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Preface

“Have you tried peptides? Small proteins, the best in the land!
Won't you try peptides? Keep all your body processes in hand!
For labor and lactation oxytocin you must buy!

Enkephalin always gives a good runner’s high!

So won’t you try peptides? Small proteins, the best in the land!”

The above words [1], penned by Gary Gisselman to open Peptide Angst: La Triviata, the
opera which made its world premiere on July 1, 1999, also serve as a fitting charge to the
16™ American Peptide Symposium. This latest edition of a premier biennial series was held
under the auspices of the American Peptide Society, June 26-July 1, 1999, at the
Minneapolis Convention Center, Minneapolis, Minnesota, with the undersigned serving as
Co-Chairs. The fortunate coincidence of the calendar allowed us to set as the theme
“Peptides for the New Millennium”, and in our judgment, the approximately 1200
participants [2] who converged in the Twin Cities from academic and industrial institutions
in 36 countries were treated to an exciting and stimulating conference that left most
everyone with an enthusiastic vision for the future of our field. The present Proceedings
volume should serve as a handy reference source and succinct snapshot of peptide science
at essentially its century mark ~ the clock having started with the initial contributions of
Emil Fischer and Th. Curtius.

The cornerstone of any scientific meeting is the program — this was chosen by a superb and
dedicated committee of knowledgeable individuals whose depth and breadth of experience
allowed us to identify exciting advances spanning peptide synthesis through potential
therapeutics, combinatorial chemistry through biomedical frontiers. The names and
professional affiliations of the Program Committee appear in the front pages of this volume
[3]. A total of 116 contributions were selected for oral presentation (38 in plenary sessions
and the remainder in dual sessions). A further 12 talks were given by graduate students and
postdoctoral fellows at the Young Investigators’ MiniSymposium dedicated to the memory
of Bruce W. Erickson (1942-1998), one of the founders of the American Peptide Society.
Essentially all of the lectures are included in these Proceedings.

A major scientific highlight of the meeting was the Rao Makineni lecture delivered by
Professor Daniel H. Rich of the University of Wisconsin, Madison, who was chosen as the
winner of the The 1999 Merrifield Award. Professor Rich’s scientific biography is included
in the front pages — along with a list of previous recipients of this highest honor of the
American Peptide Society — and the text of his address is the first scientific article in this
volume. In addition, this Symposium was chosen as the venue for presentation of the Third
Advanced ChemTech Award in Combinatorial Library Sciences, which went to Dr. Ronald
Frank of the AG Molekulare Erkennung in Braunschweig, Germany in recognition of his
pioneering development of the “SPOT” methodologies, and other advances. Dr. Daniel F.
Veber of SmithKline Beecham Pharmaceuticals was designated as the Emil Kaiser Sr.
Memorial lecturer, honoring Dr. Kaiser (1903-1998) for his long and distinguished career
which included leading the first industrial-scale synthesis of a major peptide pharmaceutical
(calcitonin) and working out the most widely-used monitoring method for solid-phase
peptide synthesis (the Kaiser test). A final high point of the Symposium was the closing
plenary panel discussion “Perspectives for the New Millennium”, convened and chaired by
1984 Nobel Chemistry Laureate Professor Bruce Merrifield of The Rockefeller University.
The distilled wisdom of the aforementioned session similarly closes this book.
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Over 530 separate scientific contributions were made as posters, and about 40% of these
are the subject of short communications to these Proceedings. In addition, about a quarter
of the speakers (see earlier) elected to supplement their lectures with posters. Three formal
poster sessions — accompanied by generous snacks and libations — were held, much to the
delight of our commercial and academic exhibitors (details in the following paragraph) who
were situated in the midst of the traffic flow due to the spaciousness of the Convention
Center. As a further benefit to participants, we were able to arrange that posters could be
available for unattended viewing 14 hours per day, for the duration of the Symposium.

Another interesting and informative dimension to the Symposium was the presence of
about 75 commercial and scientific exhibits, featuring chemical suppliers, instrumentation
manufacturers, and publishers. These were spread out in 78 booths, since some exhibitors
opted for combined booths. Complimentary booths went to major peptide societies, to the
upcoming 17" American Peptide Symposium, and, most importantly, to a Job Fair
sponsored by the Student Affairs Committee of the American Peptide Society. Organized
by the students under the leadership of Professors Jane Aldrich and Carrie
Haskell-Luevano, respectively of the Universities of Maryland, Baltimore, and Florida,
Gainesville, this Fair met the needs of job applicants and prospective employers alike. In
addition, Roger Eggen of Analytical Instruments, Ltd. organized a Minnesota
Biotechnology booth showcasing local companies, and Professor Mark Distefano of the
University of Minnesota spearheaded an effort whereby the majority of the book and
journal publishers pooled their products into two booths that were staffed by University
of Minnesota volunteers. As a further boon, we were able to convince the publishers to
donate the exhibited books as prizes in the poster competitions geared to young scientists
(see below; more than 50 books distributed by this means). The exhibits were open for all
but the last day, and we heard many favorable comments from exhibitors as well as
Symposium participants. Finally, evening workshops run by three commercial exhibitors
(Advanced ChemTech, PE Biosystems, ThermoQuest) and one non-profit organization
(ABRF, The Association of Biomolecular Research Facilities) were a resounding success.

With such an outstanding program to promote, we were able to attract generous financial
support from a host of sources. Four categories were established: Benefactors, Sponsors,
Donors, and Contributors; the full list of organizations that provided funding appears later
in the front pages of these Proceedings, and some of them are woven into this narrative. We
note particularly PolyPeptide Laboratories, which again sponsored the handsome
Symposium briefcase, and PE Biosystems, sponsor of the official 16™ American Peptide
Symposium coffee mug, In addition, Multiple Peptide Systems underwrote the opening
reception, Genzyme Pharmaceuticals provided luggage tags, and the donation by Gryphon
Sciences supported a plenary session entitled “Genomics and Peptide Science.” Our major
local sponsor was R&D Systems, Inc., and several units of the University of Minnesota
made monetary or “in kind” gifts — most notably the Chemistry Department which
provided dedicated office space and teaching release time.

The American Peptide Society is proud of the young scientists who represent the future of
our field. With the wise counsel of a committee chaired by Professor Arno Spatola of the
University of Louisville [other members were Judd Berman, Sylvie Blondelle, Robert
Hammer, and Carrie Haskell-Luevano], we made 83 American Peptide Society Travel
Grants in an aggregate total of $41,150. Supplemental funding from the Wayland E. Noland
[4] Research Fellowship Foundation and the ESCOM Science Foundation allowed us to
exceed the amount originally budgeted for this purpose. In fact, everyone who met the
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sta_lted criteria and submitted a complete application was able to receive a travel award [5],
with the actual amount reflecting a combination of scientific merit and need.

As further evidence of our commitment to young scientists, we followed a tradition started
in Columbus and continued in Nashville by setting up a Young Investigators’
MiniSymposium to launch the overall conference on the afternoon of Saturday, June 26,
1999. This was followed up by two orthogonal poster competitions with generous cash
and book prizes. The winners and the judges for these events are listed on subsequent
pages. In all, there were seven Bruce W. Erickson Young Investigator Awards and 8
Honorable Mentions, and two ESCOM Awards to “recognize research talents in the field
of drug discovery” and 9 Honorable Mentions. At the closing banquet on Thursday
evening, July 1, 1999, Elizabeth Schram introduced the ESCOM Awards, and Ann
Erickson — our special guest for the entire week — introduced the Erickson Awards. Bruce
was a significant contributor to peptide science, and had an abiding interest in the
professional development of young scientists in the field. The American Peptide Society
honors his memory by designating its awards in Erickson’s name [a scientific obituary
appears on page 19 of this volume, and we give our special thanks to the many individuals
— friends and colleagues of Bruce’s — who made donations to the Symposium].

A very special feature of this Symposium was the first-ever Junior Symposium, an
outreach activity co-sponsored by the American Peptide Society and by University of
Minnesota President Mark G. Yudof. A dozen young scientists, ages 10-18, presented
posters about their research. Four of these were children of Symposium participants, and
eight were selected from among contestants at the Minnesota State Science Fair (sponsored
by the Minnesota Academy of Sciences) by a Symposium judging team headed by
Professor Karin Musier-Forsyth. After their Sunday late afternoon poster session, these
talented young scientists, with their parents and teachers, joined an elite group of American
Peptide ‘Society VIP’s for a special dinner and award ceremony at a local sports bar (see
photo on facing page).

Not to be overlooked is the fun side of the Symposium, starting with a specially
commissioned crossword puzzle, constructed with Charles Deber and having a dual theme
of amino acid abbreviations and Minnesota landmarks (e.g., “Mrodome” and “YoneguTie”);
this was printed in the “Program & Abstracts” book received by all Symposium
participants upon arrival. During the mid-day break on Sunday, June 27, 1999, three
adjoining rooms at the Convention Center were the sites of reunions for the
Erickson/Merrifield, Goodman, and Hruby groups. The Rich reunion was held off-site
Sunday evening at the Rock Bottom Brewery, and the Spatola reunion sampled the original
Green Mill Pizza on Hennepin Avenue Tuesday evening. Speakers and special guests were
treated to a banquet at the spectacular Weisman Art Museum (designed by architect Frank
Gehry) on the campus of the University of Minnesota, on Monday, June 28, 1999. The
traditional half-day off, Tuesday, June 29, 1999 immediately following the Merrifield
Award ceremony, had two organized activities. The first-ever American Peptide
Symposium Golf Tournament, held at the glorious Links at Northfork golf course and
sponsored by Mallinckrodt, Inc., was a scramble format won by a team of Gregg Fields,
Greg Grant, Rodney Johnson, and Satish Joshi [who may have had an aggregate home-field
advantage]. Others opted to go on an excursion to Stillwater, a quaint town on the
Minnesota/Wisconsin border, followed up by a cruise on the scenic St. Croix River. On
Friday, July 2, 1999, “The Day After,” a most relaxing picnic was held in a local park to
thank University of Minnesota volunteers for their dedication and help, and to greet
University alumni and guests.



Junior Symposium team picture: (Left to right) Jessica A. Burtness (Coon Rapids High .
School, Coon Rapids, MN), Melissa A. Rosemeier (Belle Plaine Senior High School, Belle
Plaine, MN), Donna M. Bartyzal (Belle Plaine Senior High School, Belle Plaine, MN),
Balint Otvos (Methacton High School, Norristown, PA), Deborah A. Barany (Parkview
Center School, Roseville, MN), Jaclyn M. Bailey (Belle Plaine Senior High School, Belle
Plaine, MN), Nicole Landreville (St. Michael’s School, West St. Paul, MN), Stephen
Schwartz (Winona Senior High School, Winona, MN), Zhang Pan (Century High School,
Rochester, MN), Justin A. Palmen (Mayo High School, Rochester, MN), Kelly C. Chang
(Twin Grove Junior High School, Buffalo Grove, IL), and Michael J. Barany (Parkview
Center School, Roseville, MN).



Perspectives
For the
New
Millenium

Panelists of the closing scientific session: “Perspectives for the New Millennium”
(sorry about the spelling on the sign). Left to right (zig-zag): Victor Hruby,
Charles Deber, Tom Muir, Bob Hodges, Bruce Merrifield (Session Convenor/Chair),
Robin Offord, Murray Goodman, Arno Spatola, Daniel Veber, and George Barany
(Symposium Co-Chair).
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Earlier in this Preface, we called attention to the passing of Bruce Erickson and Emil Kaiser,
Sr. At this Symposium, it was also our sad duty to pay tribute to Don Sheer (1949-1998),
a pioneer in analytical methods for microsequencing of proteins who was among the
passengers in the Swiss Air tragedy off the coast of Nova Scotia on September 2, 1998;
Guido A. Senn (1932-1999), founder of one of our long-standing sponsors and exhibitors;
and Louis W. Lupo (1929-1999), founder of Midwest Biotech, and another major player in
the amino acids and peptide synthesis reagent field. A few short months after the
Symposium ended, we were heartbroken to learn of the sudden deaths of two of the
participants, Dr. Imre Mezd of the Semmelweiss University in Hungary, and Dr. Marc
Rodriguez of Neosystem S.A. in France. Our condolences go to the families and colleagues
of all of these gentlemen, who are missed greatly by the peptide community.

Organizing, planning, and pulling off a meeting of this scope and caliber requires an
exceptionally strong team, and we would like to mention and thank the main players on the
local team. In this age of the internet and e-mail, the term ‘local’ is used very loosely; for
example, one of the Co-Chairs opted for warmer climes a year and a half before the dates of
the Symposium, and things still went seamlessly. A complete list of those who helped us,
the vast majority of them on a volunteer basis, is appended later in this front matter. The
metaphor ‘team’ was chosen with some care, because there is little doubt that our MVP,
most valuable player, was Christina Bastin de Jong. It is difficult to fully convey the
variety of matters that she handled, at all hours. We want to express our profound gratitude
to Dr. Eugene Anderson, the Symposium Coordinator, and his staff of professionals from
the University of Minnesota Extension Services, and Anne Mockovak who oversaw all of
the complicated financial aspects. At Florida Atlantic University, the onerous editing and
compilation of the Symposium Proceedings was carried out with the outstanding help of
Janelle Lauer-Fields. We also thank the American Peptide Society leadership, and past
Symposium Chairs, for their support and wise counsel.

This was the first American Peptide Symposium to make the world wide web a centerpiece
of communications to and from participants. The 16™ APS web site, at
http://www.chem.umn.edw/16aps, was designed and maintained by our webmaster, Eric
Schulz. It allowed all forms, instructions, and sample abstracts and manusecripts to be
downloaded in a variety of formats, and provided links to speakers, sponsors, and
exhibitors. By the time the meeting began, we had exceeded 27,000 hits on the web site,
and a further 7,000 hits were accumulated subsequently [6]. Another strategy to get the
word out involved list serves, which were ably organized and coordinated by Dr. Michael
Songster of Biosearch Technologies. Drs. Bill Stevens of the University of Minnesota and
Cynthia Guy of 3M spearheaded the monumental task of getting straight all of the
participant data in a timely fashion, and made numerous additional contributions before,
during, and after the Symposium. Don Amundson of the University of Minnesota Office of
the General Counsel and Nancy Alfton, a local consultant, helped immeasurably with some
problems that are not normally the province of academicians dabbling in conference
organization. The contributions of Natasha Frost, the Symposium photographer, are best
apprectated at the web site: http://www.chem.umn.edu/16aps/photoindex.html, which was
set up in the months following the meeting. With the help of many in the peptide
community, we were able to provide captions for most of the photos, and suggest that you
survey them to bring back many fond memories of the week in June.

It is customary at this point in these documents to thank ones’ families, and both of us do
so with love and gratitude for their tolerating and supporting us at a time of unmitigated
excitement and tension, and also for injecting some semblance of balance and perspective
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into our lives. We each have our own private ways of expressing this, so the preceding
must suffice for declarations in writing [7]. Rather, we thought that the best way to
conclude this Preface is by quoting again from Peptide Angst: La Triviata. These closing
lines, sung to intricate harmonies by five voices, set an exhilarating agenda for peptide
science in the new millennium.

"4 lifetime doing science, only science, it’s the new golden age!

A lifetime doing science, without angst and without rage! ...
Neuropeptides, peptide enzymes, opiate peptides, who can tell?

For you see, the sky’s the limit, and those who don’t see it can all go to ...
Well, it’s a lifetime doing science, only science, with integrity, too!

A lifetime doing science — Oh!

1It’s the millennium ... It’s the millennium ... Peptides ... Peptides!”

George Barany
Gregg B. Fields
Notes
1. The original words extolled the virtues of a local cereal product called “Wheaties” — and

were sung to a catchy melody, which historians consider to be the first-ever use of radio for
advertising (broadcast Christmas Eve of 1926 on WCCO-AM in Minneapolis).

2. Directly coupled to the Symposium, the APS gained 215 new members.

3. Due to our stinginess in allocating time and our desire that speakers focus on their science,
we projected a slide — for all times that the Symposium was not in session — that read: “It is
hereby stipulated that all of the speakers thank the Symposium Co-Chairs and the Program
Committee for the opportunity to speak at this prestigious international meeting.”

4. Wayland Noland is a Professor of Chemistry at the University of Minnesota who was Dan
Rich’s mentor when the latter carried out undergraduate research at this institution.

5. It is our fervent hope that future Symposia will marshall the financial resources to continue
the travel grant policy that we were fortunate to establish at this meeting.

6. Our web site will be maintained for the foreseeable future. Those interested in the upcoming
Symposium would be well advised to bookmark http://www.5z.com/aps/

7. An opera about peptides, written, produced, and directed by Gary Gisselman, was performed
at the Symposium closing banquet on July 1, 1999. It is available on videotape (in a range of
formats) and/or as a compact disc (CD), in exchange for a tax-deductible contribution to the
American Peptide Society. The opera, including encore, runs about 45 minutes. For the
video, which is 68 minutes total, we have added an opening animation, closing credits, and a
montage of additional scenes from the banquet. This includes each of expressing the
appropriate thanks, in our own words, as well as excerpts from speeches announcing future
Peptide Symposia. Ordering information is on our Symposium website, specifically at
http://www.chem.umn.edu/16aps/orderform.html.
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The Merrifield Award
(previously the Alan E. Pierce Award)

Endowed by Rao Makineni (1997)
Sponsored by the Pierce Chemical Company (1977-1995)

) The 1999 recipient of the Merrifield Award was Dr. Daniel H. Rich, the Ralph F.
Hirschmann Professor of Medicinal and Organic Chemistry of the University of
Wisconsin, Madison College of Pharmacy and Department of Chemistry. The Merrifield
Award, known previously as the Alan E. Pierce Award, is the highest honor of the
American Peptide Society and is presented at each biennial American Peptide Symposium
to an individual whose research, teaching, and service has had a substantial impact on the
intellectual and practical development of peptide science. The award recognizes scientists
at a point in their careers where a substantial body of creative work is available and
sufficient time has passed to place their work in perspective. A generous gift in 1997 by
Dr. Rao Makineni, recently retired from BACHEM California, established this award on a
secure financial basis.

Daniel H. Rich was bom December 12, 1942 in Fairmont, Minnesota. He received
the B.S. degree with a Chemistry major from the University of Minnesota in 1964, having
carried out undergraduate research with Professor Wayland E. Noland, and his Ph.D. in
organic chemistry from Cornell University (Ithaca) in 1968 with Professor A.T. Blomquist.
Dr. Rich carried out postdoctoral research with Nobel Laureate Vincent du Vigneaud at
Cornell and Professor W.S. Johnson at Stanford, before joining the faculty at the
University of Wisconsin, Madison in 1970. Dr. Rich was promoted to the rank of full
professor in 1981. His research focuses on the synthesis and conformational analysis of
cyclic peptides, and the design and synthesis of inhibitors of therapeutically important
enzymes, especially aspartic proteases including pepsin, renin, cathepsin D, and HIV-1
protease. In addition, much of Professor Rich's work has led to new insights about
immunosuppressants such as cyclosporin.

The research of Daniel Rich and co-workers has been described in over 220 refereed
publications and recognized by a long list of prestigious awards: the 1990 Vincent du
Vigneaud Award in Peptide Chemistry, the 1992 ACS Division of Medicinal Chemistry
Award, the 1992 Research Achievement Award of the American Association of
Pharmaceutical Scientists, the 1992 George Herbert Hitchings Award for Innovative
Methods in the Design and Discovery of Drugs, the 1993 American Chemical Society
Ralph F. Hirschmann Award in Peptide Chemistry, a WARF University Professorship at
UW-Madison in 1994, the E. Volwiler Research Achievement Award from the American
Association of Colleges of Pharmacy in 1995, and an Arthur C. Cope Scholar Award from
the American Chemical Society in 1999. In addition, Rich has been a Fellow of the
American Association for the Advancement of Science since 1986 and was a Senior U.S.
Scientist Alexander von Humboldt Scholar in Germany in 1993.

Professor Rich has given outstanding service to the peptide community. He chaired
the Seventh American Peptide Symposium which was held in Madison in 1981, was a
member of the Bioorganic and Natural Products study section for the National Institutes of
Health from 1981-1985 (Chairman for the final two years of his term), served as Associate
Editor for the Journal of Medicinal Chemistry from 1988-1992, and chaired the Division of
Medicinal Chemistry for the American Chemical Society in 1992. Rich is currently
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The 1999 Merrifield Award, June 29, 1999. Left to right: American Peptide Society
President Robert S.Hodges, Symposium Co-Chair Gregg B. Fields,
Session Co-Chair Bruce Merrifield, Merrifield Award winner Daniel H. Rich,
Session Co-Chair Ralph F. Hirschmann, and Symposium Co-Chair George Barany.
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Associate Editor of the new ACS journal, Organic Letters, and is in the middle of an
elected 6-year term on the American Peptide Society Council.

The selection of Professor Daniel H. Rich adds to the stature conferred by the
distinguished previous recipients of the award listed below. In honor of Dr. Rich’s
achievements, the inscription for The 1999 Merrifield Award read “In recognition of his
outstanding contributions to the chemistry and biology of peptides, especially the
elucidation, by synthetic methods, of the mechanistic role of novel structural features
present in biologically active natural peptides and the application of these insights to
aspartic protease inhibitors and immunosuppressants.”

1999 Daniel H. Rich, University of Wisconsin, Madison

1997 Shumpei Sakakibara, Peptide Institute, Inc.

1995 John M. Stewart, University of Colorado

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 Bodanszky, Case Western Reserve University






2000

1998

1996

1994

1992

1990

1988

1986

1984

Vincent du Vigneaud Award
Sponsored by BACHEM, Inc.

Charles M. Deber, University of Toronto
Richard A. Houghten, The Torrey Pines Institute for
Molecular Studies

Peter W. Schiller, Clinical Research Institute of Montreal
James A. Wells, Genentech, Inc.

Arthur M. Felix, Hoffmann-La Roche Inc.
Richard G. Hiskey, University of North Carolina

George Barany, University of Minnesota, Minneapolis
Garland R. Marshall, Washington University, St. Louis

Isabella L. Karle, Naval Research Laboratory
Wylie W. Vale, The Salk Institute for Biological Studies

Daniel H. Rich, University of Wisconsin, Madison
Jean E. Rivier, The Salk Institute for Biological Studies

William F. DeGrado, DuPont Central Research
Tomi K. Sawyer, The Upjohn Company

Roger M. Freidinger, Merck Sharpe & Dohme
Michael Rosenblatt, Massachusetts General Hospital
James P. Tam, The Rockefeller University

Betty Sue Eipper, The Johns Hopkins University

Lila M. Gierasch, University of Delaware
Richard E. Mains, The Johns Hopkins University
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Ralph F. Hirschmann Award
in Peptide Chemistry

Established in 1988 by
Merck Sharp & Dohme Research Laboratories

2000 Daniel S. Kemp, Massachusetts Institute of Technology
1999 Harold A. Scheraga, Cornell University

1998 Isabella L. Karle, Naval Research Laboratory

1997 Murray Goodman, University of California, San Diego
1996 Steven G. Clarke, University of California, Los Angeles
1995 Shumpei Sakakibara, Peptide Institute, Inc.

1994 Stephen B.H. Kent, Scripps Research Institute

1993 Daniel H. Rich, University of Wisconsin, Madison

1992 Louis A. Carpino, University of Massachusetts

1991 Elkan R. Blout, Harvard Medical School

1990 Bruce Merrifield, The Rockefeller University
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American Peptide Society Travel Grants

Travel Grants were supported by the American Peptide Society, with generous additional
funding from the ESCOM Science Foundation and the Wayland E. Noland Research
Fellowship Fund. The Award Committee was chaired by Amo F. Spatola.

Recipient

Josue Alfaro-Lopez
Malin Allert

Linda Andersson
Boris Arshava
Bassem Y. Azizeh
Tracy J. Baker

Ganesan Balasundaram
Preeti M. Balse

Elisar J. Barbar

Bari A. Barwis
Raymond Behrendt
Laurent Bélec

Dyanne P. Brewer
Tam T.T. Bui
Chaozhong Cai
Cristina Carrefio
Laksana Charoenchai
Heekyung Choi
Christopher J. Creighton

Amanda L. Doherty-Kirby
Hong Fan

Pilar Forns

Carol B. Fowler

Assaf Friedler

Ted J. Gauthier
Dmitry S. Gembitsky
Irina V. Getun
Liliane Halab

Lars G.J. Hammarstrém
Guoxin Han

Scott A. Hart

Roy P. Issac

Robert W. Janes
Qian Jin

Sumika Kiyota
Pernilla Korsgren
Juliann Kwak

Stanley C. Kwok
Darin L. Lee

Institution
University of Arizona
Géteborg University, Sweden
Goteborg University, Sweden
College of Staten Island
University of California, Irvine
University of California,

San Diego
Tokyo Institute of Technology
University of Arizona
Ohio University
University of Pennsylvania
Max Planck Institute, Germany
University of Montreal
University of Waterloo
King's College, London
University of Arizona
University of Barcelona
University of Maryland
University of Maryland
University of California,

San Diego
University of Waterloo, Canada
Louisiana State University
University of Barcelona
University of Michigan
The Hebrew University of

Jerusalem
Louisiana State University
Creighton University
Moscow State University
University of Montreal
Louisiana State University
University of Arizona
University of Virginia
Purdue University
University of London
Rutgers University
University of Sdo Paulo
Goteborg University, Sweden
University of California,

San Diego
University of Alberta
University of Alberta

lix

Mentor

Victor J. Hruby
Lars Baltzer

Lars Baltzer

Fred Naider

Carl W. Cotman
Murray Goodman

Hisakazu Mihara
Victor J. Hruby
Clare Woodward
Barry S. Cooperman
Luis Moroder
William D. Lubell
Gilles Lajoie
Giuliano Siligardi
Victor J. Hruby
David Andreu
Jane V. Aldrich
Jane V. Aldrich
Murray Goodman

Gilles Lajoie
Robert P. Hammer
Gregg B. Fields
Henry 1. Mosberg
Chaim Gilon

Mark L. McLaughlin
Richard F. Murphy
David R. Benson
William D. Lubell
Mark L. McLaughlin
Victor J. Hruby
Felicia A. Etzhorn
Jean Chmielewski
Peter Heathcote
John W. Taylor

M. Terésa M. Miranda
Lars Baltzer

Murray Goodman

Robert S. Hodges
Robert S. Hodges
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Sebastian Lichr

Inta Liepina
Amareth Lim
Jennifer R. Litowski
Elsa Locardi

Roman A. Melnyk
Cynthia L. Micklatcher
Scott A. Mitchell
Annett Miiller

Elena Muray

Elena Nardi

Jonas Nilsson

Anthony W. Partridge
Maria Pellegrini

Silvia M.M.A. Pereira-Lima
Rachel Philosof-Oppenheimer
Andrea Piserchio

Marta Planas

Catherine D. Pothion

Wei Qiu

Angela D. Ragin

Shai Rahimipour

Marketa Rinnova

David W. Rodgers
Nicholas G.W. Rose
Kenneth S. Rotondi

Sheila D. Rushing
Matthew J. Saderholm
Michael D. Shultz
Jirina Slaninova

Nathalie Thieriet
Bakary B. Touré

Haim Tsubery
Maria-Luz Valero
Balvinder S. Vig
Jennifer R. Walker
Diana Wallhorn
Chen Wang
Dongxia Wang
Lei Xie

Haibo Xie
Yun-Hua Ye

Li Zhang

Min Zhang

University of Pennsylvania
University of Gdansk, Poland
Boston University
University of Alberta
University of California,
San Diego
University of Toronto
Purdue University
University of Arizona
Universitit Leipzig, Germany
Universitat Autonoma de
Barcelona
University of Florence
Géteborg University, Sweden
University of Toronto
Brown University
University of Minho, Portugal
Weizmann Institute of Science
Brown University
University of Girona, Spain
University of Pennsylvania
University of Arizona
Purdue University
Weizmann Institute of Science
Academy of Sciences of the
Czech Republic
Eastern Michigan University
University of Waterloo
University of Massachusetts,
Ambherst
Louisiana State University
Duke University Medical Center
Purdue University
Academy of Sciences of the
Czech Republic
University of Barcelona
Clinical Research Institute
of Montreal
Weizmann Institute of Science
University of Barcelona
University of Maryland
University of Georgia
University of British Columbia
University of Toronto
Indiana University
Rutgers University
College of Staten Island
Peking University
University of California,
San Diego
Rutgers University

Barry S. Cooperman
Gunars Duburs
Catherine E. Costello
Robert S. Hodges
Murray Goodman

Charles M. Deber
Jean Chmielewski
Robin L. Polt
Norbert Sewald
Rosa M. Ortuiio

Anna M. Papini
Lars Baltzer
Charles M. Deber
Dale F. Mierke
Hernéni L. S. Maia
Mati Fridkin

Dale F. Mierke
Eduard Bardaji
Barry S. Cooperman
Victor J. Hruby
Jean Chmielewski
Mati Fridkin

Ivan Rosenberg

Deborah Heyl-Clegg
Gilles Lajoie
Lila M. Gierasch

Robert P. Hammer
Carol Ann Fierke
Jean Chmielewski
Ivan Rychlik

Fernando Albericio
Nabil G. Seidah

Mati Fridkin
David Andreu
Jane V. Aldrich
Elliot Altman
John Sherman
Charles M. Deber
Roger W. Roeske
John W. Taylor
Fred Naider

Qi-yi Xing
Murray Goodman

John W. Taylor



The Bruce W. Erickson Young Investigators’ Awards

The Bruce W. Erickson Young Investigators’ Awards were supported by the
American Peptide Society. The judges for the Bruce Erickson Awards were
Ben M. Dunn, Felicia A. Etzkorn, Arthur M. Felix, Robert P. Hammer, Carrie
Haskell-Luevano, Steven A. Kates, William D. Lubell, Barry Morgan, Henry I.
Mosberg, Tom W. Muir, Laszlo Otvos, Jr., Michael W. Pennington, Frank
Rossi, and Sandy Vigil-Cruz.

First Place: Chris W. West
Second Place: Nicholas G. W. Rose and Stacy J. Keding

Third Place: Natalia Carulla, Chinchi C. Chen, Elena Nardi, and Scott A.
Mitchell

Honorable Mention: Sarah E. Ochsenhirt, Pemnilla Korsgren, Gergely Toéth,
Amareth Lim, Petra Johannesson, Kenneth S. Rotondi, Ioana Annis, and
Bakary B. Touré

The ESCOM Awards

The ESCOM Awards were supported by the ESCOM Science Foundation.
The judges for the ESCOM Awards were Garland R. Marshall, Ruth Nutt,
and Daniel F. Veber.

First Place: Elsa Locardi and Michael D. Shultz
Honorable Mention: Jens Burchardt, Assaf Friedler, Ted J. Gauthier,

Thorston K. Oost, Shai Rahimipour, T. Scott Yokum, Bakary B. Touré€,
Sarah E. Ochsenhirt, and Stacy J. Keding
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Abbreviations

n
(6]
Abc

Abh

Abl
Abu
Abz

AC
Ac
ACzO
AcOH
Aca
Acc

Acm
AEDANS

AEDI
AFM
Ahd
Ahp
A°Ahp
Ahx
Aib
AIBN
All

Al
Alloc
AM
AMBER

AMC
AMCA

Amn
AMPA
ANS
Ant
APB
APC
Apn
Arg-al
Arg-ol
ATP
AUC

hydrophobic moment

mean residue ellipticity

4’-aminomethyl-2,2’-bipyridine-4-
carboxylic acid

azabicyclo[2.2.1]heptane-2-
carboxylic acid

Abelson kinase

a-amino-n-butyric acid

2-amino-benzoic acid;
2-aminobenzoyl

adenylyl cyclase

acetyl

acetic anhydride

acetic acid

adamantanecarboxyl

1-aminocyclopropane- 1-carboxylic
acid

acetamidomethyl

5-[(2-aminoethyl)amino]-
naphthalene-1-sulfonic acid

aminoethyldithio-2-isobutyric acid

atomic force microscopy

2-aminohexadecanoic acid

2-aminoheptanoic acid

6-dehydro-2-aminoheptanoic acid

6-aminohexanoic acid

a-aminoisobutyric acid

2,2’-azobisisobutyronitrile

angiotensin II

allyl

allyloxycarbonyl

alveolar macrophage

assisted model building and energy
refinement

aminomethylcoumaride

7-amino-4-methylcoumarin-3-acetic
acid

8-(aminomethyl)naphth-2-oic acid

o-aminomethylphenylacetic acid

8-anilino- 1-naphthalenesulfonic acid

anthracene

(4-amino)phenylazobenzoic acid
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Introduction

Thirty-six years ago, R. Bruce Merrifield published the synthesis of a tetrapeptide on a
solid support [1]. Over the years that seminal paper revolutionized modern organic
chemistry, leading not only to solid-phase synthesis of peptides and proteins, but also to
the synthesis of DNA and RNA fragments, gene probes, and the combinatorial chemical
synthesis of small organic molecules. I am deeply honored to receive the Merrifield
Award, and I would like to express my sincere appreciation to my students, my
colleagues, and the Merrifield Award Selection Committee for their efforts on my behalf.

The Early Years

When I arrived at the University of Wisconsin-Madison in 1970, I was interested in
natural products as a source of new therapeutic agents, but I certainly had no plans to
design and synthesize peptidase inhibitors. In fact, I doubt many scientists would have
considered peptidase inhibitors a particularly promising target of research at that time. In
1970 peptidases were considered scavenger enzymes required by nature to digest proteins.
Most known extracellular peptidases lacked specificity, intracellular peptidases were
uncommon and their central role in peptide hormone biosyntheses would not become
evident for another 10 years. Only 5 crystal structures of peptidases were known and these
were primarily irreversibly inhibited derivatives of serine and cysteine peptidases. While
Elion and Hitchings’ rational design of antimetabolites [2,3] worked beautifully to inhibit
nucleoside and CNS pathways, it failed when applied to peptidases. There was little
evidence that peptidase inhibitors had important therapeutic potential.

As an Assistant Professor of Pharmacy, I had to learn about drug mechanism of
action in order to teach medicinal chemistry; much of what I learned prepared me for
integrating chemistry with biology. For example, many CNS drugs were known to inhibit
the biosynthesis or degradation of neurotransmitters so that when the peptide releasing
hormones began to be discovered, it seemed reasonable to me that peptidases would be
involved and might be future targets for drug intervention. I read that penicillins and
cephalosporins inhibit the peptidase-like transpeptidases and that these antibiotics mimic
the dipeptide [D-Ala-D-Ala-] portion of the transpeptidase substrate [4]. Tipper and
Strominger’s idea that these peptide-derived natural products mimicked a natural substrate
suggested to me that other peptide-derived natural products might mimic protein
topography. About the same time, Umezawa began to characterize natural product
inhibitors of peptidases [5] and Wolfenden tested Pauling's transition-state analog
hypotheses with synthetic inhibitors. Wolfenden’s 1972 review [6] in Accounts of
Chemical Research profoundly influenced medicinal chemistry by bridging the then
massive gap between biochemistry and organic chemistry. Ondetti and Cushman have
described the impact Wolfenden’s work had on their discovery of captopril, the first ACE
inhibitor [7].
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My experimental work to develop peptidase inhibitors began in early 1973 when I
happened to read a paper describing how blood pressure was lowered when pepstatin [8]
was injected into mice [9]. Presumably the hypotension was caused by inhibition of renin,
a peptidase then known to be involved in malignant hypertension, but not yet considered
important to essential hypertension.
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Fig. 1. Development of selective renin inhibitors based on statine.
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The structure of pepstatin 1 (Fig. 1) suggested to me that the unique amino acid,
statine (Sta, 2), might be acting to mimic the tetrahedral intermediate for amide bond
hydrolysis in this class of enzyme. If correct, then pepstatin would be a natural transition-
state analog inhibitor of aspartic peptidases; if that were true, it might be possible to vary
the structure of statine or the peptide framework surrounding statine to get selective
inhibitors of other therapeutically important aspartic peptidases. The basic concept is
illustrated in Fig. 1.
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Fig. 2. Comparison of statine (2) with probable tetrahedral intermediate (3).
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However, the “pepstatin = transition-state analog” hypothesis had problems, the
most critical being that the kinetics for inhibition of pepsin by pepstatin were non-
competitive. This pattern indicated that the inhibitor could not bind to the enzyme at the
same place the substrate was binding. Other difficulties included the fact that the catalytic
mechanism for aspartic peptidases was not established and that no crystal structure of an
aspartic peptidase was known. Even assuming these dilemmas could be resolved, the
relationship of the inhibitor structure to substrate was not clear. It was not established if
the statine hydroxyl group was needed for inhibition nor how statine might mimic
substrate since statine 2 was not a perfect isosteric match for either an amino acid or
dipeptide tetrahedral intermediate 3 (Fig. 2). Finally, at the time I submitted the first of my
grant proposals, the proposed clinical target, renin, had yet to be accepted as an important
enzyme in the major forms of hypertension. This of course changed when Ondetti and
Cushman reported the biological properties of captopril.

Over the next several years, we showed that pepstatin was in fact a mimetic
peptide, that is a mimetic of the tetrahedral intermediate for amide bond hydrolysis [10-
13]. We first devised an efficient synthesis of statine and showed that the statine hydroxyl
was critical for inhibition. Then we showed that the reported non-competitive inhibition
kinetics resulted from an artifact of the potency of pepstatin’s inhibition of most aspartic
peptidase. When we applied Morrison’s kinetics of tight-binding inhibition [14], we were
able to show that pepstatin and other tight-binding analogs bound to the active site of the
enzyme. Finally, we showed that by changing the structure of statine, we were able to
selectively inhibit other classes of peptidases. In collaboration with Dan Veber’s group at
Merck, we were able to show that statine functioned as a dipeptide equivalent and that
tight-binding, selective, antihypertensive inhibitors of human renin (e.g., 4 in Fig. 1) could
be developed [15]. Systematic replacement of the isobutyl side-chain in statine with other
side-chains led to Megumi Kawai’s synthesis of the cyclohexyl derivative (ACHPA, 5)
which was shown to be the preferred side-chain for inhibition of human renin (e.g., 6)
[16]. Most advanced clinical candidates for antihypertensive drugs based on renin
inhibition contained both this cyclohexylmethyl group and the corresponding (S)-hydroxyl
group. The Merck-Wisconsin team actually had tight-binding inhibitors of renin as early
as 1979 but because we were certain an antihypertensive drug could be obtained, we did
not report any of this work for another four years.
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Our work on statine also led to several important discoveries about aspartic
peptidase catalytic mechanisms. A statine tripeptide (7) found to co-crystallize with
penicillopepsin provided the first evidence that a “hair-pin” turn structure in the enzyme
acted as a mobile “flap” that allows substrates to bind and products to depart [17]; the
“flap” has been found in all aspartic peptidases. A lysine side-chain analog of statine
(LySta, 8) showed that mobility of the flap residue Asp79 in penicillopepsin could
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accommodate the binding of different substrates [18]. Two ketone derivatives gf statine
(Sto, 9 and a ketomethylene dipeptide analog, 10) [19,20] were used to show by "C NMR
that the ketone was hydrated upon binding to the enzyme in an enzyme catalyzed process
[21).

By 1985, the principles for designing in vitro inhibitors of aspartic peptidases were
well established. First replace the dipeptidyl tetrahedral intermediate in a substrate
sequence with a statine, hydroxyethylene, hydroxyethylamine or their equivalent to
provide the mechanism based “hook” and then prune and modify the peptide scaffold to
obtain better selectivity and bioavailability [22]. However, it was also becoming clear that
peptide-derived renin inhibitors were not likely to become therapeutic entities, primarily
because none of the analogs had sufficient oral bioavailability to compete with the
established ACE inhibitors or with the clinically promising angiotensin II receptor
antagonists. The major difficulty with renin was that the enzyme had a large binding site
that had to be filled to achieve tight-binding; it was easily the most demanding peptidase
known at that time.

Most pharmaceutical companies were abandoning their efforts to develop renin
inhibitors when another important aspartic peptidase, HIV protease, was discovered. The
rapid development of low molecular weight in vitro inhibitors of HIV protease was made
possible by the earlier renin research; screening of renin inhibitor sample collections
provided many early leads for development of HIV protease inhibitors. Collaboration
between Garland Marshall, Alex Wlodawer and Steve Kent led to the first X-ray crystal
structure of a peptide derived inhibitor bound to chemically synthesized HIV protease
[23]. This reduced amide inhibitor was designed according to the principles worked out in
the previous decade. Soon thereafter, Jeremy Green and I joined the collaboration.
Jeremy synthesized a series of hydroxyl-containing HIV protease inhibitors. One of his
best, JG-365 (11) a subnanomolar hydroxyethylamine derived inhibitor [24], was co-
crystallized with synthetic HIV protease to afford the first X-ray structure of a tight-
binding inhibitor complexed to HIV protease [25].
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The structure established that the stereochemistry of the key hydroxyl group was
(S), which was remarkable since almost simultaneously Roche reported that their clinical
candidate derived from the hydroxyethylamine isostere contained the (R)-hydroxyl group.
Later we showed that these closely related inhibitors bound to HIV protease in distinct but
related binding modes [26]. Perhaps our major contribution to AIDS research was that we
freely distributed the coordinates to all interested research groups in order to facilitate the
development of new HIV protease inhibitors.

Peptide-Derived Natural Products as Lead Compounds
The history of the early statine work illustrates the strategy my group has followed

almost from the first day I began to work at Wisconsin: study peptide-derived natural
products to learn how to design novel enzyme inhibitors. This strategy continues to
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provide useful inhibitors of other therapeutically useful enzymes [27,28]. Sejin Lim
synthesized [29] a series of methionine aminopeptidase-1 inhibitors designed to mimic the
structure of the aminopeptidase inhibitor bestatin (Fig. 3); the key feature was to change
the critical side-chain from a benzyl to an n-butyl group to permit binding to this enzyme.
Pentapeptide 12 was used by Lowther et al. [30] to obtain the first crystal structure of a
mechanism based inhibitor bound to MetAPase-1. Stacy Keding developed a short,
efficient synthesis [31] of the key amino acid 13 based on Sharpless amino hydroxylation
chemistry and used this to prepare inhibitors of both MetAPase-1 and MetAPase-2; the
differential inhibition of the two enzymes suggests that potent, selective inhibitors of each
enzyme might be possible.
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Fig. 3. Design of MetAPase inhibitors by incorporating a methionine-like side-chain into a
bestatin analog. Metal chelation was modeled after bestatin binding to other aminopeptidases.
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My group also synthesized a variety of other peptide-derived natural products that
contained novel features. Both tentoxin and chlamydocin [32] are cyclic tetrapeptides
with unusual structural features [33-36]. Tentoxin inhibits chloroplast coupling-factor-1
whereas the Aoe-containing cyclictetrapeptides were found by others to inhibit histone
deacetylase. A series of cyclosporin 14 derivatives were prepared by solution [37-39] and
solid-phase methods [40,41], and three analogs have been remarkably effective in
increasing our understanding of the biology of this important compound [42,43]. Most
important was the discovery that non-immunosuppressive cyclosporin analogs, €.g. 185,
have antiviral (HIV) activities that inhibit recruitment of cyclophilin into replicating
virions [44]. Analog 16 was used to show that cyclophilin may be a new cytokine [45]. A
third analog, [MeBmyt]1-cyclosporin (structure not shown) was the first analog to show
that immunosuppression did not require tight-binding to cyclophilin [42,46].
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In our continuing efforts to study other biologically active cyclic peptide-derived
natural products, Jim Janetka utilized the ruthenium chemistry pioneered by Pearson [47-
49] to develop an efficient synthesis of the cyclic diphenyl ether enzyme inhibitors, K-13
and OF-4949 [50,51], and showed that this cyclized tripeptidyl system stabilizes the
extended B-strand motif seen in peptidase inhibitors [52]. Amy Elder has recently
developed two routes to a related cyclic motif 17 found in complestatin [53]. The phenyl-

indole moiety in 17 was synthesized by Pd-catalyzed Suzuki coupling of a phenyl glycine
derivative with a tryptophan derivative.

Modern Challenges in Inhibitor Design

The design of peptidase inhibitors has advanced so much in the last 25 years that
the major hurdle in drug discovery today is not developing inhibitors per se but
developing inhibitors that are effective in vivo. Achieving bioavailability is the slowest
step in drug discovery today and one for which there is no guiding principle, apart from
making the molecule smaller, adjusting its lipophilicity, and synthesizing lots of analogs.
For these reasons, high throughput screening of small molecule libraries generated in a
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combinatorial chemical manner has become a very important strategy. While this
approach can be successful, it wastes information that is contained in the structures of
enzyme-inhibitor complexes.

The ability to utilize the structural information contained in enzyme-inhibitor
complexes to create novel non-peptide scaffolds would be very valuable. Since 1993, my
group has been attempting to discover useful procedures to do this. Our approach is to use
the structure-generating program GrowMol, which was invented by Bohacek and
McMartin [54] and used to generate useful inhibitors of metallopeptidases. Our goal has
been to create small non-peptide organic molecules that bind to the active site in a
mechanistically related fashion, inhibitors that we call Type-III or topographical inhibitors
[55]. The following sections will show that this is now possible for the aspartic peptidases.

Our procedure for compound generation begins with the X-ray crystal structure of
an enzyme-inhibitor complex; in this case it is renin inhibitor A66702 (18) bound to
pepsin [56]. In a typical run GrowMol generated 20,000-50,000 potential structures
[57,58] that were classified according to structural type and used to produce a manageable

S S
H H f /H\
/\oi N\_j - BocN H\jN OH R/('(n\ju)\/\’(’h\i'\‘
Ho /2 H OH P H |
o .~ o OH O H
—( 19 /\
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file of 200-400 distinct structures. These were examined for synthetic feasibility and
structural interest. The strength of GrowMol is its ability to trigger ideas for novel
structures, which are then synthesized. But it is critical to determine how these inhibitors
bind to the target enzymes. For that, we obtain an X-ray crystal structure of enzyme-
inhibitor complexes to determine if the inhibitor binds to the enzyme as predicted.

Compound 19 illustrates one example where GrowMol successfully generated
cyclic inhibitors linking the P; with the P; side-chain that closely resemble known
inhibitors. For example, Amy Ripka used GrowMol to generate compound 19, which is an
analog of the tight-binding inhibitor 20 [59]. The X-ray crystal structure of 20 bound to
pepsin (not shown) was obtained by Ken Satyshur and superimposed nicely on GrowMol
generated structure 19. In this case, the computer correctly predicted inhibitor structure
and mode of binding.

GrowMol also generated a series of novel urea-derived inhibitors of pepsin in
which a urea bond separated P, and P, [58]. Natalie Dales synthesized a variety of low
molecular weight micromolar urea alcohol derivatives to test this prediction. Analogs of
the pepstatin-like structure 21 gave several tight-binding inhibitors (K; < 1 nM). These
results showed that the amide bond between P, and P could be replaced by a urea to form
a good inhibitor. X-ray crystal structures of 21 bound to Rhizopus pepsin were obtained
and matched the predicted structure (Fig. 4) [60].
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Fig. 4. Stereographic (crossed) comparison of crystal structure of 21 superimposed on GrowMol
generated structure.

It should be emphasized that the computer-generated structures are used to
stimulate divergent thinking in the design of new compounds. The structural searches are
never exhaustive and it is important that the chemist be able to incorporate a variety of
ideas into the design process. Compound 22 provides a particularly good example of this
in that GrowMol never generated the exact ring size or heteroatom substitution pattern we
eventually chose to synthesize. Co-crystallization of 22 with R. Chinensis peptidase (Fig.
5) proved again that the inhibitor binding to the enzyme was closely related to the
predicted binding mode.

Fig. 5. Stereographic (crossed) comparison of crystal structure of 22 superimposed on GrowMol
generated structure.

Other GrowMol calculations prompted us to synthesize several small, non-peptide,
low pM inhibitors of pepsin. Each of the inhibitors was designed by modifying the
computer-generated structure to facilitate synthesis and/or to incorporate features helpful
to binding. Peter Glunz synthesized optically pure a-benzylhistidine derivatives 23, a
series of cyclohexanol-derived inhibitors similar to 24, and a novel cyclic sultam analog
25. The fact that each of these inhibits the target aspartic peptidase is a promising result,
but so far we have not been able to co-crystallize these with the target enzyme to establish
whether they bind in the predicted fashion.
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All inhibitors 19-22, 23-25 were generated by utilizing GrowMol in an “exit
mode” in which growth began at the transition-state isostere and grew away from the
constrained space surrounding the catalytic groups. An alternative growth strategy (“entry
mode”) was explored in which growth began at a side-chain and was directed into the
constrained space around the catalytic groups. Compounds 26 and 27 were generated in
this fashion and were found to inhibit R. chinensis peptidase. These are particularly
interesting in that for the first time nitrogen heteroatoms were inserted into the structures
so that they could interact with the aspartic acid carboxyl groups. This discovery
facilitated our progress described in the next section.

Discovery of Type-III Peptidomimetics

Recently, scientists at Roche Basel have reported the discovery of orally active piperidine-
derived inhibitors of human renin. These novel structures were detected by high
throughput screening of corporate libraries and optimized by synthetic modifications [61-
63]. Compound 28 inhibits renin at about 50 uM and 29 inhibits renin at low nM
concentrations. The Roche group’s discovery of this important new class of aspartic
peptidase inhibitor represents a major advance in the design of inhibitors since the
compounds are simple, water soluble, and orally active. Furthermore, both the lead
compound 28 and the optimized inhibitor 29 bind to the catalytic aspartic acid carboxyl
groups of renin in a mechanistically related fashion. They are therefore Type-III
peptidomimetics. However, The Roche scientists also found that binding was complex in
that the enzyme needed to undergo multiple conformational changes to accommodate the
inhibitors. One stunning discovery was that the side-chain movement of Trp39 created an
unanticipated binding pocket that greatly enhanced inhibitor binding.

Since we had successfully utilized GrowMol to “rediscover” known tight-binding
inhibitors derived from pepstatin, we decided to see if GrowMol could successfully grow
the Roche-type piperidine structures in the active sites of pepsin and R. Chinensis pepsin.
Because our “entry-mode” for growth had generated amines that interacted with the
catalytic groups, we applied this strategy to the X-ray structure Ken Satyshur had obtained
for 30 bound to pepsin. The benzyl side-chain of CySta in the bis thioether 30 (Fig. 6) was
selected as the starting point. In the following paragraph, I will show how GrowMol
successfully generated a series of piperidines from 30.
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Fig. 6. Portion of inhibitor bound to R. chinensis protease used as growth point in structure
generations.

However, this process was not immediately successful. When Chris West utilized
only the starting X-ray structure of the enzyme-inhibitor complex in 30, only a phenyl-
butyl amine 31 was generated (Fig. 7). Molecular modeling of the partially formed
structure 31 in the enzyme active site suggested that the two carbons needed to complete
the piperidine ring could not be added because they would encounter steric hindrance with
the “flap.” Since we had shown that the flap can move up to 4A (a process that occurs 100
times per second for good substrates), we decided to move the flap 1A. GrowMol now
generated the 3-substituted piperidine 32 but did not add the phenyl substituent to the 4-
position. Examination of the active site by molecular modeling revealed that simple
rotation of ' in Tyr75 by —-120° opened the space needed for growth at C4 of the
piperidine system. Running GrowMol now created the 3,4-disubstituted piperidine 33, a
direct analog of the Roche HTS lead. Matt Bursavich developed a stereoselective route to
piperidines 34 and 35 and showed that these inhibited porcine pepsin and R. chinensis
pepsin respectively at about 5 uM. Interestingly, when we moved Trp39 in the fashion
discovered by Roche, GrowMol was able to generate the benzoyl side-chain analogous to
that discovered by Roche from chemical synthesis.
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Fig. 7. Structural motifs generated by GrowMol in the active site of pepsin.

To achieve these results it was necessary to alter the conformation of portions of
the enzyme active site, but these are predictable, low barrier conformational changes; each
of the conformational changes is expected to occur during enzyme catalysis. The process I
have described represents a simple protocol for altering enzyme active sites to permit
novel, non-peptide inhibitors to grow. Interestingly, analog 34 inhibits pepsin and 35
inhibits R. Chinensis pepsin, two enzymes not inhibited by the Roche inhibitors reported
to date. These results clearly indicate we are making progress toward our goal of finding
how to transform the information available from biophysical studies of enzyme-inhibitor
complexes into non-peptide inhibitors [64].

The use of GrowMol to generate libraries of potential inhibitors for a target
enzyme represents a combinatorial process of enormous power. Clearly, potent inhibitors
have been obtained and when structure-generating programs are combined with powerful
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synthetic efforts it is reasonable to expect that optimization will lead to more potent
inhibitors. Combinatorial synthesis of molecules is likely to be a particularly effective way
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to optimize lead structures to obtain tight-binding inhibitors. We believe that
combinatorial design coupled with combinatorial synthesis will lead to new classes of
enzyme inhibitors. Furthermore, if the estimates of small molecule structural diversity are
anywhere near correct (10°%), then there are vast numbers of scaffolds that have not been
evaluated in any known biological system and it is possible that some of those might lead
to future generations of “privileged” structures. It would seem there is much to be gained
by merging combinatorial chemistry with structural biology to help accelerate the rate of
discovery of more potent, sufficiently bioavailable and minimally toxic clinical
candidates.
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Bruce W. Erickson: In memoriam

_ Professor Bruce W. Erickson, Professor of Chemistry at the University of North
Carohna_at Chapel Hill, died on November 10, 1998 at the age of 56. Born in New Haven,
Connecticut on October 9, 1942, Bruce received the B.S. degree from The Ohio State
University in 1963 graduating cum laude with Distinction in Chemistry and was elected
into Phi Beta Kappa. He received his M.A. from Harvard University in 1965 and was
awarded the Teaching Award in Chemistry. In 1970 Bruce received the Ph.D. in Organic
Chemistry working with E.J. Corey at Harvard University. Bruce then joined Rockefeller
University as a Research Associate with Professor R. Bruce Merrifield. In 1973 he was
appointed as an Assistant Professor at Rockefeller University and was promoted to
Associate Professor of Biochemistry in 1977.

_ In 1986 Bruce was appointed Professor of Chemistry at the University of North
Carolina at Chapel Hill and established himself as a major research contributor to peptide
chemistry, especially in the areas of molecular design, chemical synthesis and biophysical
characterization of novel protein structures. The Erickson laboratory has made significant
contributions in such diverse areas as redox-active proteins, polyanionic o-helical coiled-
coil peptide mimetics of heparin and hepatitis delta virus protein fragments which self-
associate into an immunoreactive multimer. The most recent work using the modular
concept developed in the Erickson laboratory was used to synthesize a family of beta
sandwich proteins called betabellins, which have potentially important biological activity
and may serve as useful models for studying the mechanism involved in p-amyloid
deposition. Bruce was also involved in the BioScan project; a fast sequence searching
algorithm program designed for very fast sequence searches.

Bruce Erickson was also an ardent supporter of American and International Peptide
Symposia, Gordon Research Conferences and many other meetings that he regularly
attended. He served as a Member of the Bio-Organic and Natural Products Study Section at
N.IH. and was a Co-Chair of the Gordon Conference on Chemistry and Biology of
Peptides in 1986. In 1988 he was Chair of the Carolina Conference on Protein Engineering.

In addition to his numerous research contributions, Bruce will be remembered for
his service to the American Peptide Society. Bruce Erickson was one of the founding
Councilors of the Society and was a key member of the Bylaws Committee. In this
capacity he played a major role in the writing of the Constitution and Bylaws of the
American Peptide Society. He maintained a primary interest in the professional
development of young scientists in the peptide field. The establishment by the American
Peptide Society of the Bruce W. Erickson Young Investigators Awards, beginning with the
16th American Peptide Symposium, is an appropriate tribute to his memory.

Bruce will be missed by his students, colleagues and many friends who benefited
from his presence at every level. He was an amiable, brilliant, warm and enthusiastic
associate who freely contributed his encouragement and ideas to all colleagues whom he
encountered. Bruce Erickson was consistently a major contributor at American and
International Peptide Symposia. For those of us who had, for too short a time, the pleasure
of his company, peptide meetings will never be the same.

Arthur M. Felix

Ramapo College of New Jersey
505 Ramapo Valley Road
Mahwah, NJ 07430
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Engineering of a cysteine-containing variant of quadrin,
a protein containing the oligomerization site of the
hepatitis delta antigen

Matthew J. Saderholm, Paul Saconn,' Nimish Shah,’

and Bruce W. Erickson'
! Department of Chemistry, The University of North Carolina at Chapel Hill,
Chapel Hill, NC 27599, U.S.A.

Introduction

Hepatitis delta virus (HDV) is a satellite virus of hepatitis B (HBV) that increases the
severity of an existing HBV infection [1]. The hepatitis delta antigen (HDAg) is the only
protein coded by HDV and must form oligomers to be biologically active [2]. The crystal
structure of quadrin (CH;3;-CO-HDAg-(12-60)-Tyr-NH) contains the putative
oligomerization domain of HDAg and forms an octamer consisting of four interacting
antiparallel coiled coils [3]. Because the quadrin octamer represents a potentially useful
structural motif, experiments were undertaken to design a covalently-linked variant that
might be more stable.

Results and Discussion

A disulfide bridge was used to form the crosslinked variant of quadrin. In order to
effectively place the bridge, the crystal structure of quadrin was visually analyzed to
determine if a single residue in the center of the oligomerization site could be replaced by
a cysteine. Only one residue, Ile43, was close enough to an identical position in a different
chain to form a covalent homodimer without significantly distorting the quaternary
structure. The potential stability of this disulfide bridge was confirmed using molecular
modeling before the sequence was synthesized. Fig. 1 shows the structure of the disulfide-
bridged [Cys**]quadrin molecular model.

[Cys™]quadrin was synthesized using the solid-phase method and purified using
RP-HPLC under reducing conditions. The disulfide-bridged variant was formed in 20%
DMSO at 37°C for 18 h and purified using RP-HPLC. The identities of reduced and
disulfide-bridged proteins were confirmed using ES-MS and ammo acid analysis. The
structures of these proteins were investigated using far-UV CD. [Cys* ]quadrm had less a-
helicity than quadrin [4] but more a-helicity than disulfide-bridged [Cys*]quadrin. The
structure of disulfide-bridged [Cys*]quadrin was sensitive to changes in pH, having
maximal a-helical content when the pH was 7.0 and losing a-helical structure at higher
and lower pHs. However, when the protein structure was disrupted using thermal
denaturation, disulfide-bridged [Cys43]quadr1n was significantly more stable having a T,
near that of quadrln while [Cys* ]quadrms Tn was significantly lower. Also, when the
quaternary structure was analyzed using size exclusion chromatography, only disulfide-
bridged [Cys**]quadrin was able to form multimers. [Cys*]quadrin could only form
coiled-coil dimers.
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Fig. 1. Ribbon structure of a molecular model of disulfide-bridged [Cys® Jquadrin. The four
disulfide bridges holding the structure together are shown space-filled.

These studies indicate that the corner region of quadrin is not only essential for
oligomerization but also for stability of the folded structure. Formatlon of the disulfide-
bridged protein not only increased stability, but also allowed [Cys**]quadrin to form
multimers. Ile43 is therefore very important in maintaining dimer-dimer contacts across
this interface. These results complement previous findings from deltoid, a protein
designed to contain one half of a quadrin coiled-coil dimer [5].
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Introduction

The betabellin structure is a p-sandwich protein consisting of two 32-residue f-sheets
packed against one another by hydrophobic interactions [1,2]. D-Amino acid residues are
used to favor formation of type-I’ B-turns [3]. The amino acid sequence of betabellin 15S
(B158S) contains a conformationally constrained D-Pro residue at the i + 1 position of each
type-I' B turn (Fig. 1A). To test if a D-Pro residue is necessary at this position, the three D-
Pro residues of B15S were replaced by D-Ala residues in B16S. Air oxidation of B15S
furnishes betabellin 15D (B15D), a 64-residue, disulfide-bridged protein [1,2]. B15D
forms unbranched, multimeric fibrils with each fibril having a diameter of 3.5 nm in
folding conditions (5 mM MOPS, 250 mM NaCl, pH 7) as revealed by electron
microscopy [2]. Similarly, B16D forms unbranched fibrils that associate into ribbons.
Because these properties are characteristic of amyloid proteins, we chose to investigate
further whether B15D and B16D have other properties associated with amyloidogenic
proteins.

Results and Discussion

Under folding conditions, both B15D and B16D bound Congo red as evidenced by a red
shift in the absorbance spectra (Fig. 1B). The spectrum of 14 pM Congo red alone showed
a maximum at 484 nm. In the presence of 7 uM B15D or B16D, the maximum shifted to
502 nm and 512 nm, respectively. When each betabellin solution was put on a microscope
slide, dried, and observed under a polarizing microscope, the fibrils of each betabellin
displayed a green birefringence.

The fibrils of B15D exhibited a cross-p structure. X-ray fiber diffraction of B15D
revealed a sharp and intense 0.47-nm meridional reflection coinciding with the interstrand
spacing between P strands and a weaker and more diffuse 0.99-nm equatorial reflection
corresponding to the intersheet spacing in the B sandwich.

Under folding conditions, both B15D and B16D bound 1-anilino-8-naphthalene-
sulfonate (ANS) as evidenced by a blue shift in the fluorescence spectra and an increase in
the fluorescence intensity. When 4 M GdnCl was present, both betabellins were denatured
and did not bind ANS as shown by the low fluorescence intensity; GdnCl is known to
destabilize noncovalent interactions. Generally, ANS does not bind either a fully folded
protein or an unfolded protein. However, it binds a partially folded protein. The ability of
B15D and B16D to bind ANS suggests that they still expose some of their nonpolar
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residues and polypeptide backbone to solvent under folding conditions. Such exposure
would assist the betabellin molecules to associate into amyloid fibrils.

Amyloidosis is a disease in which normally soluble proteins turn into insoluble
fibrils and are deposited in extracellular spaces of organs and tissues [4]. Some examples
are Alzheimer’s disease, type-II diabetes, spongiform encephalopathies, and amyloidotic
polyneuropathies. These studies show that both B15D and B16D have unbranched fibrils
that stain with Congo red and display a green birefringence. The fibrils of B15D exhibit a
cross-P structure. These properties are characteristic of amyloid proteins. Both B15D and
B16D may provide useful models for studying the mechanism of fibril formation and for
designing its potential inhibitors.
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Fig 1. A. Predicted B-sheet structure of one chain of BI5SD, showing 18 interstrand hydrogen
bonds (v++) between pairs of polar residues (circled, side-chains in back) or nonpolar residues
(boxed, side-chains in frons). B. Absorbance spectra of 14 uM Congo red alone and 7 uM B15D or
BI6D in the presence of 14 uM Congo red in 5 mM MOPS and 250 mM NaCl at pH 7.




Design and synthesis of inhibitors of botulinum neurotoxin A and
B metalloproteases
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Introduction

Neurotoxins produced by Clostridia are among the most potent toxins known. The toxins
act like prodrugs in that they deliver metalloproteases inside cells. These proteases show
an extraordinary substrate specificity: the minimum substrate for botulinum neurotoxin
(BoNT) type B, for instance, is a 35-mer peptide. BoNT proteases cleave peptides in the
neuroexocytosis apparatus and by doing so block the release of neurotransmitters [1].

Our goal is to unravel the mechanism involved in substrate binding/cleavage by co-
crystallizing the BoNT proteases with substrate derived inhibitors. Replacement of the
cleavage site in peptide substrates by non-cleavable transition-state isosteres often
produces potent inhibitors of proteases (e.g. HIV protease) [2]. Herein we describe the
application of this approach to the design of substrate-based inhibitors of BoNT/A and /B
protease.

Results and Discussion

The minimum peptide substrates for the highly specific BoNT/A and /B proteases contain
17 [3] and 35 amino acids [4], respectively. They were prepared by automated solid-phase
synthesis and purified by semi-preparative HPLC. Both peptides were shown to be
substrates of native and recombinant proteases. For BoNT/B protease a HPLC based
cleavage assay was set up using the synthetic 35-mer substrate VAMP-2[60-94]. Zorbax’s
rapid resolution column technology enables us to do a high throughput screening.

Peptides containing the reduced amide transition-state isostere instead of the actual
amide bond cleavage site were prepared by reductive amination of the aldehyde Fmoc-
GIn(Trt)-H (1) with the C-terminal peptides (conditions according to [5]). The peptide
syntheses were then completed in a straightforward manner (Fig. 1).

To augment binding, additional potential zinc ligands were incorporated. The «-
hydroxyacid derivative of Fmoc-Gla(Trt)-OH (2) was synthesized in seven steps with
54% overall yield starting from Z-Gln(Trt)-OH. Unnatural amino acid 2 is the key
intermediate in the synthesis of two analogs of the minimum substrates. These analogs
being; (i) a-hydroxy amides were prepared by peptide coupling of 2 to the C-terminal
peptides; and (ii) hydroxyethylamine analogs were synthesized by reductive amination of
the a-hydroxyaldehyde 3 with the C-terminal peptides (conditions according to [5]) (Fig.
1).

Reduced amide and o-hydroxy amide analogs showed moderate inhibition (apparent
ICsp = 0.2-0.4 mM) of BoNT/B protease and are currently being used for co-crystallization
studies. Inhibition studies for BONT/A protease are in progress.
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Fig. 1. Synthesis of (i) the reduced amide, (i) the a-hydroxyamide, and (iii) the
hydroxyethylamine isostere with Gln in P, position. P,’ is Arg (BoNT/A protease) or Phe
(BoNZ{'/B protease). The transition state isosteres were incorporated into 17-mer and 35-mer
peptides.
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Dimerization inhibitors of HIV-1 protease: Effective inhibition
requires the cross-linking of non-identical peptides

Michael D. Shultz and Jean Chmielewski
Department of Chemistry, Purdue University, West Lafayette, IN 47907, US.A.

Introduction

Since the first discovery that cross-linked peptides corresponding to the dimerization
interface of HIV-1 PR (1) can effectlvely inhibit the formation of the active homodimer of
HIV-1 protease [1], extensive work to improve upon this class of inhibitors has been done
leading to smaller inhibitors such as 2. In the absence of structural data, questions of the
binding locus of each peptide remain. Do the peptides bind differentially and would the use
of identical peptides cross-linked to mimic the dimerization interface be more beneficial
than a more tedious synthesis of differentially substituted inhibitors? To answer these
questions and to gain further insight into the use of dimerization inhibitors a series of
Identically Substituted Cross-linked Protease Inhibitors (ISCPIs) were synthesized and
evaluated against Non-Identical Cross-linked Protease Inhibitors (NISCPIs). In all of the
cases investigated (17) except for one, all ISCPIs were less potent than their corresponding
NISCPIs. The one exception yielded a compound with similar potency as judged by the
ICsp value, but one that did not inhibit HIV-1 PR through a dissociative mechanism.

Results and Discussion

The use of cross-linked peptides such as 1 (Fig. 1) to disrupt the assembly of the
active protease dimer has been of interest to our group and others [2-6] for several years.
Throughout the development of lower molecular weight NISCPIs from 1, various ISCPIs
have been synthesized and evaluated. With the notable exception of 3, the ICsy values of
all ISCPIs were greater than their corresponding NISCPI, indicating that the two peptides
have different binding loci. In the case of 3 (ICsp= 0.43 uM) the inhibition was identical to
that of 4 (ICsp= 0.45 uM), while having a slightly lower molecular weight.

Kinetic studies of 3 using the analysis developed by Zhang et al. [3] indicated that
the inhibition observed was not occurring due to the disruption of the protease dimer (Fig.
2). Parallel lines such as that observed with 4 (K; = 240 nM) are indicative of dimerization
inhibition, while intersecting lines are indicative of competitive or non-competitive
inhibitors. Previous studies of cross-linked dipeptides indicate that in some cases a non-
competitive form of inhibition occurs, and presumably this mechanism is at work in 4 as
well [7].

Q O, Q, O,
HPro -Gln-lle-Thr-Leu-Trp-OH /\H-Thr-Leu-Phe-NHz )ﬂPhe-Phe-OH /\H—Thr-Leu—Phe-NHz
(CHo)14 (CHa)14 (CHa)14 (CH2)14
H »_H H H
N-Ser-Thr-Leu-Asn-Phe-OH N-Asn-Phe-OH N-Phe-Phe-OH N-Phe-Phe-OH
(0] [¢] (o} O
3 4

Fig. 1. Representative inhibitors used in this study.
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Fig. 2. Zhang-Poorman plot of 3 and 4.

In this study we have demonstrated that the use of crosslinked peptides as

dimerization inhibitors of HIV-1 protease places the peptides in different binding loci.
Thug design considerations must take into account that, although ISCPIs are more easily
obtained synthetically, they may never have the full potency that NISCPIs may afford.
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Backbone cyclic proteinomimetics derived from the arginine-
rich domain of HIV-1 Tat and Rev proteins: One sequence, two
conformations, two biological functions
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Introduction

The development of proteinomimetics involves minimization of the proteins, namely
synthesis of small molecules which contain only the active residues in their bioactive
conformation, omitting all the other residues. Cyclic peptides are excellent candidates to
serve as proteinomimetics. Recently we have developed the backbone cyclization [1] and
cycloscan [2] technologies for the discovery of selective, metabolically stable
peptidomimetics, and the backbone cyclic proteinomimetics (BC-P) technology, which
combines the above techniques in order to minimize active sites of proteins [3,4].

HIV-1 Tat protein is a viral transcriptional activator. HIV-1 Rev protein is responsible for
nuclear export of un-spliced viral RNA. Both Tat and Rev contain a consensus Arginine-
Rich Motif (ARM) with the general sequence RXXRRXRRR, which serves both as a
nuclear localization signal (NLS) and as the RNA-binding domain. The goal of our present
study was to develop selective ARM-proteinomimetics which will discriminate between
these two functions and inhibit only RNA binding without being able to interact with the
cellular nuclear import receptor.

Results and Discussion

Based on the three dimensional structures of Tat [5] and the Rev peptide-RRE complex
[6], we have designed and synthesized a library of 16 BC ARM-mimetic peptides (Fig. 1).
Each peptide possessed the same primary sequence (RKKRRGRRR) and differed solely in
their ring size, and thus in their conformation. Screening of the library was performed on
the two ARM functions. First, the peptides were screened for their ability to mediate
nuclear import in vitro as described [4]. Only peptide ARM-11 (n = 4, m = 4 in Fig. 1)
mediated nuclear import, with no other peptide showing a similar effect. The peptides were
also screened for

0=/C (?Hz)..
Arg-Lys-Lys-Arg-Arg-N- CH,— é-Arg-Arg-Arg-Cys-NHz
n=2,3,46 m=234,5
Fig. 1. General structure of the ARM-mimetic library.
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Table 1. Inhibition of Rev ARM-RRE interaction by BC ARM-derived peptide.

Peptide 1C,, (nM)
ARM-4 120
ARM-11 65
ARM-14 65
ARM-16 25
Neomycin 1000
Tat-ARM (48-61) 250
Rev-ARM (34-50) 15

their ability to inhibit Rev ARM-RRE interaction in-vitro using fluorescence anisotropy.
All of the peptides tested inhibited Rev ARM-RRE interaction with ICs, values in the nM
range, and the inhibition increased as the ring-size increased (Table 1). Peptide ARM-16 (n
= 6, m =5 in Fig. 1), which did not function as an NLS, was the best Rev-RRE interaction
inhibitor with an IC,; value of 25 nM. Its IC,, value was 40 times better than that of the
known Rev-RRE inhibitor neomycin, and 10 times better than that of the linear lead Tat-
ARM peptide.

The BC-P technology is suggested here as a general tool to achieve selectivity and
discriminate between two functions of one protein sequence. Selective inhibition of
Tat/Rev RNA binding without affecting the cellular nuclear import pathway is a promising
anti-HIV therapeutic target, which can be achieved only by discrimination between these
two ARM functions.
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Synthesis of several O-glycopeptide analogs of enkephalin

Scott A. Mitchell, Matthew R. Pratt, Victor J. Hruby, and Robin Polt
Department of Chemistry, University of Arizona, Tucson, AZ 85721, U.S.A.

Introduction

Work within the Polt laboratory has focussed on the exploration and exploitation of
carbohydrate moieties in the design and synthesis of opiate glycopegtides. These
glycopeptides have been synthesized based on the pharmacophore D-Cys ‘S—enkephalin
(DCDCE) [1]. A p-D-glucose-containing analog of DCDCE, LSZ-1025, displayed potent
analgesia when administered peripherally [2,3]. In an effort to understand the role of the
amino acid glycoside in both penetration of the blood-brain barrier (BBB) and opiate
receptor binding and stimulation, a series of glycopeptides were synthesized.

This work reflects the optimized synthesis of several enkephalin glycopeptides,
represented by several structural modifications. Incorporation of D-amino acid glucosides
to test the environment of the amino acid-glycoside linkage, variance of the glycan moiety
on serine to verify the impact of different sugars, and implementation of several different
pharmacophores, such as in SAM-1095 where a linear pharmacophore [4] was used,
highlight our design rationale. The impact of these changes was assessed after detailed
pharmacological testing.

Results and Discussion

In order to perform solid-phase glycopeptide synthesis (SPGPS), several Fmoc-amino acid
glycosides had to be synthesized with appropriate protection. Glycosylations were
accomplished using peracetylglycosyl bromides and either Fmoc- or O’Donnell Schiff
base protected amino esters of L- or D-serine/-threonine using Hanessian’s modification of
the Koenigs-Knorr reaction. These glycosides were converted to their Fmoc acid forms in
high yield via hydrogenation and N-acylation (Fig. 1).

Glycopeptide assembly was achieved via Fmoc-SPPS protocols. Several
optimizations were achieved that facilitated preparative synthesis (0.5-1.0 g) of both linear
and cyclic enkephalin glycopeptides (Fig. 2). Glycoside couplings were enhanced and ester
removal on the solid-phase was quantitative with acetate protection. S-Trityl protection for
cysteine in concert with triethylsilane as a cleavage cocktail scavenger proved an optimal
pair for the synthesis of cysteine-containing glycopeptides. Cyclic glycopeptide congeners

D j\h AgOTHl g
g0l or A~
Aﬁ%% HO/\___)LO Ph _AgClO, AQ%OS é :% Y Ph
A= ac0 g, * \,Ph DCcM ACOMTN \\/Ph
Ph Ph
H, 0 -
Pd AcO O/\-)L OH 12 different Fmoc-amino acid
AKOO = glycosides, acetate protected
Fmoc-Cl C AcO NH-Fmoc

Fig. 1. Synthesis of Fmoc-amino acid glycosides amenable for SPGPS.
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Fig. 2. SPGPS strategy.

were optimally cyclized employing a variation of a high-dilution:low-volume reverse-
addition K3Fe(CN)s oxidation protocol [5]. Finally, change to a linear opioid
pharmacophore, NH;-Y-DT-G-F-L-S(B-D-Glc)-amide (SAM-1095) provided a potent, lead
analgesic compound.

Changing the amino acid chirality had a large impact on the in vitro pharmacology
[6], including a significant difference in BBB transport [7]. Future modifications could not
only further define the structural requirements for optimal BBB penetration and opioid
activity, but may also bring us closer to a potential analgesic drug candidate.
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Investigating the role of turns in the folding of a predominantly
[3-sheet protein
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Introduction

The information necessary for the correct fold of a protein is contained in the primary
sequence [1]. How the sequence guides folding is as yet not well understood. The
principles of B-structure formation are less well characterized than a-helices [2]. Our
laboratory has used the predominantly B-sheet protein, cellular retinoic acid binding
protein I (CRABP I), a member of the intracellular lipid binding protein (iLBP) family, as
a model for the folding of p-structure. We know that stable hydrogen bonding in CRABP I
occurs an order of magnitude more slowly than the formation of topology [3]. This result,

. combined with the lack of a well defined hydrophobic
core, implicates local sequence as a potentially critical
determinant of the CRABP I chain fold. Of particular
interest are tight turns, which are an important feature
in the architecture of CRABP I. While turns are
stabilized by local interactions, their formation makes
neighboring long-range inter-actions (e.g., cross-strand)
more probable. By conformational analysis of peptides
derived from the turns in CRABP I, we will gain insight
into local sequence biases that may play critical roles in

Fig. 1. CRABP I, turns in black, early folding steps.
conserved clusters outlined.

Results and Discussion

N- and C-terminally blocked peptides corresponding to the seven tight turns of CRABP I
were synthesized. Peptides were designed to include strand residues before and after the
turn residues which allows the residues at the ends of the turn to experience native
sequential conformational restrictions. Spin systems were identified using 'H NMR
TOCSY, and through space connectivities (nOes) using 'H NMR rotating frame
Overhauser spectroscopy (ROESY) to avoid spin diffusion.

Table 1 presents diagnostic conformational data collected on all the turns. Only
Turns III and IV give clear indications of non-random, native-like structure. Turn IV,
previously shown to have native-like structure in a longer peptide corresponding to amino
acids 72-82 [4], also shows considerable structure in a 7-mer. In the crystal structure [5],
both the D77-G78 and the G78-R79 NH-NH distances are 3A, with the Gly residue in an
ar, conformation. We see strong sequential NH-NH nQOes in these residues, and
concomitant reduction in their sequential aH-NH nOe, consistent with the native turn
structure. Along with the lJow R79 NH resonance temperature dependence (Table 1), these
results suggest that Turn IV is highly biased toward native-like conformation, even in a
small fragment. Results for the Turn III peptide also support a significant sampling of the
native conformation. In addition to the clear G68-E69 NH-NH nOe and small o H-NH nOQe,
residues FKV show nOe patterns consistent with extended conformation, and there is a
side chain-side chain nOe between F65 and V67, as expected from the crystal structure.
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Tablel. Native-like turn indicators.

i+2—i+3 nOe . . . .
. A8/AT of NH in Native  Native-like Non-
Tumn Sequence NHNHIntensngls_INH H-bond (ppb/deg) sequential nOes
I PODGDQR™ = s 6.2 none
I SSSTTVRT® + - 7.0 none
11 SFKVGEG™ ++ + 4.6 2
IV "™ETVDGRKY ++ + 2.9 3
Y BENENKI®? + +++ 5.2 none
viI  '"“LANDEL'® - + 43 none
VII '“GADDVV'# - + 5.9 none

The behavior of these peptide fragments is intriguing since Turns III and IV have
unique roles in the structure of CRABP 1. Turn III connects (3-strands to form a hairpin
without cross-strand hydrogen bonding. Turn IV bridges the front and back B-sheets and
has the only conserved local interaction seen in an analysis of sequences from the iLBP
family. All of the other turns are components of regular B-hairpins.

The observed local sequence biases in Turns III and IV may facilitate formation of
a hydrophobic cluster, which itself is critical to subsequent folding steps in CRABP I.
Through sequence analysis in the iLBP family, we have identified two clusters of
conserved long-range interactions (Fig. 1). A number of the residues in Turn III are
involved in the lower cluster; several of the conserved hydrophobic interactions are with
residues on the B-strand emerging from the C-terminal end of Turn IV. We are testing
whether local sequence effects favor formation of this cluster through study of a larger
fragment incorporating Turn III and Turn IV.
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Introduction

Integrin receptors regulate cell-cell and cell-matrix interaction. It has been shown that many
integrin receptors bind the tripeptide sequence Arg-Gly-Asp (RGD) [1]. The integrin cimps
plays a major role in platelet aggregation and is probably the most thoroughly studied integrin
receptors. Recently, Mayo and coworkers have published NMR studies of linear GRGDSP and
fibrinogen y12 in the presence of aymP; receptor [2]. As part of our ongoing efforts to design
integrin antagonists to various receptors, we are interested in understanding the three-
dimensional requlrements for binding to these receptors. In the present study we analyze the
conformatlons of the ""N-labeled cyclic peptides c[Mpa- N -Arg'-°N- Gly N -Asp>-1N-
Phe N Arg -Cys]-NH, (Phe-Arg “analog) and c[Mpa-"N-Arg'-""N-Gly*-"°N-Asp’-"°N-
Asp*-"N-Val’-Cys]-NH, (Asp-Val analog) in the presence of aypf; receptor by NMR using
trarésfer NOE techniques and '’N-editing of the spectra (Mpa denotes 3-mercaptopropionic
acid)

Results and Discussion

RGDFR: amfs=15:1 RGDFR:ogyf3=15:1 free-RGDFR

RGDFR:RGDY(Me)R=1:1
T=2 = T=275K, Tp;;=300:
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Fig. 1. The NOESY spectrum of the Phe-Arg analog in the presence of the receptor (left), after
addition of a non-labeled competitor (middle) and in the absence of the receptor (right).

34



35

Our protocol for NMR studies of ligands in the presence of receptor involves four steps.
First, the experiments are carried out at different temperatures. Second, the effect of the
concentration of the ligand on the NMR spectra is studied. To this end, the PN-labeled
ligand is titrated into the receptor solution (30 mg of receptor/ml, 0.1 mM). Third, the
influence of a competitive non-labeled ligand on the spectra is investigated. Fourth, studies
are carried out to determine the effect of the calcium concentration. We used low (2 uM)
and high (2 mM) Ca®* concentrations for our studies.

Fig. 2. Superposition of the Phe-Arg and the Asp-Val analogs.

In particular, the following effects on the NMR spectra are observed: appearance or
disappearance of chemical resonances, chemical shift changes, differences in the
magnetization transfer between spins through dipolar coupling (NOE), and line
broadening. An example for a series of NMR experiments is shown in Fig.1. Our results
provide insight into the aupf; receptor-bound conformation of our two cyclic peptides. The
peptides when bound to the receptor adopt a B-turn spanning residues Arg' and Gly®. This
conformation is also one of the accessible conformations in solution in the absence of
receptor. Fig. 2 illustrates the superposition of representative structures of the Phe-Arg and
Asp-Val analogs. It is clear that the topochemical array of the pharmacophores are
extremely similar, The placements of the Arg® and Val’ side-chain functional groups are
different which is a consequence of their different electrostatic potential. We are currently
studying the receptor-bound conformation of antagonists to other integrin receptors such as
the OLVB3, Ot5f31 and G.vﬁs.
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Introduction

A new strategy for design and construction of peptide fragments that acquire defined,
native-like structure is based upon two hypotheses: peptides corresponding to ‘core
elements’ of a protein will favor native-like structure, and incorporation of a well-placed
‘crosslink’ will eliminate high entropy, extended conformations. Identification of core
elements is based on H/D exchange rates [1]. Core elements are the secondary structural
elements containing the slow exchange core, a collective term for stretches of residues that
bracket the slowest exchanging backbone amide protons in a native protein.

Results and Discussion

An oxidized core module (OxCM) and a reduced core module (RedCM) of bovine
pancreatic trypsin inhibitor (BPTI) were synthesized. Core elements in BPTI are two long
strands of antiparallel g-sheet (18-24, 29-35) and a small p-bridge (43-44). The core
template spans residues 14-38 (Fig. 1). OxCM has neutral end groups, replaces A27 with
D27 to improve solubility and stabilize a type I p-turn [2], replaces C30 with X30 to avoid
formation of undesired disulfide bonds, and retains the natural 14-38 disulfide (Fig. 1). To
address our hypothesis about the role of a crosslink, we synthesized RedCM, which has
the same sequence as OxCM but lacks a disulfide.

Conformational preferences were examined by '"H NMR. The degree of peptide order
was determined from chemical shift dispersion and deviation from random coil values,
long-range NOEs, and H/D amide exchange rates. OxCM shows considerably greater
chemical shift dispersion than RedCM. Deviations of observed CoH chemical shifts from
random coil values have the same characteristic pattern in OxCM, RedCM, partially folded
[14-38],,., 2and native BPTL. The deviation between OxCM and RedCM is highest for

1
Core ‘ 15 25 [ 35 |

Template CKARIIRYFYNAKAGLCQTFVYGGC
............ AN AN
Oxidized | |

Core Module BKARIIRYFYNAKDGLXQTFVY G G C-NH,

Reduced BKARIIRYFYNAKDGLXQTFVYG G C-NH,
Core Module

B: B-mercaptopropionic acid X: a-amino-n-butyric acid

Fig. 1. Structures of the designed BPTI core modules.
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D27

Fig. 2. Comparison of NOEs in OxCM versus RedCM in (a) native-like 4.4 B-hairpin, and (b)
non-native 3.5 p-hairpin. Solid arrows indicate stronger NOEs in OxCM; dashed arrows
indicate NOEs of equal intensity and grey arrows indicate NOEs not observed in RedCM.

strand residues. Numerous long-range NOEs are consistent with two conformations, a
native-like 4:4 -hairpin, and a non-native 3:5 g-hairpin. NOEs of both OxCM and RedCM,
for both types of conformations, are mapped onto the structures in Fig. 2. In general,
NOEs for OxCM are stronger than for RedCM. Although NOEs are consistent with two
conformations, others are probably also sampled but not sufficiently populated to give rise
to detectable NOEs.

Similar H/D exchange protection protection factors are observed for both peptides.
Exceptions are R20, Y21, and F22, which have higher protection in OxCM than in RedCM;
these residues are also the slowest to exchange in native BPTI. In conclusion, the ensemble
of OxCM conformations samples native-like structure a significant fraction of the time.
RedCM also samples native-like structure but a smaller fraction of the time.
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Introduction

A systematic approach to peptide and peptidomimetic design has been presented by
Hruby et al. [1]. By applying this scheme to our ongoing research, which seeks to translate
the information contained in an endogenous opioid peptide, such as enkephalin, into a small
organic compound, we have recently reported a series of new peptidomimetic compounds
[2]. The design was based on the topographically constrained and highly selective peptide
[(2S,3R)TMT'IDPDPE (Fig. 1). SL-3111 (1) emerged as a promising non-peptidomimetic
lead for further design, showing 8 nM binding affinity and over 2000-fold selectivity for
the 8- over the w-opioid receptor [2]. However, when tested in MVD(3) and GPI(u)
bioassays, in spite of having a moderate selectivity of 460-fold /9, it showed low potency
(ECs0 =85 nM compared to 1.8 nM observed for the peptide lead). Here we report efforts
to improve the biological profile of SL-3111, through the design and synthesis of a second
generation of peptidomimetics (Fig. 2).

Results and Discussion

The important pharmacophore distance vector of 7 + 1.5A between the two aromatic side
chains of Tyr and Phe can be achieved using different scaffolds. However, substitution of
the piperazine ring (2 and 3, Fig. 2), resulted in a 3000 to 5000-fold loss of affinity. Thus,
we introduced more subtle modifications on the original piperazine-like template (4 and 5).
Their binding affinities (Table 1) support the idea of the scaffold being an active moiety for
interaction with the d-receptor. It may also indicate which nitrogen atom is the one that
mimics the basic amine group essential in opioid-like drugs.

oM ¢
R/\
NN

O Second ganeralion of non-peptide

ligands
Aromatic Pharmacophores

N pharmacophore

M
H3C|
. el )
g
: Sl
HN NN N
] ) R, W
Ry = difterent functionalities First genaration
/ to provide conformational of non-peptide
Hydrophoblc constraints and hydrophobicity. ligands
groups Ry =t
) 2 = functional diversity introduced = 1Bu-| - =
[(28,3R)-TMT 'IDPDPE In the second generation of paptidomimetics Ry = tBu-Ph (SL-3111<1)

Fig. 1. Rationale for the design of the first and second generation of peptidomimetic ligands.
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Table I. Inhibition of opioid receptor binding by synthesized SL-3111 analogs.

Compound ICsy (nM)* I1Cs, (nM)” Selectivity (u/d)

[(2S.3R)YTMTI1IDPDPE 4300 + 820 5+ 1.0 860

2 27,900 £ 7100 28,600 + 2900° 0.97
3 73,600 = 2600 44,700 + 8400° 0.86
4 22,870 12,640 1.8
5 4335 33 132
6a 26,000 + 4100 38 £ 45 680
6b 3300 £ 300 11 £ 0.8 292
6cl > 80,000 > 10,000 -
6c2 46,300 21,300 2.2
6d 8000 + 1800 38 + 3.7 210

"Inhlbmon of [ H]DAMGO binding to the u-opioid receptor.
Inhzbmon of H]Deltorphin II binding to the 6-opioid receptor.
‘P H]pCIDPDPE was used as radioligand.

N,

¥ R: 0 R
" SAGAYCACHNCASS
2, Ry,R2 = benzyl 4 5 6 8

3,R¢=benzyl,
R, = carboxy-p-hydroxyphenyl

O

Fig. 2. Peptidomimetic analogs of SL-3111.

In bioassay experiments compound 5 was shown to be an agonist in the MVD(9)
with no activity at the GPI(n). While maintaining the original piperazine scaffold, we have
explored the functional diversity that can be introduced in such a template (6a-d; a = CH,-
O-CH,-Ph; b = Me; ¢ = CH,-Ph; d = CH,-OH). The most interesting data is the dramatic
decrease observed in both affinity and selectivity when R, is a benzyl group. Both
diastereoisomers (6¢1 and 6¢2, Table 1) showed no difference in binding affinity, with a
nearly complete loss of activity at both p- or 8-receptors. A similar trend also was
observed in the bioassay experiments where compound 6¢1 was shown to completely lack
biological activity in both p- and 8-assays (GPI and MVD). However, compound 6b was
shown to be a 8-agonist which was nearly as potent as SL-3111 and highly selective. These
observations prompted us to study a solid-phase strategy to more efficiently explore the
functional diversity in that part of the scaffold. Compound(s) 8 are now being pursued in
our laboratory.
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Introduction

A new series of cyclic peptides having the L, L, L, D-pattern of configuration has been made
[1]. The peptides form ion-conducting channels in lipid membranes, presumably by
stacking, analogous to Ghadiri’s cyclic.(LD), peptides [2]. The (LLLD) pattern was chosen to
allow the formation of a planar ring in which every fourth hydrophilic side chain stays
inside the ring while the hydrophobic residues project out of the ring, similar to the -
helical peptides of Kennedy et al [3]. In the present study, we report the ion channel
activity of a cyclic (LLLD); peptide: c[-Trp-Ser-Leu-D-Ala-Trp-Ser-Val-D-Ala-Trp-Ser-Ile-
Gly] (1).

Results and Discussion

Peptide 1 was synthesized by the solid-phase method using Fmoc chemistry and cyclized in
a dilute DMF solution. The ability of the peptide to form ion channels was assessed by
planar bilayer techniques. Fig. 1 shows that incorporation of the peptide into the planar
bilayers gave rise to the discrete, square current events switching between channel open and
closed states. The symmetry in the current versus the voltage across the membrane recorded
under 500 mM/500 mM KCIl (Fig. 2) suggests the formation of a symmetric channel.

Ion selectivity of the channels was evaluated by both asymmetric and symmetric
methods. From the current-voltage relationship of 1 measured under asymmetric (500/100)
conditions, a reversal potential of -27.3 mV was detected, corresponding to the
permeablllty ratio Py */P& of 6.4. This indicates that the channel has a distinct select1v1ty
for cations over anions. The differences in conductance (Table 1) observed for various
electrolytes not only confirm a cation-selective peptide channel but also 1ndlcate the
channel select1v1ty for monovalent cations. The sequence for 1 is NHy" > Cs* > Rb" ~ K" »
Na" > Li*, with a factor of approximately 5 between the lowest and the highest
conductance. Whether and how the hydrophilic residues of the cyclic peptides contribute to
the ion selectivity of the channel needs further investigation.

IpA L
1S

closed

Fig. 1. A current trace for 1 recorded at 500 mM symmetrical electrolytes at 100 mV applied
potential.
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Fig. 2. Current-voltage relationships of the peptide channels under the symmetric condition (@) of
500 mM/500 mM KCI and under the asymmetric condition (l) of 500 mM/100 mM KCI.

Table 1. Summary of ion channel activities of 1 recorded under symmetric conditions (500 mM
electrolytes on the both sides of the membrane).

Conductance (pS) Conductance Number of
Electrolyte (mean = S.D.) ratio Experiments
LiCl 4408 04 10
NaCl 119+2.7 1.0 18
KCl 11.6 £ 2.1 1.0 19
RbC1 11.0+1.9 0.9 16
CsCl 19.7+£3.0 1.7 17
NH,CI 25.6+2.8 2.1 9
Me,NCl nd.?
“not detected.

The high conductance recorded in NH,C1 for 1 indicates that the channel is larger
than the diameter of the ammonium ion (4 A). Substitution of NH4Cl by MesNC1 (6A)
provided no detectable conductance, suggesting a diameter of 4-6A for the peptide channel.
This is consistent with the pore size in the molecular model.
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Introduction

Affinity labels, compounds which bind covalently to their target proteins have been useful
biochemical tools to study opioid receptor structure and function [1]. On account of their
irreversible nature, they can be employed in characterizing the various opioid receptor
types, isolating receptors, and mapping the location of binding sites. Opioid affinity labels
which have been used to study opioid receptors include both non-peptides and peptides
(e.g. B-funaltrexamine [2] and [D-Ala? Leu’,Cys®lenkephalin [3]).

We are interested in synthesizing affinity labels based on opioid peptides as tools
to study opioid peptide-receptor interactions. In order to develop an affinity label, the
parent peptide should exhibit high affinity for the receptor to be studied. In an effort to
obtain selective irreversible ligands for opioid receptors, several peptides were chosen as
parent peptides including two amphibian opioid peptides, [D-Ala’]deltorphin 1 and
dermorphin, which are selective for 8 and w opioid receptors, respectively [4], and
endomorphin-2, which is also selective for w receptors [5]. We introduced reactive
functionalities, either isothiocyanate or bromoacetamide groups, into the Phe in position 3
of these peptides, as well as in position 4 (endomorphin-2) or position 5 ([D-
Ala*]deltorphin I and dermorphin).

Results and Discussion

The linear peptides were assembled on a PAL-PEG-PS resin using standard Fmoc
chemistry. In order to introduce affinity labels on para position of Phe, Fmoc-
Phe(NHAlloc) was incorporated into the peptide [6]. The Alloc protecting group was
selectively removed from the fully protected peptide on the resin using Pd(PPh;), (3 equiv)
in DCM/AcOH/NMM (37/2/1). Affinity labels were then introduced using
thiocarbonyldiimidazole (4 equiv) in DMA to produce the isothiocyanate-containing
compounds, and bromoacetic acid and DIPCDI (2 equiv each) in DCM to yield the
bromoacetamide derivatives. The free amine analogs were also prepared as reversible
controls for the binding assay.

Radioligand binding assays were performed using cloned opioid receptors expressed
in Chinese hamster ovary (CHO) cells [7]. The preliminary results for the selected
compounds are shown in Table 1. Modifications on Phe® of dermorphin led to significant
decreases in binding affinity for p receptors. In particular, introduction of a p-
isothiocyanate affinity label on Phe’® caused a drastic decrease in the binding affinity,
probably due to the linear geometry. This result suggests that the aromatic residue in
position 3 fits snugly in the binding pocket on the p receptor with limited tolerance for
substitution in the para position. In contrast, modifications of a Phe in position 5 were
relatively well tolerated, except for the inco?oration of an isothiocyanate group.

Modifications of the Phe® in [D-Ala*]deltorphin I resulted appreciable decreases in
affinity for O receptors. In particular, the bromoacetamide derivative showed negligible
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affinity (K; = >10,000 nM). Substitution on the para position of Phe’® also resulted in
decreased affinity for 8 receptors.

Table 1. QOpioid receptor affinity of selected opioid peptides analogs under standard assay
conditions.

IC50 (nM) e S EM.
Peptides 3

u

Dermorphin 0.52 £0.33 -
[Phe(NCS)*]Dermorphin 2690 £ 400 -
[Phe(NH,)’] Dermorphin 0.30+0.23 -
[Phe(NHCOCH,Br)’] Dermorphin 446+ 1.30 -
[D-Ala]Deltorphin I - 0.60 £ 0.40
[D-AlaziPhegNCSf] Deltorphin I - 147 @135
[D-Ala,"Phe’] Deltorphin I - 6.70 £ 0.40
[D-Ala’ Phe(NCS)®] Deltorphin I - 437 £28

Introduction of affinity labels on endomorphin-2 also significantly reduced binding
affinities for wreceptors. In particular, compounds with an isothiocyanate and
bromoacetamide affinity label on Phe’ displayed negligible affinity (K; = >10,000 nM).

In preliminary, wash resistant inhibition of radioligand binding experiments,
[Phe(NHCOCH,Br)*]dermorphin exhibited greater inhibition of binding to p receptors than
the corresponding amine derivative. This result suggests that this peptide may be binding
to opioid receptors in a non-equilibrium manner. Further study of this potential affinity
label is in progress.
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Introduction

When several copies of the same peptide are present in a single multimeric molecule,
avidities (and bioactivities) can be greatly enhanced over the affinity or activity of
monomeric peptide. Such enhancement (10°-fold) occurred with the peptabody [1], a
protein produced through recombinant DNA techniques. The peptabody possesses a copy
of a short cyclic (disulphide-bonded) peptide on the tip of each of five long polypeptide
chains which themselves are held together by a pentamerization domain such that the short
peptides are distributed like nails on the tips of the fingers of a hand (and the palm and
forearm represent the pentamerization domain, approximately in proportion). Enhancement
of binding and biological activity by several orders of magnitude was also found with
some synthetic erythropoietin mimetic peptides [2], and some nucleotide analogs [3],
dimerized with polyethyleneglycol (PEG). We wish to exploit simultaneously the
enhanced avidity offered by binding through two or more subunits simultaneously
(multivalent binding), and the flexibility of synthetic chemistry, to create molecules of
high avidity and selectivity for diagnostic and possible therapeutic use. The amino acid
sequence of appropriate peptide subunits may be identified using phage library techniques
[e.g. 1], and the subunits themselves may be assembled using oxime chemistry [4].

By analogy with the terms antibody, diabody, minibody, peptabody, etc., we
introduce the term “chemobody” to refer to “a chemically synthesized antibody-like
molecule”. Chemobodies are synthetic molecules which display multiple copies (at least
two) of a peptide subunit which can bind non-covalently to a complementary structure,
thus mimicking a major feature of the antibody molecule. To be able to bind through two
or more subunits simultaneously, the peptide subunits of a chemobody must be spaced at
appropriate distances and the linking moiety must possess sufficient flexibility. It is this
linking moiety (linker, spacer) which is the subject of our communication.

We sought to create a new class of biocompatible polymers which would combine
the advantages of both polypeptides (precise length, convenient synthesis) and of PEG
(flexible, amphiphilic, non-immunogenic, unsusceptible to proteases). Commercially
available materials were to be used and protection and deprotection steps avoided.

Results and Discussion

Oligoureas are in principle accessible using a simple two-step solid-phase procedure, as
shown below for the case of an amino resin, NH,-Resin, and a symmetrical diamine, NH,-
Y-NH;:

1. Activation With carbonyldiimidazole = im-CO-NH-Resin
2. Aminolysis with diamine NH,-Y-NH, - NH,-Y-NH-CO-NH-Resin

These two steps may be repeated a number of times to give an oligourea with
repeat unit -NH-Y-NH-CO-. Unfortunately, the yields of the above steps were not
quantitative at room temperature, even with very large excesses of reagents and long
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reaction times. After six cycles we obtained a mixture of ureas of various lengths and
abandoned the approach.

Polyamides, on the other hand, are accessible using a three-step solid phase
procedure, shown below for the case of an amino resin, NH,-Resin. Reagents HO,C-X-
COH and NH,-Y-NH; must be symmetrical if isomeric products are to be avoided.

1. Acylation with diacid HO,C-X-CO,H - HO-CO-X-CO-NH-Resin )
2. Activation with carbonyldiimidazole = im-CO-OCO-X-CO-NH-Resin
3. Aminolysis with diamine NH,-Y-NH; - NH,-Y-NH-CO-X-CO-NH-Resin

These three steps may be repeated in sequence a number of times to give a
polyamide with repeat unit -NH-Y-NH-CO-X-CO- [5]. The polymer contains a precise
number of monomer units, X and Y can be varied independently at each step, and end-
groups can be chosen at will. By using succinic anhydride for the acylation step and
4,7,10-trioxa-1,13-tridecanediamine for the aminolysis step, PEG-based polyamides are
formed wherein X is -CH,CH,-, Y is -NH-CH,CH,CH,-(OCH,CH,);-CH,-NH- and the
repeat unit is -NH-CH,CH,CH,-(OCH,CH,);-CH,-NH-COCH,;CH,CO-. In spite of the
fact that the procedure involves divalent reagents with no protecting groups, cross-linking
is not a problem when standard commercial peptide synthesis resins are used [5], but see
below for the case of branched Lys cores. Polyamide formation may be incorporated into a
synthetic scheme for peptide sythesis involving Boc or Fmoc chemistry, but when
elaborating such schemes it must be borne in mind that the aminolysis step will remove the
Fmoc group, and will remove formyl protection of indole if Boc chemistry is to be used.

Fig. 1. Structure of a tetrameric chemobody displaying four copies of the phage-derived peptide
SVWRWLPYDKYE. Flu, acetaminofluorescein; Cy, cysteamine linker; ox, oxime linker; s,
-COCH,CH,CO-; p, -NH-CH,CH,CH,-(OCH,CH,);-CH,-NH-. The relative molecular mass found
of 18050 (electrospray ionization mass spectrometry) was close to the theoretical value of 18045.
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. Fig. 1 shows schematically the structure of a tetrameric chemobody displaying four
copies of the peptide SVWRWLPYDKYE, one of the phage-derived sequences identified
in the original peptabody work [1]. For chemobody construction, this peptide was
synthesized using Boc chemistry directly on the terminal amino group of a resin-bound
PEG-based polyamide linker [5]. Oxime bonds were readily formed between the
aminooxyacetyl group on a Lys side-chain at the other extremity of the linker, and the
glyoxylyl groups on the tetravalent core, (O=CHCO),Lys,Lys-Cy-Flu (see Fig. 1). The
oxime linker of Fig. 1 is thus -Lys(COCH,ON=CHCO-)amide. An alternative construction
would place the oxime bond between the peptide and the PEG-based linker. This would
require the synthesis of a tetravalent core [0O=CHCO-(NH-CH,CH,CH,-[OCH,CH,]3-CH,-
NH-COCH,CH;CO-),]sLys;Lys-Cy-Flu. We were able to synthesize such tetravalent cores
but yields were poor and the chromatograms of crude material were complex. Cross-
linking occurring during the aminolysis step seemed to be responsible and could
presumably be avoided by using monoprotected diamine, which would then require
deprotection after coupling. We did not try this as it would detract from the advantages of
using commercially available materials and avoiding deprotection steps, and it was not
necessary since the method of construction depicted in Fig. 1 was without problem. The
oxime chemistry used in making the tetrameric chemobody has been shown to be suitable
for assembling up to eight polypeptides [4,6]. It is, of course, possible to use other
chemistries to assemble chemobodies and when using PEG-based polyamides for other
applications. We have successfully used bromoacetyl/thiol/thioether chemistry to attach up
to seven peptides to a core molecule.

The synthetic molecule shown in Fig. 1 is perfectly solubie in water whereas the
corresponding recombinant peptabody could not be produced correctly in soluble form [1].
Phage-derived peptides may thus be displayed on a totally synthetic molecule on the tips of
biocompatible chains without the problems associated with recombinant expression and
refolding. Chemobodies, being totally synthetic, permit convenient incorporation of abiotic
reporter groups such as metal chelators for radionuclides, of reactive groups for attachment
to surfaces for biosensor applications, of therapeutic agents, etc.

Full experimental details of our stepwise solid-phase approach to the synthesis of
PEG-based polyamides are given elsewhere [5]. It is our intention to exploit the flexibility
of chemical synthesis and functionalization of chemobodies to target diagnostic and
therapeutic agents to pathological tissue. Chemobodies represent a judicious combination
of recombinant DNA technology (phage-derived peptide sequences) and organic chemistry
(modular synthesis and assembly).
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N*-2-(4-Nitrophenylsulfonyl)ethoxycarbonyl (Nsc) as an amino-
protecting group and its application for peptide synthesis

Hack-Joo Kim' and Vladimir V. Samukov?
!Research Institute, Hyundai Pharm. Ind. Co., Ltd., Bucheon 422-231, Korea, and 2State Research
Center of Virology and Biotechnology "Vector", Koltsovo, Novosibirsk Reg., 633159, Russia.

Introduction

The discovery of ester and urethane protective groups cleavable by base-promoted p-
elimination under aprotic conditions appeared to be a substantial contribution to the recent
progress of the peptide synthesis. The most prominent representative of this class, Fmoc
group, has played a pivotal role in the development of SPPS. The remarkable stability of
the Fmoc group towards acids and its mild cleavage by organic bases in aprotic solvents
provide its compatibility with the acid-labile rBu group, and secure a very broad
application of the Fmoc/tBu-methodology in the modern automated SPPS. Despite of the
revealed drawbacks, the Fmoc group has remained for many years virtually a sole base-
labile N*-protection employed in the routine peptide synthesis.

In our early studies [1,2], we found that 2-alkyl- and 2-arylsulfonylethyl esters and
urethanes can be cleaved not only by aqueous alkaline treatment, but also by strong
organic bases in a manner very similar to that used for the cleavage of analogous 9-
fluorenylmethyl (Fm) derivatives. Kinetic and mechanistic studies, which were performed
on a series of model sulfonylethy! urethanes [2], showed that the mechanism of their
cleavage by such bases as DBU or piperidine in DMF was essentially the same as that of
the Fmoc group. Moreover, the cleavage rate was strongly dependent on the nature of
arylic substituents.

These findings led further to the development of Nsc as a new base-labile N*-
protecting group for SPPS [3]. The present report is a brief review of the properties of the
Nsc-group and its applications for peptide synthesis.

Results and Discussion

Despite the obvious similarity between Fmoc- and Nsc-groups arising from the same
cleavage mechanism, there are certain differences in their properties, which are the
consequence of different chemical structures of the two groups.

1) Nsc-group is cleaved more slowly than Fmoc; on the other hand, it is more stable
in neutral and weakly basic aprotic solution [2,5].

2) The reaction mixture after Nsc cleavage acquires a yellow color that makes
possible facile visual monitoring of the cleavage during the manual peptide assembly. The
UV-spectrum of the mixture has a long-wave shoulder (A = 320-380 nm), which can be
used for the on-line UV-monitoring of the deprotection process, because no other
components of the mixture absorb in this region of the spectrum [4,6].

3) Unlike dibenzofulvene, the primary product of Nsc cleavage, 4-nitrophenyl vinyl
sulfone, does not tend to polymerize and is trapped quantitatively by piperidine to give N°-
[2-(4-nitrophenylsulfonyl)ethyl]piperidine [3-5].

4) Nsc-amino acids are more polar than corresponding Fmoc-amino acids; retention
times of the Nsc-amino acids during RP-HPLC are considerably less than those of the
Fmoc-amino acids [4].
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Fig. 1. Synthesis of N®-Nsc-OtBu-derivatives of hydroxyamino acids.

A full set of N*-Nsc-amino acids was prepared by the acylation of amino acids with
Nsc-Cl under a variety of conditions. In certain cases, the Nsc-group can be initially
introduced as a base-resistant 2-(4-nitrophenylthio)ethoxycarbonyl group, a precursor of
the target sulfone (Fig. 1). This approach was used for the preparation of side-chain
protected hydroxyamino acids and N3-sulfonylated Nsc-arginines.

The utility of Nsc-amino acids for the practical peptide synthesis was extensively
studied both in manual and automated SPPS. In the latter case, standard protocols for
Fmoc/fBu chemistry can be employed for Nsc/fBu with minor changes regarding to
deprotection procedure. Although a standard piperidine/DMF solution may be used for the
Nsc deprotection, an addition of 1% (v/v) of DBU considerably augments the cleavage rate
of the Nsc-group without apparent adverse effects on a growing peptide chain.

Direct comparison of Nsc/fBu chemistry with the standard Fmoc/fBu in automated
SPPS showed that in many cases both methods gave very similar results in regard to yields
and purity of final products [4]. However, sometimes the polar nature of Nsc-group
favorably affected assembly of difficult sequences in the course of peptide synthesis [6].

Enhanced stability of Nsc-amino acids, as compared to Fmoc-derivatives, is
revealed also at elevated temperatures. It brought us to attempt synthesizing problematic
peptides, amyloid-B segments and deca-alanylvalinamide [5], under various temperature
conditions. Amyloid-B segments were synthesized at 50°C with the use of both Fmoc and
Nsc-amino acids and shortened coupling cycles (Fig. 2). Markedly better results obtained
with Nsc-derivatives encouraged us to try the assembly of the full sequence of amyloid-p
peptide (1-42) under these conditions. The presence of the target peptide in the final crude
product was confirmed by MALDI-TOF MS and SDS-PAGE.

To date, the Nsc/fBu-chemistry was applied for the synthesis of hundreds of
peptides in both manual and automatic mode, and thus can be regarded as a useful
alternative to the standard Fmoc/fBu technology.
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Fig. 2. HPLC profiles of amyloid-p peptide fragments synthesized at 50°C (15 min coupling, 5 min
deprotection); Lichrosphere C18 5 um (4.6 x 200 mm), 0-100 % MeCN, 45 min,; (A) fragment I-
11, (B) fragment 10-20, (C) fragment 20-30, (D) fragment 29-40.
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in various conditions
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Introduction

N*-2-(4-Nitrophenylsulfonyl)ethoxycarbonyl (Nsc)-amino acids have been demonstrated to
be useful for solid-phase peptide synthesis [1-2]. The stability of an N*-protecting group in
various organic media plays an important role in automated solid-phase peptide synthesis
utilizing pre-dissolved amino acids. In particular, under drastic conditions a more stable
group can provide better results for the synthesis of difficult sequences. We examined the
stability of Nsc-amino acids under various conditions, and compared it with Fmoc-amino
acids. To demonstrate its effect on peptide synthesis, we synthesized several peptides using
aged Nsc- and Fmoc-amino acids.

Results and Discussion

The stability of Nsc- and Fmoc-amino acids was checked under the following conditions:
(1) neat at room temperature and 40°C; (2-1) DMF; (2-2) NMP; (2-3) DMF containing 2
equiv DIEA; and (2-4) 10% aqueous DMF at room temperature and 40°C, respectively.
Nsc-amino acids were found to be durable at room temperature for long-term storage and
more stable in various organic media than Fmoc-amino acids. It is noteworthy that most
Nsc-amino acids, even ones with /Bu, Trt, and Pbf side-chain protecting groups, showed
excellent stability at 40°C (Table 1). Fmoc-amino acids were rapidly decomposed in
various organic media at elevated temperature, whereas Nsc-amino acids were not (Fig. 1).

Table 1. Comparision of stability of dissolved Nsc-(N) and Fmoc-(F) amino acids.

in DMF (%)* G \Y ' M D(O/Bu) Y(Bu) H(Trt)
N F N F N F N F N F N F N F

Starting 99 100 98 100 98 98 99 99 99 100 97 99 98 98
RT, 8-10 days >95 >95 >95 >95 >95 <95 >95 >95 >95 >95 >95 >95 >95 >95
40°C, 8-10 days  >95 <25 >95 <60 >95 0 >95 <65 >95 <50 >95 <75 >95 0
in NMP (%)" I P E(OBu) S(@Bu) N(Trt) Q(Trt) R(Pb)
N F N F N F N F N F N F N F

Starting 100 100 100 98 95 100 97 97 98 96 100 99 97 98
RT, 8-10 days >95 >85 >80 0 >95 >90 >90 >80 >95 >90 >95 >80 >85 >85
40°C, 8-10days >95 <60 >80 0 <60 <60 >85 <30 >95 <75 >95 <55 >85 <40

ZSample (0.1 M) was analyzed after ten-jold dilution by HPLC: Hypersil 200 x 4.6 mm, 20-80% of
CH;CN (0.1% TFA) in H;O (0.1% TFA) within 25 min, 1 ml/min, A = 254 nm (Nsc) and A = 216
nm (Fmoc).
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Fig. 1. Stability of Nsc- and Fmoc-amino acids in (4) DMF, (B) NMP, and (C) DMF containing 2
equiv DIEA at room temperature and 40°C.

Due to increased stability, problematic peptides deca(L-alanyl)-L-valinamide and
ACP (65-74) were successfully synthesized using Nsc-amino acids at 40°C. Interestingly,
Nsc-amino acids gave better results in NMP than DMF, which results from swelling
effects [3]. The synthesis of ACP (65-74) using aged Nsc-amino acids at 60°C smoothly
proceeded without serious side reaction to yield a product of similar purity to one obtained
using fresh amino acids.
In conclusion, Nsc-amino acids are more stable in various organic media at
elevated temperature than Fmoc-amino acids, and are applicable to automated solid-phase
synthesis using pre-dissolved amino acids.
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Introduction

Steric factors play a major role in the acylation of N-alkylated amino acids during peptide
synthesis. It is expected that the nucleophilicity of secondary amines, as compared to
primary amines, will increase the rate of acylation. However, the opposite is observed;
acylation of N-alkylated amino acids (except proline) is usually slower then the acylation
of primary amines. This is explained by steric hindrance exerted by the N-alkyl groups,
which shields the nucleophilic center. The steric effect is increased with the size of the N-
alkyl group and is enhanced by bulky side-chains and to a lesser extent by other remote
groups. The difficulty for the incorporation of N-alkylated amino acids is increased
enormously when several such N-alkylated amino acids are linked to each other (e.g.
cyclosporine). To overcome these difficulties during SPPS, several coupling reagents have
been evaluated and recommended. These include PyBroP, PyCloP, PyAoP, PyClU,
ABTU, HATU, HATU/HOAt, TOPPipu, CIP/HOAt, and Mukaiyama's reagent. In
addition, the active species UNCA, acid fluorides, and acid chlorides have been
recommended. Among these, HATU was extensively used for the SPS of ¢yclosporine A
(CsA) analogs and fragments [1,2].

Results and Discussion

The solid-phase synthesis of backbone cyclic (BC) peptides involves coupling to N-
alkylated amino acids [called backbone cyclization building units (BU)] [3]. We have
encountered difficult couplings due to severe steric hindrance during the SPS of BC
peptides which involve acylation of N-alkylated amino acids other then Gly. For example,
the coupling of Fmoc-Phe-OH to N(Boc-amino-propyl)Phe-peptidyl-resin could not be
performed at all using all the coupling agents and the active species mentioned above,
except acid chlorides. Indeed, using the pre-formed Fmoc-amino acid chloride method and
2,4,6-collidine as base [4] we have managed to couple many Fmoc protected amino acids
to a large variety of non-Gly-building units attached to peptidyl-resins. The couplings
proceeded in high yield and without racemization (as detected by HPLC) [5].

The general use of pre-made protected amino acid chlorides in SPPS is limited
mainly due to the fact that chlorides of Fmoc-amino acids bearing acid-labile protecting
groups on their side-chains (such as tBu, Boc or Trt) have limited shelf stability. For
example, Fmoc-amino acids with /Bu protected side-chains could not generally be
accommodated. In some cases (Asp and Glu) the chloride could not be obtained and in
other cases (Tyr, Ser, Thr) their shelf stability appeared insufficient for practical use. In
addition, the preparation of chlorides derived from Fmoc-Lys(Boc), Fmoc-Trp(Boc),
Fmoc-Cys(Trt) and Fmoc-Gln(Trt) is problematic because of side reactions, and requires
special reaction conditions and purification [6].
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To overcome these limitations we have recently introduced the in situ generation of
protected amino acid chlorides using bis-(trichloromethyl)carbonate (BTC) [7]. BTC
allows the straightforward generation of Fmoc-amino acid chlorides of all the
proteinogenic amino acids including Arg(Pmc), Asp(OrBu), Cys(Trt), Lys(Boc), Ser(sBu),
Thr(:Bu), Trp(Boc) and Tyr(Bu) in aprotic polar solvents such as THF and p-dioxane
without side-chain deprotection or racemization. The coupling of all proteinogenic Fmoc-
amino acids and GABA, and also a variety of Me amino acids and building units, to a large
variety of building units and Me amino acid-resin and/or peptidyl-resin, generally resulted
in quantitative conversion without racemization (as assessed by HPLC-MS). In most of the
BC peptides synthesized, the BU was located at the second position from the C-terminal as
well as in more remote positions along the peptide chain (positions 3-12). However, in
some cases such as the coupling of Fmoc-Thr(:Bu)-OH or Fmoc-Val-OH to N-(y-Alloc-
propyl)Val-Thr(sBu)-Rink amide resin, the conversion was only 53 and 66%, respectively,
even after 3 repetitions at elevated temperatures (50°C) (Fig. 1). In addition, attempts to
couple Fmoc-His(Trt)-OH and Fmoc-Asn(Trt)-OH to BU-peptidyl-resin under the BTC
conditions failed. The former gave only 20% conversion and total racemization, apparently
due to facile oxazolone formation catalyzed by the imidazole side-chain, and the latter
gave only starting materials.

?OO-AIlyI
(CH2)3

+ HTCO-Thr(tBu) (3

Fmoc-Thr(tBu)OH + BTC
+ coliidine 509

Fig. 1. Coupling of Fmoc-Thr(tBu)-OH to N-(y-Alloc-propyl) Val-Thr(tBu)-Rink amide resin.

The difficulty in acylation of BU as compared to Me amino acids during SSPS is
illustrated by the synthesis of a tripeptide containing consecutive Me amino acids, namely
H-MePhe-MePhe-MePhe-NH;. Although such a peptide with adjacent sterically hindered
amino acids is considered to be difficult for SPS, and even served as model peptide for
difficult fragments of CsA [2], it was synthesized by single couplings following the BTC
procedure. Analysis of the crude peptide by HPLC after deprotection revealed a single
sharp peak (>98% purity) with the correct MS (expected 500.3 Da, found 501.9 Da).

As in the case of pre-made amino acid chlorides, Fmoc-amino acids did not
racemize during the BTC mediated coupling. On the other hand, during the synthesis of a
backbone bicyclic analog of octreotide (PTR 3205) shown in Fig. 2, partial racemization
occurred as visualized from the HPLC of the crude peptide. After allyl/Alloc deprotection,
the on-resin cyclizations were achieved using PyBOP for lactamization and I, for the
formation of the disulfide bridge. After removal from the resin and deprotection, the HPLC
of the crude peptide revealed two close peaks (minor 11% and major 85%). Chiral analysis
of the major peak showed less then 0.1% D-Cys whereas the minor peak contained 43.1%
of the D-enantiomer. Apparently, in this coupling Cys racemized to the extent of 10%. The
crude peptide was purified by HPLC and subjected to a binding assay. PTR 3205 (major
peak) is highly selective to the SSTR-2 (ICso = 10 M) and did not bind to the other SST
receptors (ICsg >10® M).
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D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-ol

Octreotide

(CH2)z CO-NH (CH2)s

H--Phe-Cys-Phe-D-Trp-Lys-Thr-Cys.-Phe-NH,
PTR-3205

Fig. 2. Structures of octreotide and PTR-3205.

General procedure for BTC-mediated difficult coupling: Fmoc-amino acid (5
equiv) and BTC (1.65 equiv) were dissolved in THF or p-dioxane (or 1,3
dichloropropane) to give a 0.15 M solution to which 2,4,6-collidine (14 equiv) was added
to give a white suspension. After 1 min the suspension was added to the prewashed resin
and the resin shaken at 50°C for 1 h. The peptidyl-resin was washed with DCM, and in the
case of difficult coupling, repeated. For non-difficult couplings 3 equiv of Fmoc-amino
acid, 1 equiv of BTC, and 8 equiv of collidine were used.
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Evaluation of ivDde as a quasi-orthogonal protecting group for
Fmoc solid-phase peptide synthesis
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Introduction

Modifications of the side-chains of lysine, ornithine, and diaminopropionic acid (Dpr) can
be very useful, if an appropriate protection scheme is available. In 1993, Bycroft and
coworkers introduced the quasi-orthogonal amino protecting group Dde [1-(4,4-dimethyl-
2,6-dioxocyclohex-1-ylidene)-ethyl] for Fmoc solid-phase peptide synthesis [1]. Their
synthesis of asymmetrically branched peptides, specifically multiple antigenic peptide
systems (MAPs), demonstrated the usefulness of this protecting group. Dde (Fig. 1a) is
termed a quasi-orthogonal protecting group as it is reasonably stable to Fmoc removal
conditions, however the Fmoc is lost under conditions employed for removal of the Dde
(2% hydrazine).

While Dde has been effective in single lysine-containing peptides, the inter- and
intramolecular migration of Dde from one lysine to another in peptides containing multiple
lysines has been shown [2]. We have also demonstrated the intramolecular migration of
Dde from the B- to the a-amine of diaminopropionic acid (Dpr) during Fmoc removal with
piperidine [3]. To circumvent these unwanted side reactions, ivDde (1-(4,4-dimethyl-2,6-
dioxocyclohex-1-ylidene)-3-methylbutyl), a sterically hindered derivative of Dde, has been
developed [4]. The data presented here represents our efforts to evaluate the performance
of this new protecting group (Fig. 1b) in both multiple lysine- and Dpr-containing peptides.

NHR NHR
(@) 0] 0 0
a b.
(for amino acids H-NH-R)

Fig. 1. Structures of Dde and ivDde protected amino acids.

Results and Discussion

When employed as protection for the e-amine of lysine in the synthesis of multiple lysine-
containing peptides, ivDde has been shown to effectively inhibit the migrations previously
observed with Dde {4]. To verify this under reaction conditions employed in our lab, we
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repeated the synthesis of Lys-Ala-Lys(X)-Pro-Lys(X)-Ala-OH by previous researchers [2],
with X = Dde and ivDde. When Dde was utilized, a mixture of products with varying
numbers of Dde groups was obtained. Using ivDde as the protecting group yielded a single
product with the expected two ivDde groups, confirming that it effectively prevented
migration in this application.
~ Next we examined the effectiveness of ivDde in controlling B- to a-amine

migrations in Dpr-containing peptides. To achieve this, we replaced Dde with ivDde, in the
synthesis of peptides that had previously shown such migrations [3]: (1) Asp-Trp-Dpr-Ser-
Phe-NH, (Fig. 2), (2) Asp-Trp-Dpr(ivDde)-Ser-Phe-NH,, and (3) Nle-Dpr(ivDde)-Phe-
NH; (2 and 3 employed method D). All three peptides synthesized showed isomeric
products indicating ivDde migration.

i piperidine

i. Fmoc-Trp(Boc)-OH

iii. Fmoc-Asp(OtBu)-OH

Fmoc-Dpr(B-ivDde)-Ser(OtBu)-Phe-CO-Rink » Isomeric Peptides-CO-Rink
Asp-Trp-HN CO-Ser-Phe-NH, H,N CO-Ser-Phe-NH, Methods H & D
Y +
NH, NH-Trp-Asp
Isomer A Isomer B

Fig. 2. Reaction scheme showing isomeric products. (Method H: 3 x 3 min treatments with 2%
hydrazine/DMF, method D: 85:5:5:5 TFA:water:thioanisole.phenol).

In conclusion, while the sterically hindered protecting group ivDde was effective at
controlling migrations observed in peptides containing multiple lysines, it was ineffective
in Dpr-containing peptides.
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N"-4-Nitrobenzenesulfonyl (Nbs): A new protecting group
for the indole moiety of tryptophan.

Aydar N. Sabirov,' Vladimir V. Samukov,' Pavel L. Pozdnyakov,1

and Hack-Joo Klm3
'State Research Center of Biotechnology and Virology “Vector”, Koltsovo, Novosibirsk Region
633159, Russia; and *Research Institute, Hyundai Pharm. Ind. Co. Ltd., Bucheon 422050, Korea.

Introduction

Protection of the indole moiety of tryptophan is often required, as it is susceptible to
oxidative degradation and to alkylation when acidic conditions are used for removal of
protecting groups in peptide synthesis [1]. The capability of 2- and 4-nitrobenzene-
sulfonamides to undergo a smooth cleavage by thiolate reagents [2], and the successful
application of the Nbs-group for blocking the side-chain of arginine [3], prompted us to
study the 4-nitrobenzenesulfonyl group (Nbs) as a possible protection for the indole moiety
of tryptophan.

Results and Discussion

All of our attempts to prepare Boc-Trp(Nbs)-OMe by the usual ways from Boc-Trp-OMe
and 4-nitrobenzenesulfonyl chloride (Nbs-Cl) in the presence of pulverized solid NaOH
and a phase transfer catalyst [4] or strong organic bases (DIEA, DBU) failed due to the fast
decomposition of Nbs-Cl. Boc-Trp(Nbs)-OMe was prepared in a moderate yield from Boc-
Trp-OMe by sulfonylation with Nbs-Cl in anhydrous THF using sodium hydride as a base.
However, subsequent saponification of Boc-Trp(Nbs)-OMe with 1 M NaOH in aqueous
THF led to a complete loss of optical activity of the desired free acid Boc-Trp(Nbs)-OH.
Perhaps, strong electron withdrawing properties of the Nbs group facilitate the elimination
of a-proton in the alkaline medium, thus causing the intensive racemization in the course
of the hydrolysis. Eventually, the optically active Boc-Trp(Nbs)-OH and H-Trp(Nbs)-OH-
were prepared in modest yields by sulfonylation of Boc-Trp-OTrt in THF using exactly
equimolar amounts of sodium hydride, followed by hydrolysis and acidolysis (Fig. 1).

0 0 0
HNJ\OX HNJLOX HNJ\O>< NH,
HOL N N
g Tno\ﬁ HO. g HO c
4 1.1ecmea O 2 H,0 Z Y Z
HN ®
2.NaHNbs-Cl o N O\‘s'N O N
<0 %0 530
o=N, 0=N, o=N,
0 0 ')

Fig. 1. Synthesis of H-Trp(Nbs)-OH.
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' N"-4-Nitrobenzenesulfonyl-L-tryptophan exhibited a fair stability towards strong
acids (Table 1). Prolonged treatment with anhydrous organic bases in DMF, which are
used to cleave the Fmoc or 2-(4-nitrophenylsulfonyl)ethoxycarbonyl (Nsc) groups, also did
not yield any detectable deblocked or side product. However, the addition of thiols to the
mixture caused almost immediate and quantitative cleavage of the Nbs group from the
indole moiety. More practically, the Nbs group can be rapidly and smoothly cleaved by the
treatment with 2-mercaptoethanol/piperidine (or DIEA) in DMF at room temperature.

Table 1. Stability and cleavage conditions of the N"-Nbs group.

Reagent Time (20°C) Reaction
2 M HCIV/AcOH 24h Stable
TFA 24 h Stable
1 M Methanesulfonic acid/TFA 24 h Stable
TFA/1% Triisopropylsilane/5% H,O 96 h Stable
30% Piperidine/DMF+10 equiv 2-mercaptoethanol <30 min Complete cleavage
2 M DIEA/2 M 2-mercaptoethanol/DMF 30 min Complete cleavage
1%DBU/25%Piperidine/DMF 8h Stable
Piperidine/DMF (1:1) 8h Stable

In order to examine the utility of N"-Nbs protection for SPPS, Fmoc-Trp(Nbs)-OH
had been prepared from H-Trp(Nbs)-OH and used for the synthesis of the peptide
HLDIIW, a 16-21 fragment of human endothelin 1. To a trityl alcohol PS resin, Fmoc-
Trp(Nbs)-OH was anchored by a described procedure [5], then the peptide chain was
elongated manually by successive two-step cycles, which included the removal of Nsc-
group with 1% DBU/20% piperidine/DMF (5 min) and the attachment of a protected Nsc-
amino acid with BOP/DIEA in DMF. After the peptide assembly, the peptidyl-resin was
treated with 2 M HCI/AcOH. The liberated peptide, which contained the only N"-Nbs
protective group, was further treated with 2-mercaptoethanol/piperidine/DMF (1:1:9) to
remove Nbs protection. The final product had correct amino acid composition and was in
all respects identical to an authentic sample synthesized previously.
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Practical asymmetric synthesis of 3-substituted
glutamic acids

Vadim A. Soloshonok, Chaozhong Cai, and Victor J. Hruby
Department of Chemistry, The University of Arizona, Tucson, AZ 85721, US.A.

Introduction

Over the past 10 years novel tailor-made amino acids have evolved from merely curious
analogs of natural molecules, to extraordinary useful, biologically relevant compounds
with a wide range of potential biomedicinal and synthetic applications. One of the most
exciting current endeavors in life sciences is the development of insights into the physico-
chemical basis for peptide-mediated biological information transfer. Such amino acids are
of critical importance to explore the relationship of peptide three-dimensional structures to
their biological functions [1-9]. As a part of our efforts in this area, we have recently begun
a research project on asymmetric synthesis of chi (y)-constrained pyroglutamic acids and
related compounds such as glutamic acids, glutamines, and prolines [10,11].

Results and Discussion

With the aim to develop a straightforward practical approach to B-substituted glutamic
acids and their derivatives, we have investigated Michael addition reactions between a
Ni(Il) complex of the chiral Schiff base of Gly 1 (Fig. 1) and chiral oxazolidinone-derived
o,B-unsaturated carboxylic acids 2. Both starting compounds 1 and 2 are known to provide
efficient enantio-face selectivity in the corresponding reactions with electrophiles or
nucleophiles, respectively. Thus, we envisioned complete enantiocontrol of the addition
reactions in the case of matching stereochemical preferences of the starting compounds.
We have found that the reaction between (S)-1 and (S)-2 (R = Alk, Ar, F-Alk, F-Ar),
conducted at room temperature in DMF in the presence of DBU as a base, affords the
single (2S)-configured diastereomeric product (de > 99%) in quantitative yield. Quite
unexpectedly the addition between (S)-1 and (R)-2, conducted under the same reaction
conditions, occurred with a lower reaction rate. However, it afforded the (2R)-configured
diastereomeric product with the same excellent stereoselectivity. These results suggest that
the stereochemical outcome of the addition reactions is totally controlled by the
stereochemistry of the oxazolidinone moiety giving rise to single diastereomeric products
of (25,35), when R = Alk, F-Alk, or (25,3R), R = Ar, F-Ar absolute configuration. The
target enantiomerically pure B-substituted glutamic acids can be easily released from the
addition products via a two-stage procedure including decomposition of the Ni complex
and recycling of the chiral auxiliaries.
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(S)-1 1. MeOH / HCI
2. LiOH /H,0,

Enantiomerically R 0
PUr  Hooc

NH,

Fig. 1. Asymmetric synthesis of enantiomerically pure B-substituted glutamic acids.
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Formation of substituted aromatic rings in amino acid systems via
ruthenium activated SyAr reactions

Chris W. West, Jim W. Janetka, and Daniel H. Rich
Department of Chemistry, University of Wisconsin-Madison, Madison, W1 53706, U.S.A.

Introduction

Numerous natural products contain biaryl ether linkages, a functionality that restricts
conformational freedom. While there are many methods available to form biaryl ethers, the
ruthenjum activated SyAr reaction offers access to these systems under mild conditions.
Previously we showed that cyclic biaryl ether-containing tripeptides K-13 and OF-4949-
I could be synthesized using a ruthenium activated intramolecular SyAr reaction for the
macrocyclization step [1]. Here we report the expansion of the ruthenium activated SyAr
methodology to intermolecular reactions of protected chloro-phenylalanines with
heteroatom and carbon nucleophiles as well as intramolecular reactions utilizing the amino
acids histidine, cystine, and lysine.

Results and Discussion

The intermolecular ruthenium activated SyAr reaction has been investigated using numerous
nucleophiles, but only with simple substrates [2-5]. Our work began with a diprotected 3-
chloro-substituted phenylalanine. Displacement of chlorine from the ruthenium activated
phenylalanine by a variety of nucleophiles, followed by photolytic removal of the
ruthenium, led to several substituted phenylalanines (Fig. 1). The sodium anions of phenol,
thiophenol, dimethyl malonate, methanol, succinimide, hydantoin, and the protected amino
acid Boc-Cys-OMe worked well as did excess neutral piperidine.

Regioselective displacement of chlorine from phenylalanine did not occur. Reaction
of two equiv of piperidine with 3,4-dichlorophenylalanine gave equal amounts of the 3 and
4 substituted aniline derivatives. However, only monosubstitution was observed, leaving
the possibility open for further nucleophilic displacement of the remaining chlorine with a
more reactive nucleophile.

New cyclic systems can be synthesized by use of the intramolecular ruthenium
activated SyAr reaction. The use of nucleophilic heteroatoms sulfur and nitrogen in cystine,
histidine, and lysine containing tripeptides provided entry to 14, 15, and 17 member ring
systems, respectively. Complexation of ruthenium to Boc-(4Cl)Phe-OH followed by
peptide coupling with Leu-His-OMe gave the ruthenium containing linear tripeptide (Fig.
2). Subsequent cyclization using a suitable base and decomplexation of ruthenium led to the
novel heteroaryl cyclized tripeptide.

CpRu’*
PFg |\\ 1) Piperidine, NaH, THF /@\
: F cl 2) CH5CN, hv E "O
BocH N;\COZEt BocH N/_\COZEt

Fig. 1. Sydr reaction of nucleophiles with chlorophenylalanine derivative.
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1) K #-butoxide, -78°C,
THF, DMF, 3 days
2) CH,ON, hv

24% 2 steps

Fig. 2. Histidine derivative-cyclization and decomplexation.

i Analogous cystine and lysine cyclic peptides were synthesized via slightly
different pathways. Selective 1-6 complexation of ruthenium to the linear tripeptide was
possible when employing the fluoride labile Teoc protecting group on the nucleophilic
sidechain. Deprotection and cyclization proceeded in a one pot reaction sequence using a
suitable fluoride source. Subsequent decomplexation provided the cystine and lysine
cyclized tripeptides (Fig. 3).

Under the rutﬁemum activated SyAr conditions, amide bonds, esters, and
epimerizable o-centers are not affected. These procedures provide a mild and general
method for the formation of substituted phenylalanine derivatives containing a wide range
of functionality.

Fig 3. Cystine and lysine cyclized derivatives.
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O-Acetyl-L-homoserine: A versatile synthon for the synthesis of
L-homoserine peptides and 3-amino-2-pyrrolidinones

Guenter Knaup, Karlheinz Drauz, and Michael Schwarm
Degussa-Huels AG, Fine Chemical Division, R&D, P.O. Box 1345, D-63403 Hanau, Germany.

Introduction

Although L-homoserine is a naturally occurring amino acid with important biological
properties, only few examples of homoseryl peptides are known, which have been mainly
prepared by using either the benzyl [1,2] or the trityl [3,4] group for the O-protection.
Furthermore, homoserine amides are potential precursors for the introduction of a y-lactam
ring, which can act as conformational constraints in peptides and peptidomimetics [5-7].
Herein, we report new methods for the preparation of homoserine amides and their
conversion into y-lactams.

Results and Discussion

O-Acylhomoserines can be prepared with anhydrides or acyl chlorides in the presence of
perchloric acid in low to moderate yields [8-10]. As we found, the O-acetyl-L-homoserine
hydrochloride 2 can be prepared very easily in good yields by reacting L-homoserine 1
with acetyl chloride in acetic acid. Although the acetyl group migrates very fast under
basic conditions, the N-protection of 2 could be achieved in good yields with benzyl
chloroformate, Boc-anhydride or ethyl trifluoroacetate, if the pH is controlled accurately.
(Scheme 1).

The diprotected homoserines 3 are versatile precursors for the preparation of
homoserine amides. Thus, the reaction of the benzyloxycarbonyl (Z) derivative 3a with
pivaloyl chloride (PivCl) and triethylamine and subsequent coupling with either Phe-
NHMe or Val-OMe yields the homoserine dipeptides 4a and 4b, respectively. With this
method even amines with poor nucleophilicity as 4-cyanoaniline can be reacted, yielding
the anilide 4¢.The O-acetyl group can easily and selectively be split off by aqueous
ammonia. Under these conditions no side reactions can be detected and even the
methylester of 4b remains unaffected. The homoserine amides 5 can be converted to the y-
lactams 7 by O-mesylation and subsequent treatment with a base. Those y-lactams are so
far prepared by S-methylation of the corresponding methionine compounds and cyclization
of the sulfonium salts with sodium hydride [5-7]. In contrast to this method, the cyclization
of the homoserine derivatives 6 can be performed under very mild conditions with aqueous
sodium hydroxide as a base. Furthermore, the elimination of the very stinky
dimethylsulfide is avoided, which makes this procedure suitable for a large scale synthesis
(Scheme 2 and Table 1).

OH OAc OAc
r AcCl/ HOAG ﬁ i MEl
_— . — " PG
H,N" ~COOH 75-80% HN'" ~COOH ™ "COOH
cr H
1 2 3
Scheme. 1. 3a: PG = Z-; i = Z-Cl, NaHCOs/water, 92% yield; 3b: PG = Boc-, i = Boc:0,

TEA/THF, 93% yield; 3c: PG = Tfa-, i = TfaOEt, K;COy/ethanol, 45% yield.
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1. PivCI / Et;N
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MesCl
I EEN
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—R  1.H,/PdiC /QN_R NaOH
H,N' 2. HCl 2,
‘o O Ny Z‘rla CONHR
H
8 7 6
Scheme 2
Table 1. Yields of the reactions of scheme 2.
R-NH, Compound 4 (%) Compound 5 (%) Compound 7 (%)___Compound 8 (%)
Phe-NMe 74 80 63 -
Val-OMe 82 93 62° -
4-Cyanoaniline 75 70 64 92
“Obtained as free acid.

The 3-amino-2-pyrrolidinone 8¢ is the key intermediate for Orbofiban [11], a new

platelet anti-aggregatory compound. As could be shown by chiral HPLC, the cychzatlon of
6¢ to 7¢ proceeds without any detectable racemization (D-content <1%) Also, in the 'H-
NMR spectra of the dipeptides 7a and 7b there is no detection of signals of the
corresponding diastereomers.
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Asymmetric synthesis of free unusual g-amino acid esters via
Yb(OTf)3-catalyzed C-C bond formation and simultaneous
deprotection/purification

Guigen Li, Sun Hee Kim, Han-Xun Wei, Jason D. Hook, and Keith A.
Fitzgerald
Department of Chemistry and Biochemistry, Texas Tech University, Lubbock, TX 79409,
US.A.

Introduction

a-Dialkylidene B-amino acid esters are versatile building blocks for the design and synthesis
of B-lactam antibiotics, peptidomimetics, B-peptide oligomers and many other biologically
important compounds. Their asymmetric synthesis has not been well documented so far.
In this report a novel approach to these derivatives is described.

Results and Discussion

A new tandem vicinal difunctionalization method has recently been developed by reacting
chiral p-toluenesulfinimines (thiooxime S-oxides) [1,2] with functionalized lithium (-
carbalkoxyvinyl)cuprates, which were derived from Michael-type addition of RoCuLi to
o,B-acetylenic esters, for the asymmetric synthesis of N-p-toluene-a-dialkylidene B-amino
acid esters [3,4]. The asymmetric carbon-carbon bond formation was catalyzed by
ytterbium (1II) triflate in EtyO/DCM cosolvent system (Scheme 1). This cosolvent system
can overcome the disadvantage of the EtpAlCl-promoted process in which some thiooxime
S-oxides with poor solubility in Et;O do not work well [5].

The yields of the new process are comparable to those of the EtpAlCl-promoted
reaction. It is interesting to note that the present room temperature condition can give high
diastereoselectivities and good Z/E selectivity for several substrates (Fig. 1). Z/E
selectivities were usually controlled by steric effects of olefinic terminal groups in
nucleophiles such as alkenylcuprates and allenolates. Both alkenylcuprates and allenolates
could exist in equilibrium in EtyO/DCM cosolvent with different nucleophilic reactivities
toward p-toluenesulfinimines.

Furthermore, a new deprotection of N-p-toluenesulfinyl groups of N-p-toluene-a-
dialkylidene B-amino acid esters by using Amberlite IR-120 (plus) ion-exchange resin has
also been established. The "nontoxic" polymer-mediated simultaneous deprotection/
purification showed the great advantage over the solution phase technique for the
simplicity of work-up.

0.t
/COOEl 1 R22CULi S\N!_[ CO,Et
Z 2. Yb(OTf);,  On, A’ M@ , /&
~ (S R
(40 mol%),Me@r J[i 28
H T R3

IR R!

Scheme 1. Yb(OTIf)3-catalyzed arnionic addition reaction.
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XHN  CO,Bt
Ph Ph | 4-F-CgHg4 4F—C6H4"\$_Ph 1 61.0 84.2
Ph
XHN  CO,Et
Ph Ph | 4-Cl-CeHy- 4C1'C5H4/_.\S—Ph 2 62.2 64.1
Ph
) XHN  CO,Et
Ph Me 4-Cl-CgHy- 4C1-C6H4— 1 - 54.0 >90
Me (3:1)
XHN  COEt
Ph Ph fS\B\ Q/—P:g_],h 4 64.4 >90

Fig. 1. Results of anionic additions of vinylcuprates to sulfinimines.

oy »t i
“Se 1 ( }—S' OH
o NH 0ok <5 . N cooEt
Me™ i [Amberlite IR-120 (Elus) resin] | (84.4% - quant.)
Ph MeOH, 25 °C Ph
Ph 2. NH3, CH30H Ph

Scheme 2. Polymer-based simultaneous deprotection/purification.
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High yield synthesis of heterocyclic f-substituted alanine
derivatives

Paula M. T. Ferreira, Hernani L. S. Maia and Luis S. Monteiro
Department of Chemistry, University of Minho, Gualtar, P-4700-320 Braga, Portugal

Introduction

Heterocyclic B-substituted alanines such as B-(pyrazol-1-yl)-alanine and B-(1,2,4-
triazol-1-yl)-alanine have been isolated from plant sources. The former presents
hypoglycemic properties [1], whilst the latter is known as an important metabolite in
plants of the fungicide myclobutanil [2]. A method for the solid-phase synthesis of
these compounds in fair yields by a Michael addition of the nucleophilic heterocycle to
dehydroalanine derivatives has been recently described [3].

In this work we report the production of various heterocyclic B-substituted
alanines by a Michael addition to the methyl ester of N,N-di-fert-butyloxycarbonyl
dehydroalanine [Boc-AAla(N-Boc)-OMe] [4], by taking advantage of the double
acylation to obtain straightforward, high yield syntheses in solution.

Results and Discussion

Boc-AAla(V-Boc)-OMe was reacted in a Michael addition with 1 equiv of nucleophile,
viz. pyrazole, imidazole, 1,2,4-triazole, 7-azaindole, 3-formylindole and 3-
ethoxycarbonyl-carbazole to give the corresponding heterocyclic -substituted alanine
in yields ranging from 93 to 99% [5]. Differently from the method previously reported
[3], the reactions proceeded to completion and without the need for an excess of
reagent, thus simplifying greatly the work-up procedure. No reaction was observed in
an attempt to use N-ferf-butyloxycarbonyl-dehydroalanine, which shows that double
acylation is required to enhance reactivity.

Indole, carbazole and pyrrole (entries 1, 4 and 8, respectively) were much less
reactive than the previously reffered nucleophiles. For pyrrole no reaction was detected
even with excess nucleophile, whilst for indole and carbazole only with 3 equiv. of
nucleophile could the reaction be taken to completion. The effect of various
substituents in different positions of the indole, carbazole and pyrrole moieties was
subsequently investigated during the Michael addition to Boc-AAla(N-Boc)-OMe
(Table 1).

Cleavage of Boc or saponification of the methy! ester by conventional methods
allowed the preparation of semi-protected compounds. Coupling of these compounds
with derivatives of common amino acids was carried out successfully by using a
standard DCC/HOBt procedure.

Thus, Boc,-Ala[p-(7-azaindol-1-yl)]-Phe-OEt and Boc-Ala-Ala[p-(7-azaindol-
1-yl)]-OMe were obtained in yields of 86 and 88%, respectively. Analysis of the
reaction products by HPLC indicated 1/1 mixtures of diastereoisomers, which shows
that the addition reaction gives rise to a racemic mixture with regard to the chiral center
generated within the heterocyclic f-substituted alanine residue, as one would expect.
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Table 1. Results obtained in the synthesis of heterocyclic B-substituted alanine derivatives.

Entry no. Nucleophile Amount (equiv) Yield® (%)
1 indole ‘ 3 49°
2 3-formyl-2-methyl-5-nitroindole 1 87
3 2-methyl-5-nitroindole 1 93
4 carbazole 3 53°
5 2-fluorcarbazole 1 67
6 3-fluorcarbazole 1 80
7 3-nitrocarbazole 1 97
8 pyrrole 3 -
9 2-formylpyrrole 1 99
10 2-acetylpyrrole 1 82

“Pure material uncrystallized.
Pure crystallized material.

Preliminary results indicate that the method described above can also be applied

to dipeptides containing dehydroalanine [5]. Thus, Boc,-Ala-AAla(N-Boc)-OMe was
reacted with 1,2,4-triazole and formylindole to give the corresponding p-substituted
alanine dipeptide in yields of 98 and 88%, respectively.
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Introduction

The propensity of polyproline to adopt stable, helical structures in both aqueous and non-
aqueous environments makes it an attractive scaffolding element suitable for exploitation in
functional redox protein engineering. Previously, our laboratory has described the synthesis
of 4-amino-L-Pro-based redox-active SPPS modules and their assembly into helical
oligoproline assemblies, which undergo photochemical energy conversion upon irradiation
with visible light [1]. To increase the diversity of Pro structures available for derivatization
with redox active amines or acids, we have developed a four step synthesis of rrans-
substituted Pro 4-carboxymethyl-L-Pro [2] (Prc, 1) and 4-aminomethyl-L-Pro (Pre, 2) from
commercially available rrans-Boc-4-hydroxy-L-Pro methyl ester (3) (Fig. 1).

Results and Discussion

Pro analogues Prc (1) and Pre (2) were divergently synthesized from commercially-

available (2S,4R)-N®-Boc-4-hydroxy-L-Pro methyl ester. Oxidation of alcohol3 with

tetrapropylammonium perruthenate (TPAP) generated ketoned [3] in 93% yield.

Subsequent transformation to cyanoolefin 5 was accomplished by Horner-Wadsworth-

Emmons olefination using diethylcyanomethyl phosphonate (79% yield; 2:1 E/Z). Selective
CN /CN

c
—_—

Bo’ OCHy Bo:/ Q,CHy BOC’ O,CH;  Bod 6 CO20Ha
NHy, NHz2
zozH _COH P
HaN Q @:
OzH HN OH H CO,H H O H

1 2
L-HomoGlu L-Lys Prc Pre

Fig. 1. Synthesis of 4-carboxymethyl-L-Pro (Prc) and 4-aminoethyl-L-Pro (Pre),
conformationally-constrained analogues of L-homoglutamic acid and L-lysine, respectively.
Reagents and conditions: (a) TPAP, NMMO, 93%, (b) (EtO),P(O)CH,CN, LiHMDS, 79%,
2:1 E/Z; (c) NaBH, PdCl, 88%, 62% d.e. for trans isomer; (d) 2 N NaOH then TFA, 52%
overall yield; (e) Pt,O, H, then 6 N HCI, 40% overall yield.
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hydrogenation of the exocyclic double bond of § with NaBH,-reduced PdCl, afforded N*-
Boc-4-cyanomethyl-L-Pro methyl ester in 88% yield as a mixture of cis (25,4S) and trans
(25,4R) isomers (62% d.e. for trans). The trans diastereomer (6) was purified to
homogeneity by chromatography and divergently converted to the title compounds.
Separately, 6 was converted to Prc (1) by alkaline hydrolysis with 2 N NaOH followed by
Boc group removal with trifluoroacetic acid. Likewise, Pre (2) was prepared in 40% overall
yield from 3 by catalytic reduction of nitrile 6 over platinum oxide followed by acid
hydrolysis. Incorporation of these Pro derivatives into redox-active oligoproline helical
assemblies and other engineered proteins is the subject of ongoing research.
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Introduction

Arginine-like structural motifs play important roles in biological and medical chemistry
[1,2]. There is variety of methods for converting amines into guanidines (carboxamidines)
either in solution or in solid-phase. The reactions are time-consuming, the reagents have
limited flexibility and often allow only the production of unsubstituted guanidines.
Furthermore, the yields are insufficient, especially when several adjacent amino groups
are functionalized.

The guanylation of amines is possible via preformed or in situ generated
carbodiimides [3-6]. Here we present an efficient two step method for guanylation of
amino acids, especially synthesis of N°-modified arginines, as well as its use in SPPS.

Results and discussion

The synthesis of N°-modified N* N®-protected arginine analogs 3 and 5, based on
published methods with some modification [7-9], are presented in Fig 1.

CS2/NaOH; MeJ
ArS02Cl + NH3 W ArSO2NH2 ———————>» ArSO2N=C(SMe) 2 (1)

DMF
NSOzAx
NSOzar (gg;’;"ml NSOzAr
NH2 NHC-SMe  ii iii,iv )

7 i /X—NH('ZHCOOH \ SHC-NRR2
(C'H2)3 ) (C.H2)3 3a-c (CH2) 3
X-NHCHCOONa + 1 — » X-NHCHCOOH . Fmoc - NECHCOOH
111

Tos-N=C(SMe) 2 (la) 2a. x=BoN ,’fsozAr/ >

Mts-N=C(5Me)2 (1b) 2b. X=Z NHC-SMe i iv
Mtr-N=C(SMe)2 (1lc) 2c. X=Troc (GH2)3
Pmc-N=C(SMe)2 (1d) NH2 CHCOOH

4

Fig. 1. Reagents and conditions: i: H,O/THF, 60°C, 1 - 5 h, ii. (Method A) HNRR,/AgNOs/
MeCN or (Method B) HgCl,/MeCN/DMF, 0 - 60°C, 2 - 12 h, iii. X = Boc. TFA, 0.5 h or HCOOH,
3-4h X =Troc. Zn/AcOH, 1 h; X = Z: 10%Pd/C in HCOOH/MeOH (4.4/95.6, v/v), 0.2 h;, iv.
Fmoc-OSuw/THF/H,0/K,CO:;.

The reagents 1a-d were prepared from the corresponding sulfonyl chlorides and
new compounds 1b and l¢ were characterized by NMR and MS methods. The first
thiomethyl group of 1 was reacted with the sodium salts of N*-protected Om, to give the
key compounds 2 in near to quantitative yield. The same reaction with sodium salts of
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amino acids and 1 gave yields from 30 to >95% depending on the nature of amino acid.
The second thiomethyl group in the S-methylisothioureas 2 reacts with ammonia or
various primary and secondary amines, diamines, aminoalcohols, hydrazines and
hydroxylamines, etc. in the presence of Ag" or Hg*" salts with formation of Ny, N°-
protected, N”-substituted arginine derivatives 3, with good to excellent yields. In the case
of aryl amines, elevated temperatures and prolonged reaction times were necessary to
accomplish the reaction. Hg** salts gave higher yields, but less toxic Ag" salts may be of
advantage in same applications. An alternative synthetic route for synthesis of 3 or 5,
consisting in a displacement of thiomethyl group of 4 with primary or secondary amines,
and a consecutive N*-protection was found to be less effective. The protected 3 were
isolated as noncrystalline foams, however their dicyclohexylamine salts gave amorphous
crystals. The extent of racemization was determined to be < 0.4%.

The N*-Fmoc-protected methyl- or dimethylarginine analogs 5 were prepared in
large scale with yields from 85 to 90% and used for the preparation of methyl- or
dimethylarginine containing peptides. The N°-methylated arginine peptides were 4 to 20
times more resistant to trypsin proteolysis [9] than their non-methylated counterparts.

In conclusion, ?;'P—protected ornithine can be converted to various N%, N°-
protected, N®-substituted arginine derivatives in two steps, with high chemical yields and
optical purity. The compounds were used successfully for solution and solid-phase
synthesis of peptides utilizing both Boc- and Fmoc-strategies. The method is generally
applicable for synthesis of N”-protected, N°-substituted guanidino acids, which may
substantially increase the diversity of peptidic and nonpeptidic libraries.
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Introduction

In all polymer supported reactions resin parameters such as crosslinking, polarity of the
resin, swelling properties, mass-transport from the surrounding liquid into the beads, phase
transition, bead size, and particle size distribution have to be taken in account as each
individual bead represents the reaction space. We have investigated the reaction parameters
for small molecules and the diffusion behavior of polymers and biopolymers into the
polymer matrix.

Results and Discussion

The available reaction space of each individual bead is dependent on swelling of the bead
in a particular solvent. Swelling is influenced by the polarity of the bead, solvent used, and
crosslinking. As the amount of reactive sites are fixed on each bead, the concentration of
the reactive sites within the bead changes with the swelling volume of the bead. This is
particularly critical for combinatorial chemistry where many different solvents are used
during a reaction sequence. Therefore, for a given bead (e.g. 100 pmol capacity) and
concentration of reactants (0.5 M), the ratio of reactive sites on the bead to the
concentration of reactants in solution can be from sub equimolarity to several fold excess,
dependent only on the solvent used. These results are summarized in Table 1. As it turns
out, not the excess but the concentration and the partition coefficient are essential for
product yield.

It is essential to know the size exclusion limit of polymers and biopolymers if the
resins are used for enzyme catalyzed reactions and polymer based ELISA. Up to now
several applications have been made with TentaGel beads and published with conflicting
results. The yields of immobilized proteins are in the range of the capacity on the outer
surface of the beads (0.1-2 pumol/g) [1]. Loew [2] reports enzyme catalyzed reactions
throughout the beads and diffusion of human leucocyte elastase into the beads. Hua [3]
also reports chymotrypsin catalyzed reactions on the bead. Barany [4] has used
chymotrypsin catalysis to modify the outer surface of the beads (shaving) and Fenniri [5]
also reports chymotrypsin catalysis on the beads. We have incubated amino-functionalized
TentaGel beads, 90 um, with fluorescence labeled PEG of 10 and 20 kDa molecular mass.
As PEG has no stable tertiary structure and may diffuse “snakelike” into the beads, we
have also examined fluorescence labeled proteins of various molecular masses. Up to a
MW of 80 kDa the proteins can penetrate into'the resin beads, as detected by confocal laser
spectroscopy. Dependent on incubation time, a high enzyme concentration is first detected
on the surface followed by equal distribution throughout the beads over time. The situation
is different if enzyme/substrate interactions are involved. Biotin was coupled to TentaGel
and the biotinylated beads and untreated TentaGel beads were incubated with a high excess
of fluorescent-labeled streptavidin. Strong surface fluorescence is observed for both
species. A confocal laser image through the equator of the beads shows a completely
different result. The underivatized beads show fluorescence throughout the bead whereas
the biotinylated beads show fluorescence only on the surface. This can be readily explained
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as streptavidin (MW 60 kDa) can diffuse into the untreated bead but is immobilized on the
surface by strong interactions with biotin on the biotinylated resin. This “immobilization”
reaction blocks the pores of the resin and no further diffusion is possible. This also

provides the explanation for covalent protein immobilization only on the outer surface of
the beads.

Table 1. Reaction sequence, first CBr/PQ; in DCM and then treatment of the brominated resin
with benzylamine in DMF using high loaded TentaGel resin (0.4 mmol/g, 0.9 nmol/bead).

Concentration ~ Uptake/bead  Uptake/bead Excess Total Solvent Yield
[M] DMF [nmol]  DCM [nmol] [ml] %
0.66 2.40 3.30 6 1.50 82
0.50 1.82 2.50 6 2.0 71
0.33 121 1.65 6 3.0 69
0.30 1.10 1.55 3 1.66 75
0.20 0.78 1.00 3 2.5 67
0.15 0.54 0.75 3 3.3 66

Polymers and biopolymers with MW up to 80 kDa can diffuse into TentaGel resins
which are not activated. On activated resins or resins with strong enzyme-substrate
interaction the protein is immobilized on the surface of the resin and further diffusion is
hindered by blocked pores.
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Introduction

Although the solid-phase peptide synthesis in the conventional C — N direction is
widely used and developed, few attempts have been mentioned for peptide assembly in
the reverse N — C direction [1,2]. The main advantage of this approach consists of the
possibility to generate, directly, peptide fragments with modifications at the
C-terminus position (amides, esters). C-terminal modified peptides, which are abundant
in nature, have potential interest for therapeutical use. Furthermore, they could be
readly engaged in a fragment condensation process.

Results and Discussion

A new strategy for SPS of Phe-Leu-Val-lle-OH, a very demanding peptide, in the
N — C direction is presented involving the following features: anchoring of a protected
a-amino acid through its a-amino function to 2-Cl-trityl or Bal-PEG-PS resin; selective
deprotection of the allyl ester chosen for the a-carboxyl group protection; and
activation of a-carboxyl group for the condensation of the next residue through its a-
amino function with uronium or phosphonium salts (including some unusual or new
ones).

Allylic protecting groups (allyl for carboxylic acids, allyloxycarbonyl for
amines) may be removed under very specific conditions through palladium catalyzed
transfer of the allyl group to various nucleophilic species (carbon, oxygen or nitrogen
nucleophiles, hydride donors). We have recently shown that PhSiH; offers a very large
range of utilization [3,4], similar to that of tributyltin hydride but without the
inconvenience often associated with the use of tin compounds (toxicity, elimination of
by-products). Therefore, its neutral condition of removal makes the allyl group totally
orthogonal with TFA labile groups.

In addition to PyAOP and HATU, PyDOP [5] and the new PyPyOOP were
used as activating reagents (Fig. 1). PyPyOOP was obtained from the 2-
hydroxypyridine-N-oxide and is less hundered than the other agents mentioned above.

()

dN /OEF\[N—NG ® QO—@P,—NG @
2N Q O

PyDOP PyPyoOP
Fig. 1. Structure of unusual or new phosphonium salts.
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Deprotection of the allyl ester was carried out in the presence of Pd(PPh;), (0.2
equiv) and PhSiH; (24 equiv) in DCM (2 x 15 min). In the coupling step, 5 equiv of aa-
OAllpTs, 20 equiv of DIEA, and 5 equiv of activating reagent in DCM/DMF (9/1;
v/v)were used. Best results for the synthesis of Phe-Leu-Val-Ile-OH were obtained
using HATU to afford 48% purity after 1 h coupling reaction and 68% after 2 h
(determined by HPLC experiments). Epimerization of the activated amino acid on the
resin mainly occured during the incorporation of the Val residue. The proportion of
racemization increased with the reaction time: 4% for 1 h reaction, 8% for 2 h.

Based on the convenience of its removal using Pd(PPh;),/PhSiH; (fast and
neutral conditions), the allyl group could be considered as the analog of the Fmoc or
Boc groups for temporary protection during a SPPS in the N — C direction.
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Introduction

The use of highly hydrophilic amino acids, such as 1'-methyl-histidine [(1'-Me)His], in
peptide synthesis is challenging due to difficulties in the preparation of the pure N*-Boc
protected derivatives. Although it has been reported [1] that Boc-(1'-Me)His could be
extracted into organic solvents from water, we have not been able to repeat this procedure.
Thus, we have pursued new approaches, such as by using the Boc-(1'-Me)His DIEA salt
mixed with the HCI salt of DIEA, to overcome such problems during the synthesis of MSH
analogs.

Results and Discussion

DIEA salts of N*-Boc (1-Me)His (R and S configurations) were prepared from HCI salts of
(1'-Me)His, Boc anhydride (excess, >1.5 equiv) and DIEA (>3 equiv) in a mixture of water
and methanol. To estimate the hydrophilicity of the N*-Boc derivatives, reversed phase
HPLC (C;s, Vydac) results proved that they are still highly hydrophilic (Fig. 1). The DIEA
derivatives of N*-Boc-(1-Me)His together with the HCI salt of DIEA (1.0 equiv) were
directly applied to SPPS using the HBTU/HOBt/DIEA protocol [2] (Scheme 1).

a) ’E (1-Me)His b) Boc-(1-Me)His

i

3 35 & 6 10
Fig. 1. HPLC of (a) (1'-Me)His and (b) Boc-(1'-Me)His. The gradient is 10-90 % MeCN, 90-10%
(0.1% TFA) H>O in 40 min.

In order to compare the results of the synthesis from the DIEA derivatives, the pure
form of N*-Boc-(1-Me)His (S configuration is commercial available) was used to
synthesize the same peptide, Ac-Nle-c[-Asp-(1-Me)His-D-Nal(2')-Arg-Trp-Lys]-NH,
(WYO012). There were no major differences in the HPLC analysis of the crude cleaved
peptides (Fig. 2). Unlike previous studies using carbodiimide coupling methods [3],
racemization did not occur or was very minor based on HPLC analysis.
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Tlos Frrlmc
NHz—DNaI(Z’)—Arg—TIrp—LVS—MBHA resin
CHO

N-Boc-(1-Me)His.DIEA/DIEA HCI
Tos Fmoac
Boc-(1-Me)His—DNal(2)—Ar9-Tm—LYS—BHA resin

l HBTUHOBt/DIEA

CcHO
Scheme 1. Coupling of DIEA derivative of Boc-(1’-Me)His.
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Fig. 2. Comparasion of HPLC analysis of synthetic peptides (gradient used was the same as in
Fig. 1). Direct coupling of N*-Boc-(S)-(1'-Me)His (a), indirect coupling of DIEA salt of N*-Boc-
(S)-(1’-Me)His (b), and indirect coupling of DIEA coupling of N*-Boc-(R)-(1 -Me)His (c).

By using the simple method reported above, we were able to synthesize peptides
containing (1'-Me)His in large quantity. In addition, this method could cut the cost of
buying the costly pure forms of N*-protected amino acids, such as N*-Boc-(1'-Me)His.
Furthermore, this method should be applicable to all amino acids with high hydrophilicity.
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Introduction

The thioester method requires protection only for amino and thiol groups during
segment condensation, and very few problems are evident in terms of segment
condensation [1]. Hence this approach is well suited for designing synthetic
methodologies that prevent the decomposition of phosphoric ester groups while
deprotecting the final product. Conditions were investigated for the preparation of a
phosphorylated polypeptide with a molecular weight of 10 kDa, via the thioester
method, through the synthesis of the phosphorylated cAMP response element binding
polypeptide 1 (19-106) amide, [Thr(PO;H,)*’"]-CRE BP1(19-106)-NH,.

Results and Discussion

The [Thr(PO;H,)*"']-CRE BP1(19-106)-NH, was divided into three peptide segments
for synthetic purposes. Three partially protected peptide segments, Boc-Met-Ser-Asp-
Asp-Lys(Boc)-Pro-Phe-Leu-Cys(Acm)-Thr-Ala-Pro-Gly-Cys(Acm)-Gly-Gln-Arg-Phe-
Thr-Asn-Glu-Asp-His-Leu-Ala-Val-His-Lys(Boc)-His-Lys(Boc)-His-Glu-Met-Thr-

Leu-Lys(Boc)-Phe-Gly-SCH,CH,CO-p-Ala-NH, { Boc-[Lys(Boc)?***** Cys(Acm)*"*]-
CRE BPI1(19-56)-SCH,CH,CO-p-Ala-NH, (1)}, Fmoc-Pro-Ala-Arg-Asn-Asp-Ser-Val-
Ile-Val-Ala-Asp-Gln-Thr(PO;H,)-Pro-Thr(PO;H,)-Pro-Thr-Arg-Phe-Leu-Lys(Boc)-

Asn-Cys(Acm)-Glu-Glu-Val-Gly-SCH,CH,CO-g-Ala-NH, {Fmoc-[Thr(PO;H,)*",
Lys(Boc)”, Cys(Acm)™}-CRE BP1(57-83)-SCH,CH,CO-g-Ala-NH, (2)}, and Fmoc-
Leu-Phe-Asn-Glu-Leu-Ala-Ser-Pro-Phe-Glu-Asn-Glu-Phe-Lys(Boc)-Lys(Boc)-Ala-

Ser-Glu-Asp-Asp-lle-Lys(Boc)-Lys(Boc)-NH, {[Lys(Boc)*"**!%!%]-CRE BP1(84-106)-
NH,; (3)}, were prepared as building blocks by using peptides obtained by a Boc solid-
phase method. No problems were encountered in the preparation of either peptide 1 or
3. The yield of desired product 2, however, was 2.6%, based on the Gly content in the
starting resin, when Fmoc-[Thr(PO,H,)®", Cys(Acm)”]-CRE BP1(57-83)-
SCH,CH,CO-g-Ala-NH, was prepared by a Boc solid-phase method using MBHA resin
and Boc-Thr(PO;(cPen),) [2]. A peptide thioester containing the same sequence was
prepared by using PAM resin. The desired product was obtained in a 7.8% yield after
TFMSA treatment [3]. This difference in yield presumably arose from the insufficient
cleavage of a peptide from MBHA resin by TFMSA treatment at 0°C for 2 h. Mass and
NMR analyses suggested that both the crude products, synthesized by Boc chemistry,
contained dephosphorylated peptides. Then, a peptide thioester covering the same
region was prepared directly by an Fmoc solid-phase method under similar conditions
described by Li [4], using Fmoc-Thr(PO,(OH)Bzl) [2]. Though a crude product
contained by-products, the yield of a desired product increased to 13%. In this
synthesis, a deblocking reagent containing 1-methylpyrrolidine was used for the
removal of Fmoc groups during peptide chain elongation cycles to avoid the
decomposition of the thioester moiety. Fmoc-[Thr(PO,H,)*"" Lys(Boc)”,Cys(Acm)”]-
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CRE BP1(57-83)-SC(CH,),CH,CO-Gly-NH, (2 ’) was prepared by using this
phosphopeptide thioester. The Fmoc solid-phase method gave good results in the
preparation of a phosphopeptide thioester by using Fmoc-Thr(PO,(OH)Bzl), compared
with the Boc solid-phase method, in which Boc-Thr(POs(cPen),) was used for
introduction of Thr(PO,H,) residues.

The synthesis of [Thr(PO,H,)*"']-CRE BP1(19-106)-NH, was accomplished
without any serious problems by condensing the three building blocks 1, 2’ and 3.
Segment condensation was carried out in the presence of AgCl, 3,4-dihydro-3-hydroxy-
4-0x0-1,2,3-triazine and DIEA in DMSO [5]. After removal of the Boc and Acm
groups in [Thr(P03H2)69'71,LyS(B00)23'45’48'54'77'97'98'105'IOG,CyS(ACm)27'32'79]-CRE BP1(19-
106)-NH,, the desired product was obtained in a 17% yield, based on peptide 3.
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Preparation of phosphohistidyl peptides via oxidative coupling of
H-phosphonates

Bennet J. Harding, W. Scott Dodson, Brian D. Bennett, William S.
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Amgen Inc., Boulder, CO 80301, U.S.A.

Introduction

Post-translational phosphorylation of proteins is an important event in signal transduction.
Extensive research has focused on Ser, Thr, and Tyr phosphorylation events. This research
has been facilitated by the availability of efficient synthetic methods to prepare peptides
carrying O-phosphorylated residues. N-Phosphorylation events on His, Lys, & Arg residues
are of current interest, because of their emerging role in signal transduction. However,
efficient synthetic methods to prepare peptide reagents carrying N-phosphorylated residues
are less developed.

Here we report an expedient strategy to obtain N-phosphohistidyl peptides via
oxidative coupling to an appropriately protected H-phosphonate.

Results and Discussion

On-resin global phosphorylation or protected monomer approaches are not practical for N-
phosphorylated peptides due to the pH sensitivity of the peptide phosphoramidate derivative
to TFA during cleavage from solid support. We focused on a solution phase phosphorylation
approach after cleavage from the resin and removal of the side chain protecting groups. We
compared the known phosphoramidate exchange reaction {1,2] that utilizes potassium
hydrogen phosphoramidate [3] in the synthesis of phosphohistidyl peptides with methods
previously developed in oligonucleotide chemistry [4-6]. While the phosphoramidate
exchange reaction derives the desired phosphopeptide, the resultant product MS
characterization is complicated with potassium and ammonium adducts.

Bis[2(p-nitrophenyl)ethyl][H-phosphonate was prepared from 2-nitrophenylethanol
and PCl, in 85% yield following extractive work-up and recrystallization. The peptide
phosphoramidates were prepare via oxidation of bis[2(p-nitrophenyl)ethyl]H-phosphonate
with carbon tetrachloride in the presence of an amine component [7], being either purified
peptide(s) or Fmoc-His(NH)-OH in the case at hand. The nitrophenethyl diesters of the
peptidyl-phosphoramidate were deprotected by 3-elimination using DBU [8] on the crude

HO

O
H\ HO—\P/
4 j
I RO—P—0_ (
\N 1) RO/ H \N /
CCl4
Pepﬁde.\N Peptide DIEA /Solvent Pepﬁde\N ‘
2) DBU or F- | Pepfide
R

Histidine containing peptide PhosphoHistidine peptide

Fig. 1. Phosphorylation of N-terminal histidine residues.
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Fig. 2. Phosphorylation of internal histidine residues.

intermediate. The phosphohistidy! peptides were HPLC purifed characterized by electrospray
mass spectrometry, HPLC, AAA (pHis was destroyed), and by 31P NMR.

A Dde protected peptide was synthesized on an ABI 431 using DCC/HOBt coupling
at a .10 mmol scale and purified by RP-HPLC using a 0-60%B linear gradient over 60 min
(A: 0.1% TFA/H,0, B: 0.1% TFA/MeCN). The phosphorylation reaction was performed at
room temperature with a 5 to 1 molar equiv of H-phosphonate to peptide. Treatment with
DBU followed by hydrazine deprotects the nitrophenethyl and Dde groups, respectively. The
crude phosphohistidyl peptide was purified by RP-HPLC on a 0-60% B linear gradient over
60 min [A: 10 mM NH,HCO,, B: (9/1) MeCN/10 mM NH,HCO,]. The final product was
characterized for purity (>95%) and composition.
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Preparation and incorporation into small peptides and
combinatorial libraries of phosphohistidine analogs for study of
prokaryotic two-component signal transduction systems

Michael C. Pirrung, Sandra J. Drabik, Kurt V. Gothelf,
Kenneth D. James, and Tao Pei
Department of Chemistry, Duke University, Durham, NC 27708-0317, U.S.4.

Introduction

Two component signaling systems are involved in a rich variety of responses to the
extracellular environment (including antimicrobial peptide production, osmosensing/
osmoregulation, virulence factor production, sporulation, xenobiotic metabolism, cell-wall
production, antibiotic resistance, and chemotaxis), primarily in prokaryotes [1]. They are
composed of a first protein, usually bearing a membrane-spanning region, containing a ~250
amino acid histidine kinase domain having catalytic activity for autophosphorylation by
ATP of a histidine residue in the cytoplasmic domain. Autophosphorylation occurs
between two juxtaposed subunits of a kinase dimer. A ~120 amino acid domain in the
cytosolic response regulator protein bears an aspartate residue to which transfer of the
phosphate group from the phosphohistidine in the first protein is catalyzed. Response
regulators may bear DNA-binding domains that can activate downstream responses, for
example as transcription factors or repressors.

The chemistry of phosphohistidine intermediates in the histidine kinases signal
transduction cascade is not well known. Even such simple issues as phosphorylation of
nitrogen at the 1 or 3 position are obscure, and are made difficult to address by the intrinsic
hydrolytic instability of phosphohistidines. We have prepared stable analogs of both
phosphohistidines for incorporation into novel reagents to address basic questions about
the function of two-component signaling systems. These phosphohistidine analogs have
been incorporated into small peptides and used in solid-phase syntheses. Other groups
have recently reported syntheses of phosphohistidine analogs as well [2].

Results and Discussion

The stable histidine hos]f{hate analogs shown on the following page were prepared by
alkylation of L—hjstid?ne egiochemical control for the 3 position was easily achieved
based on steric considerations. Regiochemical control for the 1 position was achieved by
first blocking the 3 position with a trityl or Boc group, forcing alkylation to occur at the 1
position; the blocking group was then easily removed. Alkyl halides (in the presence of
amine or NaH bases) could be used for 3 position alkylation. Alkylation of 3-protected
histidines was accomplished with haloesters but failed with halophosphonates. This

/PO3=
[/—N /:N
Vi 0 =0,P~ Vi 0
N N
~NH ~NH

Fig. 1. Structures of phosphohistidine.
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Fig. 2. Structures of histidine and phosphohistidine derivatives.

reaction required the phosphonotriflate. The histidine malonates were fluorinated using
lithium hexamethyldisilazide and fluorobenzenesulfonimide. It was not obvious that the
fluoromalonates would be stable, since the formation of a Mannich salt by loss of fluoride
is possible. However, the imidazole aromaticity evidently makes the nitrogen lone pair
much less available to participate in stabilization of what would be a relatively unstable
cation.

The malonate (Mal) and fluoromalonate (Fmal) analogs were used in the
preparation of four pentapeptides that can be conjugated to a carrier protein and used as an
immunogen. In order to make the synthesis more efficient, Ala-Ala-Ala was used as a core
structure. It was coupled at its C-terminus to the free phosphohistidine amino acid analog
(no detectable racemization), and then extended at the N-terminus with cysteine, the
resglue through which attachment to a maleimide-functionalized carrier protein will be
made.

Solid phase synthesis methods were also developed to form diverse acyl amino acid
amides from these histidine analogs. Kaiser oxime resin was loaded with the a-Boc
derivative. Deprotection of the Boc, acylation with acid anhydrides, and then release from
the resin with primary amine nucleophiles produced target compound libraries. These are
under evaluation as inhibitors of the VanS histidine kinase involved in resistance of
enterococci to vancomycin. We have heterologously expressed this protein and purified it

to homogeneity.
T\[Z>_>7C02Me
RO,C

2_7< H,N

0 F COR Boc-Ala-Ala-Ala-His(EFM)-OM
Boc-Ala-Ala-Ala-OH » Boc-Ala-Ala-Ala-His - e
c-ala-Ala-Al EDC/ HOBt
1. TFA
2. Boc-Cys(Trt
E;Cc /y;i)B ) ge Cys-Ala-Ala-Ala-His(3-FMal)-OH, & likewise
t
Cys-Ala-Ala-Ala-His(1-FMal)-OH
3. KOH Cys-Ala-Ala-Ala-His(3-Mal)-OH
4. TFA ys-Ala-Ala-Ala-His(3-Mal)-

Cys-Ala-Ala-Ala-His(1-Mal)-OH

Fig. 3. Synthesis of peptides containing malonated and Sfluoromalonated histidine.
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Fig. 4. Solid-phase synthesis of histidine amides.

Another approach to stabilizing the phosphohistidine is by converting the
phosphate to a thiophosphate. The (surprisingly) previously unknown
thiophosphoramidate was prepared and used for phosphorylation of histidine. The
thiophosphorylation reaction was slower than phosphorylation and occurred exclusively at
one position, assigned the 1 position by analogy to reactions with phosphoramidate. The
resulting thiophosphohistidine undergoes hydrolysis at a slower rate than 1-
phosphohistidine. Thiophosphohistidine can be efficiently alkylated with reactive
alkylating agents, such as phenacyl bromide and p-hydroxyphenacyl bromide.
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Synthesis of phosphonamides and thiophosphonamides by a one-
pot activation-coupling-oxidation protocol

Sheila D. Rushing and Robert P. Hammer
Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, U.S.A.

Introduction

We are currently applying the P(III) coupling protocol (Fig. 1) developed in our laboratory
[1,2] for the preparation of the phosphonamides and thiophosphonamides 1. The impetus for
the synthesis of these particular targets stemmed from synthetic difficulties encountered in
the preparation of the elusive hapten precursor la with P(V) coupling protocols [3]. The
problems of preparing la exemplify the difficulties many laboratories have encountered in
preparing phosphonamidate peptides [4,5]. Since our P(Il)-based strategy was successful
for preparation of dipeptide model systems [1,2], we have employed it to try to increase the
yield and ease of synthesis of phosphonamide 1a and related derivatives 1b-d.

Results and Discussion

Based on our previous success with forming phosphonamides and thiophosphonamides by a
one-pot activation-coupling-oxidation protocol [1,2] we envisioned the synthesis of 1 from
the p-nitrobenzyl (PNB) ester of the H-phosphinate cyclohexylglycine analog 2 (racemic)
and D-tryptophanamide (H-D-Trp-NH,). Reaction of 2 with dichloro-triphenylphosphorane
(Ph,PCL,) in DCM with TEA as we had previously described [1,2] only produced a small
amount of typical activation peaks in the *'P NMR (170-195 ppm) admixed with several
other as yet unidentified products. In contrast, activation of 2 in the absence of base resulted
in complete conversion to a P(II) species (*'P = 192 ppm). The reaction of this activated
species with H-D-Trp-NH, at 0°C resulted in a P(III) coupling product, which had two major
peaks in the *'P NMR (95, 117 ppm; somewhat upfield from what is expected, vide infra).
Analysis of the oxidized or sulfurized crude reaction mixtures by FAB-MS did not indicate
the formation of 1a or 1b, respectively, though *'P NMR generally indicated the presence of
some phosphonamidate (25-30 ppm) or thiophosphonamidate (75-80 ppm) products. None
of these products could be isolated in pure form by silica chromatography. We postulated
that the amide functionality of the Trp was making the product too polar or otherwise
interfering with the reaction so we switched to using H-D-Trp-OMe as the nucleophile. When
the same protocol was used with H-D-Trp-OMe, coupling products were seen with the
expected *'P NMR shift (~135 ppm). After oxidation or sulfurization, appropriate signals
were seen in the *'P NMR and the methyl ester products 1¢ and 1d could be observed by
FAB-MS. Unfortunately these could not be isolated by chromatography, perhaps due to the
known problem of phosphonamidate lability to even slightly acidic conditions [6].

1. PhaPCl ¥h
2 [O)or (9] Roj\NiPﬁ

H _———— H o X
RO/CJF\N ; N , ——> =2 o “opnB
H ¥ o + HDTrp-Y
i RO(CO) = Fmoc or Chz
1 N 1a: X=0, Y=NH,; 1b: X=8; Y=NH,
O,N H

1¢: X=0, Y=0OMe; 1d X=S; Y=OMe

Fig. 1. Retro-synthesis and synthesis of phosphonamides 1 with a P(lll)-based method.
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Fig. 2. Proposed route for phosphonate ester cleavage and phasphonamzdate formation.

Upon further inspection of the FAB-MS of the crude reaction mixtures containing lc
and 1d, the major products appeared to be ones in which the PNB group had been cleaved off
leaving a free phosphonamidate or thiophosphonamidate, which would be much too polar for
isolation by normal-phase chromatography. We have seen similar ester cleavage problems
with Ph,PCl,-mediated activation of a variety of H-phosphinate amino acid esters in the
absence of base [7]. To determine how ester cleavage was occurring, a study was conducted
on the activation step using 2 and GC-MS analysis of the products. Reaction of 2 with
Ph,PCl, in DCM in the absence of base produced an intense peak corresponding to 4-nitro-
benzyl chloride (~1:1 ratio with Ph,PO). In contrast, when this reaction was performed with
pyridine present (1.5 equiv), the peak corresponding to 4- -nitrobenzyl chloride was very weak
(<5% the intensity of Ph,PO). Thus, we propose that activation in the absence of base most
likely forms the desired phosphonochlorldlte 3 (Fig. 2), but this is quickly converted to the
phosphonodichloridite 4 [7]. With pyridine as base, however, either the HCl is being
scavenged, preventing the chloride-mediated cleavage, or the perhaps the reactivity of Ph,PCl,
is being reduced. H-D-Trp-Y can couple with 4 to produce phosphonamidite 5. One p0551ble
explanation of the unusual *'P NMR results for the H-D-Trp-NH, coupling (with 4; 95, 117
ppm) may be subsequent cyclization of the amide nitrogen onto the phosphorus to give a
S-member ring phosphadiazole 6. Oxidation or sulfurization and aqueous work-up of either 5
(Y = OMe) or 6 could lead to phosphonamide products 7 (X = O or S) lacking the PNB ester
group.

These mechanistic studies aid the design of milder activation of phosphonous amino
acids. Also, we are investigating new a-amino protecting groups, which may allow for
activation to occur in the presence of base without the formation of unreactive
oxaphosphazoles (discussed in ref. 7).
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Synthesis of phosphonopeptide and thiophosphonopeptide analogs
as inhibitors of carboxypeptidase A

, Hong Fan,' Yuhong Zhao,” Larry Byers,? and Robert P. Hammer'
Departzment of Chemistry, Louisiana State University, Baton Rouge, LA 70803, U.S.A.; and
Department of Chemistry, Tulane University, New Orleans, LA 70118, U.S.A.

Introduction

Phosphonopeptides, phosphonate analogs of peptides in which an amide linkage has been
replaced with a phosphonate ester or phosphonamide, mimic the tetrahedral intermediate
common to the mechanism of amide bond hydrolysis and synthesis. There are many
examples of phosphonopeptides that strongly inhibit metallo and aspartyl proteases [1],
and they are widely employed as haptens for catalytic antibody production [2]. We are
developing methods utilizing reduced phosphorus [P(III)] intermediates as a way to
improve both the yield and accessibility of these valuable peptide mimics and also to
expand the chemistry around the phosphorus atom to include thiophosphonate derivatives.
Herein we describe two novel P(Ill)-based synthetic routes to phosphonopeptides and
thiophosphono-peptides 1 (Fig. 1). We demonstrate for the first time the effectiveness of
thiophosphonopeptides as inhibitors of a zinc protease, carboxypeptidase A (CPA).

R2
H 1 ©  a: R'=Bn, R=iPr, X=0; b: R'=Bn, R%=iPr, X=S
N 0_C0z 1 1 2
\ﬂ/ Y N >(’P<o Y ¢: R'=Bn, R2=Me, X=0; d: R'=Bn, R®=Me, X=S
o R o Bn 1 e: R'=Me, R2=Me, X=0: f: R'=Me, R%=Me, X=S

Fig. 1. Phosphonopeptide and thiophosphonopeptide inhibitors of carboxypeptidase A.
Results and Discussion

Our laboratory has previously reported a new method for preparing phosphonate ester [3]
and phosphonamide peptide analogs [3,4]. In this approach (Fi%. 2),
N-acyl/alkoxylcarbonyl a-amino-phosphinous acid (H-phosphinate) esters 2 (R°CO =
amino acid residue or carbamate protecting group) are activated with dichloro-
triphenylphosphorane (Ph;PCl;) to produce a highly reactive trivalent species (3,
phosphonochloridites, Fig. 2). This trivalent species is then used in the coupling step with
an alcohol or amine (R°YH) to provide phosphonites 4, which are then oxidized or
sulfurized to the desired phosphonates (Y = O) or phosphonamides (Y = NH) S [3.,4].
However, in applying this approach to synthesize phosphonate ester peptides (ie.,
coupling of phosphonochloridite with alcohols) we have experienced low product yields
that are the result of several side reactions. In general we found little or no coupling to
hydroxyl nucleophiles when activation with Ph;PCl, was done in the presence of base
(TEA or DIEA). Thus we switched to a protocol where base (3.0 equiv) was added affer
activation with Ph3PCl; that did provide phosphonopeptide products, but they lacked the
phosphonate ester protecting group. Analysis of the reaction solutions by GC-MS shows
that a variety of ester groups (Al, Bn, etc.) are lost as the alkyl chloride during activation
and we have observed this same side reaction in our synthesis of phosphonamide haptens
[5]. Also, when base (1.2 equiv) and nucleophile were added affer activation, double
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coupling of the incoming alcohol nucleophile to the phosphorus center was observed.
Based on these observations we propose pathways which account for the lack of coupling
when phosphonous acids are activated in the presence of base and the side reactions
discussed above (Fig. 2). We believe activation in the absence or presence of base does
generate phosphonochloridite 3, but in the absence of base most likely the HCI generated in
the reaction or excess Ph;PCl, cleaves off the alkyl phosphonate ester bond to give
phosphonodichloridite 6 (Fig. 2, path a). Alternatively, activation in the presence of base
also generates 3. Excess base can promote the cyclization of the N-acyl/alkoxylcarbonyl
group onto the phosphorus (analogous to oxazoline formation in natural amino acid
couplings), generating the oxaphosphazole derivative 7 (Fig. 2, path b), which is inactive
towards coupling with weak nucleophiles like alcohols. Similarly, cyclization can take place
with phosphonodichloridite 6 to generate chloro-oxaphosphazole 8 (Fig. 2, path c), which
can couple with alcohols (R’OH) to generate 9. Oxidation or sulfurization of 9 followed by
ring opening (in the aqueous work-up) leads to phosphonate monoesters 10 lacking the
original protection group (R). When there is less base present (~1 equiv; Fig 2, path d)
phosphonodichloridite 6 does not cyclize, but rather can couple to 2 equiv of alcohol
nucleophile (R’OH) to produce phosphonite 11, again lacking the original phosphonate
ester protection group. Oxidation of 11 provides the thiophosphonate or phosphonate
“double” ester 12 (observed by FAB-MS and 'H- and *'P-NMR). While there is a route
through intermediates 3, 6, 8, and 9 to produce phosphonates 10, which could be used to
generate the desired inhibitors, further work is needed to improve yields and avoid the
described side reactions. We are currently exploring milder activating reagents that will
avoid cleavage of the phosphonate ester protection and alternative N-protection to avoid
the oxaphosphazole formation.

An alternative and higher yielding route to the title inhibitors is shown in Fig. 3.
The Z-protected N-terminal residue 13 (R' = Bn or Me) was activated with
pivaloylchloride and TEA to give a mixed anhydride that was coupled with the
tetrabutylammonium salt of the unprotected phosphonous acid (14; (R* = iPr or Me) to
give phosphonous acid dipeptide 15. Following procedures developed by Karanewsky [6],
the C-terminal a-hydroxy acid ester (R* = Me or Al) is coupled to the phosphinate by
carbodiimide mediated dehydration to

R2 /%pathb R2
0 :
st\[:{ )2\ ﬁ,,_ o FhePClz RJL Py P\/OR R'YH RSJ\H*'\Q R

N o YR’
y 3 4, x
3 Y
N
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cannot ~OR j])\ )R\ pathe S/iq
NYP R? H Cl

couple with RC excess base NYP\CI

7
3 Cl
alcohols 2 99‘“ 0956 6 K/d 8 R2
o R'
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H \OR' j\ )\ OR' 1. [O] or [S] T
3 d 2. H0 N_ P-or'
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Fig. 2. Side reactions of acyl a-amino-phosphonous acids when activated with Ph;PCl,.
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Fig. 3. H-phosphinate ester route to phosphonate and thiophosphonate peptides.

give the H-phosphinate tripeptide 16. We find that the catalyst DMAP is unnecessary
when using EDC as the activator and that EDC-related products are more easily removed
from the product by simple aqueous extraction. Following the literature precedent (6],
oxidation of H-phosphinate 16 with sodium periodate produces the phosphonate 17
(X=0). The novel direct sulfurization of H-phosphinate esters 16 required the presence of
TEA to provide thiophosphonates 17 (X=S). For the Z-FVF targets 1a,b, the methyl ester
was readily removed with mild saponification and the products isolated by reversed-phase
chromatography. However, the Z-FAF (l¢,d) or Z-AAF (le,f) were decomposed under
these conditions. Nucleophilic removal of the methyl ester with thiolate was successful for
phosphonates 1c and le, but failed for the thiophosphonates 1d and 1f. Thus we have
developed a more general protocol using allyl protection of the C-terminal ester (R* = Al),
which is readily removed by use of Pd(0) and the product is purified by scavenging the Pd
with a resin-bound phosphine, providing compounds 1c¢-f in high yield and purity.

Determination of K;s of CPA inhibitors 1a and 1b required the use of a coupled
assay (to determine k) because of the extremely slow dissociation of the inhibitors from
CPA [1]. Our results with the known Z-FVF inhibitor 1a agree with Bartlett’s values [1]:
kon=4x 10° M's! (lit. 2.1 x 10° M), kor = 4.5 x 107 s (lit. 2.9 x 10° s™); Ky = 1.1 x
107 M (lit. 1.4 x 10" M). We have also analyzed the thiophosphonate inhibitor 1b and
shown for the first time that thiophosgahonates are also extremely potent inhibitors of the
zinc protease CPA: kon =3 x 10° M's ™ kog=3.9x 100 s K = 1.3 x 105 M.
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Application of solid-phase Ellman's reagent for preparation of
disulfide-paired isomers of a-conotoxin SI

Balazs Hargittai, Ioana Annis, and George Barany
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, U.S.A.

Introduction

A significant research focus of our laboratory is to devise orthogonal chemical methods for
regioselective formation of disulfide bonds in bicyclic peptides [1]. Earlier, we reported on
the efficiency of various strategies to prepare the three possible disulfide-paired isomers of
the snail-derived tridecapeptide amide, a-conotoxin SI (Fig. 1) [1]. In this target, Cys
residues are in the 2, 3, 7, and 13 positions; the naturally occurring isomer has disulfide
bridges connecting residues 2 and 7; 3 and 13. The present investigation introduces an
extension to this work by joining our experiences in orthogonal disulfide bridge formation
with our expertise in using a solid-phase Ellman's reagent for the formation of
intramolecular disulfide bridges from free bis(thiol) precursors [2].

Results and Discussion

The protected linear sequences of the peptides were assembled by solid-phase peptide
synthesis, using S-Xan and S-Acm groups for orthogonal cysteine protection. Following
solid-phase assemblies of the linear precursors, the peptides were cleaved from the solid
support, concurrent with removal of S-Xan protecting groups. In parallel experiments, the
first disulfide bridges were formed from the free thiol precursors using (i) solid-phase
Ellman’s reagent on PEG-PS [2]; or (ii) 1% (v/v) DMSO in 0.01 M pH 7.5 NayHPOy4
buffer. The second disulfide bridges were formed by three different methods: (i) Tl(tfa); in
TF A—anisole (19:1), (ii) iodine in HOAc—H;0 (4:1), or (iii) DMSO-Mej;SiCl-anisole in
TFA. All three regioisomers were synthesized by two different approaches, forming the
large loop first from the free thiol precursors (appropriate Cys residues protected by
S-Xan during peptide synthesis) and the small loop second from the protected thiol
precursors (appropriate Cys residues protected by S-Acm), and vice versa.

In general, the overall yields of the syntheses depended primarily on which
regioisomer was the target, rather than the specific chemistry used for either the first or
second disulfide forming step (Fig. 2). Thus, the best yields were achieved for the natural

] S
H | | NH, Interlocking (natural)
é é [2/7 & 3/13]
0
Discrete (mispaired)
H ! NHz (23 & 7/13]
S——S8
H 1 | NH Nested (mispaired)
4 L 2 [2/13 & 3/7]

Fig. 1. Orientations of disulfide-paired isomers of a-conotoxin SL
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1.DMSO 1.Ellman 1.DMSO I.Ellman 1.DMSO 1.Ellman

Regioisomer L
2. Tl(tfa); 2.1 2. sulfoxide/silyl

Interlocking ~ 57(92)  63(99)  59(97) 84(98) 72(93)  79(98)

Discrete 46(99)  31(100) 43(95)  44(100) 54(94) 40 (100)

Nested 31(96) 32(92)  43(97)  36(96)  30(73)  23(91)

Fig. 2. Yields and selectivities for orthogonal solution syntheses of disulfide-paired isomers of
a-conotoxin SI, forming the large loop first. Absolute yield (in %) of monomeric intended
product, based on initial loading of the solid-phase resin, is given in bold. Selectivity, defined
as % intended product | X intended plus incorrectly paired products, is shown in parentheses.
Similar results were observed when the small loop was formed first.

"interlocking" isomer, good yields were also obtained for the "discrete”" mispaired isomer,
and formation of the "nested" mispaired isomer proved to be the most difficult. However,
our experiments indicate that the selectivities towards the desired regioisomers were
reproducibly better using the solid-phase Ellman's reagent for the first step (Fig. 2). In the
most favorable cases, complete selectivity (> 99.5%) was achieved. In cases where the net
process, using DMSO for the formation of the first disulfide, gave considerable scrambling
[1], the corresponding experiments with solid-phase Ellman's reagent were more selective.
The presence of soluble by-products formed during DMSO oxidation, along with
difficulties in removing the reagent and such by-products, might account for reduced
selectivity during the second oxidative step. In the case of solid-phase Ellman’s reagent, the
only by-product (4-15%) is peptide covalently bound to the support, which can be
removed easily by filtration (and later, recovered by reduction, and recycled), and does not
interfere with the second oxidative step [2]. Our studies indicate that solid-phase Ellman’s
reagent, when used as the first disulfide-forming reagent in an orthogonal scheme, not only
provides for mild oxidative conditions and ease of product purification, but also offers
improved selectivity of the final product.
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Alternative solid-phase reagents for formation of intramolecular
sulfur-sulfur bridges in peptides under mild conditions

Ioana Annis and George Barany
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, U.S.A.

Introduction

We have recently introduced a family of mild and efficient solid-phase reagents [1], derived
from Ellman's reagent, to form disulfide bridges in peptides and protein under a wide range
of conditions. Towards the same goal, two additional solid-phase reagents derived from
6,6'-dithiobisnicotinic acid (1) and 6,6'-dithiobis(5-nitronicotinic acid) (2) were designed,
prepared, and investigated (Fig. 1). Using somatostatin (14 residues, disulfide bridge
between residues 3 and 14) and differentially protected derivatives of a-conotoxin SI
(13 residues, the natural isomer has disulfide bridges between residues 2 and 7; 3 and 13) as
substrates, the two reagents were evaluated under various reaction conditions. Their
capacity to promote intramolecular disulfide bridge formation was compared to that of the
solid-phase Ellman's reagent.

Results and Discussion

Solid-phase (NicS); (1), was prepared in five steps, starting from 6,6'-dithiobisnicotinic
acid, by a similar route to the one reported for the solid-phase Ellman's reagent [1]. This
reagent efficiently mediated disulfide bond formation in the tested substrates. However, in
a direct comparison, solid-phase Ellman's reagent proved to have superior oxidation
capabilities, presenting oxidation rates nearly two-fold faster, as well as higher yields.

Two different routes, six steps each starting from 6-hydroxy-5-nitronicotinic, were
proposed for the preparation of solid-phase (NpyS)2 (2). The more facile of the two
involved nitration of the starting material with red, fuming nitric acid to give 6-hydroxy-
S-nitronicotinic acid, which was subsequently chlorinated, in the presence of PCls and
POCl3, to form 6-chloro-5-nitronicotinic acid. This intermediate was coupled to Lys-PEG-
PS, in the presence of DIPCDI and DMAP, and treated with thiolacetic acid in the
presence of DIEA to yield solid-phase 5-nitro-6-S-(acetyl)thionicotinic acid. The acetyl
group was removed with piperidine in DMF, and the desired final product was obtained
upon oxidation of the free thiols with K3Fe(CN)g in HoO-DMF. The presence of the Lys
spacer is necessary to ensure that site isolation does not limit conversion of the solid-phase
aromatic thiols to disulfides. The oxidation rates for several peptide substrates as mediated

0,N
S \ / %"—NHW S \N / ICI—NHW
0o O
CH CH
(”) ( ’2)4(”) (ﬁ (CHa)s ”
s@—c—m—w—c—w—@ S Y—C—NH—cH—C—NH—B)
Solid-phase (NicS), (1) O2N Solid-phase (NpyS), (2)

Fig. 1. Structures of solid-phase reagents.
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Table 1. Product distribution and yields for the oxidation of several peptide substrates by
solid-phase (NpyS)> at pH 2.7.

Substrate ty, PP soluble soluble soluble resin-bound
(h) disulfide (%) trisulfide (%) tetrasulfide (%) (%)
somatostatin 6.0 56 30 0 14
conotoxin SH 2&7 2.4 72 22 0 6
conotoxin SH 3&7 6.5 32 45 18 5
conotoxin SH 3&13 1.6 42 33 18 » 7

Reaction conditions: 15-fold excess of solid-phase (NpyS), 0.21 mmol/g, reduced peptide
concentiration ~1 mg/ml in 1% aqueous HOAc-CH;CN-CH;OH (2:1:1). The apparent half-
time, 1,7, represents the time when the amount of soluble reduced peptide equals the sum
of the amounts of sulfur-sulfur bridged products. The yields reported are absolute, and they
represent percentage of initial amount of reduced peptide converted to the specified product.

by 2 were comparable, and in certain cases faster, to those with solid-phase Ellman's
reagent. Interestingly, the disulfide compound was not the sole product obtained.
Depending on pH conditions and the linear sequence of the peptide, up to three soluble
products were detected. They were identified as peptide disulfide, peptide trisulfide, and
peptide tetrasulfide derivatives. The tri- and tetrasulfide derivatives were formed
preferentially under acidic conditions, and in the case of substrates that are difficult to fold
due to either unnatural disulfide connectivity (conotoxin SH 3&7), or conformational strain
(somatostatin). It was postulated that in these cases, the formation of tri- and tetrasulfide
derivatives relieves some of the stress associated with disulfide bond formation. Also in
these cases, a small amount of the resin-bound by-product, documented for our studies of
solid-phase bound Ellman's reagent, was formed.

02N O,N

Ve ( /CNH X—??Q—NH
H SH } s, N o
$H i—s—swcw

0N

X,X' =HorSH

Fig. 2. Proposed mechanisin for the reaction of peptide-thiols with solid-phase (NpyS);.

Our proposed mechanism (Fig. 2) includes an attack of the peptide thiol on the
solid-phase disulfide bond. This results in extrusion of one sulfur atom and the formation
of a resin-bound trisulfide intermediate which can undergo intramolecular attack at any one
of the three sulfurs to yield di-, tri- or tetrasulfide derivatives.
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An evaluation of a novel safety catch linker for development of
cyclic peptide libraries

G.T. Bourne, R.P. McGeary, S.W. Golding, W.D.F. Meutermans,

P.F. Alewood, and M.L. Smythe
Centre for Drug Design and Development University of Queensland, Brisbane 4072, Australia.

Introduction

Cyclic peptides are excellent tools to examine the conformational requirements of protein-
protein recognition. However, as yet there is no generic method to access discrete libraries
of cyclic peptides in high purity and yield.

In addressing this problem we developed a backbone linker 1 suitable for Boc-based
SPPS [1] based on the backbone amide linker approach [2]. However this approach
requires strong acid treatment for simultaneous cleavage and deprotection, thereby causing
removal difficulties of scavenger when large numbers of discrete cyclic peptides are
synthesised. As a result we investigated a more suitable linker 2 [3] which is inert to strong
acid treatment but photolytically cleavable. Although promising, several transformations
on resin are still required. We therefore foccussed our attention on the 'safety catch’
approach, linker 3 [4].

Results and Discussion

The 'safety catch' linker 3 involved the use of a protected catechol derivative in which one
of the hydroxyls is masked with a benzyl group, thus making the linker group deactivated
to nucleophilic cleavage (Fig. 2). On completion of peptide synthesis the linker is
unmasked, using strong acid deprotection conditions commonly employed in peptide
synthesis [HF or TFMSA] revealing an activated linking group which permits cyclization
and cleavage upon neutralisation. The advantage of this method is the one step activation of
the linker and deprotection of amino acid side chain protecting groups before cyclization,
allowing easy workup of cyclic peptides.

@ OMe @ I‘(\e;@
N}YOH o N/}‘;(OH B 1%

o NH; e} SHz E :SHz
@ 2 3

Fig. 1. Three linker strategies for the synthesis of cyclic peptides.
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a. MCOH, HzSO4
H b, BnBr, K,CO;3 (OH _(\69 HF or
O  ¢LiOH OJQ 0 SPPS . OJQ TFMSA
HO 0

7% OH
OH o= .
@) ‘NH,
(3

| .(\'OKG Cyclo-[(D)Trp-Arg-Thr-(B-Ala)-Phe] (7)
HOY 2% DIEA/DMF (48%)
0=% ) —————  Cyclo-[(L)Trp-Arg-Thr-(3-Ala)-Phe] (8)
Q 5 Hy (34% and 2% Dimer)
Cyclo-[Ser-(3-Ala)-Phe-Ile-Asp] 9
6 (25% and 7% Dimer)

Fig. 2. Synthesis of Cyclic Peptides using the Safety Catch’ linker.Fig. 2. Synthesis of cyclic
peptides using the safety catch’' linker.

We applied this approach to the synthesis of a small set of cyclic peptides. For
example, cyclization of the linear sequence D-Trp-Arg-Thr-(B-Ala)-Phe produced the target
cyclic peptide in 48% purified yield (62% crude) based on the resin substitution value (Fig.
3). Also present were linear peptide (<1%) from saponification and unprotected Arg cyclic
peptide (1% purified yield). Studies with other peptide cyclisations gave similar results.
This method, as compared to the backbone amide linkers 1 and 2, gave similar purities but
was higher yielding. We are now extending this work for large numbers (>1000) of discrete
compounds.

cyclo-[(D)Trp-Arg-Thr-(f-Ala)-Phe]

l Hydrolysis h Arg(Tos)
R Y Y

—

Absorbance (214 nm)

5 10 15 20 25 30 35
t/min

Fig. 3. HPLC of crude cyclic peptide using the 'safety catch' approach.
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Solid-phase synthesis of peptide aldehydes by a Backbone
Amide Linker (BAL) strategy
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! Department of Organic Chemisiry, Technical University of Denmark, 2800 Lyngby, Denmark;
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Introduction

C-Terminal peptide aldehydes are potential serine, cysteine and aspartic protease
inhibitors, which are emerging as promising therapeutic agents for the treatment of, for
example, viral infections [1-4]. There is a need for rapid, efficient, and general solid-phase
strategies for synthesis of such compounds. Current methods include release from a
Weinreb amide-based handle with LiAlH,, from a semicarbazone handle with dilute acid,
or from an olefinic linker by ozonolysis [5-7]. Recently, we reported the synthesis of a
peptide aldehyde with a C -terminal glycinal residue starting from
2,2-dimethoxyethylamine anchored to a BAL handle [8]. Here we report on the extension
of this strategy to allow for synthesis of complex peptide aldehydes (Fig. 1).

Results and Discussion

Initial studies focused on peptide aldehydes with C-terminal alaninals and phenylalaninals.
N*-Fmoc-amino acids were converted to the corresponding Weinreb amides, which upon
treatment with LiAlH, at -78°C gave the N*-Fmoc-protected amino aldehydes [9,10].
DIBAL also proved efficient for the reduction. However, both methods suffer from partial
cleavage of the Fmoc moiety. Treatment with trimethy] orthoformate in methanol, in the
presence of catalytic amounts of TsOH at 25°C, allowed formation of the corresponding
acetals under mild conditions. Removal of the Fmoc group with 4 N aq.
NaOH-MeOH-dioxane (1:9:30) for 10 min gave the expected amino dimethyl acetals.

Alternatively, Weinreb amides of N*-Z-amino acids were reduced with LiAlH, at 0
to 20°C to give the aldehydes. Treatment with ethylene glycol in refluxing toluene in the
presence of catalytic amounts of TsOH, followed by removal of the Z protecting group
with 1,4-cyclohexadiene in the presence of Pearlman's catalyst, gave the corresponding
amino 1,3-dioxolanes.

TFA-H,0

H

drawn for ortho-BAL

Me!

I
ol

OMe

Fig. 1. BAL strategy for peptide aldehyde synthesis.
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The resultant amino acetals were coupled to PALdehyde-PS or PEG-PS resins by
NaBH,CN-promoted reductive aminations in DMF-HOAc (99:1). Peptide chain
elongation was accomplished by standard procedures, and treatment with TFA-H,0 (19:1)
released the final products. Concomitant cleavage of the acetal moiety to free the
C-terminal aldehyde functionality was confirmed by LC/MS. Peptide aldehydes
synthesized by this strategy include N°-Fmoc-Ala-Ala-Pro-Ala-H, N*-Fmoc-Asp-Phe-Val-
Ala-H, and N®-Fmoc-Ala-Ala-Pro-Phe-H.

In summary, we have developed a general strategy for the synthesis of C-terminal
peptide aldehydes which relies on anchoring of amino acid-derived acetals through a BAL
handle to a solid support. The final peptide products were released with TFA-H,O (19:1),
with concomitant deblocking of the aldehyde moiety.
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Backbone Amide Linker (BAL) methodology to accommodate C-
terminal hindered, unreactive, and/or sensitive modifications
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Introduction

Our recently described BAL approach [1] has been used by us and others for the rapid and
efficient preparation of C-terminal modified peptides and small organic molecules. We
present here an extension of this work to accommodate C-terminal moieties that are labile
to bases, e.g., piperidine (as used in Fmoc chemistry), or to circumvent other synthetic
difficulties, e.g., due to steric hindrance of the modification.

Results and Discussion

This strategy comprises: (i) start of peptide synthesis by anchoring the penultimate
residue, with its carboxyl group orthogonally protected, through the backbone nitrogen; (ii)
continuation with standard Fmoc protocols for peptide chain elongation in the C—= N
direction; (iii) selective orthogonal removal of the carboxyl protecting group; (iv)
solid-phase activation of the pendant carboxyl and coupling with the desired C-terminal
residue; and (v) final cleavage/deprotection to release the free peptide into solution. During
step (iv), a readily epimerizable oxazolonium ion may form by attack of the oxygen from
the BAL-amide function onto the activated carboxyl; despite this risk, we were able to
develop effective protocols (involving optimal activation reagents, solvents, bases, and
temperatures), which are empirically found to proceed with minimal racemization.

Table 1. Preparation of peptide p-nitroanilides.

Amino p- Coupling Method® Coupling  Starting LLLDL  Product
Nitroanilide® Time  Material Isomer®  Purity
(min) (%) (%) (%)
TFFH/DIEA(10:20), DMF 60 41.4 2.0 51
H-Ala-pNA HATU/DIEA(10:20), DCM 30 0.3 1.3 93
PyAOP/DIEA(10:20), DCM 30 0.2 1.5¢ 86
H-Val-pNA HATU/DIEA(10:20), DCM 30 0.2 1.9 94
HBTU/DIEA(10:20), DCM 30 0.2 1.8 94
H-Phe-pNA HATU/DIEA(10:2), DCM 30 0.2 2.6 94
HATU/DIEA(10:2), DCM, 4°C 60 0.2 1.6 95
H-Arg-pNA  HBTU/DIEA(10:30), DMF 30 1.2 5.2 89
HBTU/DIEA(10:30), DMF, 4°C 90 2.1 2.4 91

"Ala and Val are used as HCI salts, Phe as the free amine, and Arg as the bis-HCI salt.

tSolid- -phase coupling of Boc-Val-Tyr(tBu)-Phe-(BAL-Ile-PEG-PS)-Ala-OH resin with amino
p-nitroanilides (10 equiv); equiv of coupling reagents and base are indicated in parentheses;
all H-AA-pNA couplings are carried out without preactivation; DMF is used with H-Arg-pNA
for solubility reasons.

(LLLDL -peptide) x 100 / (LLLDL-peptide + LLLLL-peptide).

“The pyrrolidide derivative H-Val-Tyr-Phe-Ala-Py was found [2].
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Fig. 1. General scheme for synthesis of peptide p-nitroanilides and peptide thioesters.
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Table 2. Preparation of peptide thioesters.

Amino Cleavage  Starting °L- °D- ®Hydrolysis  °L-Peptide
thioester® Reagent  Material  Peptide Peptide Product Thioester
Thioeste Thioester (%) with
r (%) (%) Additional
Residues
H-Ala-SPh  TFA-H,0 0.3 93.6 2.2 3.0 0.9
Rgt. B 0.5 96.3 2.0 0.3 0.9
Rgt. R 0.2 96.6 2.0 0.3 0.9
H-Ala-SBzl TFA-H,0 0.4 90.8 1.9 6.9 n.d.
Rgt. B 0.4 97.0 2.0 0.6 n.d.
Rgt. R 0.2 97.3 2.0 0.5 n.d.
H-Ala- TFA-H,0 0.6 97.7° - 1.7 n.d.
S(CHy),-
COOEt
Rgt. B 0.6 98.1° - 1.3 n.d.
Rgt. R 0.2 98.8° -° 1.0 n.d.

”Solid—phase coupling of Boc-Val-T) yr(tBu)—Gly-Gly-Phe-(BAL-IZe-PEG-PS)Ala-OH resin with
amino thioester-HCI salts (10 equiv) using HATU/DIEA (10 equiv/20 equiv) in DCM for 30
mzn all H-AA4-SR couplings are carried out without preactivation.

*HPLC analysis of crude peptide afier release from the resin.

“The reported values correspond to the mixture of D- and L-peptide thioesters because the
diastereomers were not separable by HPLC.

To illustrate this modified approach, several unprotected peptide p-nitroanilides
and thioesters have been prepared in excellent yields and purities, with minimal
racemization.
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Introduction

There is a need for simple methods allowing the synthesis of peptides bearing an aldehyde
moiety at the C-terminus which can be used in chemical ligation studies [1]. With the
synthesis of chemical libraries in mind, we needed: (1) a new solid-phase methodology
permitting the formation of a C-terminal aldehyde function during the separation of the
product from the solid support. We excluded multistep procedures such as generation of
soluble 1,2-diols or 1,2-amino alcohols followed by a periodic oxidation in solution; (2)
the aldehyde moiety must not be an o-amino aldehyde function to avoid stability and
racemization problems; (3) a cleavage procedure giving directly fully deprotected peptide
aldehydes in high yield and compatible with aqueous or partial aqueous conditions; (4) a
mild cleavage step compatible with all the amino acids; (5) cleavage conditions which
could be easily automated and permitting the solubilization of diverse structures; and (6) a
procedure using only cheap starting materials and minimal or no chemical steps in solution
for the elaboration of the linker. The strategy described in Scheme 1 fulfills all these
criteria. An 2,3-O-isopropylidene-D-tartrate (IPT) based linker is the precursor of the 1,2-
diol moiety leading to a C-terminal o-oxo-aldehyde moiety following a periodic oxidation.
This solid-phase periodic oxidation is performed on a fully deprotected peptide and leads
to the formation of the o-oxo-aldehyde moiety and to the cleavage of the product from the
solid support. To this end, we used resins well solvated in aqueous media such as PEGA or
PEG-PS solid supports. The acetonide protecting group is stable during standard
Fmoc/tert-butyl solid-phase peptide synthesis. It is simultaneously and easily deprotected
during the removal of the side chain protecting groups.

Results and Discussion

The IPT linker was elaborated as described in Scheme 1. The carboxylate 1 was generated
by dissolving water in an excess of (+)-dimethyl-2,3-O-isopropylidene-D-tartrate (10
equiv) followed by the addition of DBU (1 equiv). After 1 h at room temperature, the
reaction mixture was added to the amino-PEGA resin (0.34 mmol/g) swelled in the
minimal volume of DMF. In situ activation of the carboxylate with BOP reagent led to the
direct anchoring of the tartrate derivative 1 to the solid support. Reaction of resin 2 with an
excess of a symmetrical diamine (ethylenediamine, 1,3-diaminopropane, 1,7-
diaminoheptane) permitted the formation of the IPT-amino PEGA resin 3. The
displacement of the ester moiety of resin 8 was complete after 1 h. The charge of resin 3
was found to be 0.20 mmol/g whatever the nature of the diamine. The same reaction
sequence was performed on Argogel® and Novagel® resins (0.76 and 0.41 mmol/g
respectively) to give the corresponding IPT-modified solid supports (0.34 and 0.23 mmol/g
respectively).
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Peptide 6 (Fig. 1) was synthesized on the [PT-amino-PEGA resin without any
difficulty as suggested by the RP-HPLC profile of the crude product. The periodic
oxidation was performed in a water/acetic acid 2/1 mixture. The separation of the product
from the solid support occured in less than 30 sec. Analogously, peptide 7 (Scheme 2) was
isolated with a 26% yield following RP-HPLC purification.

We first analyzed the ability of C-terminal a-oxo peptide aldehydes to ligate with
aminooxyacetyl peptides (Scheme 2) [2]. Peptide 7 reacted rapidly with N-terminal
aminooxyacetyl peptide 8 in buffered aqueous solution to give the corresponding oxime
product 9 with a 78% yield following RP-HPLC purification. Peptide aldehyde 7 reacted
equally well with cysteinyl peptide H-CASGRLKWRYRRINR-NH, to give the
corresponding thiazolidine with a 53.8% yield [3]. Finally, C-terminal peptide o-oxo-
aldehyde Ac-KYVS-NH(CH,);NHCOCHO was reacted with hydrazinopeptide Ac-
K(NH,)LAENREILKEPVHGVYYD-NH,, synthesized wusing our solid-phase N-
electrophilic amination procedure [4-6], to give the correspondong hydrazone with a 49%
yield following RP-HPLC purification.

In conclusion, the IPT linker allows an easy access to C-terminal peptide o-0xo-
aldehydes which are useful partners in oxime, thiazolidine and hydrazone chemical
ligations.

H,0, DBU o o
1h, rt 1

o (o]
OMe OMe

{+)-Dimethyl-2,3-O-
Isopropylidene-D-tartrate

P NH—@ H N-X-NH,
120 ° 1h'at rt, DMF 0

HZN@ DMF, 40 min at rt ,
o o}
. . (o} 2
amino PEGA resin o N—X—NH,
0" “ome H
IPT-amino PEGA resin
Fmoc [ tert-butyl [o]
SPPS NalO
A o Y—Q —s, deprotected-“—x—u)l\n/H
peptide H
HO o
HO 5
/NH-deprotected
o H—X peptide 4

Scheme 1. Synthesis of C-terminal a-oxo-aldehydes using the IPT linker.
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Fig. 1. RP-HPLC profile of the crude peptide 6 (C18 Vydac column, eluent A: water containing
0.05% TFA, eluent B: water/acetonitrile 1/4 containing 0.05% TFA, linear gradient 0-100% B in

60 min, flow 1 ml/min).
o]
Ku\ LYK-NH,
|-|2N’o 8

1AcONaIAcOH buffer pH 4.6

o 78.1%
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H 7 H I +

Scheme 2. Oxime chemical ligation.
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A new approach to the guanidinylation of peptides and
peptidomimetics including aminoglycosides and related drugs
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Introduction

Single and multiple guanidine units have been incorporated into natural and nonnatural
peptidomimetics including glycopeptides [1] which display biological activity ranging
from antibacterial, antiviral, and antifungal to neurotoxic. The guanidine unit found in
these compounds plays an essential role in the bioactivity they exhibit. Recently, our
laboratory has developed a new reagent, N,N-diBoc-N"-triflylguanidine (1) for the
guanidinylation of amino acids and peptides in solution [2] and on solid-phase [3]. We
would now like to extend this methodology to peptidomimetics including glycopeptides by
presenting synthetic studies toward the guanidinylation of aminoglycosides in aqueous
media.

Results and Discussion

The conversion of aminoglycosides to their corresponding guanidinylated products
represents a clear illustration for future application to glycopeptides. The guanidinylation
of several aminoglycosides, including glucosamine, 2-deoxystreptamine, as well as
kanamycin and tobramycin (1) is summarized in Table 1. For example, tobramycin (1) was
fully guanidinylated using 15 equiv of reagent 1 in aqueous media to provide compound 3
in quantitative yield (Fig. 1). The Boc protecting groups were easily removed in 99% yield
using TFA without affecting the stereochemistry.

NBoc

NH NBoc
2
N” NH
= NH2 BocH HN" ~NHBoc
NBoc RH
NTf
HO HAN & 1 BocHN™ “NH
BocHN™ ~NHBoc HO o
o) -
O - o (0] 3
CHoNH, NEt; CH,
OH 1,4-dioxane/H,0 (4:1) BocHN rI‘JH
s #, 3d, 100% Y on PH
2 H2o NBoc o
CH,OH |CH,0H
BocHN._ _NH
NBoc

Fig. 1. Guanidinylation of tobramycin (2) using N,N'-diBoc-N"-triflylguanidine (1).
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Table 1. Preparation and deprotection of guanidinoglycosides.

Aminoglycoside No.of Equiv Yield(%) FAB-MS Deprotection  Yield (%)
amines  of 1 (M+MH
glucosamine® 1 1.1 82 422 SnCl, [4] 89
2-deocystreptamine® 2 2.1 70 647 SnCl, 97
kanamycmb 4 8 91 1454 TFA/CH,Cl, 100
tobramycin® 5 15 100 1678 TFA/CH,Cl, 99

"Reactton carried out in MeOH for 2 days with equimolar TEA as 1.

bReaction carried out in 4:1 mixture of 1,4-dioxane/H,0 for 3 days with equimolar TEA as 1.

In conclusion, we have illustrated that our new methodology can be used to
efficiently guanidinylate aminoglycosides in an aqueous media. Future research will

involve application of our findings to the preparation of glycopeptides.
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Photoaffinity-labeled probes for the study of
isoprenoid recognition sites
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Introduction

GTP-binding proteins (G proteins) are involved in numerous intracellular events including
signal transduction, cellular proliferation, intracellular vesicle trafficking and cytoskeleta
control. Many G proteins undergo an important post-translational modification known a
prenylation: covalent attachment of a C,5 or C, isoprenoid to a specific C-terminal cysteiry
residue via a thioether linkage [1]. Protein prenyltransferases catalyze this reaction usin
prenyl diphosphates as substrates. Interest in protein prenylation has recently escalated due t¢
the discovery that mutant forms of Ras proteins, found in over 30% of human cancers, requir
farnesylation for oncogenic activity. Other prenylated proteins acting downstream of Ras ar
gaining attention as well. Prenylation prevention is a target of therapeutic interest an
particular attention has been paid to developing prenyltransferase inhibitors. Another potentia
area of therapy could be the disruption of prenylated protein-protein interactions. Prenylatior
does encourage membrane attachment of these proteins but evidence suggests another role fo
isoprenoid addition: proteins may recognize prenylated proteins via the prenyl tail, therefor
conferring additional specificity in these interactions [2]. We have developed several probe
incorporating photoaffinity labeling groups which will be used to identify particular amino acic
residues involved in isoprenoid recognition within a variety of putative prenyl recepto
proteins.

Results and Discussion

Several compounds have been synthesized with two different types of photoaffinity labels
diazotrifluoropropionamido (DATFP)-containing cysteine analogs and benzo-phenone (BP)
containing cysteine analogs. Examples are shown in Fig. 1:

FQCJHrN x A s’\)LOR N x s/\HLon R'=§(()°)CH30'
0 NH N
Y o M
0

,CHy

Fig. 1. Structures of photoaffinity labeled probes for isoprenoid recognition site studies.

These photoactivatable appendages, which mimic isoprene units, have proven to b
effective crosslinkers to the active sites of protein prenyliranferases, thereby validating thei
use as tools for prenyl recognition site characterization [3,4]. The synthesis of a DATFP
containing cysteine analog is shown in Fig. 2:
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Fig. 2. Synthesis of a DATFP-containing cysteine analog.

We have also generated sulfonamide linkages within cysteine residues, allowing for the
introduction of a radioactive isotope [5]. Radiolabeling these probes will faciliate the isolation
and the identification of crosslinked residues. The syntheses of farnesylated N-acetyl cysteine
analogs have been accomplished as shown in Fig. 3, and we have synthesized a BP-containing
cysteine sulfonamide analog (see Fig. 1), the methodology of which is amenable to radiolabel
incorporation.

1. CH,;S0,Cl, EtN

o o
)\/\/k/\/l\/\ Crece o /‘\/\/l\/\/j\/\
e N s /\HLO/ XN x X s’\)LOH

2. LIOH, MeOH/H,0
NH, 90% HN<355.0,0H,

Fig. 3. Preparation of radiolabeled cysteine analogs using [PS]-CH;S0,CI.

We have also modified cysteine-containing peptides: two cysteine-terminating 14-mers
were appended with BP moieties. Acting as prenylated protein mimics, the photoaffinity-
labeled cysteine residues, as well as modified peptides, should be useful for studying a variety
of prenylated G protein-protein interactions.
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Orthogonal methods for the synthesis of multiply labeled
peptide probes and substrates
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Introduction

Fluorescently labeled peptides have many applications: in cellular uptake and localization
studies, for immunological assays, as receptor probes, and as enzyme substrates. An
important implementation uses fluorescence resonance energy transfer (FRET) techniques,
where the proximity of a dye pair effectively quenches fluorescence, which is then
liberated wholly or partially through binding or cleavage. Early work focussed on the use
of prederivatized, side-chain modified lysines, generally bearing dabeyl and dansyl groups.

This work focuses on methods that allow incorporation of much more chemically
sensitive dyes [e.g., fluorescein (FAM) and tetramethylrhodamine (TAMRA) derivatives]
onto specific lysine side-chains at any position within a target peptide. This design allows
the flexible display of the labels, maximizing their spectral overlap and minimizing the
influence of backbone conformation. Gly spacers were used to separate the probe sequence
and the fluorophores, reducing any effect the labels might have on binding.

Results and Discussion

We examined the incorporation of a variety of label carboxylates onto the side-chain of a
single lysine residue attached to our new PS-PEG resin, Champion I [1]. This resin has
proved to be an excellent selection, and recent studies show that acylation rates are
significantly faster than with alternative supports [2]. The best results were obtained using
preformed hydroxysuccinimide active esters of the labels with HOBt-mediated, overnight
couplings in DMF. Virtues of this procedure include generality, economy, efficiency, and
the availability of stable esters that are compatible with aqueous media.

Our initial studies for double label incorporation into our test peptide used Fmoc-e-
Aloc-L-lysine for attaching the C-terminal label (R¢), and Boc-g-Fmoc-L-lysine for the N-
terminal label (Ry). Three related tactics were possible: either R¢ could be incorporated
immediately after introduction of the C-terminal lysine (tactic a), or the chain extended
before any label introduction (tactic (3), with either Ry introduced first (tactic BN), or last
(tactic BC). The target, peptide 1 (Fig. 1), was prepared by simultaneous synthesis using
Tactics o and BC. In both cases, the Aloc group was removed by Pd(0) promoted transfer
to morpholine. Tactic BC produced no detectable product, and Tactic o gave the desired
product as only a-minor component (Table 1; syntheses 1A, 1B), poor outcomes that
directly resulted from incomplete Aloc removal.

™ e
H—Lys —Gly —Nle—Tyr—Gly —Arg — Gly —Lys —NH,
a-Chymotrypsin Digestion Trypsin Digestion

Fig 1. Target peptides 1 (Ry= FAM, Rc = dabcyl) and 2 (Ry = dabcyl, Rc = FAM).
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Table 1. Synthesis of FAM and dabcyl-labeled peptides 1 and 2.

Synthesis Product Tactic Strategy. HPL.C Purity
1A 1 a Aloc 10
1B 1 BC Aloc No Product
2A 1 a Dde 64
2B 1 BN Dde 46
2C 2 a Dde 48
2D 2 BN Dde 64

As an alternative, the "quasi-orthogonal" Dde protecting group of Bycroft and Chen
[3] was examined, although other protecting strategies (e.g., Mtt) could also have been
employed. Both possible label combinations of the test peptide (i.e., peptides 1 and 2, Fig.
1) were prepared employing two tactics (Table 1, syntheses 2A-2D). In the first mode (o),
performed exactly analogously to the Aloc case, Rc was added immediately after
introduction of Dde-Lys(Fmoc)-OH, and subsequent Fmoc cleavage; the N*-Dde group
was then removed and the remaining chain extended. Finally, Boc-Lys(Fmoc)-OH was
added, followed by Fmoc cleavage and incorporation of Ry. In the second mode [BN;
tactic BC is incompatible because Dde can not be removed selectively in the presence of
Fmoc] Fmoc-Lys(Dde)-OH was added, followed by chain extension and incorporation of
Ry as with . The final step, before cleavage from the resin, was Dde removal from the C-
terminal Lys with 2% hydrazine in DMF, followed by incorporation of Re. The HPLC
profiles of the products from the syntheses demonstrate the superiority of the Dde strategy,
in any variation, compared to the Aloc strategy. Clear virtues for particular tactics,
however emerge, depending on the nature of the label. For example, with peptide 1 the best
results are obtained by strategy o. Ry is added last and thus the FAM moiety does not see
any base treatment (e.g., in BN, Ry is exposed to the 2% hydrazine used to remove the Dde
group prior to addition of R¢). In addition, some small amount of Dde "wandering" may
occur, as has been reported recently [4], further contributing to the observed superiority of
synthesis a. However, when R¢ was FAM (i.e., peptide 2) strategy BN provided superior
product, presumably due to some degradation of the FAM fluorophore over several cycles
of synthesis when using strategy o.

HPLC and spectral analysis of the tryptic and chymotryptic digests of the products
from syntheses 2A-2D indicated that the peptides were completely digested, and each
component bore the correct label. Separate studies performed on peptide 1 isolated from
synthesis 1 A showed that very low levels of enzyme were adequate to produce rapid and
easily detectable fluorescence, and that detection of the FRET peptides was possible with
sensitivity comparable to that expected from literature studies.
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Introduction

The ABRF Peptide Synthesis Research Group (PSRG) conducts annual studies in order to
assist member laboratories in assessing their peptide synthetic capability [1]. Concurrently,
through careful design of the test sequence, these studies also serve as an avenue to
introduce new techniques to the member laboratories. This yearis study focused on the
synthesis of side-chain labeled peptides. The PSRG proposed that participating laboratories
construct a biotin-labeled peptide with the following sequence:

H-Ala-Glu-Lys-Gly-Lys-Leu-Arg-Phe-Lys(biotin)-NH,

Although Fmoc-Lys(biotin)-OH is a viable building block for direct assembly of
this sequence, one goal of this study was to acquaint member laboratories with a flexible
strategy that could be used to synthesize peptides with a variety of labels. The use of a
side-chain protected lysine residue orthogonal to Fmoc/fBu [2] was suggested, and several
representative literature citations were provided. Member laboratories were asked to
submit the requested peptide without purification.

To prepare for this study, the PSRG synthesized the model peptide using Fmoc-
Lys(Dde)-OH [3] as the C-terminal residue coupled to Rink amide MBHA resin.
Following chain elongation, removal of the Dde protecting group was accomplished with
hydrazine-DMF (1:49, v/v), and the liberated amine was treated with a ten-fold molar
excess of biotin in the presence of HBTU, HOBt, and DIEA. The peptide was released
from the solid support and deprotected with TFA-thioanisole-phenol-water-1,2-
ethanedithiol (33:2:2:2:1, v/v).

Results and Discussion

Thirty-four samples were submitted by member laboratories. The PSRG evaluated the
peptides by amino acid analysis, capillary electrophoresis, RP-HPLC, MALDI-TOF-MS,
and ES-MS, as described previously [4]. Below is a summary of the results.

1. The best sample received was 96.5% pure by HPLC analysis. Nine samples did not
contain the desired product, as determined by HPLC.

2. Nine samples were prepared with Fmoc-Lys(biotin)-OH as the starting residue. HPLC
analysis showed a range of 0-88% product purity. In three cases, impurities with des-
Lys(biotin) indicated an inefficient initial coupling.

3. Eleven laboratories used Fmoc-Lys(Dde)-OH and followed the strategy outlined
above. Three of these eleven samples did not contain any correct product. One
contained the Lys(biotin) but was missing the Arg. The other two samples had two
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biotins presumably via attachment of an extra biotin at the N-terminus due to improper
selection of the final residue, Fmoc- instead of Boc-Ala-OH.
Nine laboratories used linear assembly with Fmoc-Lys(Mtt)-OH. Of these samples, one
did not contain any correct product (no biotin was incorporated).
Two laboratories used Fmoc-Lys(Aloc)-OH as the starting residue. Only one of these
samples contained multiple components and was obtained in 12.5% purity.
Two laboratories constructed the peptide using Boc/Bzl-based methods. Both samples
produced the desired product as the major component, as assessed by HPLC.
Peptides synthesized with the biotinylation reagent incorporating an aminocaproate
spacer as opposed to biotin exhibited an extra peak in AAA.
One laboratory used Fmoc-Lys(biotin)-PS resin with an aminocaproate “spacer”; 17%
of that product had an extra Lys(biotin) residue.
One peptide contained Gln instead of Glu, an amino acid substitution that would be
undetected by AAA, but was identified readily by ES-MS/MS.

Reagent B [6] (the cleavage cocktail preferred by 41% of the respondents) is
becoming more popular because it provides clean, highly efficient cleavage and does not
contain any malodorous thiol components.

>

© ® N o W

General Conclusions. (1) Use of either Fmoc-Lys(biotin)-OH or a resin loaded
with this prelabeled amino acid did not guarantee success. Although prelabeled starting
materials may be convenient, our results indicated that 37% of the syntheses that used
prelabeled Lys(biotin) were failures. (2) With Dde-based protecting groups, a Boc amino
acid must be utilized for the N-terminal residue since a solution of hydrazine-DMF (1:49,
v/v) is not orthogonal to Fmoc protection. (3) MALDI-TOF-MS and ES-MS were
extremely useful tools for providing qualitative but not quantitative characterization of the
submitted peptides.
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Introduction

Orthogonal ligation is a convergent, amide-bond condensation strategy for two unprotected
peptide segments regiospecific to a particular N-terminal amino acid. Conceptually, it is
similar to other orthogonal strategies such as orthogonal protection, activation, and
coupling used in chemistry to distinguish one functional group from another based on
chemoselectivity. The ability of orthogonal ligation methods to avoid polymerization
reactions may provide a tandem ligation scheme for coupling multiple peptide segments to
further enhance the efficiency of convergent synthesis.

To achieve the tandem ligation scheme using unprotected peptide segments without
any protection or deprotection step, regioselectivity is required to distinguish one N-
terminal amino acid from another during the sequential ligation steps. Over the past six
years, our laboratory has developed a repertoire of orthogonal ligation methods toward this
end [1-4]. These methods are based on two types of capture mechanisms: imine [1] and
thioester [2,5]. Thiaproline ligation [1] is the first example demonstrating imine capture and
the orthogonal ligation concept (Fig. 1). In aqueous conditions, this ligation employs an
acyl segment carrying a glycoaldehyde ester (peptidyl-OCH,CHO) 1 to capture an M-
terminal (Nt) Cys segment 2a through an imine 3a, which rapidly tautomerizes to a
thiazolidine ester 4a. The O-ester then rearranges to a stable amide bond, thiaproline (SPro)
product 5a, at the ligation site. The thiaproline ligation is facile under aqueous conditions at
pH 4 to 7. Although similar ligation reactions could occur with five other Nt-amino acids,
including Nt-Ser 2b, -Thr 2¢, -Trp 2d, -His 2e and -Asn 2f, these N-terminal amino acids
do not readily undergo imine capture reaction in aqueous solutions and occur only slowly
under non-aqueous conditions. This paper describes a new reaction condition for imine
ligation with these six different N-terminal amino acids that leads to a thiaproline bond with
Nt-Cys, an oxaproline bond with Nt-Ser or Nt-Thr, as well as other imidic bonds with Nt-
Trp, Nt-His, and Nt-Asn (Fig. 1).

Results and Discussion

The acyl segment Leu-Ile-Leu-Asn-Gly-CH,CHO 1 was synthesized on a cyclic acetal
resin by a previously described procedure [6] using Fmoc chemistry, while amine segments
X-Phe-Lys-Ile-NH, 2a-f (X = Cys, 2a; Ser, 2b; Thr, 2¢; Trp, 2d; His, 2e; Asn, 2f) were
synthesized on the MBHA resin using Boc chemistry. All peptide segments 1 and 2a-f
were purified by HPLC, and confirmed by MS and amino acid analysis.

When the imine ligations between 1 and 2a-f were carried out in aqueous buffers at
pH 4 to 7, only the thiaproline ligation with Nt-Cys segment 2a was obtained. No
significant ligation was observed with other Nt-amino acid segments 2b-f in a 24 h reaction.

Oxaprolines from Nt-Ser and Nt-Thr, similar to thiaprolines from Nt-Cys, are
useful proline mimetics. More importantly, Nt-Ser and Nt-Thr can provide a useful
orthogonality to Nt-Cys that is used in thiaproline and thioester ligations [1,2,5]. Thus,
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development of an oxaproline ligation would distinguish the orthogonality between Nt-Cys
and Nt-Ser/Thr in the imine ligation reactions.

\/L .-R Imine /{ l:/a
E: ]T o capture O, N
2a-f 3a-f

R
. . X~ Nt-aa X
Ring-chain /_.422 .-H
tautomerization N Cys N
> oH & Ser O
4af Thr O~ (R=CHy)

N X
His (;_lor "N/_\N
HOHZC"@ZX R / N
Acyl shift
—_— N Trp HN™"
o

o
Sa-f H O
Asn /N—K
A, B = free peptide segment;
Nt-aa = N-terminal amino acid of 2a-f

Fig. 1. General scheme of imine ligation of an acyl segment 1 with an amine segment 2a-f.

Since the imine formation in the initial step (Fig. 1) is both acid and base catalyzed,
we explored various pyridine-acetic acid mixtures (1:0, 4:4, 2:1, 1:1, 2:3, 1:2, 0:1, mol/mol)
which serve as both solvent and catalyst for ligating 1 and Nt-Ser segment 2b to form an
oxaproline bond. A mixture of pyridine-acetic acid at a 1:1 molar ratio was found to be
suitable to mediate oxaproline ligation in a 78% yield after 45 h at 20°C. Other mixtures
also resulted in acceptable yields of 62% to 74%. However, pyridine alone gave only 42%
yield, while no observable product was found with acetic acid alone.

We then expanded the solvent system of pyridine-acetic acid (1:1, mol/mol) to
ligate the acyl segment Leu-Ile-Leu-Asn-Gly-CH,CHO 1 with all N-terminal amino acid
segments X-Phe-Lys-Ile-NH, (X = any amino acid, Table 1). No ligation product was
obtained with Nt-Lys, Arg, Asp, Glu, Ala, Leu, Met, and Tyr. Ligations were achieved
with only six Nt-nucleophilic amino acid segments: Nt-Cys 2a, Ser 2b, Thr 2¢, Trp 2d, His
2e, and Asn 2f.

Rate study showed that ligation of Nt-Cys is >1000 fold faster than that of Nt-Ser,
Nt-Thr, Nt-His, and Nt-Trp, which have similar ligation rates to one another. However,
ligation with Nt-Asn is much slower. These results show that there is semi-orthogonality
in imine ligation and that N-terminal Cys peptide segments can be orthogonally ligated with
acyl glycoaldehyde segments bearing any N-terminal amino acid, including Nt-Ser and Nt-
Thr, which will be useful for a tandem ligation scheme.
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Table 1. Regiospecificity of imine ligation with different N-terminal amino acids.

Product * Segment X = Yield at 36 h (%)  Relative rate  MS (actual/theoretical)
Sa C 2a 79.6 >1000 1045.0/1045.3
5b S 2b 74.2 1 1058.7/1059.3
S¢ T 2¢ 95.3 0.95 1060.8/1061.4
5d W 2d 77.9 1.2 1143.9/1144.4
Se H 2e 73.3 1.1 1095.1/1095.4
5f N 2f 44 .4 0.3 1071.8/1072.3

other? <0.5
“Amino acid = Lys, Arg, Asp, Glu, Ala, Leu, Met and Tyr.

The Nt-Cys 2a, -Ser 2b, -Thr 2¢, or -Asn 2d segment each provided a single
predominant ligation product. However, Nt-Trp 2d segment gave two, while Nt-His 2e
yielded three major isomeric products. All products were confirmed to be amide products
by both chemical and spectroscopic methods. However, the stereochemistry of the ligated
products of Nt-Trp and Nt-His has not been determined.

In conclusion, imine ligation is highly regiospecific with six N-terminal nucleophilic
amino acids. The regiospecificity can be further manipulated under aqueous and non-
aqueous conditions such as pyridine-acetic acid mixtures. The differences in ligation rates
will be useful for an orthogonal tandem ligation strategy to couple multiple unprotected
peptide segments without a protection scheme.
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Introduction

Peptide dendrimers are highly branched artificial proteins in which several peptide chains
branch out from a dendritic core matrix that is built up through the propagation of a
trifunctional amino acid, such as Lys. Originally conceived as Multiple Antigen
Presentation systems (MAPs) for vaccine development [1], these molecules have also been
tested for use in drug delivery, de novo protein design, and diagnosis. Stepwise solid-phase
synthesis is the traditional way to prepare peptide dendrimers. However, convergent
solution synthesis has now become the method of choice, whereby the use of a
chemoselective ligation/conjugation method [2] grafts several copies of an unprotected
peptide onto a pre-derivatized core, forming a so-called homo-dendrimer [3]. Reported
herein is a new development in this area: synthesis of a hetero peptide dendrimer in which
the 4 peptide branches have two different identities.

Results and Discussion

Conventional Boc SPPS was used to synthesize the two gpl120 V3 loop peptides from two
different HIV strains: HSCH,CH,CO-KRKRIHI-GPGRAFTTK-OH, 1, and H-
CAKRIRIQRGPGRAFVTIG-OH, 2. The 4-branched core matrix, 3, was synthesized on
solid-phase according to Fig. 1. Fmoc-Lys(Boc)-OH was used at the second layer to
differentiate the o and ¢ amino groups. To the two & amino groups was coupled Boc-
Ser(Bzl)-OH. Bromoacetyl was added onto the o-branches after a -Ala extension. HF
cleavage finally gave the 4-branched core matrix with two types of ligating functionalities:
the bromoacetyl and the 1,2-aminoethanol aldehyde precursor.

Boc-Ser(B:
- Fmoc-Ly 0C ?er( 74)]

v,vi H-Lys,
H-Alr 0~ ——— JLysAla-0~(Q) — Hiys Lys-Alx0~Q)

iii, iv Fmoc-Lys
I
Boc-Ser(Bzl)

Boc-ISer(BzI) H-Sler
vii, vili ~ BrAcp-AlaLys X  BrAcp-AlalLys
_— P :Lys-AIa-O"\® — ,Lys"AlaOH
ix BrAc-[S-AIa-L)I/s BrAr[&-AIa-L)IIS
Boc-Ser(Bzl) H-Ser 3

Fig. 1. (i) Boc-Lys(Boc)-OH/BOP; (ii) TFA/DCM; (iii) Fmoc-Lys(Boc)-OH/BOP; (iv) TFA/DCM;
(v) Boc-Ser(Bzl)-OH/BOP; (vi) piperidine; (vii) Fmoc-B-Ala-OH/BOP; (viii) piperidine; (ix)
BrCH,COOH/DCC/HOBt; (x) HF.
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Fig. 2. (i) Peptide 1, pH 8; (ii) NalO4, pH 6; (iii) Peptide 2, pH 3.

Ligation of 1 to the core took place in H,O/MeCN (1/1, pH 8) with a 3:1 molar
ratio of 1 to 3. Under these conditions, the reaction was complete in 20 min to give the 2-
branched intermediate, 4, with minimal oxidation of 1. Periodate oxidation of 4 converted
the 1,2-aminoethanol moiety of H-Ser into aldehyde in near quantitative yield. Finally,
peptide 2 was reacted with 5 in a 4:1 molar ratio at pH 3-4 in HO/MeCN to give the
desired 4-branched hetrodendrimer, 6. All reaction steps were monitored by analytical
HPLC and all products were analyzed and confirmed by MALDI MS. The final product, 6,
represents an immunogen of considerable size (MW ~ 9.2 kDa) that comprises the major
antigenic determinants of two HIV strains.

The results presented here have significant implication in future research involving
synthetic vaccines, novel artificial proteins and biomaterials.
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Introduction

Side-chain protection of lysine residues with the formyl group provides another level of

protection during peptide synthesis. This protecting group is stable to both Boc and Fmoc
synthesis and cleavage protocols. The small size and low hydrophobicity of this group

facilitates post-synthetic manipulations such as peptide comjugation or cyclization

reactions of protected peptides. However, removal of the group from the peptide can result

in undesirable side reactions, depending on the amino acid composition and deformylation

method employed.

Results and Discussion

In the present study we have systematically investigated the removal of the formyl
protecting group from lysine residues in a series of linear peptides, as well as from a linear
and cyclic version of a head-to-tail cyclic peptide, under different conditions. The base
formyl-containing peptide used in this study was acetyl-AXKYAGL-amide (Peptide 1),
where X was varied to include M, V, S, T, H, W, E, D, N, C, R, and Q. Five different
deformylation methods were evaluated on Peptide 1 (Val analog) and the results are
summarized in Table 1. Deformylation reactions were monitored by RP-HPLC as shown in
Fig. 1. In all cases the deformylated product exhibited decreased retention times compared
to the formylated peptide due to decreased hydrophobicity as well as increased charge. Of
the methods investigated (A-E), method E produced the most product with the least
amount of degradation and side products. Although it would appear that method D is
comparable, prolonged exposure to these conditions causes excessive peptide degradation.
As method E proved to produce the most product, it was further optimized. The final
conditions that produced the best results with Peptide 1 analogs was 500 equiv hydrazine
in 2% aqueous acetic acid at 85°C for 5 h. The final amount of product ranged from 60-
75%. These results are shown in Table 2 for the representative peptides of all Peptide 1
analogs, which define the upper and lower limits of this range. The major side product was
found to be 15 mass units high and was characterized by tryptic digestion, which indicated
that this product was probably a tyrosine derivative (data not shown).

Table 1. Deformylation methods A-E employed for Val analog of peptide 1.
% Correct % Side % Starting

_Ref, Description Product Products Material
A [11 0.5M HCI in MeOH, 40°C, 20 h 5 80 15
B - 0.5M TFA in MeOH, 40°C, 20 h 50 30 20
C [2] 15% H,0, (aqg), 60°C,20h 50 20 30
D - 15% HyO,in 30% dioxane 50 5 45
E [3] 500 eq NH,NH, in 60% EtOH, 2% HOAc 60 30 10
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Table 2. Peptide-dependent efficiency of deformylation using optimized Method E.

Peptide (substitution) % Product % Side Products % Starting Material
1 (Glu) 75 15 10
1 (Arg) 60 35 5
2 linear 95 5 0
2 cyclic 95 5 0

The production of this side product was time-dependent and prolonged exposure produced
up to 50% of this side product.

The hydrazine deformylation method was also employed on a second peptide
(Peptide 2) with the sequence H;N-VKLKVYPLKVKLYP-COOH in which all four lysine
residues were formylated. The deformylation of both linear and head-to-tail cyclic versions
of Peptide 2 were investigated. As can be seen in Table 2, deformylation of both linear and
cyclic versions of Peptide 2 proceeded to high yields of the correct product (95%) with
very little side product formed. It is clear that formation of side products with the
hydrazine deformylation method is peptide dependent as more of these side products were
formed with all analogs of Peptide 1 compared to Peptide 2. Interestingly, the 15 mass unit
side product formed during Peptide 1 deformylations (see above) was not observed in
either linear or cyclic versions of Peptide 2. This would suggest that the formation of this

tyrosine derivative is peptide dependent and that the Peptide 1 sequence is more
susceptible.

\
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<
E
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g
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Retention Time (min.)
Fig. 1. RP-HPLC trace of formylated and deformylated (Method E) linear Peptide 2.
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Introduction

Recently, we reported an unusual reaction during the deprotection of the cyclic
hexapeptide somatostatin analog c¢[Phe-D-Trp-Lys(Boc)-Thr(rBu)-Phe-NMeAib] (1)
(NMeAib denotes N-methyl-2-amino isobutyric acid) [1]. Upon treatment of compound 1
with TFA and 1,2-ethanedithiol, two linear deprotected hexapeptides were obtained: H-
Phe-D-Trp-Lys-Thr-Phe-NMeAib-OH (2) and its C-terminal 2-thioethyl thioester (3).
Since peptides are routinely treated with strong acids such as TFA and anhydrous HF
without loss of backbone integrity, this facile amide bond cleavage is most unusual.

Results and Discussion

The proposed mechanism for acidolysis of NMeAib peptides proceeds via an
intramolecular tetrahedral intermediate (Scheme 1). Once the tetrahedral intermediate is
formed, the lone pair electrons on the nitrogen of phenylalanine are no longer in conjugation
with the carbonyl m-bond of NMeAib. As an amine-like structure, the phenylalanine
nitrogen becomes a proton acceptor. Thus, phenylalanine is ejected and the system
collapses to an oxazolinium ion intermediate [2].

To assess the effectiveness of the acetyl oxygen as an internal nucleophile, we
synthesized a series of para-substituted benzoyl dipeptides and determined their rate of
acidolysis using 2% TFA in CH3CN. The reactions of pX-CgH4C(O)-NMeAib-Phe-OMe
with 2% TFA in acetonitrile display pseudo first-order kinetics. The change in rates for the
series pX-CgH4C(O)-NMeAib-Phe-OMe is a function of the
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Table 1. Acidolysis of pX-CgH4C(0Q)-NMeAib-Phe-OMe with 2% TFA in acetonitrile.

Compound k (sec’) Half-life o
NO, 1.5 x 10°%0.1 x 10~ 12 h 0.78
CN 23 x 10°£0.1 x 107 8h 0.66
CF, 3.7x 10°£0.2 x 107 5h 0.54

Cl 8.3 x 10°+0.3 x 107 2 h 0.23

electronic effects of the substituents, specifically, their electron-donating or electron-
withdrawing nature [3]. The remote proximity of the X group allows for a constant steric
environment about the reaction center.

The Hammett equation (1) was applied to acidolysis of pX-C¢H4C(O)-NMeAib-
Phe-OMe peptides. One can solve for p by plotting log k versus o.

logk=po+logky (1)

The variable k is the rate constant for acidolysis of the para-substituted dipeptide and k, is
the rate constant for the unsubstituted benzoyl dipeptide. The substituent constant, o is

defined by 2:

o o = log(Ky/K,) (2)
where K, is the dissociation constant for each para-substituted benzoic acid and K, is the
dissociation constant of benzoic acid. The magnitude and sign of p reflects the geometry of
the transition state and indicates the influence of the para substituents on the remote
reaction center. The linearity of Fig. 1 demonstrates that a linear free energy relationship
exists among the parent pX-benzoic acids and the peptides with p=-1.335.

The observation that p is large and negative supports the contention that the
substituents at the para-position have a significant electronic effect at the remote reaction
center. The magnitude of p provides valuable insight into the effect of the para-substituents
on the remote reaction center. If the acid catalyzed reaction of our dipeptide derivatives
were to proceed through a conventional Aac2 mechanism (with water or trifluoroacetate
“ acting as a nucleophile), the expected value for p
' s would be much smaller than -1.335. A typical values

of p for amide acidolysis is -0.1 [4]. It has been
shown that inserting methylene groups between the
reaction center and the benzyl ring attenuates p by
0.5 per methylene.[5] The magnitude and sign of p
indicate that the carbonyl oxygen of the benzoyl
7807 group is intimately involved in the transition state
Sy for the rate-determining step. The results strongly
S s support an intramolecular oxazolinium  ion
mechanism for acid-catalyzed cleavage of peptides

containing NMeAib.

Fig. 1. Plot of log k versus o.
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Introduction

Two new recombinant methods for making peptides, with the possibility of making
amidated peptides, are described. The first of these exploits the recently described intein
expression system where proteins are made as amino terminal extensions of a “splice-
disabled” yeast “self-splicing” intein and expressed in E. coli (although other systems can
also be used). Cleaving off the peptide with a thiol reductant results in a free carboxylic
acid terminus, while cleaving in the presence of ammonium ions (and sometimes needing
additional thiol) produced an amidated product. This system also presents opportunities to
make activated peptides as components for mixed recombinant and synthetic schemes.

The second means of making recombinant peptides exploits the now well-
established technology of expressing high protein levels in the milk of transgenic livestock,
notably sheep and cows [1]. Here peptides are expressed as carboxy-terminal extensions on
a small highly-expressed protein, naturally amidated by the activity found in mammary
tissue, purified by a single high-affinity purification step and then cleaved either with a
sequence-specific protease or chemically. Yields of the fusion protein equivalent to 30
grams per liter (six grams of peptide) have been demonstrated in rabbits. It is now practical
to make tons of proteins using transgenic milk since, once a breeding flock or herd has
been established, the process “feed-stock”- milk - is of constant composition and can be
scaled to produce hundreds or even thousands of kilograms of product.

As part of a unified production strategy the intein approach can provide
recombinant peptides for immediate clinical use whilst the transgenic approach lends itself
to large-scale, cost effective manufacture.

Results and Discussion

The degree of amidation of the peptides produced with the intein expression system
depends on the identity of the last amino acid (Table 1). Those ending in amino acids
which weakly promote the N to S acyl shift are released, in the presence of high
concentrations of ammonium salts and usually added thiol, with a high degree of amidation
whereas those amino acids which strongly promote thio-ester formation, Val, Leu, Thr,
Glu, Lys, Phe, Tyr, Trp and Met, promote release of a mixture of both amide and free
carboxylic acid, presumably as a result of spontaneous thio-ester hydrolysis. This reactivity
series is broadly in line with the observations of Chong et al. [2] regarding the effect of
terminal amino acids on thio-ester formation in larger fusion proteins of inteins. Some
terminal amino acids such as Cys, Pro and Asn do not cleave and some, Arg and Asp,
cleave spontaneously. Despite these limitations, the intein peptide fusion system presents a
new method of making amidated peptides rapidly in quantities suitable for clinical
evaluation.

A second approach to making amidated peptides is as fusion proteins in transgenic
milk. Use of an amino-terminal fusion partner such as the small milk protein alpha
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lactalbumin, which is known to be highly expressed in a transgenic system, fused to salmon
calcitonin via an enterokinase-cleavable linker has enabled the expression of the amidated
peptide at 0.4 grams per liter of milk (after cleavage of the fusion protein) using rabbit as a
test system. Amidation is achieved by adding a C-terminal glycine extension to act as a
substrate for endogenous enzyme activity. This additional amino acid can be omitted for
non-amidated peptides.

Recent experiments, using a different fusion protein partner, have given even better
expression levels. Calcitonin, for comparison, has been expressed at 13 g/l in mouse milk
as a fusion, equivalent to 2.6 g/1 of peptide and this construct is currently being evaluated in
sheep. A second peptide has also been produced with the new fusion partner and was
expressed at 30 g/l (equating to 6 g/l of peptide) in rabbit milk.

Table 1. Release of peptides from intein fusions by thiol or ammonia.

Peptide Length C-AA SH SH/NH;, NH;
Calcitonin 32 Pro N

Cal-gly 33 Gly Y 100%

LHRH 10 Gly Y 100%
PTH Related Peptide 34 Ala Y 100%

Parathyroid Hormone 34 phe Y 60%

Interestingly, the original calcitonin fusion made at 2 g/l in rabbit milk was only
90% amidated probably because the carboxy-terminal proline is the poorest substrate for
the amidating enzyme. By comparison, the second peptide, which ends in a better amino
acid substrate, is fully amidated even at 30 g/l.

Transgenic expression of peptides as fusion proteins in milk provides a method of
making amidated or non-amidated peptides at enormous scale and cost-effectively.
Obviously this is limited to natural sequence peptides but there are many peptides of
potential therapeutic benefit, especially if the problem of economic supply is solved. PPL
Therapeutics has a very advanced program to exploit transgenic technology for peptide
production with a strong patent position on the amidation process, a fundamental expertise
in cloning technology, and provision of a choice of species (sheep for hundreds of
kilograms, cows for thousands). Currently there is a steady stream of transgenic protein
products advancing though the clinic and it seems inevitable that in a few years transgenic
peptides will become a part of this rich pipeline.
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Introduction

RPR 109891 [1] (Fig. 1) arose after an extensive Discovery Research effort to identify an
oral glycoprotein IIb/Illa antagonist. With the selection of RPR 109891 from among
several leading candidates, Process Research began an intensive effort to define a process -
the “IND Route” - by which to make large laboratory batches and kg supplies of RPR
109891 in the pilot plant through Phase II.

RPR 109891

Fig. 1. Structure of RPR 109891.
Results and Discussion

Four key ways to synthesize a tetrapeptide such as RPR109891 are shown in Fig. 2. In
early studies, attention focused heavily on the convergent approach [2]. However, a
classical linear route was chosen for use well into Phase II of clinical testing. As attention
turned toward routes capable of ton scale market launch supplies, the novel and highly
efficient Central Dipeptide Route [3] was devised.
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Fig. 2. Retrosynthesis of RPR 109891.

Several facts militated against scaleup of an appealing, early convergent route. The
required left-hand dipeptide was difficult to prepare and purify. The coupling yield between
the two dipeptide fragments was moderate (ca 70%), and provided a penultimate which

was difficult to purify above 90-95% without chromatography.

The IND phase linear route, reliable at kg scale, displayed several persistent issues

which cast doubt regarding its cost-effectiveness for ton scale use at market launch.

It

offered limited opportunity for convergency. Several minor but persistent process
impurities dogged efforts to produce drug substance of uniform HPLC profile without a

separate, costly purification step.

The Central Dipeptide, a possible market launch route, was extremely efficient,
leading to an advanced tripeptide intermediate in ca. 24 h in the laboratory (vs ca. 5-7 days
via linear route). This route offered the appealing prospect of continuous processing. The
penultimate produced by this route was the same produced by the linear IND route and the
convergent route, thus the same purification issues dogging both of these were retained

with the Central Dipeptide Route.

Further research for the market launch route focused on a streamlined version of the
convergent approach, with the required right-hand dipeptide derived from Aspartame™

The same left-hand dipeptide was retained from the early convergent route, but

its

synthesis and quality were optimized. The new convergent route producT:ﬁd a different, more
easily purified penultimate. In a final cost comparison, the Aspartame “-based convergent
route was judged superior to the Central Dipeptide Route and was chosen for use at launch.

This route will be the subject of a subsequent report.
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Introduction

| 1
The synthesis of cyclic hexapeptide Boc-Om-Thr-Hyp-hTyr-Thr-Azp has been achieved
utilizing a minimum protection strategy. This peptide is a primary structural component of
an antifungal drug candidate (I) at Abbott. The synthesis was accomplished by segment
condensation to yield the linear hexapeptide, which on deprotection and cyclization under
dilute conditions produced the target cyclic peptide intermediate.

Results and Discussion

The major objective of the antifungal drug program at Abbott Laboratories was to develop
a non-toxic drug, superior to amphotercin B, which could be used to treat the life
threatening fungal infections. One such drug candidate (I) originated from the highly
functionalized antifungal natural product echinocandins [1,2]. It showed high antifungal
activity with the least toxicity. The key components of this candidate are a cyclic
hexapeptide core and a lipophilic side chain (R). An efficient synthesis of this cyclic
hexapeptide has been developed for the purpose of preparing multigram quantities of the
product for SAR studies.

The cyclic hexapeptide is composed of (28, 4S)-4-amino-proline (Amp), two
threonines, 4-hydroxyproline, homotyrosine (hTyr) and ornithine. The two segments
selected for synthesis were Boc-Ormn-Thr-Hyp-OH (II) and Fmoc-hTyr-Thr-AzP-OMe (III).
Strategically, these segments were selected because they contain C-terminal proline
derivatives, known to be less sensitive to racemization during segment condensation. In the
synthetic scheme the 4-amino-proline was introduced as 4-azido-proline (Azp).
Homotyrosine, now it is commercially available, was prepared by literature procedure [3,4]
and converted to Fmoc-hTyr-OH by a standard procedure. Boc-Azp-OMe was prepared
starting from Boc-Hyp-OMe. Boc-Hyp-OMe was converted to mesyl derivative by
treatment with MS-Cl/pyridine. The mesyl derivative was then converted to Boc-Azp-OMe
by treatment with sodium azide in DMF. Now this derivative is also available
commercially.

Segment I was prepared by a stepwise approach starting from Hyp-OBzl. Hyp-
OBzl was coupled with Z-Thr-OH utilizing the standard EDC/HOBt method to yield Z-
Thr-Hyp-OBzl as a solid material. This dipeptide on hydrogenation and coupling with
Boc-Om(Fmoc)-OSu gave crude segment II. The crude peptide was purified by silica gel
chromatography to give pure crystalline peptide II. The synthesis of segment III was also
used the stepwise approach starting from Azp-OMe. The dipeptide Z-Thr-Azp-OMe was
obtained as a crystalline solid by coupling Boc-Thr-OH with Azp-OMe with EDC/HOBL.
The Boc group was removed from this dipeptide and the resulting product coupled with
Fmoc-hTyr-OH using EDC/HOB yielding segment III as a solid material. The removal of
Fmoc from III followed by coupling with segment II using EEDQ produced the crude
linear hexapeptide, which was then purified by silica gel chromatography. The linear
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peptide was treated with NaOH/EtOH in an ice bath to remove Fmoc and methyl ester
groups. The resulting product was cyclized using DPPA/NaHCO3/DMF. The pure cyclic
peptide was obtained in 70% yield after silica gel chromatography, was 96% pure by
HPLC and gave (M+H) = 845 Da. This scaleable multigram synthesis as developed was
used to prepare several analogs for SAR studies.

AmP y,N

Thr Hime

)

In summary a scaleable minimum protection route for cyclic hexapeptide core has
been developed. The key features of the synthesis are (a) 3+3 segment condensation, (b)
high yielding cyclization, (c) reproducibility, and (d) flexibility for further modifications.
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Introduction

During 200 mmol scale synthesis and purification of the 27-mer IPC-1
(KRDVDLFLTGTPDEYVEQVAQYKALPV), a contaminant was detected by HPLC in
one lot of the purified bulk lyophile at a level of 12-13%. The isolated contaminant was
designated X5, and had the same mass spectrum and sequence as IPC-1, suggesting that it
arose from epimerization of a chiral center. A combination of chiral amino acid analysis,
proteolytic mapping and synthesis of analogs contammg D-residues at specific positions
verified that the contaminant was the analog D-Asp>-IPC-1. Review of batch records
indicated that generation of D-Asp’-IPC-1 correlated with the length of pre-activation of
Boc-L-Asp(Obzl) with TBTU during synthesis. Analysis of Boc-L- Asp(Obzl) activated
under the conditions of synthesis showed that Asp was racemized in a time-dependent
fashion. Modificaton of the process to maintain minimum pre-activation times supressed
the formation of the D-Asp’-IPC-1 contaminant to < 2%.

Results and Discussion

Table 1. % D-amino acid content of IPC-1 and of the contaminant X3.

Amino Acid IPC-1 X5 Delta
Ala (2) <0.1 0.1 0
Asp(3) 0.9 29.8 28.9
Arg(l) <0.1 <0.3 0.2
Glu(4) <0.1 0.4 0.3
Leu(3) <0.1 <0.1 0
Lys(2) <0.1 <0.1 0
Phe(1) 1.3 <0.6 -0.7
Pro(2) <0.1 <0.1 0
Thr((2) <0.4 <2.1 1.7
Tyr(2) <0.1 0.3 0.2
Val(4) <0.1 <0.1 0

Analysis for D-amino acids was performed at C.A.T. GmbH & Co., Tubingen,
Germany. The results shown in Table 1 are consistent with epimerization at one of the
three Asp residues to yield the contaminant X5. Chymotryptic digests of X5 and IPC-1
yielded identical peptide maps except for the N-terminal fragment KRDVDLF, which
eluted with a different retention tlme when derived from X5. This suggested that X5 arose
from epimerization at either Asp® or Asp The corresponding analogs were synthesized
and X5 was found to co-elute with D-Asp’-[PC-1.
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Fig 1. Panel a shows the percent of D-Asp’-IPC-1 isomer as a percentage of the purified bulk
peptide in different lots was dependent on pre-activation time. Panel b shows the percent of Boc-D-
Asp(OBzl) formed when Boc-L-Asp(OBzI) was subjected to the same activation conditions used in
synthesis.

The IPC-1 synthesis protocol required that 2.95 equiv of TBTU be dissolved in
DMF, followed by 3 equiv of amino acid, then 6 equiv of DIEA. The solution was then
added to the resin followed by 3 equiv of HOBt in DMF. Review of the batch records
confirmed that the amount of diastereomer increased with actlvatlon time (Fig. la).
Similarly, activation of Boc-L-Asp(OBzl) followed by analysis® with Marfey’s reagent
resulted in time-dependent racemizaton (Fig 1b). In the presence of excess base
racemization can be a serious problem even with activating agents such as TBTU. In this

case limitation of pre-activation times to < 2 min suppressed diastereomer formation to <
2%.
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Introduction

Agouti-Related Protein (AGRP), a 132 amino acid protein containing five disulfide bridges
in its C-terminal region, has been implicated in the regulation of body weight through
action at the MC3 and/or MC4 receptors in the adrenal gland and CNS. Fragments of
AGRP, Form A (AGRP sans signal sequence), Form B (C-terminal cleaved at residues 46,
48 or 50) and Form C (C-terminal cleaved at residues 69 or 71) are potent antagonists of
the MC3 and MC4 receptors [1]. The chemical synthesis of agouti proteins is complicated
by their large size and multiple disulfide bridges. Previously we reported the chemical
synthesis of human AGRP (83-132) amide [2] that possesses potent biological activity
both in vitro an in vivo, including increased food intake in rats [3]. This represents the first
demonstration of relevant biological activity in a synthetic AGRP C-terminal fragment.
We now report the chemical synthesis of a longer 3protein fragment, hAGRP Form C amide
(residues 72-132, E’*-V-L-D-L-Q-D-R-E-P-R-S*’-S-R-R-C-V-R-L-H-E-S-C-L-G-Q-Q-V-
P-C-C-D-P-C-A-T-C-Y-C-R-F-F-N-A-F-C-Y-C--R-K-L-G-T-A-M-N-P-C-S-R-T'**-NH,),
possessing biological activity.

The precise configuration of the 5 disulfide bridges is as yet undetermined.
However, some inferences may be made based on the comparison of homologous
sequences of other cyclic proteins as shown below.

1 2 34 5 6

w-Agatoxin GVIA  |C[KSOGSS-|C OTSYNC

hAGRP(87-132) C[VRLHES—HCLGQQVHCC|DPCIA RKLGTAMNP RT
Agouti {(Murine) CIVATRDSHCKPPAPAICCPP R RVLNPN - -~
w-Agatoxin-IVB AEDYGK|C{TWGGT RG-RPIC RICSEMIGTN|CJE|C

1 2 34 5 6 7 8

Fig. 1. Disulfide bridge comparison between C-terminal hAGRP and homologous cyclic proteins.
Results and Discussion

hAGRP Form C amide was synthesized utilizing both standard Boc and Fmoc chemistries
with low substitution (0.3 mequiv/g) MBHA resin as the solid support. First, hRAGRP (83-
132) was synthesized at the 1 mM scale using Boc chemistry. N-terminal Boc amino acids
were deportected with TFA in DCM (40%, v/v). The Boc amino acids were coupled ata 5
fold molar excess with BOP. After completion of all couplings corresponding to amino
acids 83-132 of the hAGRP sequence, one tenth (0.1 mM) of the peptidyl resin was
transferred to an ABI 433 A automated peptide synthesizer. Addition of amino acids to the
deprotected N-terminal Fmoc group was with piperidine in DMF (20%, v/v) and the Fmoc-
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amino acids were coupled at a 10 fold excess with HBTU in HOBt
(1:1 molar equiv) to afford the protected hAGRP Form C amide resin:

Glu(OrBu)-Val-Leu-Asp(OrBu)-Leu-GIn(Trt)-Asp(OrBu)-Arg(Tos)-Glu(OrBu)-Pro-
Arg(Tos)-Ser(Bzl)-Ser(Bzl)-Arg(Tos)-Arg(Tos)-Cys(pMeBzl)-Val-Arg(Tos)-Leu-
His(Tos)-Glu(OcHex)-Ser(Bzl)-Cys(pMeBzl)-Leu-Gly-Gln-Gln-Val-Pro-Cys(pMeBzl)-
Cys(pMeBzl)-Asp(OcHex)-Pro-Cys(pMeBzl)-Ala-Thr(Bzl)-Cys(pMeBzl)-Tyr(Cl-Bzl)-
Cys(pMeBzl)-Arg(Tos)-Phe-Phe-Asn-Ala-Phe-Cys(pMeBzl)-Tyr(Cl-Bzl)-Cys(pMeBzl)-
Arg(Tos)-Lys(Cl-Z)-Leu-Gly-Thr(Bzl)-Ala-Met-Asn-Pro-Cys(pMeBzl)-Ser(Bzl)-
Arg(Tos)-Thr(Bzl)-MBHA

The completed linear protected protein was cleaved from the resin with HF
containing anisole and DMS at 0°C for 1 h. The resulting protein was cyclized as
previously described [2] in a diluted NH4;OAc pH 8.5 solution. After 72 h, the pH was
lowered to 4.5 with HOAc and the crude cyclized hAGRP Form C amide was extracted
from the Bio-Rx 70 resin. Pure cyclized hAGRP Form C amide was obtained (1.7 mg,
0.24% yield) by further purification on HPLC with a Vydac C-18 column and a linear
gradient of 0.1% TFA in water to 60% MeCN/H,0 in 0.1% TFA. The correct mass of pure
hAGRP Form C amide (Fig. 2) was confirmed by MALDI-TOF as 7027.4 Da (theoretical
M.W. =7028.1Da).

The synthetic hAGRP Form C amide was assayed for antagonist activity using
Xenopous laevis dermal melanophore cell preparations as previously described [2,4,5]. The
ICs value of 1.2 M compares well with the ICsg of 1.7 nM obtained with hAGRP(83-132)-
NH; 2] (Fig. 3).
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Fig. 2. HPLC of synthetic hRAGRP Form Fig. 3. hAGRP Form C Amide
C amide, 20 ug, C-18 column: 5 um; pigment dispersion in Xenopus
buffer A=0.1% TFA; buffer B=60% melanophores. ICsp= 1.2+ 0.4

MeCN in 0.1% TFA; linear gradient 40 nM slope = 1.3 (constrained),
min, flow rate 1 mi/min, =220 nm. n=4.
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Our results show that the chemical synthesis of large and complex peptides that
exhibit relevant and potent biological activities can be achieved utilizing the same
techniques that have facilitated the synthesis of smaller peptides. This should benefit
researchers who previously have had to rely on tedious and time consuming recombinant

techniques to obtain complex protein fragments for behavioral and pharmacological
analyses.
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Introduction

Cocaine and Amphetamine Regulated Transcript (CART) is a recently identified molecule
whose transcriptional expression is limited to mammalian neural and endocrine tissues [1].
The encoded protein contains an N-terminal signal sequence and several pairs of basic
amino acids, suggesting that it is a target for proteolytic processing followed by secretion
of the resulting peptide products. The molecular, cellular, and pharmacologic properties of
CART suggest that it’s 48 amino acid C-terminal peptide CART(69-116) represents a
novel neuropeptide which functions as an endogenous inhibitor of food intake in mammals
[2,3].

CART(69-116)

lPlYEKKYGQVPM(EDAG EQ?AVRKGARIGKLJ?DCI)PHGTS?NSFLLKAZL

Here we report the first Fmoc-based SPPS of CART(69-116) which contains three
disulfide bonds. Until now published methods to obtain CART peptides have come via
expression cloning [3] or tissue extraction [4]. We compared DIPCDI and HBTU
chemistries, the effect of cleavage scavengers and reductive/dissolution conditions on the
HPLC purity and yield of crude linear peptide. We evaluated equilibrium folding methods
by HPLC and disulfide mapped the major components.

Results and Discussion

SPPS was carried out on an ABI 431 or 433 peptide synthesizer using Fmoc/O/Bu strategy
and Fmoc-Leu-HMP resin. HPLC purity of crude peptide was found to be comparable
using either DIPCDI or HBTU activation at 6.5, 10, or 20-fold excess of incoming amino
acid when the cleavage cocktail contained TFA/water/phenol/EDT/TIS (82.5:5:5:5:2.5, 20
ml/g resin) rather than TFA/water/phenol/thioanisole/B-mercaptoethanol. DTT or TCEP
(150 mM) reducing agents were equally effective in reducing the crude peptide (t = 2 h) in
4 M GdnHCI, 50 mM Tris, pH = 8 (Fig. 1, left panel). Crude peptide dissolved in 12.5%
AcOH (10 mg/ml) did not require subsequent reduction.

One-step oxidation (5% DMSO, 48 h) of purified linear CART (<1 mg/ml)
produced a multiple component HPLC mixture of rCART with mixed disulfide
connectivity. Three equilibrium refolding methods were compared (Fig. 1, right panel)
where the reduction oxidation reagents varied. Specifically, crude reduced rCART refolded
in 50 mM Tris, ImM EDTA (2.0 umol/10 ml) containing either reduction-oxidation
glutathione (1:1 mM), (1:10 mM), or cysteine-cystine (30:3 mM) for 48 h. The glutathione
(1:1 mM) reduction-oxidation method proved to be best.
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Fig. 1. Left panel: HPLC overlay of 2 h reduction of crude rCART using three reducing
conditions. Right panel: HPLC overlay of crude rCART using three refold conditions
compared to reduced rCART from TCEP/AcOH reduction method.

Disulfide mapping showed the major oxidized product had C-C connectivity of Cys
I-1I1, I1I-V, and IV-VI as previously reported [3], with minor components (approximately
17%) had alternate linages, Cys III-1V, III-V, IV-V, and IV-VI. Preparative RP-HPLC
purification (C-18, 10-60% ACN/60 min, 0.1% TFA) provided rCART in >95% purity.
Analytical characterization by ES-MS, AAA, and RP-HPLC derived expected results.
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Fig. 2. Left panel: LC-MS derived RP-HPLC chromatogram of purified yCART on YMC ODS-
AQ CI8 (2 x 55 mm, 5 micron) and linear gradient of 5-55% MeCN in 0.1% aqueous TFA
(0.5 ml/min) over 10 min. Right panel: MS of 4.76 min verifying expected 5,258 Da.
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Introduction

In recent years, the use of enzymes as catalysts in organic solvents has become more
attractive [1,2]. Enzymes require some water molecules to maintain structural
flexibility and catalytic activity in organic solvents. In this study, ZTyrOEt was coupled
with GlyGlyOEt in the presence of a-chymotrypsin at observed pH 10 to form the
expected tripeptide ZTyrGlyGlyOEt in organic media. Hydrated salt as a source of
essential water was added directly into the organic solvents. The effects of different
salts (Na,SO4-10H,0 or Na,COs-10H,0) and different solvents (DCM or cyclohexane)
on the model peptide synthesis were studied. A new type of immobilized a-
chymotrypsin with HY zeolite as matrix was used for the same reaction. The influence
of the water content was also studied.

Results and Discussion

The water content of DCM was investigated from 0 to 1.00% (v/v) in the synthesis of
ZTyrGlyGlyOEt catalyzed by a-chymotrypsin. No product was formed without water
in the reaction. The optimum water content was 0.15% and the corresponding yield was
72%. However, the yield declined dramatically with increasing water content (Fig. 1).
When Na,;S0O4-10H,0 was added into the reaction as a source of essential water in
DCM or cyclohexane, the yield remained constant with water content ranging from
0.25 to 1.00%. In the case of Na,COs3-10H,0 used in cyclohexane, the same result was
obtained, despite the fact that both reactant and product were almost insoluble in
cyclohexane. Adding hydrated salt into organic solvent is an efficient way to accurately
control the thermodynamic water activity of the system, and to maintain it at a steady
level. In this case the formation of the peptide bond was more favorable than the
hydrolysis of the product.

Our study showed that high yields were obtained in low polarity solvents such
as cyclohexane, indicating that solvent with a high logP was favorable for peptide
synthesis under constant water activity.

In the case of HY zeolite immobilized a-chymotrypsin as catalyst, the results
showed that even though no water was added into the media, ZTyrGlyGlyOEt was
obtained in 30% yield. Molecular sieves absorbed a small amount of water easily
during the immobilization. The HY zeolite immobilized a-chymotrypsin in dry DCM
exhibits activity even without adding water to the reaction. With the amount of water
increased, the yield increased rapidly and then became steady. This suggests that
molecular sieves can not only disperse enzyme on a large surface to increase the
contact between enzyme and substrates, but also control the thermodynamic water
activity of the system.
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Fig. 1. Effect of hydrated salts and comparison with free water on peptide synthesis catalyzed
by a-chymotrypsin in organic media.
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Introduction

Peptidyl steroids are compounds in which amino acids or peptides are coupled with
steroids by amide or ester bonds. Cholyl glycine and cholyl taurine are such analogs
found in humans. Previously, we synthesized a new series of amino acid and peptide
derivatives of estradiol using different coupling reagents, and studied their binding
affinities [1]. Recently, significant progress has been made in the field of enzymatic
peptide synthesis [2]. We synthesized a series of peptide derivatives such as N-
protected Leu-enkephalin in organic solvents using several peptidyl proteases [3]. The
advantages of enzymatic synthesis include mild reaction conditions, no racemation,
minimal side-chain protection, and high regio- and stereoselectivity. In the current
study, we report the successful synthesis of the N-protected amino acid-estrone
derivatives using subtilisin Carlsberg as the catalyst in organic solvent for the first time.
The influences of different protecting groups and esters in the carboxyl component on
the enzymatic reaction were compared.

Results and Discussion

P-Ala-OR (P = Z, Boc, Fmoc; R = Me, Et, CH,CF3) was coupled with 178-aminoestra-
1,3,5(10)-trieN-3-0l (I) using subtilisin Carlsberg as the catalyst in DMF containing
10%(v/v) water to afford 17p-N-protected-alanyl-aminoestra-1,3,5(10)-trieN-3-ol (I-1,
I-2) (Fig. 1).

The preliminary study indicated that when methyl or ethyl ester were used as
the acyl donor in the carboxyl component, no desired products were obtained. In
contrast, when the acyl donor was changed to trifluoroethyl, the desired product was
obtained. Trifluoroethyl ester has been reported to facilitate the formation of the acyl-
gnzyme complex [4]. Therefore, it is easier for the enzyme to catalyze the amide bond

ormation.

NH, NHAIaP
P R Yield %
PAROR + Subtiisin___ “ % (I;Ax:zcE;; ;)5
DMF, 10% water k2 Boc CH,CF; 77
HO Ho I3 Fmoc CH,CF; ©

1 1-1,2,3
Fig. 1. Enzymatic syntheses of N-protected Ala-estrone derivatives.

As for the amino protecting groups in the carboxyl component, Boc was the
best compared to Z and Fmoc, since compound I-2 was obtained in a much better yield
(77%) than I-1 and I-3. When FmocAlaOCH,CF; was used, the expected product I-3
was not detected by FAB-MS. The results suggest that subtilisin Carlsberg has a small
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hydrophobic pocket in its S, position. The Boc group has the smallest molecular
volume among the three protecting groups discussed. Therefore, I-2 is the most suitable
substrate for the enzyme during this reaction. 13

The structures of compounds I-1 and I-2 were confirmed by FAB-MS, °C
NMR, and elemental analysis. The molecule 17g-aminoestra-1,3,5(10)-trieN-3-ol (I),
has a hydroxyl and an amino group. Theoretically, both of them can react with the
carboxyl component to form either ester or amide. However, in the product only the
amide analog was observed. This result indicates that subtilisin Carlsberg is able to
catalyze the formation of unusual Peptide bond in organic solvent with an estrone
derivative as the substrate in its S’ position. Therefore, the substrate specificity of
subtilisin Carlsberg is expanded in organic media. )

The study presented here is an example of applying protease-catalyzed reaction
to common organic synthesis.
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Introduction

The production method of peptides, via fermentation with recombinant microorganisms,
does not allow for the incorporation of a C-terminal amide group, which may be of
importance for peptide biological activity. The combination with chemical methods to
introduce the C-terminal amide is limited due to the laborious protection of side-chain
functional groups. In these cases amidation via a specific enzyme is highly desirable. The
peptide amidase isolated from the flavedo of oranges exhibits a wide substrate spectrum for
C-terminal peptide deamidation, and does not hydrolyze internal peptide bonds and side-
chain amides [1]. Recently we demonstrated that this enzyme can, in principle, catalyze
the reverse reaction of direct C-terminal amidation of peptides [2]. We described amidase-
catalyzed amidation of Cbz-Gly-Phe-OH and other model peptides in acetonitrile with low
water content using ammonium hydrogen carbonate as a source of the ammonium.

Results and Discussion

The important prerequisite of successful enzymatic peptide amidation in an organic solvent
was the elimination of the concurrent precipitation of peptides in the form of ammonium
salts, which excludes the substrates from the reaction. We found that the addition of DMF
or DMSO to the reaction medium prevents this. The amidase-catalyzed amidation of Cbz-
Gly-Phe-OH was studied at increasing amounts of DMF or DMSO in acetonitrile
containing 4% water (Table 1). The best yields of Cbz-Gly-Phe-NH, were obtained with
20-30% DMF as cosolvent. The decrease of amide yield with increasing DMSO content
indicates a loss of enzyme activity. Lowering the total water content to 3% results in
further increase of the amidation yield, however, at the expense of reaction time. The
medium containing 25% DMF and 3% water was applied for the amidation of various
short model peptides including protected Leu-enkephalin.

The HPLC derived yield (%) of the following peptide amides are given in
parentheses: Cbz-Gly-Ala-NH, (36), Cbz-Gly-Val-NH, (9), Cbz-Gly-Leu-NH; (56), Cbz-
Gly-Ile-NH; (8), Cbz-Gly-Met-NH, (45), Cbz-Gly-Gln-NH; (3), Cbz-Gly-Ser-NH; (2),
Cbz-Gly-Trp-NH, (23), Cbz-Ala-Phe-NH, (15), Cbz-Phe-Leu-NH, (23), Cbz-Gly-Gly-
Phe-NH, (32), Cbz-Ala-Gly-Gly-Leu-NH, (47), and Cbz-Tyr-Gly-Gly-Phe-Leu-NH, (8).
However, we could not avoid the undesired ammonium salt formation of some peptides
(Cbz-Gly-1le-OH and Cbz-Ala-Phe-OH) resulting in low amide yield. Contrary to the
hydrolysis reaction [1], the yields of the enzymatic peptide amidations in a mixture of
organic solvents seem to be dependent on the structure of the peptide substrate. The goal
of our investigation is to develop an effective method for the amidase-catalyzed amidation
of longer peptides.
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Table 1. Influence of DMF, DMSO, and water concentrations on the peptide amidase-
catalyzed amidation of Cbz-Gly-Phe-OH in acetonitrile.

Co-Solvent Co-Solvent concentration Water HPLC yield of the
(%) concentration (%) amidation (%)
DMF 10 4 42.5
DMF 20 4 45.0
DMF 30 4 42.5
DMF 40 4 28.0
DMF 50 4 5.0
DMSO 10 4 34.5
DMSO 20 4 35
DMSO 30 4 0.0
DMF 25 5 39.0
DMF 25 4 44.5
DMF 25 3 48.0
DMF 25 2 24.5

Reaction conditions: 0.025 mmol of peptide, 0.035 mmol of NH,HCO; 2 mg of amidase, 0.50
ml total volume, 40°C, 8 days.
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Extending the utility of subtilisin-catalyzed peptide synthesis in
organic solvents
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Introduction

A narrow substrate specificity shown by proteases is often regarded as a major drawback of
protease-catalyzed peptide synthesis. One of the possible ways to improve the coupling
efficiency of enzyme consists in the using of the activated esters as the acylating
components [1].

In the present study, we investigated the role of the acylating component structure
on the course of peptide bond formation catalyzed by the complex of subtilisin 72 with
SDS in ethanol.

Results and Discussion

Using the SDS-subtilisin complex, we performed previously [2] high yield syntheses of a
series of tri-, tetra-, penta- and hexapeptides containing fluorophores and chromophores
which might be applied as substrates for various proteases.

In the present work, we continued to study the synthetic possibilities of SDS-
subtilisin. Several N-protected tripeptides with general formula Z-Ala-Ala-Leu-OR (R =H,
CHjs, and p-C¢HsCl) have been chosen to investigate the importance of the acylating
component activation for the peptide bond formation in our system. In the reaction Z-Ala-
Ala-Leu-OR + H-Phe-pNA — Z-Ala-Ala-Leu-Phe-pNA ([S]:[E] = 5000:1) nearly
quantative product yields were observed after 2 h, regardless of which acylating component
was used (Fig. 1). Therefore, under the conditions selected, the activation of carboxyl
group appears to be not as essential as at similar reactions in aqueous-organic mixtures [3].
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Fig. 1. Reaction profiles in the SDS-subtilisin-catalyzed couplings of Z-Ala-Ala-Leu-OR with
H-Phe-pNA.

144



145

Table 1. SDS-subtilisin-catalyzed couplings of Z-Ala-Ala-Xaa-OR + H-Phe-pNA. Condensatzon
conditions: acylating and amino components, 31 mM; enzyme,6 1M in ethanol, 20°C.

Xaa R Time, h Product yield', %
Glu(OCH3) CH, 2 85

Glu H 6 84

Asp H 24 31

"All compounds were characterized by of HPLC and amino acid analysis of hydrolyzates.

It is well known that S;-subsite of subtilisins can only poorly accept residues of
dicarboxylic aminoacids [4]. In our system, we studied the reaction Z-Ala-Ala-Xaa-OR +
H-Phe-pNA — Z-Ala-Ala-Xaa-Phe-pNA, where Xaa = Glu or Asp and R = CH3 or H
(Table 1). N-protected tripeptides containing Glu in P; - position were found to be efficient
as the acylating components. Note that the yield of the product was only slightly different
when using Z-Ala-Ala-Glu-OH or Z-Ala-Ala-Glu(OCH3)OCH; as the acylating
components.

The SDS-subtilisin complex seems to be a very promising catalyst which allowed
us to extend considerably a range of possible acylating components that can be used for
peptide bond coupling.
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Backbone amide protection in solid-phase synthesis of peptide
isosters derived from N-terminal y-aldehydes
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Introduction

Peptide isosters have frequently been employed as protease inhibitors. Combinatorial
synthesis of peptide isosters is very attractive in particular in combination with solid-phase
enzyme assaying. A novel approach for generating dipeptide isosteric moieties in a
combinatorial fashion, on a solid support, is presented here. The dipeptide isoster is
generated by reaction between a nucleophile and a highly electrophilic aldehyde attached
to the N-terminus of a resin-bound peptide. This aldehyde was only stable when certain
amide nitrogens were protected.

Results and Discussion

The aldehyde was incorporated as an N-Boc-N O-acetal building block, which was
unmasked with aqueous TFA (10 min). The building blocks were synthesized as presented
in Fig. 1. A shorter homologue of 1 lacking the C-3 methylene group was prepared using a
different route, starting from 1,3-propane diol.

The building blocks were coupled to N-protected peptides by use of
HATU/HOAt/NEM at 50°C overnight, however, for 4 and 5, these conditions were not
adequate for complete coupling. For 4, which gave the lowest degree of coupling, the
corresponding Pfp ester was prepared. This compound gave a satisfactory yield of coupling
to the N-methylated peptide after 7 days at 50°C.

OEt  COEt OFEt COzEt (\o COEt —» (\)\/J\
N N ttW° N NCoEt COH
Seps  Boc Boc
R=H: 1, Me: 2,

CH,OH: 3, -Bu; 4, Bn: 5
Fig. 1. Synthesis of building blocks 1-5.

Building block 1 was coupled to tripeptide LFG which was attached to a base labile
linker on a PEG based resin (POEPOP-900 [1]). After liberation of the aldehyde with
aqueous TFA, the compounds were cleaved off the resin and analyzed by HPLC, ES-MS
or MALDI-TOF-MS, and in some cases Magic Angle Spinning nano probe NMR. It was
found that the amide nitrogens acted as nucleophiles towards the aldehyde, thus
predominately resulting in undesired and unreactive side products (Fig. 2).

The ultimate backbone amide nitrogen was protected with either methyl or the TFA
labile 2-hydroxy-4-methoxybenzoyl group (Hmb) [2], which was rendered TFA stabile by
acetylation. Protection of the terminal amide was not sufficient, but additional protection
of the penultimate amide afforded a stable peptide aldehyde (Fig. 2). For n = 0, the
aldehyde was not sufficiently reactive for our purposes, presumably due to enolization
favored by conjugation.
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Fig. 2. Overview of side products formed depending on the backbone amide protection.

The building blocks were coupled to the model peptide (N-Me)L(N-Me)LLFG on a
solid support and submitted to a variety on nucleophiles; organolithiates, Grignard,
cuprates, hydrazines, Wittig, and Horner-Wadsworth-Emmons, and in particular the Wittig
type of reaction was successful. The reactions investigated most thoroughly were reductive
aminations and subsequent couplings of amino acids (Fig. 3). The yields of the reductive
aminations were typically in the range of 95%, and these reactions are therefore very
attractive for preparation of peptide isosteres in a combinatorial fashion, on a solid support.

0O R R R
L/k“,peptide—@ —_ HN/\/l\Irpeptide—@ — Fmoc—AA. peptide—@
o R ¢ o

Fig. 3. Peptide isosters via reductive amination and subsequent amino acid coupling.

a-Z

Performing the reductive amination with an amino acid ester followed by amino
acid coupling yielded N-terminal peptide diketopiperazines.
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Introduction

In the field of peptidomimetic chemistry, the creation of novel oligomeric compounds with
defined secondary structures and/or biological activities has recently attracted considerable
attention. Oligoureas as peptide backbone mimetics were first described by Burgess and
coworkers in 1995 [1]. The expected increased resistance to enzymatic degradation as
compared to peptides, as well as hydrogen bonding properties of the urea backbone make
this class of compounds particularly suitable for drug discovery and for the search of novel
folded structures.

The development of efficient solid-phase synthesis methods for the preparation of
oligoureas is a prerequisite for rapid evaluation of potentially active compounds. Two
approaches utilizing different activated monomers have appeared recently in the literature
[1-3]. Burgess and coworkers developed optically pure phtalimide protected isocyanates by
treatment of corresponding diaminoethane derivatives with phosgene [1,2]. Alternatively,
in order to avoid phtalimide deprotection, optically pure azido-4-nitrophenyl carbamate
monomers have been employed by Schultz and coworkers [3]. However, N-Boc and N-
Fmoc protected monomers which would represent invaluable building blocks for
automated solid-phase synthesis of oligoureas have not been reported so far. Herein we
describe the efficient synthesis of O-succinimidyl carbamates 4 from N-protected famino
acids 1 and their use as activated monomers for the synthesis of substituted ureas and
oligoureas.

Results and Discussion

R O 1) EtOCOCI, NMM, R O toluene,
THF, 20°C 65°C
PG. o°C_
A on PG\NJ\/U\NS
H 2) NaN3, Hzo H
2
1
R HOS, R, 0
pe. A _Nco| _Pmdre - pg L _N__o.
N N Y OON
H H z
3 4 g

Fig. 1. Synthesis of O-succinimidyl carbamates 4 from f-amino acids 1. PG = Boc or Fmoc.
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According to Fig. 1, N-Fmoc- and N-Boc protected Samino acids 1 bearing side-
chains of Ala, Val, Leu, Phe, Tyr, and Lys were first converted to the corresponding acyl
azides 2 by reaction of their mixed anhydrides with an aqueous solution of NaNj (2.5
equiv). Intermediate isocyanates 3 obtained by Curtius rearrangement of 2 (toluene, 65°C,
5 to 15 min) were immediately trapped with N-hydroxysuccinimide (1 equiv) in the
presence of pyridine (1 equiv) to afford the corresponding carbamates 4 in moderate to
good yields as stable crystalline products. Yields were consistently better in the case of N-
Fmoc-protected derivatives (51-86%) as compared to Boc derivatives (51-64%). It is worth
mentioning that the reaction sequence from 1 is generally complete in less than 1 h and
that carbamates 4 usually precipitate directly from the toluene solution and are simply
collected by filtration and washed with toluene. Carbamates 4 can be stored for prolonged
period of time at 4°C or even at room temperature without noticeable degradation.

We then evaluated the use of O-succinimidyl carbamates 4 as building blocks for
the solid-phase synthesis of oligoureas (Fig. 2).

1. 4, DIEA, DMF, 2 x 90 min

o R
2. 20% pipéridine in DMF H H
-Q - W I Q
2N repeat N/'\/ N
H o)

n

Fig. 2. General procedure for the solid-phase synthesis of oligoureas using activated carbamates

Solid-phase synthesis of oligourea 5 was performed on Rink amide resin (0.60
mequiv/g; 50 mmol scale) by repetitive coupling of N-Fmoc protected 4 (5 equiv) with
DIEA (10 equiv) in DMF for 2 x 90 min. The Fmoc group was removed with 20%
piperidine in DMF (3 x 5 min). Standard TFA cleavage yielded crude 5 in excellent yield
and satisfactory purity (51% based on HPLC). Overall yield after purification was 38%.

OH
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In summary, we have described an efficient preparation of optically active O-
succinimidyl-(9H-fluoren-9-ylmethoxycarbonylamino)-ethyl ~ carbamate and  -(fer:-
butoxycarbonylamino)-ethyl carbamate derivatives as well as their use as activated
monomers for the synthesis of oligoureas on solid support.
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Mimicry of peptide backbone and side-chain functions:
Syntheses of 5- and 7-hydroxymethyl indolizidinone amino acids
and indolizidinone amino dicarboxylate, constrained Ser-Pro
and Glu-Pro surrogates
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Introduction

The spatial requirements for protein chemistry and biology may be explored through the
employment of azabicyclo[X.Y.0]alkane amino acids as rigid dipeptide analogs that restrain
the backbone and side-chain conformations of the native peptide [1]. We introduced a
practical and versatile means to access enantiopure alkyl-branched azabicycloalkane amino
acids via a Claisen condensation/alkylation/reductive amination/lactam cyclization sequence
[2]. This route provided 5- and 7-benzyl as well as 5,7-dibenzyl indolizidinone amino acids
1-3 (Fig. 1), which can serve in constrained mimics of peptides that possess phenylalanine
moieties. For example, 7-benzyl indolizidinone amino acid 2 was incorporated into analogs of
Leu-enkephalin using solution-phase peptide synthesis [3]. Striving to extend our
methodology to synthesize azabicycloalkane amino acids possessing heteroatomic side-chain
groups, we have now synthesized 5- and 7-hydroxymethyl indolizidinone amino esters 4 and
5. The hydroxymethyl group may mimic the side-chain of serine and offers the potential for
glycosylation and phosphorylation of the rigid dipeptide. Furthermore, the hydroxymethyl
group can serve as an entrance towards the preparation of a variety of rigid dipeptides having
different side-chains, as demonstrated by the synthesis of constrained Glu-Pro surrogate 6
via oxidation of 4.

Results and Discussion

In our initial approach [2], crystalline diaminoazelate 8-ketone 8 was synthesized by the
Claisen condensation of N-(PhF)glutamate, followed by hydrolysis and decarboxylation of
the resulting B-keto ester 7. Alkylation of ketone 8 was then used to introduce the benzyl
side-chain and other alkyl substituents.

In our new route (Scheme 1), the hydroxymethyl group was introduced by reduction
of B-keto ester 7 to a diastereomeric mixture of diols 9 in 88% yield using NaBH, in 10:1
BuOH:MeOH at 70°C for 5 h. Selective protection of the primary alcohol with TBDMSCI,
DMAP and TEA in DCM, followed by oxidation with DMSO and (COCl), in DCM and
chromatography on silica gel gave a 1:1 mixture of ketones 10 in 28%, pure (45)-10 in 30%
and (4R)-10 in 35% overall yields from 9.

L Ty "o
978
BocHN 1 BocHN
CO,H CO,Me BocHN ouMe

1:R=BnR'=H .

: 4R=
2:R=H;R =Bn 6.R=8323H 5
3:R=Bn;R'=Bn : 2

Fig. 1. 5- and 7-substituted indolizidinone amino carboxylates.
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Scheme 1. Synthesis of 5- and 7-hydroxymethyl indolizidinone amino carboxylates.

Both 5- and 7-hydroxymethyl indolizidinone N-(Boc)amino esters 4 and 5 were
obtained from (4R)-10 via a divergent route commencing with borohydride reduction in
EtOH to afford a roughly equal mixture of diastereomeric alcohols 11. The conversion of
alcohols 11 to the indolizidinone system was achieved by methanesulfonylation,
intramolecular SN2 displacement by the PhF amine to a S-alkylproline and final lactam
cyclization [2]. In the pot, alcohols (4R,55)- and (4R,5R)-11 were treated with MeSO,Cl, TEA
and DMAP in DCM, and heated in toluene to furnish a mixture of prolines that were
converted to indolizidinone N-(Boc)amino esters 4 and 5§ by means of a protecting group
shuffle involving solvolysis with TFA in DCM, esterification with MeOH and SOClI,, lactam
ring closure on stirring with TEA in DCM, and N-acylation with (Boc),0. Chromatography
on silica gel gave 5- and 7-hydroxymethyl indolizidinone N-(Boc)amino esters: 4, (65)-5 and
(6R)-5 respectively in 19%, 9% and 3% overall yields from ketone 10. Hydrolysis of methy!
ester 4 without epimerization using KOSiMe; in Et,O afforded an 83% yield of 5-
hydroxymethyl indolizidinone N-(Boc)amino acid 12 that is suitable for use in peptide
synthesis as a constrained Ser-Pro surrogate.

Intramolecular methanesulfonate displacement had previously provided a single 5-
alkylproline from each alcohol diastereomer in the case of benzyl indolizidinone systems.
Similarly, our conditions furnished selectively (6S5)-5 from (SR)-11 by exclusive attack of one
of the two amines in the S,2 displacement. However, intramolecular cyclization of (55)-11
gave 4 and a small amount of (6R)-5. This indicates that steric compression caused by the
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Scheme 2. Synthesis of indolizidinone amino dicarboxylate.

t-butyldimethylsilyloxymethyl group favored cyclization to the more substituted 5-
alkylproline rather than the cis-diastereomer, which was the sole product from the
intramolecular substitution of the related 4-benzyl alcohol [2].

Orthogonally-protected constrained Glu-Pro surrogate 6 was subsequently
synthesized by a two step oxidation of 5-hydroxymethyl indolizidinone N-(Boc)amino ester
4 (Scheme 2). First, treatment with PCC and 4A sieves in DCM gave aldehyde 14 in 74%
yield. Indolizidinone amino dicarboxylate 6 was then isolated in 72% yield from exposure of
14 to NaClO; in a tBuOH:MeCN solution buffered with aqueous NaH,PO,.

Further modification of the hydroxymethyl and carboxylate groups of 4-6 is now
under investigation to provide rigid dipeptide surrogates possessing a variety of side-chain
groups for exploring the spatial requirements of peptide chemistry and biology.
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Introduction

Cyclic conformationally restricted peptide analogs with retained biological activity are
powerful tools for the study of receptor bound conformations. Access to new, flexible
and synthetically simple cyclization procedures that create bridges in new positions is
highly desirable. We present an alternative method for bicyclization of peptides. While
similar cyclization procedures [1,2] have been used for the synthesis of constrained
bicyclic dipeptides [2], studies of the corresponding bicyclic tripeptides are rare.

Results and Discussion

Regioselective bicyclization can be accomplished after deprotection of a peptide
encompassing a masked w-formyl a-amino acid and cysteine residues [3]. The
bicyclization can be directed either towards the C-terminal or N-terminal end, simply
by altering the chain length of the incorporated aldehyde precursor (Fig. 1).

Our bicyclizations deliver the novel 5,8- to 5,10-fused tripeptide scaffolds 1-4
(Fig. 2). Ring skeletons 2 and 4 are created when homocysteine is used in place of
cysteine. The C-terminal directed bicyclization (n = 1) proceeds stereoselectively,
while both ring junction epimers are in some cases formed with N-terminal directed
bicyclization. Conformational analysis showed that tripeptide scaffolds 1 and 2 adopt
B-turns of the nonclassical type [3]. Among the low energy conformations of scaffolds
3a, 3b and 4, extended as well as -turn geometries were found. Some of the low energy
conformations of 5b and 6 correspond to the type I S-turn.

IERUSEY
TFAM,0 Bty / "
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Fig. 1. The regioselectivity of the bicyclization can be altered simply by varying the chain
length of the incorporated aldehyde precursor.
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The bicyclizations were utilized for the synthesis of several constrained
angiotensin II analogs, encompassing the tripeptide scaffolds in positions 3-5 and 5-7.
One of these AIl analogs, 5 (Fig. 3) displayed an AT;-receptor affinity of K; = 750
nM. Although only a few examples of the bicyclization concept have been
demonstrated so far, we believe that the procedure should be applicable also to the
elaborations of other target peptides.
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Fig. 2. Bicyclizations deliver the 5,8- to 5,10-fused tripeptide scaffolds 1-4.
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Fig. 3. Bicyclic AIl analog with an AT -receptor affinity of 750 nM.
Acknowledgments

This work was supported by the Swedish Research Council for Engineering Sciences
(TFR) and the Swedish Foundation for Strategic Research (SFF).

References

1. Botti, P,, Pallin, D., and Tam, J.P., J. Am. Chem. Soc. 118 (1996) 10018.

2. Review: Hanessian, S., McNaughton-Smith, G., Lombart, H.-G., and Lubell, W.D.,
Tetrahedron 53 (1997) 12789,

3. Johannesson, P., Lindeberg, G., Tong, W., Gogoll, A., Karlén, A., and Hallberg, A., J.
Med. Chem. 42 (1999) 601.



Stereoselective synthesis of dipeptidomimetics using chiral
allylic aziridines

/ Erika Larsson,! Wei Berts,' and Kristina Luthman'?
Department of Or%anic Pharmaceutical Chemistry, Box 574, BMC, Uppsala University, S-751
23, Sweden; and ‘Department of Medicinal Chemistry, Institute of Pharmacy, University of
Tromse, N-9037 Tromse, Norway.

Introduction

Isosteric replacement of amide bonds in biologically active peptides may prevent their
proteolytic degradation and is therefore an attractive strategy in the pursuit of new
active compounds with increased stability [1]. As part of a current program aimed at
the synthesis of dipeptidomimetics we have used v,8-epimino-a.,-unsaturated esters
(Fig. 1) as starting materials. These derivatives contain four possible positions for
attack by nucleophiles: the a-position (Sy2°), the B-position (1,4-addition), and the y-
or 8-position (aziridine ring opening) (Fig. 2) [2]. The aziridine ring opening reaction
will always be stereospecific since it proceeds according to an Sy2-mechanism. Initially
we used fluoride ion as a nucleophile in reactions with the aziridines. This reaction
provided high yields of diastereomerically pure fluorinated dipeptidomimetics (W.
Berts, unpublished). These results prompted us to further investigate the use of chiral
allylic aziridines as starting materials in the synthesis of novel dipeptidomimetics.

Results and Discussion

The aziridines were synthesized in several steps from Boc-protected L-phenylalanine,
via an unsaturated ketone intermediate. Selective reduction of the ketone with NaBH,
produced a diastereomeric mixture of allylic alcohols. Ring closure of the pure alcohol
isomers to the cis- and frans-aziridines were performed using Mitsunobu conditions [3].

yor 56,2 /[M ,4addition
)\ COOMe
"R
HNH o-Sn2°

|
Boc

Fig. 1. Possible transformations of allylic aziridines.

The trans- and cis-aziridines were reacted with a series of nitrogen and sulfur
nucleophiles; the results are shown in Fig. 2 and Table 1. The aziridines were treated
with 1.5 equiv of the different amines in MeOH at 50°C for 48-60 h or with 1.1 equiv
of mercaptans in MeOH at 0 °C — room temperature for 24 h. The reactions using
nitrogen nucleophiles provided mixtures of 1,4-addition products (product B) and
aziridine ring opening products (product A) (Table 1). In contrast, reactions using
sulfur nucleophiles provided either 1,4-addition or aziridine ring opening products,
never mixtures of the two. One exception was the reaction using benzylmercaptane,
which only produced product C, probably formed via nucleophilic attack by MeOH
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(Fig. 2). The same result was observed in reactions of the cis-aziridine with thiophenol.
Interestingly, MeOH did not react with the aziridines even after stirring at room
temperature for long periods of time. Surprisingly, reactions using 2-mercaptobenzo-
thiazol gave a ring opening product in which the double bond had isomerized out of
conjugation with the ester functionality (product D).

S - CO0OMe o )
iridine ri H v-aziridine ring opening,
3;:;'2;"9 fng B Ny isomerisation
conjugate o y-aziridine ring
addition opening, MeOH
attack
Nu
2 -COOMe o COOM
BocHN Y H\N Z e BocHN X -COO0Me BocHN = COOMe
Nu A Bocw M B OMe Nu
¢ D

Fig. 2. Products from nucleophilic attack on the cis-aziridine.

Table 1. Product distribution in reactions of the aziridines with nucleophiles.

Nucleophile Products from the trans-aziridine ~ Products from the cis-aziridine
A B C D A B C D
H,NCH,CH(OCHa;), 13 46 9 31
Benzylamine 18 54 43
Morpholine 37° 38 36° 53
Piperidine 52 33 27 28
Pyrrolidine 43 16
NaSCH; 39° 38
Ethanethiol o° 24
Thiophenol 60 24 21
Benzylmercaptan 73 30
2-Mercapto- 87 36 24

benzothiazole

ZY ield of diastereomeric mixture.
"No products were formed after 24 h.
“Stereochemistry determined with X-ray crystallography.

In future studies other nucleophiles than nitrogen and sulfur will be used to
further explore the use of the aziridines in the development of novel dipeptidomimetics.
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Introduction

B-Turns are frequently found in proteins and peptides as structural elements which allow
the reversal of the backbone direction. B-Turnmimetics are unique conformationally
constrained structural elements developed to stabilize B-turns in bioactive conformations.
We present a “minimalistic” approach to construct a novel 10-membered B-turn mimetic
ring by combining a partially modified retro-inverso modification (PMRI) [1] with a
backbone N-to-N cyclization.

Results and Discussion

A novel PMRI B-turn tetrapeptidomimetic system was designed as illustrated in Fig. 1. The
molecular design includes a reversal of the CO'- NH"! amide bond, in a putative B-turn,
and a concomitant replacement of the NH™.-OC' intramolecular hydrogen bond by an
ethylene bridge between the newly formed N' and the original N' in the backbone,
locking a 10-membered ring.

o] o]
R4~% Ry

f?/ H — RN~ M_\\FQ#F
R:—{ 10 .
10 \>3(R1 —?/ 10 N_< ’ HN\”_-(QO Ry
? ( o]

Rz

) ﬁ mﬁ N f

HOOC HN

A

I I
Fig. 1. Molecular design (4), and model (B) of PMRI [-turn tetrapeptzdomzmettcs

Fig. 2 outlines the synthesis of model compound I. Reductive alkylation of H-
Arg(Tos)-NH; by Fmoc-glycinal mediated by NaB(OAc);H afforded the secondary amine
2. Coupling of 2 to 4 with HATU was followed by deprotection with 2% DBU. HATU-
mediated cyclization generated 6, the protected 10-membered ring precursor of J, in good
yield.
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Fig. 2. Preparation of PMRI f-turn tetrapeptidomimetic model compound I precursor.

Fig. 3 details the synthesis of model compound II. The synthesis of /] is a stepwise
elaboration of the structure while that of I is carried out by the 2+2 strategy. HATU-

mediated cyclization of 17 between the malonyl and the Asp moieties affords 18 in good
yield.

K2CO3, BugN*HS0,4

Fmoc-Ci, DIEA
in CH3CN in E10AC Fmoc
H,NCH,COOBzl + BrCH,COOBY — BU'0OC-H,C~NHCH,COOBzI e BU'OOC-H,C—NCH,COOBzl
8 9 10 11
Pd-C, Hp EtSH, DCC, DMAP EtySiH, Pd-C
in MeOH fmoc in CHaCl Fmoc in acetone . fFmoc
———» B! -H,C—1 —_ -t _H,C—| JER— "} -H,C—|
o BU'00C-H,C—NCH,COOH T BulOOC-H,C—NCH,COSEt Yo LOOC-HLC-NCH,CHO
12 13 14
H-Phe-NH,, NaB{OAc)H CONHz  g,10 COOH, HATU CONH,
in DMF N P h/\,l; DA v O ' "“/\N(
S ~,
o BU'00C” N —_— BUOOC” N COCH,C00Bz!
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15 16
o]
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Ph/\rco : 1. Hp, PA-C C"‘“SX'OOC/>/U‘N/\COOEIul
1. 2% DBU in CH;CN N., " HA i
S e eon, Bulooc”~N"~Ncocr,coomz 2 HATU, DIEA in DMF HND o
HATU, DIEA in DMF & NHCbz — s OA\WN
—_—— > ]
87% %7—CONH,
COO-c-Hex o
17 Ph

18
Fig. 3. Preparation of PMRI [-turn tetrapeptidomimetic model compound II precursor.

A combination of a difficult reductive alkylation of the a-amino on the Arg moiety
and cyclization coupling N-acylated Asp and the secondary amine of Phe afforded
compound Il in a total yield of ~1%. Further synthetic optimization and detailed
conformational studies to identify the conformational preference of this novel PMRI B-turn
tetrapeptidomimetic system are underway.
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Introduction

One of the most powerful strategies for developing inhibitors of enzymes is to employ a
mechanism-based pharmacophore as a key binding element that interacts with the active
site of an enzyme. The design of small molecule libraries that display diverse functionality
about a minimal mechanism-based pharmacophore potentially enables all members of an
enzyme family to be targeted with a single combinatorial synthesis approach. We have
demonstrated the power of this strategy by developing a general synthesis sequence to
prepare small molecule libraries based upon the secondary alcohol pharmacophore to target
aspartyl proteases [1,2]. In more recent work, we have also developed a novel synthesis
sequence to prepare libraries based upon the ketone carbonyl pharmacophore to target
cysteine and serine proteases [3]. Using these approaches we have rapidly identified
potent small molecule inhibitors to several therapeutically important aspartyl [4,5] and
cysteine protease targets.

Results and Discussion

A key feature of our library design to target an enzyme family is to require that the minimal
pharmacophore serves as the site for attachment to the solid support. First, the minimal
pharmacophore is the only invariant part of the inhibitor structure and allows diversity to
be displayed at all variable sites of the inhibitor. Second, a carefully selected support linker
will serve as a protecting group for the minimal pharmacophore throughout the synthesis
sequence.

We were the first to demonstrate this conceptual strategy in targeting aspartyl
proteases, which are a ubiquitous class of enzymes that play an important role in
mammals, plants, fungi, parasites, and retroviruses. The aspartyl proteases are
endopeptidases that use two aspartic acid residues to catalyze the hydrolysis of amide
bonds. Potent inhibitors of the aspartyl proteases have been developed that utilize as the
mimimal pharmacophore a secondary alcohol which serves as a stable mimetic of the
tetrahedral intermediate (Fig. 1). We specifically chose to display functionality about the
hydroxyethylamine-based isostere,since this isostere is amenable to the introduction of a
wide variety of side-chains about both sides of the secondary alcohol. The aspartyl
protease inhibitors are prepared by the introduction of four readily available building
blocks upon the minimal scaffolds 2a and 2b (Fig. 2). Grignard reagents are first used to
introduce a diverse set of hydrophobic side-chains at the P position, since virtually all
aspartyl proteases have hydrophobic P; pockets. Amine nucleophiles are then employed
to introduce the R substituent and acylating agents serve to introduce the R; and R;
substituents. Notably, a stereoselective synthesis was designed to access both the S and R
secondary alcohol diastereomers, since the preferred alcohol stereochemistry depends on
both the targeted aspartyl protease and the overall inhibitor structure. The complete
inhibitors are obtained in 45 to 65% overall yields for the 12-step solid-phase synthesis
sequence.
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Fig. 1. Tetrahedral intermediate of hydrolysis and hydroxyethylamine-based isostere.
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X = CO, CONH, SO,
Y = CO, CONH, SO,

2b: (R) diastereomer

Fig. 2. The synthesis strategy to incorporate Py, R}, R, and R3 functionality.

Libraries of hundreds to thousands of spatially separate inhibitors have been
prepared and have resulted in the identification of small molecule inhibitors of the human
protease cathepsin D, which is implicated in Alzheimer's disease, and of the essential
malarial proteases plasmepsins I and II. The best inhibitors do not incorporate any amino
acids and have K| values less than 5 nM. Furthermore, these compounds have molecular
weights between 590 and 650 Da, possess good calculated log P values, and exhibit minimal
binding to human serum albumin. The cathepsin D inhibitors effectively block cathepsin
D-mediated proteolysis in human hippocampyl slices and are currently being used to
evaluate the therapeutic potential of cathepsin D inhibition in the treatment of Alzheimer's
disease [6]. Additionally, the plasmepsin inhibitors serve as promising leads for the
treatment of malaria.

We have also developed targeted library approaches towards cysteine proteases,
which are important pharmaceutical targets due to their role in the pathogenesis of many
diseases. Characterized by a conserved cysteine residue in the active site, this class of
proteases include the calpains, which have been implicated in neurodegenerative disorders,
cathepsin K, which has been linked to osteoporosis, and the caspase family of proteases,
recently shown to be involved in programmed cell death.

Cysteine proteases catalyze the hydrolysis of amide bonds in peptides and
proteins through nucleophilic attack of the active site cysteine residue upon the amide
carbonyl (Fig. 3). A common feature of virtually all cysteine protease inhibitors is an
electrophilic functionality, such as a carbony! or a Michael acceptor, that can react with the
nucleophilic cysteine residue. We have specifically chosen to employ the ketone carbonyl
as the minimal pharmacophore since it enables the display of functionality on both sides of
the carbonyl and therefore provides the potential to achieve specificity through multiple
interactions with the active site. Chloromethyl ketone 3, introduces the P, side-chain and
provides sites for further functionalization on both sides of the ketone carbonyl (Fig. 4).
Linking to the support through the ketone carbonyl is ideal because the carbonyl
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functionality is the only invariant part of a ketone-based inhibitor regardless of the cysteine
protease that is targeted. The hydrazone linkage allows for nucleophilic substitution at the
o-position while simultaneously preventing nucleophilic attack at the carbonyl. The
hydrazone also prevents racemization, which is problematic for the corresponding
enolizable a-acylamino substituted chiral ketone. Successful nucleophilic displacement of
the support-bound o-chloro hydrazones 4 with carboxylates, thiolates, and amines
provides entry to the acyloxymethyl, mercaptomethyl, and amidomethyl ketone classes of
cysteine protease inhibitors. Further transformations followed by acidic cleavage from
support provides the fully substituted ketone products 6 in 40 to 100% overall yields after
release from support. Utilizing this solid-phase method, we have recently identified single-
digit nanomolar reversible inhibitors of the cysteine protease cruzipain, which is the major
lysozomal protease of the parasite responsible for Chagas' disease, the leading cause of
early death due to heart disease in Latin America [7].

lfnzyme ![Enzyme ![-anyme
©, 6] (]
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H &0 R H &o o . H &o
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XXN\HLNJYH‘ R YN\’)J\,N\Y,R R \n/N\(U\/ g2
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Y=C0, 50, Z=0,C,0,5

Fig. 3. Attack of active site cysteine upon scissile amide and ketone carbonyl-based isosteres.
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Fig. 4. Attack of active site cysteine upon scissile amide and ketone carbonyl-based isosteres.
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New technique for high-throughput synthesis of peptides,
peptidomimetics and nonpeptide small organic molecule arrays
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Introduction

The high demands for quick supply of new peptides can be satisfied only by massive
parallel synthesis. Parallel synthesis can also bring down the prices of custom peptides. We
have developed a technique which can produce up to 768 peptides in one batch.

Results and Discussion

The synthesis employs classical solid supports, which are placed in the wells of shallow-
well polypropylene microtiterplates. Eight plates containing 5 mg of solid support in each
well are placed on the perimeter of a centrifugal rotor and fixed at a tilt of 9 degrees. The
rotor can be spun at a speed which creates a relative centrifugal force (RCF) of 50 G at the
perimeter, removing all contents of the microtiterplate well, with the exception of the
“pocket” created by the tilt and centrifugation force (Fig. 1). We call this principle the ilted
centrifugation [1].

The synthesis is performed in a very simple way: (i) solid support is distributed into
individual vessels (3 to 5 mg/well); (ii) plates are placed on the perimeter of the rotor; (iii)

No rotation Low speed High speed

Fig. 1. Formation of the pocket in the well of Fig. 2. Chamber for cleavage by gaseous
a tilted plate during centrifugation. hydrogen fluoride.

appropriate solvent is added by actuating a (motorized) syringe pump and delivering the
solvent selected by a (motorized) selector valve through a 96 channel manifold; (iv) plates
are shaken either by intermittently moving the rotor forward and backward, or by
alternating periods of low speed rotation and stopping; (v) solvent is removed by
centrifugation (volume in excess of “pocket” volume spills over the edges of the wells);
(vi) steps iii to v are repeated as many times as needed; (vii) solutions of protected amino
acids and coupling reagents are added by either manual pipetting or
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Fig. 3. HPLC traces of X1-X2-X3-Arg-NH,. The major peak was proven to contain predicted
molecular weigh product. Additional peaks in F1,F3,F5B7,C7,D7 F7,B9,D9 F9,B11,C11,Dll,
F11 (column break through - too large injection), D2,B3,D8, and D10 (conformational
equilibrium) contained a product with identical molecular weight to the major peak.
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utilizing integrated x-y-z pipetting systems; (viii) plates are incubated with occasional
shaking (as described in iv) until the coupling is completed (a convenient way of
monitoring the progress is the use of bromophenol blue [2], coupling completion is
determined by the loss of blue color in the well); (ix) liquid is removed from the wells by
centrifugation, and washing is performed as described in (iii) to (vi); (x) deprotection
reagent (piperidine/DMF) 1s added by 96 channel manifold; (xi) plates are incubated for 20
min; and (xi1) after washing [as in (iii) to (vi)] the plates are ready for the next step of the
synthesis. In all steps of the synthesis the resin must sediment in the particular solvent
system — if the resin would float, it would be lost by centrifugation. The floating problem
can be solved by dilution of the solvent with a cosolvent of lower density, or by
evaporation of the solvent before the next step. At the end of the synthesis, the plates are
dried and cleavage from the support is achieved in the HF chamber (Fig. 2) by the action of
gaseous hydrogen fluoride [3,4]. We have found the two step deprotection and cleavage
advantageous. In the first step the side-chain protecting groups are removed using a
deprotection reagent (TFA with appropriate scavengers — the chemical link to the solid
support must be stable at this stage; we have used benzhydrylamine resin — alternatively
safety catch linkers can be applied [5]). In the second step the link to the resin is cleaved
by gaseous HF.

We have applied tilted centrifugation for the synthesis of several thousands of
peptidic and nonpeptidic molecules. As an example, Fig. 3 shows HPLC (MS total ion
current detection) of products prepared in one plate of a synthesis which consisted of 768
analogs of opiate receptor ligands. All analogs shown contained arginine, which usually
creates problems in sequences also containing tryptophan [6]. As illustrated in the figure,
the two step deprotection led to acceptable results. Similar results were reported in parallel
synthesis and two step deprotection of 576 betides, peptides containing a high proportion
of beta amino acids [7]. We have demonstrated successful synthesis of both short and long
peptides (up to 21 mers), containing an array of unnatural residues, and we believe that
tilted centrifugation synthesis can revolutionize the parallel synthesis of peptides, making
them as available and inexpensive as oligonucleotides are today.
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Introduction

Protein domains or small molecules that mimic protein-protein contact sites are playing an
increasing role in drug discovery, diagnostics and biotechnology. The identification of such
protein mimics is based on two different strategies: (1) biologically as well as chemically
prepared combinatorial libraries that are utilized for the de movo generation of novel
sequences; and (2) approaches that are based on three-dimensional structures of
endogenous protein ligands. Reduction of their size by truncation or deletion of amino acids
which are not involved in the interaction and subsequent optimization by site-directed
mutagenesis may also involve and library techniques. In contrast, this study describes an
approach based on the primary structure of a protein ligand.

One important technique for the mapping of protein-protein contact sites is the use
of scans of overlapping peptides derived from a protein sequence (peptide scan, Fig. 1 left)
which are subsequently tested for binding of the respective interaction partner [1]. This
technique is the method of choice for the identification of linear binding sites where most of
the important residues for the interaction are located within one stretch of the primary
structure. In contrast, the key interacting residues of discontinuous binding sites are
distributed over two or more binding regions which are separated in the protein sequence
and only form the composite high affinty epitope upon protein folding. The mapping of
discontinuous binding sites with peptide scans is very difficult, if not impossible, since
peptides comprising single binding regions characteristically have very low affinities for the
binding partner.

Hence, we introduced a novel type of peptide library, called a duotope scan. The
rationale of this scan is that a discontinuous binding site can only be mimicked adequately
if two or more binding regions are connected in one molecule by a linker moiety resembling
their spacing in the three-dimensional structure. Therefore, all possible combinations of
two overlapping peptides from a conventional peptide scan are synthesized as one linear
molecule i. E. combinatorial chemistry with peptides as second level building blocks
(Fig. 1 right). The duotope scans are synthesized on continuous cellulose membranes by
SPOT-synthesis [2], a highly parallel positionally addressable synthesis technique.
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Fig. 1. Scan of overlapping peptides (left) and duotope scan (right).
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Results and Discussion

The principle of the duotope scan was evaluated by mapping and synthesis of the epitope
for monoclonal antibody D1.3 (mab D1.3) found in the antigen hen-egg white lysozyme
(HEL). From the X-ray crystal structure of the antigen-antibody-complex it is known that
D1.3 binds to a discontinuous epitope consisting of two separate binding regions [3]. A
HEL-derived duotope scan was based on 10-mer overlapping sequences of HEL (129
amino acids in total) shifted by three amino acids (resulting in 41 overlapping peptides). A
total of 1681 22-mer peptides (two 10-mer HEL-derived sequences connected by a linker
of two P-alanine residues) arrayed in a 41 x 41 matrix were synthesized on a cellulose
membrane by SPOT-synthesis. The scan was incubated with mab D1.3 and peptide-bound
antibody detected using a peroxidase-labeled second antibody in combination with a
chemiluminescence substrate. Among others, the spot Ac-GTDVQAWIRG-BA-BA-
DNYRGYSLGN-BA-BA-cellulose displayed one of the highest signal intensities, a
qualitative result, which is roughly correlated with the affinity [4]. Bold letters represent
the contact residues known from the X-ray crystal structure of the complex. The
dissociation constant of the peptide-D1.3 complex was determined as 27 uM by ELISA, a
value significantly higher than that of the D1.3-HEL-complex due to complete loss of
conformational stability conferred by the protein fold. However, the duotope-peptide has a
clearly higher affinity than peptides spanning the single binding regions where it was too
low to be measured.

The duotope principle was also applied to the mapping and synthesis of the
interleukin-10 (IL-10) neutralizing mab CB/RS/1 epitope [5]. The antibody binds to a
discontinuous epitope composed of two binding regions represented by pepl and pepll
(Table 1) which were detected using an IL-10-derived overlapping peptide scan (15-mers
shifted by 14 amino acids). The two binding regions are far apart in the primary structure
but form a composite epitope on the IL-10 surface. The affinities of either peptide to
CB/RS/1 were extremely low. Subsequently, a substitutional analysis of pepll was carried
out in which all possible 285 proteinogenic amino acid single site substitutions were
synthesized and tested for binding. Several single site substitutions resulted in higher signal
intensities on the membrane. Five of them were selected and incorporated in peplIl (bold
letters in Table 1) which has a dissociation constant in the high micromolar range. Further
optimization was achieved by the duotope principle of combining both binding regions in
one peptide (peplV) connected with a spacer (italics in Table 1) resembling their distance
in the three-dimensional IL-10 structure. Subsequent substitutional analysis of pepIV
followed by a selection of seven substitutions (pepV) and a cyclization scan with all
possible cystine-cycles (466) in pepV resulted in increased affinity and stabilization of the
binding conformation (pepVI).

Table 1. Dissociation constants of peptide/CB/RS/] complexes and inhibition of the IL-10-
CB/RS/1 interaction.

Sequence K4 mab/peptide K of peptides
complexes [mol/l] [mol/l]
pepl  THFPGNLPNMLRDLR >10 107
pepll  HVNSLGENLKTLRLR 107 107
peplll  HDNQLWEALKQLRLR 7.0£3.0x 10°  9.0+3.0 x 107

peplV  HDNQLWEALKQLRLRLRGGGGSSTHFPGNLPN  6.8+1.0 x 10°  7.0+1.0 x 10°®
pepV  HDNQLLETLKQDRLRNRRGNGSSTHFEGNLPN — 2.5+0.5 x 107 1.940.5 x 107
pepVl  HDNQLLETCKQDRLRNRRGNGSSTHFEGNLPC 35405 x 10°  5.0+1.0 x 10
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Fig. 2. Schematic alignment of IL-10 (upper part) and the IL-10-derived CB/RS/1 epitope
mimic (lower part; white: IL-10 homologous residues, gray: residues substituted during the
optimization process, black: spacer sequence between binding regions).

In summary, the combination of two binding regions of a discontinuous epitope
with an apropriate spacer plus subsequent optimization of the sequence and the
conformation 1s a valid approach for the identification of discontinuous protein-protein
contact site mimics (Fig. 2).
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Introduction

RNA, as one of the biomolecules with the largest structural and functional diversity,
should be an attractive therapeutic target. By combinatorial chemistry methods, small
peptide ligands were found which bind to oligomeric RNA with important biological
functions. A 28-mer RNA-oligonucleotide from HIV-1 transactivation response region
(TAR) RNA [1] and a 23-mer from the Cholesterol Ester Transfer Protein mRNA [2] were
chosen as molecular targets [3].

Tetrapeptide libraries, constructed out of the amino acids Lys, Tyr, Leu, Ile and
Arg, were synthesized by a combination of combinatorial and divergent solid-phase
synthesis. Each peptide library consists of 625 different peptides and was screened by a
two-step gel shift assay and/or one dimensional 'H-NMR titrations for binding against the
RNA-targets [4]. The RNA/peptide pair with the strongest affinity was characterized by
NOESY experiments. From other RNA/peptide pairs, the binding affinities were
determined. It was shown, that a selected peptide attached cell membrane penetrating
sequence is able to be delivered into the target cell and particularly into its nucleus.

Results and Discussion

The peptide libraries were synthesized as 25 mixtures of 25 different peptides. With this
strategy, it is possible to screen the libraries by gel electrophoresis, without the need for
difficult analysis. Each portion of peptides was incubated with the target RNA and loaded
on a nondenaturing polyacrylamide gel. Each peptide of the mixture with the best binding
properties was synthesized and gel-shift screened again to obtain the best binding peptide
sequences. The 23-mer RNA peptide ligands were further selected by one dimensional 'H-
NMR-titrations. As detected in onr dimensional jump return experiments, the signals of
different ligands were shifted to a different extent. The peptide Lys-Tyr-Lys-Leu-Tyr-Lys-
Cys-NH; (1) shows the largest effect (Fig. 1), with a Ky =32 pM (from CD titration).

HeTyr”: 5[ppm] = 0.06 HsLeu': 8[ppm] = 0.023

HSTyr™”: 8[ppm] = 0.054

Fig. 1. Chemical shift difference of hydrophobic side-chain protons, 600MHz, 0.7 mM RNA, 1.25
equiv (1), 10 mM K,HPO,, 100 mM NaCl, pH 6.4 ( - Peptide, - Peptide/RNA).
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Fig. 2. Cell internalisation tests of the peptide derivates (3) (left, 37 uM for 1 h) and (4) (vight, 50
uM for 1 h) in human macrophages.

In two dimensional NOESY experiments, the peptide ligand (1) exhibits cross
peaks to imino signals of the 23-mer RNA (data not shown). As the secondary structure of
the 23-mer RNA is a hairpin [2], this peptide should have contact to the stem region.

A 16-mer peptide from the Antennapedia homeodomain is rapidly internalized into
various cells in culture [5]. The 28-mer RNA-ligand Lys-Tyr-Lys-Arg-Leu-Lys-Cys-NH;
(2) with a K4 = 68 uM (from gel-shift titration) was attached to this peptide with two $-Ala
residues as separating units. A cell culture of human macrophages, the target cell of HIV,
was incubated with D-Biotin-pAla'-pAla-Arg-Gln-Ile-Lys-Ile-Trp-Phe-Gln'®-Asn-Arg-
Arg-Met-Lys-Trp-Lys-Lys-pAla-pAla®®-Lys-Tyr-Lys-Arg-Leu-Lys-Cys-NH, (3) for 1 h at
a concentration of 37 uM. D-Biotin-fAla-BAla (4) was used for a control experiment, and
no internalization was observed (Fig. 2). Detection of the peptides in the target cell was
made by capturing the Biotin-label with a streptavidine-dye conjugate. This work has
shown, that it is rapidly possible to obtain peptide ligands for different RNA-targets by the
described gel-shift assay. Because of the anionic character of RNA, a minimum of basic
amino acids like Lys and Arg is required to obtain sufficient binding affinities. To enhance
the sequence specifity of the ligands, hydrophobic amino acid residues are essential. The
peptides found contain all Tyr or other hydrophobic amino acid residues in a basic
enviroment and meet this goal.
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Synthetic peptide analogs compared with phage display
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Introduction

Phage display techniques have been used extensively to identify peptide ligands of
antibodies. One such library having a random 12 amino acid sequence at the N- terminus
of the gene III protein (pIIl) of phage M13 was used to identify peptide ligands for a
murine anti-phosphocholine IgA class antibody, McPC603. A high-resolution X-ray
structure of the target antibody is available, but peptide ligands have not been previously
described [1].

Results and Discussion

The peptide library was “panned” against the McPC603 antibody by our previously
described method [2]. In short, ELISA plate wells were coated with the Ab, blocked with
BSA, and exposed to the library. Unbound phage were washed off and bound phage eluted
with acid. The eluted phage were outgrown, purified, and the process repeated. Following
successful enrichment of the library phage compared to a control phage, individual phage
clones were isolated. DNA sequencing of 16 phage candidates yielded six unique peptide
sequences. The deduced sequences of the 12-amino acid display regions of recovered
phage (Fig. 1), which were responsible for specific binding of the phage to McPC603, did
not have significant homology. Most of the sequences were proline-rich and one sequence
(n) may contain a disulfide bond. The selected phage were evaluated for their ability to
compete with PC for binding to the antibody. All six phage competed with PC for binding
to the antibody, consistent with the model that these phage selectively bind to the antigen-
binding site (the N-terminal complementarity determining regions of the heavy and light
chains) of the antibody and not to other regions of the protein.

McPC603-12¢ QPHAPLLSWQQP
McPC603-12n ENCSLYSCDWPP
McPC603-12m FTPYPPAWSSWH (6)
McPC603-120 THHHYTPPSLST
McPC603-12p QPSAPYLPTLHS
McPC603-12r AQDMPYLPWTDY (6)

Fig. 1. Sequences for the displayed peptides found by sequencing phage recovered from the third
round of panning against McPC603. The number in parenthesis indicates the number of separate
clones having the same sequence.

Peptides based on the phage sequences were then synthesized (Table 1).
Preliminary results have shown that, in at least one case, the free peptide is able to compete
with the phage-displayed peptide for binding to the antibody. However, a many thousand
fold molar excess of peptide is required to see that competition.
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We examined the possibility that phage display restricts the conformational
flexibility of the peptides. CD studies indicated that the conformation of the phage proteins
themselves became slightly less ordered when mutant phage were compared with wild-
type phage, although the mutant phage remained infective. As expected, the synthetic
peptides adopted completely random conformations, even in concentrated solutions, and
conformational flexibility could play a role their lowered affinity for the antibody. On the
other hand, an improved affinity of the phage-displayed peptides over their synthetic
counterparts may arise primarily from the forced proximity of several copies of the
peptides on the phage assembly. Such restricted diffusion may enhance the probability of
simultaneous binding by two or more copies of the peptide to arms of the target antibody.

In summary, these are the first examples of peptides demonstrated to be selectively
recognized by McPC603, an antibody that was previously only known to recognize
phosphocholine (PC). The phage-displayed peptides appear to be better ligands for the
antibody than are the synthetic peptides.

Table 1. Synthetic peptides designed based on phage sequences. Cys(Acm) was added to some
peptides.

Sequence® MH" Calc. (Da) MH™ Obs. (Da)
M FTPYPPAWSSWHC-NH, 1649.9 1650.4
CM HWSSWAPPYPTFC~NH, 1578.8 1578.9
N CEENCSLYSCDWPP-NH, 1715.9 1713.8
CN PPWDCSYLSCNEC-NH, 1516.7 1516.6
R CAQDMPYLPWTDYC-NH, 1848.1 1846.7
CR YDTWPLYPMDQAC-NH, 1602.8 1601.9

“C[M, N, R] are reversed-sequence control peptides.
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Introduction

Structure activity studies require the use of novel building blocks for exploration of
structural and functional features of peptide analogs. Optically pure beta amino acids bring
additional flexibility to the peptide chain and can be used for detailed study of the
importance of side chain location. We have developed a technique capable of producing up
to 768 peptides in a single run [1,2] and we have applied it to the synthesis of an array of
584 betides, peptides composed either solely, or in large proportion, of beta amino acids.

Results and Discussion

The structures of the optically active beta amino acids used in this study are given in Fig.
1. The synthesis of betides was performed in a centrifugal synthesizer (Compas 768.2)
using five microtiterplates. Benzhydrylamine resin (3 mg) was distributed into individual
wells, and standard DIPCDI/HOBt couplings were performed and monitored by the
bromophenol blue method [3]. Fmoc groups were removed by 50% piperidine in DMF. At
the end of the synthesis the side-chain protecting groups were removed by a 50:45:5
TFA/DCM/anisole mixture. The resin was washed and dried, and the product was detached
from the resin by gaseous HF [1,4,5]. The betides were extracted by acetic acid,
lyophilized and analyzed by HPLC and MS. One plate of identical compounds was
synthesized on aminomethyl polystyrene with Knorr linker and betides were cleaved by a
TFA/H,O/anisole (92:5:3) mixture. The quality of products from both cleavages is
compared in Fig. 2. The two step deprotection/cleavage proceduwre provided products of
superior quality in comparison to the products prepared on TFA cleavable linker. Betides
were designed to mimic the structure of recently identified ligands for the mu, kappa, and
delta opiate receptors [6] (Tyr-D-Nva-Gly-Nal-NH;, D-Phe-D-Phe-D-Ile-D-Arg-NH,, Trp-
D-Tyr-Asn-Arg-NH;) and their screening provided new analogs. The results of the
screening will be presented elsewhere.
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Fig. 1. Structure of beta amino acids used in the synthesis of 584 betides.
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Fig. 2. HPLC traces of "difficult”" betides. Upper traces - cleavage by HF from the p-
methylbenzhydrylamine resin; Lower traces - cleavage by TFA mixture (Knorr linker).
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Introduction

The endolytic enzymes of pathogens and of metabolism are promising targets for drug
development. Inhibitors towards endo-proteases have been employed in the efficient
control of diseases such as AIDS, metastasis and osteoporosis. However, the unspecific
inhibitors often used also inhibits other proteolytic enzymes of the host and to increase
specificity, integrated combinatorial methods of preparing screening and analyzing
libraries on solid-phase have been developed. Specificity may be obtained through
maximizing the interactions between the active site of the proteolytic enzyme and the
inhibitor and a certain size of the inhibitory compound is required. For combinatorial
methods both organic and peptide reactions as well as enzyme reactions must perform in
the interior of the solid support. A range of PEG-based resins (PEGA [1], POEPS [2], and
POEPOP [2]) was introduced, all of which swelled in aqueous buffers and allowed free
diffusion of bio-molecules. However, the chemical stability of these polymers was not
optimal for harsh conditions of Fidel-Crafts reactions or acetolysis. A novel polymer,
SPOCC {3], comprised exclusively of primary alkyl ether bonds and secondary and
quartenary carbon atoms was therefore introduced.

Results and Discussion

The SPOCC-resin was obtained through cation catalyzed polymerization of bis-O(3-
methyloxetan-3-yl-methyl) PEG. A variety of Lewis acids were tested and the best results
were obtained with BF; etherate. A substantial amount of catalyst (0.3-0.5 equiv) was
required in order to obtain a curing stable polymer. The bulk polymerization proceeded at

room temperature affording upon granulation a polymer with a high loading and chemical
stability.

o ~ohron B,
|2 S )w frofyo Jr
o<></o{\/\o+\,0\><>o I /&OJFAMLVOH %&_
N B ¢

Fig. 1. Preparation of SPOCC, a resin for solid-phase organic combinatorial chemistry.
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The polymerization was performed as an inverse suspension polymerization in
silicon oil of a 1:1 solution of the PEG in acetonitrile. Catalyst was added to the
acetonitrile solution and the mixture was quickly suspended in silicon oil at 0°C. The rate
of polymerization was highly dependent of the PEG chain-length and beaded polymers
were obtained very efficiently with PEG 400 and tetraethylene glycol. The resin is
transparent in the entire UV region down to A=210 nm and is therefore suited for
fluorescence based assays or spectrophotometric studies even at shorter wavelengths. The
SPOCC 1500 resin is highly solvated in most solvents used in NMR spectroscopy and
solid-phase magic angle spinning (MAS) 'H-NMR spectra with resolutions comparable to
those observed in solution were obtained.

The chemical stability of polymer supports is a very important property, in
particular in organic synthesis where the conditions required for transformation may be
harsh. PEG-based resins such as POEPOP and POEPS containing secondary ether bonds
and benzylic ethers are quite unstable under acidic or acetolytic conditions frequently used
in organic synthesis. In contrast the novel SPOCC resin is stable under most of these
CEngiitions and the resin only collapses under conditions capable of fragmenting PEG
chains.

Stable Stable

37% HCI
Stable 20 eq. 30d Stable 20 eq. i

V\BuLi

neat HF

20 eq 24 h 20 eq.
TMSOTf TMSOTf
Ac,0O Ac,0
12h OCl, Stable 3 min
72 h, rfi
36 h
Only primary C-O bonds Primary and secondary C-O bonds,

Benzylic C-O bonds
Fig. 2. The chemical stability of SPOCC-resin compared to that of POEPOP and POEPS resins.

The swelling of the resins was determined using the syringe piston release method
and swelling volumes of 3 ml/g for SPOCC 194 to 15 ml/g for SPOCC 1500 were
obtained. Swelling was dependent on the amount of oxetanyl moieties incorporated (1.1 -
2.0 equiv). The loading of hydroxyl groups was measured by UV absorption of the Fm-
piperidine cleavage adduct obtained after derivatization with Fmoc-Gly-OH/MSNT/Melm
and was typically in the range 0.45-0.6 mmol/g. For SPOCC 194 a loading of 1.1 mmol/g
was achieved.

The functional resin hydroxyl groups could be quantitatively converted to the
bromides by reaction with a mixture of triphenyl phosphine, bromine and imidazole. The
bromides were converted in high yield to the amines by reaction with sodium azide
followed by reduction with DBU and DTT. The substitution of the bromide with potassium
phthalimide or trityl amine gave inferior yields.

The diffusion of both small reagents as well as bio-molecules was investigated
using confocal microscopy. The resin derivatized with Abz was fixed in the microscope in
the appropriate solvent and starting fluorescence recorded. A TsOH solution was added
and the time course of Abz protonation was recorded by the decrease in fluorescence. The
TsOH diffusion was fast in DCM and water and slower in DMF. The diffusion reached



178

equilibrium in 20-120 sec with a ty, time of 1-5 sec. There was no influence of the PEG
chain-length or the degree of cross-linking on the rate of diffusion. Protein diffusion was
measured by soaking the fixed bead under the microscope in a concentrated solution of N-
Me-Abz-labeled protein (29 kDa). The excess liquid was removed and a dilution buffer
added to initiate the outward diffusion. The diffusion was depending strongly on the PEG-
chain length. It was faster in PEGA 4000 (t), 40 sec) followed by SPOCC (t,, 220 sec),
PEGA 1900 (ty, 650 sec) and TentaGel (t,, 1000 sec). No diffusion could be measured in
PS-resins. The best MAS NMR resolution, superior to that obtained with all other resins,
were obtained with SPOCC 1500 and POEPOP 1500, which have a similar structure.
Complete assignment of a peptide with 8 residues was achieved on a single bead
containing 6 nmol compound.

Several organic reactions were performed on the SPOCC, POEPS3 [4], and
POEPOP resins. Acryloylation of resin hydroxyl groups was followed by '"H-MAS NMR,
revealing that only the acid chloride and DMARP as a catalyst were efficient. The acrylate
was reacted with Alloc-Glyy(P:(OTMS),) and the reaction was quantitative in 1 h at
100°C as determined by NMR. This peptide isoster synthesis was also carried out on the
resin bound peptide FAPFE(fBu)G-POEPS3 and the yield was in excess of 85%. This
reaction may therefore be performed on PEG-based resins to increase the diversity of the
most important subsites of phosphinate inhibitors considerably.

Aldol condensations were performed in 60-85% yield by condensation of the TMS-
enolates in aqueous acetonitrile catalyzed by Yb(OT{); and Wittig reactions and reductive
aminations were quantitative on N-terminal peptide aldehydes.

Solid-phase glycosylation of peptide templates were performed with four glycosyl
donors demonstrating that it is possible to synthesize libraries of glycopeptide libraries.

No2 OAc

AcO OAc
P& &&‘ g
[ 0 AcO ok 0" cey

) AcO CCly OAc
spocc “300 NH
I
lL o ccly
Fmoc—M—T—P-S-I-Y O CCly

OAc
BuG OHOMBU OAc
AcO

Acceptor Donors

Fig. 3. Two consecutive quantitative glycosylation reactions were achieved with intermediate
deprotection of OtBu groups. Lewis acid conditions where the tBu groups were stable during the
first glycosylation were established.
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Introduction

Among the most critical facets of solid-phase organic synthesis (SPOS) is the capability to
attach the starting material to the solid support, and to cleanly remove the target molecule
from the support following synthesis. Many effective handles (sometimes called linkers)
have been developed for this purpose, but few are stable to many of the conditions used in
traditional organic synthesis. This deficiency warrants the development of more broadly
stable handles, which can nevertheless be cleaved under relatively selective conditions.

We report here the preparation and applications of a thioacetal handle for the
anchoring of aldehydes and ketones. The handle is stable to a variety of harsh conditions,
and in the case of aldehydes, the handle system may be used as an acyl anion equivalent for
the synthesis of ketones.

Results and Discussion

The thioacetal handle is prepared by first reducing the disulfide of racemic lipoic acid with
NaBH,, followed by protection of the free sulfurs with trityl using triphenylmethanol and
TFA in DCM. The carboxylic acid of this moiety is reduced with LAH to yield the
protected form of the handle, which is then bound to the solid support by treating with
sodium hydride and refluxing with Merrifield resin overnight. This gives a handle attached
to the solid support via an ether linkage. Such a support is devoid of reactive carbonyl
functionalities, and the sulfurs are protected with S-trityl giving a “ready-to-use” handle
with extended shelf life.

Aldehydes and ketones are loaded onto the thioacetal handle by first removal of the
trityl protection with TFA—triethylsilane (TES)-DCM (4.5:4.5:1) for 30 min under Ar to
give the free thiols. Treatment with the desired aldehyde/ketone (3 equiv) and BF3'Et;O (10
equiv) in DCM at 80°C, under Ar in a sealed tube for 12 h gives the support-bound
compounds. Removal of the carbonyl compounds from the handle is achieved by treating

HM i, ii, i, iv @ 0-CHa—™

S-S SR

Tt Trt
lv, vi

M T @0 Y
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Fig. 1. Preparation of thioacetal handle and loading and cleavage of aldehydes and ketones.
(D) NaBH, aqueous Na,CO; (ii) triphenylmethanol, TFA, DCM; (iii) LAH, THF, 0°C; (iv)
NaH, Merrifield Resin, THF, (v) TFA-TES-DCM (4.5:4.5:1); (vi) aldehyde/ketone, BF §'Et20,
DCM, 80°C; (vii) bis-(trifluoroacetoxy)iodobenzene or periodic acid, THF. R'=aryl, R*=CH;
or H.
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Fig. 2. Reactions using the thioacetal handle. (i) TFA-TES-DCM (4.5:4.5:1); (i) ethyl
4-acetyl benzoate, BF; Et,0, DCM, 80°C; (iii) LAH, THF, 0°C; (iv) periodic acid, THF; (v)
EtMgBr THF, 0°C; (vi) 2-naphthaldehyde, BF;Et,0, DCM, 80°C (vii) n-butyl lithium, THF,
0°C, then benzyl bromide, THF, 0°C.

0]

with either bis-(trifluoroacetoxy)iodobenzene [1] or periodic acid [2] (3 equiv) in THF for
4 h. The crude material is then purified over silica gel to give the regenerated carbonyl
compound in moderate yield (42-70%).

The utility of the thioacetal handle is displayed by its stabil