothelial cells is a crucial step in the inflammatory 
reaction. It is conceivable that SAA and some of its fragments may effect this process. 

Results and Discussion 

The peptide SAA28-36 was isolated from digest of hSAA by lysosomal fraction of 
human neutrophils, and together with synthetic peptides related to the SAA28-40, was 
found capable to inhibit T-lymphocytes adhesion to laminin coated surfaces (Figure 1). 
In order to characterize quantitatively the binding of SAA to human PMNs, 
self-displacement experiments employing 125I-rSAA were performed and a dissociation 
constant (Kd) of 7.11 x 10"8M was determined. Competition assays with synthetic 
peptides related to SAA, revealed that the peptide SAA77-104 corresponding to the 
C-terminal domain inhibits the binding of 125I-SAA to human PMNs. That peptide might 
exist in sera of patients who experienced amyloid deposition (i.e. AA 1-76) in various 
tissues. The C-terminal peptides SAA98-104 and SAA99-104 as well as the peptide 
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Figure 1. (left) Adhesion of T-lymphocytes to laminin is inhibited in the presence of various 
concentrations of peptides related to the 28-40 sequence ofrSAA. The peptide 29-42 was used as 
positive control [4j. 
Figure 2. (right) Inhibition of'25I-rSAA binding to human PMNs by peptides from the C-terminal 
and the extra-cellular matrix domains of SAA. Mean values of five different experiments are 
shown. 

corresponding to the extracellular-matrix proteins domain SAA29-42, did not compete 
with 125I-SAA binding (Figure 2). 

The results of the present study reveal that SAA can specifically bind to human 
neutrophils. The binding constant is in the nM-range with about IO5 binding sites/cell. 
SAA77-104 inhibited substantially the binding of 125Ir-SAA. As mentioned, a massive 
proteolysis of SAA by neutrophilic enzymes yielded peptides capable of modulating 
adhesion of human T-lymphocytes to extracellular matrix proteins. Intact SAA may as 
well modulate adhesion. It is tempting to suggest that SAA is involved in mechanisms of 
adherance of neutrophils to endothelial cells. Thus, the migration of neutrophils through 
endothelial cells barriers from circulation to inflammatory loci is modulated by SAA. 
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Introduction 

Several live attenuated rubella vaccines have been introduced since 1969, but there are 
still medical concerns regarding routine immunization [1,2]. These concerns include the 
risk of congenital infection of the fetus resulting in diabetes-related diseases and 
rubella-associated arthritis following rubella vaccination, as well as the possibility of 
re-infection of vaccinees by wild-type RV due to antigenic differences between wild-type 
and vaccine virus strains. In addition to these problems, rubella virus grows to a 
relatively low titer in tissue cultures and its structural proteins are difficult to purify. 
Therefore, there is a clear requirement for preparing a non-infectious rubella vaccine. 

To design a synthetic peptide-based rubella vaccine, the RV-specific CTL 
determinants, the neutralization B-cell epitopes (BE) and the functional T-helper 
epitopes of individual viral proteins must be identified. Twenty-three, 15, and 11 over
lapping peptides covering most of the El, E2, and C protein sequences, respectively, 
were synthesized and used for human T-cell epitope mapping [3]. The objective of the 
present study was to determine whether a novel synthetic rubella vaccine candidate can 
be developed using a peptide corresponding to residues 190 to 243 of El which contains 
virus neutralization epitopes and three distinct human T-cell epitopes [3, 4]. 

Results and Discussion 

To evaluate the immunogenicity of the synthetic RV vaccine candidates, a full length 
peptide (RV-EP27), containing residues 198-240 of the El protein, and several 
truncated peptides were designed (Table 1), synthesized, purified, and biochemically 
characterized. A hundred micrograms of individual linear peptides emulisifed in 
complete Fruend's adjuvant (CFA) were used to immunize guinea pigs intramuscularly. 
After two booster doses, IgG antibody responses were tested by peptide-specific ELISAs 
and immunoblotting against RV. All antisera reacted specifically with the immunizing 
peptide, and also recognized the El protein in immunoblots. The immunological 
properties of each antiserum were further characterized using haemagglutination 
inhibition (HAI) and virus neutralization (VN) assays. All antisera raised against linear 
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peptides failed to neutralize RV and had no HAI activity. To test whether the oxidized 
forms of both peptides RV-EP27 (residues 198-240) and RV-EP28 (residues 212-240), 
which contain two cysteines, could elicit neutralizing antibody responses, both RV-EP27 
and -EP28 were oxidized in the presence of 15% DMSO, and purified by RP-HPLC. 
Guinea pig antisera raised against the oxidized form of either peptide were capable of 
neutralizing RV strain M33 in the absence of complement (Table 1), regardless of the 
adjuvant used (CFA or alum). The oxidized and linear RV-EP28 peptide in PBS were 
analysed by CD. The oxidized form was found to be more ordered and to exhibit a 
typical a-helical structure (two minimas at 205 and 222 nm, respectively). Therefore, 
the oxidized form of RV-EP28 represents a novel RV synthetic vaccine candidate since 
it contains human T helper cell epitopes and is capable of eliciting neutralizing antibody 
responses when formulated in alum. 

Table 1. Immunological properties of guinea pigs antisera raised against RV peptides. 

Immunogens Peptide Sequences VNa 

RV-EP11/CFA GQLEVQVPPDPGDLVEYIMN 0 
RV-EP12/CFA IMNYTGNQQSRWGLGSPNCH 0 
RV-EP13/CFA NCHGPDWASPVCQRHSPDCS 0 
RV-EP25/CFA PDPGDLVEYIMNYTGNQQSRWGLGSPNCHGPDWASP 0 
RV-EP27/CFA PDPGDLVEY1MNYTGNQQSRWGLGSPNCHGPDWASPVCQRHSP 0 
(RV-EP27)ox/CFA 160 
(RV-EP27)ox/alum 80 
RV-EP28/CFA GNQQSRWGLGSPNCHGPDWASPVCQRHSP 0 
(RV-EP28)ox/CFA 320 
(RV-EP28)ox/alum 80 

"Virus neutralization titers were determined by plaque assay in the absence of complement. 
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Introduction 

The third variable domain (V3) of the HIV-1 envelope protein gpl20, has been shown to 
contain determinants responsible for cell tropism, infectivity and cytopafhicity [1]. It is 
also the target for neutralizing antibodies and may harbor human cytotoxic T-lympho
cytes (CTL) epitopes [1]. The present study was undertaken to investigate the immuno
chemical properties of V3 peptides that include linear or cyclized V3 loops, and linear 
T-B tandem peptides. Results from these studies should help us design and optimize 
peptide-based synthetic vaccines against HIV-1 infection. 

Results and Discussion 

V3 loop peptides corresponding to either BRU or MN clade B isolates were synthesized 
with and without terminal cysteine residues (Table 1), and purified for immunogenicity 
studies. In the presence of adjuvants (CFA or alum), all peptides were capable of 
eliciting IgG antibodies (titers range 1,600 to 12,500) recognizing both the immunizing 
peptides and rgpl60. However, only the adjuvanted oxidized V3(MN) loop peptide 
induced antibodies which could inhibit syncytia formation mediated by the MN isolate 
(Table 1). 

The yield for the oxidized V3(MN) loop peptide was low (-10%) and previous 
studies had indicated that core T-cell epitopes from hepatitis B and influenza viruses 
were more effective at presenting B epitopes than their envelope counterparts [2, 3]. We 
synthesized panels of linear T-B or B-T tandem peptides (Table 1) containing a T 
epitope from either the gpl20 or p24 gag protein [4] linked to a V3 sequence from 
different isolates. These synthetic constructs were purified and used as immunogens in 
several animal models. Tandem peptides in T-B configuration elicited stronger anti-V3 
IgG antibody responses than those obtained with the B-T tandem peptides (Table 1). 
These findings clearly demonstrate that the nature and magnitude of immune response 
markedly depend on the relative spatial orientation of the T- and B-cell epitopes. 
Furthermore, a limited N- or C-terminal truncation of the B epitope (CLTB-30 and -34) 
markedly reduced its ability to induce virus neutralizing antibodies. 

A tetrameric multiple-antigenic peptide (MAP), (CLTB-36)4 was synthesized, 
purified and used to immunized guinea pigs 3 x 200 pg/dose. Antisera were tested 
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against theV3(MN) peptide and rgpl60, as well as for virus neutralization activity. 
Results from these experiments indicated that the linear monomer and the MAP were 
immunogenically equipotent. Similar data were obtained in Balb/c mice. When 
cocktails of T-B tandem peptides were used as immunogens, the virus neutralization 
titers were significantly increased ranging from 5,000 to 25,000 (Table 1). Thus, 
selected peptide cocktails are potentially useful immunogens for inclusion in a synthetic 
HIV-1 vaccine. 

Table 1. Immunological properties of guinea pig antisera raised against HIV peptides*. 

Immunogen Peptide Sequences rgpl60 VN 

V3(MN) TRPNYNKRKRIfflGPGRAFYTTKNIIGTIRQAH 
V3(MN)0X CTRPNYNKRKRIHIGPGRAFYTTKNIIGTIRQAHC 
V3(BRU)ox CTRPNNNTRKSIRIQRGPGRAFVTIGKIGNMRQAHC 
CLTB-30 GPKEPFRDYVDRFYKNKRKRIHIGPGRAF 
CLTB-34 GPKEPFRDYVDRFYKRIHIOPORAFYTTKN 
CLTB-36 GPKEPFRDYVDRFYKNKRKRIHIGPGRAFYTTKN 
CLTB-37 NKRKRIHIGPGRAFYTTKNGPKEPFRDYVDRFYK 
CLTB-84 GHKARVLAEAMSQVTNKRKRIHIGPGRAFYTTKN 
CLTB-85 NKRKRmiGPGRAFYTTKNGHKARVLAEAMSOVT 
CLTB-91 KOnNMWOEVEKAMYANKRKRIHIGPGRAFYTTKN 
CLTB-156 PIVONIOGOMVHOAINTRKSIHJGPGRAFYTTG 
CLTB-157 NTRKSIHIGPGRAFYTTGPIVONIOGOMVHOAI 
(CLTB-36)4 fGPKEPFRDYVDRFYKNKRKIUfflGPGjRAFYTTKNVtK. 
Cocktails CLTB-36/-84/-91/-156 

"Three guinea pigs were immunized intramuscularly with 3 x 200 pg of each peptide absorbed 
onto alum. The antisera were tested against rgpl60 by ELISAs and virus neutralization titers 
correspond to 90% reduction of RT activity in cell infected with the lymphocytotropic HIV-1 MN 
isolate. T-cell epitopes are underlined. 
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Introduction 

Initiation of an immune response to antigen involves interaction of a small subset of 
T-cells with the antigen, followed by activation and proliferation of those T-cell clones. 
One important signal for T-cell activation is the binding between adhesion molecules 
(leukocyte function-associated antigen [LFA]-1, and intercellular adhesion molecule 
[ICAM]-1). This interaction can be blocked by MAbs [1] and peptide fragments from 
ICAM-1 [2, 3] and LFA-1 [4]. 

Results and Discussion 

In this report, we evaluate the ability of peptide sequences from ICAM-1 and LFA-1 (a-
and (3-subunits) to: a) regulate binding of CDI la MAb to LFA-1 and CD54 MAb to 
ICAM-1 and b) inhibit homotypic adhesion of T cells such as Molt-3 (Table 1) [5]. 
Linear and cyclic peptides from the ICAM-1 sequence inhibited or enhanced binding of 
CDI la MAb to LFA-1. ICAM peptides, that inhibited or enhanced MAb binding, also 
inhibited homotypic adhesion of Molt-3 cells. This suggests that ICAM-1 derived 
peptides bound to LFA-1 on the cell surface and prevented CDI la MAb binding. 

Peptides from the a- and P-subunits of LFA-1 can also regulate binding of CD54 
MAb to ICAM-1 on Molt-3 cells and inhibit homotypic cell adhesion. Linear and cyclic 
peptides (i.e., aLFA262-286), derived from the a-subunit insert region of LFA-1, 
enhanced binding of CD54 MAb to ICAM-1. Similarly, peptide aLFA466-491 from the 
divalent binding region of LFA-1 a-subunit inhibited the binding interaction of CD54 
MAb to ICAM-1. Linear and cyclic peptides from the P-subunit of LFA-1 (i.e., 
MLFA134-159) enhanced binding of CD54 MAb to ICAM-1. LFA-1 peptides, that 
inhibited or enhanced MAb binding, inhibited homotypic adhesion of Molt-3 cells. 

To conclude, most peptides can enhance or block the MAb's (CDI la and CD54) 
binding to their respective target protein; peptides that blocked or enhanced MAb 
binding, blocked homotypic cell adhesion of Molt-3 cells. These results suggest that 
both ICAM-1 and LFA-1 may undergo conformational changes when they bind to 
peptides. Peptide cyclization can reduce or increase the peptide activity. Currently, we 
are completing the homotypic cell adhesion assay for all the peptides shown in Table 1. 
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Development of these peptides for in vivo use may result in a method of specifically 
eliminating T-cell clones that inappropriately recognize their self-antigen. 

Table 1. Activity of ICAM-1 and LFA-1 peptides to regulate MAb binding and homotypic cell 
adhesion. 

Peptide 

ICAM1-21 
ICAM1-10 
cICAMl-10 
ICAM6-15 
CICAM6-15 
ICAM11-21 
cIC AM 11-21 
ICAM26-50 
ICAM40-63 

a-subunit 

aLFA262-286 
aLFA262-272 
caLFA262-272 
aLFA269-278 
caLFA269-278 
aLFA276-286 
aLFA466-491 

Peptide Sequence 

QTSVSPSKVILPRGGSVLVTG 
QTSVSPSKVI 
Cyclo( 1,12)PenQTS VSPSKVIC 
PSKVILPRGG 
Cyclo( 1,12)PenPSKVILPRGGC 
LPRGGSVLVTG 
Cyclo( 1,12)CLPRGGS VLVTC 
DQPKLLGIETPLPKKELLLPGNNRK 
KELLLPGNNRKVYELSNVQEDSQP 

ITDGEATDSGNIDAAKDII-YIIGI 
Linear-PenlTDGEATDSGC 
Cyclo( 1,12)PenITDGE ATDSGC 
Linear-PenDSGNIDAAKDC 
Cyclo( 1,12)PenDSGNIDAAKDC 
Linear-PenAKDIIYIIGIC 
GVDVDQDGET EL-IGAPLFYGEQRG 

a c 

-82% +++ 
-80% ++++ 
-2% 
-5% 
-46% 
-26% 
+122% 
+48% ++++ 
-13% 

b 

+908% ++++ 
+56% 
+2% 
+96% 
+325% 
-10% 
-25% ++++ 

P-subunit 

WUFA134-159 
bLFA134-144 
cbLFA134-144 
bLFA142-151 
cbLFA142-151 
bLFA150-159 
cbLFA150-159 

DLSYS-LDDLRNVKKLGGDLLRALNE 
Linear-PenDLSYSLDDLRC 
Cyclo( 1,12)PenDLS YSLDDLRC 
Linear-PenDLRNVKKLGGC 
Cyclo( 1,12)PenDLRN VKKLGGC 
Linear-PenGGDLLRALNEC 
Cyclo( 1,12)PenGGDLLRALNEC 

+233% +++ 
+247% 
+3% 
+4% 
+5% 
+25% 
+110% 

a) CDI la MAb binding to LFA-1; b) CD54 MAb binding to ICAM-1; (-) inhibition or (+) 
enhancement of MAb binding; c) (+++) inhibition of homotypic adhesion using 460 pM peptide. 
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Introduction 

Proteins encoded by oncogenes, such as c-erbB-2, contain a consensus region that has 
homology with growth factor receptors and protein kinases. These proteins are known to 
be implicated in breast cancer by their presence in clinical samples of cancer patients. 
We are studying the specificities of a number of MAbs raised against this consensus 
region. A better understanding of the amino acid (aa) level specificity of these MAbs 
will aid in their use as selective probes for early breast cancer detection. Here we have 
characterized the specificity of a MAb raised against a synthetic peptide from this 
consensus region using individual substitution analogs and peptide combinatorial 
libraries. 

Results and Discussion 

A hexapeptide positional scanning combinatorial library was prepared using a pre
determined ratio of aa for each mixture coupling [1] in conjunction with simultaneous 
multiple peptide synthesis (SMPS) [2]. Hexapeptides derived from the library were 
synthesized on a COMPAS 242 multiple peptide synthesizer. Individual substitution 
analogs of the control peptide LGSGAFGTIYKG(C), corresponding to residues 138-149 
of the oncogene v-erbB, were prepared by SMPS. Each residue of the antigenic 
determinant, which was identified as -AFGTIYKG- using omission analogs [3], was 
substituted with one of the other 19 L-aa. Competitive ELISA [4] was used to screen the 
hexapeptide library, subsequent hexapeptides, and the set of individual substitution 
analogs against MAb 172-12A4. 

The concentration of each substitution analog necessary to inhibit 50% (IC50) of 
MAb 172-12A4 binding to the control peptide adsorbed to the plate was determined. 
IC50 values for the 19 analogs at each position were averaged. This averaged IC50 value 
is termed the relative positional importance factor (RPIF) and represents the overall 
replaceability of a given position in the antigenic determinant [4]. It was found that mAb 
172-12A4 recognized a discontinuous linear determinant, in which four residues were 
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specific and four residues were relatively redundant. The specific residues were 
phenylalanine (RPIF = 40.4), the next residue glycine (RPIF = 21.4), isoleucine (RPIF = 
5.5), and lysine (RPIF = 20.3). Interestingly, glycine appears twice in the antigenic 
determinant, once as a specific residue and again as a redundant residue. This pattern of 
specificity was also found for the relatively conservative aa phenylalanine (specific 
residue) and tyrosine (redundant residue). 

The positional scanning screening data yielded the most active aa residues at each 
position of the hexapeptide sequence (Table 1). This screening data was sufficient to 
locate the specific residues of the antigenic determinant, namely positions 2-7 since 
alanine and glycine at positions 1 and 8, respectively, were redundant. Tyrosine in 
position 1 of the library was nearly five-fold better than the expected phenylalanine and 
represents a conservative substitution. Sixteen individual peptides derived from the 
combinations of the most active aa at each position of the library were synthesized and 
assayed. Peptides having proline at the third position were at least 10-fold more active 
than those having glycine at the same position. Also, peptides having tyrosine at the 
second position were poorly recognized, indicating that the peptides responsible for the 
activity found for Ac-XYXXXX-NH2 are not the same as those in Ac-YXXXXX-NH^ 

Peptide combinatorial libraries and individual substitutiuon analogs reveal similar 
patterns of specificity for peptide-antibody interactions. A complete set of substitution 
analogs yielded a "fingerprint" profile for this peptide-antibody interaction as well as the 
relative importance of each antigenic determinant residue. The screening data of the 
positional scanning library revealed a number of high affinity sequences. Finally, a 
single positional scanning combinatorial library can be used to study a number of 
different antigen-antibody interactions. 

Table 1. Library screening data and activities of peptides recognized by MAb 172-12A4. 

Library 

Ac-0,XXXXX-NH2 

Ac-X02XXXX-NH2 

Ac-XX03XXX-NH2 

Ac-XXX04XX-NH2 

Ac-XXXX05X-NH2 

Ac-XXXXX06-NH2 

Active residues 

Y 
G, Y 
G,P 
I 
D, I, K, 
K 

P 

Peptide 

Ac-YGPIDK-NH2 

Ac-YGPIPK-NH2 

Ac-YGPIIK-NH2 

Ac-YGPIKK-NH2 

Ac-YGGIDK-NH2 

Ac-YGGIPK-NH2 

all other peptides 

IC50(pM) 

1.2 
4.1 
5.5 
6.1 
15 
75 
>100 
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Introduction 

Pseudomonas aeruginosa is a Gram-negative bacterium that is pathogenic for humans, 
and resistant to many antimicrobial agents. Infection with this organism begins when it 
attaches to a host epithelial cell via its pilus, a filamentous structure that is composed of a 
polymer of a single protein subunit, pilin [1]. We have been developing a synthetic 
peptide vaccine that is designed to stimulate the immune system to produce antibodies 
against pilin. Such antibodies would prevent infection by complexing with pilin and 
preventing the bacterium from binding to host cells. 

Peptide vaccines were designed to contain either or both of the known T- and B-cell 
epitopes for P. aeruginosa strain K (PAK) pilin, and/or the promiscuous T-cell epitope 
of tetanus toxoid [2] to enhance immunogenicity, and/or coiled-coil sequences to 
promote dimerization and stability (Figure 1). Fourteen peptides were synthesized by 
solid phase methods [3], purified by RP-HPLC, and characterized by AAA and PDMS. 
Some of the peptides containing coiled-coil sequences were designed to be dimeric, with 
two identical chains linked by a single, C-terminal, disulfide bond. The peptides 
containing coiled-coil sequences were analyzed by CD to determine their stabilities to 
various concentrations of urea. All peptides were dissolved or suspended in a vehicle 
consisting of PBS and CFA (first injection), or PBS and incomplete FA (subsequent 
injections), and injected into mice or rabbits. Animal sera were collected periodically 
and analyzed by ELISA for the presence of antibodies to PAK pilin. 

Results and Discussion 

The arrangement of B- and T-cell epitopes in the peptide was important, with an amino 
terminal T-cell epitope and a carboxyl terminal B-cell epitope being most immunogenic. 
Peptides containing the promiscuous T-cell epitope of tetanus toxoid were more 
immunogenic than those with the pilin T-cell epitope, and those with the 17-residue, 
oxidized B-cell epitope of pilin were better than those with the 7-residue B-cell epitope. 
Coiled-coil dimerization domains enhanced the stabilities of peptides toward 
denaturation, and those containing the oxidized 21-residue domain were the most stable. 
However, the effects of these domains on immunogenicities were variable. The best 
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immunogen was a 34-residue peptide containing the promiscuous T-cell epitope of 
tetanus toxoid linked through a 2-residue spacer to the 17-residue, oxidized B-cell 
epitope of pilin (Figure 1, bottom). 

(a) D-E-Q-F-I-P-K b) K-C-T-S-D-Q-D-E-Q-F-I-P-K-G-C-S-K (c) S-A-N-G-A 
I I 

(d) G-G (e) A-T-K-K-E-V-P-L-G-V-A-A-D-A-N-K-L-G (f) (E-I-E-A-L-K-A)2 

(g) Q-Y-I-K-A-N-S-K-F-I-G-I-T-E-L (h) (E-I-E-A-L-K-A-)rE-I-E-A-C-K-A 

Q-Y-I-K-A-N-S-K-F-I-G-I-T-E-L-G-G-K-C-T-S-D-Q-D-E-Q-F-I-P-K-G-C-S-K 
I I 

Figure 1. AA sequences of various components utilized to construct synthetic vaccines [(a)-(h)j 
and the entire AA sequence of the most immunogenic peptide tested (bottom), [(a) and ft))], B-cell 
epitopes of PAK pilin; [(c) and (d)j, spacer sequences; (e) T-cell epitope of PAK pilin; [(fand (h)j 
14- and 21-residue coiled-coil dimerization domains; (g) promiscuous T-cell epitope of tetanus 
toxoid. 

A synthetic peptide vaccine has been used to prevent infection by the malaria 
parasite [4], and our preliminary results indicate that the synthetic peptide vaccine 
approach may also be useful for the prevention of bacterial diseases. 
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Introduction 

Potential applications of pseudopeptides and peptidomimetics cover many aspects of 
basic immunology including synthetic vaccines, immuno-diagnostics, and the 
development of new generations of immunomodulators. Recently, we have analyzed the 
antigenic and immunogenic properties of an all D-, a retro-, and a retro-inverso- analogue 
of the model hexapeptide of sequence IRGERA corresponding to the COOH-terminal 
residues 130-135 of histone H3 [1, 2]. Both retro-analogues contained NH-CO bonds 
instead of the CO-NH peptide bonds, the chirality of each residue was maintained in the 
retro-peptide and inverted in the retro-inverso peptide. Regarding IgGl, IgG2a, and 
IgG2b antibodies, the retro-inverso-peptide was found to mimic the antigenic activity of 
the natural L-peptide but not of the all D- and retro-peptides. Conversely, the retro-
peptide mimicked the all D-peptide but not the L- and retro-inverso-peptides. 

In order to assess the potential use of retro-inverso-peptides as immunogens useful 
for vaccination or for eliciting antibody probes for immunotherapy, it was necessary to 
analyze in more detail the capacity of antibodies generated against these peptide 
analogues to react with the parent protein and particularly with assembled complex 
structures. The model peptide studied in the present investigation is particularly 
interesting to study crossreaction of anti-peptide antibodies since the region 130-135 of 
H3 is accessible at the surface of chromatin core particles, constituted by two copies of 
each core histone H2A, H2B, H3, H4, and 145 base pairs of DNA [3]. 

Results and Discussion 

Four groups of two BALB/c mice were injected with the L, retro-inverso, D, and retro 
IRGERA analogues coupled to small unilamellar liposomes containing monophosphoryl 
lipid A as adjuvant and four fusion experiments were performed with the spleen cells of 
these mice. Nine positive clones secreting IgGl, IgG2a and IgG2b antibodies were 
amplified in vitro and purified. The capacity of mAbs to recognize the four peptide 
analogues and H3 was measured in the BIA core™ using antigens covalently linked to 
the dextran matrix through the free SH-group introduced in peptides for this purpose or 

798 



Peptide Vaccines 81 Immunology 

through amino-groups of histone H3. Equilibrium affinity constants of mAbs (anti-L and 
anti retro-inverso peptides) for the four peptide analogues and H3 are shown in Table 1. 

The most important finding in this work was to show that three of the four mAbs to 
the retro-inverso IRGERA peptide bound equally well the retro-inverso and the natural 
peptide (with Ka values ranging from 0.6 to 1.9xl09 M"1) and that the four mAbs reacted 
with the cognate protein (Ka values, 0.3 to 2xl09 M"'). 

Since several mAbs generated against IRGERA and the retro-inverso analogue 
recognized the parent histone H3, their capacity to recognize H3 in more complex 
structures such as core particles was further studied (Table 1). Three of the four mAbs 
reacted with chromatin core particles presented towards the liquid-phase by the 
N-terminal end of histone H2B (Ka values, 0.2 to 2.2x10' M'). 

Table 1. Equilibrium affinity constants measured in the BIAcore of mAbs induced against 
IRGERA (mAbs 4x8, 4x10, 4x11) and its retro-inverso (RI) analogue (mAbs 13x12, 
13x14, 13x18). 

Antigens 

L-peptide 
Rl-peptide 
Histone H3 
Core particle 

4x8 

80 
558 

4286 
1150 

Kax 

Anti L-peptide mAbs 

4x10 

4486 
3640 

6571 
5928 

4x11 

3 
225 

2280 
1158 

10" 6M"' 

13x12 

1575 
1893 
2003 
1707 

AntiRI -peptide mAbs 

13x14 13x18 

867 1637 
579 1596 
263 2044 
187 2162 

In the context of vaccine design, the demonstration that antibodies to a retro-inverso 
peptide can cross-react particularly well with the cognate nucleoprotein structure is very 
important and promising for further development. The antibodies described in this study 
[3] have been generated against the peptide analogue covalently bound to liposome 
containing the non-toxic adjuvant MPLA. Since the present study was performed with 
the C-terminal region of H3, which is known to be highly accessible and probably 
particularly mobile, the results should be confirmed with other exposed protein domains 
which correspond to internal sequences in the primary structure of the protein. However, 
collectively, the strategy is encouraging in respect to the potential use of retro-inverso 
peptides in the design of much more potent synthetic vaccines [4]. 
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Introduction 

Synthetic peptide vaccines provide a means for focusing the immune response on 
neutralizing epitopes. This could prove of importance in AIDS vaccine research. The 
"principal neutralizing determinant" (PND) on HIV-1 is an example. This epitope 
resides in the third variable region of the envelope glycoprotein gpl20 and undergoes an 
extraordinary degree of mutation [1]. The "tip" of the V3 region, GPGRAF (MN strain), 
however, mutates to a lesser extent [1]. Monoclonal antibodies (MAbs) directed to the 
"tip" are among the few that neutralize primary isolates [2]. A cocktail vaccine based on 
"tip" amino acid sequences could prove effective. 

Since the antigenicity and immunogenicity of linear peptides can be enhanced by 
folding them [3], we have initiated work to identify constrained peptides that mimic the 
conformation of the PND. Because this conformation is unknown, we rely on potent 
neutralizing MAbs to identify constrained peptides that bind better than corresponding 
linear peptides on the assumption that higher affinities reflect shape complementarity. 
This approach has led to the identification of a constrained PND peptide with a 256-fold 
increase in affinity for a potent HIV-1 neutralizing MAb. 

Results and Discussion 

The PND is predicted to form a P-hairpin loop with the critical GPGR sequence 
occupying a Type II turn at its apex [1]. P-hairpin loops are characterized by a ladder of 
hydrogen bonds spanning alternate pairs of amino acids. We systematically replaced 
predicted hydrogen bonds with the hydrazone covalent hydrogen bond mimic [4] to give 
a series of cyclic peptides varying in size (8-10 amino acids) and cadence (overlaps of 
one amino acid). Selected linear and disulfide peptide loops were also examined. 
Relative affinitites of loops were determined by ELISAs for MAb 58.2 [2]. This led to 
the identification of a loop 1, [JHIGPGRAFGGZ]G-NH2 with a 64-fold improvement in 
affinity. MAb 58.2, provided by Repligen Corp., is well characterized and potently 
neutralizes primary isolates [2]. 

Both linear and loop peptides have been cocrystallized with MAb 58.2 and crystal 
structures determined [5]. The information provided by the structures led to the 
synthesis of a second series of loop peptides (Figure 1) with the goal of stabilizing the 
loop further with constrained amino acids, isoaminobutyric acid (Aib), and D-alanine. 
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A c G H I G P G R A F G G G G - N H 2 (Linear 1) 

J H I G P G R A F G G Z G - N H 2 (Loop 1) 

JHIGPGRAibFGGZG-NH2 (Loop 1-Aib) 

J H I G P ( D - A l a ) R A F G G Z G - N H 2 (Loop 1 - D-Ala ) 

IO"1* IO"7 

[Peptide] 
IO"6 M 

Figure 1. Competition ELISAs ofV3 Peptides for MAb 58.2. 

MAb 58.2 binds Loop 1 (Aib), [JHIGPGRAibFGGZJG-NH,, with a 256-fold higher 
affinity than the corresponding Linear 1 peptide. (D-Ala) reduced affinity for Loop 1 by 
64-fold. Cyclization of the peptide accounts for most of the improvement in affinity 
while the substitution of Aib for Ala improves affinity by another 4-fold. Aib 
which stabilizes §,\\i angles favorable to helices was anticipated to stabilize the bound 
conformation further and it did. D-Alanine was anticipated to stabilize a Type II turn 
and destabilize the bound conformation as observed. 

The enhanced binding suggests that Loop 1 (Aib) adapts a conformation in water 
that mimics the conformation of the peptide as it is bound by the antibody. This 
possibility can be resolved by comparing NMR structure for the loop in water with an 
X-ray crystal structure bound by MAb 58.2. The identification of a bona fide mimetic 
would provide a vaccine candidate for testing whether the preference for a particular 
conformation plays a role in MAb 58.2 potency. Similar experiments with a constrained 
malaria peptide validate the approach [3]. 
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Introduction 

Rheumatoid arthritis (RA) is an autoimmune disease with unknown immunogen(s) which 
is characterized by progressive degradation of aggrecan and collagen II, the principal 
constituents of the joints. All autoimmune diseases proceed via a cell-mediated immune 
response involving the class II major histocombatibility complex (MHC) (also referred 
to as human leukocyte antigen, HLA), a bound peptide, and the receptor of a T-helper 
cell. Certain alleles of MHC class II are known to occur with increased frequency in 
patients with RA. These alleles are HLA-DRB1*0101 (DR1), DRB 1*0401 (DR4Dw4), 
and DRB1*0404 (DR4Dwl4). A recently solved crystal structure of HLA-DR1 [1, 2] 
shows that the peptide antigen is bound in an extended conformation to a groove on the 
protein surface. Pockets at the bottom of the cleft accomodate amino acid side chains. 

Allele-specific sequence motifs of MHC-bound peptides have been found by 
analysis of naturally occuring antigens [3], chemical SAR, and by analysis of 
MHC-binding peptides identified by a phage display peptide library [4]. The strongest 
binding to the protein results from the interaction of a hydrophobic or aromatic amino 
acid with the pocket in position 1 of the binding groove. Other anchors are found in 
positions 4, 6, 7 and 9 of the bound peptides [5]. With the goal of finding possible 
autoimmunogens of RA, we used this information to search the protein sequence of 
human aggrecan for MHC epitopes. 

Results and Discussion 

Forty partial sequences which contained binding motifs for one or more of the RA-linked 
DR-molecules were selected for synthesis. The N-terminus of the sequences was chosen 
at position (i-3), relative to the hydrophobic anchor binding at position 1 of the MHC 
binding groove. The 14-mer peptides were synthesized by SPPS on BHA-polystyrene 
resin which had been derivatized with an Fmoc amide linker. Tea bag methodology [6] 
was used for standard Fmoc/tBu/Boc strategy with the following additional side chain 
protecting groups: Pmc for Arg, Trt for Asn, Gln and His. Coupling was performed by 
means of DIC/HOBt or by in situ neutralization/activation with DIEA/HBTU. After 
N-acetylation the peptides were cleaved from the resin with reagent K and subsequently 
purified by preparative RP-HPLC to >95%. All structures were established by amino 
acid analysis and FABMS. 
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The peptides were tested for binding to purified DR1, DR4Dw4 and DR4Dwl4 
molecules. Several sequences inhibited binding of an l25I universal ligand to DR1 and 
DR4Dw4 in a scintillation proximity assay (SPA) with IC50 values in the low to 
intermediate nanomolar range (Table 1). The strong binding affinity of these peptides to 
the DR molecules can be explained by the presence of amino acids known to be good 
anchors in positions 1 (aromatic or hydrophobic), 4, 6, 7 and 9. Some of the sequences 
binding strongly to DR4Dw4 could also be predicted by a recently published algorithm 
[7]. Only intermediately good binding to DR4Dwl4 could be observed. This may be 
attributed to the fact that the aromatic anchors in the selected peptides are too bulky for 
the smaller hydrophobic pocket at position 1 of DR4Dwl4. 

Table 1. Binding of human aggrecan sequences to HLA-DR molecules measured by competitive 
SPA. 

human aggrecan 

670-683 
36-49 
193-206 

417-413 
1804-1817 
738-751 
154-167 

298-311 
1776-1789 

peptide 

Ac-AFSFRGISAVPSPG-NH2 

Ac-PSPLRVLLGTSLTI-NH2 

Ac-EDGFHQSDAGWLAD-NH2 

Ac-PFTFAPEIGATAFA-NH2 

Ac-SGAYYGSGTPSSFP-NH2 

Ac-QTEWEPAYTPVGTS-NH2 

Ac-VFHYRAISTRYTLD-NH2 

Ac-SAGWLADRSVRYPI-NH2 

Ac-TPEFSGLPSGIAEV-NH2 

MHC II molecule 

DR1 
DR1 
DR1 

DR4Dw4 
DR4Dw4 
DR4Dw4 
DR4Dw4 

DR4Dwl4 
DR4Dwl4 

IC50[pM] 

0.01 
0.04 
0.29 

0.05 
0.05 
0.18 
0.35 

2.4 
3.0 

To conclude, we have synthesized, purified and fully characterized a set of 40 partial 
sequences of human aggrecan and identified several good binding sequences. To further 
establish their role as possible autoantigens, experiments studying the ability of these 
peptides to elicit a T-cell response are in progress. 
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Introduction 

Enzyme-Linked-Immunosorbent-Assay or "ELISA" based on the use of synthetic 
peptides as solid-phase antigens has found useful serodiagnostic applications. However, 
this approach is often limited by the low intensity of the detectable signal. The mono
specific polyclonal antiboby population directed to a short peptide represents a variety of 
antibodies species. This leads to heterogeneous recognition of the immobilized antigen. 
Our idea was to use, as solid-phase antigen, a convergent combinatorial construct or 
"mixotope" [1] derived from the model sequence by degenerating each position by one to 
three amino-acids selected for their probable ability to mimic the original residue. Our 
hypothesis was that such a mixotope would contain, besides the original sequence, a 
population of closely related sequences able to detect more efficiently heteroclitic 
antibody populations. We have selected as a model the C-terminal peptide 190-211 
derived from the Sm28-GST protein, a non-variable antigen expressed during infection 
by Schistosoma mansoni, and recognized by sera from infected individuals. 

Results and discussion 

We have defined 2 mixotopes in which the degeneracy was designed using mainly a 
replaceability matrix, proposed by Geysen [2], representing biological acceptability of 
amino acid substitution in antigenic peptides. (Table 1). 

These constructs, an irrelevant mixotope and the original 22-mer sequence were used 
as solid-phase antigens for the detection by ELISA of antibodies found in sera of rats 

Table 1. Two different mixotopes were synthesized, containing 13x10s combinatorial, closely 
related peptides ("million-peptides mixotope") or 9x1 (f-peptides ("billion-peptides mixotope"). In 
each degenerate position, the different amino acids were introduced in an equivalent fraction. 

million-peptides mixotope billion-peptides mixotope 

E N L L A S S P R L A K Y L S N R P A T P F E N L L A S S P R L A K Y L S N R P A T P F 
D Q I I G A A K I G R F I A Q K GS L DQI I G A A A K I G R F I A Q K A G S A L 
Q M M S MS M S Q D M M S T T A M S H L M T D H SA Y 
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experimentaly infected by S. mansoni. We have observed an equivalent reactivity of the 
million-peptides mixotope and the 22-mer peptide. The results clearly indicate an 
improvement of the detection when using the billion-peptides mixotope. No reactivity 
was found when using the irrelevant mixotope (not shown). 

We then tested the reactivity of our mixotopes towards human sera from infected 
individuals. All sera reacted to the recombinant Sm28 GST protein. In this case also, 
the billion peptide mixotope was clearly a better antigen than million-peptides mixotope 
or the peptide itself (Figure 1, top). Most interestingly, a selection of 21 sera from 
infected individuals that were not reactive to the 190-211 peptide were positive with the 
billion-peptides mixotope, while no false positive reaction was observed among the 20 
control sera (Figure 1, bottom). 

0,8 

0,6 

0,4 

0,2 

0 

fj& *?*> ?f% 

mllllon-pept. bllllon-pept. 

Figure 1. Antibody response in a group of 20 healthy donors (open symbols), and a group of 66 
(top) and 21 (bottom) human sera from S. mansoni infected individuals (closed symbols), against 
the 190-121 peptide, and its derived mixotopes. 

Antibody avidity to the different solid-phase antigens was examined in human sera 
by ELISA using thiocyanate elution [3]. No clear difference was observed when 
comparing the resistance to thiocyanate elution of the antibody binding to the univocal 
peptide or to the billion-peptide mixotope (not shown). 

These results indicate that convergent combinatorial peptide constructs, or 
"mixotopes", designed from a replaceability matrix or physico-chemical data, can be 
used to significantly increase the sensitivity of serodiagnostic assays, even when they 
represent a non-variable part of a major antigen, without, at least in this case, a 
simultaneous increase of the background signal. 
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Introduction 

Over 90% of human non-Hodgkin's lymphomas are B-cell type with specific cell surface 
immunoglobulins (or idiotypes). These surface idiotypes are potential therapeutic targets 
[1, 2]. Combinatorial peptide library methods based on the "one-bead one-chemical" 
concept (Selectide Process) were used to identify idiotype-specific peptide ligands of two 
murine lymphoma cell lines (WEHI-279 and WEHI-231) with surface IgMK. The 
peptides were synthesized on solid-phase beads using a "split synthesis" method [3, 4] 
resulting in a huge library of peptide beads such that each solid-phase bead expressed 
only one peptide entity [4]. The peptide-bead library (106-107) was then screened with 
the purified surface idiotypes derived from two murine lymphoma cell lines. With an 
enzyme-linked assay system, the positive beads turned color. The colored beads were 
then physically isolated and the amino acid sequence of the peptide determined by an 
automatic protein microsequencer. 

Results and Discussion 

Table 1 shows the peptide motifs identified for the two murine lymphoma cell lines 
(WEHI-279 and WEHI-231). Both L- and D-amino acid peptide libraries were screened. 

Table 1. Idiotype-specific peptide motif. 

Cell Lines 

Peptide Library 

L-amino acid library 
(7-mer, 9-mer, and 11 -mer) 

D-amino acid library 
(8-mer) 

WEHI-231 

WYTP 
WYDD 
WY(V/I)P 

wGey(i/v)_y_ 
lw pew(i/v) 
kw_Gp_w 

WEHI-279 

RWID 
RWFD 

_t_Gm_k_ 
_Gr w 

806 



Peptide Vaccines 8l Immunology 

The D-amino acid peptide ligands are particularly interesting as they are likely to be 
more resistant to proteolysis in vivo and therapeutically more useful. 

Some of the ligands shown in Table 1 were resynthesized on beads and their ability 
to be stained by either the purified idiotypes or whole cell extract (extracted with 0.5% 
NP-40) coupled with a secondary antibody-enzyme conjugate system was confirmed. In 
addition, some of these peptide-beads (120 pm diameter) were able to bind strongly to 
intact cells (~8 pm diameter) resulting in a rosette. In addition to binding specifically to 
their corresponding idiotypes, these peptides (in a tetrameric form) upon binding to the 
intact lymphoma cells were able to induce signal transduction resulting in an elevated 
level of protein tyrosine phosphorylation. 

We are currently working on the design and synthesis of oligomeric idiotype-specific 
peptides with the appropriate hydrophilic linkers. One of the bifunctional hydrophilic 
linkers that we have designed and synthesized is FmocNHCH2CH2CH2(OCH2CH2)2-
OCHJCHJCHJNH-COCHJCHJCOOH. This was synthesized by mixing a readily 
available and inexpensive hydrophilic molecule 4,7,10-trioxo-l,13-tridecane diamine 
with equal molar amount of succinic anhydride followed by derivatizing the primary 
amino group with Fmoc-OSu. We have succeeded in using this linker in conjunction 
with lysine to synthesize tetrameric idiotype-specific peptides (analogous to the multiple 
antigen peptide system [5]). These oligomeric peptides are then conjugated with radio
nuclide or toxin for targeted-therapy of these lymphoma cells both in vivo and in vitro. 
In addition, we also plan to use these peptides as a model system to develop idiotype-
specific peptide reconstituted liposomes for drug delivery studies. 
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Introduction 

In some epithelial cancer cells, mucin protein is abberantly glycosylated leaving regions 
of the mucin protein exposed to antibody binding [1-3]. The synthetic peptide YCAREP 
PTRTFAYWG (EPPT1) was found to have a significant affinity (Kd=20pM) for the 
deglycosylated mucin-derived peptide YVTSAPDTRPAPGST (PDTRP). The sequence 
of EPPT1 was based on the CDR3 VH region of a monoclonal antibody (ASM2) raised 
against human epithelial cancer cells. The technetium-radiolabelled form of EPPT1 was 
found to be a good tumour-imaging candidate for diagnosis of breast carcinoma. 

Here we present the binding properties, radiolabelling efficiency and conformational 
behaviours of several synthetic EPPT1 peptide analogues. The peptides were classified 
accordingly as active and non-active PDTRP-binding peptides. The conformational 
analysis of the free peptides as a function of solvent environment was carried out by CD 
spectroscopy. A structure-activity relationship was observed indicating a (3-strand type 
of structure as the active binding feature. 

Results and Discussion 

The peptide binding study by resonant mirror biosensor showed different affinity as a 
function of peptide primary sequence (Table 1). The CD spectra of both active and 
non-active peptides showed the presence of irregular conformations in H20 and SDS 
20mM. In TFE, a significant degree of ordered conformations of a-helix or (3-turn type 
were induced but did not correlate well with their binding properties (Table 1). In SDS 
lmM, a conformational difference was observed between the active and non-active 
peptides. The active peptides exhibited CD spectra of aggregation of P-strand type 
whilst the non-active peptides showed CD spectra similar to those observed in H20 and 
SDS 20mM. Extended conformation ((3-strand, (3-sheet, PII) has been observed as an 
important binding feature in several peptide/protein complexes and peptide inhibitors [4, 
5]. A good correlation between the extended conformation of P-strand type and the 
binding affinity of the active peptides (Table 1) suggests this conformation as the 
binding feature of the EPPT tumour-imaging peptides. This information is vital for the 
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Table 1. Structure-activity relationships and radiolabelling efficiencies of EPPT-containing 
peptides. 

Sequence 

YGGGSEPPTRTGGGGS 
EPPTRTFAY 

REPPTRTFAY 
YCAREPPTRTFAYWGQG 
YCAREPPTRTFAYWG-NH2 

YECPAFRGTYRWAPT 
YC AREPPTRTFAYWG(EPPT 1) 

KYCAREPPTRTFAYWGQG 
Ac-YCAREPPTRTFAYWG 

YSAREPPTRTFAYWG 
YVAREPPTRTFAYWG 

Ac-YCAREPPTRTFAYWG-NH2 

YCAREPPTRTFAYWG 

YCAREPPTRTFAYWG 
AREPPTRTFAY 

CAREPPTRTFAY 

% Radio 

purity 

-
-
-
-
-
97.0 

100.0 
92.1 
-
-
-
-

-

-
-

Binding 

Affinity 

NA 
NA 
NA 
+++ 
+++ 
NS 
+++ 
+++ 
+ 
NA 
+ 
+ 

++ 

NA 
NA 

Secondary structure by CD 

TFE 

P-turn/ a-helix 
Irregular 
Irregular 
P-turn/ a-helix 
P-turn/ a-helix 
p-turn/ a-helix 
P-turn/ a-helix 
P-turn/ a-helix 
P-turn/ a-helix 
P-turn/ a-helix 
P-turn/ a-helix 
P-turn/ a-helix 

P-turn/ a-helix 

Irregular 
Irregular 

SDS lmM 

Irregular 
Irregular 
Irregular 
P-sheet 
P-sheet 
Irregular 
P-sheet 
P-sheet 
p-sheet (w) 
Irregular 
P-sheet (w) 
P-sheet(vw) 

P-sheet 

Irregular 
Irregular 

NA: non-active, NS: non-specific, w: weak, vw: very weak, +: active, increase no. of (+), 
better the affinity to PDTRP. 

design of novel EPPT analogues. Any modification to improve binding affinity must 
retain the ability of the peptides to adopt the extended conformation of P-strand type in 
solution. 
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Introduction 

We have developed a novel Lipid-Core-Peptide (LCP) system by incorporating lipidic 
amino acids into the polylysine system. We have obtained high antipeptide antibody 
titres in sera raised against an LCP-epitope of OMP of Chlamydia trachomatis, without 
using conventional adjuvants [1]. Here we report further work with the LCP system. 

[CH3(CH2)„CH(-NH)CO-]m-(Lys),-(peptide)s (LCP-peptide) 

Results and Discussion 

Streptococci. Conserved T and B cell epitopes on the M protein of Streptococci group A 
(LRRDLDASREAKKQVEKALE = MG-145 and KLTEKEKALQAKLEAEAKA) were 
able to stimulate peptide specific antibodies in B10.BR and B10.D2 mice, respectively. 
Antisera to the former peptide, in bactericidal assay involving human neutrophils [2], 
could mediate killing of streptococci, evidence that conserved epitopes can be the targets 
of bactericidal antibodies, thus allowing development of immunologic memory and 
natural boosting of human immune response after natural exposure. Requirements that 
must be addressed for peptide MG-145 to become a successful streptococcal vaccine 
include the ability to induce antibodies to multiple local serotypes, the capacity for 
antigen presentation in the context of multiple HLA class II alleles, and the stimulation of 
high-titre IgG. A successful approach to induce a high titre antibody response was to 
incorporate peptide MG-145 into the LCP system [LCP1-MG-145, (n=ll, m=3, r=7, 
s=8), LCP2-MG-145 (n=ll, m=2, r=3, s=4), LCP3-MG-145 (n=ll, m=3, r=3, s=8)]. 
Results from ELISA assay clearly showed that the LCP system dramatically increased the 
immunogenicity of this peptide in both the B10.BR and the B10.D2 mice (Figure 1). 
Foot and mouth disease virus. Seven antigenic variants obtained from a single field 
isolate of FMDV serotype A12 differ only at residues 148 and 153 in the immuno
dominant loop of viral protein VP1. Synthetic peptides corresponding to the region 
141-160 are highly immunogenic. We have synthesised and analyzed these seven 
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Figure 1. Average absorbance (450nm) anti-MG-145, anti-LCPl-MG-145, anti-LC2P-MG-145 
and anti-LCP3-MG-145 BR10.BR mouse serum at a dilution of 1:100. 

peptides corresponding to the immunodominant 141-160 sequence of VP1 to determine 
which substitutions are important with regard to antigenic specificity [3]. We have 
cyclized a peptide containing the 141-160 sequence via a disulphide bridge (cyclic-F5) 
and also incorporated F5 (141GSGVRGDFGSLAPRVAR QL160PC) to the LCP system 
(LCP-F5, n=ll , m=3, r=7, s=8) and examined the immunogenicity of the compounds. 
LCP-F5 was administered without the use of any adjuvant, while the linear and cyclic 
forms of F5 were administered with Freund's adjuvants. LCP-F5 proved to be more 
immunogenic alone than the linear and cyclic peptides in Freund's adjuvants. 

In summary, we have developed a novel vaccine adjuvant/carrier system which may 
be used to greatly enhance the immunogenicity of any potential peptide/vaccine epitope. 
Main advantages of the system are: (i) highly specific antibodies produced in high titres 
without the use of toxic adjuvants, (ii) vaccine and carrier are contained in a known 
molecular entity and can be synthesised easily in one complete step, using standard 
peptide synthetic protocols, (iii) compounds can be easily stored in a solid, stable form. 
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Introduction 

Tumor cell cytolysis has been associated with the action of the relatively small group of 
proteins, produced mainly by specialized killer cells. At the same time, a great number 
of substances, including the exogenous ligands of acetylcholine [1, 2], opiate [3] and 
tachikinine [4] receptors were demonstrated recently to induce cytolysis of tumor cells. 
To analyse the common pathways of cytolysis mediated by different substances we 
studied the cytolytic processes induced by a wide spectrum of peptides on different 
transformed cell lines. 

Results and Discussion 

Cytolytic activity of a large group of substances, including acetylcholine, opiate, and 
tachikinine receptor ligands was determined by Trypan blue inclusion method after 18 h 
of co-incubation with target cells . Cytolytic activity of each substance was examined in 
10'MO"15 M concentration range. The mechanisms of DNA fragmentation were studied 
by agarose gel electrophoresis. The activity of these substances was compared with 
TNF, a well-characterized cytolytic protein. All cytolytic substances induced 1-4 
discrete maxima of cytotoxicity, associated with different cytolytic processes, 
independently on cell line (Table 1). 

Cytolytic processes induced by neurotoxin II from Naja naja oxiana cobra venom , 
substance P and TNF were studied within 1-8 hours of incubation and compared with 
valinomycin and its analogs. Distribution of cytolytic processes mediated by specific 
receptor-targeted substances differed significantly from the parameters of processes 
induced by peptides with non-receptoric action, valinomycin and its analogues. By use 
of the approach described we have obtained the following results: 

1. Cytolysis of tumor cells can be induced by a wide spectrum of biologically active 
substances, acting through different receptor systems. 

2. Comparative analysis of cytolytic processes induced by receptor-active and 
membrane-active (valinomycin and its analogs) peptides demonstrated significant 
differences in the mechanisms of cytolytic processes. At the same time cytolytic 
processes induced by receptor-active agents display a number of common characteristics 
for various cell lines. 
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Table 1. Cytolytic processes induced at K562 (erythroid leukemia) and L929 (murine fibroblasts) 
tumor cells". 

Substance 

Neurotoxin II 
(Naja naja oxiana) 

Carbamylcholine 

Tubocurarin 

Atropine 

Neurotoxin II 
(carboxymethylated) 

Tumor Necrosis 
Factor 

Met-Enkephalin 

Valorphin 

Neokyotorphin 

TSKY 

Substance P 

Cell 

line 

K562 
L929 

K562 

K562 

K562 

K562 
L929 

K562 
L929 

K562 

K562 

K562 

K562 

K462 
L929 

IO"6 

29A 
0 

18A 

4 

8 

6 
4 

IO"7 

11 
15A 

1 

18A 

10 

2 
0 

10A 6 
1 25A 

-

-

-

-

6 
3 

4 

7 

4 

15 

13 
2 

IO'8 

2 
1 

1 

8 

27A 

0 
0 

4 
13 

4 

C 

IO"9 

8 
1 

2 

4 

13 

0 
0 

14 
2 

4 

ION 7 

4 

16 

17A 
1 

2 

5 

2 

o n c e n t r a t i o n 

IO"10 

10A 
2 

1 

11 

11 

0 
0 

16 
24 

7 

1 

1 

0 

3 
1 

IO"" IO"'2 

. 11 3 
18 2 

31A 2 

26 A 12 

24A 10 

0 0 

22N 12 
33A 12 

4 6 

2 12N 

1 0 

11 16 

6 11 
4 6 

IO"'3 

(M) 

IO"14 

16A 23 
1 1 

1 

1 

13 A 

0 

4 
34 

9A 

3 

0 

27 

18A 

10 

L 1 1 

0 

IO"15 IO"16 

22A 6 
5 12A 

10 1 

21A -

12A 3 

0 0 

1 20N 18 
38A 30 50A 

7 

3 

0 

13 

26A 4 
12A 4 

15A 2 

1 0 

0 

23 -

2 6A 
17A 11 

IO"17 

2 
. 1 

0 

-

-

0 

1 
10 

0 

-

-

-

0 
1 

" The reproducibility of results was tested in 10-15 experiments. The average deviation of results 
was < 3 %. Reliability of data obtained determined by Student's impaired t-test was P < 0.05. The 
maximal values of cytolytic activity are printed in bold. The mechanisms of DNA fragmentation 
are marked as A - apoptosis or N - necrosis. 

The data obtained allowed us to develop screening criteria, which were used for 
further identification of biologically active peptides in lung extract. Low molecular 
weight fraction of acid extract of rat lung was separated by RP-HPLC and more than 140 
components of this fraction were studied for cytotoxicity. About 12 % of isolated 
peptides induced specifically cytolysis of tumor cells. The amino acid sequences of nine 
peptides were determined. Seven cytolytic peptides were fragments of unknown 
proteins. The structure of one of the inactive components was identical to neo-
kyotorphine (TSKYR), while its fragment (TSKY) was highly cytotoxic. 

The results obtained show that cytotoxicity test can be used as a powerful tool for 
identification of biologically active substances. 
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Introduction 

In attempts to develop artificial malaria vaccines, we have synthesized various, four-
branched peptides containing two different sequences. The immunogenicity of such 
large constructs is widely attested [1]. Our rationale for incorporating two sequences has 
been to enhance the immune response by providing T-cell epitopes or other targeting 
moieties along with a B-cell epitope. In this study, we focus on the antibody accessibility 
to epitopes of such constructs, using two B-cell epitopes, based on the circumsporozoite 
tandem repeat sequences of Plasmodium falciparum and a Plasmodium vivax-like variety 
of parasite [2]. The kinetics and equilibria of the binding of monoclonal antibodies to 
these epitopes were measured by means of a plasmon-resonance biosensor ("BIAcore", 
Pharmacia Biosensor) [3]. 

Results and Discussion 

The branched peptide shown in the inset of Figure IA, or linear peptides of the same 
sequences, were used as immobile ligands in the sensor cell. Mobile ligands were mAb 
"2A10" (specific for the NANP... branch) and mAb "VIV" (specific for the APGA... 
branch). Figure 1A shows detector traces for the association/dissociation of mAb VIV, at 
a series of concentrations. From the similarity of kinetic and equilibrium constants 
extracted from such data (KD's = 5 x IO"9), we conclude that antibody binding is not 
influenced by epitope presentation in branched or linear form. 

Figure IB depicts an epitope mapping experiment, which tests the ability of the two 
mAb's to bind independently of one another. Prior binding of 2A10 does not affect 
subsequent (additive) binding of VIV. However, prior binding of VIV does block access 
of 2A10 to its specific site. Because neither mAb binds to the other's epitope in linear 
format (data not shown), the interference seems to be steric. 
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Figure 1. A. Kinetics and equilibrium of VIV binding to a branched peptide (inset) in sensor cell. 
30/jl of antibody solution was presented at 5 fjl/min and 25". The number on each curve gives the 
molar concentration of mAb. Kinetic constants were extracted by least square fitting. B. Tandem 
binding of the same or different mAbs. Conditions were similar to those in panel A, but a single 
saturating concentration of mAb was used. 
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Introduction 

Conjugation of synthetic peptides to an artificial carrier has been applied to mimic 
protein-like globular structures for generating potent antigens or immunogens [1-3]. In 
this communication, we report on the design and synthesis of a new class of carriers in 
order to construct a novel Multiple Antigenic Peptide (MAP) system for potential disease 
treatment. To this end, the conformationally based (helical pattern) synthesis of a series 
of Sequential Oligopeptide Carriers (SOCs) formed by the Lys-Aib-Gly repeating unit 
has been successfully completed. Our goal is to provide carriers with a regular 
secondary structure, in which the antigens will not interact with each other, enhancing 
thus their original active conformation. 

Results and Discussion 

The sequential oligopeptide carriers (SOCs) have been synthesized step by step by solid 
phase on a Pam resin, followed by anchoring the antigenic peptides, also by solid phase 
(Figure 1). The a67-76 fragment (MIR, Main Immunogenic Region) of the acetylcholine 
receptor (AChR) has been chosen as the antigenic peptide to treat Myasthenia Gravis. 
This design resulted in increased antibody recognition and optimization of the antigenic 
peptide concentration for a specific immunogenic response, for antibody depletion and 
for growing antibodies as potential vaccine candidates. Binding capacity of MAPs-SOCs 
was found to be ten times more enchanced compared to MIR and MIR analogues, 
suggesting that attachment of MIR on die SOCs can generate potent synthetic antigens. 
The conformational characteristics of the MAPs-SOCs were analyzed by 'H NMR. The 
[Ala76]-MIR decapeptides bound to the SOCn showed a unique set of chemical shifts and 
NOE connectivities. This demonstrates that the [Ala76]-MIR peptides, when bound to the 
SOCn, are in the same magnetic environment, and probably do not interact with each 
other. Based on these preliminary biological immunoassays and conformational data we 
conclude that the helicoid pattern of our new class of SOCs favors the spatial orientation 
of the covalently bound antigenic peptides, so that potent antigens are efficiently 
recognized by the antibodies. 
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Figure 1. Schematic representation of the synthesis of the [A76] MIR MAPs-SOCs. 
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Introduction 

The hormone relaxin, structurally related to insulin, is a polypeptide with a molecular 
weight of 6000 - 7000 dalton, depending on the species from which it has been isolated. 
There exists significant structural homology between different species (e.g. man, rat, pig) 
and also between the human relaxin, insulin, IGF-I and IGF-II. The main production site 
for relaxin is the corpus luteum graviditatis. However, it is also produced, in low 
concentrations, in the corpus luteum of non-pregnant woman. Also, relaxin or relaxin-
like immunoreactive substances have been found in body fluids such as human milk and 
seminal plasma [1]. One of the main biological functions of relaxin is to facilitate 
delivery. The polypeptide inhibits the contractility of the myometrium and is responsible 
for the dilatation of the cervix. Besides these activities during pregnancy, the hormone 
seems to influence brain activity [2]. 

As a tool for the evaluation of the further biological relevance of hRLX-2, efficient 
specific antibodies are needed which are developed on the basis of prediction of 
antigenic sites [3] and experimental epitope mapping studies [4]. 

Results and Discussion 

In the present study, two polyclonal antisera against human RLX-2 are characterized. 
The specificity of the antisera and the antigen-antibody interactions are determined by 
theoretical and experimental epitope mapping studies and both chains of relaxin were 
examined separately. According to the antigenic index calculations for the whole 
sequence of hRLX-2 only one single highly antigenic site is predicted, covering the 
amino acid residues 15-18 of the a-chain. However, results gained from experimental 
epitope mapping studies, using two polyclonal antisera gave evidence for at least two 
different epitopes in both chains. As the results show, the isolation of monospecific 
antibodies with hexapeptides located in an antigenic site region (fixed to Tentagel®) is 
more efficient, than sepharose bound peptides of the identical sequences, as probably in 
the latter case the active interacting sites for antibody binding become hidden as a result 
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of unspecific coupling reactions. The determination of the specificity of the isolated 
antibodies against the native hRLX-2 was carried out developing a radioimmunoassay 
with l25J-labelled hRLX-2 as tracer. The described approach for gaining monospecific 
antibodies has several advantages compared to the production of monoclonal antibodies: 
i) polyclonal antibodies often have a higher affinity to the antigen compared to 
monoclonal ones, ii) the tedious development and production of monoclonal antibodies 
can be circumvented, and iii) several monospecific antibody populations might be 
isolated from one single antiserum. The highly specific antibodies, achievable with the 
described approach will be used as a new and valuable tool elucidating the recently 
discovered effects of relaxin on hypertension and tumor growth. 
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Figure 1. Epitope mapping of relaxin, peformed with polyclonal antisera from rabbits against 
relaxin (on the left, rabbit 1); (on the right, rabbit 2); pins 1-18: hexapeptides of the a-chain; pins 
1-29: hexapeptides of the B-chain. 
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Introduction 

Human major histocompatibility complex class I molecules (HLA-I) bind endogenously 
processed self or viral peptides and present them to cytotoxic T cells. In the last decade, 
the direct association of peptides with the pocket-like structure of HLA-I has been 
demonstrated. The binding peptides generally consist of 8 to 10 amino acid residues [1] 
and two anchor residues are found within the peptide ligands [2, 3]. Previous studies 
showed that the anchors of self-peptides bound to HLA-B*3501 are at position 2 and the 
C-terminus [4]. We have recently developed an assay method suitable for screening 
large numbers of peptides by using flow cytometry with RMA-S cells transfected with 
HLA-genes [3]. The binding of peptides to HLA-I have been quantified by this assay 
system. The present paper will focus on highly efficient preparation of numerous 
peptides to refine anchor and non-anchor positions in the binding groove of 
HLA-B*3501. 

Results and Discussion 

Highly efficient preparation of ca. 200 peptides (8-12 AA) derived from virus proteins 
and their analogs was performed; ca. 120 peptides were binding peptides. Assembly of 
peptides was performed using a Shimadzu Model PSSM-8 [5]. C-terminal Pro-X 
peptides were easily obtained without special techniques and materials [6]. Fmoc amino 
acids were initially dissolved and pipetted into the amino acid station and pre-activated 
with HBTU. The rapid protocol with 10 min coupling times was employed. The 
peptides were obtained after simultaneous multiple cleavage followed by precipitation 
from ether. The crude peptides were characterized as good quality material by RP-HPLC 
and LSIMS or MALDI-TOF and used for the assay without further purification. The 
binding affinity was compared to that of self-peptide 37F (LPFDFTPGY) as described in 
[3]. A quantitative and statistic residue-pocket analysis at anchor and non-anchor 
positions was performed. 
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Amino acids were classified into four binding affinity classes and assigned ranks 
with a score of high (score 3), medium (score 2), low (score 1) and non-binders 
(score 0), respectively. Mean binding rank was calculated based on the score of each 
peptide. For these quantitative assays, the purity of the peptides is very important. We 
have also prepared peptide-mixtures (16 peptides with different sequences were 
contained in one synthesis column). However, this approach was not suitable for fine 
tuning of the binding characteristics. The binding of the octa-peptides was weaker than 
peptides with 9-12 amino acids, while these have similar affinity. Evaluation of binding 
affinity to HLA-B*3501 at position 9 of ca. 120 nona-peptides indicated that the side-
chain aromatic ring (Tyr, Phe) at position 9 contributes more strongly to binding than 
aliphatic hydrophobic residues (Leu, Ile, Met), hence Tyr 9 showed the highest binding 
affinity, as previously found [7]. Position 2 renders another anchor for Pro. These 
residues were confirmed as a minimum requirement for binding. We have statistically 
analyzed binding characteristics in non-anchor positions (1 and 3-8) of nona-peptides to 
the HLA-B*3501. Positive and negative effects of non-anchor positions of nona-peptides 
was evaluated using ca. 120 peptides. The mean binding rank of each peptide was 
calculated using a Mann-Whitney U-test. Positive and negative effects on the binding 
between peptides and the above HLA molecules were determined and are summarized in 
Figure 1. Positive effects on the binding were found in amino acids with aliphatic side 
chain at positions 3 and 7, and in residues with side chain OH or SH groups at position 4. 
On the other hand, negative effects were observed in the non-bulky residues at the 
N-terminus and positively charged residues at positions 3, 5, and 7. Hence, each pocket 
fits, favors, or disfavors these residues. As the hydrogen-bond plays a crucial role for 
binding in the A-pocket of HLA-B'3501, non-bulky residues listed in Figure 1 do not 
form a suitable hydrogen-bond with Try of the A-pocket. Since position 4 is considered 
an auxiliary anchor [7], the present findings indicate that hydrophilic residues are favored 
at this position. 

For the consideration of positive and negative effects, binding of nona-peptides to 
HLA-B*3501 was re-evaluated. Each residue was given a score of+1 for positive and -1 

A B D 
Pocket Pocket Pocket 

N 

H 

C,F 
Pocket 

9 

Anchor 
Tyr, Phe 
Leu, Ile, 
Met 

Figure 1. Refined HLA-B'3501 binding motif for nona-peptides. Hatched residues in the lower 
panel are associated with low affinity to HLA-B'3501 and residues in the upper panel enhance 
binding to HLA-B'3501. 
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for negative effects, so that the total score of each peptide indicated enhancement or 
reduction of binding. The ratio of HLA-B*3501 binding peptides was increased to more 
than 80% in peptides scoring more than 1, while that was decreased in peptides scoring 
less than -1. Thus, binding can be predicted by the positive and negative effects of 
non-anchor residues at positions 1, 3, 4, 5 and 7. In contrast with studies of peptide-
binding to HLA-A2.1 by Ruppert et al. [8], the present studies with statistical analysis of 
the binding characteristics demonstrate that all residues corresponding to pockets play a 
prominent role in peptide binding to HLA-B'3501 and that a residue, which does not 
directly interact with pocket-residues, can play a dominant role in binding. 
Consequently, the refined binding motif of HLA-B35 will improve the efficiency of 
peptide epitope screening and provide new insight into interactions between HLA class I 
molecules and peptides. 
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Introduction 

Hen lysozyme has been widely used as a model for studies of folding pathways and has 
been intensively studied using biophysical techniques such as mass spectrometry, 
hydrogen exchange pulse labelling and stopped-flow CD and fluorescence. A detailed 
folding pathway has been proposed [1] involving alternate folding routes and the 
presence of distinct folding domains of lysozyme (the a- and f}- domains). The 
formation of a collapsed state within 5ms of refolding has been proposed based on the 
fact that deconvolution of the far UV CD suggests the presence of a native-like 
secondary structure content [2], that ANS fluorescence is enhanced most strongly at the 
earliest measurable time following initiation of folding and that the intrinsic Trp 
fluorescence of the states present at this time is resistant to quenching by iodide ions [1], 

Peptide models have been used widely to study the folding pathways of proteins. 
The helical [3] and (J-hairpin regions [4] of some proteins have been shown to have 
tendencies to form native-like structural elements even in isolation. The absence of the 
remainder of the protein in such peptides prevents acquisition of the native conformation 
in a co-operative manner and makes it possible to monitor the intrinsic conformational 
preferences of the sequence and to simplify the structural analysis of early folding 
intermediates. It has been proposed that the local conformational preferences of the 
peptides might play a very important role in the initiation of folding and in guiding the 
subsequent search of native-like conformational space. In this report, we describe 
studies by NMR and CD on several peptides from lysozyme to enable us to map possible 
folding initiation sites and model the eilrly folding events in the lysozyme folding 
pathway. 

Results and Discussion 

Four peptides encompassing the entire amino acid sequence of hen lysozyme have been 
examined by far UV CD, and shown to have different conformational preferences in 
water [5-7]. In contrast to their similar helical contents in the native protein, two 
peptides from the a-domain in aqueous solution have very different structural 
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preferences. Thus, the peptide encompassing lysozyme residues 84-129 (Ac-LSSDITA 
SVNAAKKIVSDGNGMNAWVAWRNRC(Acm)KGTDVQAWIRGCRL-C02H), which 
contains the C (88-99), D (108-115) and the C-terminal 310 (120-125) helices of the 
native structure, has been studied in detail using NMR and CD. Short peptides spanning 
each of the helices were also investigated. Within peptide 84-129 itself, regions which 
have remarkably different conformational preferences are observed. The first 21 residues 
appear predominantly unstructured, as judged by the small differences between observed 
CaH shifts and random coil values and the lack of medium range NOEs. Residues in the 
helix-D region of the peptide 84-129, however, display dramatically up field shifted CaH 
chemical shifts, a large number of medium range NOEs characteristic of helical structure, 
and three consecutive residues (Ala-110, Trp-111 and Arg-112) have 3JHNa coupling 
constant values smaller than 6 Hz suggesting that they exist in a helical conformation. 
Finally, CaH chemical shifts and NOE patterns suggest that residues in the 310 helix 
region also are helical in the long peptide. 

Interestingly, the peptide 84-129 binds ANS with a concomitant large increase in 
fluorescence, suggesting that a significant hydrophobic surface exists in this peptide. 
This may arise from the interaction between the two structured regions revealed by the 
NMR studies, although there is no direct evidence that this is the case. We suggest, 
however, that a very early folding intermediate involving hydrophobic interactions within 
the D and 3' "-helices of lysozyme might serve as an initiation site in the folding of the 
intact protein. 
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Use of Retro-inverso Pseudopeptides for Mimicking 
Antigenic Sites and as Potential Synthetic Vaccines 

G. Guichard 

Institut de Biologie Moleculaire et Cellulaire, UPR 9021 CNRS, 
15 rue Descartes, F-67084 Strasbourg Cedex, France 

Introduction 

Peptides have been shown to be particularly attractive in the design of potential 
synthetic vaccines. However, they are usually poorly immunogenic and the extent of 
cross- reactivity between the peptide and the epitopes of virus particles is often very 
limited. Another major problem limiting the use of peptides as vaccine is their 
instability. Pseudopeptides, because they are more stable to proteolysis could be a 
useful alternative to peptides as immunogens. 

To study the usefulness of this approach, we have first characterized the antigenic 
and immunogenic properties of a retro-inverso analogue of a model hexapeptide of 
sequence IRGERA corresponding to the C-terminal residues 130-135 of histone H3 [1, 
2]. The retro-inverso analogue which contains NH-CO bonds instead of natural peptide 
bonds was found to mimic the antigenic and immunogenic properties of the parent 
L-peptide [3]. This result prompted us to analyze the potential of retro-inverso peptides 
as possible candidate vaccines using as model the immunodominant epitope of foot and 
mouth disease virus (FMDV) located in residues 141-159 of the surface protein VP1. 

Results and Discussion 

We synthesized end group modified retro-inverso analogues of two synthetic peptides 
corresponding to two variants of serotype A, subtype 12 which differ only at position 
153 (Table 1). A close mimicry of the COOH-terminus was achieved by using a 
malonate derivative which was incorporated into the peptide chain as a racemate, 
thereby generating a pair of diastereoisomers which could be separated by HPLC. The 
more rapidly eluted retro-inverso isomer was labelled Rla and the other one Rib. 

Table 1. Sequences of the parent peptides and retro-inverso analogs of two FMDV variants. 

Name Sequences (lower case letters indicate D-amino acids.) 

FP [Cys]140FP(141-159) C-G,41-S-G-V-R-G-D-F-G-S-L-A-P-R-V-A-R-Q-L159 

variant Rla- and Rlb-peptides HO-m(R, S)Leu-q-r-a-v-r-p-a-l-s-G-f-d-G-r-v-G-s-G-c-NH2 

FL [Cys],40FL(141-159) C-G-S-G-V-R-G-D-F-G-S-L-A-L-R-V-A-R-Q-L 
variant Rla- and Rlb-peptides HO-m(R, S)Leu-q-r-a-v-r-I-a-l-s-G-f-d-G-r-v-G-s-G-c-NH2 
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The capacity of guinea pig antisera to intact FMDV particles, VP1 protein and 
parent peptide of variant FP and FL to recognize the corresponding Rla, Rib and 
L-peptide was also tested in ELISA. The retro-inverso peptides reacted as strongly as, 
or sometimes even better than, the L-peptides in these assays. 

Antibodies to retro-inverso peptides were produced by injecting rabbits with 
pseudopeptides covalently coupled to small unilamellar liposomes containing mono
phosphoryl lipid A as adjuvant. A long-lasting antipeptide IgG response was obtained 
and antibodies were shown to strongly cross-react with the parent L-peptide [3]. 

Futhermore, the ability of the various anti-retro inverso analogues sera to recognize 
intact FMDV particles was tested. (Figure 1). 

5 10 15 

VIRUS ng/ml 

20 25 

Figure 1. Inhibition of the ELISA reaction between rabbit antisera to FMDV (variant FP) 
peptides and FP-RIb peptide BSA conjugate (2pM) by increasing concentration of FMDV 
(variant FP). (O): antiserum to L-peptide; (9): antiserum to Rib peptide. Antisera were diluted 
1:32,000. 

As shown in Figure 1, antibodies to the Rib peptide recognized intact FMDV 
particles as well as did the L-peptide which suggests that retro-inverso peptides may be 
useful reagents for inducing a neutralizing anti-viral response. 
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The Effects of Different Salts on the Role of Interhelical 

Electrostatic Repulsions in the Stability of Two-stranded 
a-Helical Coiled-coils 
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Introduction 

Model two-stranded a-helical coiled-coils have proven useful for studying the principles 
of protein folding and stability involving both interchain and intrachain interactions [1]. 
The coiled-coil motif is characterized by a heptad repeat denoted as abcdefg, where 
positions a and d are occupied by hydrophobic residues and positions e and g by charged 
residues. Interchain electrostatic interactions between residues at the e and g positions 
have been shown to be important for determining coiled-coil dimerization specificity and 
stability [2, 3]. We have previously shown that an interchain i - i'+5 Glu-Glu repulsion 
between position g of one helix and e' of the other destabilizes the coiled-coil by 0.45 
kcal/mol [4], In this study we demonstrate the abilities of different salts to modulate the 
effects of these interchain electrostatic repulsions on coiled-coil formation and stability. 

Results and Discussion 

A native 35 residue peptide (denoted as Nx, Table 1), which contains no interchain or 
intrachain electrostatic interactions and contains neutral Gln residues at all the e and g 

Table 1. Sequences of the synthetic peptides used in this study*. 

Peptide Interface 
Name Charge 

Amino Acid Sequence 

10 15 20 25 30 3S 

Nx 

E4x 

E6x 

E8x 

ElOx 

0 

- 8 

-12 

-16 

-20 

g a b c d e f g a b c d e f g a b c d e f g a b c d e f g a b c d e f 

Ac -Q-C-G-A-L-Q-K-Q-V-G-A-L-Q-K-Q-V-G-A-L-Q-K-Q-V-G-A-L-Q-K-Q-V-G-A-L-Q-K -amide 

Ac IB 

Ac 

C-G-A-Lf] 

C-G-A-L 

C-G-A-L 

B C-G-A-L 

V-G-A-L 

V-G-A-L 

K-Q-V-G-A-L-Q-K-Q-V-G-A-L-Q-K-Q-V-G-A-L-Q-K-amide 

KlB-|V-G-A-Lf-ETK-Q-V-G-A-L-Q-K-Q-V-G-A-L-<)-K-amide 

de 

de 

V-G-A-L B K B V-G-A-L B Kfflv-G-A-LfBJK-Q-V-G-A-L-Q-K-amid 

V-G-A-L B_ K B V-G-A-L B_ Kiyv-G-A-LilBJK^Ejv-G-A-LgjK-amid 

*The mutants are named according to the number of Glu substitutions for Gln (shown in boxes) at 
the e and g positions of the heptad repeat. All peptides contain a Cys residue at position 2, 
allowing formation of an interchain 2-2' disulfide bridge, designated by an x in the peptide name. 
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positions, forms a stable two-stranded coiled-coil in benign 0.1M KCI, 50mM P04, pH 7 
buffer with molar ellipticity at 220 nm [0]22O = -32000 deg-cmVdmol. A series of analogs 
with varying numbers of substitutions of Glu for Gln were synthesized, leading to coiled-
coils with a systematic increase in interchain repulsion. This correlated with a gradual 
loss of both helical content and stability as determined by urea denaturation studies. 

The salts KCI and LaCl3 both induced greater helical structure in the peptides. Thus, 
ElOx, which displayed little helix in benign buffer [8]220 = -1500, was induced to a 
maximum helical content of-28000 by addition of 2 M KCI while -33000 was obtained 
with only 50 mM LaCl3. These salts also had dramatically different effects on the 
stability of the series of coiled-coils Nx - E8x as indicated by the urea denaturation 
profiles (Figure 1). While a high concentration of KCI was capable of overcoming the 
effects of interhelical charge repulsion on helical content, it could not overcome the 
effects of the repulsions on the apparent stability as indicated by the significant 
difference in the midpoints of the urea denaturation profiles ([Urea]1/2, Figure IA). In 
contrast, LaCl3, present at only 50 mM fully suppressed the effects of interchain 
repulsions on coiled-coil stability as shown by the identical [Urea]m values (Figure IB). 

These results indicate that KCI cannot effectively mask interchain repulsions, but at 
high concentration can induce coiled-coil formation through the promotion of a greater 
hydrophobic effect. This greater hydrophobic effect is evident in the increase of the 
[Urea]1/2 value of Nx from 6 M in low salt (0.1 M KCI) to 8.4 M in the high salt (3 M 
KCI) conditions of Figure IA. LaCl3 masks the effects of repulsions on both structure 
and stability at low concentrations. There appears to be direct interaction between La3+ 

ion and the charged Glu side-chains of the coiled-coils, which does not occur with K+. 

•D 
V 
•a 

c 
o 

o 
a 

2 4 6 8 

[Urea] (M) [Urea] (M) 

Figure 1. Urea denaturation profiles at 20°C and pH 7. A, 50 mM P04, 3 M KCI buffer (ionic 
strength, p = 3). B, 20 mM imidazole, 100 mM KCI, 50 mM LaCl3 buffer (p = 0.3). Fraction 
folded was determined from the molar ellipticity at 220 nm [4j. 
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Use of Topographical Modifications of Peptides to 

Examine Biological Mechanisms such as Prolongation 

C. Haskell-Luevano1, L.W. Boteju1, H. Miwa2, C. Job1, F. Al-Obeidi1, 
I. Gantz2, M.E. Hadley3 and V.J. Hruby1 
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Tucson, AZ 85721, USA 

2 University of Michigan Medical Center, Ann Arbor, MI 48109, USA 

Introduction 

cc-Melanotropin (Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2) is 
recognized for its role in skin darkening and has been the target of extensive structure-
function studies for several decades. These analogues have been bioassayed to monitor 
relative potency and in some cases to examine a biological phenomena termed 
"prolongation," or residual activity. This phenomena of prolongation has been shown in 
our laboratories not to directly correlate with relative ligand efficacy, receptor 
specificity, ligand potency or enzyme stability. Therefore, peptides possessing this 
desired property could not be previously designed. We have designed and synthesized 
peptides incorporating the four isomers of P-MeTrp at position nine in a superpotent 
monocyclic peptide template [1,2]. These peptides have exhibited differences in their 
topographical structure and ability to produce prolonged biological activity. 

Results and Discussion 

The peptides based on the template^ cyclo(Asp5,Lys'°)Ac-Nle4-Asp5-His6-DPhe7-Arg8-
P-MeTrp9-Lys'°-NH2 [1, 2] exhibited remarkable differences in their ability to maintain 
prolonged biological activity (Figure 1 next page). Table 1 (below) lists bioassay results. 
To further study the mechanism(s) that may be responsible for prolongation, dissociation 
properties from the melanocortin receptor, hMClR [3, 4], were examined. These results 

Table 1. Biological results of the B-MeTrp-containing cyclic a-MSH(4-10) analogs. 

Isomer 

(2R,3R) P-MeTrp 
(2R,3S) p-MeTrp 
(2S,3R) P-MeTrp 
(2S,3S) p-MeTrp 

Frog Skin 
EC50(nM) 

0.30 
0.06 

28.60 
0.44 

Binding 
IC50(nM) 

2.00 
3.00 

15.00 
0.50 

hMClR 

cAMP 
EC50(nM) 

0.40 
1.00 
3.00 
0.30 

% Ligand Bound 
after 4 hours 

27 
16 
12 
72 
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Prolonged 

(2R.3R) 

(2S.3R) 

(2S.3S) 
" i i r 
60 90 120 

Time (Minutes) 

Figure 1. Prolongation properties of cyclo(Asp,Lys)Ac-Nle-Asp-His-DPhe-Arg-B-MeTrpi'-Lys-
NH'2 peptides. 

show that after the ligands have been removed from the assay medium for 4 hours, the 
(2S,3S) P-MeTrp-containing peptide remained 72% bound to the receptor. Remarkably, 
the relative dissociation rates (t'A) observed for the peptides were of the order of hours. 
Conformational and topographical studies by 'H NMR showed that the peptides possess 
similar peptide backbone conformations, with the primary structural differences 
occurring in the sidechain %1 rotomer populations (Table 2). 

Table 2. Major sidechain rotomer population of the message residues in the B-MeTrp containing 
peptides. 

Isomer DPhe Arg P-MeTrp 

(2R,3R) P-MeTrp 
(2R,3S) p-MeTrp 
(2S,3R) P-MeTrp 
(2S,3S) P-MeTrp 

trans 
gauche (+) 
trans 
trans 

trans 
trans 
trans 
trans 

gauche (+) 
gauche (+) 
trans 
gauche (-) 

We conclude from these studies that the topography of the message residues DPhe-Arg-
P-MeTrp, are responsible for the slow dissociation rates (hours) from the melanocortin 
receptor and that these topographical features can modulate prolonged biological 
activity. In addition, these results suggest that topographical modifications can be 
designed into compounds destined for clinical applications to also possess prolonged 
biological activities. This study was supported by a grant from the USPHS. 
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Synthesis of 3- and 4-Mercaptoproline-containing Peptides 

Directed Toward Peptidomimetic Design 

S.A. Kolodziej1 and G.R. Marshall2 
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2Centerfor Molecular Design, Washington University, 

St. Louis, MO 63130, USA 

Introduction 

The synthesis of conformationally constrained analogs of biologically active peptides 
plays an important role in the study of peptide-receptor interactions. We have found that 
3- and 4-mercaptoprolines are useful synthetic tools for introducing conformational 
constraints [1-4]. Replacement of a Cys or Hey residue in a cyclic disulfide peptide by 
mercaptoproline results in a highly constrained bicyclic analog [1-3]. Alternatively, 
alkylation of mercaptoproline generates a constrained sidechain analog of an amino acid 
[4]. The introduction of a sulfur atom onto the pyrrolidine ring of proline generates an 
additional chiral center, thus cis and trans diastereomers are possible for both 
3-mercaptoproline (3-MPc and 3-MPt) and 4-mercaptoproline (4-MPc and 4-MPt). 
Therefore, it is essential to have access to peptides containing all possible stereoisomers 
to completely assess the effect of substitution mercaptoproline at a given position. 

Results and Discussion 

We have previously reported synthetic routes to 4-MPt/c derivatives as pure enantiomers 
and 3-MPt/c as racemic mixtures [3, 4]. We now report a stereoselective route to the 
3-MPt/c derivatives 1 and 2 based on the previously reported approach to 4-MPt/c 
(Scheme 1). The c/s-3-hydroxyprolinol 3, reported by Joullie and coworkers [5], was 

O-TBDMS 1)H"°< OH S-Ac _S-p-MeBzl 
/ 2) TMS-CHN2 / AcSH, DIAD .-- a-Br-p-xylene 

I \ 3.) TBAF I \ O PPh3.THF / \ O NaOH, MeOH I \ o \,S \>^ —- s/^ \H 
Bcc 0 H Boc 0 M e Bj» ° M e

 B J » ° H 

3 4 5 1 
1.)HC02H/DIAD/PPh3 I 
2.) NaOH, 0°C j 

PH . , . „ , , .S-p-MeBzl __ ^S-p-MeBzl 

O 
? 1.) AcSH. DIAD f 1,)4NHCI . / 

Q o ^ 3 , T H F | Q n _ ^ u x _ f - ^ J 

N \ 2.) a-Br-p-xylene N \ 2) BocjO N \ 
I OMe NaOH, MeOH J OMe „ l OH 

Boc Boc Boc 

Scheme 1. Stereoselective route to 3-MPt/c derivatives. 
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readily converted to 4 in three steps with an overall yield of 68%. Reaction of 4 with 
thiolacetic acid under Mitsunobu conditions yielded thiolacetate 5, which was converted 
to 1 in a one-pot transformation with an overall yield of 49%. Epimerization of 4 and 
further transformation as described for 1 yielded 7. Cleavage of the methyl ester 
required an acidic hydrolysis, which also resulted in loss of the N-Boc group. 
Reprotection with Boc20 afforded 2 in an overall yield of 19% from 3. 

We have previously reported the use of 3- and 4-MPt/c derivatives in the SPPS of 
analogs of bradykinin [1], ATII [2], and CCK [4]. Replacement of Met2 in Ac-CCK4 by 
3- and 4-alkylthioprolines yielded several potent CCK-B selective analogs. In an 
effort to obtain a CCK-A selective analog, the four stereoisomers of Ac-CCK4[3-
mercaptoproline2] were alkylated with a 2-ethyl otoluyl urea (ETU) moiety, based on 
the CCK-A agonist Boc-CCK4[Lys(Tac)2] reported by Shiosaki et al. [6]. Only one 
stereoisomer, Ac-CCK4 [L-3-MPc(ETU)2], showed high affinity for the CCK-A receptors 
(IC50 = 16 nM). However, this analog proved to be an antagonist in functional assays. 
The implications of this analog for the CCK-A receptor-bound conformation will be 
published elsewhere. We have also used 3-MPt to design constrained analogs of CCJC, 
that bind with high affinity at 8-opioid receptors using a model of the receptor-bound 
conformation of DPDPE-[7]. This study demonstrates the possibility of using three-
dimensional models as templates for rational drug design. Also, an additional analog, 
DPDPEtL-3-MPt5], was synthesized based on these results and shown to possess high 
affinity for the 8-opioid receptors (K,=3.5 nM). Conformational analysis of this analog is 
reported in these proceedings [8]. 
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Introduction 

For the past several years, an important advance in peptide chemistry has been the 
development of chemical ligation approaches using unprotected peptide segments as 
building blocks. Among these, particularly promising are those methods that utilize the 
proximity-driven intramolecular acylation as an alternative for the formation of peptide 
bonds [1-3], a principle first put into practice by Kemp et al. [1]. Using such 
approaches, the intrinsic entropic barrier of the intermolecular peptide bond-forming 
process is bypassed and the need of protection avoided due to the high chemoselectivity 
and regiospecificity of the reactions involved. We previously introduced a ligation 
method using an acyl glycolaldehyde ester for the capture with an Na-Cys-peptide and 
0,N-acyl transfer to generate a proline-like structure at the ligation site [2]. This 
approach has been successfully applied to the syntheses of several active analogs of the 
HIV-1 protease through ligation at an Xxx-Pro bond. Recently, we designed a new 
method in which the key step is the specific capture of the Ca-thiol carboxylic acid of the 
first peptide by the activated side chain thiol of the Cys residue of the second peptide, 
bringing the two reacting groups engaged in peptide bond formation into close proximity 
to allow fast intramolecular acylation through a 6-member ring transition state. The 
resulting S-sulfhydryl (S-SH) is then removed by reduction to give the native Cys residue 
at the ligation site (Figure 1). 

Results and Discussion 

The first capture step involves a well-established and documented reaction which has 
been widely used for the formation of unsymmetrical disulfides in peptide synthesis. The 
subsequent intramolecular acylation involving a 6-member ring intermediate is an 
extremely fast reaction and has not been exploited so far for peptide bond formation. 
Model studies showed that reaction of Z-Gly-SH with Tfa-H-Cys(Npys)-Ala-OMe at pH 
5-7 gave immediately Z-Gly-Cys(SH)-Ala-OMe. The intermediate acyl-disulfide was 
not detected because of the high rate of rearrangement. Z-Gly-Cys-Ala-OMe with a free 
SH was easily obtained by treating Z-Gly-Cys(SH)-Ala-OMe with DTT or trialkyl 
phosphine with release of H2S. It is worthwhile to emphasize the high efficiency of this 
ligation scheme. In our syntheses of moderate to large peptides, we found that the 
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Ofc.c 

H2N 

1 » ' * 7 b ~ \ i 1 C a P t u r e I 1 " ^ S " S 1 , 
Peptide 1 -OSH + ) ~ \ Peptide 2 - Peptide 1 -Cy 3-Peptide2 

H0N -HX v-X I 

I Intramolecular 
acylation 

Peptide 1 
HS-, 

•CONH-HPePt ide 2 
D1TorPR3 

-H,S 

HS-S 
Peptide 1 -CONH Ir Peptide 2 

(Scm) x = 0 2 N - ^ - S (Npys) or CH30-C-S 

Figure 1. A chemical ligation scheme involving intramolecular acylation. 

reaction of a thiol carboxylic acid with a Npys-or Scm-modified thiol was extremely fast 
and completed almost instantly upon mixture of two components even at pH as low as 
1.5-2, while the molar concentrations of two components were in the micromolar range. 
This high reactivity is due both to the activated feature of a disulfide formed with the 
Scm or Npys group and to the low pKa value of the thiol carboxylic acid. For the intra
molecular acylation, its efficiency is due to first, the close proximity of the cc-acyl and 
a-amine and second, to the activation of the a-acyl carbonyl once the acyl disulfide was 
formed. The final reduction step was indispensible to afford the native Cys residue at the 
end of synthesis. Another interesting property of the S-SH product after rearrangement 
was its tendency to form tri- and tetrasulfides through disulfide exchange and oxidation. 
However, these side products had no effect on ligation yield since they were all 
converted to the desired Cys product upon reduction. The efficiency and specificity of 
this strategy makes it an attractive approach for the synthesis of proteins involving 
ligation of very large unprotected peptide segments of which relative low molar 
concentrations are expected. Although it is strategically close to the thiol-capture 
scheme developed by Kemp et al. who used a tricyclic dibenzofuran template to mediate 
the 0,N-acyl transfer [1], our scheme does not use a template, and is therefore a 
thiol-capture strategy in the simplest form. 
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Introduction 

Directing peptide drug transport toward the paracellular pathway as a means to improve 
their oral absorption has recently gained interest due to the low enzymatic activity in the 
intercellular space. Previous studies have revealed that 4-phenylazobenzyIoxycarbonyl-
Pro-Leu-Gly-Pro-D-Arg (Pz-peptide), which was highly susceptible to intracellular 
collagenase action in the rabbit descending colon, penetrated exceedingly well there 
without the use of penetration enhancers and protease inhibitors [1]. It was hypothesized 
that this pentapeptide facilitates its own penetration by loosening the tight junctions 
between epithelial cells. The present study has three aims: (a) to demonstrate that 
Pz-peptide penetrates the colonic mucosa by a para- cellular mechanism, (b) to identify 
the cellular locus where Pz-peptide acts to facilitate paracellular transport, and (c) to 
elucidate the intracellular cascade of tight junctional opening elicited by Pz-peptide. 

Results and Discussion 

Pz-peptide at 3 mM induced 2 fold and 1-7-fold increase in the transport of paracellular 
marker mannitol (MW = 180, 3.6 A) and FITC-dextran 4,000 (FD-4, MW = 4,000, 14 
A), respectively, in the rabbit descending colon. Furthermore, the effect of 3 mM 
Pz-peptide on junctional permeability was only observed from the mucosal to serosal 
direction as indicated by a 26% decrease in transepithelial electrical resistance (TEER), a 
measurement of paracellular permeability, in intestinal epithelial cell monolayers Caco-2. 

Electrogenetic Na+ absorption in the rabbit colon is known to be mediated by 
amiloride sensitive Na+ channels on the apical membrane [2]. Expansion in the 
junctional dimension occurs when water flow across tight junctions is enhanced by 
increasing Na+ influx into the cell [3]. It was hypothesized that Pz-peptide may activate 
Na+ channels, resulting in solvent drag, thereby enhancing junctional permeability and 
transport of paracellular markers. This possibility was supported by reversal in 
enhancement in permeability of hydrophilic markers and decrease in Pz-peptide transport 
by an apical Na+ channel blocker amiloride or removal of Na+ ions from the mucosal 
solution in the descending colon (Table 1). We hypothesized that Pz-peptide enhanced 
paracellular permeability by activation of Na+ transport followed by a rise of intracellular 
Ca2+, [Ca2% mediated by inositol 1,4,5-triphosphate (IP3). This hypothesis was 
supported by 3 mM Pz-peptide-induced increase in IP3 and [Ca2+]; (Figure 1). 
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Table 1. Modulation of Na* ions on Pz-peptide-induced increased in paracellular permeability 
(Mean ±s.d., n = 3. *: statistical significance atp < 0.05). 

Papp (E-06, cm/sec) 

Condition Mannitiol 

Control 2.16±0.14 
3 mM Pz-peptide 4.42±0.27* 
3 mM Pz-peptide (+) 10 p.M Amiloride 2.13±0.07 
3 mM Pz-peptide (+) Na+-free buffer 2.15±0.12 

f 
Control ^ ^ 

i^^^^^^^^^^^HB » 
(+) 10 uM Amiloride ^ ^ H 

(+) 0.1 mM Neomycin ^ ^ ^ H 

(+) 0.1 mM GDPBS P H I A 

0 20 4 
pmoles IP3 

0 ( 

//A 
////////,< /n 
//* 

771 
i 

) ISO 

nM ICa2H 

FD-4 

0.19±0.05 
0.36±0.01* 
0.22±0.08 
0.18±0.01 

* 

B 

300 

Figure 1. Effect of Na* transport inhibitor amiloride, PLC inhibitor neomycin and G-protein 
inhibitor GDPfiS on 3 mM Pz-peptide-induced release of peak IP3 (Plot A) and [Ca2+ji (Plot B) in 
the descending colon. Error bars represent S.E.M. for n = 3. Asterisks denote statistically 
significant difference from the control atp < 0.05. 

An increase in IP3 followed by stimulation of Na+ flux suggests a possible link between 
activation of Na+ channels and phospholipase C (PLC), a key enzyme responsible for IP3 

turnover, by Pz-peptide. This possibility was further confirmed by reversal in 
enhancement in IP3 and [Ca2+]; when Na+ channels, PLC and G-protein, guanine 
nucleotide-binding proteins known to modulate both PLC and Na+ transport were 
inhibited by amiloride, neomycin and GDPBS, respectively (Figure 1). 

In summary, investigation of intracellular changes of tight junctional opening elicited 
by Pz-peptide, for the first time, provides the link between Na+ transport and signal 
transduction-induced release of second messengers relative to alteration of tight 
junctional permeability to facilitate paracellular drug transport. 

Acknowledgments 

This work was supported in part by NIH grant GM52812, by Astra-Hassle AB 
Department of Drug Delivery Research (Molndal, Sweden), and Sandoz Research 
Institute Department of Drug Metabolism (East Hanover, NJ); and by the 1993 PMA 
Advanced Predoctoral Fellowship (WCY) and Gavin S. Herbert Professorship (VHLL). 

References 

1. Yen, W.C. and Lee, V.H.L, J. Control Rel, 28 (1994) 97. 
2. Schultz, S.G, Frizzell, R.A. and Nellans, H.N, J. Membr. Biol., 33 (1976) 351. 
3. Pappenheimer, J.R. and Reiss, K.Z, J. Membr. Biol, 100 (1987) 123. 

838 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Robert S. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

354 
Conformational Homogeneity and Solvent Effects 

in Cyclic Peptides 

R.K. Konat1, D.F. Mierke2, H. Kessler1 

'Institut fur Organische Chemie und Biochemie, Technische Universitat Munchen, 
85747 Garching, Germany 

'Gustctv H. Carlson School of Chemistry, Clark University, Worchester, MA 01610, USA 

Introduction 

Homochiral cyclic tetrapeptides had been recently found in marine organisms [1]. The 
NMR data of cyclo(-Pro-Phe-Pro-Phe-) indicate that it exists in multiple conformations. 
Therefore, the cis-trans-cis-trans conformation of similar molecules found in crystals [2] 
was not the only structure in solution. 

Results and Discussion 

We have synthesized slightly modified analogues of this peptide (replacing Phe by Tyr, 
Trp and DPhe or introducing DPro instead of Pro) and studied their conformation by 
NMR spectroscopy. The homochiral cyclic tetrapeptides can assess a surprisingly large 
conformational space. For cyclo(-Pro-Trp-Pro-Phe-) and cyclo(-Pro-TyrlBu-Pro-Phe-) 
three conformations are observed in DMSO solution (Figure 1). 

If a distinct structure is required, as in the case of quantitative structure activity 
relationships, the homochiral cyclic tetrapeptides should be avoided. Instead, we 
propose the use of modified derivatives with greater restrictions of conformational space, 
like cyclo(-DPro-Phe-Pro-Phe-) or cyclo(-Pro-DPhe-Pro-Phe-) [3]. Both peptides are 
excellent templates for the structural design of bioactive molecules. Peptides with two 
D-amino acids are not as useful, since the conformations of some of them are greatly 
effected by the solvent [e.g. 4]. 

TrpNHind 

TrpNH,„a 

TrpNH, 

TrpNH TrpH4md 

PheNH | | T r p H 4 i i 

50% conformation 
30% conformation 
20% conformation U l l ' 

- TrpH4in, 

ppm 10 

Figure 1. Part of a 500 MHz 'H NMR spectrum of cyclo(-Pro-Trp-Pro-Phe-) in a*-DMSO at 
300K. Chemical exchange of all conformers was proven by ROESY. 
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We were also interested in evaluation of solvent effects. We studied these effects on 
a less constrained system, the homochiral cyclic octapeptide hymenistatin 1, cyclo(-Pro'-
Pro2-Tyr3-Val4-Pro5-Leu6-Ile7-Ile8-) [5]. The NMR experiments in chloroform and 
DMSO indicate very strong solvent effects on the Leu6NH (Figure 2). 

CDC13 

0.5 1.0 1.5 
r[nmj 

g(1 

Leu6 NH He" He7 Tyr' Val" 

2.0 

1.0 

Leu6NH 

/ DMSO 

8.5 8.0 7.5 7.0 6.0 ppm 
0.5 1.0 1.5 

r[mn] 

Figure 2. NH regions of'H NMR spectra of hymenistatin 1 in CDCl3 and cf-DMSO (left side) 
and radial distribution function (rdf) of Pro5 CO in chloroform and Leu6 NH in DMSO (right). The 
distinct peak in the rdf indicates strong solvent interactions. 

The usual conformational studies with restrained molecular dynamics were followed 
by a "free" molecular dynamics trajectory in an explicit solvent environment and analysis 
of radial distribution functions. The role of the solvent was explained in both cases. In 
chloroform we found that Leu6 NH is shielded by the neighbouring side chains, while the 
Pro5 CO is exposed to the solvent. The Pro5 CO-HCC1, interaction is confirmed by a 
distinct peak in the radial distribution function (Figure 2). In DMSO the Pro5-Leu6 amide 
bond is flipped by about 180° and the Leu6NH is exposed towards the solvent. Here, the 
radial distribution function confirms a strong hydrogen bonding to DMSO, which is in 
full agreement with the NMR data. 
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Introduction 

Development of cancer vaccines has been hindered by the inability 1) to target vaccines 
to the appropriate arms of the immune system, 2) to define tumor antigens, 3) to utilize 
appropriate animal models and 4) to design and to perform appropriate clinical trials. A 
cancer vaccine that would be effective in an outbred human population must elicit 
specific B cell, helper T cell (Th), and cytotoxic T cell (Tc) responses. Immunologically 
based strategies are probably the most effective ways to prevent and control disease. 
Antibodies to Her-2 have been identified in some breast carcinoma patients with Her-2 
positive tumors but not in patients with Her-2 negative tumors or healthy donors 
suggesting that a humoral response may be invoked to Her-2 tumors in humans [1]. 

The proto-oncogene erbB2 or Her-2/wew encodes a 185kD transmembrane glyco
protein closely related to the epidermal growth factor (EGF) receptor tyrosine kinase [2]. 
Overexpression of Her-2 is believed to trigger the malignant phenotype in mammary 
epithelial cells. Overexpression of Her-2 has also been found in 20-30% of primary 
human breast cancers and correlates with a poor prognosis [3]. Extracellular accessi
bility of the protein makes it an ideal candidate for monoclonal antibody therapy. 

Results and Discussion 

Potential peptide candidates from Her-1/neu were predicted by computer-aided analysis 
using the algorithms of Hopp and Woods (hydrophilicity), Kyte and Doolittle (hydro
pathy), Rose (solvent exposure), Thornton (protrusion index) and Karplus and Shultz 
(mobility). The best ranked epitope, Her-2 sequence 376-395, was synthesized colinearly 
with a "promiscuous" T cell epitope MVF 288-302 and the in vivo and in vitro immune 
responses to the peptide were studied in outbred ICR mice and outbred New Zealand 
white rabbits. 

Antibody (Ab) titers against the peptide immunogen increased steadily from the 
primary immunization through three weeks after the tertiary boost. Flow cytometric 
analysis revealed that antibodies raised to the peptide recognized the Her-2 receptor. As 
a negative control, sera from unimmunized animals were used while the positive control 
was a commercially available monoclonal antibody to HER-2/«ew. A cell line which 
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overexpresses Her-2 (SKBR-3) was used. Pre-immune sera showed no binding while a 
significant increase in fluorescence intensity was seen with immune sera (Figure 1). 

In addition to receptor binding, we determined whether the antibody can mediate 
changes in receptor conformation, inducing receptor dimerization and activating sig
nalling pathways which affect cell growth, proliferation and differentiation. A [3H] 
thymidine proliferation assay was conducted using the same serum sample as in the case 
of the flow cytometry assay. There was a 48% reduction in cell proliferation with serum 
from rabbit 1. 

This study demonstrates that the Her-2/neu peptide generated high titers of antibody 
in outbred mice and rabbits. Antibodies raised against the peptide chimera were specific 
for the Her-2/«ew oncoprotein as assessed by flow cytometry. The antibodies were 
effective as antiproliferative agents in the SKBR-3 cell line as shown by the [3H] 
thymidine assay. 

SKBR-3 CELL LINE: Rabbit 

Immune Rabbit Sera 

Log Fluorescence Intensity 

Figure 1. Flow cytometric analysis determined that the antipeptide antibodies directly targeted 
the Her-2 receptor. 
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Introduction 

Most bioactive peptides have certain structural motifs, such as turn and helical structures, 
where the hydrogen bonding patterns play a central role. Pseudopeptides could, in 
principle, stabilize bioactive peptides through new forms of intramolecular hydrogen 
bonding. We reasoned that this might be possible by incorporating both an optimized 
H-bond donor \|f[CH2NH] and H-bond acceptor \|/[CH2SO] as surrogates into a cyclic 
peptide host. To this end, we have succeeded for the first time in synthesizing a new 
type of cyclic pseudopeptide with both \|/[CH2NH] and \jr[CH2SO] amide bond 
surrogates. 

Results and Discussion 

Our ultimate objective was the synthesis of two diastereomeric cyclic pseudopeptides 
cyclo[Tyrv)/[CH2SO]Gly-P-Alay[CH2NH]Ala-Phe-Leu](R) and (S) sulfoxide isomers). 
The initial target peptide was synthesized using a convergent strategy (Figure 1). Our 
attempts to synthesize the target peptide by employing a resin bound reductive amination 
[1] strategy with Boc-(3-Ala-CHO failed due to the following disubstitution side reaction: 

H+ 
Boc-fl-Ala-CHO + H2N-peptide Q —*-Boc-f -Ala-CH 2 -N-pept ideQ 

Boc-p-AIa-CH2 

One possible way to overcome this disubstitution problem is to protect the primary 
amine with a reversible alkyl based protecting group -R introduced prior to the reductive 
amination step: 

H2N -peptide f 1 * V - > " H -N -peptide f l T ) - * " Boc-p -Ala -CH2-N-peptide ^FT) 

We found that a dimethoxydityl protecting group, where R = CH(C6H4OCH3)2, was too 
bulky to be useful here. On the other hand, the benzyl based 2-hydroxy-4-methoxy-
benzyl protecting group, where R = CH2(C6H4OCH3), [3] could be used but with 
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unacceptably low yields. Clearly, the main problem here is the incomplete coupling of 
Boc-P-Ala-CHO with the sterically hindered secondary amine. In order to circumvent 
this problem, we have developed a very effective resin bound nucleophilic displacement 
strategy which essentially eliminates the use of Boc-P-Ala-CHO during the synthesis 
(Figure 1). 

Br-D-AIa-Phe-Leu-resin Boc-MHCH^-NH, 

T 1) DMSO 
2) Z-CKELN/CU.CI. 

Boc-NH-(CH2),-N(Z)-AIa-Phe-Leu-resin 

I Boc-Tyr(Bzl)\j/[CH,S]Gly-OH/ 
BOP/HOBt 

Boc-Tynj/fCH^SJGly-P-AlaYtC^NtZJlAla-Phe-Leu-resin 

\ 
1)HF 
2) cyclization 

cyclorTyntrfCH^SJGly-P-Ala^IC^NHjAla-Phe-Leu] 

Figure 1. A convergent synthetic scheme for the synthesis of the cyclic pseudopeptide. 

The displacement reaction proceeded with essentially quantitative yield. The resulting 
secondary amine was protected with a -Z- protecting group, followed by the coupling of 
Boc-Tyr(Bzl)\|/[CH2S]-Gly-OH to the peptide resin. The crude linear pseudopeptide was 
obtained after HF cleavage and initially purified by an LH-20 column. The cyclization 
was effected by the DPPA/HOBt/NaHC03 strategy, and the resulting cyclic pseudo
peptide was oxidized by hydrogen peroxide to afford one major isomer which was 
further separated and purified to homogeneity by a semi-preparative HPLC column. The 
identity of this isomer was thoroughly characterized by ES-MS, RP-HPLC and NMR. 
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Introduction 

We are investigating chemically synthesized analogues of BPTI as models for partially 
folded intermediates in protein folding [1, 2]. All or some of the cysteine residues are 
replaced by oc-amino-w-butyric acid (Abu), an isosteric, non-natural amino acid with a 
methyl group in place of sulfur, or by S-methylcysteine (Smc) derived by reduction/ 
alkylation of the native protein. The variant with only the 14-38 disulfide intact, 
[14-38]Abu, has been analyzed by two-dimensional 'H and 'H-I5N NMR. Except for the 
central antiparallel (3-sheet, all residues sample conformations that interconvert on a time 
scale of ms or longer. NOE analysis indicates that the main hydrophobic tertiary inter
actions involve tyrosine rings at residues 21, 23, and 35. Variants of [14-38]Abu with 
Tyr21 or Tyr23 replaced by alanine have the NMR and CD characteristics of disordered 
peptides. Variants of BPTI with all of the cysteines replaced by Abu or Smc, [R]Abu or 
[R]Sm<;, show some non-random local structure. 

Results and Discussion 

NMR spectra were obtained at pH 4.6 and 1°C, conditions where [14-38]Abu is known to 
form a highly ordered p-sheet molten globule [2]. Site-specific l5N-labeled samples were 
used to make assignments and identify chemical exchange cross-peaks. Analysis of 
chemical shifts, chemical exchange, hydrogen isotope exchange and NOEs indicates that 
[14-38]Abu is an ensemble of partially folded conformations [3]. The presence of 2 or 3 
conformations, interconverting slowly on the NMR chemical shift time scale, is detected 
for all regions of the protein except the antiparallel P-sheet which remains intact and 
native-like. Figure 1 shows a model of the proposed structure of [14-38]Abu. 

The most prominent side-chain NOEs are those of Tyr21 and Tyr23 rings with turn 
residues, and Tyr35 with residues 11, 18 and 40. For Tyr23, the interactions are local, 
with 25 (turn) and 29-30 (strand). For Tyr21, the interactions are nonlocal, with 48 
(C-terminal helix), 30, 32 (strand) and 46. The greater stabilization of the first turn of 
the 48-56 helix likely arises from interaction of Tyr21 with residues 46 and 48. 

To verify the importance of the local and non-local interactions of Tyr21 and Tyr23, 
variants of [14-38]Abu were synthesized with Ala replacing Tyr. These variants do not 
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Figure 1. Ribbon diagram of native BPTI. Side-chains of Tyr 21, 23 and 35 are shown with ball-
and-stick. The dark regions are native-like in [14-38]Ahu while those indicated with dotted lines 
fluctuate between 2 or 3 conformations. 

form ordered species, but rather have the NMR and CD characteristics of a disordered 
peptide with a disulfide cross-link. 

We have used selective 13C labeling of the S-methyl groups of the six cysteine 
residues of [R]Smc to check for the presence of ordered structure. Spectra showed that the 
dispersion of protons attached directly to 13C in the S-methyl groups disappeared upon 
addition of 1.5 M GnHCl. The presence of a residual stable hydrophobic cluster 
detected in [R]Abu by ANS fluorescence [2] and in [R]Smc by 13C NMR is consistent with 
the observation that hydrophobic interactions are important for the stability of 
intermediates which do not show stable secondary structure. 

In summary, [14-38]Abu is an ensemble of partially folded fluctuating structures with 
a common stable core, corresponding to thz slow exchange core [4]. Multiple local and 
non-local tertiary contacts of Tyr21, Tyr23and Tyr35 rings support the models of Dill et al 
[5] in which local hydrophobic interactions that are entropically more favorable in 
unfolded peptides are followed by non-local hydrophobic interactions (Tyr21, Tyr35) 
which are entropically less favorable. 
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Introduction 

The interaction between immunoglobulin E (IgE) and its high-affinity receptor FceRI is 
central to allergic disease. IgE mediates allergy by binding through its Fc region to the 
cellular receptor, FceRI, on mast cells and basophils, causing the release of chemical 
mediators. Studies from others groups [1,2] and our own have mapped the binding site 
of FceRI for IgE to the second domain of FceRI a-chain. In particular, a region 
comprised of P-strands C and C have been shown to be important in this interaction [3, 
4]. In this study, we describe the development of a synthetic peptide inhibitor of the 
interaction between IgE and FceRI. This peptide was constructed to mimic the shape and 
activity of the C-C region and was designed from a model structure of the FceRI 
a-chain. 

Results and Discussion 

A molecular model of the two extracellular immunoglobulin-like domains of FceRI 
a-chain was constructed using the crystal structure of the second domain of CD2 [5] as a 
template as described previously [6]. Because the C-C region had been identified as 
important in the interaction between FceRI and IgE, we designed a number of peptides to 
mimic this region, which in the native molecule is predicted to adopt a P-hairpin 
structure. Peptides were modeled using molecular dynamics and Monte Carlo simula
tions. Candidate peptides which in simulations displayed the potential to mimic the 
structure of the C-C region of the model protein structure were synthesized. The peptide 
cyclo(L-262) demonstrated biological activity. Cyclo(L-262) was synthesized using 
standard Fmoc chemistry on an ABI 430A automated peptide synthesizer with the 
following sequence: CIYYKDGEALKYC(D), all L-amino acids except the C-terminal 
cysteine. Peptides were assayed for their ability to inhibit the IgE-FceRI interaction, 
using surface plasmon resonance to monitor binding (Figure 1). A binding constant of 
2.6pM for cyclo(L-262) binding to IgE was calculated using the equilibrium equation, 
[SL] = KA [S], [L]/(1+KA[L]) where [SL] is the concentration of receptor ligand complex 
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Figure 1. Activity of the cyclo(L-262) peptide was measured by the ability to inhibit binding of 
IgE to an immobilized FceRI a using surface plasmon resonance on a BIAcore (Pharmacia 
Biosensor, Uppsala, Sweden). 

at equilibrium, [L] is the concentration of free ligand and [S]t is the total concentration of 
receptor. Control peptides lacking the intramolecular disulfide and peptides with 
identical amino acid composition but scrambled sequence demonstrated no biological 
activity in this system. These data verify the importance of the C-C region in the 
interaction between IgE and Fc eRI a-chain and identify the potential of this region for 
structure-based design of inhibitors of the IgE-FceRI interaction. 
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Introduction 

Peptides containing proline and/or another N-substituted amino acid are known to exist 
in both the cis and trans conformation due to the rotationally hindered peptide bond and 
they can be relatively stable at temperatures above 0°C [1,2]. The isolation and identifi
cation of such peptide conformers is of growing interest to obtain authentic isomers and 
thus to facilitate the study of various biological processes such as protein folding/ 
refolding [3], immune response [4] and the opioid receptor recognition [5]. 

The goal of the present study was to examine the conditions for the separation of 
peptide conformers by RP-HPLC at low temperatures, followed by their isolation, as well 
as identification by NMR spectroscopy. 

Results and Discussion 

The scope of this investigation included the cis-trans conformers of the dipeptides 
Leu-Pro, Phe-Pro and Tyr-Pro as well as conformers of opioid peptides containing 
proline and/or the proline-like Tic (l,2,3,4-tetrahydro-isoquinoline-3-carboxylic acid) 
residues: Tyr-Pro-Phe, Tyr-Tic-Phe-Phe, Tyr-Pro-Phe-Pro-Gly, Tyr-Tic-Phe-Phe-Val-
Val-Gly-NH2 and Tyr-Tic-Phe-Gly-Tyr-Pro-Ser-NH2. 

The relatively slow cis-trans interconversion [6] permits the separation of the 
conformers by HPLC at subambient temperatures. It was shown earlier that on-column 
cis-trans isomerization interferes with the chromatographic separation, when the 
characteristic times of the interconversion and the separation process are commensurate 
[7]. By lowering the temperature, the interconversion which has a relatively high 
activation energy can be slowed down thereby diminishing this interference. 

Chromatography with micropellicular and totally porous octadecylated silica 
stationary phases using aqueous methanol under isocratic elution conditions resulted in 
well separated peaks of the rotational isomers at sufficiently low temperatures (0°C to 
-25°C). In order to reach these separation temperatures, the jacketed columns were 
connected to a refrigerated circulating bath. Preparative RP-HPLC was carried out with 
eluents containing water and methanol, both deuterated, and the effluent fractions 
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containing each isomer were collected. The conformational states of the peptide isomers 
upon separation were conserved by storing the effluent fractions in liquid nitrogen. 

In the past, conformer peaks of certain Xaa-Pro dipeptides were tentatively identified 
by using molecular models to estimate the hydrophobic contact area upon binding to the 
non-polar surface of the stationary phase, but NMR spectroscopy offers a more reliable 
means for the structural elucidation of species differing only in their stereochemical 
arrangement [8]. 

The Leu-Pro, Phe-Pro, Tyr-Pro and Tyr-Pro-Phe conformers were identified by 
'H-NMR spectroscopy at -15°C. The conformers were distinguished by using the well 
separated signals of LeuHa and PheHa for Leu-Pro and Phe-Pro, respectively, as well as 
TyrH^^ in the case of peptides containing tyrosine. In all cases, the signals of the cis 
conformers are upfield shifted indicating a higher shielding. Upon comparing the NMR 
spectra of the isomers, for these peptides the retention order of the conformers was 
unambiguously established: in each case the trans conformer is eluted before the cis 
conformer and this suggests that the cis conformer binds stronger to nonpolar surfaces 
and therefore is more "hydrophobic" than the trans isomer. On the basis of NMR data 
obtained with P-casomorphin-5 (Tyr-Pro-Phe-Pro-Gly) the elution order of its four 
conformers was established as trans-trans (least retained), trans-cis, cis-cis and cis-trans 
(most retained). 
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Introduction 

Platelet aggregation is essential in the maintenance of hemostasis, but its malfunction 
may cause serious cardiovascular and cerebrovascular diseases. Inhibition of such 
pathological platelet aggregation has been an attractive target for drug design efforts, 
which have mainly focused on mimicking the RGD recognition sequence in fibrinogen, 
whose interaction with the platelet surface receptor, GPIIb/IIIa, is the essential final step 
in platelet aggregation cascade [1]. We have rationally designed highly potent small 
molecule antagonists of GPIIb/IIIa conforming to a three-point pharmacophoric binding 
model shown below from our double-strand RGD peptide lead [2]. This report discusses 
salient features of the SAR of these inhibitors. 

IONIC Ar 
H IJ 4 — 

i H 

HYDROPHOBIC 

C02H 
IONIC 

Results and Discussion 

Starting from a basic RGDX pharmacophore, we recognized three major points of 
interaction and potential modification: the arginine side chain, the aspartyl side chain, 
and the hydrophobic X residue (Table 1). The amidinobenzoyl group was found to be 
the most effective arginine side chain surrogate, better than either the guanidinobenzoyl 
or the guanidinomethylbenzoyl moieties. In both the guanidinobenzoyl and amidino
benzoyl series, the most effective linker was P-alanine as in 2 (USB-IPA-1102, IC50 = 
0.070 pM, PRP/ADP) and 14 (USB-IPA-1302, IC50 = 0.026 pM, PRP/ADP). Changing 
the C-terminal carboxylate to carboxamide (21 and 22) did not adversely affect activity. 
At the C-terminal position, (5)-Trp was found to impart highest activity in the 
guanidinobenzoyl series, while in the amidinobenzoyl series, the (5)-Tyr analog (15, 
USB-IPA-1305, IC50 = 0.020 pM, PRP/ADP) was most active. Interestingly, changing 
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Table 1. Inhibition of Platelet Aggregation*: Effect of Linker Size, Arginine Side Chain 
Surrogates, and C-Terminal Amino Acid. 

Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

X 

NH 
NH 
NH 
NH 
NH 
NH 
NH 
NH 
NH 
NH 
NH 
NH 

NHCH2 

. . . 
— 
— 
— 
— 
... 
.. . 
. . . 
. . . 

Y 

Gly 
(3-Ala 

GABAC 

Tyr 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 
P-Ala 

GABA0 

P-Ala 
P-Ala 
P-Ala 

AA 

(S)-Trp 
(S)-Trp 
(S)-Trp 
(S)-Trp 
(S)-Phe 
(S)-Tyr 

(S)-(4-F)Phec 

(S)-(6H)Phec 

(S)-1-Nalc 

(S)-2-Nalc 

(R,S)-P-Phec 

(S)-Phg' 
(S)-Trp 
(S)-Trp 
(S)-Tyr 
(R)-Tyr 
(S)-2-Nalc 

(S)-(4-F)-Phec 

(S)-Trp 
(S)-(6H)Phe 
(S)-Trp-NH2 

(S)-Tyr-NH2 

IC50(pM)b 

0.60 
0.070 
>50 
>50 
0.390 
0.190 
1.7 
0.088 
0.77 
0.32 
6.1 
2.9 
0.71 
0.026 
0.020 
1.2 
0.044 
0.047 
>50 
0.044 
0.031 
0.050 

"Human platelet aggregation was induced by ADP. ''Normalized IC50 value based on the IC50 

value of RGDF-NH2 equal to 50 uM. Each value is the average of three runs and experimental 
error is within 15%. CGABA = y-amino butanoic acid; (4-F)-Phe = 4-fluorophenylalanine; 
(6H)Phe = cyclohexylalanine; Nal = naphthylalanine; P-Phe = 3-phenyl-P-alanine; Phg = phenyl-
glycine. 

chirality of the Tyr residue to R (16) resulted in a drastic loss in activity. The postulated 
receptor site for the C-terminal residue otherwise appears to accommodate a variety of 
aromatic and non-aromatic hydrophobic groups. 
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Introduction 

In order to develop a new and wide ranging strategy for the formation of constrained 
peptides, their subsequent use as building blocks for peptide dendrimers and unprotected 
proteins, we have investigated a general method for the synthesis of cyclic peptides. The 
method is based on the Domain Ligation Strategy [1, 2] where an intramolecular 
covalent bond is formed between a weak base and an aldehyde to give a cyclic oxime, 
oxazolidinone or thiazolidine. Such cyclizations would expand the conventional 
repetoire of disulphide or lactam formation. The reaction may be performed on a resin 
[3], or an unprotected linear peptide precursor may be cyclized in aqueous solution. 
Utilizing two weak bases, it is possible to cyclize the peptide and to assemble the 
constrained peptides onto branched templates to investigate modifications in vaccine 
design and delivery. 

Results and Discussion 

Linear precursors (Figure 1) were synthesized on a Wang resin using Fmoc chemistry 
and BOP activation. The lysine residue was introduced as Dde-Lys(Fmoc)-OH [4] and 
Boc-Ser(tBu)-OH coupled to the side chain. 

For oxime cyclization, the peptide was cleaved from the resin to give the linear 
unprotected peptide precursor 1. Using sodium periodate at pH 7, an aldehyde was 
obtained [5] as the a-oxoacyl moiety 2 which spontaneously cyclized in >90% yield to 
give the cyclic oxime 3. The reaction, monitored by HPLC, was complete within 2 min. 

Similar results were obtained for thiazolidine formation in which Z=Cys(StBu). 
Cys(StBu) was stable to the NaIO„-mediated oxidation of serine (X=Ser, Figure 1) to 
form the a-oxoacyl derivative. The StBu was then removed by a water soluble 
phosphine derivative at pH5.5 and the resulting 1,2-aminothiol cyclized by thiazolidine 
formation. Cyclization was also accomplished on a resin where X= acetal [3]. Cys was 
deprotected with base and the acetal with mild acid. Following cyclization in DMF, the 
peptide was cleaved from the resin to give the desired constrained peptide in 20% yield. 

Finally, a 1,2-aminothiol in the presence of a hydroxylamine 4 would allow 
orthogonal cyclizations. The peptide can be first cyclized by oxime formation and then 
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the thiol released by reduction of the S-routylsulphenyl. Control of the pH conditions 
then allow the 1,2-aminothiol to displace the hydroxylamine from the oxime to give a 
cyclic thiazolidine. The resulting hydroxylamine is now available for further conden
sation reactions with other peptide fragments containing aldehyde moieties. In this way 
constrained "building blocks" can be assembled on various dendrimeric cores to form, 
multiple antigen peptides (MAPS). 

2><^__Pepti ifc__^>-Lys-pAla-0- Resin 

I 
Aqueous cyclization: Z=H2NOCH2CO,Cys(StBu),X=Serine 
Resin cyclization: Z=Cys(Fm),X=(CH30)2CH(CH2)nCO 
Peptide Sequence: GIGPGRAFG 

Hj NOCHj CO-<^_Pepa<jVr_^>- Lys - P Ala-OH 

I 
Ser 

Hj NOCHj CO-<^VPeptiife__^>- Lys - p AJ a -OH 

°A 
ov 

-o-

Pepti ute__^>-Lys-p Ala-OH 

O 
_ > - * » L y s — < ^ _ Peptide _J>-Lys-pAla-OH 

2 J I I 
tBuS-S OCCH.ONH, S c r 

Figure 1. The formation of cyclic oximes and thiazolidines. 
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Introduction 

Conformationally constrained peptides, particularly end-to-end cyclic peptides, are 
useful to enhance biological activity and proteolytic resistance. Although many methods 
for cyclizing peptides have been reported [1-3], none is known for end-to-end cyclization 
using unprotected peptides. Here we report such a strategy based on the domain ligation 
approach [4] for intramolecular amide cyclization and the development of a new resin 
support to attain its application. 

Results and Discussion 

A key functional group in our domain ligation strategy is the Ccc-ester glycoaldehyde 5. 
To provide such an ester aldehyde by solid phase synthesis we developed such a resin 3 
by linking a Fmoc-Gly glyceric ester 1 to a benzaldehyde-polystyrene resin 2 [5] through 
an acetal handle (Figure 1). The synthesis of the desired peptide was then performed 
using Fmoc-tertbutyl chemistry with a N-terminal Cys containing S-tertbutyl protecting 
group. Cleavage by TFA released the peptide ester diol 4. Oxidation with NaI04 

generated the corresponding aldehyde 5. Deprotection of the S-tertbutyl using BtijP at 
controlled pH gave the cyclized peptide 6 in excellent yield. The neutralizing 
determinant of the V3 loop of gp 120 of HIV-1 containing the sequence PGRAFG was 
used as a model. The linear peptide CGRAFG-Ca-ester-diol was obtained by solid 
phase synthesis on resin 3. Cyclization at pH 4.5 as described in Figure 1 gave the cyclic 
thiazolidine peptide ester 6 as a diasteroisomer. The amide bond formation was effected 
through an intramolecular 0,N acyl transfer reaction 7, after adjusting the pH to 5.5. 
The reaction was completed in 4 days and afforded the cyclic peptide amide 8 in 
quantitative yield. Our strategy offers several advantages including convenient synthesis 
and purification of the linear peptide precursor, and allows the synthesis of large and 
complex cyclic peptides. 
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Figure 1. Synthesis of linear peptide precursor containing Ca-glycolaldehyde and cyclization to 
obtain an end-to-end cyclic peptide. 
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Introduction 

Chemical ligation using unprotected peptide segments and protein domains for synthesis 
of native and artificial proteins has attracted increasing attention. Unprotected peptide 
segments and protein domains as building blocks are conveniently produced by solid 
phase peptide synthesis and recombinant DNA technology. Thus such a strategy 
combines the benefits of both these techniques, and particularly the solution phase 
synthesis and purification methods. Our laboratory has developed a general approach of 
ligating peptide segments containing N-terminal cysteine [1-3]. In this approach, a 
covalent bond was first formed by a capture method, usually through the nucleophilic 
attack of the N-terminal cysteine on the electrophilic center of the other segment. The 
activation is effected by proximity leading to an intramolecular acyl transfer to link two 
segments through an amide bond. Here we describe a new approach of capture-ligation 
using C-terminal thiocarboxylic acid as a nucleophile to initiate a covalent thioester bond 
with the other segment bearing an electrophile at the N-terminus. After the S- to N-acyl 
transfer, the two segments are ligated together generating a native cysteinyl residue at the 
ligation site (Figure 1). 

O ^ *(* R VS O 
Ks + +1 •» \ 1 — R-C-NH-CH-COR" 

R^SH H3N^COR' H2N^COR' J 
HS"^ 

Figure 1. Ligation of unprotected peptide segments through thioester capture-activation. 

Results and Discussion 

We chose (3-bromoalanine (BrAla) as the electrophile on the N-terminus of amine 
segments. Boc-BrAla was prepared from a one-step reaction of Boc-Ser-OH with 
PPh3/CBr4 [4] and then incorporated into amine segments. BrAla could be also obtained 
from the conversion of N-terminal serine in solid phase synthesis. The acyl segment with 
C-terminal thiocarboxylic acid was obtained using 4[(-Boc-Leu-S)benzyl]-phenoxyacetic 
amide resin [5]. Thioesterification of Leu-SH with BrAla at pH 5.2 to 6.2 was used as a 
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model reactionand two products with identical molecular weight were formed: the 
desired cc-dipeptide 4 and isomeric P-dipeptide 5 derived from the ring opening at the 
a-position of aziridine (Figure 2). At pH 5.2, direct displacement (Figure 2, route i) was 
predominant and the desired a-peptide was obtained in 82% yield. At pH 6.2, aziridine 
formation became significant (Figure 2, route ii) and a-peptide yield decreased to 60%. 

pH6.5 

P 

i' 

pH5 

- 1 VJ 
I IX 

r \7^COR' 
N 

O 

H2N COR' 
-*• R-C-NH-CH-COR* 

4 a-peptide 

vy .COR" 

H,N 

6 

R-C-NH-CH2 

HS^SjOR" 

7 p-peptide 

Figure 2. Two pathways of forming thioester in model studies using Leu-SH and BrAla. i) direct 
SN2 displacement ofbromo group leading to a-peptide; ii) formation of aziridine and subsequent 
ring opening leading to both a- and P-peptides. 

To illustrate the application of this thioester-capture approach, Sperm Activating Peptide 
(Cys5-Cys'°, Ser-Ala-Lys-Leu-Cys-Pro-Gly-Gly-Asn-Cys-Val-OH) was synthesized by 
ligating Ser-Ala-Lys-Leu-SH with BrAla-Pro-Gly-Gly-Asn-Cys(Acm)-Val-OH. At pH 
5.2, the reaction was complete in 12 h giving a single product with the expected 
molecular weight (Found: 1119.2, Calcd for M+H+: 1119.3) having been obtained. 

In conclusion, the thiocarboxylic acid capture approach offers advantages of fast 
ligation, direct, convenient preparation of acyl and amine segments, and avoiding the 
hydrolysis of thioester found in thiol-thioester exchange ligation. 
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Introduction 

Protein Kinase C-alpha (PKC-a), a classical PKC isoform, is activated by a combination 
of agents including Ca2+, diacylglycerol (DAG), and phosphatidylserine (PS). Upon 
binding a single Ca2+ ion, PKC-a translocates to membranes containing phosphatidyl 
serine [1]. Membrane components such as diacylglycerol can activate PKC-a, 
presumably by inducing the removal of the pseudosubstrate domain through a 
conformational change in the enzyme [2]. Activated PKC-a then phosphorylates S/T 
residues in proteins containing a consensus sequence with adjacent Arg and Lys residues 
[3]. Alternatively, Arg-rich substrates, such as protamine sulfate, can activate PKC-a 
catalyzed phosphorylation in the absence of these co-factors [4]. The mechanism of co-
factor-independent phosphorylation of such substrates has not yet been elucidated. 
However, if Arg-rich substrates induced a conformational change in PKC-a similar to 
that of the Ca2+-translocated form of the enzyme, it would provide an opportunity to 
study this process in the absence of membranes. In the present study, we demonstrate 
that an Arg-rich peptide (ARP) substrate of PKC-a can translocate the enzyme to a 
phospholipid bilayer in the absence of Ca2+. 

Results and Discussion 

The translocation of PKC-a to a phospholipid bilayer was monitored by increased 
resonance energy transfer between Trp on the enzyme and dansyl-groups attached to 
lipid as well as by changes in the intrinsic tryptophan fluorescence. In the resonance 
energy transfer experiments, the presence of Ca2+ induced the translocation of PKC-a to 
the bilayer producing a 28% increase in fluorescence. No significant increase was 
observed when either EGTA or the MARCKS peptide (Ac-F-K-K-S-F-K-L-NH2) was 
added to PKC-a in the presence of a bilayer. However, with the ARP (R4-Y-G-S-R5-Y) 
present along with PKC-a and a bilayer containing dansyl labelled lipid, a 25% increase 
of fluorescence was observed. Intrinsic tryptophan fluorescence studies confirmed the 
Ca2+ independent translocation of PKC-a to the membrane via the ARP, in that only Ca2+ 

or the ARP were able to produce a decrease in the intrinsic Trp fluorescence spectra of 
PKC-a in the presence of a membrane. 
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Upon translocation, hydrophobic sites of PKC-a insert into the membrane [5]. We 
have found, by three independent methods, that the binding of the ARP to PKC-a 
induces exposure of such hydrophobic sites. The fluorescent probes l,l'-bis(4-anilino)-
naphthalene-5,5'-disulfonic acid (bis-ANS) and PROD AN are responsive to the polarity 
of their environments [6, 7]. The ARP PKC-a complex produces a four fold greater 
increase in bis-ANS fluorescence than PKC-a alone. This is indicative of bis-ANS 
binding to hydrophobic sites on PKC-a. PRODAN, fluoresces around 520 nm in a polar 
environment while it shifts to 420 nm in more hydrophobic environments. When the 
ARP was added to a solution containing PKC-a and PRODAN an increase in emission at 
420 nm is observed. However, if PRODAN is added after the ARP and PKC-a have 
mixed, an increase in emission at 520 nm is observed. This may indicate that the binding 
of ARP to PKC-a induces hydrophobic sites which then aggregate in the absence of 
phospholipid. Finally, the partitioning of the ARP PKC-a complex into Triton X-114 
micelles was ascertained to further confirm the exposure of hydrophobic sites. In the 
absence of the ARP, a minimal amount of PKC-a sediments with the detergent phase. 
However, when the ARP is present, a four fold increase in enzyme activity is observed in 
the detergent phase. Thus, it is evident that the binding of the ARP to PKC-a induces 
the exposure of hydrophobic site(s) on the enzyme. 

Lastly, the conformational changes that PKC-a undergoes upon membrane binding 
and activation (removal of the pseudosubstrate domain) can be monitored by the 
sensitivity to trypsin hydrolysis. With Ca2+ and phospholipid, PKC-a is cleaved at the 
hinge region producing fragments of 35 and 45 kDa and as well at the pseudosubstrate 
domain producing a nicked form of approximately 75 kDa [8, 9]. In the absence of 
phospholipid, with protamine sulfate and PKC-a, only the nicked form is produced [9]. 
The ARP inhibits trypsin to an extent but the inhibition does not differ in the presence 
and absence of phospholipid (as monitored by the hydrolysis of histones). However, the 
nicked form of PKC-a is partially evident in the absence of phospholipid with the ARP 
present, while in the presence of a bilayer, both the 35 and 45 kDa fragments are 
observed in the absence of Ca2+. Therefore, the ARP-PKC-a translocated complex has 
similar susceptibility to trypsin at the hinge region. This indicates that ARP alone can 
partially induce the same conformational change in PKC-a that occurs with PS, DAG 
and Ca2+. 
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Introduction 

Prion proteins are responsible for a group of neurodegenerative diseases in humans and 
animals including scrapie, kuru, and Creutzfeldt Jakob disease (CJD). Prion proteins 
exist in two isoforms: the normal cellular form (PrPc) and the abnormal disease causing 
form (PrPs°). PrPc and PrPSc have identical amino acid sequences, but significantly differ 
from each other in their structures based on experimental studies using circular dichroism 
and infrared spectroscopy [1,2]. This suggested that prion diseases could be a result of 
the conformational switch of PrPc into PrPSc [3]. Therefore, understanding of the 
three-dimensional structure of PrPc and PrPSc and the conformational transition between 
them is essential for the elucidation of the molecular mechanism of prion diseases. To 
date, efforts to obtain crystals for X-ray structure determinations have been unsuccessful 
because of the low level of expression of PrPc and insolubility of PrPSc. Using a 
computational approach of combining molecular modeling techniques and spectroscopic 
and genetic data, we carried out computational studies to predict the three-dimensional 
structure of PrPc and PrPSc based on a family of homologous amino acid sequences [4], 

Results and Discussion 

The computational procedures used for the prediction of the three-dimensional structures 
of PrPc and PrPSc involved four major steps: (i) alignment of a family of homologous 
sequences, (ii) prediction of secondary structures, (iii) packing of secondary elements to 
generate all plausible tertiary structures and (iv) selection and refinement of final 
structural models. 

In the study reported here, plausible three-dimensional structures of PrPc and PrPSc 

were generated by applying computational approaches coupled with experimental data. 
PrPc displays a four-helix bundle structure while PrPSc shows a P-sheet structure packed 
against two a-helices. In the absence of a threedimensional structure of PrPc and PrPSc 

from either X-ray crystallography or NMR spectroscopy, these models provide a vehicle 
to rationalize much of the available biological and genetic data. 
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PrPSc seems to be able to multiply itself and cause disease in the absence of specific 
DNA or RNA. This raises a controversial question with respect to the unprecedented 
mechanism of prion replication. The predicted structures of PrPc and PrPSc reveal a 
plausible mechanism for prion replication. As shown below, prion replication involves a 
process in which two a-helices of PrPc are converted into a 4-strand (3-sheet of PrPSc. 
Using the P-sheet as a template to direct this conformational change, infectious PrPSc 

could promote the conversion of non-infectious PrPc to generate more PrPSc (Prion 
multiplication). These findings may provide a structural basis for prion diseases and the 
development of novel therapeutic strategies. 

Noninfectious 
PrPC 

Conformational 
change Infectious 

PrpSc 

Figure 1. Plausible three-dimensional structures of PrP0 and PrP*. Prion replication involves a 
process of conformational change in which two a-helices ofPrP0 are converted into a 4-strand 
B-sheet of PrP*. 
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Introduction 

The oncoprotein c-Myc must heterodimerize with Max to bind DNA and perform its 
normal and oncogenic activity [1,2]. c-Myc-Max heterodimer binds to DNA through a 
basic helix-loop-helix leucine zipper (b-HLH-zip) motif and it is proposed that leucine 
zipper domains could, in concert with the HLH regions, provide the specificity and 
stability of the b-HLH-zip motif [1,2]. In this context, we have synthesized the peptides 
corresponding to the leucine zipper domains of Max and c-Myc with a N-terminal 
Cys-Gly-Gly linker and studied their dimerization behaviour using reversed-phase HPLC 
and CD spectroscopy. 

Results and Discussion 

Preferential c-Myc-Max disulfide-linked heterodimeric coiled-coil formation under 
air-oxidation (Figure IB) and redox conditions (Figure ID) at neutral pH has been 
observed. Based on the molar ellipticity at 222 nm (9222, -31,000 deg-cm2-dmor') and 
the 6222/02O8 ratio (1.07), the far UV CD spectrum of c-Myc-Max heterodimer indicates 
that it folds into a fully helical and parallel disulfide-linked two-stranded coiled-coil 
under benign conditions at room temperature [3]. According to their G222 values (-22,000 
and -15,000 deg-cm2-dmol') and 6222/6208 ratios (0.95 and 0.77), oxidized Max 
homodimer (MaxJ partially folds and c-Myc homodimer (c-Myc2) does not fold into a 
two-stranded parallel coiled-coil under benign conditions. Therefore, Max and c-Myc 
Leucine Zippers can fold into a heterodimeric coiled-coil independently of the HLH 
domain of the corresponding gene products [3]. The apparent instability of the 
corresponding homodimeric coiled-coils should favor heterodimer formation in a similar 
fashion to that described for the b-zip family [3-5]. We have described putative 
electrostatic interactions that are responsible for the specificity of the interaction; the 
salient feature being the potential formation of a His (position d in Max) - Glu (position 
a in c-Myc) buried salt-bridge [3]. We propose that in the b-HLH-zip family interhelical 
electrostatic interactions at positions a and d in the heptad repeat (rather than positions e 
and g in the b-zip family) play a key role in leucine zipper dimerization specificity. 
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Figure 1. RPC analysis of the dimerization behavior of N-terminal Cys-Gly- Gly c-Myc and Max 
leucine zippers at room temperature. (A) before and (B) after air-oxidation. (C) Redox experiment 
at time zero with Max and c-Myc disulfide-linked homodimers and (D) at equilibrium. 
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Introduction 

Many organic chemical reactions traditionally carried out in homogeneous solution are 
now being adapted for solid-phase synthesis, thus creating a demand for suitable 
polymeric supports. For the solid-phase synthesis of peptides, most of the polymeric 
supports used have been low cross-linked, in order to assure good swelling properties. 
Earlier work from our laboratory has focused on supports that comprise polyethylene 
glycol (PEG) grafted onto low cross-linked polystyrene (PS). The resultant PEG-PS was 
shown to have several advantages with respect to PS [1]. 

The aim of the present work was to create novel highly cross-linked polymers still 
possessing good solvent swelling properties and which would be suitable as supports for 
various solid-phase synthesis applications. Branched PEG-containing cross-linkers were 
anticipated to be promising since (i) our earlier work on PEG-PS suggested the 
beneficial effect of PEG, and (ii) related cross-linkers lacking PEG have previously been 
reported to be useful for the preparation of supports for chromatography [2, 3]. 

Results and Discussion 

The novel supports were prepared by copolymerization of the branched PEG-containing 
cross-linker 1 (trimethylolpropane ethoxylate (14/3 EO/OH) triacrylate) with (i) 
allylamine 2, (ii) 2-aminoethyl mefhacrylate 3 and poly(ethylene glycol-400)-di-
methacrylate 4, (iii) 2-aminoethyl methacrylate 3 and poly(ethylene glycol) ethyl ether 

O CH, O 
II I II 

fHj (O—CH, — CHj),— O—C —CH = CH2 CH2 = C - C - O — C H 2 - C H 2 - NH2 
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I O CH3 O O CH, 
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Figure 1. HPLC chromatogram evaluating crude ACP (65-74) amide synthesized on a copolymer 
ofl and 2 using (A) DIC and HOAt in DMF, or (B) DIC in MeCN, for couplings. A Vydac Cu 

reversed-phase column (4.6 x 250 mm) was eluted at a flow rate of 1 ml/min with a linear gradient 
over 30 min from 19:1 to 3:1 of 0.1% TFA in water and 0.1% TFA in MeCN. Peptides were 
detected spectrophotometrically at 220 nm. 

methacrylate 5. The copolymers were prepared as bulk polymers, which were then 
ground and sieved (106-125 pm). An internal reference amino acid (Fmoc-Nle-OH) was 
coupled to the free amino groups on the resin particles, followed by deprotection and 
coupling of the handle Fmoc-5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeric acid 
(PAL). These novel supports showed high swelling in various solvents (e.g., DMF, 
MeCN, CH2C12, THF, Kfi). The challenging sequence 65-74 of acyl carrier protein 
(ACP) was synthesized successfully on the supports by Fmoc-chemistry, using both a 
conventional solvent (DMF) and a non-conventional solvent (acetonitrile) as the reaction 
as well as wash media (Figure 1). In addition, H-(Ala)10-Val-NH2 has been synthesized 
with results comparable to those obtained on commercial PEG-PS. Although these 
examples focus on solid-phase peptide synthesis, other experiments in progress are 
assessing the applicability of the described novel supports to the solid-phase synthesis of 
several other classes of organic molecules. 
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Introduction 

Protection against several infectious diseases of humans and animals has been achieved 
by vaccination. Tables 1 and 2 list the vaccines that are used currently in humans. Two 
classical methods are used to prepare virus vaccines and the vaccines against diphtheria 
and tetanus: (a) growth of the agents in large amounts followed by inactivation of their 
infectivity or toxicity without impairing their immunogenic activity and (b) weakening 
the pathogenic potential of the agents without impairing their ability to grow in the host 
and thus elicit appropriate immune responses. 

Together, these two kinds of vaccine have made a great contribution to the health of 
humans and their domesticated animals. Nevertheless there are several reasons why we 
should not be satisfied with the current situation. For example, killed vaccines have 
several drawbacks: 

- They present a hazard to personnel working with large amounts of human pathogens 
(e.g. rabies virus) 

- They present a hazard to the environment such as that to livestock from foot-and-
mouth disease virus 

- The need to ensure complete inactivation of infectivity 
- The presence of considerable amounts of cellular materials, leading to side effects 
- More than one injection is usually required 

Table 1. Vaccines against viral diseases of humans. 

Disease Type 

Smallpox Live 
Measles Live 
Mumps Live 
Rubella Live 
Yellow fever Live 
Poliomyelitis Live and killed 
Acute respiratory disease (adenovirus) Live 
Rabies Killed 
Japanese Encephalitis Killed 
Influenza Killed and subunit 
Hepatitis A Killed 
Hepatitis B Recombinant 
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Table 2. Vaccines against bacterial diseases of humans. 

Disease Type 

Tuberculosis 
Whooping cough 
Cholera 
Typhoid 
Typhus 
Tetanus 
Diphtheria 
Meningitis 

-Haemophilus influenza type b 
-Meningococcal 

Pneumonia 

Live 
Killed and subunit 
Killed 
Killed and live 
Killed 
Toxoid 
Toxoid 
Subunit 
Polysaccharide-protein conjugate 
Polysaccharide 
Polysaccharide 

- Cold storage is required 
- They have limited shelf life 
- They fail to elicit protective immunity in all recipients 
Attenuated vaccines also have drawbacks: 
- The possible presence of adventitious agents in the cells and medium used for growth 
- Occasional reversion to virulence 
- Cold storage is essential 
- They have limited shelf life. 

More important, however, is the fact that there are several diseases for which the 
classical approaches are unlikely to be applicable because the causal agents cannot be 
grown in sufficient amounts (e.g. malaria, hepatitis C). Consequently, other ways of 
making vaccines have been investigated by studying the agents at the molecular level. 

The New Technology. During the past three decades enormous advances have been 
made, not only in our knowledge of the composition of several micro-organisms but also 
in the way these elicit protective immune responses. Because of their relatively simple 
structures, compared with those of bacteria and parasites, more progress has been made 
with viruses. However, it is sobering to acknowledge that the first sub-unit vaccines 
were those prepared from the toxins excreted in cultures of the bacteria causing 
diphtheria and tetanus. 

Dissection of the viruses causing influenza, rabies, and vesicular stomatitis by 
dissolving their lipid coats gives rise to sub-units which can be readily separated. From 
these studies, it emerged that protective immunity could be obtained by injection of only 
one or sometimes two proteins of a particular agent. An outstanding example is the high 
level of protection that can be elicited with the surface projections of rabies virus. 

Detailed biochemical studies of virus replication provided maps of their genomes. 
These studies provided, in turn, the means of identifying the genes coding for those 
proteins of immunological interest. Consequently, as soon as methods for sequencing 
nucleic acids became available, the amino acid sequences of these immunologically 
important proteins could be derived. The pioneering experiments of Anderer and Sela's 
group with tobacco mosaic virus and MS2 bacteriophage, in which they had shown that 
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short fragments of the viral proteins would elicit neutralizing antibody, could now be 
extended to viruses causing diseases in humans and animals. 

Can peptides provide protection against disease? The early demonstrations by 
Anderer and Sela's group that short peptides could elicit neutralizing antibodies was soon 
confirmed for a variety of organisms. This led to considerable optimism that peptide 
vaccines would soon be available. The advantages of such vaccines are potentially 
enormous: 

- The products are chemically defined 
- They are stable indefinitely 
- There is no infectious agent present 
- Large scale production plant is not required 
- They can be designed to stimulate appropriate immune responses 
- They are ideal for incorporation into delayed release mechanisms 

Considerable research allows the following conclusions to be drawn: 

(a) In addition to the B cell epitope, a T cell epitope suitable for the recipient species is 
required. The T cell epitope can be part of the agent but a foreign epitope is also 
functional. The function of a carrier protein, once considered to be mandatory, was 
to provide a T-cell epitope. 

(b) The sequential order of the B- and T-cell epitopes is important. There is some 
evidence that the less ordered structure of the T-B constructs may contribute to 
enhanced activity. 

(c) Immunogenicity can be greatly enhanced by linking the B-cell epitope of hepatitis B 
virus with the immunostimulatory region of interleukin 1. 

(d) Multiple copies of the B-cell epitope provide greatly enhanced responses, as 
demonstrated by the multiple antigenic peptide (MAP) system or by its presentation 
on the hepatitis B virus core or surface antigen. 

(e) Good responses to B-cell epitopes can be obtained without using conventional 
adjuvants by presenting the sequence linked to a lipopeptide. 

(f) Recent data indicate that the configuration of B-cell epitopes can be mimicked by 
retro inverso D-amino acid peptides. Astonishingly, preliminary evidence suggests 
that T-cell epitopes can also be mimicked by retro inverso D-amino acid peptides. 
These observations are important because D-amino acid peptides are much less 
vulnerable to proteolytic enzyme attack. 

The practical advantages of peptide vaccines and the basic knowledge regarding the 
interaction of peptides with the major histo-compatibility complex provide convincing 
evidence that the dream of such vaccines may eventually become reality. 
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Introduction 

The structuralist paradigm assumes that it is possible to understand complex biological 
recognition phenomena solely in terms of structural data. This paradigm corresponds to 
the prevailing research tradition among molecular biologists which is to reduce complex 
biological phenomena to simple physico-chemical interactions and to express all 
biological problems in structural terms. The structuralist paradigm emphasizes the key 
role played by structural analysis in explanatory models of biological specificity. 

Current attempts to design the most effective synthetic B-cell epitopes are guided by 
this emphasis on structure, a concept which results from the selective attention to the 
visual experience of an object at a specific time. For proteins, structure refers to a visual 
time slice of what are essentially dynamic systems. Focusing only on protein spatial 
coordinates, as often done in structural analysis, is inadequate for understanding antigen-
antibody recognition as it tends to minimize the contribution of induced fit and mutual 
adaptations to binding. Molecular dynamic simulations, NMR studies and kinetic 
measurements are needed to account for these facets of specific biological interactions. 

In immunology, the structuralist paradigm has led to the expectation that it should be 
possible to design synthetic vaccines on the basis of X-ray structures of antibody-peptide 
complexes. It is widely assumed that success in rational ligand design will be achieved 
by the continued refinement of structural data to provide eventually full understanding of 
the steric and physico-chemical complementarity between epitopes and paratopes. 
However, literature review shows that our ability to predict the occurrence and affinity of 
antibody binding has hardly progressed in recent years. Attempts to use protein-protein 
docking for identifying antibody combining sites have been singularly ineffective. 

In a recent study, it was shown that the frequency distribution of successfully 
docked, complementary antigen-antibody patches was the same whether the docking 
counterparts were able to bind or not [1]. Apparently, existing docking algorithms can 
only exclude partners that are sterically and chemically incompatible but they cannot 
identify among the many compatible shapes those which actually permit complex 
formation. The ineffectiveness of predictive docking and the impossibility to predict the 
binding energy of antibodies illustrates our limited understanding of what actually 
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accounts for the specificity of binding. Although the imprecision of existing docking 
algorithms may be partly responsible for this state of affairs, it seems likely that the 
neglect of bound water molecules and counterions and the unwarranted assumption that 
proteins are rigid bodies are the main reasons for the failure to predict potential binders. 
Since many of the charged groups and potential hydrogen bond partners are present on 
mobile surface side chains of the antigen and antibody, the complementarity observed in 
the complex may in fact not pre-exist in the free molecules before the occurrence of 
induced fit and mutual adaptation. 

Results and Discussion 

Since the earlier structural analyses of antigen-antibody complexes were done at medium 
resolution (about 3 to 2.5 A), they did not allow the identification of bound water 
molecules within the crystals [2]. For many years, it was assumed that the interaction 
between epitope and paratope was very tight and that there were no water molecules at 
the interface. Subsequently, when the structures of the free and bound forms of the 
anti-lysozyme Fv D 1.3 antibody fragment were solved at 1.8 A resolution, it was found 
that as many as 50 water molecules were located around the interface and were making 
hydrogen bonds with protein residues and with other water molecules [3] 

As crystal structures of increased resolution become available for antigen-antibody 
complexes, it is likely that a general pattern will emerge with water as a constitutive part 
of X-ray derived molecular models of epitope-paratope interfaces. Although accurate 
positioning of solvent molecules in crystal structures is an essential requirement for 
understanding the structural and dynamic properties of proteins, the contribution of the 
water molecules to the measured binding affinity of the complexes is difficult to assess. 

An epitope is not an intrinsic feature of a protein existing independently of its 
paratope partner. Both epitopes and paratopes are relational entities defined by their 
mutual complementarity and it makes no sense to analyze their properties outside of this 
relational nexus [4]. This means that the concept of epitope is derived from the process 
of binding to a complementary partner, and not from a structure that could be defined 
before the interaction has taken place. If it is accepted that epitopes and paratopes are 
relational entitites and that the binding process in the unique protein-solvent environment 
emerging from the close proximity of the two partners is also of a relational nature [1], it 
is conceivable that a purely structural analysis may never succeed in predicting which 
antibody molecules will be able to form stable complexes with a particular antigen. 
Science has been defined as the art of the soluble [5] and, if docking cannot be achieved 
using currently available methods, one may well question the validity of pursuing such 
attempts as a realistic scientific enterprise. If certain aims are not realizable, this is a 
rational ground for adopting different methods. 

It seems that further understanding of immunological specificity requires another 
approach altogether, i.e. by analysis of binding activity instead of structure [4]. 
Functional analysis amounts to asking a different type of question about the nature of the 
interaction. The analysis of binding activity focuses on the time component of the 
interaction since it is based on the kinetic on and off rates of the reaction, and it does not 
consider the spatial or steric coordinates of the interacting molecules. By site-directed 
mutagenesis of antigen and antibody molecules and measurements of the binding affinity 
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of the mutated molecules, it is possible to attribute to various critical residues a certain 
amount of the free energy of complex formation. However, antigen-antibody binding 
should always be described and analyzed in terms of single atomic interactions and not in 
terms of whole residues. Speaking of contact residues is misleading since it is unlikely 
that all or even most of the atoms of a given residue participate in the interaction. 

In many cases, substitutions of residues that are not in contact at the interface 
between epitope and paratope have been found to affect the binding affinity. It seems 
that exchanges of whole residues in a protein often produce small structural shifts that 
may propagate far beyond the mutated region. These small perturbations are not easily 
detected at the current resolution of structural data although they are able to significantly 
affect the binding activity. Such findings demonstrate the importance of binding 
measurements for achieving a complete description of the recognition site, both from a 
structural and functional point of view. 

The recent introduction of biosensor instruments based on surface plasmon 
resonance [6] has greatly facilitated the quantitative measurement of binding interactions. 
Biosensor technology has been used widely to measure differences in antibody affinity 
arising from single substitutions or modifications in peptide antigens [7]. Such studies 
also make possible evaluation of the antigenic potential of peptide analogs such as retro-
inverso peptides [8]. The measurement of binding affinity provides the most direct and 
relevant information for assessing functional activity of synthetic peptide epitopes. 

In the so-called rational design of synthetic peptides able to mimic biologically 
relevant antigenic sites, it is customary to base the design mainly on structural para
meters. However, it would seem equally important to use activity measurements for 
assessing the quality of mimicry achieved with synthetic constructs. Affinity and 
biological activity are direct measures of how well a peptide is likely to perform as 
antigen or immunogen. Structural information is necessary for suggesting which avenues 
should be explored for achieving antigen mimicry with synthetic peptides. However, it is 
essential to collect functional data as early as possible during the development of 
synthetic epitopes. Binding and affinity measurements are likely to be at least as useful 
as structural information for guiding the design of peptides endowed with improved 
biological or antigenic activity [9]. 
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Introduction 

Some of the problems underlying the use of peptide-based vaccines have to do with the 
difficulty inherent in reproducing complex (viral, protozoal, etc.) epitopes by means of 
relatively simple peptide constructions. The obvious challenges of this task are 
simplified when the immunodominant regions of an infective agent can be traced to a 
relatively small region (termed a continuous epitope) of a given protein antigen which 
can be appropriately reproduced by a linear peptide. Foot-and-mouth disease virus 
(FMDV) is a good candidate for this type of studies because its major antigenic site A, 
located at the G-H loop of VP1 (residues 136-156 in serotype C-S8cl), contains several 
epitopes that can be faithfully reproduced by linear peptides. 

Results and Discussion 

We have carried out extensive immunochemical analysis of the antigenic structure of the 
GH loop of FMDV using MAbs reactive with YTASARGDLAHLTTTHARHLP (A21), 
a 21-residue peptide that reproduces antigenic site A, and analogs incorporating anti-
genically relevant mutations [1]. The effect of such changes at positions 146 and 147 on 
the conformation of the peptide has been examined by CD in the presence of the Fab 
fragment of SD6, a neutralizing MAb that recognizes site A of C-S8cl [2]. Although 
A21 was shown to adopt an a-helical structure on binding to the antibody, globally the 
results did not support the notion of an a-helix as a critical feature in the interaction. 
The RGD sequence of site A, known to be involved in the infective process, was shown 
to be a target for most of the MAbs mapping at site A [3]. Obviously, mutations at 
nearby residues such as 146 or 147 are capable of generating enough structural diversity 
to deviate immune pressure from the highly conserved RGD motif without altering its 
functional conformation, thus ensuring viral propagation. 
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Even in those cases when a major part of the immune response can be related to a 
continuous epitope, the problem remains of stabilizing a mobile peptide sequence into a 
biologically significant conformation. For FMDV, the highly disordered nature of the 
G-H loop seriously limits the structural definition available from X-ray diffraction data 
[4, 5]. Our first attempts to model site A of FMDV C-S8cl by conformational restriction 
of the linear sequence were done in the absence of any structural data on this serotype 
and were based on comparison with the homologous region of 0,BFS, for which a 3D 
structure was available [4]. Disulfide 1 and lactam 2 analogs of peptide A21 (Figure 1) 
were prepared by a variety of methods involving both solution and solid phase 
cyclizations [6, 7]. 

130 
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Figure 1. Linear and cyclic models of the G-H loop (antigenic site A) of FMDV, serotype C-S8cl. 

The 3D structure of the C-8Scl serotype of FMDV, published a year ago [4], 
indicated that structural homologies between O and C serotypes, as it concerned 
antigenic site A, could be limited. At about the same time, more relevant information 
became available through crystallization and X ray diffraction analysis [8] of a Fab 
fragment of MAb SD6. Soon afterwards, the structure of a complex between this Fab 
fragment and the linear pentadecapeptide YTASARGDLAHLTTT (residues 136-150 of 
VP1) was resolved [9]. This provided decisive information about the interaction of site 
A with antibodies, particularly as related to the direct involvement of the RGD triplet in 
the specific interaction with an antigen receptor. The 3D structure also allowed an 
interpretation of viral neutralization by antibodies directed to site A, by direct blocking 
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of the interaction with the cell receptor. In addition, the data provided valuable insight 
for the design of structurally optimized mimics of site A. Interaction with the Fab 
fragment induces upon the peptide an almost cyclic conformation in which the 
C-terminal Thr150 is brought close to the N-terminal Tyr136. An attempt to stabilize this 
arrangement was made by means of the head-to-tail series of analogs 3a-e, which were 
prepared and cyclized by a variety of methods [10]. The antigenicity of peptides 1 and 2 
towards a representative group of neutralizing MAbs was evaluated in competitive 
ELISA assays. In general, this type of cyclizations did not result in an improved 
recognition by any of the MAbs. In contrast, cyclization did have a clear enhancing 
effect on the immunogenicity of 1. In guinea pigs, the cyclic disulfide peptide gave 
anti-FMDV and neutralization titers more than one order of magnitude higher than either 
the linear (A21) or the lactam analogs. 
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Introduction 

Transmembrane helices of integral membrane proteins differ from helical segments in 
globular proteins in two aspects: amino acid composition and molecular environment. 
The impact of environment on the relative helical propensities and structural properties 
of peptide segments are now investigated using model peptides representing a condensed 
version of a single-spanning membrane protein [1]. The peptides have a prototypical 
sequence of H.N-S-K-S-K-A-X-A-A-X-A-W-A-X-A-K-S-K-S-K-S-OH. where X = an 
uncharged amino acid (excluding Trp and Cys), and are designated AXA according to 
the corresponding repeating triads (underlined above) within the hydrophobic segment. 
Conformational studies on these peptides by circular dichroism (CD) spectroscopy 
revealed that the a-helical propensity of individual amino acids in the membrane 
environment is defined primarily by its side chain hydrophobicity rather than its side 
chain chemistry as in water [1], 

Results and Discussion 

Conformations of model peptides in aqueous buffer. The helical propensities of the 
guest residue "X" in aqueous environment were first examined by measuring the CD of 
the corresponding peptides. Results obtained from our system can then be compared 
with those measured using other reference peptides to assess the suitability of the present 
peptides for deriving helix propensity. In aqueous media, pH 7.0, we found that a few 
residues - notably Ala, Leu and Met - exhibited relatively higher helical propensity in 
their respective peptides AAA, ALA and AMA, consistent with the high Pa values 
predicted by Chou and Fasman [2] based on the frequency of occurrences of these 
residues in helical segments of globular proteins [1]. As well, there is a generally good 
correlation between the observed peptide ellipticities in aqueous buffer and those 
measured by Lyu et al [3] for a different reference peptide (Figure 1). These results 
indicate that the present peptides are suitable for the purpose of deriving helix 
propensities of amino acids. 

Peptide conformation in membrane-mimetic environments. A variety of membrane-
mimetic media, including detergent/lipid micelles, lipid vesicles, and organic solvents, 
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Figure 1. Correlation of ellipticity data (8222, deg.cm'/dmol) observed in aqueous buffer for the 
present peptides with those reported by Lyu et al. [3] for peptides YSEJC^E^ where X = A, L, 
M, I Q, S, V. T, N, or G (as labeled on the diagram). R = 0.84. 

have been employed in our laboratory to examine the conformation of the peptide as a 
function of molecular environment [1,4]. In the present paper, data obtained in 10 mM 
SDS micelles (reported in Ref. 1) are used to derive the free energy of helix-coil 
transition according to the two state model [4]: 

AG = -RTln 
[helix] 

[coil] 
-^7Tn 

[6L - [e]„ 

[9], [6]ol 

The ellipticity of a complete 20-residue a-helix, [6]hljlix, is assumed to be -34,400 
deg.cm2/ dmol, while that of a random coil, [0]coil, 0 [4]. The AAG values - the free 
energy of helix-formation for the guest amino acids relative to Pro (in peptide APA) in 
SDS micelles can be calculated from the corresponding AG values of the peptides [4]. 
The magnitudes of the AAG values are comparable to those determined for the corres
ponding amino acids in aqueous environments, suggesting that the same factors that 
stabilize the helical conformation in water, such as H-bonding of the peptide backbone, 
are likely the main contributors to helix-stability in membranes as well. Since intra
molecular H-bonding is favored in the low dielectric environment of the membrane, we 
propose that discrepancies of free energy which do arise among individual guest amino 
acids result from differences in their side chain hydropathy; the latter factor dictates the 
inherent extent of association between the peptide hydrophobic core and the lipid. 
Consistent with this notion, helix-forming tendencies of the guest amino acids, as 
represented by the AAG values, correlate closely with the corresponding residue 
hydropathy indices from the Kyte-Doolirtle scale [correlation coefficient, 0.81 (Figure 
3)]. It is also noticed that the current AAG values span a much narrower range than those 
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determined in water, suggesting that the membrane environment is less discriminative 
than water. The negative nature of the free energy change indicates that all amino acids 
examined are good helix-formers relative to proline in the membrane environment of 
SDS. The AAG values allow a ranking of the helical propensities for the guest amino 
acids in the membrane environment. In contrast with the situation in water, P-branched 
residues such as Val and Ile prove to be helix-promoting rather than helix-destabilizing. 
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Figure 2. Free energy of helix-formation for the guest amino acids in SDS micelles vs. their 
hydropathy indices. AAG values are taken from ref. 4. Residue hydropathy values are as given in 
the Kyte-Doolittle scale [5j. R = 0.81. 
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Figure 3. Relative helix propensities of amino acids determined in the membrane-mimetic 
environment of SDS micelles vs. Chou-Fasman [PJ for soluble proteins. Amino acids displaying 
the greatest alterations from one scale to the other are identified by arrows. 
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Introduction 

The amphipathic helix has been shown to play a role in the interaction of peptides and 
proteins with lipids [1]. Amphipathic helical peptides, as well as other peptides, can be 
either stabilizing to membrane bilayers or they can be lytic [2]. In the case of amphi
pathic helical peptides, the consequences of their incorporation into membranes depends, 
at least in part, on the size and charge distribution of the hydrophilic face of the amphi
pathic helix [3]. 

Bilayer Stabilizing Amphipathic Helical Peptides 

One class of helix is the class A amphipathic helix which is characterized by having 
cationic residues near the hydrophobic/hydrophilic interface and anionic residues 
opposite to the hydrophobic face. Class A helices are found in the exchangeable plasma 
apolipoproteins. The class A amphipathic helices can stabilize membrane bilayers 
relative to inverted phases [4]. Membrane bilayers which are close to the bilayer to 
hexagonal phase transition temperature (TH) possess negative curvature strain [5]. This 
physical property may have biological importance since microorganisms adjust the lipid 
composition of their membranes for them to be close to TH [6-8]. Transbilayer diffusion 
of phospholipids also appears to be sensitive to curvature strain [9]. A biological 
process which requires the transbilayer diffusion of phospholipids is blood coagulation. 
Both the plasma apolipoprotein A-I (apo A-I) and a model peptide containing two class 
A amphipathic helices linked by a Pro can inhibit the generation of procoagulant activity 
in human erythrocytes [10]. This bilayer stabilization may contribute to the beneficial 
biological role of proteins containing class A helical segments, such as apo A-I. 

Bilayer Destabilizing Amphipathic Helical Peptides 

Many amphipathic helical peptides which are cytolytic contain class L peptides. Class L 
helices have a narrower hydrophilic domain of predominantly Lys residues. There are at 
least two distinct mechanisms by which these substances can perturb the integrity of 
membrane bilayers. One is by affecting curvature and the other is by forming pores 
through the membrane, composed of helical clusters. It is possible that any amphipathic 
helical peptide will form a pore at a high enough peptide to lipid ratio. However, certain 

881 



R.M. Epand 

peptides form pores even at quite low mole fractions in the membrane. The pore-
forming peptides can be lytic to cell membranes, not through a perturbation of the bulk 
physical properties of the membrane, but by promoting the leakage of ions through the 
membrane leading to osmotic lysis. 

One of the interests in these peptides comes from the fact that a number of them have 
antibiotic activity. In order to be useful as antimicrobial agents in vertebrates, these 
peptides must be selectively lytic to microbes. Three of the factors that contribute to this 
selectivity have been identified [11] by comparing magainin, a class L antimicrobial 
peptide, with melittin, a cytolytic peptide. The factors include promotion of lysis by 
toxic peptides in the presence of anionic lipids on the outer surface of microorganisms 
but not animal cells. The requirement for anionic lipids has also been observed with the 
antimicrobial peptide, dermaseptin [12]. However, even peptides toxic to mammalian 
cells, such as 5-lysin [13], interact differently with anionic and zwitterionic lipids. 
Another difference that can lead to selectivity for microbial cells is the lack of 
cholesterol in their cell membrane [11, 14]. It has been suggested that class L peptides 
which are not toxic to animal cells have a Glu residue on the hydrophobic face of the 
amphipathic helix and that this Glu can form H-bonds with cholesterol to reduce the lytic 
activity of the peptide [14]. The third factor is the transmembrane potential which will 
increase the lytic action of magainin [11]. 

Viral Fusion Peptides 

The fusion of enveloped viruses with target membranes is mediated by specific viral 
glycoproteins. For certain viruses there have been identified short segments of the these 
proteins which appear to be particularly important for membrane fusion. These viral 
fusion peptides have been used as a simple model to study some of the molecular details 
of processes involved in the initiation of membrane fusion. A property common to 
fusion peptides of both influenza virus [15] and Simian Immunodeficiency Virus (SIV) 
[16] is that they promote the formation of H„ phases. The wild type SIV fusion peptide 
has been shown to insert into membranes at an oblique angle to the bilayer normal and 
this property appears to be closely correlated with fusogenic activity [17]. We have 
recently studied the effect of these peptides on the morphology of several different lipids 
using x-ray diffraction [18]. 

Peptide Inhibitors of Viral Fusion 

Viral fusion peptides increase the tendency of bilayers to convert to the H„ phase and 
peptides which raise TH are often found to be inhibitors of viral fusion. Inhibitors 
include small peptides, such as Z-fFG [19, 20] as well as the class A amphipathic helix-
containing apo A-I [21, 22]. Particularly potent in this regard are peptides which are 
anchored to the membrane by covalently attached lipid groups [23]. 

Acknowledgment 

The support of the Medical Research Council of Canada is acknowledged. 

882 



Workshops 

References 

1. Segrest, J.P, Jackson, R.L, Morrisett, J.D. and Gotto, A.M., Jr, FEBS Lett, 38 (1974) 247. 
2. Epand, R.M, Shai, Y, Segrest, J.P. and Anantharamaiah, G.M, Biopolymers (Peptide 

Science) 37 (1995) 319. 
3. Segrest, J.P, de Loof, H , Dohlman, J.G, Brouillette, CG. and Anantharamaiah, G.M, 

Proteins, 8 (1990) 103. 
4. Tytler, E.M, Segrest, J.P, Epand, R.M, Nie, S.-Q, Epand, R.F, Mishra, V.K, 

Venkatachalapathi, Y.V. and Anantharamaiah, G.M, J. Biol. Chem., 268 (1993) 22112. 
5. Gruner, S.M, in Yeagle, P. (Ed.), 'The Structure of Biological Membranes', CRC Press, Boca 

Raton, FL, 1992, p.211. 
6. Lindblom, G, Hauksson, J , Rilfors, L, Bergenstahl, B , Wieslander, A. and Erilsson, P.O., J. 

Biol. Chem., 268 (1993) 16198. 
7. Rilfors, L, Hauksson, J.B. and Lindblom, G, Biochemistry, 33 (1994) 6110. 
8. Rietveld, A.G, Chupin, V.V, Koorengevel, M.J, Wienk, H.L.J, Dowhan,W. and de KruijfT, 

B , J. Biol. Chem., 269 (1994) 28670. 
9. Tournois, H , Henseleit, U, DeGier, J , DeKruijff, B. and Haest, C.W.M, Biochim. Biophys. 

Acta, 946 (1988) 173. 
10. Epand, R.M, Stafford, A, Leon, B , Lock, P.E, Tytler, E.M, Segrest, J.P. and 

Anantharamaiah, G.M, Arterioscler. Thromb., 14(1994) 1775. 
11. Matsuzaki, K, Sugishita, K.-I, Fujii, N. and Miyajima, K, Biochemistry, 34 (1995) 3423. 
12. Pouny, Y, Rapaport, D , Mor, A, Nicolas, P. and Shai, Y , Biochemistry, 31 (1992) 12416. 
13. Prenner, E , Hermetter, A , Paltauf, F , Laggner, P. and Lohner, K, ESF Workshop on 

"Principles and Applications of Liposomes" 1994, p. 166. 
14. Tytler, E.M, Anantharamaiah, G.M, Walker, D.E, Mishra, V.K, Palgunachari, M.N. and 

Segrest, J.P, Biochemistry, 34 (1995) 4393. 
15. Epand, R.M. and Epand, R.F, Biochem. Biophys. Research Commun., 202 (1994) 1420. 
16. Epand, R.F, Martin, I , Ruysschaert, J.-M. and Epand, R.M, Biochem. Biophys. Research 

Commun., 205 (1994) 1938. 
17. Martin, I , Dubois, M.-C, Defrise-Quertain, F , Saermark, T , Bumy, A, Brasseur, R. and 

Ruysschaert, J.M, J. Virology, 68 (1994) 1139. 
18. Colotto, A , Martin, I , Ruysschaert, J.-M. and Epand, R.M, (1996) this volume. 
19. Epand, R.M, Biosci. Rep., 6 (1986) 647. 
20. Dentino, A.R, Westerman, P.W. and Yeagle, P.L, Biochim. Biophys. Res. Commun., 1235 

(1995)213. 
21. Owens, R.J, Anantharamaiah, G.M, Kahlon, J.B, Srinivas, R.V, Compans, R.W. and 

Segrest, J.P, J. Clin. Invest, 86 (1990) 1142. 
22. Srinivas, R.V, Birkedal, B , Owens, R J , Anantharamaiah, G.M, Segrest, J.P. and Compans, 

R.W, Virology, 176(1990)48. 
23. Epand, R.F, Moroder, L , Lutz, J, Flanagan, T.D, Nir, S. and Epand, R.M, (1995) this 

volume. 

883 



Peptides: Chemistry, Structure and Biology 
Pravin T.P. Kaumaya and Roberts. Hodges (Eds.) 
Mayflower Scientific Ltd., 1996 

373 
Synthetic Combinatorial Libraries Screened in Solution 

C. Pinilla, J.R. Appel, S.E. Blondelle, CT. Dooley, B. Dorner, 
J. Eichler, J.M. Ostresh and R.A. Houghten 

Torrey Pines Institute for Molecular Studies, San Diego, CA 92121 USA 

Introduction 

Synthetic combinatorial libraries (SCLs) are composed of separate compound mixtures 
with one or more defined positions in the sequence. Since these mixtures are in solution, 
they have been used in a number of bioassays ranging from soluble receptors to whole 
cells. The initial SCL [1] was composed of 400 hexapeptide mixtures having the first 
two positions defined (0„02) and the remaining four positions consisted of approxi
mately equimolar mixtures of 19 of the 20 natural amino acids. Thus, each of the 400 
peptide mixtures is made up of 194= 130,321 individual hexamers, and the library 
represents a total of 52,321,400 individual peptides. This type of library is typically 
synthesized using the divide, couple and recombine method in combination with simulta
neous multiple peptide synthesis. Individual active compounds are deconvoluted 
through an iterative process of the most active peptide mixtures in the library. The 
iterative process involves ranking, selecting and reducing the number of mixture 
positions while defining one more mixture position at each step. This SCL format has 
been utilized for the synthesis of various peptide and peptidomimetic libraries [2]. The 
screening of such libraries have led to the identification of potent antagonists [3] and 
agonists; an agonist with high selectivity for the p receptor was identified from a 
hexapeptide library composed entirely of D- amino acids [4]. Also, highly active anti
microbial peptides have been identified from a library composed of L-, D- and unnatural 
amino acids [5]. 

An alternative approach, termed a positional scanning SCL (PS-SCL) [6], enables 
the identification of the most active residues at each position of a sequence in a single 
assay, thus avoiding the iterative process of synthesis and screening of the original SCL 
format. This approach has been used for the synthesis of a number of libraries varying in 
length and composition (Table 1). Other laboratories have used the positional scanning 
approach for the preparation and use of combinatorial libraries [7-9]. 

Results and Discussion 

The broad applicability of combinatorial libraries is illustrated in Table 2, in which high 
affinity sequences for two different antigen-antibody interactions and two opioid 
receptors were identified from a nonacetylated hexapeptide PS-SCL. The versatility of 
SCLs is a consequence of the fact that they are composed of mixtures of compounds in 
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solution, which can be screened in virtually any bioassay of interest. The versatility is 
also reflected by the range of libraries with different formats and compositions. The 
concept of "libraries from libraries" [18], which is based on the post-synthetic 
modification of parent peptide or non-peptide libraries, opens the door to novel chemical 
diversities with great therapeutic potential. 
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Introduction 

Protein engineering is usually limited to the application of mutagenesis and recombinant 
expression technologies utilizing the 20 naturally occuring amino acids. However, 
synthetic strategies have been developed recently which allow the incorporation of 
synthetic amino acids into proteins. These include total chemical synthesis [1] and 
blockwise chemical [2] or enzymatic [3] coupling of peptide fragments. Proteases can 
catalyze peptide bond formation from activated esters and amines [4], although in 
aqueous solution ester hydrolysis is favored over aminolysis. To solve this problem, 
Kaiser and co-workers [5] showed that a mutant of the serine protease subtilisin, in 
which the catalytic serine 221 was chemically converted to cysteine (Ser221Cys), 
catalyzed aminolysis over hydrolysis of peptide esters in aqueous solution. The activity 
of this mutant was significantly reduced making it an inefficient ligase. To improve the 
catalytic efficiency of thiol-subtilisin for ligation of peptide bonds in aqueous solution, 
Abrahmsen and co-workers [6] engineered a second mutation (Pro225Ala) which 
restored the activity of the ligase; we call this double mutant subtiligase. Here, we report 
the development of compatible peptide chemistry to allow the sequential block-wise 
ligation of peptides in aqueous solution using subtiligase. We have used this technology 
to synthesize ribonuclease A, a 124 residue enzyme [7]. We have also incorporated 
unnatural catalytic amino acids in order to alter the enzyme in a way not possible using 
conventional mutagenesis with natural amino acids. We believe this methodology may 
be useful for the synthesis or semisynthesis of a variety of proteins [8]. 

Results and Discussion 

The strategy for protein synthesis using subtiligase (Figure 1) starts with preparation of a 
fully deprotected peptide (the acceptor) corresponding to the C-terminal fragment of the 
desired protein. The next most N-terminal fragment (the donor) is esterified with a 
glycolate-phenylalanyl amide group (glc-F-NH2) on the C-terminus. This group affords 
efficient acylation of subtiligase based on the enzyme's preference for substrates 
containing glycine and phenylalanine at the Pl' and P2' positions, respectively [6]. The 
donor fragment also contains an isonicotinyl protecting group (iNOC) on its N-terminus 
to prevent self ligation [9]. The iNOC group can be removed from the peptide after each 
ligation to afford a free N-terminus for subsequent ligations. 
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R-NH-P©ptod@2-C0-R' + H2N-F'®p(ti<dl®3-C02 

1 1) Subtiligase, pH 8 

R-NH-P,0ptido2-CO-NH-F®p1tW®a-CO2 

1 2) Zn/CH3C02H 

H2N-P®ptid®2-CO-NH-P®pdld®s-C02 

R-NH-PeptiderCO-R^-Nj 3 ) Repeat steps 1 and 2 

H2N-PeptiderCO-NH-Peptide2-CO-NH-P®ptt!<dl®s-C02 

- N ( T ° ^ 

^ O ^ r T N ^ N H 2 

Figure 1. Diagram showing the general strategy for synthesizing protein using subtiligase. 
Synthetic peptides are ligated together sequentially in a C N direction. After each ligation the 
N-terminus of the product is deprotected and the next peptide is ligated. The process is repeated 
until full length material is obtained. The structures of the N-terminal protecting group R (iNOC) 
and C-terminal ester R' (glc-F-NHJ are shown at the bottom. 

RNase A was chosen as synthetic target because it has many unanswered interesting 
mechanistic questions (for review see [10]) and much is known about its crystalline [11] 
and solution structure [12]. Previous attempts to synthesize RNase A have yielded only 
trace amounts of impure protein [2, 13]. We divided RNase A into six peptide fragments 
(Table 1) based on subtilisin specificity [6]. 

The peptides were synthesized using BOC-chemistry [14] and ligated together in a 
sequential manner. The average yield per coupling step was 66% and per deprotection 

Table 1. Summary of yields for blockwise synthesis of wt RNase A . 

Step 

1. 

2. 

3. 

4. 

5. 

6. 

# Fragment 

5 + 6 
iNOC-5-6 

5-6 + 4 
iNOC-4-5-6 

4-5-6 + 3 
iNOC-3-4-5-6 

3-4-5-6 + 2 
iNOC-2-3-4-5-6 

2-3-4-5-6 + 1 
iNOC-1-2-3-4-5-6 

1-2-3-4-5-6 

Reaction 

Ligation 
Deprotection 
Ligation 
Deprotection 
Ligation 
Deprotection 
Ligation 
Deprotection 
Ligation 
Deprotection 
Refolding 

% Yield 

63% 
91% 
76% 
87% 
68% 
81% 
55% 
83% 
67% 
90% 
54% 

mass (calculated: found) 

5370.7 : 5368.9 
5233.9 : 5234.4 
6832.0:6831.5 
6695.2 : 6695.0 
8075.4 : 8075.0 
7939.4 :7938.5 
11675.6 
11539.4 
13824.0 
13688.0 
13679.8 

11676 
11538 
13824 
13687 
13680 

a Fragment peptides (1-6) were synthesized via standard methods and have amino acid sequences: 
1 = iNOC-HN-KETAAAKFERQHMDSSTSAA-CO-R' (residues 1-20); 2 = iNOC-HN-SSSNY 
CNQMMKSRNLTKDRCKPVNTFVHESL-CO-R' (residues 21-51); 3 = iNOC-HN-ADVQA 
VCSQKNV-CO-R' (52-63); 4 = iNOC-HN-ACKNGQTNCYQSY-CO-R' (residues 64-76); 5 = 
iNOC-HN-STMSTETGSSKPNCAY-CO-R' (residues 77-97); 6 = H2N-KTTQANKHIIVACE 
GNPYVPVHFDASV-CQ2H (residues 98-124) where iNOC = isonicotinyl and R' = glc - F-NH2. 
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step was 86%. The product was purified by reverse phase HPLC in a yield of 54%. The 
synthetic RNase A was >98% pure as assessed by SDS-PAGE. The protein had a mass 
of 13,680 daltons as determined by electrospray ionization mass spectrometry that was 
identical to commercial RNase A (Sigma). The synthetic RNase A catalyzed the 
hydrolysis of 2',3'-cyclic CMP with a kcill and Km in agreement with literature values. 

Clearly the incorporation of non-natural amino acids allows the electronic and steric 
properties of enzymes to be altered in ways not possible using conventional site-directed 
mutagenesis with naturally occurring amino acids. We have also shown the subtiligase 
technology is adaptable to semi-synthesis of proteins; peptides can be ligated onto the 
N-terminus of large natural or recombinant proteins or protein fragments [8]. Total 
protein synthesis using subtiligase may also provide access to proteins which are poorly 
expressed in vivo. Finally, the efficient incorporation of synthetic amino acids into 
proteins greatly enhances the ability of chemists and biologists to understand existing 
proteins and to create new proteins with altered and useful properties. 
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Introduction 

The one-bead-one-compound library technique is composed of three main parts: (i) 
synthesizing of the library in which each solid phase particle carries a unique structure, 
(ii) identifying particles that interact with a given macromolecular target, and (iii) 
determining the structure responsible for the observed effect [1, 2]. There are several 
issues to be solved to successfully apply this technique. We will address only some of 
them: (i) manual and automated synthesis of peptide libraries and compounds identified 
in library screening; (ii) screening of solid phase libraries with both soluble and 
insoluble targets; (iii) synthesis of complete libraries; and (iv) synthesis of libraries with 
higher diversity than possible in peptide libraries. The one-bead-one-compound library 
technique was recently reviewed [2]. 

Results and Discussion 

Synthesis of the library can be automated. A compound identified in library screening 
must be resynthesized for verification of its activity. The resynthesis of hits may 
become a bottleneck of the screening technology. It is necessary to use the capability of 
a multiple synthesizer, which can deliver the required number of compounds (peptides) 
for testing. However, all commercially available multiple synthesizers operate in a 
batch mode; i.e., they cannot accept new sequences or prioritize syntheses once 
operation has commenced. The optimal reactor for solid phase peptide synthesis is a 
polypropylene syringe equipped with teflon frit [3], which we have used for synthesis of 
several thousand peptides. We have designed the MARS (multiple automatic robotic 
synthesizer) apparatus which synthesizes peptides in plastic syringes [4]. This machine 
can accept any number of synthetic requests and prioritize them immediately. The 
capacity is the simultaneous synthesis of twelve peptides. Overall throughput depends 
on the length of peptides to be synthesized and coupling time. For example, 
(considering two hours coupling time) it can synthesize approximately 12 octapeptides 
or 24 tetrapeptides a day. The robot operates continuously, and can synthesize peptides 
of any length or sequence in parallel. We have synthesized HIV protease (99 amino 
acids) together with a number of short peptides. Therefore, one hundred peptides per 
week is not an unusually high load. 
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Table 1. Efficiency and success of on-bead-binding screening. 

Project 

Ilb/IIIa 
Thrombin 
Her-2 
Xa 
Vila 
RNase-H 
Oxidase 
Grb-2 
gp!20/CD4 

Time to 
first hit 

2wk 
2wk 
8wk 
8wk 

20 wk 
4 wk 
5wk 
4 wk 

14 wk 

No. libraries 
screened 

3 
20 
18 
37 
36 
20 

9 
3 
5 

No. compounds 
screened 

2,000,000 
20,000,000 
43,000,000 
37,000,000 
36,000,000 
20,000,000 

2,800,000 
9,000,000 

16,000,000 

No. hits 
identified 

40 
>1000 

47 
>800 

200 
500 
84 
15 
17 

% hits 
confirmed 

80 
95 
27 
75 
3 

30 
3 

66 
43 

Screening of a one-bead-one-compound library can be performed either by a solid 
phase binding assay, or by solution tests in a high-throughput mode. The practical 
performance of these tests has been described in detail [5, 6]. It is very important to 
include appropriate controls during the screening of a bead-bound library to eliminate 
nonspecific binding. The test is usually performed both in the presence and in the 
absence of a competitor several times, and only beads selected in repeated cycles of 
staining and decolorization are submitted for sequencing and resynthesis. An alternative 
to multiple rounds of screening is a technique using different colors in each step of bead 
staining [7]. Specificity of binding can be determined by the evaluation of bead color. 
Only compounds in which the biological activity has been verified in solution can be 
qualified as hits. Table 1 illustrates the time-lines and success rate in this type of 
screening. It ranges from more than 95% in the case of thrombin to 3% in the case of 
factor Vila. On the other hand, structures identified in solution screening were found to 
be real hits in all cases. This advantage of solution screening is counterbalanced by its 
relatively low throughput; only several hundred thousand beads can be screened in one 
day, in comparison to millions screened by bead-binding assay. 

Synthesis of libraries by the split and mix technique generates random mixtures of 
all possible structures. Therefore, there is always uncertainty about the completeness of 
the library [8]. This issue is especially important in the case of small libraries and in 
situations requiring the most economical use of reagents. We have designed a technique 
allowing the synthesis of all members of the particular library with only one repre
sentation of each structure. This technique is based on the principle of continually 
dividable carrier (membrane, thread), the synthetic "fate" of which can be easily traced 
based on its size or shape in the particular stage of the synthesis. Figure 1 illustrates the 
principle of this technique on the example of a library of eight compounds generated by 
three steps of randomization using two building blocks in each step. Each piece of solid 
carrier was cut in half in three consecutive steps and pieces were transferred to the next 
synthetic step, not randomly but in an organized way. We have prepared a peptide 
library of several thousand members and screened it both by binding and in a solution 
assay [9]. 

To increase the diversity achievable with linear peptides, we have synthesized cyclic 
as well as branched libraries in which not only alpha amino acids but also compounds 
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Figure 1. General scheme for the synthesis ofnonrandom libraries. 

with other combinations of amino and carboxy groups are part of the "backbone" [10]. 
Modifications of side chains of trifunctional amino acids in peptides is another way to 
increase diversity. We have also applied other reactions, such as Wittig or Mitsunobu 
reaction in library building (see elsewhere in this volume). In all these cases, as well as 
in the libraries based on a molecular "scaffold", we had to apply "coding" (see e.g. [11]) 
for elucidation of the structure, when structures in the library were not easily detectable 
by mass spectroscopy. 
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Introduction 

The most common methods for peptide bond formation include the use of N,N-dicyclo-
hexyl- and diisopropylcarbodiimides (DCC and DIPCDI, respectively), pentafluoro
phenyl esters (OPfp), and uronium or phosphonium salts built around N-hydroxy-
benzotriazole (HOBt). The carbodiimide and active ester techniques are also improved 
by the use of HOBt as an additive, a key step in each case being OBt ester formation. 

A more efficient coupling additive, l-hydroxy-7-azabenzotriazole (HOAt), a com
pound known since 1973 but only in other connections, was described in 1993 [1]. 
HOAt incorporates into the HOBt structure a pyridine nitrogen atom, strategically 
placed to enhance coupling rates and maintenance of chiral integrity. Both the uronium 
and phosphonium salts based on HOAt {N-[(dimethylamino)-lH-l,2,3-triazolo-
[4,5-b]pyridin-1 -ylmethylene]-N-methylmethanaminium hexafluorophosphate N-oxide 
(HATU), 7-azabenzotriazol-1 -yloxytris(pyrrolidino)phosphonium hexafluorophosphate 
(PyAOP) and l-(l-pyrrolidinyl-lH-l,2,3-triazolo[4,5-b]pyridin-l-yl methylene) pyrroli-
dinium hexafluorophosphate N-oxide (HAPyU)} were synthesized and compared with 
the common HOBt-derived reagents, BOP, PyBOP, HBTU, HBPyU, etc., [2]. 

Results and Discussion 

Early studies [1,3] demonstrated that HOAt as an additive for carbodiimide and penta
fluorophenyl ester coupling or built into stand-alone coupling reagents caused 
significant reductions in both coupling times and racemization or epimerization. For 
example, in the [3+3] coupling to give Z-Gly-Gly-Val-Ala-Gly-Gly-OMe, the use of 
HAPyU in the presence of collidine gave < 0.1% of the D,L-diastereomer whereas the 
corresponding HOBt analog gave 7.9% of this form. 

Initial applications of HOAt-based additives as coupling reagents in solid phase 
synthesis involved the assembly of the common decapeptide model ACP (65-74) 
derived from the acyl carrier protein sequence (H-VQAAIDYING-NHj) [4]. Using the 
Fmoc/?Bu strategy on PAL-PEG-PS resins with deliberately reduced coupling times and 
excesses of reagents, dramatic differences were observed relative to syntheses carried 
out via the HOBt-analogs. In the latter cases, the crude HPLC traces were essentially 
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catalogs of all the by-products expected for this well-known model (des-Asn73, des-Ile72, 
des-Ile69, des-Val75, and des-Ile69, He72). For reasons still unclear, the coupling of 
Fmoc-Asn(Trt)-OH via HATU or PyAOP is improved by the addition of 1 equiv. of 
HOAt. No such improvement is noted for other amino acids. 

Differences between HOAt- and HOBt-based syntheses are particularly significant 
in the case of peptides which incorporate hindered amino acids. The standard model, 
H-Tyr-Aib-Aib-Phe-Leu-NH2, was assembled via HATU (4 equiv. amino acid/activator, 
8 equiv. base, 2 h coupling for Tyr and Aib and 30 min for Phe and Leu) with an 
efficiency similar to that obtained via acid fluorides [5]. In a more demanding example, 
H-Tyr-Aib-Deg-Phe-Leu-NH2 assembled under the same conditions gave a 1:1 mixture 
of the desired peptide and the des-Aib derivative. With HBTU activation, none of the 
pentapeptide was formed. Multiple extended-time couplings with HATU gave good 
conversion to the desired 5-mer. The highly challenging 20-mer, alamethicin acid, 
containing eight Aib residues and previously assembled by solid-phase methods only via 
acid fluorides could be obtained via HATU in excellent yield if the single Aib-Aib 
sequence is introduced via double coupling. HBTU gives none of the desired sequence. 

Extreme steric effects are also observed with N-substituted amino acids. An appro
priate model was a segment of cyclosporin (H-DAla-MeLeu-MeLeu-MeVal-Phe-
Val-OH) which was assembled on a hyperacid-labile resin (HAL-PEG-PS) using 2x2 h 
couplings for the final three amino acids. The desired peptide was obtained in yields of 
85% and 8% for HATU and HBTU, respectively [5, 6]. These results suggest that back
bone protected amino acids (Hmb, Tmob) might be handled by the HOAt-based 
methodology. 

Segment condensations onto resins are somewhat more demanding than analogous 
reactions carried out in solution in terms of configurational control. Preactivation times, 
identity of the base, and choice of solvent are all critical. For the coupling of Fmoc-Phe-
Ser(fBu)-OH onto H-Pro-PAL-PEG-PS and a number of related models, HATU/ 
collidine/DMF-CH2Cl2 proved to be most effective, epimerization being at least 1/3 that 
of comparable HBTU couplings [7]. Differences among HOAt-based reagents may also 
be observed especially with regard to the retention of configuration during coupling 
processes [3]. A particularly striking example involves the cyclization of linear peptides 
in solution [8]. 

HOAt and the various HOAt-based coupling reagents are inert in solid form. HOAt 
itself is stable in DMF solution (0.3 M). The derived uronium salts are stable in DMF at 
0.5 M concentration for up to 5 d whereas the corresponding phosphonium salt, i.e., 
PyAOP is less stable, a possible indication of its greater reactivity. 
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Introduction 

In the last ten years, rapid progress has been made in developing selective peptide 
receptor ligands with properties of orally administered drugs [1]. The majority of leads 
to these agents have been identified from natural product sources and synthetic chemical 
collections through directed screening. Medicinal chemistry efforts have optimized the 
properties of many of these leads. Here we highlight certain structures and observations 
that may facilitate identification of nonpeptide ligands for other peptide receptors. 

Results and Discussion 

Prior to 1985, nearly all examples of small molecule, nonpeptide ligands for peptide 
receptors were in the opioid field. The classic example is morphine. Many years of 
research have produced a structurally diverse group of selective opioid agonists and 
antagonists with several having significant utility in therapy. An important advance 
came with the discovery of asperlicin, a nonpeptide structure from Aspergillus alliaceus, 
which is a moderately potent cholecystokinin (CCK) receptor antagonist [2]. Directed 
screening using radioreceptor assays identified this lead and established that this 
approach has utility for finding novel peptide receptor ligands. Medicinal chemistry 
studies based on asperlicin led to highly potent and selective antagonists for the CCK-A 
receptor subtype exemplified by devazepide (MK-329). A key observation was the 
recognition of the utility of a 5-phenyl-l,4-benzodiazepine core structure in the design of 
these agents. Further elaboration of structure-activity relationships produced the potent, 
selective CCK-B antagonist L-365,260. Both of these agents exhibit good oral 
bioavailability and were chosen for human clinical trials. Subsequent research produced 
water soluble derivatives of MK-329 (e.g., 1) and water soluble CCK-B antagonists with 
enhanced potency and selectivity (e.g., 2). Recent studies in several laboratories have 
increased the structural diversity of nonpeptide CCK antagonists [3]. 

Receptor based screening has also identified novel oxytocin (OT) and vasopressin 
(AVP) receptor ligands [1]. Optimization of these leads produced the potent, selective, 
and orally bioavailable nonpeptide OT antagonist L-368,899, the AVP Via antagonist 
OPC-21268, and the AVP V2 antagonist OPC-31260. All of these compounds were 
chosen for human clinical trials. Recently, using information from human receptor 
binding assays, the potent OT antagonist L-371,257 was designed from OPC-21268 [4]. 
Modeling studies have suggested potential relationships between binding elements in 
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A weak affinity nonpeptide angiotensin II (All) receptor ligand lead from a synthetic 
collection was optimized to the potent, orally bioavailable antihypertensive agent 
losartan [5]. This drug has been approved for marketing in the U.S.A. Until recently, all 
of the newly discovered nonpeptide ligands have been pure antagonists. It has proven 
possible, however, with simple structural modifications, to convert a potent All anta
gonist 3 into a compound 4 with agonist properties [6]. This finding represents an 
important precedent showing that nonpeptide opioid ligands are not unique in their 
ability to have either agonist or antagonist properties. 

H3C 

CH3 

X,CH 

Losartan N" N K * 

SO2NHCO2BU 

3, R = n-Pr S ^ 
4, R = i-Bu R 

Many nonpeptide neurokinin (NK) antagonists have also been discovered, again 
primarily from screening leads [7]. Two pioneering examples (next page) are the NK1 
antagonist CP-96,345 and the NK2 antagonist SR48968. Considerable structural 
diversity now exists in this area with several compounds in clinical trials. 
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CP-96,345 SR 48968 
Cl 

An important issue for design of nonpeptide ligands for peptide receptors is the 
relationship of receptor binding elements of peptide and nonpeptide ligands. Recent 
binding studies with selectively mutated CCK [8] and neurokinin [9] receptors and 
various ligands have indicated that antagonists can utilize different binding sites from 
those of native peptide agonists. These results emphasize that it is important that ligand 
design efforts not be restricted to structures of native peptide ligands. 

From the research summarized herein, it is apparent that certain core "privileged 
structures" are found in ligands for multiple receptors within the G protein-coupled 
superfamily [10]. Examples are the 5-phenyl-l,4-benzodiazepine (opioid and CCK 
receptor ligands) and 4-arylpiperidines (opioid, oxytocin, and neurokinin receptor 
ligands). Such structures are being used for the generation of combinatorial libraries for 
screening in hopes of identifying novel leads for other receptors [11]. 
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Introduction 

The term "peptide limetic" has been used by Veber to refer to agonists or antagonists 
that bind to peptide receptors, in spite of their lack of similarity to traditional peptide 
structures or analogs [1]. We have previously suggested that the evolution between 
peptides and mimetics or limetics may be conveniently viewed as a continuum [2]. 
Using amide bond surrogates, conformational constraints, and other structural changes 
[3], a peptide lead structure can undergo a stepwise, systematic conversion to a 
nonpeptide replacement, when the latter is deemed advantageous. 

Results and Discussion 

It has been suggested by Hirschmann [4], Conradi [5], and others that bioavailability of 
peptides is compromised by the large desolvation energies accompanying multiple amide 
units. Table I contains a listing of various amide bond replacements (surrogates) and 
their general characteristics. Some of these (\]/[CHOH], \J/[CSNH], \J/[COO]) are found 
in naturally-occurring peptide analogs while others are primarily synthetic in origin. 
These units can be used to replace amide linkages susceptible to proteolytic degradation. 
Indeed, many of these structures have been incorporated within a variety of putative 
enzyme substrates at scissile linkages to provide effective enzyme inhibitors. 

Certain residues are known to be quite lipophilic (e.g., \|/[CH2S], \j/[CH2CH2], or 
\|/[CH=CH]). Others, such as vi/fCHjNHj*], introduce a new charge and thus enhance 
solubility in polar solvents. Table 2 shows a reversed phase-high performance liquid 
chromatography comparison of retention times for a series of closely related cyclic 
pseudopeptides. The relatively large spread in their elution behaviors correlates well 
with their structural characteristics. 

Not all amide surrogates confer enzymic resistance. Thus ester bonds (\|/[COO]) and 
thioamides (\|>*[CSNH]) can be cleaved by proteolytic enzymes. But these replacements 
often have other, useful properties that can be exploited. Thus, in a series of thionated 
analogs of thyrotropin releasing hormone (TRH), one analog, Top',Prov|f[CSNH2]

3-TRH 
(where Top = thiopyroglutamic acid) proved to show remarkable receptor selectivity 
between different classes of TRH receptors in the brain and hypothalamus [6]. 
Thionated enkephalin analogs similarly showed divergence in mu vs. delta opioid 
receptor binding, compared to their all-amide counterparts [7]. 
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Incorporation of multiple amide bond surrogates may prove to be an effective 
method to prepare potent peptide analogs (limetics) that bear scant resemblance to their 
peptide precursors. Figure 1 shows the structure of a renin antagonist that has been 
shown to possess good oral bioavailability both in dogs and in humans [8]. By naming 
the structure as a peptide derivative using amide bond surrogate nomenclature [2], the 
concept of a continuum between peptides and limetics is perhaps more clear. 

Table 1. Relative RP-HPLC retention times for a series of cyclic opioid analogs containing single 
amide bond replacements. 

Surrogate 

CH2 

CH2CH2CH2 
CH=CH 

C=C 
CH2NH 
COCH, 

CH,S 

Comments 

Short, flexible 
Flexible 
Flexible spacer 
Cis or trans; rigid 

Linear geometry 
Flexible, 2° amine 
Flexible; H-bond acceptor 

Flexible 

CH2SO 
CH2S02 

SCH2 

CSNH 
NHCO 
CHOH 
CHOHCH, 

Flexible, chiral; H-bond acceptor 
More rigid 
Synthetic challenge 
Rigid; hydrolyzable 
Rigid; enzyme resistant 
Statine; inhibitors 
Enzyme Inhibitor 

CHOHCHOH 

N N 
W / 
C—N 

2 Chiral centers 

Cis configuration 

-lU tCH, N-Me replacements 

Table 2. Amide bond surrogates and their characteristics. 

Structure Retention Times (min)" 

Tyr-c[D-Lys-Gly-Phe-Leu] 
Tyr-c[D-Lys-Gly-Phe\|/[CH2S]Leu] 
Tyr-c[D-Lys-Gly-PheVj/[CH2SO]Leu] 
Tyr-c[D-Lys-Gly-Phe\|/[CH2NH]Leu] 
Tyr-c[D-Lys-Glyy[CSNH]Phe-Leu] 

4 
15.6 
11.2, 13.9 
~3b 

5.9 

" 30-50% 
b18minorl0-30%CH3CN 
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Figure 1. Structure of a potent renin inhibitor with good oral activity. 

Amide bond surrogates can be synthetically challenging but provide medicinal chemists 
with a rich array of structural modifications possessing a wide variety of physical 
characteristics. It is likely that structures containing two or more amide surrogates, in 
both linear and cyclic forms, will be probed for new approaches for structure-function 
studies. Because many surrogates can be incorporated as protected pseudodipeptides via 
traditional solution or solid phase methods, the use of combinatorial methods may be 
especially well-suited to test their utility in a larger array of host candidates, thereby 
leveraging the synthetic effort. 
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Introduction 

Recent advances in synthetic chemistry permit production of large quantities of various 
peptides and peptide mimetics possessing a diverse array of pharmacological effects. 
The clinical development of these peptide-based drugs, however, has been restricted due 
to their very low oral bioavailabilities and short in vivo half-lives [1]. Successful design 
of such molecules as orally available drugs is a major challenge for pharmaceutical 
scientists. Designing a suitable structure necessitates a balance between optimal pharma
cological (e.g., receptor binding) and optimal pharmaceutical properties (e.g., membrane 
permeability, metabolic stability). 

The epithelium lining of the gastrointestinal tract acts as a strategic interface 
between the external (e.g., intestinal lumen) and internal milieu (e.g., blood) of the body. 
This interface is both a physical and a biochemical barrier. Biochemically, the gastro
intestinal tract is designed to break down dietary proteins into subunits (e.g., peptides, 
amino acids) sufficiently small to be absorbed [2]. Digestive processes for peptides and 
proteins are catalyzed by a variety of proteases and peptidases. Due to the wide substrate 
specificity of these enzymes, it is not surprising that the metabolic barrier is considered 
to be important in limiting the absorption of peptide-based drugs. Another important 
aspect of the biochemical barrier is the existence of apically polarized efflux systems in 
the intestinal mucosa [3]. 

Physiologically, the intestinal epithelium also represents an important physical 
barrier. The organization and architecture of the intestinal mucosa, which have been 
extensively reviewed elsewhere [2], limit peptides to traversing the cell barrier via the 
paracellular and/or the transcellular route. The paracellular pathway is an aqueous, 
extracellular route across the epithelia that is followed by molecules according to their 
hydrophilicity, size, and charge. The main barrier to the paracellular diffusion of mole
cules is the region of the tight junctions or zonula occludens. Although the degree of 
permeability at the tight junctions varies significantly within different epithelia, tight 
junctions are generally reported to be impermeable to molecules with radii larger than 
11-15A [5]. 

The transcellular pathway involves movement of the solute across the apical cell 
membrane, through the cytoplasm and across the basolateral membrane by either active 
or passive processes. It is well known that di- and tripeptides are absorbed by both 
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active, carrier-mediated processes and simple passive diffusion. Generally, active 
processes are fairly substrate-specific, although exceptions have been found [5]. 
Although there is evidence that mucosal peptide/protein uptake is mediated by endocytic 
processes [2], in most cases this does not lead to transcytosis. Transcellular permeation 
by passive diffusion requires a solute to have optimal physicochemical properties, 
including size, lipophilicity (hydrophobicity and hydrogen bonding potential), and 
conformation [6]. For peptides and peptide mimetics, hydrogen bonding is a particularly 
important physicochemical characteristic [7-9]. 

Results and Discussion 

The paracellular route has been of interest for the delivery of peptides and peptide 
mimetics because of the perception that it has limited proteolytic activity [1]. Recently, 
our laboratory has become interested in elucidating the structural features that influence 
the diffusion of peptides via the paracellular route. In one study, our laboratory 
determined the effect of conformation flexibility on the permeation of peptides through 
Caco-2 cell monolayers, an in vitro model for the intestinal mucosa [10]. We compared 
linear hexapeptides (H2N-Trp-Ala-Gly-Gly-Asp-Ala-OH and Ac-Trp-Ala-Gly-Gly-Asp-
Ala-NH2) with a cyclic analog (cyclo[Trp-Ala-Gly-Gly-Asp-Ala]), which was covalently 
linked by the N-terminal and C-terminal ends. Solution structural analysis by means of 
2-D NMR revealed that for the linear hexapeptides significant amounts of secondary 
structure (e.g., (31 turns) exist in a dynamic equilibrium with unfolded solution structures. 
In comparison, the cyclic analog existed in well-defined conformations containing pTi 
turns. When the permeation of the Asp-containing peptides was determined across 
Caco-2 cell monolayers, the cyclic peptide was shown to be ca. 3 times more able to 
permeate than the linear, protected hexapeptide, and ca. 55 times more able to permeate 
than the linear, unprotected hexapeptide which was rapidly metabolized. This implies 
that cyclization has stabilized the peptide to metabolism, and it may have decreased the 
average molecular size, accounting for the observed increase in flux. 

Proteins within the junctional complexes consist of polar amino acids with ionizable 
side chains. As a consequence, the junctional space exhibits an electrostatic field with a 
negative net charge that may affect the paracellular flux of molecules due to charge-
charge interactions. Our laboratory recently demonstrated that the flux of several model 
peptides, Ac-Trp-Ala-Gly-Gly-X-Ala-NH2 (X= Asp, Lys, Asn) and Ac-Tyr-ProX-Z-
Val-NH2 (X=Gly,Ile and Z=Asp,Asn), in Caco-2 cell monolayers did not show any 
discrimination based on the difference in charge [11, 12]. It was concluded that mole
cular radius and not charge predominantly limits the permeation of these penta- and 
hexapeptides through cell monolayers. However, with smaller peptides (e.g., 
tripeptides), where size is not the predominant factor, charge could influence their flux 
via the paracellular pathway. 

In an effort to alter the molecular radius of a peptide transiently and thus improve its 
permeation via the paracellular route, our laboratory has recently developed novel 
approaches for preparing cyclic prodrugs of the hexapeptide H2N-Trp-Ala-Gly-Gly-
Asp-Ala-OH [13, 14]. These prodrug systems utilize either a acyloxyalkoxycarbamate 
pro-moiety or a 3-(2'-hydroxy-4',6'-dimethylphenyl)-2,2-dimethyl propionic acid pro-
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moiety. The conversion of both prodrugs to the peptide was significantly more rapid in 
rat or human blood than in buffer, suggesting esterase-mediated hydrolysis. In addition, 
when permeabilities were determined in Caco-2 cell monolayers, the permeation of the 
prodrugs was ca. 5 times greater than that of the metabolically stabilized, linear 
hexapeptide Ac-Trp-Ala-Gly-Gly-Asp-Ala-NH2, and ca. 70 times greater than the linear, 
unprotected hexapeptide, which was rapidly metabolized and showed no transport. 

The multiplicity of barrier mechanisms in the gastrointestinal tract represents a 
challenge for successful oral delivery of peptides. However, intestinal absorption of 
biologically active peptides may be possible through an understanding of the many 
different mechanisms that regulate the mucosal barrier. Hence, peptides can be modified 
to achieve enhanced chemical and enzymatic stability and improved permeation 
properties. Nevertheless, every biologically active peptide must be treated individually 
in order to improve its permeation through the intestinal mucosa. 
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