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e (Custom Peptides

* Fmoc Amino Acids (L, D, and
OPfp esters)

* Boc Amino Acids (L and D)

* 7 Amino Acids (L and D)

* Beta-homo Amino Acids

* Amino Acid Alcohols

* Unusual Amino Acids (Homoamino acids, Substituted Phe,

Substituted Tyr, N-methyl amino acid, etc.)

¢ Pseudoproline Dipeptides (Ser or Thr based)

* Coupling Reagents (HATU, HBTU, HCTU, TBTU...... etc)

* Resins (Wang, Rink Amide, Merrifield, 2-C1-Trt Chloride,.....etc.) .
* Preloaded Resins (Preloaded Wang, Preloaded 2-C1-Trt) /

* C(Catalog Peptides (Over 3000 peptides) 'I

aapprec also supplies HPLC columns, freeze-drying equipment, vacuum
concentrators and other equipment for peptide synthesis.
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aapptec 6309 Shepherdsville Road Louisville, KY 40228
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aappTec

Known for its quality, speed,
flexibility and economic pricing,
aappTtec is an industrial leader in
production of automated peptide
synthesizers since 1983. aappTec’s
synthesizers offer a wide range of
capabilities, from single peptide to
multiple peptide synthesis, scale-up
and peptide libraries. These
capabilities, along with zero dead
volume and no cross contamination,

provide the highest quality peptides.

Call aapprec today for a FRE
quote and more information of our

products.

aapptec 6309 Shepherdsville Road Louisville, KY 40228
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Introduction

We had the distinct honor to jointly host the 21¥ Symposium of the American Peptide Society on
the campus of Indiana University in Bloomington, Indiana. The meeting theme was “breaking
away”, embracing the spirit of the scientific and social program we witnessed. The University
setting was reminiscent of the Symposia from earlier years in the formative period of the Peptide
Society. What was especially unique about this 2009 meeting was the level of commercial
participation from pharmaceutical and biotechnology companies that complemented the traditional
academic excellence. The unprecedented interest in the use of peptides as drugs separates this
period from any other in the history of the Society and it is a direct result of the advances in core
peptide chemistry and biology that have been achieved in recent years.

The meeting opened with a Sunday social gathering at the center of the Indiana University
campus. Monday consisted of a full day focused on advances in chemical biology and receptor
signaling. The day concluded with the Merrifield lecture given by Stephen Kent and two associated
lectures that extended the scope of advances in chemical synthesis. Tuesday lectures focused
predominately on advances in rational design, analysis and material aspects of peptide chemistry. It
concluded with a first ever session co-sponsored by the American Association of Pharmaceutical
Sciences (AAPS) pertaining to technology directed at accelerating the transition of peptides from
the lab to the clinic. Wednesday was highlighted by the presentation of the Makineni lecture by
William DeGrado, the first Goodman award lecture by Charles Deber, and a set of lectures
pertaining to advances in biosynthesis with non-native amino acids.

The Symposium program moved to peptide biology and pharmacology in the last two days of
the meeting. A particular emphasis was placed on capturing the unprecedented success currently
being experienced in peptide-based therapeutics. Thursday represented an array of several
therapeutic areas, most notably neuroscience, infectious diseases and cancer. Metabolic diseases
with a particular emphasis on obesity and the related disorders in glucose and lipids were the focus
of the last day. At the end of each of the first four days were poster sessions that stimulated
communication among all participants and highlighted the importance of young investigator
participation.

The social program was abundant and diverse. Whether your primary interest was the arts,
athletics, or outdoor activities, there was something to meet all needs. The campus and the
Bloomington community with its easily accessible open spaces and attractive architecture provided
a stimulating social environment for the multiple activities. A few items of particular note were the
Wednesday night social event at the Musical Arts Center where the renowned Jacobs School of
Music staged a performance exclusively for Symposium guests. Additionally, the Thursday night
social banquet themed, Mix, Mingle & Move, an evening of Martinis, Moonshine and Music, is
destined to be one to that will be remembered as unlike anything previously experienced at an APS
meeting

It has been a pleasure to host this late spring week of science and entertainment. We are
deeply grateful to all of the individuals who helped in the assembly, funding and operations
associated with this event. The dedicated University-based conference staff, numerous volunteers
and especially conference director Mary Morgan made seminal contributions to the success of this
meeting. Of course, we wish to thank all of you for helping us create such a memorable
Symposium.

Tt ‘C]:_ Q

Richard DiMarchi Henry Mosberg
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Editor’s Remarks

This year’s proceedings production was a test about readiness of American Peptide Society
members to accept the new technologies allowing the book to be available three months after the
symposium, or earlier. On top of the speed of production, reduction of the book cost was an
additional goal. Manuscripts were accepted through the internet page, entered into the database
which allowed to create indexes on the fly and simplified communication with authors. Processed
manuscripts were available for proofing — helping us to correct blunders made by us and authors in
the rush to deliver the book as soon as possible. The finalized book was available on the website
for downloading 10 weeks after the symposium. The CD version was distributed to all APS
members by kind sponsorship by AAPTEC. And the “real book” is available from “just in time”
printing process both in hard bound and paperback version. Due to the fact that the American
Peptide Society is a nonprofit organization, there is no margin charged for the book, and all
members can order it for production cost (we recommend to compare the price with the price of
previous symposium volumes).

Our thanks go to all authors who delivered manuscripts of a high technical quality before the
deadline. Problems with authors trying to “squeeze in” three pages of text on two pages of
manuscript, or fixing their problems by modifying the template of the text file, were diligently
solved by the team of technical editors, who worked very long hours to make sure that the book
goes to production three weeks after the last manuscript is delivered. (Actually, the last manuscript
was delivered just three days before the book went to production — you know who you are...). Due
to the time constraints, we were not able to redo the graphical components of the manuscripts —
graphs and illustrations — authors have to understand that some of the graphs looking good at the
poster size are far from ideal for book page size. If you like the book cover, you should know that it
was designed by our young perspective graphic designer, Alexandria Ferguson.

Our company, Prompt Scientific Publishing, produced the proceedings of the 17" and 18™
American Peptide Symposia using the classical book printing and distribution processes. The new
way of delivering the information promptly and economically, introduced by the proceedings of
21" APS, may not be universally accepted — for example, the hard bound books of the last
symposia were undisputably of higher quality than paperback version of this proceedings, however,
we believe that the promptness of the production and multitude of distribution avenues more than
compensates for its appearance. Our ambition for the future proceeding volumes is that the book is
delivered at the time of the symposium. Using the modern technologies and dedicated effort of our
team, it is definitely realistic goal. We would like to hear your opinion.

Roseann Story-Lebl
Michal Lebl
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Message from the President of the American Peptide Society

The 21% American Peptide Symposium was the most recent successful addition to the American
Peptide Society’s series of biennial symposia. An international group of 550 registrants contributed
to the high quality scientific program documented in the present volume. Thank you to all lecturers
and poster presenters for your excellent contributions. I congratulate co-chairs Richard DiMarchi
and Henry Mosberg along with their staff and the organizing and program committees for a terrific
meeting, and I thank them for all of their hard work and dedication. Thank you also to all of our
sponsors and exhibitors. Finally, thank you to immediate Past President Richard Houghton for his
oversight of this effort.

There were several special events from the Symposium that I would like to highlight. The
American Peptide Society’s Bruce Merrifield Award, which recognizes outstanding career
achievements in peptide science, was presented to Stephen B.H. Kent of the University of Chicago.
Steve’s award lecture described his exciting work on “Inventing Chemistries to Reveal How
Proteins Work”. The Makineni Lecture, which honors long time peptide science supporter Rao
Makineni, was presented by William DeGrado of the University of Pennsylvania. The inaugural
Murray Goodman Award was presented to Charles Deber of Hospital for Sick Children and the
University of Toronto. The meeting also featured the satellite symposium “Peptides in Metabolic
Diseases.” The scientific quality was high and the competition was keen in the Young Investigators
Poster Competition. Symposium social events, such as “Bowling, Billiards, Movie and More,”
“Passport to Bloomington,” “Music at the MAC,” and “Mix, Mingle and Move” provided
enjoyable opportunities to meet colleagues.

I will now make a few comments about the American Peptide Society, which is committed to
advancing and promoting the knowledge of the chemistry and biology of peptides and proteins. I
invite you to visit our web site at www.americanpeptidesociety.org to learn more about the Society
and the benefits of membership. The Society has a dedicated Council of 15 individuals elected by
Society members. Society Officers are also elected by the membership. There are several active
committees, which administer areas such as awards, membership, publications, and student affairs.
The official journal of the Society is Biopolymers — Peptide Science, and all members receive a
subscription. The new editor of the journal is Joel Schneider who succeeded Lila Gierasch at the
beginning of 2009. The journal publishes original research and review articles, and will feature
research publication awards beginning in 2010. Dr. Schneider and I encourage you to submit your
best work to our journal. The American Peptide Society also actively participates in activities of the
broader research community through our associate membership in the Federation of American
Societies for Experimental Biology (FASEB).

My term as President of the Society runs from June, 2009 to June, 2011. During this period,
one of my priorities is to increase the membership of the Society and enhance the benefits to
members. The Society will be exploring the sponsorship of peptide-focused sessions at national
American Chemical Society meetings and at the annual Experimental Biology meetings. The
Society will increase the visibility of its Awards. The Society will explore the representation of
peptide-based research on specific study sections within the Center for Scientific Review of the
NIH. Please contact me if you would like to get involved in any of these activities.

The American Peptide Society is already planning for future symposia. The 22™ American
Peptide Symposium will be held June 25 - 30, 2011 at the Sheraton Hotel and Marina in San Diego.
Co-chairs Phil Dawson and Joel Schneider are actively assembling the scientific program based on
the theme “Peptides — The Way to Go”.

It was a pleasure to interact on a scientific and personal level with many of you at the
American Peptide Symposium in Bloomington. I look forward to working with you on American
Peptide Society activities and to seeing you in San Diego in 2011. My best wishes for success in
your professional endeavors.

Gregg B. Fields, Ph.D.

University of Texas Health Science Center
July 31, 2009
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List of 21° American Peptide Symposium Sponsors

The 21* American Peptide Symposium was made possible through the generous support of the
following organizations:

MAJOR SPONSORS

Cook Pharmica

Eli Lilly and Company

Indiana University College of Arts and Sciences
Marcadia Biotech

DAY SPONSORS
Roche
Zydus Cadila Healthcare

GOLD SPONSORS
aapptec
Polypeptide Laboratories

SILVER SPONSORS
Jupiter Bioscience, Ltd.
Peptisyntha

BRONZE SPONSORS

Aileron Therapeutics

Amylin Pharmaceuticals

AnaSpec, Inc.

Bachem Americas

Baxter

Indiana University Office of the Vice-President for Engagement
& Indiana University Research and Technology Corporation

Midwest Bio-Tech

New England Peptide

Senn Chemicals

ADDITIONAL SPONSORS
Escom Science Foundation
5AM Ventures

New England BioLabs

Novo Nordisk

RSP Amino Acids

University of Michigan
Wyeth Research
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List of 21* American Peptide Symposium Exhibitors

aapptec

Activotec

Almac Sciences
AmbioPharm, Inc
American Peptide Company
American Peptide Society
AnaSpec

Bachem Americas

Baxter

BioConvergence
Biosynthesis

Biotage

CBL Biopharma

CEM Corporation
Chem-Impex International
CPC Scientific

Cook Pharmica

Covidien Mallinckrodt
CreoSalus

Crown Bioscience

C S Bio

DAISO

EMD Chemicals

FASEB

Intavis

IRIS Biotech

Jupiter Bioscience
Neuland Laboratories
New England Peptide
Peptides International/Peptide Institute
Peptisyntha
Phenomenex
Polypeptide Laboratories
Protein Technologies
Rapp-Polymere GmbH
Reanal

Senn Chemicals

Student Affairs Committee
Sussex Research
Synthetech

Tianjin Nankai Hecheng
Unigene Laboratories
Union Biometrica
Wiley-Blackwell

YMC America

Zeochem
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The American Peptide Society

The American Peptide Society (APS), a nonprofit scientific and educational organization founded
in 1990, provides a forum for advancing and promoting knowledge of the chemistry and biology of
peptides. The approximately one thousand members of the Society come from North America and
from more than thirty other countries throughout the world. Establishment of the American Peptide
Society was a result of the rapid worldwide growth that has occurred in peptide-related research,
and of the increasing interaction of peptide scientists with virtually all fields of science.

A major function of the Society is the biennial American Peptide Symposium. The Society
also sponsors the Journal of Peptide Research and Biopolymers (Peptide Science), recommends
awards to outstanding peptide scientists, works to foster the professional development of its
student members, interacts and coordinates activities with other national and international
scientific societies, sponsors travel awards to the American Peptide Symposium, and maintains a
website at www.ampepsoc.org.

The American Peptide Society is administered by Officers and Councilors who are nominated
and elected by members of the Society. The Officers are: President: Gregg B. Fields, University of
Texas Health Science Center, President Elect: Ben Dunn, University of Florida, Secretary: Robin
Offord, University of Geneva, Treasurer: Pravin Kaumaya, The Ohio State University, Past
President: Richard A. Houghten, Torrey Pines Institute for Molecular Studies. The councilors are:
Maria Bednarek, Medlmmune Ltd, Phil Dawson, Scripps Research Institute, Charles Deber,
Hospital for Sick Kids, Ernest Giralt, Barcelona Biomedical Research Institute, Carriec Haskell-
Luevano, University of Florida, Jeffery W. Kelly, Scripps Research Institute, Michal Lebl,
Illumina Inc., DeAnna Wiegandt Long, Peptides International, John Mayer, Eli Lilly and Co.,
Henry 1. Mosberg, University of Michigan, Tom Muir, Rockefeller University, Joel Schneider,
University of Delaware.

Membership in the American Peptide Society is open to scientists throughout the world who
are engaged or interested in the chemistry or biology of peptides and small proteins. Categories of
membership include Active Member, Associate Member, Student Member, Emeritus Member and
Honorary Member. For application forms or further information on the American Peptide Society,
please visit the Society web site at www.americanpeptidesociety.org or contact Becci Totzke,
Association Manager, P.O.Box 13796, Albuquerque, NM 87192, U.S.A., tel (505) 459-4808; fax
(775) 667-5332; e-mail “APSmanager@americanpeptidesociety.org”.
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Symposium
Year

Ist 1968
2nd 1970
3rd 1972
4th 1975
5th 1977
6th 1979
7th 1981
8th 1983
9th 1985
10" 1987
1" 1989
12" 1991
13" 1993
14" 1995
15" 1997
16" 1999
17" 2001
18" 2003
19" 2005
20" 2007
21% 2009

American Peptide Symposia

Chair (s)

Saul Lande & Boris Weinstein

F. Merlin Bumpus

Johannes Meienhofer

Roderich Walter

Murray Goodman

Erhard Gross

Daniel H. Rich

Victor J. Hruby

Kenneth D. Kopple & Charles M. Deber
Garland R. Marshall

Jean E. Rivier

John A. Smith

Robert S. Hodges

Pravin T.P. Kaumaya

James P. Tam

George Barany & Gregg B. Fields
Richard A. Houghten & Michal Lebl
Michael Chorev & Tomi K. Sawyer
Jeffery W. Kelly & Tom W. Muir
Emanuel Escher & William D. Lubell

Richard DiMarchi & Hank Mosberg

XV

Location

Yale University

New Haven, CT

Cleveland Clinic
Cleveland, OH

Children’s Cancer Research
Foundation, Boston, MA
The Rockefeller University
New York, NY

University of California-San
Diego, San Diego, CA
Georgetown University
Washington, DC
University of Wisconsin-
Madison, Madison, W1
University of Arizona
Tucson, AZ

University of Toronto
Toronto, Ontario, Canada
Washington University

St. Louis, MO

University of California-San
Diego, San Diego, CA
Massachusetts Institute of
Technology, Cambridge, MA
Edmonton Convention Center
Edmonton, Alberta, Canada
The Ohio State University
Columbus, OH

Nashville Convention Center
Nashville, TN
Minneapolis Convention
Center, Minneapolis, MN
Town and Country Resort
Hotel, San Diego, CA
Marriott Copley Place
Boston, MA

Town and Country Resort
Hotel, San Diego, CA
Palais des congres de
Montreal, Quebec, Canada
Indiana University,
Bloomington, Indiana



The Merrifield Award

(previously the Alan E. Pierce Award)

The Merrifield Award was endowed by Dr. Rao Makineni in 1997, in honor of R. Bruce Merrifield
(1984 Nobel Prize in Chemistry), inventor of solid phase peptide synthesis. Previously, this award
had been called the Alan E. Pierce Award and was sponsored by the Pierce Chemical Company

from 1977-1995.
Stephen B. H. Kent

The American Peptide Society is very pleased to announce that
Stephen Kent of the University of Chicago has been chosen to
receive the R. Bruce Merrifield Award for 2009. Kent is cited for
‘the development and application of innovative and robust methods
for the total chemical synthesis of enzymes’. This award will be
presented during the 21st APS Symposium to be held in
Bloomington, Indiana on June 7-12, 2009.

Stephen Kent has pioneered modern methods for the total
chemical synthesis of proteins, and has used these novel synthetic
methods for unprecedented studies of protein structure and function.

Kent’s early work focused on fundamental studies of methods for the chemical synthesis of
peptides, and on the application of chemical peptide synthesis to studies of the hepatitis B virus
and the human immunodeficiency virus. In 1989, this work culminated in the use of total chemical
synthesis to prepare protein used for the determination, by crystallography collaborators, of the
original X-ray structures of the HIV-1 protease molecule. These data were made freely available
and formed the basis for the highly successful worldwide programs in structure based drug design
that culminated in the development of the ‘protease inhibitor’ class of AIDS therapeutics.

The total chemical synthesis of proteins, especially enzymes, was one of the grand challenges
in 20th century chemistry. In 1992, Kent effectively solved this problem by introducing the
‘chemical ligation’ principle, the use of chemoselective reaction for the covalent condensation of
unprotected peptides in aqueous solution. In 1994, Kent and his colleagues at The Scripps
Research Institute extended this concept to ‘native chemical ligation’, the amide-forming thioester-
mediated covalent condensation of two unprotected peptides at a cysteine residue. Chemical
ligation methods are a break-through in protein science and for the first time have led to practical,
reproducible, and general synthetic access to the world of proteins.

In 2003, Kent and his industry colleagues reported the systematic design and total chemical
synthesis of the neoglycoprotein ‘synthetic erythropoiesis protein’, an improved version of
erythropoietin. Synthetic EPO contained a polypeptide chain of 166 amino acid residues and had
two covalently attached branched glycan-mimetics, homogeneous polymer entities of defined
molecular structure each carrying four negative charges. Synthetic erythropoiesis protein is the
largest synthetic protein construct ever made, with a molecular mass of 50,825 Daltons; it
displayed full biological activity and improved duration of action in vivo.

The principal focus of the Stephen Kent laboratory at The University of Chicago is to
understand the chemical basis of protein function, particularly enzyme catalysis, and to
demonstrate that knowledge by the design and construction of protein molecules with novel
properties. Kent and his colleagues have continued to develop improved synthetic chemistries for
the study of proteins. These include ‘one pot’ methods (2004), and novel catalysts for native
chemical ligation based on detailed mechanistic studies (2007). In 2006, the Kent lab introduced
‘kinetically controlled ligation’, a method that has enabled the fully convergent total chemical
synthesis of large protein molecules, including the crystalline fully active enzyme molecules
human lysozyme and a covalent-dimer form of the HIV-1 protease containing a 203 amino acid
residue polypeptide chain. In 2008, the Kent laboratory reported the use of racemic protein
crystallography for the determination of novel molecular structures, using mirror image proteins
prepared by total chemical synthesis to enable crystallization of difficult-to-crystallize proteins and
to facilitate the determination of their X-ray structures by direct methods.

Xvi



2009 — Stephen Kent, University of Chicago

2007 — Isabella Karle, Naval Research Laboratory, D.C.

2005 — Richard A. Houghten Torrey Pines Institute for Molecular Studies
2003 — William F. DeGrado, University of Pennsylvania

2001 — Garland R. Marshall, Washington University Medical School
1999 — Daniel H. Rich, University of Wisconsin-Madison

1997 — Shumpei Sakakibara, Peptide Institute, Inc.

1995 — John M. Stewart, University of Colorado-Denver

1993 — Victor J. Hruby, University of Arizona

1991 — Daniel F. Veber, Merck Sharp & Dohme

1989 — Murray Goodman, University of California-San Diego

1987 — Choh Hao Li, University of California-San Francisco

1985 — Robert Schwyzer, Swiss Federal Institute of Technology

1983 — Ralph F. Hirschmann, Merck Sharp & Dohme

1981 — Klaus Hofmann, University of Pittsburgh, School of Medicine
1979 — Bruce Merrifield, The Rockefeller University

1977 — Miklos Bodansky, Case Western Reserve University
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The 2009 Makineni Lecture Award

Endowed by PolyPeptide Laboratories and Murray and Zelda Goodman (2003)

William F. DeGrado

m The 2009 Makineni Lectureship is meant to recognize a recent scholarly
o contribution of broad significance, and Bill DeGrado's 2008 Nature
paper entitled "Structural basis for the function and inhibition of an
influenza virus proton channel" is a stellar example of high-impact
peptide science. The M2 protein from influenza virus self-assembles in a
host cell membrane to form a tetramer, which enables protons to cross
the membrane. DeGrado's lab (and many others) has studied this protein
for some time. The 2008 Nature paper reports the crystal structures of
two 25-mer peptides that correspond to the membrane-spanning alpha-
helical segment of the M2 protein. In both cases the peptides form a
four-helix bundle that represents the proton channel region of the native
© M2 tetramer.

This work is highly significant because of insights regarding M2
channel assembly, function and inhibition (in one of the two crystal structures an antiviral agent
blocks the center of the channel). Perhaps even more important, however, is the fact that this work
represents the first example in which the transmembrane segment of an integral membrane protein
has been structurally characterized at atomic resolution via crystallography. This monumental
achievement is likely to inspire related studies in many groups, which will ultimately bring our
understanding of membrane protein structure and function to new levels of sophistication. The first
crystal structure of a membrane protein led to the award of the 1987 Nobel Prize, because this
accomplishment was viewed as leading the way to many more structures of membrane proteins.
Water-soluble peptides of medium length (10-40 residues) are typically much more difficult to
crystallize than are full-length soluble proteins. This trend is likely to apply as well to medium-
length membrane-embedded peptides, relative to membrane proteins. Thus, DeGrado’s goal of
growing high-quality crystals of M2 transmembrane peptides was extremely courageous (one
might have said “foolhardy” at the time he began); this goal would probably not even have been
imagined by most workers in the field because success seemed so unlikely.

The importance of acquiring high-resolution structural data for self-associating trans-
membrane segments of embedded proteins cannot be overstated. Interactions among such
segments play crucial roles in determining the identity, geometry and stoichiometry of membrane
protein assemblies. These assemblies play vital roles in normal and pathological cellular
physiology and in the behavior of infectious agents. Many integral membranes involved in signal
transduction, for example, contain single-pass helical segments that link an extracellular receptor
domain to an intracellular effector domain (e.g., a tyrosine kinase domain). There is good evidence
that such helical segments have intrinsic propensities for homo- and/or heteroassociation, and these
association phenomena play a crucial role in normal signaling as well in aberrant signaling that can
lead to development of disease. Our understanding of physiologically important interactions
among intrinsic membrane proteins has been hampered by our lack of high-resolution structural
information for the associated states. DeGrado’s stunning success with M2-derived integral
membrane peptides suggests that this deficiency of structural data will soon be remedied.

2009 - William DeGrado, University of Pennyslvania

2007 - Ronald T. Raines, University of Wisconsin - Madison

2005 - Robin E. Offord, Centre Medical Universitaire, Switzerland
2003 - James P. Tam, Vanderbilt University
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The 2009 Murray Goodman Scientific Excellence &
Mentorship Award

The Goodman Award recognizes an individual who has demonstrated career-long research
excellence in the field of peptide science. In addition, the selected individual should have been
responsible for significant mentorship and training of students, post-doctoral fellows, and/or other
co-workers. The Awards Committee may also take into account any important contributions to the
peptide science community made by the candidate, for example through leadership in the
American Peptide Society and/or its journals. Endowed by Zelda Goodman (2007).

Charles M. Deber

The announcement that Dr. Charles M. Deber, Professor of Biochemistry
at the University of Toronto and Acting Head of the Division of
Molecular Structure and Function at the Research Institute Hospital for
Sick Children at the University of Toronto, was the first recipient of the
Goodman Award of the American Peptide Society is certainly well
deserved recognition of Charlie’s many scientific contributions to
peptide and protein science and to the American Peptide Society.

Professor Deber is known worldwide for his seminal research on
the structure and function of membrane peptides and proteins, and in the
examination of disease states that involve misfolding of membrane
proteins. At the more fundamental level he was among the first to
recognize that peptide and protein folding in membranes had
fundamental differences from peptide and protein folding in aqueous environments. This led to a
critical re-evaluation of the structural properties in amino acids in proteins that are in membrane
environments, which has provided new tools for the design of membrane peptides and proteins.
Among these tools, the web based TM Finder Program is a most valuable tool, available
worldwide.

As a mentor and teacher, Dr. Deber’s contributions also have been exemplary. He teaches
widely acclaimed courses from large undergraduate courses, to advanced Chemistry courses for
graduate students. For his excellent undergraduate teaching he received the W.T. Aikins Award
from the University of Toronto. He has mentored more than 60 graduate students and postdoctoral
fellows, many of who have gone on to have outstanding careers in academia and industry.

Finally, Charlie has made many outstanding contributions in service to our field worldwide.
In addition to being President of the APS from 1991-1993, he has been a long time Editor of
Peptide Science, on the editorial board of several international journals in our field, and has
organized or helped organize several international conferences.

The Murray Goodman Scientific Excellence and Mentorship Award is well-deserved
recognition for the above and many other contributions.

2009 — Charles M. Deber, University of Toronto, Hospital for Sick Children

XIX



Young Investigators' Poster Competition

Judges

Paul Alewood Satish Joshi
Maria Bednarek Ashok Khatri
Annette Beck-Sickinger Teresa Kubiak
Ashraf Brik Kit Lam
Ronald Bowsher Tom Lobl
Gerardo Byk Derek Maclean
Weibo Cai Lenore Martin
Julio Camarero Palgunachari Mayakonda
Erin Carlson John Mayer
Predrag Cudic Bradley Nilsson
Juan Del Valle Sue O'Dorisio
Ben Dunn Laszlo Otvos
Sebastian Dziadek Laurie Parker
Emanuel Escher Shai Rahimipour
Nick Fisk Thomas Tolbert
Joseph Garlich John Wade
Paolo Grieco Harry Wang
Ryan Holder Oliver Zerbe
Mark Jarosinski Lianshan Zhang
Jiri Jiracek

Winners
Jessica Anand University of Michigan, Ann Arbor
Leah Cohen College of Staten Island, CUNY
Arnab De Columbia University Medical Center
David Dietrich University of British Columbia
Reena Halai University of Queensland
Sonia Henriques University of Queensland/ University of Lisbon
Gary Kemp London School of Pharmacy
John Kulp Naval Research Laboratory
Burkhardt Laufer Technical University of Munich
Piotr Mroz Indiana University
Radhika Nargarkar ~ University of Delaware
David Przybyla Purdue University
Nir Qvit Stanford University
Irene Shu University of Washington
Pauline Tan Ohio State University
A. Pernille Tofteng  University of Copenhagen
Yanyan Zhang Ohio State University
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Peptide Society Travel Grants

Jessica P. Anand, University of Michigan (Ann Arbor)
Emilia Antolikova, Institute of Organic Chemistry and Biochemistry
De Arnab, Columbia University Medical Center

Jason Arsenault, University of Sherbrooke

Kajal A Bhimani, University of Texas (at Dallas)

Nina Bionda, Florida Atlantic University

Nicolas Boutard, University of Montreal

Diego Brancaccio, University of Naples (Frederico II)
Monica Branco, University of Delaware

Rui Chen, Indiana University (Bloomington)

Amit Choudhary, University of Wisconsin (Madison)

Leah S. Cohen, College of Staten Island (CUNY)
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Introduction

Proteins are the ‘natural products’ of our era, and now play the same role as targets for synthetic
organic chemistry that plant and microbial natural products played in the second half of the 20"
century. Millions of proteins are being discovered at the DNA level as predicted open reading
frames, by highly automated genome and metagenome sequencing [1]. Numerous proteins are
also being identified by mass spectrometry from a
variety of natural sources such as the venoms of

unprotected peptide segments spiders, snakes, and cone snails [2]. It has been

estimated that there are between 10° and 10° unique

‘chemical ligation’ venom-derived proteins alone [3]. Many of these
venom-derived proteins have post-translational

large polypeptides modifications that are essential for biological

activity. The challenge for chemists in the current
era is to develop synthetic methods that are
powerful enough to enable the straight-forward
Vi3 preparation of predicted proteins and post-
j“}:’ translationally modified protein molecules, of

fold/disulfides

- defined structure and high purity, in order to

protein molecule elucidate and control the molecular basis of the
diverse biological activities of protein molecules.

Here 1 will briefly present a set of

Fig. 1. Modern chemical protein svnthesis. scientific ideas and consequent synthetic methods

that have enabled the general application of

chemistry to proteins. Selected case studies will be used to illustrate the application of synthetic

chemistry to elucidate the molecular basis of protein function

Results and Discussion

Chemical Ligation
Modern chemical protein synthesis (Figure 1) is based on the chemoselective and regiospecific
covalent condensation of unprotected peptide segments, a process termed ‘chemical ligation’
[4]. Chemical ligation makes use of two unique functional groups that are designed to be
mutually reactive and to not react with any of the functionalities found in the twenty genetically
encoded amino acids found in protein molecules (Figure 2). The key conceptual breakthrough
was that the product of reaction of these two

unique functional groups does not need to be .

a native amide bond [4]. Freed from this oeces = in
constraint, a wide range of chemoselective
reactions can potentially be used to covalently
join two unprotected peptide segments. The
chemical ligation principle is a radical
departure from the synthetic approaches that chemoselective reaction
in the latter half of the 20™ century dominated
attempts to make proteins using chemistry. Hatkgo N
Conventional solution synthesis relied on the H
reaction of maximally protected peptide Ry
segments in organic solvents. Poor solubility
of the protected peptides frequently led to
slow and incomplete reactions, and partial
racemization of the C-terminal amino acid of

00~ 00"

ﬁ"s peptide 2

+
NH3 O _—C00"
HO

H unique, mutually reactive
functionalities

HS SH

unprotected peptides

OH analogue structure

Fig. 2. The chemical ligation principle.



the activated peptide segment often compromised the chiral integrity of the synthetic products.
By contrast, the chemical ligation of unprotected peptide segments is usually carried out at
neutral or slightly acidic pH in aqueous solution containing a chaotrope such as 6M
guanidine. HCL. Peptides are freely soluble under these conditions and millimolar
concentrations of reacting peptides can be used, giving rapid and complete condensation
reactions.

Native Chemical Ligation. The most widely used and successful of the new synthetic
chemistries is ‘native chemical ligation’ (Figure 3) [5,6]. In native chemical ligation, one
reacting peptide segment has a thioester at the C-terminal; the other peptide segment has an N-
terminal cysteine residue. At neutral pH in the presence of a suitable thiol catalyst, thioester-
linked products are formed by reaction of the thiol(ate) functionalitiy of Cys side chain(s) with
the thioester moiety (transthioesterification). In accord with the chemical ligation principle, the
initial product(s) do not have a peptide bond

® ® at the site of ligation. Uniquely, the thioester

)?\ g N PN _pesice  ligation  product formed by transthio-
Rt )’ - )/ esterification with the side chain of the N-

s pka~8 HS terminal Cys- is set up for intramolecular

nucleophilic attack by the primary amino
group of the Cys, through a favorable five-

rxn conditions: aqueous 6M GnHCI, pH7

e freely membered ring (Figure 3). Whereas the
reversible transthioesterication —reactions are freely
~ reversible in the presence of thiol catalyst, the

RSH + 70 peptice product of the intramolecular nucleophilic

)Ksj' attack is a native amide (peptide) bond, which

is stable under the reaction conditions used.
Reaction typically takes hours and gives a
near-quantitative yield of the covalent

S condensation product with a native peptide
T T bond at the ligation site. Native chemical

HS ligation owes its selectivity and robust
efficacy to the unique properties of thioesters.
Peptide-thioesters are completely stable under
the acidic conditions used for preparative
HPLC purification. Thioesters are less
susceptible than oxoesters to hydroxide ion-catalyzed hydrolysis, and so are stable in aqueous
solution at neutral pH. However, thioesters are /0,000 times more susceptible than esters to
attack by thiolate or amine nucleophiles. The peptide-thioester thus undergoes facile transthio-
esterification with the thiolate side chain of an N-terminal Cys-, followed by rapid intra-
molecular nucleophilic attack by the free primary amine of the Cys- residue to give a stable
amide-linked condensation product (Figure 3).

l irreversible

Fig. 3. Native chemical ligation.

Supporting Technologies. Chemical ligation of unprotected synthetic peptides is supported by a
number of key technologies. Peptide building blocks contain ~20 to ~50 amino acid residues
and are readily prepared by stepwise solid phase peptide synthesis (SPPS) [7]. The versatility of
polymer supported chemistry and the extraordinary purity of crude products produced by highly
optimized SPPS enables the preparation in the research laboratory of hundred milligram
amounts of a peptide or peptide-thioester building block in a matter of days. After an
unprotected peptide building block has been assembled by SPPS in suitably derivatized form, it
is purified by preparative reverse phase HPLC and characterized by analytical LC-electrospray
mass spectrometry (LCMS). LCMS is also used to monitor ligation reactions, and to
characterize the ligation products in terms of purity and exact mass. In conjunction with
knowledge of the synthetic chemistry used, the exact mass serves as a powerful confirmation of
the covalent structure of the peptide building blocks and ligation products. After the full-length
target peptide — typically containing 50-200" amino acids — has been assembled from two or
more starting segments, the polypeptide chain is folded (with formation of disulfides if present)
to give the synthetic protein molecule. Multidimensional NMR is used to show that the protein
has a unique folded structure in solution, and X-ray crystallography is used to determine the
three-dimensional structure of the synthetic protein molecule.



Impact of Chemical Ligation. Whatever size

of peptide is synthetically accessible to a 50kDa |
researcher, chemical ligation enables that to
be immediately doubled; reaction of two such
ligation products gives a synthetic poly- 1
peptide chain that is four times the size of the o
starting peptide segments. Since its intro- N Average Protein w
duction ~15 vyears ago [4,5], chemical 2 Sl
ligation has enabled the total chemical ® . E
synthesis of a wide range of correctly folded, ° _ b B
fully active protein molecules with masses e L SEEG
ranging from 5 kiloDaltons to more than 50 %ﬁ@ﬁ{({{{{{@ o
kiloDaltons (Figure 4). AkDa LLLLLI LIS, % 5

. Chz- ¥~ CHEMICAL
Convergent Synthesis N sobs LiGATION
A typical enzyme is a protein molecule made oz e ez ez Yoo

up of two folded domains formed from a
single polypeptide chain of 250-300 amino
acids. Even the smallest enzymes have more Fie .4. Impact of chemical lieation.

than 120 amino acid residues. In order to

prepare protein molecules of 200+ amino acids, we must use at least four synthetic peptide
building blocks. The most efficient way to condense four starting materials is by a fully
convergent strategy, in which each starting compound is the same number of steps from the
final product [8]. This strategy exposes each part of the product molecule to the fewest synthetic
manipulations, and is also the most versatile synthetic route to analogues of the parent
compound. In a four segment convergent synthesis, each of the two middle peptide segments
contains an N-terminal Cys- and a C-terminal —thioester; under native chemical ligation reaction
conditions, these two peptides would each form cyclic monomers rather than undergo the
desired intermolecular ligation. The challenge is to independently control the reactivity of the
N-terminal Cys- and the C-terminal -thioester in these segments, to allow reaction at either end
at will.

Kinetically Controlled Ligation. We were able
to control the reactivity of the thioester moiety
by taking advantage of the large reactivity HthNHZ oo
differences between a peptide;-thioarylester and NH,

a peptide,-thioalkylester, when reacted with a \:Fys CO-Salkyl
Cys-peptide in the absence of added thiol Hs—
catalyst. Under these ‘kinetically controlled

H CH,c00°
ligation’ conditions, a unique peptide;-peptide,-  NHOVeHC! | | HOHO ains® || o
thioalkylester ligation product was formed [9]. y
We were also able to protect the N-terminal Cys N Ch.co0°
as the thiazolidine (Thz), and to cleanly convert 00 2 /Q/ ’
a Thz-peptide-thioalkylester to a Cys-peptide- §—< s
thioalkylester by reaction with CH;0ONH,.HCI at thiazolidine (Thz) thioaryl ester

pH 4, without damage to the thioester moiety.
This combination of chemistries (Figure 5)
enabled us to control the reactivity of the middle
pieces in a fully convergent synthesis.

Fig. 5. Control of the reactivity of a Cys-peptide-
thioester.

Chemical Synthesis of Enzymes

Human Lysozyme. To illustrate the utility of a fully convergent synthetic strategy based on a
combination of native chemical ligation and kinetically controlled ligation, we undertook the
total chemical synthesis of human lysozyme (Figure 6). Lysozyme was one of the classic targets
for the total chemical synthesis of an enzyme molecule by conventional solution methods [10],
but was never made in active form. Using a convergent chemical ligation approach, human
lysozyme (130 amino acid residues, 8 Cys, 4 disulfides) was made in high purity and with the
correct mass; the synthetic enzyme molecule had a unique fold in solution and had full
enzymatic activity; finally, the high resolution (1.04 Angstrom) molecular structure of the
crystalline synthetic enzyme was determined by X-ray diffraction [11].
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Fig. 6. Total chemical synthesis of lysozyme. (Left) Convergent synthetic strategy. (Right) Characterization.

HIV-1 Protease. The human immunodeficiency virus-1 protease is a homodimeric protein
molecule made up of two identical 99 residue polypeptide chains. Each monomer contributes a
catalytic aspartic acid side chain to the active site of the enzyme. In addition, there are two
mobile ‘flap’ structures that close down over the peptide substrate, desolvating the scissile bond.
The exact role of the two flaps in the catalytic mechanism of the HIV-1 protease remains to be
determined; it is noteworthy that the corresponding cell-encoded aspartyl proteinases, believed
to have the same catalytic mechanism, are single polypeptide chain-two domain proteins that
have only one ‘flap’ structure.

In the HIV-1 protease complex with substrate-derived 1nh1b1tors observed by X-ray
crystallography [12], both flaps close down over the substrate. Gly”' is the amino acid residue at
the tlp of each flap, and in the closed conformation adopts distinct conformations; in one flap,
Gly’" is in the L-amino ac1d reglon of the Ramachandran plot, while in the other flap in the
same enzyme molecule Gly’' adopts a D-amino acid backbone conformation. Based on this
distinction between the conformations of the two flaps, we set out to establish a modular total
synthesis of a covalent dimer form of the HIV-1 protease containing a 203 residue polypeptide
chain (Figure 7(A)). This would then allow us to make asymmetric chemical analogues of the
flaps in a single enzyme molecule. Our fully convergent synthetic strategy, by chemical ligation
of four peptide segments, is shown in Figure 7(B) [13]. The left half of the target polypeptide
chain was made by kinetically controlled ligation; the right half was made by native chemical
ligation, followed by the conversion of the Thz-peptide product to a Cys-peptide. A final native
chemical ligation step gave the full-length 203 residue polypeptide chain; the three Cys residues
at the ligation sites were alkylated with bromoacetamide, and the polypeptide was folded to give
high purity crytalline HIV-1 protease with full enzymatic activity (Figure 7 (C)-(E)).

The modular synthetic route to covalent dimer HIV-1 protease enabled us to design
and prepare a series of analogue enzyme molecules in which the Gly >! residue at the tip of each
flap was replaced by L-Ala, D-Ala, or the achiral a-aminoisobutyric acid (Aib). Both
symmetrically substituted and asymmetric analogues were prepared. The purity and identity of
each analogue was established by analytical LCMS of the synthetic proteins. High-resolution X-
ray diffraction crystal structures were determined for all the synthetic enzyme molecules,
complexed with the reduced isostere hexapeptide 1nh1b1tor MVTI101 [12]. Enzyme assays of
each analogue and the parent molecule with native Gly’! in both flaps were carried out under
initial velocity conditions using the fluorogenic substrate Abz-Thr-Ile-Nle-Phe(NO2)-Gln-
Arg.amide (Abz = anthranilic acid) [14]. The kinetic parameters for the analogue enzymes are
shown in Table 1 [15].

Substitution of Gly51 in both flaps with L-Ala51 or D-Ala51 resulted in a substantial
reduction of the enzymatic activity. In contrast to this, an asymmetric analogue with L-Ala51 in
one flap and D-Ala51 in the other flap in the same enzyme molecule had near-full activity, as
did the enzyme molecule with Gly51 in one flap and L-Ala51 in the other flap (Table 1).
Clearly, in the HIV-1 protease molecule the two flaps do not function in an equivalent manner
in the enzyme-substrate complex. Further work is being undertaken on selected flap analogues
with site-specific NMR and EPR probes, in order to correlate the conformational properties of
the flaps with catalytic properties in the HIV-1 protease protein molecule.
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Fig. 7. Total chemical synthesis of HIV-1 protease covalent dimer. (4) 203 amino acid target sequence.
(B) Fully convergent synthetic strategy. (C) Fourier transform ion cyclotron resonance electrospray MS
of the synthetic protein. (D) X-ray crystal structure. (E) Enzymatic activity.
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Table 1. Enzymatic activity of chemically synthesized HIV-1 protease ‘flap” analogues

51 151 Kcat(S™) Km(uM) Kcat/Km

Native Gly Gly 234 25 0.93
Symmetric L-Ala L-Ala 3.7 50 0.07
D-Ala D-Ala 4.9 434 0.01

Aib Aib (very low activity) <0.001
Asymmetric D-Ala L-Ala 17.6 26 0.67
Gly L-Ala 22.2 47 0.47
Gly D-Ala 6.2 44 0.14
Gly Aib 4.0 105 0.04

Conclusions

Robust, reproducible total chemical synthesis of proteins has been achieved by application of
the chemical ligation principle: the chemo- and regio-selective covalent condensation of
unprotected peptide segments, enabled by the formation of a non-native chemical structure at
the ligation site. In native chemical ligation, the initial thioester-linked ligation product
undergoes an intramolecular nucleophilic rearrangement to give a native peptide bond at the
ligation site. Fully convergent, modular total synthesis of larger protein molecules has been
achieved by a combination of native chemical ligation and kinetically controlled ligation.

Chemical synthesis gives atom-by-atom control over the molecular structure of a
protein, and allows the preparation of essentially unlimited sites, number, and kinds of ‘non-
coded’ chemical analogues. Mirror image proteins, fixed elements of secondary structure,
backbone engineering, and protein molecules of novel backbone topology not found in nature
are just some of the protein analogues that have been prepared. Chemical protein synthesis and
the wide range of chemical protein analogues prepared by total chemical synthesis have been
reviewed [16]. In combination with advanced physical techniques such as NMR, FTIR, and
single molecule fluorescence spectroscopy, total chemical protein synthesis enables the
systematic dissection of the molecular basis of protein function.
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Introduction

B-Substituted y,8-unsaturated amino acids are important unnatural amino acids. The versatile
reactivity of the terminal double bond and their ability to functionalize at the B-position make
them extremely useful in the peptide sciences. Among the methods to prepare these amino
acids, the Claisen rearrangement has turned out to be a very efficient strategy due to its high
asymmetric selectivity. The chelation-Claisen rearrangement has already proved to be good in
producing syn-f3-substituted y,0 -unsaturated amino acids,[1] but the corresponding anti amino
acids were not readily available until our recently developed novel Eschenmoser-Claisen
rearrangement [2,3]. Following this success, we envisioned that the thio-Claisen could be a
complementary method towards these amino acid preparations: the selectivity of forming (Z)-N,
S-ketene acetal and the pseudochairlike conformations during the rearrangement could provide
good asymmetric introduction. We here report the novel synthesis of anti--substituted 7,5-
unsaturated amino acids, which gave excellent diastereoselectivities and enantioselectivities via
the thio-Claisen rearrangement [4].

Table 1. Results of thio-Claisen rearrangement

Boc-Gly-OH CIP,
TEA
Ph

Ph o Pho s
: A NHPG Lawesson's rgt ' k/ NHPG
QNH 95% QN J\/ C(N
Cbz-Gly-OH oh oh

Ph EDC, HOAt

1 - . -
2 PG = Boc 4 PG = Bog, yield = 80%
92% 3 PG =Cbz 5PG = Cbz, yield = 99%
n-BULiITHF Ph g R

Br AR l;’h SqR N P o
78°C : )\/ Warm Up + Anti, Minor and Syn
' ] C(N N NPE NHPG

6 PG = Boc, Anti, Major

Ph 7 PG = Cbz, Anti, Major
Entry Product anti/syn de* yields
Ph S
6a Q*rv/ 20:18 70 65
Ph NHBoc
Ph S Eh

6b QJYV/ 99:11 gl 89
h NHBoc
Ph. S H
7a CZW 99:1  golel 78
Ph NHCbz
Ph S Eh

7b Q*N 73:1 75 65
Ph NHCbz

*Diastereomer excess between two anti isomers. [a] Determined by weight. [b] Determined by 'H-NMR. [c]
Determined by chiral HPLC. [d] Isolated yield of total isomers
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Results and Discussion

Our amino acids synthesis started from coupling N%protected glycine to (2R,5R)
diphenylpyrrolidine (1), which was obtained from a literature reported method with high optical
purity [5]. Despite the steric bulkiness of the amine, the coupling reaction gave excellent yields.
The resulting amides 2 or 3 was treated with Lawesson’s reagent at 120 °C to form the
thioamides 4 or 5. The thioamide was then treated with n-BuLi at -78 °C to form the thioenolate
dianion, which was allylated with allylic bromides at the sulfur position. When the reaction
mixture was warmed up, the thio-Claisen rearrangement took place to generate the thioamides 6
or 7 as the major products. The anti/syn ratios and diastercoselectivities were summarized in
Table 1. We were happy to see that this rearrangement gave strong preference to the anti
product as we expected. This is due to the use of C, symmetric chiral auxiliary, which
eliminated the C-N bond rotation problem that is known to reduce the stereoselectivities.

Table 2. Results of amino acids generation

mog s MeOTS 1) LIBHEt;, THF, -78 °C R
p : 2,6-DTBP -
N)W )\‘/\/ HO)H/V .
NHCbz 2) ACOH, NaClO,
Ph

NHCbz
7\ 0Bn 2-methyl-2-butene

7

entry Product anti/syn" de* yields™

[o}

6a oy~ 100:9 98 40

NHCbz

o Ph

D 100:12 81 34

NHCbz

*Enantiomer excess between two anti isomers, determined by chiral HPLC. [a] Determined by 'H-NMR.
[b] Isolated yield of total isomers.

Amino acid generation was achieved by reducing the thioamide 7 to an aldehyde, and then
oxidizing to the carboxylic acid. Since there is no reagent that can directly reduce a thioamide to
and aldehyde or alcohol, we have to alkylate the thioamide with MeOTTf first and followed by
Superhydride reduction. The resulting N,S-acetal was then quenched to generate the aldehyde in
situ and oxidized immediately to avoid the epimerization problem. Results of this three-step
one-pot reaction were summarized in Table 2.

In summary, we have developed a novel methodology for synthesizing-f-substituted
v,0-unsaturated amino acids via asymmetric thio-Claisen rearrangement, which offered excellent
anti/syn ratios and diastereoselectivities. The amino acids were obtained with high optical
purities.
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Introduction

Peptides and proteins synthesized by chemical means have been widely used in biological
studies. To synthesize longer peptides and proteins, many kinds of convergent synthetic
methods have been proposed. Among them, “segment condensation”, in which a side-chain
protected peptide carboxylate is coupled with an amino group of another peptide segment to
construct a longer peptide, has attracted attention as an important method. However, a
fundamental drawback of the segment condensation is that epimerization at the C-terminal
residue of an N-segment occurs during the condensation reaction with a C-segment (Figure 1A),
limiting the N-segment to contain either a C-terminal Gly or Pro. This epimerization occurs
because, in contrast to urethane-protected amino acids, peptides easily form chirally labile
oxazolones upon C-terminal carboxyl activation.

Recently, we have developed “racemization-free segment condensation” based on the
O-acyl isopeptide method (Figure 1) [1]. The idea was that an N-segment with a C-terminal
isopeptide structure (O-acyl Ser/Thr residue) can be coupled to an N-terminal amino group of
the C-segment without any epimerization, because the amino group of C-terminal isopeptide
part is protected by a urethane-type protective group [2]. Activation of the carboxyl group of the
isopeptide was thus expected to suppress the formation of racemization-inducing oxazolone.
Toward future protein synthesis, we herein synthesized bioactive peptides by the O-acyl
isopeptide method-based racemization-free segment condensation method.

Results and Discussion

We synthesized humanin (H-MAPRGFSCLLLLTSEIDLPVKRRA-OH, 1) to examine the
advantage of the method in the synthesis of a longer peptide. Humanln is rePorted as a “difficult
sequence”-containing peptide because of highly hydrophobic LoLtLtL sequence. In our
hand, the total isolated yield of 1 was only 6% using the conventional stepwise Fmoc-SPPS
because of the poor quality of crude 1. Thus, 1 was synthesized via sequential segment
condensation using protected O-acyl isopeptide 2 and 3 (Scheme 1). Both N;-segment 2 and N,-
segment 3 could be efficiently prepared using Fmoc SPPS, and purified by RP-HPLC (24%
yield for 2 and 40% yield for 3). Using the DIPCDI-HOAt method in NMP, N,-segment 3 was
coupled to peptide-resin 5, which was synthesized by standard Fmoc SPPS on a 2-chlorotrityl
resin. The reaction was monitored by HPLC analysis of the deprotected/cleaved compound. In
the next, N;-segment 2 was coupled by the HATU-HOAt method in DCM-NMP (1:4). The
resultlng peptide- resm 7 was subsequently treated with a TFA cocktail to give isopeptide 8.
Also, both of p-Ser” or p-Ser'* derivative were not identified (<2.0%, verified by comparison
with authentic samples using the analytical HPLC) in crude 8 (Figure 2). Pure 8 was then

H " condensation
A=R! +  HN—| peptide B )
aor A &
Commen L —M
R2 C-segment
|
N-segment
TFA-H,N
deprotection/ 2! \)J\N— pepndeB O-to-N intramolecular \)J\
cleavage acyl migration m JH(N W
H
Crmten Hi o 5

0- acyl \sopepndes peptides/proteins

Fig. 1. O-Acyl isopeptide method based-racemization free segment condensation reaction.
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Scheme 1. Reagents and conditions: a) 20% piperidine/DMF, 20 min; b) Fmoc-AA—-OH, DIPCDI, HOBt,
DMF, 2 h; ¢) 3, DIPCDI, HOAt, NMP, 2 h; d) 2, HATU, HOAt, 2,4,6-collidine, 1,8-bis(dimethylamino)-
naphthalene, DCM—NMP (1:4), 4 h; e) TFA (94%), 1,2-ethanedithiol (2.5%), water (2.5%), triisopropyl-
silane (1%), 90 min; f) pH7.4 phosphate buffer, 37°C, overnight.

dissolved in pH 7.4 phosphate buffer to afford target peptide 1 via an O-to-N intramolecular
acyl migration reaction (half time: ca. 10 min at 37°C), followed by a final HPLC purification to
give pure 1 with a total yield of 41% based on the resin-bound-Ala residue. These results
suggest that middle-sized peptides could be efficiently synthesized by use of the O-acyl
isopeptide method-based segment condensation reaction.
These results suggested that the racemization-
free segment condensation reaction of middle-sized
peptide segments becomes possible at not only the C-
terminal Gly/Pro but also Ser/Thr residues of the N-
segment. In addition, final deprotected peptides and
proteins were effectively purified by HPLC, because a
simple isomerization to an O-acyl isopeptide remarkably I A
and temporarily changed the physicochemical properties [ \M
of the native peptide. Especially, higher water solubility s
of O-acyl isopeptide would enable easy purification of
hydrophobic peptides. Finally, an O-to-N intramolecular \\
acyl migration reaction triggered the native amide bond
formation quantitatively under neutral conditions. These
observations would be useful information for future
chemical protein synthesis based on the segment
condensation method [3].

5 10 15 20 25 30 35 40
Fig. 2. HPLC profile of crude 1.
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Introduction

Automated peptide synthesis allows for preparation of a large number of peptide sequences in a
fairly straightforward manner. Currently, the most widely applied methodologies utilize Fmoc-
protection in combination with uronium/phosphonium activating agents for synthesis of
peptides. While these new and powerful activating agents can be applied to the majority of
commonly used Fmoc amino acids, there are some exceptions such as cysteine and histidine.
Racemization of these amino acids during activation with above listed reagents is well
documented [1]. Herein we reevaluate the degree of racemization of cysteine and histidine
residues using several popular currently available activating agents applied to a typical
automated peptide synthesis using an in-situ activation method. Two modified model peptides
[le,1g] Z-1le-Cys(Trt)-Pro-OH and Z-Ile-His-Pro-OH were used as a targets. HPLC analysis
was used to evaluate the extent of racemization during cysteine and histidine incorporation.

Experimental

Model peptides Z-Ile-Cys(Trt)-Pro-OH and Z-Ile-His-Pro-OH were prepared on 2-chlorotrityl
resin using the Tetras (Thuramed) multiple peptide synthesizer using in-situ activation.
Reagents used in the studies were: 0.6 M solution in NMP (BOP, PyBOP®, HCTU, HATU,
COMU), 0.4 M solution in NMP (HBTU, PyClock™), 0.9 M solution in NMP (DIEA, NMM),
1.0 M solution in NMP (DIC, HOBt, 6-CI-HOBt, Oxyma Pure). Coupling conditions for
uronium/phosphonium reagents (order of addition to the 150 mg of resin (0.6 meq/g), no
preactivation): Fmoc-amino acid 0.5 mmole, amine 0.9 mmole, reagent 0.5 mmole, mixing for
120 min; with diisopropylcarbodiimide/additive (order of addition to the resin, no
preactivation): additive 0.5 mmole, Fmoc-amino acid 0.5 mmole, DIC 0.5 mmole, mixing for
120 min. Target peptides were cleaved from the resin with the mixture of TFA : water : phenol :
TIPS (87.5:5:5:2.5) for 2 hours at RT or AcOH : TFE : DCM (1:2:7) for 1 hour at RT. The
products were precipitated by addition of cold diethyl ether or hexane, centrifuged and dried.
Chromatographic analysis of the obtained products was performed on a Waters Alliance HPLC
system using a Vydac C18 column (4.6x250 mm, 218TP54) with the linear gradients (20-50 %
B in 30 min for Z-Ile-His-Pro-OH and 50-80 % B in 30 min for Z-Ile-Cys(Trt)-Pro-OH in
H20/MeCN/0.05% TFA solvent system with detection at 220 nm. The content of LDL isomer
was calculated as relative peak areas (Absorbance) from HPLC as: A (LDL isomer)/[A (LDL
isomer + A (LLL isomer)] x 100. Results of the analysis are presented in Table 1 and 2.

Table 1. Racemization during SPPS of Z-1le-His-Pro-OH

Reagent %LDL Isomer
DIEA NMM None
BOP 1.1 3.1 -
PyBOP ® 1.3 1.2 -
PyClocK ® 4.1 3.6 -
HBTU 2.0 2.8 -
HCTU 2.8 4.6 -
HATU 0.7 3.6 -
COMU 14.9 5.2 -
DIC/HOBt - - 23
DIC/6-CI-HOBt - - 0.7
DIC/Oxyma - - 2.2
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Table 2. Racemization during SPPS of Z-1le-Cys(Trt)-Pro-OH

Reagent %LDL Isomer
DIEA NMM None
BOP 5.1 13.8 -
PyBOP ® 5.0 21.0 -
PyClocK ® 7.5 16.3 -
HBTU 4.4 18.6 -
HCTU 6.5 15.4 -
HATU 2.9 16.2 -
COMU 1.5 7.3 -
DIC/HOBt - - 0.6
DIC/6-CI-HOBt - - 0.6
DIC/Oxyma - - 0.1

Results and Discussion

We have used two model peptides, Z-Ile-Cys(Trt)-Pro-OH and Z-Ile-His-Pro-OH, as targets to
evaluate the degree of racemization during incorporation of Fmoc-Cys(Trt)-OH and Fmoc-
His(Trt)-OH to the solid support utilizing a Tetras automated peptide synthesizer. We have
selected the most popular and widely used coupling agents and bases in our experiments. We
also included the recently introduced reagents: COMU [2,3], PyClock [4] and Oxyma Pure
[2,3,5,6]. Published racemization results so far have covered mostly either solution or manual
solid phase synthesis.

We have applied, in our studies, the in-situ activation method routinely used in batch
type automated peptide synthesis. In many cases of the routine peptide synthesis the same
activating method is used to prepare an entire peptide sequence. This approach is necessary due
to the limitation of instrumentation (lack of sufficient number of reagents precisely delivered on
board of synthesizer) or the user’s choice. This strategy is acceptable for preparation of the
routine peptide sequence where cysteine and histidine residues are not present. In cases where
cysteine and/or histidine are present in the sequence a single activation methodology will not
yield the highest quality peptide product due to extensive racemization with uronium /
phosphonium chemistry.

Our studies confirmed that N-Methylmorpholine is not acceptable for activation with
uronium and phosphonium type activating agents. DIEA gave better results but the level of
epimerization was still too high when applied to Cys and His residues. New reagents such
PyClock and COMU also are found not to be acceptable for incorporation of cysteine. COMU
in the combination with DIEA gave lower level of racemization for Cys residue but still high
enough (>1%) to make it unacceptable for its incorporation. Future studies of less basic and
more hindered bases like TMP, as noted by Barany group [la, 1d], may possibly reduce
racemization even further.

Use of diisopropylcarbodiimide with various additives was found to be a good method
for introduction of cysteine and histidine residues using an automated peptide synthesis. The
new Oxyma Pure additive with DIC as activator gave the lowest racemization level observed in
all tested reagents (0.1%).
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Introduction

In solid phase peptide synthesis (SPPS), while certain peptide sequences are synthesized
relatively easily, some sequences are much more difficult. Efficient couplings occur within a
fully solvated peptide-polymer matrix, where reagent penetration is rapid and unhindered.
Sudden decreases in reaction rates and incomplete couplings have been attributed to peptide
aggregation resulting in poor solvation [1]. Microwave energy represents a fast and efficient
way to enhance both the deprotection and coupling reactions hindered by aggregation. The N-
terminal amino group and peptide backbone are polar and they constantly try to align with the
alternating electric field of the microwave, this helps in breaking up the chain aggregation. The
application of microwave energy has proved to be a major enabling tool for enhancing slow and
difficult chemical reactions [2]. Unlike conventional heating, microwave energy directly
activates any molecule with a dipole moment and allows for rapid heating at the molecular
level. Microwave assisted SPPS has been successfully applied to and shown useful for the
synthesis of a range of difficult peptides [3]. Microwave peptide synthesis routinely shows
substantial improvements in crude purity with reduced synthesis time compared to conventional
SPPS. Previous studies have investigated the effects of microwave on aspartimide formation
and epimerization, and offered optimized conditions for susceptible sequences to these well-
known side reactions [4]. We now report our recent results on the development of microwave
assisted N-terminal modifications and head-to-tail on-resin cyclization.

Results and Discussion

N-Terminal modifications: Fatty acid acylation on the N-terminus of a peptide increases its cell
permeability and affinity, and is a common post-translational modification for a wide variety of
viral, bacterial and eukaryotic proteins and peptides [5]. Biotin labeled peptides have numerous
biochemical and microbiological applications [6]. Under conventional conditions, these
modifications often require coupling reactions of 24 h or more due to poor solubility and
reactivity of the fatty acid or biotinylating reagents. We envisaged that sluggish reaction kinetics
in these couplings could be overcome by the application of microwave irradiation

The acyl carrier protein, ACP-(65-74) sequence (Val-Gln-Ala-Ala-Ile-Asp-Tyr-Ile-
Asn-Gly) was selected as the test peptide for the present study. ACP-(65-74) was synthesized on
Fmoc-Gly Wang resin (0.61 mmol/g) in less than 5 h using the CEM Liberty automated
microwave peptide synthesizer. Fmoc deprotection with 20% piperidine in DMF for 0.5 min
and 3 min at 75 °C and coupling with Fmoc-AA-OH/HBTU/DIEA for 5 min at 75 °C gave the
ACP-(65-74) with a crude purity of more than 95% (Figure 1a). Double coupling of n-hexanoic
acid to ACP for 5 min at 75 °C using HCTU/DIEA activation gave the N-capped peptide in 80%
crude purity (Figure 1b). Similarly, microwave coupling of biotin-LC to ACP using
HATU/DIEA for 5 min at 75 °C gave the biotin labeled peptide in 93% crude purity (Figure 1c¢).
Thus, N-terminal modifications with a fatty acid or biotin were completed in excellent yields in
less than 15 min using microwave energy.

1(a) 1 (b) 19

uAU
uAlU
uAU

Time (min) Time (min)
Fig. 1. HPLC crude chromatograms of (a) ACP-(65-74), (b) n-Hexanoic-ACP-(65-74), (c) Biotin-LC-
ACP-(65-74).

o
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Scheme 1. On-resin peptide cyclization.

Head-to-tail on-resin cyclization: Introduction of a conformational restraint in peptides through
cyclization increases their receptor affinity. Cyclic peptides exhibit improved metabolic
stability, and increased potency and bioavailability as compared to their linear counterparts [7].
Head-to-tail on-resin cyclization strategy is an important tool in SPPS that takes advantage of
the resin induced pseudo-dilution effects. However, such cyclizations often require long
reaction times under conventional conditions and result in a low crude purity of the cyclized
peptide.

The present work describes optimized microwave reaction conditions for each step in
the head-to-tail on-resin cyclization method (Scheme 1). All of the synthesis steps were carried
out in a fully automated fashion using the CEM Liberty microwave peptide synthesizer. The test
sequence (Gly-Val-Tyr-Leu-His-Ile-Glu) for the cyclization studies was synthesized on Fmoc-
Glu(Wang resin)-ODmab (0.32 mmol/g) in which the side chain y-carboxyl group is anchored
to the resin and the a-carboxyl is protected by Dmab orthogonal protecting group. A small
amount of peptidyl resin was cleaved at the end of each step to assess the purity. Thus, Fmoc
deprotection with 20% piperidine in DMF for 0.5 min and 3 min at 75 °C and coupling with
Fmoc-AA-OH/HBTU/DIEA for 5 min at 75 °C assembled the backbone 1 in 91% crude purity
(Scheme 1). Selective on-resin removal of Dmab protection was effected by treatment with 5%
hydrazine in DMF (2 x 3 min at 75 °C) to give the linear precursor 2 in 91% crude purity. Head-
to-tail cyclization of resin bound peptide 2 was accomplished using DIC/HOBt (3 x 10 min at
75 °C); cleavage of the cyclic peptide 3 from the resin followed by LC-MS analysis of the crude
product indicated 77% purity.

In summary, we have developed efficient microwave assisted methods for the
N-terminal modifications and head-to-tail on-resin cyclization of peptides. Microwave synthesis
allows the completion of these transformations in high yields and purities in a fraction of the
time compared to conventional peptide synthesis.
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Introduction

For many businesses, success and growth are measured not just by formulating quality products,
but by how efficient they are at launching new products. The strategy and tools utilized during
research and development directly impact the success of a product’s launch. Chemical Design
for Six Sigma (CDFSS) provides the methodology needed to build customer requirements into
every aspect of the development process [1,2]. This systematic approach uses statistical tools to
align an organization’s goals with their customer’s expectations by consistently providing
reliable and manufacturable products in a reasonable time. Understanding the customer’s
expectations and correctly implementing CDFSS tools will increase the likelihood of overall
success. In an effort to meet the demands of a current customer, Six Sigma tools were applied to
optimize the oxidation of a peptide containing multiple cysteine residues. Tools including
process maps, cause and effect (C&E) matrices, failure mode and effect analysis (FMEA) and
design of experiments (DOE), as they relate to the oxidation, are outlined in this paper.

Results and Discussion

Inputs Type Outputs (requirements)

Process Map: Process mapping (Figure 1)
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Fig. 3. Section of FMEA.
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controls needed to minimize risk. The FMEA also serves as living documentation of all process
improvements (Figure 3).

Design of Experiments: Design of Experiments (DOE) is used to understand the effects of
selected input variables (factors) that impact the output variables (responses). The factors are set
at selected levels of interest and in randomized combinations to determine the effects of the
factors and their interactions on output variables. DOEs provide information to increase the
control of the process, as well as help identify the conditions needed to yield optimal process
output.

Design Layout (full factorial)
Input variables: pH, peptide concentration, buffer concentration, % solvent
Output variables: % peptide content (yield), % polymer (impurity)

Statistical analys1s of the DOE data showed a normal distribution of the data (p >0.05) and
favorable R” adjusted values, which indicated that the model was sufficient. The response
optimization plot (Figure 4) shows a composite desirability of 0.895, with the peptide content
(PC) maximum at 76.0% and the polymer minimum at 10.0%. F igures 5 and 6 show the effects
of the two-way interactions on peptide content and polymer, respectively.
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Implementation of selected Six Sigma tools provided a means to develop a scalable and robust
oxidation process. This methodology enabled the R&D group to utilize experience from a cross-
functional team, allowed for identification of critical process parameters and reduced risks
associated with the process by our evaluation of key failure modes.
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Abstract

HOBT has often been used with the coupling agents to suppress racemization and to prevent
side-reactions. Recently, it has been placed under explosive category and its transportation has
been restricted. Due to the ongoing development of peptide-based drugs, it would be highly
advantageous to have a new and efficient reacemization supressing peptide coupling additive
free of the above hazardous nature. In the quest for such a coupling additive to replace HOBT,
we examined 2-mercaptobenzothiazole (2-MBT) and oxymaPure (ethyl cyanoglyoxylate-2-
oxime) by preparing several peptides for comparison study.

Introduction

In peptide synthesis, coupling of two amino acids - one with a free acid function, and the other
with a free amino group - is generally carried out with DCC or DIC carbodiimide [1, 2].
Sometimes other coupling agents such as EDC [3, 4] or CDI [5, 6] have also been used. These
coupling reagents are known to suffer from high levels of racemization and other side reactions.
As a consequence, coupling reactions of molecules containing various functional groups have
generally been performed with HOBT [7] as a racemization suppressant. Recently,
benzotriazole derivatives like HOBT, HOAT, HBTU, TBTU, etc... are considered potentially
explosive and their transport/delivery, storage and handling needs special attention. More so,
HOBT has been placed under an explosive category and as a result, its availability on a large
quantity is not possible because of transport limitations. A few years back, replacement of
HOBT by 2-MBT (2-mercaptobenzothiazole) was proposed by Reaxa Company [8].
Luxemborg Biotechnologies Ltd. is now advertising oxymaPure [9] as the most effective
racemization suppressing coupling additive available. We, as a contract manufacturer of peptide
API are considering substituting 2-MBT or oxymaPure for HOBT in our synthesis process. As a
result, we decided to study their applicability by synthesizing several peptides of different types
such as peptide-acids, peptide-amides and peptide alkylamides.

Synthesis of Peptides

Several peptides were synthesized by Fmoc-SPPS method using DIC in combination with
HOBT, 2-MBT, and oxymaPure. They were then released from the support by cleaving with
TFA+H,0+TIS. The crude peptides were analyzed by analytical HPLC to determine their
purity.

Peptide 1: Peptide-acid containing Arg, Leu, Phe, Ser, Tyr

Peptide 2: Peptide-acid containing Arg, Gly, Leu, Phe, Ser, Tyr, Trp

Peptide 3: Peptide-amide containing Ala, Gly, Gln, His, Leu, Met, Trp, Val

Peptide 4: Peptide-ethylamide.

Results and Discussion

Condensation reactions of molecules containing various functional groups often require mild
reaction conditions to avoid side reactions. Widely used condensing agents are DCC, DIC, or
EDC but they suffer from racemization and side-reaction formation because of their high
reactivity. Presently, addition of HOBT in a coupling mixture has become a very common
practice. It is because of its racemization suppressing ability and minimization/elimination of
by-product formation due to its participation in the conversion of over-reactive species into a
milder but sufficiently reactive intermediate species. We explored the use of 2-MBT and
oxymaPure to replace HOBT. Our investigation showed that both additives were found suitable
but not as good as HOBT. But, because of safety and environmental concerns, when a choice of
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reagents, solvents, or reactions conditions exists, the less dangerous alternative is preferred,
even at the expense of the yield or the purity of the products.

Conclusion

HOBT, 2-MBT and oxymaPure all prove to be suitable coupling additives for the avoidance of
racemization during the coupling step of solid phase peptide synthesis. In fact, different
additives proved to be more advantageous on a peptide to peptide basis, and dependent on the
coupling conditions. HOBT, 2-MBT and oxymaPure are all suitable coupling additives. This
examination was inconclusive to recommend any particular additive, and further study will be
required.
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Introduction

The secretion of luteinizing hormone-releasing hormone/follicle stimulation hormone (LH-
RH/FSH) is under the stimulatory control of the gonadotropin releasing hormone (GnRH), a
decapeptide-amide. Leuprolide, a nonapeptide with a C-terminal alkylamide moiety is an analog
of LH-RH/FSH and has been approved and marketed as a drug for prostate cancer. Leuprolide
has been prepared by both solution phase and solid phase methods, employing Boc/Benzyl
chemistry [1-4] and Fmoc/t-butyl methodology [5-10]. During the synthesis, the C-terminal
amino acid of leuprolide either has a benzyl ester group or is attached to a solid support via a
benzyl ester linkage. This requires alkylaminolysis at the end of the synthesis to yield the
protected leuprolide, which after acidolysis results into leuprolide. Nowadays, the most common
way to synthesize peptides quickly is via solid phase approach, where the success is heavily
determined by the solid support applied and its performance. Currently, there is no general rule
to decide on the most convenient and effective solid support for a particular peptide synthesis.
However, it is important to consider the type of chemistry to be carried out during the synthesis,
resin-reagent compatibility, swelling to solvent ratio, and the length as well as the sequence of
the desired peptide.

Results and Discussion

To produce leuprolide inexpensively and safely employing Fmoc-SPPS method, an intellectual
effort was initiated to develop a low-cost solid support containing a few steps in its synthesis.
The newly developed resin, called, “ethylaminomethyl-indolylmethyl resin” or EAM-IMR was
then tested for its suitability in the synthesis of leuprolide. The yield and purity of the crude
leuprolide obtained after its release from the support was appreciably high and was comparable
to leuprolide synthesized on another developed support, which is also commercially available
and known as, “ethylamiomethyl-indolylacetyl-aminomethyl resin” or EAM-IA-AMR. The
application of this support also avoided the exposure of the constructed peptide chains to an
excess ethylamine. This developed technology was able to lower the production cost of
leuprolide by at least 50% compared to Boc-chemistry process on Merifield resin.

The entire sequence of the peptide was assembled in a stepwise fashion on the solid
carrier by a series of N-a-deprotection and amino acid coupling steps. The simultaneous
removal of all the protection groups and the release of the peptide from the support was
accomplished by an acid cleavage method. Leuprolide was synthesized by the linear Fmoc-solid
phase method [5-7] using DIC-HOBT coupling method [8-10].

Preparation of 3-formyl-indolylmethyl resin

A mixture of Merrifield resin (12g, sub=1.25mmol/g; 15mmol/total), 3-formylindole (3.3g, 1.5
fold) and anhydrous potassium carbonate (3.1g, 1.5 fold) or sodium methoxide/methanol
solution (1.5 mole equivalents) in 100-120ml DMF was agitated for overnight. Water (100-
120ml) was added and after agitation for 30 minutes, it was filtered and washed with water,
50%DMF/H,0, DMF, DCM, and MeOH (2x each) and was dried to get 13.72g (97%) of the
aldehyde-resin. According to nitroghen analysis, the substitution of the aldehyde group was
1.20mm/g.

Loading of ethylamine by reductive amination

Aldehyde-resin (2g, sub=1.2mmol/g; 2.4mmol/total) was agitated with 40ml of THF and
ethylamine (5 fold, 0.8ml) was added and agitation was continued for overnight. Sodium
borohydride (10 fold, 0.91g) and EtOH (10ml) were added and agitation was continued for
additional 6-7 hours. Water (~20ml) was added and after stirring for 20-30 minutes, it was
filtered and washed with H,O, MeOH, DMF, and MeOH (2x each) and was dried to yield
ethylaminomethyl-indolyl methyl resin with a sub=0.85mm/g.

Preparation of Ethyl-3-formyl-indolylacetate

A mixture of 3-formyl-indole (30g, 1 equivalent), ethylbromoacetate (34ml, 1.48 equivalents) in
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300ml DMF was stirred for overnight and then at 60°C for an hour. The mixture and potassium
carbonate (43g, 1.48 equivalents) were poured into stirred water (~1.5L) at 0°C and after one
hour, the solid was filtered followed by washing twice with water and dried to yield 38.8¢g
(80%) of the etyl-3-formyl-indolylacetate.

Preparation of 3-formyl-indolylacetic acid

A mixture of ethyl-3-formyl-indolylacetate (46.3g, 1 equivalent) and KOH (16.8g, 1.5
equivalents) in 500ml MeOH was refluxed for 2 hours and then the solvent was removed by
evaporation. The residue was dissolved in ~250ml of water and was washed twice with
ethylacetate. The aqueous phase was acidified to pH ~1 and the solid separated and filtered
followed by washing with water (3-4x) and was dried to yield 37.2g (91.5%) of the product. It
was recrystallized from hot ethanol to yield 36.5g (89.8%) of the 3-formyl-indolylacetic acid.
Preparation of 3-formyl-indolylacetyl-aminometyl resin (CHO-I4-AMR)

Aminomethyl resin (20g, sub=0.9mmol/g; 18mmol/total) was added to a stirred solution of 3-
formyl-indolyl acetic acid (7.3g, 2 equivalents) and HOBT (19.5g, 8 equivalents) in 140ml of
50% DCM/DMF followed by the addition of DIEA (9.4ml, 3 equivalents) and then DIC
(22.6ml, 8 equivalents). The agitation was continued for 3-4 days and then the resin was filtered
and washed with DCM, MeOH, DMF, MeOH, and DCM (1x each). It was dried to yield 26.5g
of indole resin.

Loading of ethylamine by reductive amination

The ethylamine was loaded on the resin by reductive amination using different reducing agents
[11-15] to get amine substitution from 0.2mmol/g to 0.9mmol/g.

Synthesis of leuprolide

EAM-IMR=22.0g(sub=0.5mmol/g; 11mmol/total).

Fmoc-AA-OH, HOBT, DIC=1.5 mole equivalents; Coupling solvent=DMF+DCM (3:1).

Yield of peptide-resin=38.9g (92.7%).

Cleavage: 2.0g (0.5mmol) of the peptide resin was cleaved with 10ml of TFA+H,O+TIS
(95+2.5+2.5) for 3 hours to yield 0.48g (78.7%) of the crude leuprolide with a purity of
>69.34% (TFA method).

EAM-IA-AMR=18.6g (sub=0.54mmol/g; 10mmol/total); Fmoc-AA-OH, HOBT, DIC=1.5 mole
equivalents; Coupling solvent=DMF+DCM (3:1).

Yield of peptide-resin=37.3g (99.5%).

Cleavage: 2.0g (0.53mmol) of the peptide-resin was cleaved with TFA+H,O+TIS (95+2.5+2.5)
to yield 0.53g (82.2%) of the crude peptide with a HPLC purity of 69.53% (TFA method).

Conclusion

We examined several solid supports and subsequently developed a new solid support. The
suitability and the effectiveness of the support developed was tested by synthesizing leuprolide.
The process was found efficient, reproducible and economical.
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Introduction

The use of high quality starting materials in SPPS is a prerequisite to obtain peptides of high
purity and with high yields [1]. Beside AA derivatives and reagents, the quality of employed
resins like Fmoc-AA-Wang is also of crucial importance. Due to the insolubility of resins, the
range of analytical methods suitable to assess their quality directly is restricted. Many attempts
have been described in literature to overcome this difficulty [2-4]. Nevertheless, the quality
control of resin beads still remains challenging compared to building blocks and reagents.

MAS NMR enables direct analysis of resin beads without prior cleavage and sample
preparations. 1D *C MAS NMR with conventional MAS probes has already been used
successfully to determine quantitatively the loading of resins using internal references [5] The
significantly better resolution of HR-MAS probes enabled quantitative results from 1D "H MAS
NMR spectra as well [6,7]. Owing to overlap of resonances, the 1D NMR methods cannot
always be successfully applied, particularly in cases with weak resonances. Herein, results
obtained with the much more powerful HSQC tool on the generic example Fmoc-Ala-Wang
resin are presented.

Results and Discussion

Wang resin (1.3 mmol/g) was loaded with a substoichiometric amount of Fmoc-Ala-OH via the
standard esterification method (DCCI/DMAP in DMF/THF at 0°C), aiming at an incomplete
loading. The resulting Fmoc-Ala-Wang resin (0.43 mmol/g, corresponding to approx. 33% of
the theoretical full loading) was subsequently treated with benzoylchloride/pyridine in THF to
cap the remaining active sites leading to a 33:67 mixture of Fmoc-Ala-Wang resin and benzoyl-
Wang resin. Characteristic signals of Fmoc-Ala-Wang can be identified at 172.2 ppm (C-(11)),
155.0 ppm (C-(14)), 66.4 ppm (C-(10)), 49.1 ppm (C-(12)) and 18.0 ppm (C-(13)) (Figure 1).
As a result of endcapping the residual hydroxyl groups of Wang to benzoyl-Wang, a second
signal of carboxyl C-(/1) can be observed at 165.8 ppm. The integral ratio of the Fmoc-Ala-
Wang signals C-(11), (12), (13) and (14) to C-({/1) of benzoyl-Wang enables to determine
quantitatively the proportions of Fmoc-Ala- and benzoyl-Wang. For the resin shown in Figure 1, a

O
O] O

Q
O,
O~y o
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CDCI3

Fig. 1. Structure and 1D ">C MAS NMR spectrum of Fmoc-Ala-Wang resin with benzoyl endcapped residual
Wang sites recorded at 100.6 MHz (Bruker Avance 400, MAS rate 2 kHz).
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content of 34% Fmoc-Ala-Wang } e
versus 66% benzoyl-Wang has been A-(10). C (10) of Wang
determined which corresponds well
with the substitution determined by
Fmoc cleavage / UV absorption.

In order to avoid free

ppm

hydroxyl groups of Wang and thus 64
the formation of side products,
endcapping of Fmoc-AA loaded 65

Wang resins is an important

synthesis step. Therefore, a direct ;66
and sensitive detection method to
verify the completeness of the 67
endcapping is of high interest. ' 68
1D PC MAS NMR is principally
able to distinguish between C-(10) P
of unloaded Wang and the
corresponding C-(10) of Fmoc-Ala- L0

Wang resin. However, 10% Wang
resin or more had to be spiked to
Fmoc-Ala-Wang in order to detect a
Wang-C-(10) signal. . .

A significantly lower LOD Fig. 2. Expansion of the 1H,13C-HSQC HR-MAS NMR

of unreacted Wang hydroxyl groups spectrum of benzoyl endcapped Fmoc-Ala-Wang spiked with
can be achieved by IH,B}(I}HSQC 2% Wang (Bruker Avance 400, MAS rate 4 kHz).

HR-MAS NMR. The 2D spectrum

of Fmoc-Ala-Wang spiked with 2%

Wang resin shows a characteristic cross-signal of H-(10) / C-(10) at 4.7/64.1ppm (Figure 2).
The intensity of the cross signal depends directly on the amount of Wang resin spiked.
Quantitative determinations using calibration curves are therefore possible.

T T T T T T T

T
58 56 54 52 50 48 46 44 ppm

Conclusion

The NMR method presented here is considered to be a powerful tool for investigating quality
aspects of resins used in SPPS. The main advantage of the method is that significant structural
information can be acquired directly from the resins without the need for cleavage and sample
preparation. The quantitative determination of residual unreacted Wang in Fmoc-Ala-Wang
resin is shown as an example. Further investigations will be performed with the aim to improve
the analytical method (lower LOD for unreacted Wang) and to extend its application to other
resins used in SPPS.
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Introduction

Countercurrent chromatography (CCC), a liquid-liquid partitioning method carried out in flow-
through tubing coils mounted in planetary centrifuges, has served well in laboratory-scale
preparative purification of small molecules, including peptides. A recent breakthrough in the
design of the CCC rotor has enabled the use of aqueous-organic solvent systems containing the
heavy alcohols (polar solvent systems) and the aqueous 2-phase solvent systems which extend
the technique to the large molecules such as proteins, other polymers and many more types of
peptides. Here we present application of the new spiral tubing support (STS) separation rotor to
the preparative purification of peptides and proteins.

Results and Discussion

In a centrifuged rotor consisting of coiled tubing due to the Archimedean screw, the upper phase
(of a 2-phase solvent system) goes to the head end
and the lower phase goes to the tail. The
centrifugal force field induces hydrodynamic
mixing of the phases. When the mobile phase is
passed into the system against the stationary
phase direction the stationary phase is retained.
Yoichiro Ito coupled this discovery to the design
of continuous-flow entry and outflow to create the
coil planet centrifuge. This countercurrent
chromatography  instrument is wused for
purification of compounds with high sample load
capacity due to the high volume of the stationary
liquid phase. Heretofore instruments with the
multi-layer tubing coils have successfully

Fig. 1. The STS rtor made of ylon polymer PfOYided, synthesis . and  natural  product
plastic mounted in a planetary centrifuge [3]. purification. The organic-aqueous solvent system
phases were well retained as stationary phases,

except for the heavy alcohol organic solvents—the very ones more suitable for polar, larger
MW substances, such as peptides and proteins. Recently, Ito introduced a frame support rotor
with channels wherein the tubing is placed in 4 loops per layer resulting in a spiral flow
pathway of higher pitch [1,2]. This increases stationary phase retention from 40% to over 70%
for all the 2-phase solvent systems including the polyethylene glycol / aqueous salt solutions.
We manufactured the rotor in

GIHIGPGRAFYAARK, 50 mg lightweight material using laser sintering.

14 The 1.6 mm ID FEP tubing is wound
12 7Y inside the rotor frame and a top is affixed

g ! T/ with tubing union holders to connect the
s o T\ tubing to 0.85 mm ID PTFE in/outflow
i AW N R tubing (Figure 1). The STS rotor has been
< :Z v S/ operated in experiments of separating
P — N small molecules, peptides and protein
b M ®  w o % o o« o  mixtures [4]. In Figure 2 is shown a CCC
Fractions chromatogram of the purification of 50

Fig. 2. Separation of a peptide in sec-butanol/0.1%aq. ~ mg of a synthetic peptide. The major peak
TFA with the lower phase mobile at Iml/min, 830rpm. ~ (fractions 23-31) contained 25 mg pure
Mobile phase emerged at fraction 15 (solvent front). peptide as determined by HPLC.

Stationary phase retention was 76%.
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HPLC Analysis of Tosyn2-AF2 Digest
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Fig. 3. Left. Identification of the AF2 peptide (HDMNKVLDL, antiflammin) in a UBL fusion biosynthesis
product digestion. Right. HPLC analysis of CCC separation of UBL protease digestion. Early pooled
fractions contain the peptide isolated from other products. (Color version available on the CD.)

Similar results were obtained with a sample load of 100 mg in the 135-ml volume rotor.

A peptide produced as a UBL fusion (called Tosyn2) expressed in E.coli was isolated
from the fusion protein cleavage by CCC in the sec-butanol/1% TFA-water solvent system with
lower phase mobile (Figure 3). The fractions identified with peptide were lyophilized to a dry
powder. Experiments are underway to directly isolate the fusion protein from the cell lysate
prior to the protease digestion step to reduce multiple filtration and column steps.

A non-denaturing 2-phase aqueous solvent system described in Figure 4 consists of the
polyethylene glycol rich upper phase and phosphate buffer rich lower phase. The lower phase

v kDa 12 3 4 5 6 7 8 9 10 11

1 10 1

T T T T T
0 50 100 150 20 250

Time. [min]
Fig. 4. Left. Spiral CCC separation of proteins, 24 mg myoglobin (17.67kD) and 31 mg lysozyme
(14.39kD) Solvent system: PEG (MW=1000) 12.5%/K,HPO, 12.5% in water. Right. PAGE analysis lane
3-5 100-min peak, 7-9 200-min peak. Standards: MW 1, lysozyme 10 and myoglobin 11.

was used as the mobile phase at a flow of 1 ml/min. The online UV detection showed the
elution of solvent front at approximately 40 ml, indicating a stationary phase retention of 70%,
followed by the two protein peaks that were baseline separated. These results indicate the
potential of spiral CCC in the STS rotor to be a useful and highly versatile tool for laboratory
separations.
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Introduction

Peptide thioesters are key building blocks in the ligation strategy for polypeptide synthesis. In
the thioester method, partially protected peptide thioesters are used as building blocks and are
condensed in the presence of silver ions, which function as an activating reagent for the
thioester [1]. In native chemical ligation, chemoselective ligation of an unprotected peptide
thioester with a peptide having a cysteine residue at the N-terminus is carried out in an aqueous
buffer solution [2]. During the course of our investigations directed toward new, potentially
more efficient ligation methods, our research focused on an N to S acyl shift reaction of a thiol
auxiliary- or a cysteine-containing peptide, to ultimately produce an S-peptide (peptide
thioester) [3,4]. It is noteworthy that, in 1985, Zanotti et al. reported that the peptide p-
nitrophenyl (Np) ester, PhCH,CO-Cys(S'Bu)-Pro-ONp (1), was transformed into a diketo-
piperazine thioester, cyclo(-Cys(COCH,Ph)-Pro-) (2) in the presence of tributylphosphine,
under aqueous conditions [5]. The thioester 2 would be formed via the intramolecular N-S acyl
shift reaction followed by diketopiperazine (DKP) formation. Consistent with these
observations, we found that a peptide containing a cysteinyl prolyl ester (CPE) at the C-
terminus (CPE-peptide) 3 is transformed into a peptide thioester containing a DKP moiety 4 via
an intramolecular reaction in neutral aqueous solution [6,7]. In this paper, we describe peptide
thioester formation and the ligation of the CPE-peptide (Figure 1).

Results and Discussion

We assumed that a peptide containing a CPE unit at the C-terminus would be spontaneously
transformed into a DKP thioester in a neutral buffer solution and on the addition of a Cys-
peptide, the ligation reaction would occur in one pot. The CPE peptide, Fmoc-His-Pro-Ile-Arg-
Gly-Cys-Pro-OCH,CONH, (3a), was reacted with a Cys-peptide, Cys-Asp-Ile-Leu-Leu-NH, (5)
in phosphate buffer solution (pH 8.3, 37 °C). The ligated product, Fmoc-His-Pro-Ile-Arg-Gly-
Cys-Asp-lle-Leu-Leu-Gly-NH, (6a), was produced in a yield of 90% after 24 h. A small peak
(5%), corresponding to the hydrolysis product, Fmoc-His-Pro-Ile-Arg-Gly-OH (8a), was
observed in the RP-HPLC elution profile. CPE-peptides (Fmoc-His-Pro-Ile-Arg-Xaa-Cys-Pro-
OCH,CONH,) containing different amino acid residues, denoted as Xaa (Xaa = Ala, 3b; Val,
3c; and Ser, 3d) were reacted with Cys-peptide 5 in phosphate buffer at pH 8.4 and 37 °C for 24
h. The ligated products 6b-d (6a, Ala; 6b, Val; and 6¢, Ser) were all obtained in good yields
(70-80%) similar to that for the ligation at the Gly residue. A small amount of epimerization at
the ligation site was observed: 1% (D-Ala), 2% (D-Val), or 5% (D-Ser), respectively.
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Fig. 1. Peptide thioester formation and ligation of CPE-peptide.

o SH 0 Q ')
m)‘l\s/\l)LN HS-R2 -)j\
Lﬂ? — | ]/Q Hoe? -
O O O_R‘I
3

29



Epimerization of the Ser residue during the ligation was slightly higher than that for amino acids
containing aliphatic side chains. It has been reported that the highly reactive His-thioester also
undergoes slight epimerization during ligation [8,9], but that this can be suppressed by
conducting the reaction at a lower pH (vide infra).

The CPE peptides containing four different amino-acid residues, Gly, Ala, Val, and Ser
at the thioesterification sites were applied to the formation of the peptide thioesters 7 by reaction
with sodium 2-mercaptoethanesufonate. At pH 8.2 and 37 °C, the rates of thioester formation
were very similar for all of the different amino acid residues used, and the yield of thioester
reached about 70% after 6 h. The thioesters of Gly, Ala, and Ser residues underwent gradual
hydrolysis with increasing reaction time, but the Val-thioester was stable for reaction periods of
up to 24 h. Epimerization was observed to some extent in amino acid residues adjacent to the
thioester moiety. The extent of epimerization was determined to be as follows: 5% (7b, Ala),
1% (7¢, Val), and 26% (7d, Ser), respectively, after a 6-h reaction. The extent of epimerization
of the Ser residue was exceptionally high and, when examined more closely, it was found to
increase with reaction time. The epimerization of Ser-thioester 7d increased from 12% (2 h) to
26% (6 h). The isolated peptide thioester of L-Ser 7d underwent epimerization in a buffer
solution at pH 8.2. These findings clearly indicate that epimerization occurs after thioester
formation. The a-proton of the thioester is slightly acidic, is deprotonated in the presence of a
base and, as a result, the amino acid undergoes racemization [10]. Amino acid residues with
aliphatic side chains, such as a Val residue, would be expected to be more resistant to
deprotonation, and, in the case of an electron-withdrawing group such as a Ser residue,
deprotonation would be accelerated. When the CPE peptide 3d was reacted with sodium 2-
mercaptoethanesufonate at pH 7.3, Ser-thioester 7d was formed in 65% yield after 10 h and in
80% yield after 24 h, and the degree of epimerization was determined to be 9% and 16%,
respectively. Under lower pH conditions, the thioester was relatively stable to hydrolysis, and
epimerization was suppressed somewhat even in the case of the sensitive Ser-thioester.
Furthermore, when the peptide thioester is immediately reacted with a Cys-peptide, these
undesirable reactions are suppressed to minimum levels, and the desired ligated product can be
obtained in good yield (vide supra).

In conclusion, a peptide containing a CPE unit at the C-terminus (CPE peptide) is
spontaneously transformed into a peptide thioester through an N-S acyl shift reaction, followed
by DKP formation. Ligation proceeds spontaneously when the CPE peptide is mixed with a
Cys-peptide, and the ligation can be carried out using a variety of amino acid residues with
minimal epimerization. The CPE peptide can be readily prepared by Fmoc solid phase peptide
synthesis, and can be used as an alternative building block to the peptide thioester, for use in the
synthesis of polypeptides by the ligation strategy. The CPE peptide can also be transformed into
the corresponding peptide thioester via an intermolecular thiol-thioester exchange reaction after
C“-DKP thioester formation. Hydrolysis of thioester bond and epimerization of the amino acid
residue adjacent to the thioester moiety are suppressed when lower pH reaction conditions are
employed. Further investigations are currently in progress. At this stage, the CPE peptide is the
reagent of choice for use as a building block in one-pot thiol-mediated ligation reactions.
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Introduction

Thioester-mediated peptide ligation at valine was reported recently [1]. The method utilizes an
N-terminal penicillamine to mediate the ligation reaction, similar to the Cys-mediated native
chemical ligation [2]. Subsequent desulfurization gives a Val residue at the ligation site.
However, the steric hindrance of the tertiary thiol group in penicillamine significantly slows
down the ligation reaction, which limits the practical value of this method. Herein, we report
that thioacid capture ligation can overcome this problem and be used for ligation at Phe-Val,
Leu-Val and even Pro-Val junctions. Using thioacid capture ligation, we successfully
synthesized a histone protein H2B. Moreover, a new strategy was developed for the purification
of the ligation product.

Results and Discussion

Thioacid capture ligation (TCL) was developed in 1996 [3]. It works through acyl disulfide-
mediated intrarnolecular acylation for peptide bond formation. In order to test the efficiency of
TCL at Val, several peptide thioacids were prepared with the last residue as Gly, Ala, Leu, Pro
and Phe, respectively. The results showed that the TCL worked very well in all cases (Figure 1).
The ligation was performed at 37 °C for only 1 h. The ligation efficiency was very high with a
C-ter Gly or Ala thioacid. The efficiency was also good with a C-ter Leu, Phe or even Pro
thioacid.

Next, the synthesis of a histone protein H2B was attempted using both native chemical
ligation and thioacid capture ligation. For NCL, after 24 h of ligation at 37 °C with benzyl
mercaptan as the catalyst, only the hydrolyzed protein was found with no ligation product
detected (Figure 2A). On the other hand, TCL gave a ligation yield of 60 % after 2 h reaction at
37 °C (Figure 2B).
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Fig. 1. Results of peptides ligation by thioacid capture ligation for 1 h at 37 C.

EG5-COSH: H-Glu-Gly-Thr-Lys-Gly-SH; EA5-COSH: H-Glu-Gly-Thr-Lys-Ala-SH;

EL5-COSH: H-Glu-Gly-Thr-Lys-Leu-SH; EP5-COSH: H-Glu-Gly-Thr-Lys-Pro-SH

EF5-COSH: H-Glu-Gly-Thr-Lys-Phe-SH; Pen(Npys)K8: H-Pen(Npys)-Thr-Lys(Ac)-Tyr-Thr-Ser-Ala-
Lvs-OH
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The tertiary thiol group in
penicillamine would impose
considerable steric hindrance on its
engagement with the thioester, making
the NCL reaction much less efficient
than in the case of Cys ligation. In
thioacid capture ligation, the first step
is a very efficient thiol exchange
reaction between a thioacid, a super
nucleophile and a highly activated
disulfide with a much better leaving
group. Although steric hindrance of
the tertiary thiol of penicillamine
would slow down the capture reaction
to some degree, its highly efficient
feature would still allow the ligation to
proceed at a reasonable rate. Our
results indicate that thioacid capture

e gton 1 ity e
junctions.

A 3 B |2 For the protein ligation,

NS Sereco e JeHcomesT. because the C-ter peptide was small

Z:Product

and hydrophilic, after the ligation the
ligation product would elute together
' with the hydrolyzed H2B(1-114). For
‘ this reason, the C-ter peptide with an
‘ Fmoc group PenK"™™*-8 was used
first.

.
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Fig. 4. Synthesis and purification of H2B K117Ac.

The  hydrophobic  Fmoc
group made the ligation product more
separable and easily purified from the
hydrolyzed H2B(1-114) (Figure 2B).
But the removal of Fmoc group in solution was difficult due to the insolubility of the protein in
DMF and other solvents used for Fmoc removal. We therefore devised another method to help
isolate the protein ligation product (Figure 3). The idea is to modify the ligation product with a
hydrophobic moiety via the formation of a S-S bridge. For this purpose, NpyS-SCH,CO-
TK"™*-7 was prepared and used to modify the H2B ligation product to facilitate its purification.
The disulfide formation step was very fast and finished within several minutes, as the HPLC
results showed in Figure 4A. The ligation product was easily separated from the hydrolyzed
H2B(1-114). After purification, Raney nickel was used to remove the thiol in the presence of
TCEP [4] and the final product H2B K117Ac was purified (Figure 4B). This new purification
method can be generally useful for the isolation of ligation products which are difficult to
separate from the other reaction components.
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Introduction

Proteins with post-translational modifications, e.g. glycoproteins and phosphoproteins, play
important roles in many biological processes. Dysfunctions in their attachment or removal from
proteins lead to illness, including autoimmune diseases and cancer. Detailed analysis of these
modifications requires the use of homogeneous samples that, so far, can only be obtained by
chemical peptide synthesis. With these considerations, reliable synthetic methods for post-
translational modified peptides have gained considerable attention.

Results and Discussion

Recently, we have described a method to synthesize C-terminal, N-acylurea peptides using
Fmoc-SPPS and we have shown their utility as precursors of peptide thioesthers [1], which are
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key intermediates for Native Chemical Ligation
(NCL) [2]. Synthesis of N-acylureas involves the post
assembly acylation of diaminobenzoic moiety 1 with
p-nitrochloroformate (2), followed by intramolecular
cyclization (3) (Scheme 1). Final cleavage of the resin
affords the C-terminal, N-acylurea peptides 4, which
can undergo thiol exchange (5) or direct ligation with
N-terminal cysteine peptides (6). Several C-terminal
amino acids (Gly, Ala, Tyr, Phe, Leu), including those
with high steric hindrance (Pro, Val), have been
successfully incorporated in N-acylurea peptides and
yielded efficient NCL (Table 1).

In order to span the applicability of this new
strategy, we have pursued the synthesis of glyco- and
phosphopeptides. Therefore, we synthesized the glyco-
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peptides 7 and 8 with cys-peptide 9. Ligations were carried out at 2 mM of 7 or 8 and a slight excess of 9

(1.2 and 1.03 equiv).
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Table 1. Synthesis and ligation yields for a set of several N-acylureas

Peptide-Nbz Recovered yield (%) Ligation with CRAFS (%)*
LYRAG-Nbz 90 LYRAGCRAFS 97
LYRGA-Nbz 70 LYRGACRAFS 93
LARGY-Nbz 90 LARGYCRAFS 95
LARGF-Nbz 88 LARGFCRAFS 98
AYRGL-Nbz 87 AYRGLCRAFS 96
LYRAP-Nbz 71 LYRAPCRAFS 90
LYRGV-Nbz 77 LYRGVCRAEFS 95

“Calculated by integration of HPLC signal at 280 nm

and phosphoforms of CKII (GSTPVTSANM), a 10-mer substrate for O-GlcNAc transferase
(OGT), which is a nuclear and cytosolic glycosyltransferase [3]. Synthesis of CKII-OGalNAc
(7) was undertaken by coupling Fmoc-Met-Dbz-OH to the resin, whereas for the CKII-OPOsH,
(8), Fmoc-Met-OH was coupled on solid phase to the Dbz linker already attached to the resin
(Figure 2A).

NCL could be efficiently carried out in presence of the polypeptide 9, a peptidic fragment
of the immunoglobulin light chain, which is part of the pre-B-cell receptor, at pH 7.0 using 4-
mercaptophenyl acetic acid to form in situ the thioester peptide [5] (Figure 2B). Under these
conditions, reactions were completed under 2h affording the desired products 10 and 11 in high
yields (80 and 87%, respectively).

In summary, we have shown that:
1. Synthesis and Native Chemical Ligation of glyco- and phosphopeptides was accomplished
using C-terminal, N-acylureas.
2. No appreciable side reactions were observed in the glycosylated and phosphorylated amino
acids.
3. The acylurea method is compatible with all amino acids and with no needs for extra
protecting groups.

These accomplishments have motivated to us to pursue the synthesis of another post-
translational modifications, e.g. lipidation and cyclization.
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Introduction

We previously showed [1] that polypeptides can be rapidly immobilized on glass substrates by
means of thiol catalyzed native chemical ligation (NCL) [2]. The aim of the present contribution
is to build long unordered molecules on glass surfaces for biosensors application. Linear -
amino-PEG thioesters of 10 kDa (PEG = polyethylene glycol) were to be attached on glass
surfaces and to be extended to 20 kDa oligomers. NCL proved to be a useful method to attach
PEG-thioester over cysteine modified substrate.

In this study, surface plasmon resonance (SPR) has been used to follow attachement of
these PEG to the substrate. Native chemical ligation reaction rates of 5 and 10 kDa o-Boc-PEG-
o-thioester were monitored and compared. Using the same strategy 20 kDa oligomers were
created using successive NCL. For this purpose, first a-Boc-Cys(Boc)-PEG-o-thioester was
synthesized and coupled to cysteine modified glass surfaces by NCL. A second PEG unit was
then attached by the same procedure after acid deprotection of the Boc group of the first Boc-
Cys(Boc)-PEG unit.

In order to measure the length of the attached constructions, a-biotinyl PEG (10kDa)-
o-thioester modified surfaces were probed by atomic force microscopy (AFM). AFM
cantilevers were coated with biotinyl BSA and then with avidin. PEG length was measured by
pulling perpendicularly and the pulling force was recorded.

Results and Discussion

SPR substrates were prepared using metal evaporation and plasma enhanced chemical vapor
deposition (PECVD) to create glass-chromium-gold-silicon oxyde substrates. Final SiO, layer
allowed to graft 3-aminopropyltrimethoxysilane (APTS) followed by Boc-Cys(Boc)-OH (DCC,
1h30). After acid deprotection, native chemical ligation was carried out. At first, NCL of -
Boc-PEG-w-thioester of 5kDa and 10Kda (ImM in 0,5M phosphate buffer, pH=7,2) were
monitored. Reactions were conducted in the presence of 4-mercaptophenylacetic acid [2]
(MPAA, 24 mM) and Tris[2-carboxyethyl] phosphine (TCEP, 20 mM) as a reducing agent.
The time-dependent measurement
of the SPR signal shift allows a direct
K100 Compialion determination of NCL reaction kinetics
‘ [ =5 kDa (Figure 1). Both PEG showed similar
(= =] kinetic though the 10kDa PEG NCL seems
to proceed slightly slower. This might be
due to the diffusion rate in the medium.
Following successful attachment of
one PEG-thioester to the surface, we
proceeded to extend to double length PEG
constructions. The progression of the
construction starts with the Boc-Cys(Boc)
and is followed by deprotection (Figure 2).
The first NCL (Boc-Cys(Boc)-PEG-SR,
10kDa) was succesfully realised. Remaining
uncapped amino groups were acetylated
R R prior to second cysteine deprotection with
Tme(s) 40% TFA-DCM. A second NCL with Boc-
Fig. 1. Comparison of the normalised kinetic curves PE_:G-_SR (10 kDa) was carried out. A right
of NCL of 5kDa and 10Kda a-Boc-PEG-w-thioesters.  Shift is observed meaning that PEG thioester
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has been attached. The smaller shift
after the second NCL can be explained
either by a lower reaction yield or the
increased distance of the second PEG
from the metal interface or a
combination of both. SPR sensitivity is
decaying exponentially with increasing
distance from the surface.

In order to assess the length of
the introduced PEG unit an identical but
differently functionalized PEG-thioester
was attached, SPR monitored and then
probed by AFM in Force Spectroscopy
mode [3]. A 10kDa o-biotinyl-PEG-o-
thioester was ligated by NCL. Using
avidin coated AFM tips [4], the
functionalized surface was probed in
PBS medium. Biotin functionality in
terminaison of the PEG allowed it to

bind to the tip and stretch the PEG until rupture of the Avidin-Biotin bond. Multiple approach-
retraction cycles were recorded and rupture length were measured. Figure 3 shows a
compilation of values collected over 4 samples (n=179).

According to literature, a single ethylene glycol unit has a length of 2.8A [5].
Therefore a 10kDa PEG (which contains 227 ethylene glycol units) should measure around 64
nm. This theoretical value is in excellent accordance with the mean experimental value. Similar
experiments were conducted on non-SPR glass substrates and showed equivalent length values.

25 -Q
20
n 15
to—g =
AN
0& NS N
o 50 100 150
length (nm)

200

Fig. 3. Compilation of measured rupture length of o-

biotinyl-PEG(10kDa)- w-thioester by atomic force

spectroscopy (n=179).

References

We showed that it is possible to
covalently attach to solid surfaces suitably
modified polyethylene glycol amino acid
through native chemical ligation. SPR
allowed us to follow each step sequentially
as well as to evaluate the kinetic process.
These modified surfaces were probed by
atomic force microscopy in force
spectroscopy mode for length and end-cap
functionality. Such combined techniques
showed the capacity to create molecular
tethers of desired length (50-100nm or
more) and their functionality.
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Introduction

Thioester method [1] is one of the ligation methods useful for (glyco)protein synthesis. This
method has the advantage that there is no limitation on selecting the ligation site, whereas the
coupling by the native chemical ligation [2] is almost exclusively carried at Xaa-Cys site.
Instead, the side chain amino and thiol groups have to be protected to achieve the
chemoselective ligation in the thioester method. To realize this, the Boc groups have to be
reintroduced to the side chain amino groups, which are made free during the deprotection step
after SPPS. In this paper, we examined the direct preparation of the side chain-N-protected
peptide segments by introducing azido- and pyruvoyl (Pyr)-protected Fmoc-lysine (Figure 1)
during SPPS to overcome the inconvenience for segment preparation. Using pigment dispersing
hormone (PDH)-I and glycopeptide toxin, Contulakin-G as models, the usefulness of these
protecting groups were examined.

Results and Discussion

Fmoc-Lys(N;3;)-OH 1 was synthesized from Fmoc-Lys-OH by the copper(Il)-catalyzed diazo
transfer method [3] with slight modifications. Fmoc-Lys(Pyr)-OH 2 was prepared by reacting
Fmoc-Lys-OAll with dimethylhydrazonopropionic acid by DCC-HOBt method, followed by the
removal of allyl ester by Pd(PPh;), and dimedone in dimethoxyethane. These amino acids were
then introduced during the synthesis of PDH-1 (Asn-Ser-Glu-Leu-Ile-Asn-Ser-Leu-Leu-Gly-Ile-
Pro-Lys-Val-Met-Thr-Asp-Ala-NH,) by the thioester

method. First, the N-terminal peptide thioester, Fmoc- o
PDH-I (1-10)-SC¢H4,CH,COOH 3 was synthesized by the

N-alkylcysteine (NAC)-assisted thioesterification method

developed in our previous study [4]. Fmoc-N-ethyl-S-

trityl-cysteine was introduced to Rink Amide MBHA

resin and the peptide chain was elongated by ordinary

Fmoc-based SPPS. After cleavage from the resin, the [ . Fim oc\

peptide was dissolved in aq CH3CN and thioesterified by N7 ScooH COOH
the addition of 4-mercaptophenylacetic acid. This

reaction was almost completed within 24 h giving the

desired peptide thioester 3. C-Terminal segments having Fig. 1. Azido- and pyruvoyl-protected
azido- or Pyr-protected Lys'? (peptide 4a, 4b) were lysine.

prepared by introducing 1 or 2 during the Fmoc SPPS.

The azido and Pyr groups were stable during the SPPS. Final deprotection was achieved by
thiol-free (for the preparation of 4a) or thiol- and silane- free (for 4b) TFA cocktail.

The peptide segments were condensed by the Ag'-free thioester method [5] as shown
in Figure 2. Peptides 3 and 4a or 4b were dissolved in DMSO containing 5% HOOBt. Then the
coupling reaction was initiated by adding DIEA at a concentration of 5%. The reaction was
almost completed within 2 h without decomposition of azido or Pyr group to give peptide 5a or
5b. The N-terminal Fmoc group was removed by adding piperidine to the solution at a
concentration of 20%. After the product was precipitated by adding ether to the solution, side
chain amino protecting group was removed. In the case of the peptide derived from Sa, the
precipitate was dissolved in 50% aq AcOH and treated with Zn for 30 min. The azido group was
readily converted to the amino group without serious side reaction and the desired PDH-I 6 was
successfully obtained in 47% isolated yield based on peptide 3. On the other hand, the removal
of Pyr group from the peptide derived from 5b was carried out by treating the peptide by
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Fig. 2. Synthetic route for PDH-I.

o-phenylenediamine in 2 M acetate buffer (pH 6) following the reported conditions [6].
However, almost complete oxidation of Met residue as well as conversion of Pyr to formyl
group were observed. We found that the addition of 10% dimethylsulfide effectively suppressed
the oxidation of Met and increase in the acidity of the solution to pH 5 prevented the latter side
reaction. Using this modified condition, the desired product 6 was obtained in 30% yield.

The efficiency of the new amino protecting group was further demonstrated by the
synthesis of Contulakin-G: pGlu-Ser-Glu-Glu-Gly-Gly-Ser-Asn-Ala-Thr*-Lys-Lys-Pro- Tyr Ile-
Leu 7, where Thr* denotes O-glycosylated Thr residue. The peptide was divided at Gly®-Ser’
and the N-terminal peptide thioester, Contulakin-G (1-6)-SC¢H,CH,COOH 8 was prepared in
the same manner as described for peptide 3. The C-terminal peptide carrying N-
acetylgalactosamine at Thr'® 9 was synthesized startmg from Fmoc-Leu- Ph
CLEAR-Acid resin by the Fmoc strategy. Thr was, introduced using kbo
compound 10 by DCC-HOBt method. Lys'' and Lys'? were introduced o
using compound 2. After the completion of the peptide chain assembly, Bno&‘
the peptide was cleaved from the resin by TFA cocktail, followed by low- AcNH
T{OH treatment [7, 8] to remove benzyl group on the glycan moiety. After I
RPHPLC purification, the desired Contulakin-G (7-16) 9 was obtained. ~ Fmo°e~ "\,
Then the segment coupling by the thioester method was carried out H
following the procedure for PDH-I synthesis. After removal of Pyr group 10
by o-phenylenediamine at pH 5, the desired Contulakin-G carrying
GalNAc 7 was successfully obtained in 32% yield.

In conclusion, azido- and Pyr-groups were successfully used as the amino protecting
groups in the thioester method. Peptide segments carrying these protecting groups can be
directly prepared by the SPPS and thus, the inconvenience for the segment preparation in the
thioester methed was overcome by the use of these protecting groups.
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Introduction

In order to study the effects of N-linked glycosylation and develop N-linked glycopeptide based
vaccines and therapeutics [1-2], it is important to have an efficient and rapid strategy of
synthesizing glycopeptides containing large N-linked oligosaccharides. However, the difficulty
of obtaining sufficient amounts of N-linked oligosaccharides [3] and the problematic
aspartimide side reaction [4-6] have seriously limited and slowed down the development of N-
linked glycopeptide synthesis. As an alternative to solution phase synthesis, solid-phase
synthesis can avoid repetitive purification steps which reduce yield, and has the possibility of
achieving higher yields with excesses of materials and reagents. Herein, we studied the
chemical synthesis of N-linked glycopeptides containing the high mannose oligosaccharide
MangGlcNAc, on solid phase using both the glycosyl asparagine building block approach and
the on-resin glycosylamine coupling approach, and applied it to the synthesis of HIV gp120
glycopeptides and HIV gp41 C34 glycopeptides.

Results and Discussion

The traditional use of preformed glycosyl asparagine as building blocks on solid phase has
proven to be a reliable method [7], yet, we found that the coupling of the glycosyl building
block was not satisfying both on PEG-polyacrylamide-based (PEGA) and polystyrene-based
(PS) Rink amide resins, and the building block synthesis itself is inefficient resulting in losses of
precious oligosaccharide precursors during their synthesis. However, in the on-resin
glycosylamine coupling strategy, we found that the 2-phenyl-isopropyl protecting group was an
excellent handle on Aspartic acid for the introduction of N-glycosylation, not only allowing
selective deprotection of aspartic acid residues for creation of glycosylation sites but also
efficiently suppressing aspartimide formation during peptide synthesis. The key step of on-resin
glycosylamine coupling to an aspartic acid residue was first optimized for a small sugar, N-
acetylglucosamine, and then applied to a much larger high mannose oligosaccharide,
MangGlcNAc,. Satisfying yields were obtained for both small and large sugars on aspartimide
prone peptides. The use of on-resin glycosylamine coupling simplifies purification of N-linked
glycopeptides, and also allows convenient recovery of un-reacted, valuable large
oligosaccharides. This approach has been successfully applied to the solid phase synthesis of
HIV gp120 glycopeptides and different glycosylated forms of the 34 amino acid HIV-1 gp4l
C34 glycopeptide.
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Introduction

Glycopeptides are valuable tools for studying the enzyme activities involved in the process of
post-translational protein glycosylation, particularly for O-linked glycosylation. They can also
be useful diagnostics for detecting disease related glycosylation defects. One such case relates to
the function of the enzyme POMGnT1 which attaches an N-acetyl-glucosamine to a mannose in
assembling the tetrasaccharide epitope on the glycoprotein a-dystroglycan, (DG) important in
the proper organization of muscles [1]. Defects in this enzyme prevent proper glycan assembly
and lead to muscle-eye-brain disease, one of the congenital forms of muscular dystrophy. We
have prepared several O-Man glycopeptides based on a-DG sequences as substrates for the
enzyme to study this process. Towards extending the application of these O-Man glycopeptides
to improving diagnostic assays with patient tissue extracts [2], we report here preparation of
forms with fluorescent tags for sensitive detection of glycopeptide products.

Results and Discussion

Since intermediate glycoprotein or glycopeptide substrates for POMGnT1 are not accessible
from natural sources, we have turned to solid-phase methods in preparing several DG related O-
Man glycopeptides, as reported previously [3]. They have now been evaluated as substrates for
the POMGnT1 enzyme. Of these, VEPT(a-D-Man)AV, had the advantages of both good
substrate properties, and only one site of mannosylation, and was therefore chosen for further
optimization as a fluorescent assay substrate. Data suggest that the Thr residue is mannosylated
in the native glycoprotein [4]. In optimizing the fluorescent glycopeptide assay construct,
several related structures were prepared with sequences successively shortened by one or two
amino acid residues, or lengthened by one (Tyr) from the N-terminus, and their substrate
properties examined.

Glycopeptide assembly was carried out with coupling of Fmoc-Thr(Ac,-o-D-Man)-
OPfp for the glycosylated residue [3]. Incorporation of fluorescent probes at the N-terminus of
the glycopeptides was accomplished in aqueous solution of NaHCO; (pH ~9) in the dark with
fluorescein isothiocyanate (FITC) dissolved in acetone. Four FITC-labeled glycopeptides, with
mannose attached to Thr through side chain hydroxyl group, FITC-PT(o-D-Man)AV, FITC-
EPT(a-D-Man)AV, FITC-VEPT(a-D-Man)AV, and FITC-YVEPT(a-D-Man)AV (Figure 1)
were synthesized by this route.

Derivatization of EPT(a-D-Man)AV with FITC was also evaluated in DMF adjusted to
pH ~8.5 using DIEA, and compared to the NaHCO;/acetone system. While the former reached
completion more rapidly, 3 h, than the latter, usually complete in 24 h, the reaction in
NaHCOs/acetone was much cleaner as monitored by RP-HPLC and the products were easier to
purify by semi-preparative RP-HPLC. Surprisingly, with the NaHCOj/acetone conditions, the
labeling of PT(a-D-Man)AV and PT(Ac4- a-D-Man)AV with FITC was faster than for EPT(a-
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Fig. 1. FITC-/FAM-labeled glycopeptides.
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Fig. 2. Synthesis of fluorescently labeled glycopeptides.

D-Man)AV, VEPT(a-D-Man)AV, or YVEPT(a-D-Man)AV in spite of the terminal secondary
amine. The reaction with PT(Acs-a-D-Man)AV was complete in 2 h, followed by deacetylation
of the acetyl groups on mannose residue to give FITC-PT(o-D-Man)AV quantitatively.
Decomposition of FITC was observed during the labeling process in the presence of a base, i.e.
NaHCO;, and in an extreme condition, FITC completely decomposed within a few hours at a
high base concentration (>> 1 mg/ml) and high molar ratio of NaHCO; to FITC (> 10:1), giving
rise to slow and incomplete FITC labeling.

In an alternative approach, carboxyfluorescein (FAM) was coupled on-resin to the
N- terminus of Tyr residue after peptide assembly (Figure 2), via HCTU-mediated coupling in
the presence of HOBt and DIEA, followed by peptide cleavage using a TFA-phenol cocktail.
The acetyl groups were then removed by NaOMe in methanol to give FAM-YVEPT(a-D-
Man)AV. Coupling of FAM on the solid-phase support, followed by washing the resin with
piperidine-DMF (1:4, 2 x 2 min) presumptively precluded the formation of acylated by-product
from carboxyfluorescein [5]. In practice, mixtures of 5(6)-isomers of FITC and FAM were used
in labeling the mannosylated glycopeptides, and the labeled glycopeptide isomers were not
distinguishable before or after deacetylation (one single peak) by analytical RP-HPLC, except
for 5(6)-FAM-YVEPT(a-D-Man)AV (tg 32.4, 32.8 min respectively).

Fluorescamine was also tested for labeling mannosylated glycopeptides, due to its
efficient coupling with primary amines at room temperature, but the fluorophor rapidly
deteriorates in acidic solution, making it incompatible with analysis and purification using
RP-HPLC. Even in neutral or mildly alkaline solution, the fluorophor has limited stability to
light at ambient temperature, and survives for only several days in the dark, limiting its
usefulness in this application. The fluorescently labeled mannosylated-glycopeptides have the
wavelength for maximum excitation at 484 nm and emission at 516 nm.

Initial determination of reaction kinetics for POMGnT1 action on FAM-Y VEPT(a-D-
Man)AV shows good substrate properties, consistent with what was previously observed for
unmodified VEPT(a-D-Man)AV. Thus, addition of FAM does not compromise the activity. The
Km is 1,000 times more favorable for the FAM glycopeptide compared to benzyl-Man, that had
been used conventionally as a substrate for POMGnT]1 in the clinical assay [2].
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Introduction

Hemopressin (HP), a naturally occurring nonapeptide (Pro-Val-Asn-Phe-Lys-Phe-Leu-Ser-His-
OH) derived from the a-chain of hemoglobin [1] has recently been identified as an endogenous
selective CB1 antagonist [2]. Because of widespread interest [3] in this bioactive nonapeptide,
which is reported to have been synthesized using solid phase Fmoc chemistry [1b], the National
Institute on Drug Abuse (NIDA) authorized the solution phase synthesis of HP as part of its
Drug Synthesis Program. The fragment condensation approach involves peptides fragments
derived from synthetic intermediates that can also be used in possible structure-activity studies.

Results and Discussion

Our synthesis of HP involved appropriately N-protected acids and C-protected amines (Figures
1 and 2). Specifically, the N-protected dipeptide Boc-Pro-Val-OH (4) and C-protected dipeptide
H-Asn(Trt)-Phe-OBn (8) were prepared by coupling of Boc-Pro-OH (1) with HCI*Val-OBn (2)
and Fmoc-Asn(Trt)-OH (5) with HCI*Phe-OBn (6) respectively, followed by deprotection of
intermediates 3 and 7 (Figure 1).

Boc-Pro-OH + HCI «Val-OBn
1 2

PyBOP/HOBYDIEA
Boc-Pro-Val-0OBn

Fmoc-Asn(Trt)}-OH  + HCI » Phe-OBn
5 6
PyBOP/HOBUDIEA

Fmoc-Asn(Trt}-Phe-0Bn

3 7
Ha, PAIC 120%PI peridina/DMF
2,
Boc-Pro-Val-CH + H-Asn(Trt}-Phe-OBn
4 8

Boc-Pro-Val-Asn(Trt}-Phe-0Bn

J PyBOP/HOBYDIEA

Fmoc-Lys(Boc)-OH

9 1
1.PyBOFP/HOBYDIEA
Ha PAIC 2. 20% Piperidine
Boc-Pro-Val-Asn(Trt)-Phe-OH + H-Lys(Boc)-Phe-0Bn
10 12

Fig. 1. Synthesis of hemopressin (part 1).

WECIHOBEYNMM

Boe-Pro-Val-Asn(Trt)}-Phe-Lys(Boc)-Phe-0Bn
13

Hy, PAIC

Boc-Pro-Val-Asn(Trt)-Phe-Lys|{Boc}-Phe-OH
14
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A (2+2) condensation of 4 with 8, followed by hydrogenolysis of intermediate 9, afforded the
tetrapeptide Boc-Pro-Val-Asn(Trt)-Phe-OH (10), the N-terminal tetrapeptide fragment.
Similarly, the dipeptide H-Lys(Boc)-Phe-OBn (12) was prepared by coupling Fmoc-Lys(Boc)-
OH (11) with HCl*Phe-OBn (6), followed by exposure to piperidine. Subsequent (4+2)
condensation of the tetrapeptide Boc-Pro-Val-Asn(Trt)-Phe-OH (10) with the dipeptide H-
Lys(Boc)-Phe-OBn (12) furnished the corresponding hexapeptide Boc-Pro-Val-Asn(Trt)-Phe-
Lys(Boc)-Phe-OBn (13). Hydrogenolysis of 13 to the N-terminal hexapeptide Boc-Pro-Val-
Asn(Trt)-Phe-Lys(Boc)-Phe-OH (14), followed by conversion of 14 to the N-terminal
heptapeptide Boc-Pro-Val-Asn(Trt)-Phe-Lys(Boc)-Phe-Leu-OH (17) by coupling to p-Tos Leu-
OBn (15) gave 16, which was hydrogenolyzed to 17 (Figure 2). Condensation of Cbz-Ser(Bu')-
OH (18) with H1s(Trt) -OBu' (19), followed by hydrogenolysis of the resulting dipeptide
intermediate Cbz- Ser(Bu) His(Trt)-OBu' (20) gave the C-terminal dipeptide fragment H-
Ser(Bu')-His(Trt)-OBu' (21) (Figure 2). With heptapeptide 17 and dipeptide 21 on hand the
protected nonapeptide Boc-Pro-Val-Asn(Trt)-Phe-Lys(Boc)-Phe-Leu- Ser(Bu')-His(Trt)-OBu'
(22) was assembled using WSCI/HOBt/NMM in a (7+2) condensation. Finally, the protecting
groups were removed by exposure to TFA to afford HP (TFA<Pro-Val-Asn-Phe-Lys-Phe-Leu-
Ser-His-OH, 23), which was purified by preparatlve reversed phase HPLC. Purified HP
trifluoroacetate was characterized by TLC, HPLC, 'H NMR, amino acid analysis and was
identical with a reference sample [1b].

14 + p-Tos+ Leu-OBn Cbz-Ser(Bu')-OH + His(Trt)-OBu!
15 18 19
WSCI/HOBYNMM 1 WSCIHOBNMM
Boc-Pro-Val-Asn(Trt)-Phe-Lys(Boc)-Phe-Leu-OBn CbZ-SBF(BU‘Z)aH is(Trt)}-OBu'
16
in. Pd/C Hy, Pd/C
L

Bac-Pro-Val-Asn(Trt)-Phe-Lys(Boc)-Phe-Leu-OH + H-Ser(Bu'}-His(Trt)}-OBu!
17 21

WSCIHOBYNMM
|
Boe-Pro-Val-Asn(Trt)-Phe-Lys(Boc)-Phe-Leu-Ser(But)-His( Trt)-OBut
22

TFA
\

TFA = Pro-Val-Asn-Phe-Lys-Phe-Leu-Ser-His-OH

Fig. 2. Synthesis of hemopressin (part 2).
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Introduction

Trypsin (EC 3.4.21.4), an endopeptidase and natural protease cleaves peptide chains and
proteins predominantly at the carboxyl side of the amino acids Lys and Arg (except when
followed by Pro). Because shorter homologues of arginine with appropriate protecting groups
for conventional Fmoc/tBu peptide synthesis are now available, three model peptides containing
arginine and two shorter homologues of arginine were synthesized. They were incubated with
trypsin in order to explore how stable the corresponding peptides are towards enzymatic
degradation. It could be demonstrated that a peptide gains significant stability if arginine is
being exchanged by a homologue containing one methylene group less. If arginine is substituted
by a homologue with two methylene groups less the model peptide was almost fully stable over
24h towards enzymatic degradation.

Results and Discussion

Peptides and proteins are gaining importance as modern biopharmaceuticals, due to their high
specifity and efficacy. One drawback, however, is their low stability and resulting unfavourable
pharmacokinetics. Proteases such as trypsin degrade peptides and proteins rather rapidly
decreasing in  this way their

bioavailability. Many efforts have been

HZN/’/HL HN, HN), madg, in order to improve 'the stabiljty of

‘" OH “ OH ‘" OH peptides and proteins, like modifying

their structure by forming cyclic

l structures or altering the surface of

HoN™ “NH, HZNYN N biopharmaceuticals through PEGylation
NH, HzN)\NHz [1]. Tt is well known that side chain

modification of Arg in the substrate has a

‘33"/‘\[’9‘2"‘”9 C"'";Eg”‘”e C5"X§$”‘”e definite influence on the activity of

trypsin [2]. As cleavage typically happens
at the C-terminal position of Lys and Arg,
exchange of these amino acids with
longer and shorter homologues could have an effect on the protein resistance towards digestion
[3]. As we developed the protected derivatives of shorter homologues of Arg (Figure 1) (having
a chain of 5 carbons) a-amino-4-guanidino-butyric acid (Agb), having 4 carbon chain, and o-

amino-3-guanidino-propionic
acid (Agp), consisting of a 3

Fig. 1. Arginine homologues.

H-AHGVTSAPDT-R*-AHGVTSAPDT-NH,

4/\_> carbon chain - that are suitable
H-AHGVTSAPDT-R*-OH H,0 H-AHGVTSAPDT-NH, fof Fmoc/tBu SPP synthesis

Trypsin strategy - we were interested
Fig. 2. Model sequence. in whether substituting Arg

with these shorter homologues
would have an influence on tryptic digestion of a peptide containing these building blocks.
Therefore the sequence in Figure 2 was selected, which contains one Arg that can be exchanged
with Agb and Agp; the corresponding peptides would then be hydrolysed into two fragments
that would easily be detected by mass spectrometry and well separated by HPLC. The original
three peptides contain Arg and Arg-like amino acid in the middle of the sequence [4].

As expected, the natural Arg (C=5) containing peptide is being completely digested
even at a low concentration of trypsin. The concentration of original sequence and digested
fragments of each peptide was determined by HPLC. Identity was confirmed by MS. These
experiments were carried out with two different peptide/trypsin ratios. If the side chain of Arg is
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reduced by one methylene group (C=4), digestion after 24h has hydrolyzed approx. 50% of the
peptide at a peptide:trypsin ration of 50:1. This digestion is a function of the concentration, i.e.
lower relative concentrations of enzyme resulting in a lower extent of hydrolysis. In the case of
C=3, the o-amino-3-guanidino-propionic acid, trypsin appears almost inactive. At a low
concentration of trypsin (1:100) no fragmentation can be observed, at all. At a higher
concentration even after 24 h hydrolysis is observed only to a level of approx. 1%. The
consequences from these results are if Arg is substituted by its shorter homologues Agb and
Agp, Arg containing peptides can be stabilized towards proteolysis. The stability of biologically
active peptides or peptide drugs can therefore be improved by appropriate substitution of Arg, if
this substitution is not resulting in a lower biological activity of the peptide sequence. Although
the C4 analogue Agb containing peptide is not fully resistant towards digestion, it is still much
more stable compared to the natural Arg containing peptide. Thus, the half life of peptide drugs
in biological media can be significantly improved and therefore can further help to establish
peptides as standard drugs in pharmacological applications. Laminin YIGSR fragments
containing Agp and Agb have already been synthesized, however, via different chemistry. The
advantage of the developed building block Fmoc-L-Agp(Boc),-OH is that it can be incorporated
in standard peptide synthesis procedures and enables researchers to explore new sequences in a
very convenient way. Current commercial productions can manufacture Agp containing
sequences in a very economic way. However, Fmoc-L-Agb(Boc),-OH is better coupled using a
manual strategy. Presumably, the active ester tends to cyclize forming the corresponding
pyrrolidone. Currently, synthetic strategies are being developed in our laboratories, to
incorporate Agb in peptide sequences.

Table 1. Summary of the degree of digestion of all three model peptides with two different
trypsin concentrations

HPLC (retention time) trypsin:peptide trypsin:peptide
and MS (m/z) 1/50 1/100
Arg-Peptide 21.3min (m/z = 955) 48.4% 48.4%
C=5 22.1min (m/z = 1112) 51.6% 51.6%
Approx. 26min 0% 0%
% Digested complete complete
Agb-Peptide 21.3min (m/z = 955) 33% 21.0%
Cc=4 21.6min (m/z = 1098) 35.4% 21.9%
26.0min (m/z =2032) 31.6% 57.1%
% Digested 52% 27.0%
Agp-Peptide 20.6min (m/z = 1084) 1.0%
C=3 21.2min (m/z = 955) 1.1%
25.9min (m/z =2018) 97.9% 100%
% Digested approx. 1% none
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Introduction

In the past years the research directed toward protease-catalysed synthesis of small therapeutic
peptides and oligopeptides received increasing attention. Obvious advantages of enzymatic
synthesis over chemical approaches are the minimal protection required, the virtual absence of
undesired side reactions and the easy separation of the products, features that make enzymatic
processes really appealing, also from an industrial point of view. However, this approach has
still not been thoroughly explored. Recently, we published the protease-catalysed selective
deprotection of the C-terminal fert-butyl esters of peptides [1]. In this paper, we present recent
developments by our groups in new synthetic applications for the modification of the carboxy-
terminus of peptides, such as the C-terminal amidation and the synthesis of various esters by
transesterification.

Results and Discussion

Selective enzymatic C-terminal amidation
Many biological active peptides, e.g. gonadorelin, oxytocin and arginine vasopressin, contain an
amide as the C-terminal functionality. Their synthesis can start from the free C-terminal amino
acyl amide. However, this approach often entails serious solubility problems in solution-phase
synthesis. Alternatively, the C-terminal amide function can be protected, though this approach is
limited by the poor (commercial) availability of the precursors. The synthesis from amino acyl
esters, followed by hydrolysis, activation of the free acid and amidation, includes considerable
risks of racemization in both the esterification and the amidation steps. On the other hand direct
ammonolysis of the amino acyl esters can lead to many side reactions. Considering the good
results obtained in the ester hydrolysis, it was envisaged to use proteases in combination with an
ammonium source to achieve amidation under mild reaction conditions. The screening of
different ammonium sources was carried out with Alcalase-CLEA on the dipeptide Z-Ala-Phe-
OMe. Among the ammonium sources tested, NH,COONH, afforded the best results leading to
complete conversion in 2 hours in a Bu'OH/DMF (82.5/17.5, v/v) mixture at 30°C. However, a
certain degree of hydrolysis of the ester starting material could not be avoided, since extremely
dry conditions were not contemplated due to the possible inactivation of the enzyme. Under the
optimized reaction conditions several peptides were screened and the results are listed in Table 1.
The amidation was also tested with several substituted amines, resulting in high
chemoselectivity and little formation of the hydrolysis products (Table 2). However,
diethylamine gave selectively Z-Ala-Phe-OH, probably due to sterical hindrance.

Transesterification of peptides esters

To further expand the scope the use of other nucleophiles was investigated. It was demonstrated
that transesterification of methyl esters with Alcalase-CLEA could be achieved. Up to
quantitative conversions could be achieved for alcohols such as Tmse-OH, EtOH, n-pentanol
and i-propanol. Ester hydrolysis could, however, not be completely suppressed. Thiols on the
other hand proved to be poor nucleophiles.
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Table 1. Reactivity of different dipeptides in the presence of NH,COONH,

Pepiide T s P-OMe @a%) P-OH (aa%)  P-NH: (@a%)
Z-Val-Phe-OMe 75 0.0 13.3 86.7
Z-Val-Tyr-OMe 75 0.8 40.0 59.2
Z-Val-Leu-OMe 4 0.0 26.5 73.5
Z-Val-Thr-OMe 4 0.0 9.2 90.8
Z-Val-Ala-OMe 2 0.0 11.2 88.8
Z-Val-Met-OMe 4 0.0 27.3 72.7

Z-Val-Lys(Boc)-OMe 75 1.3 24.0 74.7
Z-Ala-Phe-OMe 4 0.5 6.7 92.8
Z-Ala-Phe-Ala-OMe 4 1.0 6.9 92.1
Z-Ala-Phe-D-Ala-OMe 75 54.3 10.4 354
Boc-Pro-Pro-Ala-Phe-Ala-OMe 21 0.0 0.0 >99

Table 2. Reactivity with different amines (10 moleq) in Bu'OH/DMF (82.5/17.5, v/v) after 24 h
at 30°C

Amine P-OH (a/a%) P-Nu (a/a%)
EtNH, HCI + TEA” 10.8 88.9
DMAPA” 2.4 97.6
nBuNH, 1.4 98.6
nHepNH, 2.8 97.2
Et,NH 95.7 4.2

¢ Without the addition of triethylamine (TEA) incomplete conversion was obtained after 96 h

Conclusion

Subtilisin is a powerful enzyme for the conversion of C-terminal peptide methyl esters into
primary and secondary amides. Transesterification of methyl esters of peptides can also be
achieved with alcohols, but further optimization is needed. In view of the possible industrial
applicability, patents have been filed [2,3].
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Introduction

Many depsipeptides of natural origin display high biological activities. [1] However, only a few
of these compounds have entered clinical trials because of problems associated with
bioavailability as well as low stability in plasma favored by the presence of the ester bonds.
Another key feature of natural peptides and depsipeptides is the presence of N-methylated
residues in their sequence. Cyclosporin, for example, bears six N-methyl amino acids. [2] Since
the presence of N-methyl groups confers resistance to proteolytic cleavage, [3] the introduction
of these groups has been widely used to prevent enzymatic degradation. Nevertheless, to date,
N-methylation has been limited mostly to the backbone but has not been extensively studied as
the replacement of the ester bond into a depsipeptide [4].

Here we describe the application of this strategy to two distinct depsipeptides of
marine origin: (i) thiocoraline, [5] a bicyclic thiodepsipeptide which acts as bisintercalator to
DNA; and (ii) kahalahide F, [6] which is now in preclinical stage.

Results and Discussion

Following previous experience in solid-phase synthesis of some thiocoraline analogues and
natural product kahalalide F, NMe-azathiocoraline and NMe-kahalalide F (Figure 1) were built
on 2-chlorotrityl (CTC) resin. NMe amino acids were synthesized in solution using protocols
previously optimized. In the case of NMe-azathiocoraline, N-methylation of the side-chain of
Dap was carried out on solid-phase under Mitsunobu conditions of the o-nosyl(o-NBS)-

protected amine. The synthesis followed a [4+4]

& Ho fragment coupling strategy (Scheme 1, A). Fmoc-

e o] X . A
oo i N J R Gly-OH was loaded as a first amino acid, followed
Yﬁ‘)k( TN Y N by Fmoc removal and coupling of Boc-D-
MeN. %\CS) \Nhﬂoe Dap(Fmoc)-OH. After performing the
N R H,L N-methylation, the tetrapeptide was obtained in
Y NY Y o i © good purity. Coupling between consecutive NMe
OH ! $ amino acids was accomplished by using
HATU/HOAt/DIEA in DMF. At this point the
0 N N o resin was split in two portions: in 1/3 of the resin,
N%TN-‘\WH\)LN/WH Nj\(o the Alloc group was removed whereas protected
ooni W o o F H oj,)LH i peptide from the remaining 2/3 of the resin was
\INH HNJ/ Nge o < cleaved, lyophilized, and coupled to the
o AN ’ HN_O O N unprotected tetrapeptidyl resin using PyAOP and
B 2 (VLHKQ DIEA. After obtaining the disulfide bridge with I,

in DMF, the peptide was cleaved, and cyclized in
Fig. 1. Structures of 1 NMe-azathiocoraline solution by wusing PyBOP, HOAt, DIEA, in
and 2 NMe-kahalalide F CH,Cl,-DMF. Finally, the Boc groups were
removed using TFA-CH,Cl, (1:1), and the
3-hydroxyquinaldic units introduced with the aid of EDC-HCI and HOSu, and purified by
reversed-phase HPLC.
For NMe-Kahalalide F, solid-phase synthesis started by anchoring Fmoc-D-Val-OH on
CTC resin (Scheme 1, B). Elongation of the linear chain was performed by using DIPCDI,
HOAt in DMF, including the coupling of (2R,3R)-2-amino-3-azidobutanoic acid. Afterwards,
reduction of the azide group was carried out with a freshly prepared solution of 0.2 M SnCl,, 0.8
M PhSH and 1.0 M DIEA in THF.
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A d, e, f a,b,c
) Boo-D-Dap-GIy-OO - Boc—D—Dap—GIy—OO - CI40
CTC resin
Hl\‘l lb, g,b HoN
AIIoc-NMe-Cys(Acm)-NMe-Cys(Me)—(Boc)-D-Dap(Me)-GIy-Ofo
9 h
li
g,j,h k I,m . .
AIIoc-[NMe-Cys(Aom)-NMe-Cys(Me)-(Boc)—D-Dap(Me)-GIy]Z-Ofo ——————— NMe-Azathiocoraline
B)
(0]
MeHex-D-Val-Thr-Val-D-Val-D-Pro-Orn-D-alle-NH b, ), d
D-alle-D-Val-0—Q) Lohnd pbvaro-Q ~2— c—Q
ln, efg CTC resin
N3
o
MeHex-D-Val-Thr-Val-D-Val-D-Pro-Orn-D-alle-NH
fk D-alle-D-Val-0—Q
l b,c, h NH
I
o
MeHex-D-Val-Thr-Val-D-Val-D-Pro-Orn-D-alle-NH i
D-alle-D-Val-OH NMe-Kahalalide F
l\‘l—VaI-(Z)-Dhb-Phe-H

Scheme. 1. Solid-phase synthesis of (A) NMe-azathiocoraline and (B) NMe-kahalalide F: (a) Fmoc-AA-
OH, DIEA, DCM; (b) PG;-AA(PGy)-OH, HATU, HOAt, DIEA, DMF'; (c) piperidine—DMF (1:4), (d) o-
NBS-CI, DIEA, DCM; (e) PPh;, MeOH, DIAD, THF, (f) OH-CH,-CH,-SH, DBU, DMF, (g) Pd(PPh;),,
PhSiH; DCM; (h) TFA-DCM (1:99); (i) PyAOP, DIEA, DMF; (j) I,, DMF; (k) PyBOP, HOAt, DIEA,
DMF-DCM (1:1); (1) TFA-H,0 (1:1); (m) 3-hydroxyquinaldic acid, EDC-HCI/HOSu/DIEA, DCM; (n)
SnCl,, PhSH, DIEA, THF, (o) DIPCDI, HOBt, DIEA, DCM; (p) TFA-DCM (19:1).

After 4 treatments (4 x 1 h), 66% of the amine was obtained. N-Methylation following
Mitsunobu conditions proceeded well and after coupling of the two remaining amino acids
using Alloc chemistry, cleavage, and cyclization, a crude NMe-kahalalide F of 35% purity was
obtained, which was purified by semi-preparative HPLC.

Stability assays in human serum for a period of 120 h showed more resistance to
degradation, with a half-life of 23.1 h for NMe-azathiocoraline compared to 14.4 h for
thiocoraline. [7]
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Introduction

Parathyroid hormone-related protein (PTHrP) is a 141-residue long protein (Figure 1) that plays
a critical role in bone and tissue development. The intact protein can be obtained by
recombinant methods, but shorter-length synthetic fragments, such as PTHrP(1-36), are used in
most studies. Knowledge on the structural and functional properties of intact PTHrP is thus
limited. No attempt at chemical synthesis of full-length PTHrP has so far been reported. We
thus sought to produce full-length PTHrP(1-141) by chemical synthesis methods.

'AVSEHQLLHDKGKSIQDLRRRFFLHHLIAEIHTAEIRATSEVSPNSKPSPNTKN
HPVRFGSDDEGRYLTQETNKVETYKEQPLKTPGKKKKGKPGKRKEQEKKKR
RTRSAWLDSGVTGSGLEGDHLSDTSTTSLELDSRRH '*!

Fig. 1. Sequence of full length PTHrP.

Results and Discussion

To produce full length PTHrP(1-141), we used an Applied Biosystems Model 431A automated
peptide synthesizer. We started assembly of the peptide chain using 370mg (74 micromoles) of
a preloaded Fmoc-His(Trt)-NovaSyn-TGT resin. Residues 140 through 61 were sequentially
coupled at the 0.25mmol scale (HBTU/HOBt/DIEA activation) [1]. The synthesis was
continued with ten micromoles of this peptide resin using 0.1 mmole-scale cycles and
HOBU/DIC activation. A one-hundred-fold molar excess of Fmoc amino acid and activator was
employed at each coupling cycle. During synthesis, the peptide resin was selectively capped
with HOBt/DIC-activated acetic acid after the coupling cycles of G60, R37, S14 and Al. The
final Fmoc group on Al was left intact until the final purification step. The completed peptide,
with the A1 Fmoc group intact, was cleaved from the resin by treatment for 4 hours at room
temperature with Reagent K [2]; the crude protein was then precipitated in cold MTBE, and the
precipitate was washed twice with MTBE, dissolved in 20% CH3;CN/0.1%TFA.dH,0, and
freeze-dried.

Sixteen mg of the crude Fmoc-PTHrP(1-141)-OH was dissolved in 20%
CH;CN/0.1%TFA.dH,0 and purified by reversed-phase HPLC using a 250 x 20 mm column
(Higgins Targa C18 Semi-Preparative) and a 2-72% gradient of Buffer B (0.1%TFA in CH;CN)
in Buffer A (0.1% TFA in dH,0) run over 35 minutes at a flow rate of 15 ml/min. Eluted
fractions containing peptide were collected, freeze-dried, and assessed for Fmoc-PTHrP(1-141)-
OH content by mass-spec analysis. The yield of the Fmoc-containing product was 1.7mg. The
Fmoc group was then removed by treating the product with 25% piperidine in DCM for 30
minutes and then precipitating the peptide in cold MTBE. The dried protein was then
reconsituted and purified by a second RP-HPLC step.

Matrix-assisted Laser Desorption lonization Time of Flight mass spectrometry
(MALDI-TOF/MS) analysis of the final product confirmed the mass expected for full-length
PTHrP(1-141) (~16kD). Tryptic digest peptide mass finger print analysis, performed in tandem
with recombinant PTHrP(1-141), further confirmed identity.

Of note, in HPLC-processing of the crude peptide, intact Fmoc-PTHrP(1-141) eluted
considerably later than the internally deleted or truncated failed peptides; the product could thus
be obtained at near homogeneity by a single HPLC step. Isolation of this later-eluting peak
followed by removal of the Fmoc group and a second HPLC step resulted in the final product at
approximately 95% purity. The final yield was 220 micrograms.
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The chemically synthesized PTHrP was tested for activity in cells or cell membranes expressing
the PTH/PTHrP receptor. Comli)etition binding studies performed in COS-7 cell membranes
expressing the rat PTHR using 'I-PTH(1-15) analog as tracer radioligand revaled an affinity
comparable to that of PTH(1-34) and PTHrP(1-36) (Figure 2, left). The synthetic PTHrP(1-141)
was also comparably potent to PTH(1-34) for stimulating cAMP production in mouse
preosteoblastic MC3T3-E1 cells (Figure 2 right).

Fig. 2. Functional properties of synthetic PTHrP(1-141).
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An 11Kd protein has been synthesized using a similar strategy; however this work involved
utilizing a specialized removable lipophilic probe at the N-terminus [3]. By using the N-terminal
Fmoc group alone for aiding the purification process, we were successful in the synthesis of a
longer, 16Kd protein by a simpler process.

This work shows that peptides longer in length than previously appreciated can be
approached via the automated synthesis route, and opens new avenues of investigation into
PTHTrP biology.
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Introduction

Cell-penetrating peptides (CPPs) are known to internalize exogenous macromolecules and have
received much attention for their pharmaceutical potential. The most commonly studied natural
and synthetic CPPs include Penetratin, Tat, and (Arg),; these CPPs are between 9-30 amino acid
residues, feature multiple positive charges, and can efficiently internalize cargo without cell-
type specificity or chiral receptors [1]. Although their secondary structure and amphipathicity
varies, it is thought that the presence of multiple positively-charged residues is critical to
achieve uptake into the cell [1]. In addition to the presence of positive charges, past research
shows that myristoylation of peptides increases their uptake into cells [2]. Our research suggests
that pseudopeptides much simpler than the commonly studied CPPs can also efficiently
internalize cargo, so long as the critical cationic and lipophilic features are conserved [3]. The
solution-phase synthesis of a novel, minimalist CPP which encapsulates these core features is
presented here (Figure 1).

Results and Discussion

The central feature of our minimalist CPP is the pseudo-amino acid bis-ornithine [4], which is
formed from a double Michael addition on the a-carbon of glycine methyl ester, 1. In order for
both additions to occur, the a-carbon protons must be sufficiently acidic. This is achieved by the
formation of a Schiff base at the amino terminus from para-chlorobenzaldehyde, 2. This imine
allows for the efficient double-addition of acrylonitrile, 3; the nitrile of acrylonitrile acts a
protecting group yet can be conveniently converted to a number of nitrogen-based functional
groups. Removal of the Schiff base in aqueous acid yields the methyl ester of bis-ornithine, 4.
When in its reduced form, the bis-ornithine will allow for two positive charges on a single
amino acid residue, and its achirality simplifies the synthesis of the minimalist CPP.
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) i N Koy
95% ( 80% 0 Q (-l
- N NN
3 N 6
0 H O H E,)
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Fig. 1. Synthesis of the minimalist CPP. i. p-chlorobenzaldehyde, Et;N, MgSO, DCM; ii. acrylonitrile,
K>,CO;, MeOH; iii. 1 N HCI, THF, 0° C; iv. myristoyl chloride, DIEA, DCM, 0° C; v. 2 M NaOH, 1:3
THF/EtOH; vi.l, HBTU, DIEA, DMF, vii. 1. 2 M NaOH, 1:3 THF/EtOH, 2. 5 atm H,, PtO, MeOH, viii.
Boc,O, 1:1 H,O/dioxane, pH 8-9; ix. p-methoxybenzyl-protected cysteamine, HCTU, DIEA, DMF; x. 1.
trifluoroacetic acid, DCM, 2. 1-H-pyrazole-1-carboxamidine HCI, DIEA, DMF’; xi. HF’; xii. cargo-SH.
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A lipid chain is added via N-acylation with myristoyl acid chloride, 5. This myristoyl chain
should increase the minimalist CPP’s ability to cross the cell membrane [2,4]. Hydrolysis of the
bis-ornithine from ester to acid, 6, in aqueous base allows for subsequent coupling reactions at
the carboxy-terminus. Next, a glycine spacer is introduced using HBTU as a carboxyl activating
agent, 7. The glycine spacer serves two purposes. First, it increases the distance between the
sterically-hindered a-carbon of the bis-ornithine, thus improving yields in subsequent reactions.
Second, it prevents intramolecular lactam formation upon reduction of the nitriles. Following
the hydrolysis of the terminal glycine from ester to acid, the nitriles are reduced to amines using
5 atmospheres of hydrogen gas and a platinum oxide catalyst, 8. The free amines are
immediately protected with fert-butoxycarbonyl (Boc) groups to minimize unwanted side
reactions in the next steps, 9. Next, a para-methoxybenzyl (PMB) protected cysteamine is
coupled to the terminal glycine using HCTU as a carboxyl activating group, 10. This thioether
was introduced so that the cargo could later be linked to the CPP via disulfide bond, a common
method of linking the cargo to the carrier [1]. Next, the Boc protecting groups are cleaved in
aqueous acid and the resulting amines are guanylated, affording their final cationic character
essential for uptake into the cell, 11. Finally, the PMB protecting group is removed using HF,
12, the cargo is linked to the carrier via a disulfide bond, 13, and the CPP-cargo complex is
purified by HPLC.

We have presented the efficient synthesis of a novel, minimalist CPP which will serve
as a simplified model for CPP activity. Future studies will quantify CPP-cargo uptake into
Chinese hamster ovary (CHO) cells using matrix-assisted laser desorption/ionization time-of-
flight (MALDI-TOF) mass spectrometry [5], and measure the thermodynamic properties of
interactions between the minimalist CPP and artificial membranes using Plasmon Waveguide
Resonance (PWR) spectrometry and microcalorimetry [6].
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Introduction

There are many naturally occurring monodehydro-2,5-diketopiperazines (monodehydroDKPs)
possessing biological activity such as phenylahistin (PLH) with microtubule depolymerization
activity, which is a lead compound of plinabulin (NPI-2358) under Phase II clinical trials as a
vascular disrupting agent (VDA) [1]. Additionally, monodehydroDKPs are useful building
blocks and templates for combinatorial chemistry. However, racemization at the a-position of
the amino acid moiety is often observed during cyclization of the corresponding dipeptide unit,
or introduction of the dehydromoiety in the synthesis of monodehydroDKPs [2]. In order to
develop a new method that reduces such unfavorable racemization and to provide a new
efficient synthetic route of monodehydroDKPs, in our previous study, we focused our work on
Gladiali et al.’s report [3] that the reaction of a-ketoester and Boc-NH, in the presence of a
catalytic amount of p-TsOH resulted in the formation of dehydroamino acid, and successfully
applied this method to N-a-ketoacyl-Phe-NH, to synthesize monodehydroDKPs in a reasonable
yield with no racemization [4]. In the present study, we have also expanded this method to other
amino acid residues such as Leu and Ser(Bzl) in case that B-aliphatic-a-keto acid derivatives
were used. Additionally, the effect of acids was examined on this reaction and the reaction
condition was optimized. Then, we successfully synthesized a derivative of natural microtubule
depolymerization agent PLH, (-)-fBu-oxa-PLH, by using this reaction as a key step.

o
R
NH N7 NH NH N o cat. H* R3ﬁ)LN'R4
M o )\W h N
o

phenylahistin plinabulin (NPI-2358) 2

Scheme 1 (4) Structures of phenylahistin and plinabulin (NPI-2358), (B) New synthetic strategy of
monodehydroDKP

Results and Discussion

In order to expand this method to other amino acid residues such as Leu and Ser(Bzl) in place of
Phe residue, corresponding o-ketoacyl amino acid allylamides were refluxed in toluene in the
presence of 5 mol % p-TsOH. As a result, similar chemical yield to the L-Phe derivative (92%,
>99% ee) was obtained in the case of L-Leu derivative (96%, >99% ee). In the case of L-
Ser(Bzl) derivative, it needed longer reaction time and showed moderate chemical yield (69%,
>99% ee) probably due to some steric effect. No racemization was observed in both cases.

Then, to understand the effect of acids, which were required in the cyclization reaction, a
model substrate pyruvoyl-Phe-NH-allyl was refluxed in the presence of a variety of acids. The
reaction did not proceed with a catalytic amount (3 mol%) of TFA (pKa = -0.25) or MSA (pKa
= -2.6). However, in the catalytic use of stronger acids p-TsOH (pKa = -6.57) and TFMSA (pKa
= -14), a corresponding monodehydroDKP was produced with no racemization. Especially, the
use of p-TsOH resulted in the highest chemical yield (92%) of the desired product.
Alternatively, the effect of the large amount of TFA or AcOH as a weaker acid was evaluated.
1% TFA solution (corresponding to 50 mol%) in toluene, promoted the production of
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Scheme 2 Synthesis of a phenylahistin derivertive (8) via acid-catalyzed monodehydroDKP synthesis.
Reagents and conditions; (a) i) NaH, TsN;, rt, 2 h, ii) Boc-NH,, cat. Rhy(OAc),, toluene, reflux, 1 h, 51%
in 2 steps; (b) 5-tert-butyl-4-oxazolecarboxaldehyde, Cs,CO; DMF, rt, 14 h, 47%; (c) 4M HCl/dioxane,
rt, 1 h, 76%, (d) HCl*H-Phe-NH,, EDC*HCI, HOBt*H,0, Et;N, DMF, rt, 14h, 43%; (e) 5 mol% p-TsOH,
toluene, reflux, 6 h, 20%.

corresponding monodehydroDKP in 26% yield and a higher chemical yield of 62% was
obtained in 10% TFA. AcOH (10%, pKa = 4.76) was not effective in this cyclization reaction.
As a result, the catalytic use of p-TsOH with a pKa value of -6.57 was superior for this
cyclization reaction. Additionally, we found that 5 mol% p-TsOH and 6 h reflux was the best
reaction condition on this p-TsOH catalyzed cyclization reaction from the examinations using
N-phenylpyruvoyl Phe-NH,.

We applied this optimized reaction condition to the synthesis of (—)-tert-butyl-oxa-
phenylahistin 8, which is a derivative of natural anti-microtubule agent phenylahistin. The key
amino acid intermediate 7 was synthesized from fert-butyl-P,P-dimethylphosphonoacetate 3 in
five steps as shown in Scheme 2. Then, the acid catalyzed intramolecular cyclization reaction in
the presence of 5 mol% p-TsOH for 6 h was performed to give desired compound 8 with no
racemization (>99% ee), although the chemical yield of the final step was low (20%). Observed
low reactivity in B-aryl-o-keto acid derivative was surely caused by keto-enol tautomerism at
the a-keto acid moiety with B-aromatic ring, i.e., an unfavorable enol form for the cyclization
was stabilized by conjugation with the aromatic ring. Reaction conditions that are able to
accelerate the keto formation might be effective to solve this problem, which should be
considered in the future study. However, it is certain that this method is beneficial for the
synthesis of monodehydroDKPs from B-aliphatic-a-ketoacyl amino acid derivatives, likely to
be applied to combinatorial synthesis of monodehydroDKP derivatives in the future [5].
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Introduction

Incorporation within the peptide sequence of an aza-amino acid, in which the alpha-carbon is
substituted for a nitrogen atom, has been shown to induce a B-turn conformation as a direct
consequence of lone pair — lone pair repulsion [1]. Particularly, aza-proline has been shown to
enhance cis-amide conformation, thereby favoring type VI B-turns [2] (Figure 1). Whereby
native GHRP-6 shows affinity for both the CD36 and GHS-Rla receptors, [3] AzaPro-
containing GHRP-6 azapeptide analogs were anticipated to introduce conformational rigidity
that could allow for preferential binding towards the CD36 receptor, and constituted promising
targets for the treatment of angiogenesis related diseases.
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Fig. 1. Representative peptide, aza-peptide and azaPro peptide with type VI [-turn.

Results and Discussion

Peculiarities of the azaPro moiety give rise to conformational preferences biasing -VI folding
of Xaa-AzaPro sequences, as observed by X-ray crystallography [2]. Previously synthesized
biologically active peptide analogs possessing AzaPro include thyrotropin-releasing hormone
analogs [4], and FKBP12 ligands [5] which were synthesized via tert-butyl pyrazolidine-1-
carboxylate and di-fert-butylpyrazolidine-1,2-dicarboxylate intermediates, respectively. In the
context of our research, an Fmoc approach was developed to introduce aza-proline into analogs
of GHRP-6 (His-D-Trp-Ala-Trp-D-Phe-Lys-NH,), a ligand with dual receptor affinity, in order
to modulate turn geometry and introduce selectivity for the CD36 receptors as opposed to the
GHS-R1a receptors.

Synthesis of aza-proline containing peptides was previously achieved via fert-butyl
pyrazolidine-1-carboxylate intermediate, which can be used to couple with an amino-ester
derived isocyanate to form N-Boc-aza'-depipetides in solution [6]. In contrast, Fmoc protected
aza-amino acid chlorides intermediates were shown to be effective for incorporation of aza-
amino acids onto growing peptides on rink amide resin [7]. Extending this methodology for the
synthesis and incorporation of aza-proline, we prepared Fmoc carbazate building block 2 by
acylation of tert-butyl pyrazolidine-1-carboxylate [4] with Fmoc succinamide, followed by Boc
group removal using a 1:1 TFA:DCM mixture. Phosgene activation of 2 allowed incorporation
of Fmoc protected aza-amino acid chloride intermediate 3 onto resin-bound peptide. Coupling
of the next amino acid was achieved using BTC as the acylating agent. Further peptide chain
elongation, cleavage and purification were conducted according to general solid-phase peptide
synthesis protocols [8] (Figure 2).
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Fig. 2. Representative synthesis of GHRP-6 aza-proline containing aza-peptide analogues.

Systematic incorporation of azaé)roline within the D-Trp*-Ala’-Trp*-D-Phe’ region GHRP-6
sec(]iuence afforded four [aza-Pro]GHRP-6 analogs, which were prepared in parallel using a split-
and-mix approach with IRORI kans. Briefly, macrokans undergoing identical reactions were
combined in a single reaction vessel, into which reagents passed through the walls of the
macrokans. Following reaction completion, kans were separated and pooled accordingly for the
next reaction. A radiofrequency (Rf) tag associated to a unique ID number al%owed for
identification of each IRORI kan. The ICsy binding values of the aza-peptides for affinity to
both the GHS-R1a and CD36 receptors will be presented in the near future.
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Introduction

Aza-peptides incorporate an aza-amino acid residue (in which N replaces the alpha-CH) into the
peptide backbone. They have improved peptide pharmacokinetic properties and enhanced
substrate activity and specificity towards receptor targets [1], likely because of lone pair
interactions of the hydrazine nitrogen causing a pre-organized backbone secondary structure
related to B-turn types [2]. Aza-peptides are useful probes for exploring the influences of
peptide backbone configuration and conformation on the biological activity of the native
peptide.

Results and Discussion

Solid-phase aza-peptide synthesis has typically necessitated synthesis of a hydrazine building-
block in solution prior to incorporation on solid-phase [3]. By building the aza-residue directly
on the supported peptide during solid-phase synthesis, our submonomer approach circumvents
tedious hydrazine synthesis in solution and paves the way for broader diversity to be added at
the aza-residue side-chain [4]. To a standard Fmoc protection strategy for SPPS, we’ve
incorporated a 3-step procedure for the construction of the aza-residue directly on resin: (a)
acylation of peptide-bound resin with a benzylidene carbazate, (b) regioselective semicarbazone
alkylation and (c) chemoselective semicarbazone deprotection. Completion of SPPS is
performed as usual to provide aza-peptide (Scheme 1). [aza-Phe*]-GHRP-6 (7) related to the
growth hormone releasing peptide GHRP-6 (His-D-Trp-Ala-Trp-D-Phe-Lys-NH,, 8) was
synthesized by selective aza-residue incorporation at the Trp* position of the sequence in good
yield (25%) and high purity (99%) as confirmed by LCMS analyses.

The conformations of aza-peptide 7 and the native GHRP-6 sequence 8 were studied using
circular dichroism (CD) spectroscopy in three solvents (water, 2,2,2-trifluoroethanol (TFE) and
methanol, Figure 1). In water, aza-peptide 7 exhibited a CD curve indicative of an ordered S-
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Scheme 1. Submonomer synthesis of [aza-Phe’]-GHRP-6 (7).
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turn conformer with characteristic negative maximum values at around 190 and 230 nm and a
positive maximum band near 215 nm; whereas, the parent peptide displayed a random coil
structure with characteristic negative maximum band observed at 190 nm [5]. The solvent
effected the conformations of 7 and 8 which both gave curves indicating ordered structure in
TFE, and disorder in MeOH. In TFE, the parent peptide 8 and aza-peptide 7 possessed
comparable traces with negative maximum values at around 230 nm and 205 nm and a
maximum band near 210 nm. Methanol destabilized the ordered peptide conformation,
rendering both 7 and 8 with curves absent of strong intensity nor characteristic bands in the
spectra.

Although GHRP-6 8 and aza-Phe* counter-part 7 exhibited conformational liberty
contingent on solvent system, both showed potential to adopt conformations that exhibited
characteristic CDs for turn geometry in TFE. Moreover, aza-peptide 7 favored an organized turn
conformation in water as well as TFE.
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Fig. 1. Circular dichroism spectra of: A. [aza-Phe*]-GHRP-6 (7) and B. GHRP-6 (His-D-Trp-Ala-Trp-D-
Phe-Lys-NH,, 8); in water (squared line), TFE (line) and MeOH (crossed line).
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Introduction

C-3 Acyl-tetramic acids are key structural motifs in many natural products (Figure 1). They
exhibit a wide range of biological activities including antibiotic, antiviral, antifungal, cytotoxic
and enzyme inhibitory activities. Thus, the synthesis of such compounds represents a
worthwhile and challenging goal for the organic chemist.

We have recently presented an improved method based on

40 previous works [1] for the microwave assisted acylation of tetramic

Rs y acid derivatives in solution which allowed the access to a variety of
1 N—§2 acyl-tetramic derivatives [2]. As an effort for improving the versatility

o} of this method, we have designed and synthesized a novel acyl-tetramic

Fig. 1. Acyl-tetramate ~ building block as “privileged scaffold” that can be easily reacted with
privileged structure. many aliphatic compounds in solution or introduced into peptides in

solid phase using classical coupling methods. Synthetic results

demonstrate that introduction of acyl-tetramic acid building block into
peptides and other small molecules is an attractive approach for discovering novel anticancer
and antibacterial candidates. Products are currently being screened in a panel of bioassays
including a series of bacteria and cancer cell lines, additionally some of them were submitted to
high content screening revealing interesting morphological changes in cells treated with some of
the products.

Results and Discussion

Diglycolic anhydride was reacted in solution with various tetramic acid derivatives adding
DMAP and TEA (one equivalent of each) in DMF. The reaction was performed under
microwave irradiation (Biotage). Reaction times varied depending on the starting tetramic acid:
5 min for Val and Leu scaffold, and 10 min for Phe scaffold, at 80°C (Figure 2). Yields were
about 25 %. This strategy opens the gate to acyl-tetramate building blocks that can be directly
coupled to peptides as any classical amino acid. In order to demonstrate the versatility of the
new building blocks, they were coupled to a series of aliphatic amines such as hexylamine,
tetradecylamine and 1, 6-hexamethylenediamine, activated by BOP and TEA in acetonitrile
solution at room temperature (Figure 3).
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Fig. 3. Coupling of acyl-tetramates building

Fig. 2. Acylation of tetramic acid using blocks fo alinhati '
ocks to aliphatic amines.

diglycolic anhydride.

Finally, the scaffolds were coupled to boo o
model peptide RRKK (an antiviral tetramer N Pbf  bac
peptide) using solid phase peptide synthesis R“‘K'T/("/\O/\(OH + F‘**R**f"@
(SPPS). Each coupling reaction was conducted o o o ‘be boe

according to known SPPS procedures at room 1- BOP, TEA in DMF
2-TFA, HPLC

temperature, and lasted 1.5 h. Cleaved peptides N 0
were purified by HPLC and characterized by % R R KK
HRMS and some of them by NMR (Figure 4). R o ’

Derivative ~ TMM-1062"  showed  anti- _~ ©° © = © o
proliferative activity against L929 mouse Fig. 4. Coupling of acyl-tetramate building blocks to

fibroblasts (IC50: 21 pg/ml). RRKK using SPPS.

R=CH(CH,),; CH,CH(CH,),; Benzyl
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Compound TMM-1116 showed toxicity in U-937 leukemia cells (IC50: 10 pg/ml).

o]
N o
. H ¥ .
ﬁ o/}r SN OWN\/\/\/\/\/W
o] o] (0] j o O o
TMM-1062 TMM-1116

Both compounds were submitted to phenotypic screening as follows: PtK2 potoroo
kidney cells (Potorous tridactylis) were incubated at a concentration of 40 ng/ml overnight. At
the end of incubation cells were fixed and stained for endoplasmic reticulum by immunostaining
of GRP-94, a marker protein of the ER, and for the nuclei by DAPI. Figure 5 (left panel) shows
control cells stained green (ER) and blue (nuclei). Cells treated with TMM-1116 are shown in
the right panel. We see cells with more than one nucleus, and in the middle one giant
multinuclear cell with four nuclei. In some of the cells we observe that the nuclei have the
tendency to decay into pieces (e.g., cell at the top of the right panel, see arrow). The reason for
these phenotypical changes might be an interference with cell division. We did not observe
these effects with TMM-1062.

Fig. 5. Potoroo kidney cells were incubated with TMM-1116 and stained for nuclei (blue in electronic,
grey in printed) and Endoplasmic Reticulum (green in electronic, around nuclei). Clear morphological
changes are observed when the treated cells in the right panel are compared to control cells of the left
panel. Arrow indicates nuclei decay into pieces.

Conclusions

We have developed a versatile method for the acylation of tetramic acid derivatives, a
privileged scaffold has been synthesized using microwave energy and was introduced into a
variety of compounds. The method is suitable for synthesizing lipid, amino acid and peptide
derivatives both in solution and on solid phase. Product TMM-1116 displayed interesting
toxicity in leukemia cell line and induced phenotypic changes that might indicate cytokinesis
impairment, maybe by action of the compound on actin polymerization. Positional libraries
using the new building blocks are currently being synthesized and their biological results will be
discussed soon.
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Introduction

Heart-type fatty acid-binding protein (H-FABP) is a cytoplasmic protein with a molecular
weight of 14-15KDa [1]. It was initially identified in heart tissue and subsequently shown to be
present in several other tissues such as skeletal muscle, kidney and brain [2]. Because H-FABP
levels are highly elevated in blood and urine during the hyperacute phase of acute myocardial
infarction (AMI), it can be used as a good biological marker for detection of AMI [3]. Up-to-
date, there are several monoclonal antibodies prepared for the determination of H-FABP level in
the diagnosis of AMI. Although these antibodies have high specificity to the serum H-FABP,
they are not easy to prepare and relatively expensive. To overcome these defects, we have
developed a ligand peptide probe of H-FABP using 12-mer phage display peptide libraries. The
small peptide probe we synthesized is specific to H-FABP and the process of synthesizing this
peptide is much less time consuming and less costly. This peptide probe could be applicable to
the purpose of diagnosis of AMI in the emergency room.

Results and Discussion

Panning the ligand peptide of H-FABP was carried out by incubating the phage-displayed
peptide library which carries random 12-mer peptides with a plate coated with H-FABP. After
washing off the non-specific binding peptide-containing phage, the phage that carry peptides
which specifically bind to H-FABP were eluted. This pool of phage were then amplified and
subjected to the second and third round of panning. Three rounds of panning were conducted.
The amino acid sequences of the peptide displayed on selected phage were determined by DNA
sequencing which displayed a related pattern. The selected 12-mer peptide sequences are shown
in Table 1. From this table, we can see some similarity in individual sequences. Some conserved
motifs such as W~P and H-H-R are found also. We selected one sequence of W-P-N-H-H-M-L-
H-K-R-W-P as target sequence to synthesize.

Table 1. The comparison of peptide sequences of selected phage clones

Clones Sequences Conserved sequences
1 N-Y-S-A-H-L-Y-N-H-L-R H~H; N-H~R
1 H-W-K-H-N-R-H-D-P-S-P-P H-W~H~S; N-R~H;W~P
1 A-R-L-H-D-H-H-W-H-P-R-M H~H~R; W-H-P
1 K-H-M-H-W-H-P-P-A-L-N-T H~W-H; W-H-P
1 W-P-N-H-H-M-L-H-K-R-W-P W-P; N-H~H~R
1 V-P-H-N-F-H-W-H-P-R-H-Y W-H-P; H~H~R
1 H-K-M-H-S-H-P-R-L-T-S-P H~H~R; H~S
1 E-E-W-R-C-R-Q-E-I-H-R-L R~H-R
1 K-L-W-H-C-P-P-Y-H-A-M-R W-H~P; H~R
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This sequence was synthesized by the solid-phase method using FMOC chemistry. Briefly, each
amino acid in DMF (dimethylformamide) was activated in situ with PyBOP (benzotriazole-I-yl-
oxy-tris-pyrrolidinophosphonium) and NMM (N-methylmorpholine) using Rink Resin.
Dicarboxylate pyrene (Mw 290, Excitation wavelength: 310nm, Emission wavelength: 400 nm)
as a fluorescent marker was coupled to the target peptide at N-terminus by the same method.
The target peptide probe marked with dicarboxylate pyrene was cleaved from resin. It was
purified by reverse phase HPLC on a C;g column at with detection at 400nm (Figure 1A). As
determined by mass spectrometry (Figure 1B), its molecular mass was 1908 as was expected.

In this work, fifty serum samples of AMI patients were collected to 96-well plates and
coated by overnight incubation at 4°C, while forty-five serum samples of healthy volunteers
were used as negative control. The wells were blocked with 1% bovine serum albumin in 50mM
PBS for two hours at room temperature and washed six times with 0.1%Tween-20 in PBS
buffer. The synthesized peptide probe in PBS with 20pug/ml was added to each well and
incubated for two hours at room temperature. After washed off excess peptide probe, the
fluorescence intensity was measured at 400nm. The
result is shown in Figure 2.

In this study, the ligand peptides binding to
H-FABP were selected in 12-mer phage display
peptide libraries. After sequence determination and
comparison, the target peptide sequence was defined.
The target peptide coupled with dicarboxylate
pyrene was then synthesized to be used as the
biological probe. It was purified and identified by
reverse phase HPLC (high pressure liquid
chromatography) and mass spectrometry. The
peptide probe was used to analyze the serum samples
of AMI patients. The peptide probe we prepared has
Control aMisaples . some advantages such as easy preparation,
Fig. 2. Conjunction Activity of the Probe convenient testing and high sensitivity. The result

to Serum Samples by ELISA. Mean +S.D.; ~ SUZEeSts that the target peptide probe we have
n=50. p**¥<0.001 indicates significantly synthesized has potential in clinical application for

different from control. diagnosis of AMI.
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Introduction

G protein-coupled receptors (GPCRs) are a class of proteins, involved in cellular signaling
cascades, which are composed of seven transmembrane (TM) domains connected by intra- and
extracellular loops (IL and EL, respectively). Structural information regarding these proteins is
extremely valuable, but characterization of these proteins is difficult due to their
hydrophobicity, flexibility and large size. Smaller fragments of GPCRs are useful for studying
membrane protein folding and NMR structural analysis.

Our group has been focusing on NMR analysis of fragments of the yeast o-factor
receptor, Ste2p. We have recently published an NMR structure for a fragment containing the
first two TMs of the receptor in LPPG micelles and have also conducted biophysical analysis of
this 80-residue peptide in TFE/water mixtures [1,2]. Here, we report the cloning, expression and
purification of two larger fragments of Ste2p for biophysical investigations. A 3TM fragment
containing 130 residues of Ste2p, G31-R161, including 19 residues from the N-terminal
domain, the first TM through the third TM with connecting loops and five residues of the
second IL was cloned downstream of the TrpALE fusion protein. Similarly, a 5STM fragment
containing 212 residues of Ste2p, 1128-L340, including 13 residues of the first EL, the third TM
through the seventh TM with connecting loops, and 40 residues of the C-terminal domain was
cloned into the same plasmid. The 3TM fragment was chosen because it may prove to be more
stable than the TM1-TM2 fragment. An unsatisfied Arg residue in the TM1-TM2 fragment may
form a salt bridge with a Glu residue in the TM1-TM3 fragment. The 5STM fragment was chosen
because we wish to mix the TM1-TM2 fragment with the unlabeled 5STM fragment and perform
NMR experiments on the reconstituted receptor. Expression for both constructs was optimized
in E. coli and CNBr and thrombin cleavages and purification of the target peptides from the
fusion tag were attempted. The 3TM peptide has been isolated, characterized by MS and
biophysical analysis has begun. The 5STM fusion protein has proven to be more challenging and
attempts at purification are in progress.

Results and Discussion

The DNA sequences corresponding to Ste2p TM1-TM3 (G31-R161) and TM3-TM7 (1128-
L340) were cloned into a TrpALE vector with an N-terminal His-Tag by PCR amplification,
restriction enzyme digestion and ligation. The resulting plasmids were named pKCOl and
pSTOI respectively. The plasmids were transformed into the BL21-Al E.coli expression vector
and express1on of the TrpALE fusion proteins was optimized in both rich and minimal media.

The °N labeled TM1-TM3 fusion protein was expressed in both rich and M9 minimal
media containing ""NH,Cl, and the fusion protein was isolated in inclusion bodies. The
inclusion bodies were solubilized in 70% TFA and CNBr cleavage was performed in order to
release the TM1-TM3 peptide. The resulting cleaved peptide was purified by RP-HPLC on a
Zorbax 300SB-C3 Prep HT column using a 50-90% acetonitrile gradient with 20% isopropanol
at 60°C. The yield of purified "°N labeled TM1-TM3 was 15- 20mg/L. The unlabeled TMI1-TM3
gave the expected mass as judged using electron spray 10n1zat10n 