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Preface

The Tenth American Peptide Symposium was held on the campus of Wash-
ington University in St. Louis, Missouri, on May 23-28, 1987. More than 750
participants from around the world met to renew acquaintances, make new
friends, and feast at the scientific explosion occurring in the field of peptide
research. From over 85 oral presentations and 295 poster presentations, the
manuscripts which make up this proceedings have been selected in order to
present a synopsis of current research.

In many ways, this meeting represented a culmination of forces clearly
perceptible in the proceedings of previous meetings in which synthetic chemistry,
spectroscopy, molecular biology, molecular modeling, and protein chemistry all
are blended as needed to focus on interesting scientific problems. As peptides
assume an ever increasingly important role in biological phenomena, our domain
as peptide chemists has obviously expanded, and we are the richer for it. The
session on conformation was highlighted by both predictions of three-dimensional
structures of proteins (i.e., interleukin and human growth hormone) as well
as determination of solution structures by 2D NMR. A growing interest in peptide
mimetics stimulated much interest in reverse turn mimics, nonpeptide antagonists
of peptide hormones, and amide bond isosteres. Increased use of unusual amino
acids created strong interest in approaches to asymmetric syntheses of amino
acids and methodological improvements in peptide synthesis as well as recent
advances in purification and characterization methods. A session on mechanism
of action featured reviews of the second messenger role of inositol phosphate
and genetic engineering of the insulin receptor as well as signal sequences which
target both the export and specific transport of peptides to the nuclear com-
partment. Protein engineering both highlighted efforts to generate de novo
structures as well as modification of known structures. The exciting developments
in the specific interactions of peptides with nucleic acids in regulation of expression
was the focus of another session. Structure-activity studies have long been a
dominant interest of this community and presentations on the details of inhibition
of thermolysin as well as new inhibitors of various peptides and proteins of
biological interest such as vasopressin, bradykinin, parathyroid hormone, throm-
bin, and renin only served to emphasize the rapid progress being made. Four
sessions were reserved to emphasize biological areas of enhanced activity. Antigen
presentation, epitope definition and synthetic vaccines were well represented by
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the immunology program. The growth factor/oncogene area was discussed with
emphasis on TGF, ras oncogene proteins, EGF, and IGF. Neurochemistry
focused on blood-brain barrier penetration by peptides, modulation by neuro-
peptides, new psychotomimetic peptides, satiety and precursor processing in the
CNS. A final session emphasized cell-type specific adhesion, new developments
in a potent immunosuppressive peptide, peptide inhibitors of viral enzymes and
proteoglycan structure.

It is indeed appropriate that this year’s Pierce Award was bestowed on a
scientist whose career has exemplified the synergy resulting from the combination
of a clear understanding of an important biological problem with the chemical
expertise to characterize the structure of the relevant biologically active peptides.
Professor Choh Hao Li characteristically chose to present yet another chapter
in his lifetime treatise on molecular endocrinology by describing the charact-
erization of novel gonadal peptides involved in endocrine regulation. A pioneer
at the interface between peptide chemistry and relevant biology, Professor Li
has served as both mentor and inspiration to the current generation of peptide
scientists.

As the Chairman, it is my pleasure to acknowledge the contributions of those
groups and individuals who contributed both physically as well as financially
to the successful meeting we all enjoyed. Both the Planning Committee and
the Program Committee were instrumental in suggestions and recruitment for
the program. The Department of Pharmacology at Washington University School
of Medicine, headed by Professor Philip Needleman, with Ms. Valorie Hambley
as departmental administrator, were supportive in many substantive ways. The
professional assistance of the St. Louis Scene was crucial in the organizational
details of the meeting and our thanks to Ms. Peggy Schweig, Ms. Nell Lockhart,
Ms. Pat Wyman, Ms. Lucy Tucker, and Ms. Margaret Craig for their profess-
ionalism and dedication to quality. Ms. Anne Dillon contributed her creative
talents to the design of the logo and other graphics. Ms. Tootie Williams is
the director of conference planning at Washington University and assisted at
many stages of the meeting.

There is always another unsung group who sacrifices to make a meeting like
this a success. Those are the members of the Chairman’s research group who
are alternatively ignored and then pressed into service with projectors, video
equipment, and door monitoring. To the following individuals go my heartfelt
thanks for their efforts: Drs. James Dunbar, Hiroshi Ilijima, Tom Leplawy, Dorica
Mayer, Chris Naylor, and Anne Richards. In addition, our publisher, Dr.
Elizabeth Schram, has also contributed by her efforts to bring this book to
press in a timely fashion and with the high publishing standards it exhibits.

Finally, there is the one individual that has truly been responsible for this
meeting and the resulting proceedings. Ms. Melissa Taylor, the special project
assistant for this meeting, has earned the gratitude and respect of all those with
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whom she has dealt for her dedication to the success of this meeting and the
quality of the publication. Hopefully, the quality of these proceedings reflects
the outstanding quality of the science presented in St. Louis, which I believe
was the dominant feature of the Tenth American Peptide Symposium.

Garland R. Marshall, Chairman
Tenth American Peptide Symposium
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Abbreviations used in the proceedings volume are defined below:

All
AAA

ABTS

ACE

Acm
ACP
ACTH
AEC
AFP
Aib
AMD
AMP
ANF
ANG II
ANP

AP

APC
APM
APY
ASW
AVP

Bab

Bal
BGH
BHAR
BHK
BK
BnPeOH

Boc
BOP

angiotensin I
a-alkyl-a-amino acids;
amino acid analysis
2,2"-azinobis(3-ethylbenz-
thiazoline sulfonic acid)
angiotensin-converting
enzyme
acetamidomethyl

acyl carrier protein
corticotropin
3-amino-9-ethylcarbazol
antifreeze polypeptides
aminoisobutyric acid
actinomycin D
aminomethylpiperidine
atrial natriuretic factor
angiotensin II

atrial natriuretic polypeptide;
atrial natriuretic peptide
aminopeptidase

antigen presenting cell
aminopeptidase M
anglerfish peptide YG
artificial sea water
arginine vasopressin;
arginine vasotocin

3,5-bis(2-aminoethyl)benzoic
acid

B-alanine

bovine growth hormone
benzhydrylamine resin
baby hamster kidney
bradykinin
2,2-[bis(4-nitrophenyl)]-
ethanol

butyloxycarbonyl
benzotriazolyl-oxy-tris-
(dimethylamino)-phospho-
nium hexafluorophosphate

BPA

Bpoc
BSA
BTD
Bzl

Cbz

CCD
CCK

CPG
CPMAS

CRF
CTMS

DBU

DCC
DCCI
DCM
DDQ
Deg
DEPE

DHP
DIBAL
DIC
DIEA
DKP
DLPS
DMAP
DMBHA
DMF
Dmp
DMPC

DMS

benzylphenoxyacetamido-
methy!
biphenylylpropyloxycarbonyl
bovine serum albumin
bicyclic B-turn dipeptide
benzyl

carbobenzoxy; benzyl-
oxycarbonyl

countercurrent distribution
cholecystokinin

circular dichroism

controlled pore glass
cross-polarization/magic
angle spinning

corticotropin releasing factor
chlorotrimethylsilane

1,8-diazobicyclo[5,4,0]-
undec-7-ene
dicyclohexylcarbodiimide
dicyclohexylcarbodiimide
dichloromethane
dichlorodicyanoquinone
diethylglycine
dielaidoylphosphatidyl-
ethanolamine
dihydroxypropyl

diisobutyl aluminum hydride
diisopropylcarbodiimide
diisopropylethylamine
diketopiperazine
dilauroylphosphatidylserine
dimethylaminopyridine
dimethoxybenzhydryl amine
dimethylformamide
dimethylphosphinyl
dimyristoylphosphatidyl-
choline

dimethyl sulfide



DMSO
DNP
DOPC
DOPE
DPCDI
DPPA
DPPC
Ditc

Dts
DTT

EA

EDAC

EDTA

EGF
ELISA

EP

ESR
FABMS
FID
Fmoc
FSH
FTIR
GC
GDA
GEMSA
GH
GLP
GnRH

GPI
GRF

GRP

dimethyl sulfoxide
dinitrophenyl
dioleoyl-sn-glycero-
phosphocholine
dioleoylphosphatidylethanol-
amine
diisopropylcarbodiimide
diphenylphosphorylazide
dipalmitoylphosphatidyl-
choline
5,5-dimethylthiazolidine-
4-carboxylic acid
dithiasuccinoyl
dithiothreitol

ergotamine
1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydro-
chloride
ethylenediaminetetraacetic
acid

epidermal growth factor
enzyme-linked immuno-
sorbent assay

endorphin

endoplasmic reticulum
electron spin resonance

fast atom bombardment
mass spectrometry

flame ionization detector
fluorenylmethoxycarbonyl
follicle stimulating hormone;
follitropin

Fourier transform infrared

gas chromatography
glutaraldehyde
guanidino-ethylmercapto-
succinic acid

growth hormone
glucagonlike peptide
gonadotropin releasing
hormone

guinea pig ileum

growth hormone releasing
factor

gonadotropin releasing-
peptide

hBP
hCG

hCGRP
HDL
HF
HFBA
hF-GRP

HGH
Hip
HMP
HNP
HOBT
HODhbt
HOObt

HOSu

HPLC

Hpp

HSV
HTH

Ia

1B
IEC

IGF
IgG
IL

IR
KLH
LCAT
LEC

LH
LHRH

LPH
LVP

Abbreviations

human serum binding protein
human chorionic gonado-
tropin

human calcitonin gene-
related peptide

high density lipoprotein
hydrogen fluoride
heptafluorobutyric acid
human follicular gonado-
tropin releasing peptide
human growth hormone
hydroxyisovalerylpropionic
acid
hydroxymethylphenoxyacetic
acid

human neutrophil peptide
hydroxybenzotriazole
hydroxyoxodihydrobenzo-
triazine
hydroxyoxodihydrobenzo-
triazine
N-hydroxysuccinimide

high pressure liquid
chromatography
3-(4-hydroxyphenyl)-
propionyl

herpes simplex
hypertrehalosemic hormone

class IT major histo-
compatibility complex
inhibin

ion-exchange chromato-
graphy

insulinlike growth factor
immunoglobulin
interleukin

infrared; insulin receptor

keyhole limpet hemocyanin

lecithin cholesterol acyl
transferase

ligand-exchange chromato-
graphy

luteinizing hormone; lutropin
luteinizing hormone
releasing hormone

lipotropin
lysine-8-vasopressin
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MADb
MAP

Mbh
MBHA
MBP
MBS

MCH

MCPBA
MD
MHC

MNE
MS
MSH

Msob
Mtr

MulV
MVD

NBS
NK
NMM
NMP
NMT
NOE
NP

NPY

OPA
OPA-ME

oT

PAF
PAGE

PAM
Pas

PBS
PCP
PFP

PGF

Xii

monoclonal antibody
membrane anchored protein;
mean arterial pressure
methoxybenzhydryl
methylbenzhydrylamine
myelin basic protein
m-maleimidobenzoyl-N-
hydroxysuccinimide ester
melanin concentrating
hormone
m-chloroperbenzoic acid
molecular dynamics
major histocompatibility
complex

magnetic nonequivalence
mass spectrometry
melanocyte stimulating
hormone; melanotropin
methylsulfinylbenzyl
methoxytrimethylphenyl-
sulphonyl

murine leukemia virus
mouse vas deferens

N-bromosuccinimide
neurokinin
N-methylmorpholine
N-methylpyrrolidinone
N-myristoy) transferase
nuclear Overhauser effect
neutrophil peptide; neuro-
physin

neuropeptide Y

o-phthaldialdehyde
o-phthaldialdehyde-2-
mercapto ethanol
oxytocin

p-aminophenylalanine
polyacrylamide gel electro-
phoresis
phenylacetamidomethyl
6,6-pentamethylene-
2-aminosuberic acid
phosphate buffered saline
phencyclidine
pentafluoropropionyl
proteoglycan

proteoglycan growth factor

PGPR

PhA
PHA
PHBT

Phi
PLP
Pmp

PP
PPA

PPE
PSA

PTH

PTK
PVDF

PYY

RIA
RNase
ROE

RPHPLC
RSV

SA
SAR
Sar
SCp
SDC

SDS
SFGF
SGPA

SH
SMPS

Sp
SPPS
SRP
SV

TASP

plant growth-promoting
rhizobacteria
phenoxyacetal
phytohemagglutinin
polymeric hydroxybenzo-
triazole
4-iodophenylalanine
poly-L-proline
3,3-pentamethylene-3-
mercaptopropionic acid
pancreatic polypeptide
n-propylphosphoric
anhydride

porcine pancreatic elastase
preformed symmetrical
anhydride
phenylthiohydantoin;
parathyroid hormone
protein tyrosine kinase
polyvinylidene fluoride
peptide YY

radioimmunoassay
ribonuclease

rotating frame nuclear
Overhauser effect
reversed-phase high pressure
liquid chromatography
respiratory syncytial virus

symmetrical anhydrides
structure-activity relations
sarcosyl; sarcosine

small cardioactive peptide
sample displacement
chromatography

sodium dodecyl sulfate
Shope fibroma growth factor
Streptomyces griseus
protease A

sulfhydryl

simultaneous multiple
peptide synthesis

substance P

solid phase peptide synthesis
signal recognition particle
simian virus

template-assembled synthetic
proteins



TBDMSCI tert-butyldimethylsilyl

TEA
TEAP
TFA
TFE
TFMSA
TGF
THF
THTP
TLC
™

chloride

triethylamine

triethylamine phosphate
trifluoroacetic acid
trifluoroethanol
trifluoromethanesulfonic acid
transforming growth factor
tetrahydrofuran
tetrahydrothiophene

thin layer chromatography
transmembrane

TMSOTf

TRNOE

Tris

uv

vCD
VP

WSCI

Abbreviations

trimethylsilyl trifluoro-
methanesulfonate
transferred nuclear
Overhauser effect
tris(hydroxymethyl)-
aminomethane

ultraviolet

vibrational circular dichroism
vasopressin

water soluble carbodiimide
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Naturally occurring active peptides from anterior pituitary
and gonads
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Let us define that a molecule consisting of 90 amino acids is a peptide. Bovine
ribonuclease A is not a peptide, as it has 124 amino acids, but it may be called
a small protein or polypeptide. Ovine B-lipotropin consists of 91 amino acids
and is a peptide. For our discussion, molecules are classified as peptides with
90 amino acids, polypeptides or small proteins with 90-200 amino acids, and
proteins with over 200 amino acids. Hormones of the anterior pituitary are
peptides [corticotropin (ACTH), a-melanotropin (a-MSH), 8-MSH, B-lipotropin
(B-LPH), v-LPH, B-endorphin (8-EP)]; small proteins (growth hormone, pro-
lactin); and glycoproteins [lutropin (LH), follitropin (FSH)].

Corticotropin

ACTH has been isolated and sequenced from porcine, ovine, bovine, human,
whale, turkey, ostrich, and dogfish pituitary glands; however, the primary
structure of ACTH from rat, mouse, and amphibian Xenopus laevis was deduced
from the nucleotide sequence of cloned DNA complementary to mRNA. Fig.
1 presents the amino acid sequence of ACTH from various species. They all
consist of 39 amino acids with an identical NH,-terminal dodecapeptide, except
that the amphibian has Ala as the NH,-terminal residue.

A segment of human ACTH (a:-ACTH) has been isolated, characterized,
and synthesized [1]. This segment was identified as an-ACTH-(7-38). It has no
intrinsic steroidogenic activity, but is capable of inhibiting the ACTH action
on cAMP synthesis and corticosterone production in vitro and in vivo [2]. In
rat adrenal capsular cells, ax-ACTH-(7-38) antagonized ACTH-induced aldo-

* It is indeed an honor to be the recipient of the Sixth Alan E. Pierce Award. I would like to
express my appreciation to the Planning Committee of the American Peptide Symposium and
to thank our Chairman, Professor Garland R. Marshall, for the invitation to deliver the Pierce
Award Lecture. For nearly 40 years, it has been my good fortune to be associated with a group
of talented and able investigators in peptide chemistry. Without their contributions, this honor
would never have been given to me.
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Human, Whale:
Turkey:
Ostrich:

Dogfish:
Porcine:
Ovine:
Bovine:
Amphibian:
Mouse, Rat:

Human, Whale:
Turkey:
Ostrich:

Dogfish:
Porcine:
Ovine:
Bovine:
Amphibian:
Mouse, Rat:

Human, Whale:
Turkey:
Ostrich:

Dogfish:
Porcine:
Ovine:
Bovine:
Amphibian:
Mouse, Rat:

Human, Whale:
Turkey:
Ostrich:

Dogfish:
Porcine:
Ovine:
Bovine:
Amphibian:
Mouse, Rat:

5 10
H-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-

H-Ala
15 20
Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-
Arg-Arg-Lys Ile
Arg
Met Arg
Arg Ile
25 30
Lys-Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-
Ser-Val
Val-Gln-Glu
Ser-Phe
Asp
Val Glu
Val Asn
35 39

Ser-Ala-Glu-Ala-Phe-Pro-Leu-Glu-Phe-OH
Glu-Gln-Ala-Ser-Tyr Val
Thr-Ser
Asn-Met-Gly Leu
Leu
Gln
Gln
Ser-Tyr Met Leu

Fig. 1. Primary structures of ACTH from various species.

sterone production [3]. Lypolysis induced by ACTH in isolated rabbit fat cells
is also inhibited by the segment [4]. Thus, ay-ACTH-(7-38) was designated
corticotropin-inhibiting peptide (CIP).
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B-Endorphin

B-EP has been isolated and sequenced from pituitary glands of various species
including human, camel, bovine, ovine, porcine, equine, turkey, and ostrich.
They all consist of 31 amino acids, and their primary structures (see Fig. 2)
are highly conserved in evolution [5]. Met-enkephalin (Met-EK) is the NH-
terminal segment of B-EP. The COOH-terminal residue is glutamine except in
human S-EP.

A segment of B-EP was isolated and identified from pig [6], rat [7], and
equine [8] pituitary glands and shown to be B-EP-(1-27). It was also found
in rat {7] and bovine [9] brains and ectopic lung cancers [10]. In the mouse
tail-flick assay, synthetic Sn-EP-(1-27) [11] inhibits competitively By-EP-induced
analgesia [12, 13]. When compared with naloxone, the segment is at least 4
times more potent in antagonizing analgesia.

Intracerebroventricular (ICV) injection of Sp-EP-(1-27) in rats, while without
cardiovascular effects of its own, significantly antagonized the bradycardic effects
of the parent B-EP peptide [14]. Fifteen min following S-EP plus B-EP-(1-27),
the heart rate was 380 £ 50 beats/min, whereas rats treated with B-EP alone
were significantly bradycardic (270 + 20 beats/min).

ICV injection of B8-EP-(1-27) at a dose of 60ug caused little release of Met-
EK from the spinal cord. This pretreatment of 8-EP-(1-27) significantly inhibited

5 10
Human: H-Tyr-Gly-Gly-Phe-Met-Thr-Ser-Glu-Lys-Ser-
Horse: Ser
Ostrich: Ser Arg-Gly-
Turkey: His
15 20
Human: GIn-Thr-Pro-Leu-Val-Thr-Leu-Phe-Lys-Asn-
Horse:
Ostrich: Arg-Ala
Turkey: Met Leu
25 30
Human: Ala-Ile-Ile-Lys-Asn-Ala-Tyr-Lys-Lys-Gly-Glu-OH
Horse: His Gln
Ostrich: Val Ser Gln
Turkey: Val Ser Gln
Porcine: Val His Gln
Camel, Bovine,
Ovine, Whale: Ile His Gln
Rat: Val-His Gln
Mouse: His Gln

Fig. 2. Primary structures of B-EP from various species.



CH. Li

the release of Met-EK induced by subsequent ICV injection of 15 ug B-EP [15].

B-EP has been shown to have an effect on body temperature. In rats and
mice, high doses of B8-EP cause hypothermia and low doses produce hyperthermia.
ICV injection of B-EP (0.25-4 ug) and B-EP-(1-27) (0.61 to 10 ug) in mice
maintained at 10°C caused a dose-related hypothermia. The duration of hy-
pothermia induced by B-EP-(1-27) was shorter than that induced by B-EP. The
hypothermia induced by 2 ug of B-EP was antagonized by 5ug of B-EP-(1-
27)[16].

B-EP-(1-27) has been shown to inhibit B8-EP-induced growth hormone release
but it does not affect 8-EP-induced prolactin release in rats [17].

The remaining portion of the lecture will be devoted to recent studies on
biologically active peptides from human gonads.

Gonadotropin-Releasing Peptide from Human Follicular Fluid

There are some indications for the occurrence of biologically active peptides
in the follicular fluid and seminal plasma (for a review, see Ref. 18): FSH receptor
binding inhibitor (seminal plasma), oocyte maturation inhibitor (follicular fluid),
and LHRH-like factor (testes). None of these peptides have been purified and
characterized.

A gonadotropin-releasing peptide has recently been isolated from human
follicular fluid [19]. Its amino acid composition and sequence are completely
different from the hypothalamic lutropin-releasing hormone. It is designated
human follicular gonadotropin-releasing peptide and abbreviated as hF-GRP.
The primary structure of this peptide (H-Thr-Asp-Thr-Ser-His-His-Asp-Gln-Asp-
His-Pro-Thr-Phe-Asn-OH) has been confirmed by chemical synthesis. In the
mouse pituitary incubation assay, the EDs, value for follitropin or lutropin release
is estimated to be 1.2-1.6 nM per tube per ml. K. Ramasharma in his latest
experiments showed that hF-GRP is active in releasing both FSH and LH in
cultured rat pituitary cells (see Fig. 3). In comparison with the hypothalamic
LHRH, hF-GRP is considerably less active in releasing gonadotropins in both
the mouse pituitary incubation assay and cultured rat pituitary cell assay.

In computer homology search of protein sequences, hF-GRP is found in
residues 11-24 of the primary structure of human ¢,-antitrypsin [20, 21] as shown
in Fig. 4. hF-GRP-(10-14) was also found in the amino acid sequence of bovine
papilloma virus [22]. In addition, hF-GRP-(1-3),-(6-8) and -(10-12) are tripeptide
sequences in the baboon «-antitrypsin structure [23]. Since there is only a single
lysine in residue positions 10 and 25 of both human [20, 21] and baboon «,-
antitrypsin [23] sequences, it is possible that they are precursors for hF-GRP;
however, it is generally accepted that cryptic domains of precursors for the
formation of new peptide hormones are flanked by pairs of basic amino acids
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Fig. 3. FSH and LH release from cultured rat pituitary cells stimulated with hF-GRP.

[24-26]. It may be noted that «,-antitrypsin does not exhibit gonadotropin-
releasing activity [19].

a-Inhibin from Human Seminal Fluid

Inhibin (IB) is either a protein or peptide of gonadal origin that is involved
in the regulation of pituitary FSH secretion in both sexes. Miyamoto et al.
[27] were the first to isolate and characterize inhibin with a molecular weight
of 32 kDa from porcine follicle fluid. Two groups of investigators [28, 29]
subsequently confirmed the findings of Miyamoto et al. [27]. For a recent review
on the chemistry and biology of inhibins from porcine, bovine, and human
follicular fluids, see Ref. 30.

6 10 15 20 25
a-Antitrypsin: -Asp-Ala-Ala-Gln-Lys-Thr-Asp-Thr-Ser-His-His-Asp-Gin-Asp-His-Pro-Thr-Phe-Asn-Lys-lle-
(human)

a-Antitrypsin: -Asp-Ala-Ala-Gln-Lys-Thr-Asp-Thr-Pro-Pro-His-Asp-Gln-Asn-His-Pro-Thr-Leu-Asp-Lys-Ile-
(baboon)

Papilloma virus:  -Glu-Val-Ser-Arg-Gly-Gln-Pro-Leu-Gly-Gly-Thr-Val-Thr-Gly-His-Pro-Thr-Phe-Asn-Ala-Leu-
(bovine)

5 10
hF-GRP: H-Thr-Asp-Thr-Ser-His-His-Asp-Gln-Asp-His-Pro-Thr-Phe-Asn-OH

Fig. 4. Comparison of hF-GRP primary structure with o-antitrypsin (human and baboon)
and bovine papilloma virus amino acid sequences.
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Ramasharma et al. [31] reported the isolation and structure of a peptide with
IB-like activity from human seminal plasma. It was named IB-like peptide (ILP),
and its structure is shown in Fig. 5. Antisera raised in rabbits to synthetic ILP
[32] afford a highly synthetic [Tyr*]-ILP analog as primary radioiodinated ligand
[33].

Using the radioimmunoassay (RIA) for ILP, two new peptides structurally
related to ILP have been isolated and characterized from human seminal plasma
[34]. One consists of 52 amino acids and the other 92 amino acids. They are
designated as o-IB-52 and a-IB-92. Sequence analyses show that the NH,-terminal
31 amino acids of a-IB-52 are identical to the structure of ILP and the COOH-
terminal 52 amino acids of a-IB-92 are identical to the structure of a-IB-52
(see Fig. 6). Bioassay data in mouse pituitaries in vitro show that a-IB-52 is
3.4 times and a-IB-92 over 40 times more active than ILP peptide in suppressing
follitropin release.

Blake et al. [35] described the synthesis of a-IB-92 using the thiocarboxyl
segment strategy. A new synthesis of a-1B-92 has now been devised by Donald
Yamashiro with improved yield using 2,2'-dipyridyl disulfide as activator.
Thiocarboxyl peptides were synthesized by the solid phase method on 4-[a-(Boc-
Gly-S)benzyl]phenoxyacetamidomethyl-resin. The segments «-IB-92-(1-34) SH
(I), Msc-a-IB-92-(35-65) SH (II), and Msc-a-1B-92-(66-92) OH (III) were
prepared in good yields with use of crystalline symmetrical anhydrides in double
coupling protocols. Segments I, II, and IIT were used in a 3-segment synthesis
of a-IB-92. For comparison, all stepwise synthesis of a-IB-92 was also carried
out using triple coupling protocol. The overall yield of «-IB-92 in the new 3-
segment synthesis based on starting Boc-Gly-S-(BPA)-resin used for segment
II was about 8%. It gave better yield than stepwise synthesis (4%) and the previous
synthesis (0.8%). RIA and receptor-binding assay, which were performed by
Ramasharma, showed that chemically synthesized products are equivalent to
the natural a-1B-92.

RIA for «-IB-92 has been developed and used to estimate the amounts of
immunoreactive material in human pituitary, hypothalamus and serum (36):

5 10
H-His-Asn-Lys-GlIn-Glu-Gly-Arg-Asp-His- Asp-

15 20
Lys-Ser-Lys-Gly-His-Phe-His-Arg-Val-Val-

25 31
Ile-His-His-Lys-Gly-Gly-Lys-Ala-His-Arg-Gly-OH

Fig. 5. Amino acid sequence of ILP.
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5 10 15
H-Thr-Tyr-His-Val-Asp-Ala-Asn-Asp-His-Asp-Gln-Ser-Arg-Lys-Ser-

20 25 30
GIn-Gln-Tyr-Asp-Leu-Asn-Ala-Leu-His-Lys-Thr-Thr-Lys-Ser-Gln-

35 40 45
Arg-His-Leu-Gly-Gly-Ser-Gln-Gln-Leu-Leu-His-Asn-Lys-Gln-Glu-

50 55 60
Gly-Arg-Asp-His-Asp-Lys-Ser-Lys-Gly-His-Phe-His-Arg-Val-Val-

65 70 75
Ile-His-His-Lys-Gly-Gly-Lys-Ala-His-Arg-Gly-Thr-Gln-Asn-Pro-

80 85 90 92
Ser-Gln-Asp-GIn-Gly-Asn-Ser-Pro-Ser-Gly-Lys-Gly-Ile-Ser-Ser-Gln-Tyr-OH

Fig. 6. Amino acid sequence of a-IB-92. Residues 41-92 constitute a-IB-52 and residues
41-71 constitute ILP.

pituitary, 70 ng/g; hypothalamus, 13 ng/g; and serum, 7 ng/ml. In addition,
concentrations of «-IB-92 in gonadal fluids or extracts from various species
have also been estimated (K. Ramasharma, unpublished data). a-Inhibins are
shown to be located in the Leydig cells of rodent testis [37].

Concluding Remarks

Feedback effects of gonadal steroids as well as hypothalamic LHRH on
secretion of gonadotropins from the pituitary gland have been firmly established.
After the observations for the existence of inhibin many years ago [38-40], inhibins
have been isolated and characterized from human seminal plasma and porcine
or bovine follicular ftuid [30]. In addition, a simple peptide with 14 amino acids
has now been discovered [19] in human follicle fluid with gonadotropin-releasing
activity and named gonadotropin-releasing peptide (GRP). Fig. 7 presents the
current knowledge on the control of FSH/LH release from the pituitary.

Naturally occurring segments of ACTH and B8-EP are shown to inhibit the
action of the parent hormone. This is also true for HCG [41] and ovine LH
[42]. Thus, a new concept in endocrinology is emerging: A segment in the amino
acid sequence of a peptide or protein hormone is an inhibitor of the hormone.
When designing the hormone, Nature generally built in a system of checks and
balances that allows hormonal activities to be closely regulated by opposing
stimulatory and inhibitory influence. This may be referred to as the “Ying-Yang
concept of the peptide and protein hormones.’
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Fig. 7. Diagram for the control of FSH/LH secretion from the pituitary.
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Introduction

a-Helix formation in a monomolecular reaction in aqueous solution is now
well demonstrated for a few short peptides: the C-peptide (residues 1-13) [1,
2] and the S-peptide (residues 1-20) [3-5] of RNase A (bovine pancreatic
ribonuclease A), both of which contain residues 3-13 that form a helix in RNase
A, as well as chemically modified derivatives [6, 7] and chemically synthesized
analogs [8) of these peptides. Some short alanine-based peptides of de novo
design that contain pairs of (Glu, Lys) residues in simple, repetitive sequences
also form an a-helix in aqueous solution (Marqusee and Baldwin, in preparation).

Those results focus interest on the quantitative determination of helix content
and the unfolding transitions of these peptides. Circular dichroism (CD) is
particularly wellsuited to the measurements of overall helix content for several
reasons:

(i) It can be measured at low peptide concentration (our measurements are
typically made at 0-40 uM) which is important for avoiding aggregation of
helical molecules. Sedimentation equilibrium measurements [1], lack of concen-
tration dependence for CD signal [2], and gel filtration experiments [9] all indicate
that helix formation by C-peptide and its analogs is monomolecular.

(ii) The n — #* band centered at 222 nm is a reliable indicator of the a-
helix [11], provided that the spectrum shows a genuine minimum at 222 nm.*

(iii) The change in ellipticity for 0 — 100% helix is nearly the same for different
residues and to a first approximation depends only on helix length [14]. Moreover,
the relation between the CD spectrum and peptide conformation is reasonably
well understood theoretically [15].

* CD spectra resembling that of a-helical polypeptides have been observed for small cyclic peptides
possessing type 1 B-bends [12, 13].
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We consider here the problem of obtaining a reliable CD baseline for 0%
helix when guanidinium chioride (GuHCI) and/or temperature is used for
unfolding. This problem has been discussed previously in the context of C-peptide
and S-peptide by Brown and Klee [1] and by Filippi et al. [16, 17], respectively.
Recently, helix-enhancing and -destabilizing replacements have been found for
C-peptide [8, 9] and we use them here to study the unfolding behavior of strong,
moderate and weak helix-formers. Data are also given for a shorter peptide
(P-peptide, residues 1-8 of RNase A) that shows no observable helix formation
and provides a control for the effects of GuHCI on the CD spectrum of a
random-coil peptide.

The problem of how to obtain 100% helix is not discussed here, but complete
helix formation by residues 3-13 can be obtained by adding S-peptide [16, 18]
or analogs of S-peptide 1-15 [10] to folded S-protein, and the change in ellipticity
for 0 — 100% helix for residues 3-13 has been derived from these data, subject
to certain assumptions. The approach of adding trifluoroethanol (TFE) to induce
complete helix formation has to be treated with caution in the C-peptide system,
both because the TFE transitions are broad (almost noncooperative) and large
amounts of TFE must be added [16, 17, 19], and because the C-peptide helix
is stabilized by specific side-chain interactions [2, 6-9, 20] that are likely to
be affected by TFE.

Results and Discussion

(a) P-peptide as a model for a random-coil peptide

Fig. 1A shows CD spectra from 260 to ~206 nm for P-peptide om 0.1 M NaCl
at temperatures from 3.0°C to 58.9°C. A minor positive band, centered at ~215
nm, is present at low temperatures; its rotational strength decreases with increasing
temperature. This band has been seen in earlier studies of random-coil model
compounds [21-23], as well as C-peptide [1], S-peptide [24], and S-peptide
derivatives [16, 17]. It is primarily responsible for the temperature dependence
of the mean residue ellipticity at 222 nm ([6],,,), the wavelength used for
measurement of a-helix content. The decrease in intensity of this band with
temperature is also unaffected by GuHCI, as shown in Fig. 1B, which compares
the plots of [6],,, versus temperature in 0 M and 3 M GuHCI. Fig. 1C shows
that there is little change in [8],,, with GuHCI concentration at 3°C. The value
in 8 M GuHCI (~+3,000 deg cm? dmol™ at 3°C) is close to the value (+3600)
reported by Filippi et al. [16] for [Pro®, Orn']-S-peptide analog in 8 M GuHCl
at 1°C. Neglecting sequence-specific effects, we conclude that P-peptide provides
a good model for a random-coil peptide in 0.1 M NaCl and that the CD spectrum
of P-peptide is nearly unaffected by GuHCL

(b) GuHCl-induced unfolding of strong, moderate and weak helix-formers
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(B) Temperature dependence of [8],,, in 0
M and 3 M GuHCI (pH 3.95). (C) GuHCI
dependence of [0],;,.
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Three analogs of C-peptide were chosen as representatives of strong (RN 44),
moderate (RN 54), and weak (RN 56) helix-formers. Their sequences are given
in the legend to Fig. 2. All three peptides show broad helix-coil transitions
induced by GuHCI. At 3°C, complete unfolding is approached in 8 M GuHC]
by all three peptides, as judged by the P-peptide control (Fig. 2A). At 70°C,
the helix contents at 0 M GuHCI are considerably reduced compared to 3°C,
but again the unfolding transitions are broad and complete unfolding is barely

reached at 8 M GuHCI (Fig. 2B).

Fig. 3 compares spectra taken at 3°C in 0 and 8 M GuHCI for the strong
helix-former RN44 (Fig. 3A) and for the weak helix-former RN56 (Fig. 3B).
The spectra taken in 8 M GuHCI are similar and resemble that of P-peptide
(Fig. 1), although the spectra in 0 M GuHCI are quite different.
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Fig. 3. Comparison of far-UV CD spectra for (A) RN 44 and (B) RN 56 in 0 M and
8 M GuHCI. Standard conditions are 0.1 M NaCl, pH 5.25, 3°C.
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Fig. 4. Comparison of thermal unfolding for RN 44, RN 54, and RN 56, monitored by
[8]5,5. P-peptide is used as reference. Standard conditions are 0.1 M NaCl, pH 5.25, 3°C.

(c) Thermal unfolding of strong, moderate, and weak helix-formers

The thermal unfolding transitions of these three peptides in 0.1 M NaCl are
broad (Fig. 4), although complete unfolding for all of them is approached by
70°C. It is not surprising that such short helices should show broad thermal
transitions (compare the thermal unfolding curve of a 26-residue helix [25]), but
we are not yet able to compare these experimental curves with theoretical ones,
for two reasons. First, the enthalpy change of unfolding has not yet been measured
for helix-forming peptides such as these. The transition curves from calorimetry
are too broad to permit a reliable determination of AH (J.M. Sturtevant, personal
communication). Second, these peptide helices are considerably more stable [8]
than predicted using the Zimm-Bragg equation [26] with host-guest data [27],
because specific intrahelical side-chain interactions help to stabilize the helix.
Although the Zimm-Bragg theory has been generalized to take these side-chain
interactions into account [28, 29], the extended theory has not yet been applied
to the problem of predicting thermal unfolding curves.
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Theoretical studies of protein structure

Fred E. Cohen and 1.D. Kuntz
Department of Pharmaceutical Chemistry, UCSF, San Francisco, CA 94143, U.S.A.

Early experiments by Anfinsen [1] proved that an amino acid sequence contains
sufficient information to determine the precise three-dimensional structure of
a native globular protein. Since that time, theoreticians [2-6] and experimentalists
[7, 8] have searched for constructive solutions to the chain-folding problem.
In spite of the large number of protein structures known to atomic resolution
and the much larger data base of protein sequences, solutions to the folding
problem remain elusive.

Theoretical efforts have focused along three lines: energetic, heuristic, and
statistical. Following the physically reasonable assumption that a protein folds
so as to minimize the free energy of the system, many investigators [2, 3, 9,
10] have developed potential functions to describe the energy surface of a
polypeptide chain. Minimum energy conformations are sought computationally.
Alternatively, conformational space is probed from a starting point by integrating
the equations of motion over time. Energy minimization schemes have failed
to predict chain folding accurately[11, 12]. Presumably, this stems from difficulties
in modeling protein-solvent interactions, the use of analytic functions to ap-
proximate the chemical potential and the compounding of these errors in the
computed gradient, and because the energy surface has multiple minima which
makes it nearly impossible to locate the global minimum. Efforts to overcome
these problems are underway. Molecular dynamics offers many attractive features,
but remains computationally limited as a technique for studying chain folding
[9]. Presumably, chain folding will take place on the millisecond time scale [13].
Extreme computing resources must be expended to sample 100 nanoseconds
in the life of a small protein [14].

The success of statistical or data base methods relies heavily on the ability
to recognize a known structural theme in a new protein sequence. While highly
homologous sequences can be recognized through a variety of methods [15-
18], the significance of limited homology is much harder to evaluate. Certainly,
some structures which have been proved similar by X-ray crystallography bear
little or no sequence homology [5]. In principle, local homology could be used
to identify structural features in a piecemeal fashion; however, several inves-
tigators have observed a five- or six-amino acid sequence adopting a-helical
structure in one protein and B-structure in another [19]. Clearly, this poses great
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difficulty for data base methods. In spite of these caveats, it is likely that these
methods will offer significant structural information for a limited set of proteins
[20]. To the extent that there is a very finite set of possible protein folds that
can be easily catalogued, this approach would be increasingly useful.

Heuristic methods attempt to exploit structural inferences gained from the
study of known protein structures. A large number of analyses of the topological,
sequential, packing, and surface characteristics of proteins have been done [21-
27]. These conclusions have been incorporated into a hierarchical condensation
model. Protein class (a/a, 8/8, a/B, misc) is determined [27], and secondary
structure is located along the chain through statistical [25, 26, 28] or class-
dependent, pattern-based [29-31] algorithms. Attention is paid to the super-
secondary and tertiary restraints on a chain which follows a particular folding
motif. Turn prediction accuracy is enhanced by searching for segments of chain
well suited for a protein surface location which are spaced through the chain
at intervals compatible with secondary structure pitch and domain diameter.
a-Helices and B-strands can be more easily identified between these turns because
of the restrictions imposed by protein class. Once identified, all possible
juxtapositions of these secondary structures are generated using combinatorial
algorithms [32-36]. Proposed structures which are inconsistent with the known
chain connectivity and steric properties of the secondary structure segments are
rejected. Additional structures which violate topological properties, surface-
volume relationships, or experimental data are discarded.

When applied to myoglobin, 13 docking sites were identified on six of the
eight helices, and 3.4 X 10® possible tertiary structures were generated which
matched helix docking sites in geometries consistent with known packing
constraints [33]. Of these structures, only 20 were connected and sterically
reasonable [33], and two could bind a heme group between the proximal and
distal histidine [34]. These two latter structures were very similar (r.m.s. deviation
0.3A) and resembled the myoglobin X-ray structure (r.m.s. deviation 3.6A).
Subsequent studies on a number of proteins with known structures suggested
that similar results could be obtained in approximating the X-ray structure;
however, frequently many alternative conformations were produced which could
not be distinguished from the nativelike structure on theoretical grounds.

Recently, this approach has been applied to two proteins of known sequence
but unknown structure: interleukin-2 (Il-2) [37] and human growth hormone
(HGH) [38]. Since the completion of these calculations, preliminary X-ray
crystallographic information has become available. This provides a unique
opportunity to document the successes and failures of the heuristic approach
and points to key problems for future study.

Il-2 is a lymphokine which promotes T-cell growth [39, 40]. Analysis of the
amino acid sequence suggested a predominance of a-helical structure, which
was confirmed by circular dichroism [37]. Four helices were identified in the
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human sequence A(17-31), B(64-73), C(83-97), and D(116-132) by identifying
turns [31] and subsequently locating helical patterns between the turns. Ten
helix docking sites were located using the method of Richmond and Richards
[32] and 3.9 X 10* structures were generated. Of these structures, 27 satisfy
steric constraints while simultaneously maintaining the connectivity of the chain
and permitting a disulfide bridge between residues Cys-58 and Cys-105. The
five topological families of four-helix bundles which remained are shown in
Fig. 1a. The right-handed cylinder was reminiscent of other four-helix bundle
structures [41] and was selected as the most likely structure (see Fig. 1b).
Preliminary crystallographic data at 5A resolution suggest that II-2 is probably
a four-helix bundle (McKay, personal communication); however, details of the
helix boundaries and chain connectivity are not yet available and will be needed
before the success of this model can be judged. In the interim, this model has
served as a guide to site-directed and semisynthetic mutagenesis to deduce
structure-activity relationships in I1-2 [42].

a /_\ ’/‘\ b Lys?€

Right-handed Left-handed
cytinder cylinder

(9 structlures) (3 structures!
/—\ /_\

O, OwO.

4
/\ /\ «—— Exon 30
@ © B—®

Right-handed Left-handed
zigzag zigzag
{5 structures) (3 structures) Exon 98

Exon 50

Interleukin-2

Other
(6 structures)

Fig. la. Schematic represeniation of four- Fig. 1b. Ribbon diagram of the most likely
helix bundle topologies generated by a com-  model for 1I-2. The disulfide bridge and exon
binatorial search of possible structures for boundaries are shown. A hydrophobic region
interleukin-2. Single lines show connections in the AB and CD loops is a potential
behind the page, and double lines represent  candidate for the ligand recepior binding site.
loops in front of the page.
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Louso

Cys1es ~CySsa

HUMAN GROWTH HORMONE

Fig. 2a. A schematic diagram of the right-
handed fourfold a-helical structure predicted
for human growth hormone. Helices are la-
beled sequentially A through D, and the
residue numbers of the N-terminii and C-
terminii are marked. Loops are added for
clarity, and breaks are placed in the longer
loops. Disulfide bridges are shown between
Cyss; and Cys,ss and between Cys;y, and
Cys,40. Four hydrophobic residues predicted
to be important to receptor binding, Leug,
Leuy,, Leug,, and lleg;, are marked.

LONG LOOPS

Fig. 2b. A schematic representation of four
a-helix bundle topologies which are favored
by helix dipole interactions. Helices are la-
beled sequentially A through D with double
lines showing connections in front of the page,
single lines showing comnections behind the
page, and long loops which traverse the
diameter of the molecule shown as transitions
from single to double lines. For clarity, the
relative directions of the chain for each helix
are highlighted in the upper left-hand corner

of the figure.

HGH was studied in a similar fashion. Four helices were identified along

the sequence, and a most likely structure was selected from a list of 186 possibilities
(see Fig. 2a). Abdel-Meguid et al. (personal communication) have determined
the crystal structure. Both are four-helix bundles with a right-handed sense.
Helices are consistently shorter in the predicted structure regardless of where
the major packing interfaces are located. Unfortunately, the topological argu-
ments used to process the list of 186 structures proved too limiting [38]. The
crystal structure connectivity can be obtained from the model structure (Fig.
2a) by interchanging the position and direction of the B and C helices. The
crystal structure requires long loop connections between helices A and B and
between helices C and D. This connectivity was generated by the combinatorial
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algorithm; however, in an attempt to find the most likely predicted structure,
it was rejected on statistical grounds. As suggested by the breaks in the chain
in Fig. 2a, such long connections are sterically possible but had been thought
to be kinetically unreasonable. Clearly, a reevaluation of this presumption is
indicated.

Baldwin and co-workers [7] have shown that the helix dipole is important
to the stability of isolated a-helices. If this effect is important for stabilizing
helix pairs that adopt the relatively parallel orientation observed in four-a-helical
bundles, then six connectivities should be observed. These are shown schematically
in Fig. 2b. Obviously, those which require long loop connections would be possible
only when sufficient chain is present between the helices. It is tempting to speculate
that long loop connections have not been observed in the previously studied
four-a-helix bundles [41] because they are consistently smaller than HGH.

Current heuristic methods are capable of generating plausible structural models
which can be subjected to experimental testing. These methods fail to produce
a unique answer. The HGH example clearly shows an inability of the method
to distinguish the native structure from a reasonable, but incorrect, alternative.
Significant progress in understanding protein stability is necessary before it will
be possible to sort between alternative structures. Mutagenesis experiments may
provide this insight. In the interim, a close collaboration between experimentalist
and theoretician is vital if these modeling efforts are to have any utility.
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Introduction

Defensins form part of the oxygen-independent mammalian defense system
against microbial infection. They possess various degrees of in vitro microbicidal
activity against a wide range of pathogens including gram-positive and gram-
negative bacteria, fungi, and enveloped viruses [1-3]. Selsted, Lehrer, and co-
workers have purified and characterized ten defensins from mammalian pha-
gocytic leukocytes: one guinea pig, three human, and six rabbit peptides [2-
4]. These homologous peptides are all cysteine- and arginine-rich, 29-34 residues
in length, highly charged, and have eight conserved residues in the whole family.
The conserved residues are the six cysteines arranged in three disulfide bonds,
one glycine, and one arginine.

The three-dimensional structures of two members of the defensin family of
antimicrobial peptides have been determined by two-dimensional (2D) nuclear
magnetic resonance (NMR) and distance geometry techniques. A variety of 2D
NMR experiments, including multiple quantum spectroscopy, total correlation
spectroscopy, as well as standard correlation and nuclear Overhauser effect (NOE)
spectroscopy, were used to make resonance assignments for all backbone and
most side-chain protons in rabbit neutrophil peptide 5 (NP-5) and human
neutrophil peptide 1 (HNP-1) [5]. Structural information was then obtained from
2D NOE experiments. The measured NOEs were used to calculate proton-proton
internuclear distances less than 4.5A. Short distances between protons on residues
far apart in the sequence give information on the folding of the peptide backbone
[6]. These short distance constraints were used as input for a distance geometry
program to generate three-dimensional structures for these peptides. These NMR
data show that the predominant structural feature of the homologous peptides
is an antiparallel B-sheet in a hairpin conformation, extending from residues

*To whom correspondence should be addressed.
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19 to 29 in NP-5. No regions of extended helical structure were found in these
peptides.

Results and Discussion

Rabbit NP-5 and human HNP-1 were isolated and purified as previously
described [1, 2]. The amino acid sequences for these two peptides are shown
in Table 1. The first step in any structure determination process by NMR
spectroscopy involves resonance assignment of the molecule. Nearly complete
proton resonance assignments have been made on NP-5 and are described
elsewhere [5]. A similar set of assignments has been made on HNP-1 (X.L.
Zhang and A. Pardi, manuscript in preparation). Once resonance assignments
have been made in a molecule, it 1s possible to use distance information derived
from 2D NOE experiments to generate structures. The magnitude of the NOE
is proportional to r;®, where r; is the internuclear distance between protons
i and j. Most of the observed NOEs in peptides arise from intraresidue, or
nearest neighbor residue, interactions [6, 7]. Statistical studies of X-ray crystal
structures have shown that there are correlations between the short distances
between protons on neighboring amino acid residues and regular secondary
structure in proteins [8]. These sequential NOE connectivities for NP-5 and HNP-
1 have been measured, and the absence of long stretches (> 3 residues) of short
NH-NH distances indicates that these defensins have little or no helical secondary
structures [5, 6, §].

In addition to the sequential NOE connectivities, a large number of NOEs
were observed between protons on nonneighboring residues in NP-5 and HNP-
1. NOEs for NP-5 and HNP-1 are illustrated in the diagonal plots in Figs.

Table 1 Amino acid sequence of HNP-1 and NP-5

1 10
HNP-1: Ala Cys Tyr Cys Arg lle Pro Ala Cys
NP-5: Val Phe Cys Thr Cys Arg Gly Phe Leu Cys
11 20
HNP-1: Ile Ala Gly Glu Arg Arg Tyr Gly Thr Cys
NP-5: Gly  Ser Gly Glu Arg Ala Ser Gly  Ser Cys
21 30
HNP-1: Ile Tyr Gln Gly Arg Ler Trp Ala Phe Cys
NP-5: Thr Ile Asn  Gly Val Arg His Thr Leu Cys
31
HNP-1: Cys
NP-5: Cys Arg Arg
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is shown.

la and 1b, respectively. Diagonal plots provide an easily visualized format for
presenting characteristic patterns of NOEs that can be used to identify regular
secondary structure in proteins. For example, an antiparallel S-sheet is char-
acterized by a line running perpendicular to the diagonal. Such patterns are
seen in Figs. la and 1b, which indicate the presence of an antiparallel S-sheet
involving residues 19-29 in NP-5 and HNP-1. These B-sheets were the only
secondary structure that could be confidently obtained from qualitative analysis
of the measured NOEs. As seen in the diagonal plots in Fig. 1, there are a
large number of NOE connectivities that arise from close contacts between
residues far apart in the sequence. These NOEs are useful for defining the tertiary
structure of the peptide and were used as input for a distance geometry algorithm
to generate the three-dimensional structures of the NP-5 and HNP-1.

The distance geometry program DSPACE (Hare Research, Inc.) was used
to calculate structures of NP-5 using distances estimated from NMR data. This
program uses a metric-matrix embedding technique [9, 10] to generate trial
structures that are subsequently refined using nonlinear optimization techniques
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to minimize the disagreement between the structure and the input distances.
Since it is not possible to extract exact distances from NMR data, there is no
single structure that is consistent with these input distances. Therefore, an
important question is how well these NMR distances restrict possible structures
to limited regions of conformation space. To address this question, eight distance
geometry calculations were run on NP-5, where the input consisted of distance
constraints estimated from 46 sequential NOEs involving protons on neighboring
amino acid residues and 63 NOEs between protons on nonneighboring residues.
Besides the NOE distance constraints and the covalent structure of NP-5, the
only additional information used in the distance geometry calculations was the
assumption of L-amino acids, trans peptide bonds, and knowledge of the disulfide
linkages between residues C5-C20, C10-C30 and C3-C31 (M.E. Selsted and A.
Pardi, unpublished results).

Fig. 2 shows a superposition of the backbone structures of NP-5 produced
by four separate runs of the distance geometry program. These structures are
all equally consistent with the input distance data, with no violations of any
of the input distance constraints greater than 0.15A. The chain proceeds from
residue 1 over and across the antiparallel 8-sheet and then curves around the
sheet with a tight turn involving residues G11-S12-G13-E14. The chain then
proceeds to the beginning of the antiparallel 8-sheet at residue 19 and forms
a hairpin turn for residues 21-24. The chain runs from the end of the B-sheet
to the C-terminus which is in close contact with the N-terminus. Fig. 2 illustrates
that the peptide backbone of NP-5 is quite well defined by these NMR data.
Distance geometry calculations on HNP-1 show that it has a very similar backbone
structure to that seen for NP-5 in Fig. 2 (data not shown). Detailed analysis
of both of these structures will be presented elsewhere, but the preliminary results

Fig. 2. Stereo pair of a superposition of four structures of NP-5 calculated by distance
geometry methods. The C- and N-terminal residues are labeled in the figure.
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shown here indicate that it is possible to use 2D NMR data to determine the
three-dimensional structure of these antimicrobial peptides in solution.
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Introduction

Isolation and characterization of the antifreeze polypeptides (AFP) from the
right-eye flounder and cottid families have established the homologies of their
chemical structures. These alanine-rich AFP are a-helical and contain an 11-
amino acid repeating structure consisting of Thr-X,-polar amino acid-X;, where
X is mainly alanine [1]. The two major AFP from winter flounder contain three
of these repeats [1], whereas four similar repeats are found in the yellowtail
flounder (P.L. Davies, personal communication).

Results and Discussion

The following experiments have been done to investigate the structure and
function of these AFP.

1. Chemical modification and peptide synthesis studies

Complete modification of carboxyl and amino groups eliminated all antifreeze
activity of the AFP from both families of fish. Partial modification of one or
two of the four free amino groups of a shorthorn sculpin AFP (SS-8) reduced
AFP activity at low concentrations but not at high concentrations. Acetylation
of the a-amino group of Asp-l1 and e-amino group of Lys-18 in the winter
flounder AFP (HPLC-6) did not affect activity at high concentrations, whereas
citraconylation of the same groups eliminated activity.

Synthetic peptides corresponding to residues 1-37, 11-37, and 22-37 of flounder
HPLC-6 were synthesized. The two shorter peptides did not exhibit antifreeze
activity but the 37-mer was active, thus confirming the minimum requirement
of at least three repeats for antifreeze activity.

*To whom correspondence should be addressed.
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2. Conformation

The X-ray crystallographic structure of winter flounder AFP (HPLC-6) at
2.5A was determined by dlrect analysis of the Patterson function. This polypeptide
is a single 100% a-helix, 544 in length, and completely amphiphilic. Examination
of the electron density map and Nicholson models revealed various structural
features which may stabilize the helix. First, a charge-charge interaction between
Lys-18 and Glu-22 was observed. Second, interactions between the dipole of
the o-helix [2] and charged side chains of the terminal amino acid residues
were possible. The charged y-carboxyl of Asp-1 may interact with the positive
pole of the a-helix macrodipole, which is located at the N-terminal of the molecule.
The C-terminal of the AFP contains an arginine-amide [3], thus allowing a
second charge-dipole interaction between the guanidino group and the negative
pole of the a-helix macrodipole. These charge-dipole interactions have been shown
to play a critical role in the stabilization of the isolated C-peptide a-helix (a
CNBr fragment of RNAse A) [4].

3. Mechanism of action

The two major aspects of AFP action are the preferential binding of the AFP
to the ice nuclei and the subsequent inhibition of ice crystal growth [5]. The
side chains of the polar amino acids of the AFP helix hydrogen bond to the
oxygen atoms of ice, whereas the hydrophobic amino acids prevent further ice-
water interactions. The AFP molecules preferentially adsorb to the prism faces
(the planes of the ice crystal that are parallel to the c-axis), which are the fastest
growing faces of the ice crystal [6].

The interaction of the dipole of the AFP helix with those of the water molecules
in the bound ice nucleus may provide an explanation for the preferential binding
of the AFP to the prism faces of ice. The dipoles of the water molecules in
the ice nucleus adjacent to the AFP helix would align themselves in a direction
antiparallel to the helix-dipole. The interaction of the resultant of the local dipoles
on the ice surface with the macrodipole of the AFP helix would explain the
preferential binding of the AFP to the prism faces of ice.
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We report here the conformational analysis of cyclo[-D-Pro'-Phe?-Val>-Lys(Z)*-
Trp3-Phe®-] 1 which is an analog of the potent cytoprotective hexapeptide cyclo(-
D-Pro'-Phe?-Thr*-Lys*-Trp3-Pheb-) 2. In 2, intramolecular H-bridges of the Thr
hydroxyl group are found; it acts as an H-donor to the carbonyl group of Phe®
and accepts H-bridges from the NH-protons of Trp®> and Phe®. This stabilizes
the region about the originally assumed BI-turn (Thr3-Lys*-Trp*-Phe®); however,
the BI-turn is not strongly populated in the mean of the MD trajectory over
100 ps (Kessler et al., manuscript submitted for publication). In 1, which exhibits
an even higher biological activity than 2 [1], the Thr hydroxyl group is omitted
and the conformation of 1 is therefore of special interest.

Only a few tiny cross peaks in the NOESY spectrum are observed; therefore,
we performed a ROESY experiment [2, 3]. It is essential for a quantitative ROE
evaluation to use small flip angles (8=20°) and a weak lockfield (B,=2 kHz).
The mixing time was 200 ms. Frequency offset effects of the cross peak intensities
were corrected [4]. For the transformation of these values into distances, the
NH-C’H cross peak of the indole ring (282 pm) was used for calibration.
Independent confirmation was obtained by the distance of the diastereotopic
B-protons of Phe? (180 pm). Seventeen experimentally determined distances were
used as constraints in the MD calculations using the GROMOS package [5].
The mean conformation of a 31 ps run is shown in Fig. 1 and compared to
that of 2.

The results show an identical BII'-region, but distinct differences in the Lys*-
Trp® region. Here, a BII-turn is formed which is populated in most of the MD
time steps (98.5%, distance NH-O 204 pm, angle 153°), although it is unusual
in B-bends containing two L-amino acids in the i + 1 and i + 2 position [6].
The difference between the solution structures of 1 and 2 is obviously caused
by the lack of the Thr hydroxyl group in compound 1. Therefore, the upright
fixation of the NH of Trp® in 1 is lost and the molecule adopts a more relaxed
B-type conformation.
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Fig. 1. Solution conformation of 1 and 2. For 2, no side-chain restrictions are used in
the calculations; for 1, the preferred side chains are shown.
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a-Aminoisobutyryl (Aib) residues induce preferentially right-handed 3,,-helices
in tri- to octapeptide peptaibol segments containing L-amino acids. In exceptional
cases, the left-handed 3,4-helix can be found even in peptides with L-residues
[i]. The homopeptides (Aib), (n=135,8) [2] and poly(Aib) [3] were shown to
crystallize in the form of enantiomeric 3,,-helices. Compared with this large
data set available from 3 ,-helical oligopeptides, there also exists a representative
series of crystal structures of a-helical Aib-containing polypeptides [1, 4],
including the 20-peptide antibiotic alamethicin, its synthetic C-terminal nona-
peptide segment and N-terminal decapeptide model, and recently the N-terminal
zervamicin decapeptide [5].

Using independent methods, it has been demonstrated that most of these 3,4~
helices and the o-helices as well maintain their conformation in solution.
Furthermore, it has been concluded that the a-helix content increases with
increasing Aib content (30-50%) in polypeptides of similar length. And it was
shown that alamethicin adopts a particularly rigid and heat-stable, a-helical,
rodlike structure in a lipophilic environment, contributing the high dipole moment
required for voltage-dependent channel formation [6].

Here, we wish to stress the first finding of an enantiotopomerisation between
left- and right-handed 3,,-helices. During '*C NMR T, measurements of the
peptide series Z-(Aib),-OtBu [2], only one sharp single signal was recorded for
the 20 methyl groups of Z-(Aib),;-OtBu, whereas a conformationally stable
enantiomeric homopeptide 30-helix was expected to show diastereotopic splitting
of the geminal o,a-methyl signals of each Aib residue as observed in the a-
helical alamethicin [7, 8]. Such a magnetic nonequivalence (MNE) of pro-R and
pro-S-Cg, atoms should also be observable in a racemate of 3,,-helices. Indeed,
upon cooling down to 203K, Z-(Aib),,-OtBu exhibits two distinct signal groups
at 26.7 and 21.4 ppm (MNE =5.3 ppm). Similar values are found for all Aib-
containing right-handed a-helical peptaibols and for sequential polypeptides Boc-

*To whom correspondence should be addressed.
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(L-Ala-Aib-L-Ala-Aib-L-Ala),-OMe (n=2-4) [6] with increasing chain length at
room temperature. Upon raising the temperature to 265K coalescence of the
Cp signals of Z-(Aib)i-OtBu was observed corresponding to the free energy
of activation AG¥= 46 KJ/mole (4.6 KJ/mole Aib residue), a much lower value
than that found for a-helices. The high MNE obtained also by solid-state *C
NMR (CPMAS), T, relaxation time measurements (see below), and vibrational
spectroscopy support our interpretation of the effects observed during freezing
the 3], = 3|, helix interconversion of Z-(Aib),,-OtBu. This interconversion occurs
very rapidly at room temperature (1200 Hz) in dichloromethane or chloroform
solution, and it can be described as a monomolecular all-or-nothing process
between the enantiomeric helices.

Our finding may be of relevance with respect to the peculiar burst-like pore
formation in lipid bilayer experiments of some Aib-rich alamethicin analogs
such as trichotoxin. At room temperature, conformationally labile 3,,-helical
segments could be inter alia the reason for nonresolvable pore states, whereas
the particularly rigid o-helix of alamethicin contributes all steric requirements
for defined ion-conducting helix aggregates.

At room temperature (298K), the 3,,-helices of different lengths of Z-(Aib).-
OtBu (n=5, 6, 10, 11) show almost no differences in their *C T, relaxation times
for their Aib-C; carbon atoms because of rapid interconversion. Slightly
increasing differences were observed with decreasing temperature for Z-(Aib),q-
OtBu at 250K (AT,=35 ms) and at 240K (AT,=51 ms). In analogy to the
a-helical pro-R-C in alamethicin [7, 8], the downfield shifted group of methyl
carbons relaxes faster than the group at higher field. In contrast to these AT,
values found for the 3,¢-helical homopeptides Z-(Aib),-OtBu (n=10, 11), all a-
helical Aib peptides including alamethicin [7, 8] and Boc-(1-Ala-Aib-L-Ala-Aib-
L-Ala),-OMe (n=2-4) [6] show very large differences in Aib-Cp T, values:
AT, =250-290 ms already at room temperature.
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Introduction

Knowledge of the conformation of a peptide when it is bound is crucial for
the understanding of hormone receptor interactions as well as for the design
of biologically more active or more selective analogs. We have studied the
oxytocin/bovine-neurophysin I complex by two-dimensional (2D) NMR as a
model for peptide-hormone receptor interaction.

Results and Discussion

A single conformation has been found for oxytocin in the bound form, which
was determined in considerable detail from a series of proton 2D NMR studies
at 360 MHz and 500 MHz. Sizeable and unambiguous transfer nuclear Overhauser
effects (NOE) were established in both D,0 and H,O.

The cross peaks seen in the 2D NOE spectra can be broadly classified into
four categories:

(1) Intraresidue cross peaks;

(2) Interresidue cross peaks;

(3) Protein-peptide cross peaks; and

(4) Cross peaks between protons on the protein.

Of these, type 1 cross peaks serve to supplement information in the COSY
spectrum and, to a limited extent, give us information about the orientation
of the side chain in the amino acid residues. Type 2 cross peaks are crucial
for obtaining the conformation of the bound peptide. Cross peaks of type 3
indicate which peptide residues are very close to the protein. Cross peaks of
type 4 are relevant for studying the structure of the protein and will not be
considered here. Most of the interresidue cross peaks present are from the i
residue to the (i+ 1)™ residue (i.c., they are short-range cross peaks). The only
type of long-range interresidue cross peaks is from the *Tyr residue to the *Asn
residue. Since this is a peak that occurs across the ring, it is crucial in determining
the conformation of the bound oxytocin.

A model of the oxytocin molecule was constructed based on the X-ray structure
[1]. Examination of this model reveals that the strongest cross peak in the 2D
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NOE spectrum should be that between the *Tyr-NH proton and the SCys-a
proton since the interproton distance in the X-ray structure is only 1.1 A; however,
such a cross peak does not exist.

Similarly, the model based on the X-ray structure indicates that the >Asn-
Bis ~48A away from the ?Tyr-NH. This means that one should not be able
to observe the corresponding cross peak in the spectrum. However, a cross peak
is indeed observed between 3Asn-8 and *Tyr-NH, where the cross peak is about
1.4% of the intensity of the diagonal peak.

A model could be constructed based upon the 2D NOE data such that all
NOE constraints are satisfied. Furthermore, in this model the *Cys-a-*Tyr-NH
are about 5A apart while the *Asn-f moves closer to the ?Tyr protons, explaining
the absence of cross peaks in the former case and their presence in the latter.
This model is also consistent with the fact that all the cross peaks seen but
not compatible with the X-ray structure can be expected based on the interproton
distances. The dihedral angles of the !Cys, *Tyr, *lle, and ®Cys residues are
drastically different from those in the X-ray structure. In addition, the tail,
consisting of "Pro, *Leu, and °Gly, also undergoes some change that gives rise
to a strong "Pro-a-8Leu-NH cross peak.

The information obtained in the D,0 experiments serves to substantiate
information from the NOESY experiments in H,O. Since the molecule is a
relatively small peptide, the NH-a, NH-8 and NH-NH cross peaks offer the
maximum information on interresidue spatial relationships. The presence of a
very strong cross peak between the Cys-o and the "Pro-8, however, is to be
noted in the D,0 spectra. This strong cross peak is possible only if the
configuration of the "Pro residue is trans. This is also borne out by the X-
ray structure and by previous structural studies on oxytocin. In addition, since
it is possible to look at really low contours in the D,O spectra (unlike the spectra
of oxytocin-neurophysin complex in H,O where the solvent peak is so intense
that peaks of lower intensity can just not be seen very easily without interference
from the solvent ridges), one can see cross peaks between the following peptide
residues and the protein: *Tyr, ®Ile, *Gln, and *Asn.

This information, in addition to the suggested conformation for the bound
oxytocin, shows that the peptide-protein NOEs are all on one side of the oxytocin
molecule. It may be speculated that the mode of approach of the peptide towards
the protein is from the side containing the above-mentioned residues.
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Introduction

Atrial natriuretic polypeptides (ANP) which possess potent diuretic and
vasodilating activities have been isolated from human and rat atrial tissues, and
their amino acid sequences have been determined. Various analogs have been
synthesized and much work has been done to elucidate the structure-activity
relationships. Conformational analysis is required to gain a better understanding
of the unique activities of ANP. In the present study, we describe the solution
conformation of a human atrial natriuretic polypeptide, a-hANP. The primary
structure of a-hANP was determined by Kangawa and Matsuo [1] to be H-
Ser-Leu-Arg-Arg-Ser-Ser-Cys-Phe-Gly-Gly-Arg-Met-Asp-Arg-lle-Gly-Ala-Gln-
Ser-Gly-Leu-Gly-Cys-Asn-Ser-Phe-Arg-Tyr-OH.

Results and Discussion

Three-dimensional structural analysis was carried out using NMR and a distance
geometry algorithm as follows: Two-dimensional COSY, NOESY, and relayed-
COSY experiments were performed in DMSO-d; with «-hANP, which was
produced in E. coli by recombinant DNA techniques. The peak assignments
of these spectra were determined in a sequential manner, and the peak intensities
of the NOESY spectra were subsequently interpreted as constraints on the proton-
proton distances. Using our recently developed algorithm [2], distance geometry
calculations were carried out with these constraints. The algorithm consists of
construction of an initial conformation with random dihedral angles and
minimization of the sum of the squared differences between mutual atomic
distances dj in the calculated conformation and experimental values of the
corresponding distances.

Results obtained from different initial conformations were compared. One
of the conformations which has the lowest conformational energy is shown in
Figs. 1 and 2.
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Fig. 1. Molecular conformation of a-hANP.  Fig. 2. Ribbon drawing of backbone struc-
ture of a-hANP.

Fesik et al. [3] carried out NMR analysis on the conformation of rat ANP,
which has a primary structure identical to that of a-hANP (5-27) with a single
amino acid replacement at position 12 of Ile for Met, and reported that it has
a B-type structure or an averaged conformation (random coil). Our present results,
however, show that the cyclic moiety (7-23) has an ordered structure, and the
C-terminal part (24-28) is folded back toward the ring moiety. The N-terminal
region might be spread in space because of the lack of long-range NOE peaks.
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Introduction

Crystallographic studies of different crystalline forms of insulin have shown
that certain portions of the insulin molecule are flexible and can exist in different
conformational states. Changes in the conformation of the insulin molecule
displace specific amino acid residues which help hold the dimer and the hexamer
together through hydrophilic and hydrophobic interactions. The aggregation
properties of insulin which are exploited in the management of diabetes are
very much dependent upon the identity and the nature of these dimer- and
hexamer-forming interactions.

Results

Addition of phenol to the crystallizing media produces a crystalline modi-
fication called monoclinic insulin. We have solved this form of human insulin
and have refined the structure using 2.25A resolution data to a residual of 0.22.
Unlike the 2-zinc structure [1], which has the N-terminus of all six B-chains
in an extended conformation, or the 4-zinc structure [2], for which three B-
chains are extended and three are a-helical, all six B-chains in the monoclinic
form are a-helical. Fig. la shows a comparison of one monoclinic B-chain to
a 4-zinc B-chain; while the a-helical regions are very similar, the last five residues
have undergone a shift. The conformation of these five residues, however, is
nearly identical to that of 2-zinc, shown in Fig. 1b. Thus, each of the six molecules
of the monoclinic form have structural features in common with the 2-zinc and
the 4-zinc structures.

The change in conformation of the B-chains from extended to a-helical has
a profound influence on the dimer- and hexamer-stabilizing surfaces. Four
antiparallel hydrogen bonds between B24 and B26 of molecule 1 and their
counterparts in molecule 2 produce a pleated sheet structure and are important
for stabilizing the 2-zinc, 4-zinc, and monoclinic dimers. Additional stabilization
of the dimer is produced in 4-zinc insulin, since three of the B-chains have
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Fig. 1. A comparison of one of the B-chains in monoclinic insulin (thick bonds) with the
B-chain of (a) molecule 1 of 4-zinc insulin and (b) molecule 2 of 2-zinc insulin. The carboxyl
terminus is at the left of both figures.

moved from the hexamer-forming surface to the dimer-forming surface where
they participate in six hydrogen bonded interactions. In the monoclinic form,
all six of the B-chains have migrated to the dimer-forming surface. This results
in a total of 18 hydrogen bonds and provides additional stability for the formation
of the dimer.

In 2-zinc insulin, interactions which stabilize the formation of the hexamer
occur exclusively between a single pair of molecules. The Bl Phe residue plays
an important role in hexamer stabilization since its amino group forms a salt
bridge to the Al7 carboxyl group and its side chain makes hydrophobic
interactions with the side chains of A13 Leu and A 14 Tyr on the adjacent monomer
surface. The movement of the N-terminus of the B-chain alters the nature of
the hexamer-stabilizing interactions in the 4-zinc and monoclinic forms. The
loss of one of the B-chains from the hexamer-forming surface in the 4-zinc
structure allows the second B-chain to undergo a shift of approximately 4A
where it can form hydrogen bonds to the B16 Tyr and B17 Leu residues in
the adjacent monomer. In the monoclinic form, a deep cleft is produced on
the surface of the hexamer by the absence of both B-chain N-termini. The strong
hexamer-forming contacts observed in the 2-zinc and 4-zinc structures are replaced
by several weak interactions involving A13, B14, B17, and B18 of both monomers.
The new position of the B1 Phe residue permits it to make weak contacts with
A-chain residues of a neighboring monomer.
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Introduction

Insulin provides a paradigm for the cellular control of metabolism by peptide
hormones. Recent advances in the cloning of the insulin receptor have led to
renewed interest in structure-function relationships [1]. We demonstrate that
high-resolution '"H NMR spectra of human insulin may be obtained. Comparative
studies of mutant insulins [2], identified from patients with Type II diabetes
mellitus, enable key resonances to be assigned and structural perturbations to
be characterized. We describe here the NMR features of one such mutant, Phe
B24 — Leu. This substitution selectively perturbs dimer packing.

In the wild-type hormone, Phe B24 lies in the extended C-terminal region
of the B-chain (Fig. 1). This region is thought to be part of the receptor-binding
surface [3]. In addition, it forms part of the insulin dimer contact in the crystal
[4]. The physiologic importance of this residue is underscored by the discovery
of mutations at this position in certain diabetic patients. Among mammalian
insulins, phenylalanine is the conserved amino acid [5].

Results and Discussion

Human insulin was obtained from Lilly Research Laboratories; zinc was
removed by gel filtration in 1% acetic acid. Mutant insulins were prepared by
semisynthesis at Shionogi Research Laboratory as described [6]. Two-dimensional
'H NMR spectra were obtained at 500 MHz by the pure-phase method of States
et al. [7], and processed as described [8].

The aromatic resonances in the two-dimensional 'H NMR spectrum of human
insulin are shown in Fig. 2. Assignments shown are based on a variety of two-
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Fig. 1. a-Carbon representation of the A-B monomer in 2-Zn insulin.

dimensional '‘H NMR experiments of native and modified insulins, as will be
described elsewhere. At the concentration and conditions used (37°C, 200 uM
protein concentration, 20% acetic acid, pD 3.0), insulin is predominantly
monomeric. At lower temperatures, higher pH or protein concentration, inter-
mediate exchange is observed between monomer, dimer, and higher-order
oligomers (data not shown). The 'H NMR resonances of residues involved in
dimerization selectively broaden; those whose environments are not perturbed
by dimerization remain sharp. These !H NMR features may be used to monitor
the extent of dimerization under defined conditions.

The pure-phase COSY spectrum of the mutant insulin Phe B24 — Leu is shown
in Fig. 3. One phenylalanine spin system is absent (arrow), identifying the
resonances of Phe B24 in the native spectrum (Fig. 2). These resonances are
unusual in that they are shifted to higher field and are broader than the resonances
of the Phe Bl and Phe B25. These properties reflect the distinctive structural
environment of Phe B24 in the native structure. The B24 Phe — Leu substitution
does not significantly perturb the remaining aromatic resonances, indicating that
it is structurally conservative in the monomer; however, no monomer-dimer
transition is observed at lower temperatures or higher protein concentrations,
indicating that Leu B24 disrupts dimer packing. We suggest that receptor-binding
may be similarly destabilized.

These studies are part of a broader structural investigation of insulin and
its genetic variants in solution. Studies of additional diabetes-related mutations
at the A3, B24, and B25 positions will be described elsewhere.
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Fig. 2. Two-dimensional 'H NMR
COSY spectrum at 500 MHz of human
insulin showing the phenylalanine (Bl,
B24, B25) and tyrosine (414, A19, BI6,
B26) resonances.
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Introduction

Calcium metal binding plays important roles in the regulation and function
of proteins. Among these roles include both catalytic regulation and structural
integrity in protein function and conformation. The conformation of a proposed
Ca” binding site for bovine prothrombin fragment 1, 18-23 region, was minimized
using ECEPP [1] and VFF [2, 3] energy calculations. Further analyses of the
resulting minimum energy conformation, using template forcing techniques, found
the same conformation compatible for five homologous blood protein sequences
(Eastman et al., manuscript in preparation). Coraparison of the prothrombin
metal binding conformation to Brookhaven crystal structures has led to a
hypothesis for calcium metal binding requirements.

Hypothesis

Here we report on the characteristics, both the nature of the primary sequence
and conformational properties of a proposed calcium binding fragment. In
attempting to define a generalized domain and compare metal binding sites,
we consider three properties of the proposed region: (1) The Joop nature of
the binding region (i.e., a measure of the C7-Cf distances); (2) the conformational
similarity between structures as measured by the root mean square (RMS)
deviation of the backbone; and (3) the sequence homology of residues involved
in the binding loop. We have examined and compared known calcium binding
domains in the Brookhaven data base, using interactive graphics [4] on an Evans
and Sutherland PS 300 graphics terminal. The results are given in Table 1.

Results and Discussion

We compared the calculated minimum energy calcium binding conformation
for the family of blood proteins to those calcium binding proteins whose structures
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have been solved by X-ray (Brookhaven crystallographic data base) in search
of similar structures. Confining our original search to Cys'-Cys® cyclic sequences,
we found 14 such regions in 11 proteins of known crystal structure. A very
close comparison was found in actinoxanthin, an antitumor, antibiotic class
of protein (Eastman et al., manuscript in preparation). It was also found that
this six-residue disulfide-bridged loop was responsible for binding heavy metal
ions, UO3" and Pb*, used for phase determination of the crystal coordinates.
This discovery prompted us to expand our search to include all known linear
sequences involving calcium ion binding regions. This expanded investigation
resulted in the working hypothesis that calcium binding sites may be defined
by a six-residue backbone sequence possessing hydrophilic side-chain carboxyl
or hydroxyl groups within a Joop region. The constraint inherent in Cys'-Cys®
rings, along with the aspartic, glutamic, threonine, or serine residues within
the disulfide-bridged segment results in a loop capable of functioning as metal
(Ca®") binding regions in proteins. In addition, linear six-residue calcium binding
loop regions found in Brookhaven have remarkable conformational and sequen-
tial similarities to the original, constrained disulfide-bridged structures. Within
this basic motif several variations of metal liganding are found as seen by some
of the large distances reported for metal-metal comparisons. The model structure
has the metal bound away from the loop, while several structures induce the
metal into a region closer to the center of the loop. Finally, the metal can bind
on either side of the loop.

We have, in addition, searched the National Biomedical Research Foundation
data base (NBRF) for evidence of other possible cyclic 1,6-disulfide-bridged
calcium binding loops. Metal binding properties for the majority of these identified
Cys!-Cys® loops remain to be determined; however, the conserved nature of
these disulfide bridges among species, along with their hydrophilic side-chain
homology strengthens the hypothesis that such structures are capable of func-
tioning as a metal binding domain.
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Introduction

Renin is a key hormone in the regulation of blood pressure; as other aspartyl
proteases, it contains a flexible region named flap, which is thought to play
a major role in the enzymatic activity [1]. A S-hairpin structure has been proposed
[2] for the flap on the basis of crystallographic data obtained on other aspartyl
proteases. In order to check this possible conformation, four peptides containing
the flap sequence of human renin were synthesized. Two of them are linear
while the other two are ring-closed through appropriately designed disulfide
bridges.

LRYSTGTVS G: Peptide I, [81-90]-human renin
TELTLRYSTGTVSGF L S: Peptide II, [77-93]-human renin
CLRYSTGTV C: Peptide III, (Cys-80, Cys-89) [80-89]-human renin
CLTLRYSTGTVSGC: Peptide IV, (Cys-78, Cys-91) [78-91]-
human renin

Results and Discussion

Conformational investigations based mainly on '"H NMR and IR techniques
show that all peptides adopt a secondary structure in DMSO. All the NMR
observations confirm the presence of the reversal in the four peptides. In peptides
IIT and IV, the temperature coefficients and the observed NOEs [3] reveal typical
features as expected for two strands with an antiparallel disposition. Fig. 1
represents a conformation identified for peptide IV consistent with the observed
NOEs.

The fact that the two cyclic peptides are both recognized by polyclonal and
monoclonal antibodies [4] raised against human renin while the two linear peptides
do not bind them suggest that (a) the cyclic peptides present a conformation
very close to that expected for the human renin flap, (b) the flap is an
immunopotent region of human renin which can belong to a discontinuous
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Fig. 1. Schematic drawing of the proposed conformation of the flap based on NMR
observations. Observed NOEs only on peptide III (<~~~ ), and on peptides IIl and IV

epitope, and (c) the presence of the two antiparallel strands seems to be necessary
for recognition by the antibodies (since the two linear peptides contain the turn
region but not the complete antiparallel strands).

Conclusion

From these observations, it can be concluded that all four peptides adopt a
secondary structure in DMSO close to that expected for human renin; however,
a higher flexibility exists for peptide I, which is probably due to the shortness
of the peptide chain. The B-hairpin loop structure is strongly stabilized by the
presence of a disulfide bridge and acts in a manner similar to the remainder
of the protein, as revealed by the cyclic peptides’ ability to bind antirenin
antibodies.
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Introduction

Extracting structural information from proton NMR spectra of large peptides
in solution or of small peptides bound to biomacromolecules can be extremely
difficult due to the severe overlap of many signals. Recently, however, expe-
rimental approaches have been introduced to overcome some of these limitations
by selectively detecting protons attached to an isotopically labeled nucleus [1,
2] and their scalar [2, 3] or dipolar coupled [3-6) partners. Here, we report
on the application of isotope-filtered NMR experiments in the conformational
analysis of atrial natriuretic factor [7-23] in sodium dodecyl sulfate (SDS-d25)
micelles and in a structural study of a pepsin/inhibitor complex using experimental
schemes containing an echo difference pulse sequence.

Results and Discussion

As will be described in detail elsewhere (manuscript submitted for publication),
isotope-filtered 2D NOE spectra were acquired of a trilabeled analog of atrial
natriuretic factor, ['’N-G10, A17, G20] ANF(7-23), in SDS. From the spectral
simplification achieved in the experiment, cross peaks were resolved which could
not be analyzed in conventional 2D NOE spectra. Proton-proton distances derived
from this data as well as those calculated from a quantitative analysis [7] of
several conventional 2D NOE data sets were used to generate three-dimensional
structures of ANF(7-23) using distance geometry and restrained energy mini-
mizations. Unlike the conformational averaging observed in NMR studies of
ANF analogs in bulk solvents (H,O, DMSO) [8], the NMR data of ANF(7-
23) in SDS micelles was indicative of a more ordered three-dimensional structure
composed of defined loops.

Isotope-filtered proton NMR experiments were also applied in a structural
study of a porcine pepsin/inhibitor (1) complex. Fig. 1A depicts an *N-decoupled
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those NMR signals corresponding to protons of 1 that are attached to *N are
observed. Excellent suppression of the remaining proton NMR resonances of
the inhibitor and pepsin was achieved in these experiments, as illustrated by
a comparison with the conventional proton NMR experiment (Fig. 1B).

In order to measure the NH exchange rates of the bound ligand, a series
of isotope-filtered proton NMR spectra was acquired after the addition of D,0.
Under the experimental conditions employed, the P, NH exchanged more slowly
than the P, NH and P; NH. These results were used to define the relative solvent
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Fig. 1. Proton NMR experiments of a pepsin/

inhibitor (1) complex: (4) isotope-filtered; (B)  Fig. 2. Contour plot of an isotope-filtered
conventional. Assignments were made by stu- 2D NOE experiment of a 1 mM pepsin/
dying singly labeled inhibitors. inhibitor (1) complex.
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accessibility for the different parts of the bound inhibitor and/or the NH protons
involved in hydrogen bonds.

Fig. 2 depicts part of a contour map from an isotope-filtered 2D NOE
experiment (rm = 30 ms) of the pepsin/inhibitor (1) complex. NOEs were observed
along w, between the protons attached to the *N labeled nuclei of the ligand
and the protons in close proximity to these nuclei within the inhibitor and pepsin.
NOE cross peaks were assigned from additional experiments using inhibitors
with perdeuterated residues. From an analysis of the NOE data, the conformation
of the bound ligand was deduced.
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Introduction

Central nervous system myelin exhibits instability and eventual breakdown
under certain pathological conditions [1]. Myelin contains an extrinsic membrane
protein — myelin basic protein (MBP) - which may assist in the maintenance
of the myelin bilayers [2]. In view of recent investigations demonstrating the
potential of nonbilayer lipid structures to destabilize membranes [3, 4], we have
been examining — principally by X-ray diffraction and 3'P NMR - the ability
of basic proteins and polypeptides to preferentially stabilize the bilayer arrange-
ment from a preexisting hexagonal phase (Hu). The Hu-forming dioleoyl-
phosphatidylethanolamine (DOPE) has been used as a representative model of
such membrane-destabilizing lipids.

Results and Discussion

At pH 9, DOPE is negatively charged due to deprotonation of its head group
amine. The presence of this charge allows for electrostatic binding of the basic
proteins and, as shown by the X-ray diffraction data in Table 1, the conversion
of DOPE from a hexagonal to lamellar phase was induced by MBP, histone
IV (H4), and poly-lysine (PL). Lysozyme, however, appeared to maintain the
DOPE hexagonal phase (confirmed by 3P NMR; spectra not shown), while
the bee venom peptide melittin produced disordering of the lipid packing (i.e.,
membrane disruption) as indicated by the lack of coherent X-ray reflections.
Titration to pH 7 (where DOPE becomes a neutral lipid) resulted in the dissociation
of all proteins, except melittin, from the lipid. This latter result demonstrates
the importance of the initial electrostatic interaction between protein and lipid
(i.e., the loss of this interaction creates a situation where only the hydrophobic
component can provide the attractive force). With the exception of melittin,
which is known to contain a significant membrane-penetrating hydrophobic
segment, the other proteins, however, did not appear to display sufficient non-
electrostatic binding sites.
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Table 1 X-ray diffraction data on morphological states of model lipid systems

DOPE* DOPE : PS*
Sample pH 9 pH7 95:5 w/w)
Lipids only HEX (67.1A)° HEX (64.34) HEX (66.0A)°
+MBP (40% w/w) LAM (74.0A)° HEX (66.6A) LAM/HEX

) (78.0/66.0 A)°

+ Histone IV (40%) LAM (66.4A)° HEX (65.4A) HEX (66.0A)°
+ Poly-lysine (20%) LAM (58.6A)° HEX (64.7A)° HEX (66.6A)°
+ Lysozyme (40%) HEX (71.0A) HEX (65.24)° -
+ Melittin (40%) Central scatter Central scatter -

:DOPE = dioleoylphosphatidylethanolamine; PS = phosphatidylserine.
Lipid phases: HEX = hexagonal; LAM = lamellar. Repeat dimensions given in
angstroms (A).

To examine the contributions of both electrostatic and hydrophobic protein/
lipid interactions, DOPE was combined with a small quantity of the anionic
lipid phosphatidylserine (PS). As seen in Table 1, among previously lamellar-
promoting proteins (MBP, H4, and PL), only MBP was capable of incorporating
a significant proportion of the uncharged DOPE into an overall lamellar lipid
structure.

These results indicate that bilayer stabilization may be dependent on a number
of physical-chemical protein properties, which include: (i) sufficient complemen-
tation of protein-lipid electrostatic interactions; (i) the inclusion of a sufficient
hydrophobic component; (iii) balanced distribution of protein charged and
uncharged residues (viz. the case of melittin); and (iv) an extended chain
conformation (as demonstrated by the lysozyme case). The property of MBP
to stabilize the bilayer under a variety of conditions may provide an important
myelin stabilization factor.
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Introduction

The glycopeptide antibiotic aridicin A is thought to exert its effect by binding
to the C-terminal p-alanyl-p-alanine residues of bacterial cell wall components
[1]. Distance geometry [2] has been used to generate models for a molecular
complex of the aglycon of aridicin A bound to Ac-Lys(Ac)-D-Ala-D-Ala which
are consistent with over 100 NOEs derived from 2D NMR studies. Questions
which arise in distance geometry studies include: which features of the con-
formations generated characterize all possible conformers and has the algorithm
sampled the full range of possible conformations. In this study, an identification
of NOE-defined structural templates allows us to identify conformationally stable
regions of the molecular complex and predict regions of conformational variability
in the models.

Results

There are 55 structural templates in our data set in addition to those derived
from chemical bonding. These are sets of atoms for which all interatomic distances
are specified by chemical bonding and/or NOE information. Fig. 1 is a graphical
analysis of the NOE structural templates. Heights of the diagonal peaks are
proportional to the number of atoms in each template. Off-diagonal entries
indicate that atoms are shared between templates. NOE structural templates
for the molecular complex are ordered by chemical structure in Fig. 1, proceeding
logically from the N- to C-terminus of the aglycon heptapeptide, as indicated
by the residue labels of the aglycon, and from the C- to N-terminus of the
bound tripeptide.

As implied by an inspection of Fig. 1, models generated by distance geometry
vary primarily in the relative orientation of the GCFB and BEAD regions of
the aglycon. Conformational variation is minor. The peptide backbones of aglycon
and tripeptide are antiparallel, and the C-terminus region of the tripeptide fits
snugly into the binding conformation of the aglycon. An example is given in
Fig. 2. Fig. 2, derived solely from chemical structure and NOE distance
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MeNH-C-CONH-C-CONH- C CONH-C-CONH-C-CONH-C-CONH-C-COOH

BOUND PEPTIDE (pep) = Ac-LYS(Ac)-DALA-DALA

Fig. 1. NOE template analysis molecular complex.

Fig. 2. Solution conformation model.
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constraints, is similar to a previously proposed model for aridicin A (unbound)
[3] and for ristocetin bound to the tripeptide Ac-Lys(Ac)-p-Ala-D-Ala [4].
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Vibrational circular dichroism of polyproline
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Introduction

Poly-L-proline (PLP) exists in two forms, designated as I and II. In the solid
state, form I is a right-handed 3,-helix of cis amides and form II is a left-handed
10;-helix of trans amides. Considerable work has been reported on the con-
formation of PLP in solution, particularly as determined with electronic circular
dichroism (CD). Controversy has arisen over the relationship of these spectra
to that obtained from a random coil of polypeptides [1, 2]. In this paper, we
present our initial vibrational circular dichroism (VCD) studies for PLP in helical
and random-coil conformations. These are designed both to shed light on the
random-coil problem and to determine if the PLP I and II conformers give
unique VCD differentiable from that of the other helix forms we have studied.

Results and Discussion

Experimental techniques for obtaining VCD of polypeptides in solution have
been described previously [3, 4]. Two PLP samples (MW =5,500 and 19,000)
and collagen from human placenta were obtained from Sigma. PLP I was obtained
from PLP II by the method of Steinberg et al. [5]. The VCD and IR spectra
in Fig. 1 are normalized to Am.x = 1.0 for sake of comparison.

In trifluoroethanol (TFE), both forms have a negative VCD couplet with
PLP II (solid line) being about twice the magnitude of PLP I (dotted line) and
shifted ~10 ¢cm™' to higher energy. Similar results in terms of magnitude and
frequency are obtained for PLP I in D,0, but mutarotation from I to IT occurred
during measurement, even at 3°C. While AA/A values for PLP II in TFE and
D,O are approximately the same, in D,0 the zero-crossing frequency is ~ 20
cm' lower.

In Fig. 1b, VCD and absorption spectra of PLP II in 6 M CaCl, are compared
to the D,0 result. While the absorbance broadens, the AA/A values are similar,
with the negative lobe being broader and weaker. In 6 M CaCl,, PLP has been
reported to be unordered as measured by electronic CD [1, 2]; however, we
find that PLP-II-like VCD remains. In 6 M LiBr, we observe broadening of
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Fig. 1. VCD and absorption of (a) PLP I () and PLP II (—) in TFE, (b) PLP 11
in D20 (——) and 6 M CaCl, () and (c) collagen at 25°C (—) and 45°C (------) compared
to PLP I in D0 at 25°C (--—-).

the positive peak; and, with heating to ~65°C, the negative peak collapses to
less than a third of its original intensity. Unordered structure formation is thus
obtained only at high temperatures.

Collagen is expected to have a triple 10;-helix and exhibits an electronic CD
consistent with PLP II. The collagen VCD was obtained by dissolving 10 mg
in 2 ml of D,0+ 2 ul of acetic acid (Fig. 1c). While the collagen couplet (solid
line) resembles that of PLP II (dashed line), the frequency is shifted up almost
30 cm™' and the absorption is broadened due to the presence of secondary and
tertiary amides in collagen. When the sample temperature is raised to ~45°C,
the VCD collapses (dotted line) appropriate to the unordered form [6]. PLP
I1 is more stable, requiring both salt and high temperature to lose its characteristic
VCD.

In summary, we have demonstrated that PLP structures give VCD differentiable
from that of other helices and consistent with the spectra we have found for
a series of random-coil conformations of charged and aromatic side-chain
polypeptides[7, &].
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Conformational mobility in the vasopressin series
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To assess conformational mobility in vasopressin analogs, the proton NMR
spectrum of arginine vasopressin (AVP) and the analog [Pmp!, p-Tyr(Et)?, Val?,
desGly’]JAVP (Pmp = 3,3-pentamethylene-3-mercaptopropionic acid) (I) have
been investigated in methanol at low temperatures [1]. Differential line broadening
below -20°, suggesting slow conformational exchange, is observed. This is
illustrated in the spectra of I (Fig. 1). For example, the resonances of the backbone
Val H* (A, 4.07 ppm)