° NA770

1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
J Org Chemn. 2009 December 18; 74(24): 9245-9264. doi:10.1021/j0901767e.

Organic Chemistry and Biology: Chemical Biology Through the
Eyes of Collaboration

Victor J. Hruby*
Department of Chemistry and Biochemistry, The University of Arizona, Tucson, Arizona 85721

Abstract

From a scientific perspective, efforts to understand biology including what constitutes health and
disease has become a chemical problem. However, chemists and biologists “see” the problems of
understanding biology from different perspectives, and this has retarded progress in solving the
problems especially as they relate to health and disease. This suggests that close collaboration
between chemists and biologists is not only necessary but essential for progress in both the
biology and chemistry that will provide solutions to the global questions of biology. This
perspective has directed my scientific efforts for the past 45 years, and in this overview | provide
my perspective of how the applications of synthetic chemistry, structural design, and numerous
other chemical principles have intersected in my collaborations with biologists to provide new
tools, new science, and new insights that were only made possible and fruitful by these
collaborations.

In the spring of 1965 | made a fateful decision. | decided to change courses in my scientific
career from synthetic chemistry and theoretic organic chemistry and accept an offer to join
Vincent du Vigneaud’s group at Cornell University Medical College as an Instructor in
Biochemistry (I had not taken a course in Biochemistry). In doing so | accepted a challenge
he had been working on for many years, the structure of acetone oxytocin (an inactive form
of oxytocin which contained 1 mol of acetone and 1 mol of oxytocin) using a combination
of synthetic/mechanistic organic chemistry and a relatively new structure tool for solving
organic structures (in this case a structure of over 1000 Da), nuclear magnetic resonance
spectroscopy. | loved spectroscopy and mechanistic organic chemistry and thought it would
be fun to try. It turned out to be a difficult problem, but fortunately we were successful.
Thus began my career in what is now called Chemical Biology. Though both of my
Professors, A. T. Blomquist, and V. du Vigneaud, were exceptionally supportive and gave
me unparalleled freedom in both my Ph.D. and postdoctoral work, respectively, little did |
realize the resistance this field would elicit from chemists. However, du Vigneaud, certainly
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the most future-looking scientist | have known, and the father of modern Chemical Biology
in peptide and protein chemistry, provided all the incentives | have needed. “Victor, we just
keep at it, eventually they will catch on.” I also learned that collaboration with biologists and
medical doctors, which du Vigneaud had been doing for many years, was essential. This is
one of the main reasons | chose The University of Arizona to begin my independent science
career: the Medical School is less than a mile from the Chemistry Department. That, and the
presence of Carl “Speed” Marvel, one of the giants of organic chemistry and the father of
polymer chemistry, who wanted me to come to the University of Arizona and was my
strongest advocate.

Indeed, | have always had outstanding collaboration in the Medical School and in the
Biology Departments of the University. | got off to a great start at the University of Arizona
by taking advantage of what organic chemists can do best, making things that no one else
can make, and applying them to my state of the art abilities in spectroscopy, especially NMR
spectroscopy, and by doing the same with my collaborators.2:3 Fortunately, I quickly got
invitations to give talks at several international meetings, first in Europe and then in
America. Though not from mainstream chemistry, they were in the emerging fields at the
interface of chemistry and biology. To maximize my synthetic organic chemistry, | became
the first group, not previously associated with Merrifield, to build instrumentation to do
solid-phase synthetic chemistry both automated® and by hand. This was met with criticism
from synthetic chemists, but | persisted in no small part because Bruce Merrifield gave me
much help and encouragement and because both du Vigneaud and Marvel supported my
efforts. | thought they were wise and right, and they were! | have always felt that criticism
can be a great stimulus for success, and | was able to exploit this synthetic advantage to do
chemical biology research which quickly took on a life of its own. In the latter regard, it is
interesting to note that | have been asked to write many reviews over the years, at first more
by biologists than chemists, and this has turned out to be a blessing too, because as a result
several ligands we designed have been used extensively by biologists in hundreds of
laboratories worldwide, which provided great incentive to continue in a direction that had
impact in both chemistry and biology.

The major focus of this overview will be to illustrate how direct collaboration with
biologists and medical doctors can lead to new chemical considerations on the one hand and
to new insights into biology on the other hand that otherwise might not have occurred. |
believe that to maximize one’s creativity in Chemical Biology it is essential to collaborate
with biologists. They have a different perspective than chemists and know things chemists
need to know that inevitably lead to new directions in research that otherwise would never
be taken. Of course, in order to do this we did an enormous amount of synthetic peptide and
peptide mimetic chemistry, heterocyclic chemistry, and asymmetric synthesis of novel
amino acids, g-turn mimetics, and other scaffolds. A discussion of these will have to wait
until a later date.

A Few Principles in Chemical Biology

In synthetic and mechanistic organic chemistry we generally seek to develop methods that
can make or break covalent bonds in three-dimensional structural space. This basic idea has
dominated synthetic chemistry for two centuries. Though there are some parallels in
Chemical Biology, for example, in enzymology, things generally are very different when
addressing most chemical biology problems. Ultimately, to understand the chemistry of the
biological system as it relates to health or disease, the chemistry must be considered in the
context of the cell, or an organ, or even a whole organism or animal. This is particularly the
case with the organic compounds | have studied in biology, peptide and peptide mimetic
hormones, and neurotransmitters. These compounds affect and modulate behaviors related
to life of multicellular organisms (animals), including humans. Thus, they are involved in
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virtually all behaviors including those associated with all our major diseases including
cardiovascular diseases, reproductive diseases, cancer, diabetes, obesity, pain including
prolonged neuropathic pain, etc. They usually do this without making or breaking covalent
bonds. To understand the chemical basis for the biology of health or disease, it is critical to
design molecules with the properties needed to understand the chemical biology in a
biological context.

Furthermore, it is critical to do state of the art analysis on structure, conformation, chemical/
physical properties, etc. In addition binding studies and related mechanistic studies (second
messenger analysis, enzymatic properties, etc.) using purified receptor/acceptors, membrane
fragments of tissues for assays of G-protein coupled receptors, ion channels, cytokines,
electron transfer systems, etc., are needed. X-ray crystal structures can be very useful.
However, results from such “in vitro” studies must be viewed with considerable caution
when translating the findings to a cellular system, much less a whole animal. In examining
the chemistry using cells or whole animals you are now dealing with a complex system,
often without understanding all of the chemical components that may be involved in
modulating the activity of your ligand by its interaction with a particular receptor/enzyme/
acceptor, etc. Furthermore, you are not at equilibrium, and depending on the animal or cell
used, your observations may only be relevant to a particular phenotype. Collaboration with
an expert biologist is essential to interpret in vivo results and, in many cases, even to know
what observations are relevant. In this regard, it is important to point to the need (indeed the
requirement) for proper controls. Interestingly, here the chemist can play a critical, in fact
essential role, which | have had the privilege to play in virtually all of my collaborations
with biologists. In order to have appropriate positive and negative controls, molecules must
be designed and synthesized that can enforce for example, agonist and antagonist functional
activity, and (in many cases) suitable selectivity for a receptor/acceptor/enzyme type or
subtype. There are a few chemists who can choose, much less develop, the best animal
models to evaluate ligands that will be useful for the treatment of diseases. On the other
hand, there are few biologists who have sufficient knowledge and expertise in synthetic
chemistry to be able to design, synthesize, and evaluate, from a three-dimensional structure
and chiral point of view, a potent and highly selective agonist or antagonist ligand for a
particular disease state. Thus, collaboration without arrogance of knowledge or expertise is
necessary to solve these problems.

The Consideration and Use of Conformational Constraint To Understand and Develop
Structure-Biological Activity Relationships for Peptide Hormones and Neurotransmitters

An evaluation of the evolution of multicellular animal life from a chemical perspective
demonstrates how multicellular living systems that acquired cooperation and collaboration
between their different cell types obtained a competitive advantage in evolution. For this
purpose, Nature chose peptides and protons as its major modulators of cooperative
intercellular communication in multicellular life and dropped much of the chemistries
related to small molecules (terpenes, alkaloids, etc.) which are used in unicellular life,
perhaps because of the inherent toxicities of most of these scaffolds to multicellular life.
(The inherent toxicities of these small molecules undoubtedly helped protect unicellular life
from other unicellular life.) So what are the important structures to be considered? Much
attention and discussion has been given in recent years to “chemical space” as a major
consideration in Chemical Biology and Drug Design. This clearly is a critical issue and an
unresolved problem. However, much of the discussion appears from my perspective to be
misplaced, since Nature has chosen peptides and proteins to modulate and control most
aspects of multicellular life. As we have pointed out previously,® the chemical space for
peptides is available in such a variety in which all the matter and time in the universe we
know is not sufficient to have even synthesized, much less evaluated, all possible 100 amino
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acid peptides. Given the relative recent origin of our earth, and the very small biosphere
from which life developed and was maintained, it seems clear that the real issue is to
determine what is the structural bias that Nature has chosen to develop? | think the answer is
clear; it has chosen peptides and proteins as the central players in life processes, nucleic
acids as its principle storehouse of information necessary for life, and lipids/membranes as
the principal organizers of life. Hence, the central hypothesis we have chosen is to design
bioactive peptides in two- and three-dimensional space that reflects the bias of these organic
compounds.6 From my perspective, the key insight into this bias is that of Ramachandran
and co-workers. They pointed out, based on simple chemical principals, and before there
were many high-resolution X-ray structures of peptides and proteins, that the low energy
conformations of peptides and proteins were the a-helix, p-sheets, p-turns, and extended
structures, all of which were readily interchangeable.” Now thousands of X-ray and NMR
structures later, this is exactly what has been found. Our design of bioactive
conformationally constrained peptides has been based from the beginning on this central
insight into the biological relevant structures of peptides and proteins. Of equal
consideration is the fact that dynamic conformational changes are of critical importance to
most biologically active peptide hormones and neurotransmitters in the course of their
biological lifetime, i.e., a typical peptide hormone and neurotransmitter will need to exhibit
different conformations during its biologically relevant existence, and this consideration
should be an important part of design. This working hypothesis has been of central
importance to nearly all successes we have had in chemical biology.

Another key hypothesis that has directed and informed our research from its earliest was that
structure and biological activity have a reciprocal relationship that could inform molecular
design for a biological goal. In terms of the peptide hormones and neurotransmitters, this
basic principle is that in biology, changes in structure are necessary to change a biological
response, and vice versa, a change in biological activity requires a change in structure. Thus,
in the case of peptide hormones and neurotransmitters, design of an antagonist from an
agonist would mean that some specific structural change would be needed so that the ligand
would interact in a fundamentally different way with its receptor to display antagonist
activity. To obtain an antagonist ligand for the same receptor requires that design of the
ligand generally will require three-dimensional structure changes and will lead to different
ligand—receptor interactions that produce a different conformation in antagonist ligand—
receptor complex from that of the agonist ligand—receptor complex. These ideas and their
development from our earliest studies® have been critical in the development of biological
collaborations and helped inform the discussions we had with biologists regarding the
specific in vitro and in vivo assays that would be needed to develop biologically relevant
ligands that would be useful for biological studies and for drug design and development.

Structural, Conformational, and Dynamic Considerations in the Design of Peptide
Hormones, Neurotransmitters, and Related Compounds

Often, the structure of the starting ligand for such studies is a peptide whose structure is
known, and the approaches for obtaining such ligands will not be discussed here. Equally
critical for such studies is the availability of appropriate in vitro, and in many cases in vivo,
assays (Table 1). A comprehensive discussion of Table 1 is not possible, but important
points that are of critical importance to the chemist should be mentioned. The first is that
one should get as a collaborator the very best biologist who is a leader in the biology of the
system to be studied and who has interest in both normal and disease states associated with
the target of interest. Second, though often it is possible to make critically important
progress with in vitro assays, inevitably if one is to have an important impact in the biology,
in vivo studies are necessary with appropriate animal models of both normal and disease
states. Third, with a few exceptions, most peptide hormones and neurotransmitters in

J Org Chem. Author manuscript; available in PMC 2011 February 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hruby

Page 5

mammalian systems target more than one subtype of receptor, and this needs to be addressed
from the beginning. As a typical example, there are three opioid receptor subtypes that are
known to date, the mu (u), delta (), and kappa (x) receptors, and because of their location in
the body they can have quite different bioactivity profiles. Interestingly, most of the
mammalian hormone and neurotransmitter ligands have only modest selectivity for one or
the other of those receptors. Thus, there is a need to develop both selective agonists and
antagonists as positive and negative controls. Fourth, it has become increasingly clear that in
both normal and disease states both native ligands and many analogues and derivatives that
have been developed can induce more than one signaling pathway. It often is important to be
able to determine this by appropriate assays.

Conformational Constraint or Bias, Enhanced Potency and Selectivity, and Stabilization of
Peptides from Proteolysis and for Enhanced Bioactivity

Most peptide hormones and neurotransmitters act as biological switches and/or modulators
of biological action. Thus, peptide hormones or neurotransmitters once released into the
bloodstream or CNS from their storage granule or neurosecretory granule are designed to
have a limited half-life at elevated concentrations where they are substrates for proteases.
Chemists and biologists have a need to measure what they study. In the case of peptide
hormones and neurotransmitters, though tremendous progress has been made in enhancing
detection limits, generally we can only detect endogenous peptides in the nanomolar to
picomolar range. It is important to realize however, that many peptide hormones and
neurotransmitters often have in vivo activities at concentrations where their presence cannot
be measured. This biological phenomenon is often referred to as high efficacy (for example,
see refs 10 and 11). Since these bioactivities often occur at very low receptor occupancies,
standard binding and second messenger assays will not detect them, and in vivo assays are
needed. For example, MT-II (an a-MSH analogue) has binding affinities of 0.1-1 nM, but
Mac Hadley, my biological colleague, could detect it in vitro and in vivo at 10~ 14M.

These caveats aside, for many peptide hormones and neurotransmitters, it is critical to
develop both agonist and antagonist analogues that are potent, are receptor selective, and
have stability against proteolytic breakdown. Though peptides can and are protected from
breakdown in most in vitro binding and second messenger assays by use of protease
inhibitor cocktails as part of the assay procedure, for most in vivo studies this does not work,
and instead, peptide ligands that are stable to proteolytic breakdown are needed. We have
developed ways to do this from the beginning.

The development of highly receptor subtype selective ligands also is often critically
necessary to establish that a particular response to a hormone or neurotransmitter actually is
due to a particular ligand—receptor interaction. Again, this is particularly true when agonists
are being examined in in vivo assay, because often even a few percent occupancy of one
receptor relative to another can result in a full agonist biological response.

Designing peptides hormone and neurotransmitter analogues with specific backbone
conformational preferences has been a central theme of our research from the beginning (see
ref 12 for early reviews). A major early catalyst for this research was the observation from
NMR studies of the constrained cyclic oxytocin antagonist c-[1-penicillamine]oxytocin,
versus the agonist oxytocin, that they had different conformational and dynamic properties
that could account for their different biological activities,8a and later the X-ray crystal
analysis of deamino-oxtocin supported this conclusion.13:14 Continued ligand development
led to a prolonged acting oxytocin antagonist, and with biological collaborator, Professor
Walter Chan, it was shown that this prolonged action in vivo could be used for the treatment
of preterm labor.1°
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The use of conformation constraint in linear peptides can be approached in many ways
including use of o-amino acids,6:18 g-substituted amino acids,1’ and cyclization of linear
peptides to cyclic peptides (vide infra).

As an early example, we replaced the Phe’ position in the peptide hormone and

neurotransmitter a-MSH (Figure 1, 1) with a o-Phe’ residue to stabilize a putative g-turn.
16,18,19

In addition, an isosteric replacement of the Met* residue in a-MSH with Nle* was achieved
(Figure 1, 2). We showed with Mac Hadley that these simple substitutions had three
dramatic effects: (1) a much more potent analogue was obtained that also had highly
prolonged biological activities both in vitro and in vivo. (2) The compound had a dramatic
increase in serum stability from minutes to hours. This peptide still serves as the standard
peptide for hundreds of scientists who study melanotropin biology. (3) It could be used in
experiments not possible with a-MSH to demonstrate the requirement for Ca2* for a-MSH
activity at melanophores.180

To further examine our hypothesis that a S-turn structure was important biologically, we
turned to cyclization, i.e., going from a linear to a cyclic peptide while maintaining the
pharmacophore. The approach that needs to be taken depends on a model of the three-
dimensional structure of the pharmacophore. One of the great advantages of peptides is their
inherent three-dimensional properties, even in small peptides due to their chirality and the
chiral bias of Nature. Except for glycine, all of the a-amino acids in most peptides and
proteins have an .-configuration and therefore have distinct preferences in 3-D
(Ramachandran) space. (It is important to recognize that glycine serves often as a o-amino
acid in peptide and protein folded structures). Once this pharmacophore is determined (or
proposed), then one can use other residues as the sites of cyclization (we have referred to
these as ancillary sites) for side chain to side chain, backbone to backbone, side chain to
backbone, etc. cyclization. In this case, we hypothesized that the His-Phe-Arg-Trp sequence
was the key pharmacophore (later proved to be the case20:21 with caveats). Using model
building and early computational methods, we designed a cyclic disulfide structure to
stabilize the -turn (3' Figure 1). The compound c-[Cys?, Cys9]-a-MSH was found to be a
super agonist and more stable in vivo, though it contains all .-amino acids.?2 At this time,
more powerful computational methods were being developed, and | was fortunately able to
obtain a Guggenheim Fellowship and took a sabbatical year at Harvard with Martin Karplus,
David Evans, and others to incorporate these new methods into our research for design in
Ramachandran space. At that time, | also became interested in design in (chi) y space (side
chain conformations of amino acid residues in peptides, discussed later). Eventually, using a
combination of SAR studies and computational chemistry, we designed a cyclic lactam
truncated analogue of a-MSH (4-10) Ac-Nle-c-[Asp®, o-Phe’, Lys19]-a-MSH-(4-10)-NH,
(4 Figure 1, MT-11).23:24 This compound was found to be superpotent with prolonged
biological activity in vitro and in vivo, and it also was found to have very high stability
agonist enzymatic breakdown, to cross the blood-brain barrier, and to have a number of
other biological properties that have been exploited by ourselves and many laboratories both
in academia and in industry. Its design was based on computational studies, and though
efforts to obtain crystals have thus far been unsuccessful, NMR studies with caveats are
consistent with a -turn conformation. 122 Most importantly, this structure has become the
basic template for the design of many peptide and nonpeptide ligands for the more recently
discovered melanocortin 4 receptor (MC4R), and of other melanocortin receptor subtypes in
our laboratory and in many other academic, pharmaceutical, and biotechnology companies.

These conformational considerations led to another critical discovery when we further
considered topographical constraints in y space in our design. All of the melanotropins we
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have discussed so far have been agonists. However, as previously discussed, one of the
truisms of Chemical Biology is that to properly evaluate any biological function you need
both positive and negative controls, that is, both agonists and antagonists. The development
of peptide hormone and neurotransmitter antagonists has been a major aspect of our
research, and we have written extensively on the approaches that can be taken to develop
antagonists (e.g., refs 8d and 25). Efforts to obtain melanocortin receptor antagonists had
been only modestly successful (e.g., ref 26). However, we found that by replacing the o-Phe’
residue in MT-11 with a more bulky residue such as o-2’-naphthylalanine (Nal(2")) the highly
potent h(MC3R, hMC4R, and frog MC1R antagonist Ac-Nle*-c-[Asp®,o-Nal(2")7,Lys19]-a-
MSH(4-10)-NH, (SHU-9119) was obtained?’ (Figure 1, 5). Interestingly the o-Nal(1')’-
analogue was an agonist. This antagonist (SHU-9119) has been a powerful tool for
understanding the biology of melanocortin receptors.

In the meantime, in collaboration with Mac Hadley and medical colleagues in the University
of Arizona Medical Center and later with other colleagues, we began to examine the
application of these peptides to biological and medical questions, first in animals and then in
human beings. | will briefly summarize some of the results of over 20 years of effort to
emphasize again the power of chemistry to promote and examine important questions in
biology and medicine.

The availability of NDP-a-MSH and later MT-I1 and SHU-9119 led us to examine the
comparative endocrinology of melanotropin peptides in a wide variety of animals ranging
from frogs and fish, to amphibians, to animals including mammals. These studies will not be
discussed here except to say that they firmly established the comparative biology of
pigmentation and established unambiguously its universality in a wide variety of animals.
More specifically, however, the enhanced stability and bioavailability of NDP-a-MSH (MT-
I) and later the ability of MT-1l and SHU-9119 to also cross the blood—brain barrier (BBB)
were of critical importance. Just a few highlights will be mentioned here, and a more
comprehensive discussion can be found elsewhere.2?

A very early discovery regarding the mechanism of melanocyte dispersion (skin darkening)
was made possible by the stable prolonged biological activity of NDP-a-MSH when it was
found that Ca2* was essential for melanocyte dispersion. 182 Subsequently, it has been found
that Ca2* is essential or very important for the biological activity of many hormones and
neurotransmitters. Similarly, the early development of an adenylate cyclase assay39 gave
mechanistic insights. Furthermore, it was shown unambiguously using this ligand that hair
pigmentation,3! tyrosinase stimulation32 but not cancer cell growth,33 and follicular
melanogenesis in a mouse model3* were melanotropin dependent. Eventually, these and
other biological studies including a variety of preclinical toxicity studies led to its
application to human beings for pigmentation without sun and to protection from V radiation
in prevention of melanoma cancer.3 In interesting parallel studies with the newly
discovered melanin concentration hormone, we suggested that the two hormones might be
evolutionarily and structurally related.36

In a similar manner, the development of MT-I1 and its ability to cross the BBB led in a
parallel series of preclinical studies with our biological and medical colleagues to the
discovery of central melanocortin receptors mediated erectile function, the first clinical trials
in humans for erectile dysfunction,37:38 and the demonstration that melanotropins were also
involved in sexual motivation,37¢:39 in female sexual function, and other related biological
sexual functions.40

Another major use of NDP-a-MSH was the preparation in the early 1990s of a number of
multivalent constructs on a soluble polymer backbone that also had a fluorescent probe that
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could be utilized in conjunction with fluorescence microscopy to directly detect cancer cells
including amelanotic cancer cells which had very low numbers of melanocortin receptors,
412 whereas previous efforts using the radiolabeled ligand had given variable results. In
addition, large beads (much larger than cancer cells) and small beads (much smaller than
cells) used in solid-phase peptide chemistry could be prepared with multiple copies of NDP-
a-MSH. For the larger beads, numerous cancer cells clustered around the bead by binding to
the beads.*3 In the case of the small beads, many bound to the cell surface, and some were
sequestered into the cell by internalization.44 Furthermore, it was possible to follow the
fluorescently labeled soluble multivalent NDP-a-MSH construct as the ligand bound to the
cell surface, formed clusters on the cell surface, internalized into the cell, was partioned to
various cellular organelles, and returned to the cells after several hours. More recently two
photon fluorescence laser microscopy45a and confocal laser microscopy45b could be used
to examine agonist and antagonist trafficking in cells. Furthermore, the use of multivalency
has become a major tool for the development of a variety of molecular probes to examine
many aspects of biology and for detection of disease.-9-46

New Melanocortin Receptor, New Biological Function, and New Insights Utilizing
Melanotropin Agonist and Antagonists

During this time, another major chemical revolution, the molecular biology revolution, had
occurred. A major development in this area was the ability to clone specific receptors into
cells in quantities sufficient for extensive biochemical, molecular pharmacological, and
biophysical studies. In addition, this also allowed one to determine the structure of proteins
directly from their gene sequences without the need to isolate, purify, and determine the
protein sequence directly. This technology has been particularly useful in our collaborative
research with biologists. A striking example has been in the area of melanocortin receptors
and melanotropin peptides. In the early to mid-1990s, new mammalian, including human,
melanocortin receptors were cloned and expressed (e.g., ref 47). In addition to the
pigmentary (a-MSH) receptor (referred to now as the melanocortin 1 receptor MC1R) and
ACTH receptor (MC2R) which were the first cloned, these were followed by the cloning of
three other melanocortin previously unknown receptors referred to as the MC3R, MC4R,
and MCBR receptors. It was quickly established that the MC3R and MC4R were primarily
central receptors (though they also are found in specific peripheral sites) and the MC5R
receptor was found throughout the body of mammals (initially all the cloned receptors have
been mammalian receptors including the human receptors). This provided the opportunity
for the discovery of significant new insights in chemical biology, and we were particularly
well suited to participate with our biological colleagues in the discovery of the
physiological, pharmacological, and medical significance of these new melanocortin
receptors and the endogenous ligands for them, a-MSH, »-MSH, and agouti-related protein
(AGRP). We quickly established with our biological colleagues (e.g., ref 21) using
radiolabeled NDP-a-MSH that the endogenous agonist ligand for all three of these new
receptors was the melanotropin peptides in particular a-MSH and perhaps for the MC3R, y-
MSH. Furthermore, we quickly determined that NDP-a-MSH (MT-I) and MT-II had potent
agonist activity at all three of these new receptors. Furthermore, with Roger Cone, we
demonstrated that SHU-9119 the melanotropin antagonist (Figure 1) was an antagonist at
the mammalian MC3R and MC4R?27 but an agonist at the MC1R and MC5R (all of these
melanotropin peptides have no binding at the MC2R as expected).

In collaboration with Roger Cone and using MT-I1 (which crosses the BBB) and SHU-9119
(a MC4R and MC3R) antagonists, we demonstrated that MT-I1 reduced food intake over
several hours,*8 and later it was shown that prolonged administration over several days led
to significant weight loss. Many pharmaceutical and biotech companies have been
developing MC4R agonists as a treatment for obesity (reviews),49 and the study of
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melanotropins and the MC4R and MC3R in various aspects of feeding behavior including
obesity, cachexia, and energy balance is a huge area of current biological research. MT-II
and SHU-9119 or SHU-9119 to block endogenous melanotropins were used with several
biological collaborators to establish the role for melanotropin peptide and melanocortin
receptor in antipyretic activity,50 effects on the cardiovascular system,51 effects on
natriuresis,52 inflammatory response,®? anorexia, °* and as already discussed several aspects
of sexual function and behavior and others. During this time, we also made considerable
efforts to develop selective agonists and antagonists for the MC1R, MC3R, MC4R, and
MCBR receptors.>® Considerable progress has been made in our and other laboratories, and
those discovered in our laboratory have proven to be very useful for demonstrating the
involvement of melanocortin receptors in a number of biological functions which previously
were unknown. This work will not be discussed here since despite the progress and the
continuing need for such ligands, lack of support has become a problem though there is now
considerable evidence that melanocortin receptors are involved in pain pathways especially
in females®® and that the MC3R is involved in regulation of food intake.>’

Conformation Constraint in Enkephalin and Other Neurotransmitters and the Biology of

Pain

A long-term goal in our research pursued with biological colleagues over many years is the
development of new ligands to help obtain an understanding of pain, and why it has been so
difficult to obtain treatments for pain, especially prolonged and neuropathic pain, that do not
lead to tolerance and major toxicities.

The discovery of the enkephalin in the 1970s°8 led to a collaboration with Tom Burks and
Hank Yamamura in the medical school that has continued to this day, though both
unfortunately have passed away. After considering the problem through study of the biology
of enkephalins (short half-lives in vivo and in vitro), we decided to constrain the
conformational space of enkephalin by cyclization and by the use of o-amino acids where
possible. Through a small series of cyclic analogues,>%:60 we converted enkephalin to the
cyclic pentapeptide analogue c-[o-Pen?, o-Pen®]enhephalin®0 (Figure 2). We chose initially
to use o-Pen? in the 2 position of enkephalin and to make a cyclic disulfide-containing
peptide because it was known that a o-amino acid in the 2-position of enkephalin was needed
to maintain good binding affinity to the opioid receptors and because of the additional
constraint the geminal dimethyl groups of Pen would bring in medium sized ring (13-
membered ring). The choice of the 5-position for the other penicillamine residue was based
on modeling studies suggesting it would stabilize a $-turn structure. This analogue drew
much immediate attention because it was the first constrained, enzymatically stable, and
highly ¢ opioid receptor selective analogue, and there was much interest in sorting out the
physiological and pharmacological differences between the standard 4 opioid ligands (e.g.,
morphine, fentanyl, etc.) from the biology of ¢ opioid ligands which were not known at that
time. From a chemical design perspective, converting linear biologically active linear
peptides into cyclic peptides drew interest from chemists involved in drug design,®1:62 and
now the cyclic approach has become a standard method in the design of the biologically
active peptides and peptidomimetics. However, the major impact was the new insights it
provide into the function of the ¢ opioid receptor both in terms of pain modulation and the
origins of some of the x opioid toxicities. Only a few of the early studies done in
collaboration with our biological collaborators will be discussed here. However, hundreds of
papers have been published since on many aspects of the biology of the ¢ opioid receptor
and its functional relationship(s) to the « and « opioid receptors. Our collaborator Tom
Burks immediately utilized DPDPE to establish that ¢ opioid receptors were involved in the
analgesic effects of opioids, but the J ligand did not inhibit intestinal motility (cause
constipation) one of the major side effects of x opioid ligands® and in further studies were

J Org Chem. Author manuscript; available in PMC 2011 February 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hruby

Page 10

able to determine how w, J, and x receptors mediated analgesia and gastrointestinal transit at
spinal and supraspinal levels.®> The radiolabeled form of DPDPESO? was used to localize o
opioid receptors in the brain.%6 Other studies determined the effects of o ligands on drinking
behavior;®7 body temperature,®8 inhibition of diarrhea without constipation,® and many
other insights about the properties of ¢ opioid receptors and ligands. Subsequent
modification of DPDPE in y space that led to complete selectivity (> 10°) for the o receptor
will be discussed. Now | will turn to a pressing biological problem that still is unresolved
today, finding opioid ligands with potent analgesia effects but without the major toxicities
and tolerance of current opioids.

Biphalin is a bivalent analogue of enkephalin with a hydrazine bridge between the
tetrapeptide chain first synthesized by Lipkowski and co-workers.”0 It has high potency at
both the « and ¢ opioid receptors and is a potent analgesic. We became interested in this
derivative because of its high potency at both x and o opioid receptors and because of the
developing concept that multivalency could give synergistic effects in biological systems.
Furthermore, since o receptor selective ligands were found not to have the major toxicities
of « ligands, we proposed that “balanced” é/u ligands might have reduced toxicities and still
have high potency in analgesia. An extensive evaluation by Frank Porreca and his students
of biphalin showed the following: (1) given i.c.v., it was exceptionally potent in
antinociception assays, 257 times that of morphine, and equipotent when given i.p.; (2) its
antinociception was blocked by x and o opioid antagonists but not by k antagonists; (3) it
had no inhibition of gastrointestinal propulsion; and (4) it caused little if any physical
dependence.’! The insight that many of the toxic side effects of « opioid ligands would be
greatly reduced or eliminated by having a potent 6 component led us to the realization that to
utilize opioids for treatment of prolonged pain without the development of toxicities and
undesirable effect such as dependence and tolerance, the ligand will need to have substantial
affinity for o receptors. Despite this knowledge, there still are no such drugs in clinical
medicine. We now have done all the necessary preclinical biology and obtained tentative
approval from the FDA to examine biphalin in clinical trials but have been unable to obtain
funds for such studies either from industry or from the NIH.

Conversion of Somatostatin to a Potent g Opioid Antagonist

Seven transmembrane G-protein-coupled receptors (GPCRS) are the largest class of proteins
in the human genome. They are involved in virtually all aspects of intracellular
communication and virtually all aspects of perception and behavior. It is well accepted that
these receptors are evolutionarily related to one another and possess similar 3-D structures.
But how about the ligands for these receptors; how are they related? Can a common
template be found for them? We have suggested that S-turns and related structures may be
such a template for many GPCR peptide ligands.

Somatostatin was originally isolated from the hypothalamus and was found to be an
inhibitory hormone, and its biology attracted much attention as a potential drug by
pharmaceutical companies. What attracted us was a rather obscure report’2 that somatostatin
(Figure 3) had weak (micromolar) opioid activity. We decided to investigate with Tom
Burks and Hank Yamamura whether we could convert somatostatin into an opioid receptor
selective ligand utilizing as a starting point truncated versions of somatostatin’3 such as 2
(Figure 3) that had been designed for other purposes. In a short series of structure—activity
relationship studies,’4 we were able to obtain analogues such as 3 (Figure 3) that now had
nanomolar affinity for opioid receptors and less than micromolar affinity for somatostatin
receptors. In addition, these compounds were very highly selective for the x opioid receptor,
with little or no binding affinity for 6 and « opioid receptors,’®:’6 such as the two analogues
4a and 4b (Figure 3), which are known, respectively, as CTOP (4a) and CTAP (4b). The
pharmacology of theses ligands was extensively examined, and the compounds were found
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to be highly stable to proteolytic breakdown and to be highly potent and prolonged acting u
opioid receptor antagonists. This led us to further examine in vitro and in vivo roles of u
opioid receptors in a variety of biological processes thought to be x receptor mediated and
activities previously unknown to involve x opioid receptors.”’-89 For example, they were
critical in studies which established how opioid ligands could be used as antidiarrheals.81 A
radiolabeled version also was prepared and that has become a standard x opioid receptor
ligand for binding studies® and in the unlabeled form from many other biological studies.
Conformational studies were made using NMR and demonstrated that these cyclic peptides
did have g-turn structures.83

Topographical Structural Consideration Peptide and Protein Design: x Space, Asymmetric
Synthesis, and Biological Activity

The protein-folding problem is a central scientific issue of modern biology. For the most
part, peptide and protein chemists have focused their efforts on how peptide and protein
backbone conformations organize themselves in folded proteins and how they get to the
folded state. It is often considered that initial formation of these secondary structures in
“nucleation sites” serves as an origin for protein folding. It occurred to us in the early 1980s
based on our findings of ligand binding to carrier proteins2e:84:8° that the preferred side
chain conformers gauche (), gauche (+), and trans (Figure 4) might play as important a role
as backbone conformation (phi (¢), psi (w) angles) in determining the affinity of peptide—
protein interactions and the selectivity of ligand interactions when several receptor (enzyme,
acceptor, etc.) subtypes were involved. This can be examined by crystallography if
complexes can be crystallized or by NMR under certain conditions, but since we primarily
were examining ligands for GPCRs, we sought a more universal approach. The approach we
decided to take after considering the energy plot of chi (1) vs chi (2) for a typical a-amino
acid such as tyrosine (Figure 5) was to impose conformation constraints primarily by
covalent modification designed to introduce torsional barriers into standard a-amino acids in
such a way as to conformationally bias side chains group to one of the three preferred
gauche conformations, and to enhance torsional barriers sufficiently so that interconversion
in ¥ space would have a significant energy barrier due to steric interactions or due to
covalent bond formation. This has turned out to be a very fruitful scientific approach from
several perspectives: (1) it led to development of new asymmetric synthetic organic
methodology that can provide all the chiral isomers; (2) in structural organic chemistry, it
provided new insights into conformation and topographical constraint while maintaining key
structural elements necessary for peptide and protein folding and, most importantly, for
ligand- receptor/acceptor binding interactions; and (3) from a biological perspective, it
provided new and in some cases unexpected insights into the power of y space and
topography to modify and even enhance biological activity including affinity, selectivity,
and efficacy. Aspects of this research has been reviewed,%6:87 and though these reviews
were not comprehensive they will be discussed only as necessary here. Rather we will
concentrate on those findings with collaborators that have been particularly important in
understanding biology and for furthering our insights into how chemistry can enhance
biological understanding and lead to the development of new tools.

Though the peptide backbone and the N-terminal amino group or the C-terminal carboxylate
or carboxamide can be critical moieties of the pharmacophore for a bioactive peptide,
generally various side-chain functional groups constitute most of the pharmacophore which
can organize in sequence or on separated residues and be brought together in 3D space in the
binding process between the peptide ligand and its receptor/acceptor. In addition to the
backbone (a-helix, g-turn etc), the topographical arrangements of the side chain functional
groups that make up the pharmacophore is very important to their biological activity and
receptor selectivity. For design in topographical y space we concentrated on aromatic amino
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acids, since virtually all peptide hormones and neurotransmitters have one or more aromatic
amino acid residues that are key pharmacophore elements. This has turned out to be very
powerful because the dozen or so different peptide hormones and neurotransmitters we have
uninvestigated over the years all have one or more key aromatic residues in their
pharmacophore.

In Figure 6 are shown different structural templates which have been chosen for constraint
in y space for amino acids. In structure I, the major constraints to torsional energy barriers
and specific gauche structures are steric effects or torsional strain effects. Figure 7 shows the
x1/x2 plot of the four trimethyltyrosine structures with relative energies of the low energy
gauche conformations (1 kcal energy contours). Clearly, the different gauche conformations
have different low energy conformations. This suggests that if side-chain conformations are
important for peptide—receptor interactions and information transduction, different
conformations will lead to different activities. In Il (Figure 6), the topographical structure is
imposed by an additional covalent bond which actually precludes some torsional
conformations in the six-membered nonaromatic ring. In structures of type 111 (Figure 6),
constraint about the y angles and preferred side-chain conformations are dictated primarily
by steric considerations. One added advantage of this kind of structure is that chimeric
amino acids can be prepared which contain structural elements from two amino acids. Such
structures are particularly valuable in designing peptides with two different pharmacophores
in the same structure (bivalent or multivalent ligands). Structures of type IV (Figure 6) are
by their nature chimeric structures in the sense that the basic a-amino acid scaffold has the
pyrolidine ring of proline or the pyrolidone ring of pyroglutamic acid (2-butyrolactam), and
the R group can represent a specific functional group from many other amino acids found in
peptides and proteins. We have developed robust asymmetric synthetic methods for all of
these structures that allow one to obtain all of the enantiomeric and diastereomeric
structures. Compounds of structure V are masked multivalent structures where the terminal
olefin can serve as the starting point for multiple chemical reactions including ring-closing
metathesis, aldehydes or ketones, other functional groups, starting materials for g-turn
mimetics, etc. The overall goal is to make peptide backbone scaffolds as robust templates
for synthesis of pharmacophore structures of great diversity. Nature has made the peptide
scaffold a nontoxic scaffold to biological life, and we should learn from Nature. The
inherent compatibility of the peptide scaffold with life is clear, and we should invest more
effort to develop a robust nonpeptide synthetic chemistry around it. For all of the 1970s and
1980s | had an NSF grant to do that. However, when | got my best reviews in the early
1990s, the NSF cut off support for this research, and much remains undeveloped, though we
continued to develop what we had begun. We will not discuss the synthetic methodologies
we developed which generally can be readily scaled up. We will simply provide some key
references for the asymmetry syntheses of the different kind of amino acids represented in
Figure 6. Robust synthetic methods for compounds of structures 1,8%:9 structures 11,91
structures 111,92 structures 1V,93-9 and structure V,% have been developed. A few examples
are discussed below to briefly illustrate some aspects of what we have developed.

Figure 8 outlines the asymmetric synthesis of (2S,3R)-2',6’-dimethyl-S-methyltyrosine. For a
chiral auxiliary the classical benzene chiral auxiliary gave poor enantioselectivity, but we
found that the phenyl derivative greatly improved enantioselectivity. Once this was
established, the asymmetric bromination and the Sy2 azide synthesis proceeded in high
enantioselectivity, and subsequent reactions did not lead to racemization. Topographically
modified analogues of tryptophan®’ and histidine%® have been prepared using different but
related asymmetric synthetic methods.

Figure 9 outlines the asymmetric synthesis of pyroglutamyl derivatives that can readily be
converted to the corresponding proline analogues. This chemistry is highly stereoselective
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using simple starting materials that can readily be prepared in 100 g quantities or more as
needed. And as shown in Figure 6, derivatives of IV with different stereo-chemistries and
different R groups can be made using a varieties of chemistries including Michael-type
chemistry, direct alkylation chemistry, and so forth. This chemistry opens up many new
avenues for the design and synthesis of topographically novel peptides, peptidomimetics,
and S-turn mimetics.

As a final example, we show new asymmetric synthetic methodology we have been
developing to make all of the chiral isomers of structure V (Figure 6). As shown in Figure
10, the method lends itself to the introduction of a number functional groups that will
provide a large chemical landscape for further development of novel topographical space in
peptide design.

Application of x (x) Space Constraint to Biological Problems and Peptide Mimetic Design

A major question in Chemical Biology is the extent to which key pharmacophore elements
in a peptide or protein structure utilize y (x) space (the side-chain conformations of amino
acid residues in peptides) to modulate or even determine biological function. We have
examined this question in several ways, and have found that in some cases, a specific
preferred y (y) conformation can dramatically affect ligand—receptor interactions and the
subsequent downstream biological effects, even behaviors, that are mediated by the
particular ligand—receptor system.

For example, modification of enkephalin to the cyclic peptide c-[>-Pen?,o-Pen>]enkephalin
(vide supra) gave a potent ¢ opioid receptor selective ligand with a well-defined
conformational preference as determined by NMR studies in aqueous and DMSO solution,?
in its X-ray crystal structure,100 and by computational methods.?9:101 However, the
conformation preference of a key pharmacophore element, Tyrl, was still unclear, and we
decided to examine this problem with our biological colleagues by using all 4-isomers of
trimethyl- tyrosine (25,3S)-, (2S,3R)-, (2R,3S)-, and (2R,3R)TMTY, incorporated into
DPDPE. The binding affinity for the x and o receptors, and the biological activities in the
classical mouse vas deference (MVD, ¢ receptors) and guinea pig ileum (GPI, u receptor
assays)102 are given in Table 2. Only the (2S,3R)TMT? analogue has the § opioid receptor
binding affinity and receptor selectivity of DPDPE. This shows unambiguously the highly
preferred y! torsional angle for binding to the J receptor is the trans (180°) torsional angle in
Tyrl, while the preferred torsional angle at the x receptor for Tyrl is —60°. Most interesting,
the (2S,3R)-containing analogue is an antagonist at the x receptor. Since all of the other
conformational properties remain unchanged, these results demonstrate that a single
constraint in y space for a key pharmacophore residue can lead to potent agonist activity at
one receptor subtype and antagonist activity at a second subtype receptor. To the best of our
knowledge, this is the first time that a single change in torsional angle of a single
pharmacophore element in a peptide could be demonstrated to be an agonist at one receptor
subtype and an antagonist at another receptor subtype for a neurotransmitter. These results
were confirmed in vivo where it was found as expected192° that the (25,3S)TMT? analogue
is a potent analgesic while the (2S,3R)TMT! analogue is a very weak analgesic due to
antagonism at the x receptor.

This three-dimensional knowledge provided the information to do ligand-based peptide
mimetic design that is converting from a peptide scaffold directly to a nonpeptide scaffold
by de novo design. This de novo design utilized modeling and computational chemistry
considering several nonpeptide scaffolds and directly proposing the compounds to make.
Thus, with a small library of a properly substituted 1,4-piperazine scaffold we were quickly
able to obtain a nonpeptide ligand which could mimic the binding and receptor selectivity
profile of the [TMT1]-DPDPE analogue of enkephalinl%3 and even mimic the peptide but
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not other nonpeptide ligands at a site specific mutated receptor.193P From these studies, we
also were able to come up with a good 3D model for a ligand which would be a potent and
selective ¢ opioid receptor ligand.

Use of x (x) Space To Develop an Inverse Agonist

As previously discussed, antagonists play a crucial role in understanding the chemical basis
for biological activity in many systems. In the case of opioid ligands, Schiller and co-
workers194 have shown that the dipeptide Tyr-Tic (Tic = tetrahydroisoquinoline-3-
carboxylic acid) is a delta receptor antagonist (ICsp = 190 nM at the ¢ receptor). The Tic
amino acid residue is a constrained a-amino acid with a well established side-chain
conformation. We decided to investigate whether in the antagonist series for J ligands the
preferred Tyr y angle would be the same as in the agonist series. Thus, we incorporated all
four isomers of 2',6’-dimethyl-B-methyltyrosine (TMT; (2S,3S; 2S,3R; 2R,3S; and 2R,2R)
into the dipeptide to give four isomers of TMT-Tic.105 In this case, both the (2S,3R)-TMT-
Tic-OH (IC5p = 9.3 nM) and the (2S,3S)-TMT-Tic-OH (ICsp = 124 nM) ligands were found
to be potent J-opioid receptor antagonists in the MVD assay. The most exciting results,
however, came when we examined G-protein activation using the GTPyS assay with
membranes from ¢ receptor transfected cell lines and found that the (2S,3R)-TMT-Tic-OH
analogue was an inverse agonist at human 6 opioid receptor.196 Inverse agonists are
powerful potential drugs when one encounters constituitively active receptors in biological
systems

In yet another example of the use of the y-constrained amino acid TMT, incorporation of the
four isomers of the O-methoxy derivative of TMT in oxytocin197 provided unique new
insights into the bioactive topography of oxytocin antagonists.

Use of Chi (x) Constraint To Explain Prolonged Biological Activity

As discussed above, NDP-a-MSH (MT-I) and the highly constrained cyclic a-MSH
analogue MT-11 show very prolonged biological activities in vitro and in vivo. As previously
discussed, this effect on pigmentation is both cAMP and Ca2* dependent. Interestingly,
however, after several hours, the cCAMP levels return to basal activity and yet prolonged skin
darkening persists in vivo for many days. The biological explanation for this biology has
been sought for many years (we have provided these peptides to many biological
investigators worldwide, but they have not found a biological explanation). As a chemist,
my basic hypothesis of such unexpected effects is that any change in biological activity must
involve a change in structure. Structure—biological activity relationships indicated that the o-
Phe’ substitution in a-MSH analogues was a key structural element for prolonged biological
activity since .-Phe’ analogues do not have prolonged biological activity. Thus, we decided
to use our y constraint approach to see if we could discover a structural basis for biological
activity prolongation in y space. We used MT-II as our template because we thought, based
on modeling, that its constrained 3D-conformational backbone structure would be
maintained with the introduction of the four isomers of -Me-Phe (all four isomers) in
position 7108 and of A-Me-Trp (all four isomers) in position 9199 of MT-I1. The f-Me-Phe’
analogues did provide some insights into the topographical requirements for prolonged
biological activity at the melanocortin receptor,109 but the four 4-Me-Trp-containing
analogues were decisive, and we will limit our discussions here to the results with the 4 -
Me-Trp analogues. As shown in Table 3, the potencies of the four isomers vary over almost
3 orders of magnitude in the frog skin assay and over a factor of 30 in the human MC4R
binding assay (comparable results were found in the second messenger cCAMP assay;108 data
not shown). The prolongation of biological activity in the frog skin is shown in Figure 11.
The most exciting and important result is that the four isomers demonstrate the full spectrum
of prolonged biological activity with the (2R,3R)-A-MeTrp® analogue showing prolonged
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activity like MT-I1, whereas the (2S,3S) compound showed no prolonged activity (like the
hormone a-MSH) with the others of intermediate activity. Notice that prolonged activity and
potency are not related to each other; that is, the order of potency and prolongation of
bioactivity are different (Table 4). So what is the origin of the prolongation? Clearly, it is
not a matter of potency but rather a matter of the topographical differences in the structure
of the pharmacophore. This was confirmed by evaluation of the NMR conformations of the
4 p-MeTrp2-containing isomers. They had the same backbone conformation as MT-I1 but
different preferred y-1 rotamer structures.109 These results beautifully illustrate the critical
significance of y space in determining biological activity in peptide—protein interactions
involving hormones and neurotransmitters and their receptors. In this case similar results at
the frog and human receptors could be demonstrated. In general, one would expect this to be
important in all aspects of peptide—protein, protein—protein, and protein—nucleic acid
interactions and in both health and disease states. This is still an underdeveloped area of
drug design, but its further development may have profound implications for treatment of
disease. Further development in synthetic organic chemistry will be needed to maximize
progress and to explore the significance of y space in health and disease.

Glucagon Antagonists and Multiple Signaling Pathways for GPCRs

I took my first sabbatical in 1975 at the National Institutes of Health to learn more about
peptide hormone and neurotransmitter receptors and had the great fortune to spend a year in
Martin Rodbell’s laboratory. Though I failed in my primary goal, to isolate in a purified
soluble form the glucagon receptor (this still has not been done), | was fortunate to be there
when Marty’s group was discovering the G-proteins and their functions and developing the
binding assays and second messenger (CAMP) assay that made this possible. We took these
new assays back to my laboratory and examined the SAR of glucagon and tried to discovery
a glucagon antagonist and the role of glucagon in diabetes with an M.D., David Johnson.
This is a very extensive research area which | will not discuss here except to make a few
comments about the valuable insights that can be obtained by collaborating with a medical
doctor. Early studies using semisynthetic methods of synthesis in collaboration with Marty
Rodbell quickly established that the N-terminal residues in glucagon were vital for agonist
biological activity while the C-terminal residues were critical for binding affinity.110 This
realization led to the development of the first glucagon antagonist111 which was shown to
block glycogenolysis in perfused rat liver112 and that it could lower blood glucose levels in
diabetic animals which was done in collaboration with David Johnson.113 The availability
of these antagonists and other analogues of glucagon eventually allowed us to establish with
Miles Howslay that glucagon could activate two signaly transduction pathways. 114 This
was one of the first demonstrations of this chemical phenomena for GPCRs and opened up a
whole new line of research for investigating the mechanism of signaling by ligands and their
G-protein-coupled receptors which is now a huge field. The significance is still far from
being understood, especially in disease states such as diabetes, cancer, and others, but the
chemical tools are available to do it now.

Multivalency: Drug Design for Disease

Efforts to treat our major degenerative diseases such as cancer, prolonged and neuropathic
pain, mental diseases including addiction, and diabetes, cardiovascular disease, etc. have
been largely unsuccessful and often are accompanied by significant toxicities. The standard
drug design paradigm of identifying a target and developing a ligand (agonist, antagonist,
etc.) for that target is often successful and has led to good drugs to treat symptoms and in
some cases that are curative for a specific phenotype which often is just a small percentage
of the patients with the disease. More recently, comparative genomic and proteomic studies
of normal vs diseased tissue have demonstrated that, in many diseases, multiple changes in
gene expression have occurred and that the treatment modalities can themselves enhance
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aspects of the disease. We have proposed that advantage can be taken of these findings in
drug design for disease states.115:116 In this approach to drug design and development,
ligands are developed that are multivalent, that target two or more receptors/acceptors that
are critical for manifestation of the disease state, and that address the disease state relative to
the normal state. Again, this requires close collaboration between chemists and biologists
who are examining (determining) the key evolutionary changes (gene expression or
modification) that are responsible for the disease state. We will briefly illustrate the
approach we are taking with two examples: (1) the development of multivalent ligands that
can treat neuropathic pain states such as allodynia and hyperalgesia in which potent opioid
such as morphine are ineffective and (2) design of multivalent ligands that can detect cancer
cells but not normal cells.

Design of Multivalent Ligands To Treat Neuropathic Pain without Development of

Tolerance

Over 50 million people in the U.S. alone suffer from prolonged and neuropathic pain for
which there is no adequate treatment. Considerable evidence has been developed during the
past decade or so that the development of prolonged and neuropathic pain involves
upregulation of neurotransmitters and their receptors in the ascending and descending pain
pathways that are stimulating for neural transmission and thus can cause pain. These include
neurotransmitters such as cholecystokinin, CGRP, substance P, and their receptors. Here we
will concentrate on the upregulation of substance P and its receptor, the neurokinin-1
receptor (NK-1R), though we are investigating several others. Based on extensive biological
studies, we hypothesized that design and synthesis of a multivalent ligand that had potent
mixed ¢ and x opioid agonist activities and potent antagonist activity at the NK-1R would
have a number of highly desirable biological activities with few if any of the undesirable
toxicities of current analgesic drugs. These desirable activities would include potent
analgesic affects in both acute pain and in neuropathic pain states and without the
development of tolerance. In Figure 12 we illustrate the design of a typical ligand with the
specific example of a molecule we did design.117:118 Both adjacent and overlapping
pharmacophores have been designed. In order to determine whether these multivalent
ligands possess the necessary in vitro biological activity profile it is necessary to perform
several biological activities as outlined in Table 5 for three of our lead compounds, done in
collaboration with Frank Porreca, Hank Yamamura, and Josephine Lai. As can be seen, all
three lead compounds have the same structure except for the C-termini. The initial
compound 1 was modified from a C-terminal ester to a C-terminal amide (1—2) because it
was found that the C-terminal ester has a very short half-life in serum (about 1 min), while
the C-terminal amide had a half-life of over 4 h. The simple benzyl amide analogue 3 was
prepared to increase aqueous solubility. As can be seen in Table 5:117:118 the designed
ligands have very potent agonist activity at both the J and u receptors with good agonist
activity in the GTPyS assay and were potent antagonists of the NK-1 receptor with
picomolar binding in some cases. We have shown that all these ligands cross the blood-
brain barrier (BBB) quite well. In order to explain the BBB penetrability, we examined the
conformation of these three peptides in aqueous solution and in the presence of micelles
using NMR. Interestingly, all three of these compounds have no discernable conformation in
aqueous solution as expected. However, in the presence of micelles, they form highly stable
conformations, the very large number of NOEs that were observed were used to establish
that the compounds have helical like structures.118

How do these compounds behave in in vivo animal model for acute pain and for analgesic
activity in the SNL rate model for neuropathic pain (allodynia and hyperalgesia)? Our
biological collaborators, Drs. Todd Vanderah and Frank Porreca, have addressed these and
other biological activities in vivo including an evaluation of toxicities and tolerance. A
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summary of the in vivo biological activities is given in Table 6 for compound 1. Although
the results are preliminary they are exceptionally promising. These compounds have potent
antinociceptive effects in both naive animals and in animals which have neuropathic pain.
For the latter animals, antinociceptive activities morphine has little or no efficacy. Most
interesting and potentially important, these compounds do not lead to the development of
tolerance in either naive animal or in animals with neuropathic pain even after long-term use
(10 or more days). Finally, these compounds do not appear to have any of the toxicities of
current opioid-based analgesics, including no impairment of motor skills even at much
higher doses than the analgesic doses. There is still much to learn about the biology of this
new class of ligands, but this new approach in drug design appears to lead to unique
biological activity profiles that directly address the neuropathic pain disease state. Whether
it can reverse the changes in the expressed genome in ascending and descending pain
pathways remains to be determined, but the lack of development of tolerance gives some
hope.

Multivalent Ligands for the Detection and Treatment of Cancer

Despite enormous scientific efforts in the past 40 years, drugs that can treat cancer
effectively and provide a cure are still rare. The primary approach, aside from the use of
chemicals which are more toxic to cancer cells than normal cells, is to discover a major
abnormality of the cancer cells vs the normal cells and to target that protein with a specific
drug. Though there have been a number of notable successes using this approach, the
successful outcomes usually involve a relative small subset of cancer patients even with the
specific form of cancer (e.g., breast cancer). We have contributed to this area by our
discoveries in the development in combinatorial chemistry in the one bead—one peptide
(OBOP) or one bead—one compound (OBOC) approach 119 that allows one to utilize the
power of solid-phase chemistry, especially solid-phase peptide chemistry, to synthesize
large libraries of peptides, peptidomimetics, and various classes of other small organic
compounds for which there is robust synthetic chemistry, to explore chemical space and
discover those particular compounds that can be leads for the protein or nucleic acid targets
that are developed. This led us (Syd Salmon, Kit Lam, Evan Hersh, Fahad Al-Obeidi, and
myself) to found the first biotech company dedicated to the use of combinatorial chemistry
in drug discovery (Selectide Corp., an important arm today of Sanofi-Aventis). Many other
approaches to combinatorial chemistry have been developed, along with ancillary
technologies such as high-throughput screening that are now part of most academic and
industrial drug discovery efforts. This will not be discussed except to say that the
fundamental ideas that came out of the development of combinatorial science were critical
to the developments | will discuss below.

In collaboration with Bob Gillies,115:120 we have decided to take a new approach.
Comparative genomics and proteomics of cancer vs normal cells have demonstrated that
cancer cells that have 10-fold to 100-fold changes in the expressed genome can serve to
distinguish cancer from normal cells.115 In this approach, we target cell surface proteins
(receptors, enzymes, acceptors, etc.) that are up-regulated or newly expressed on cancer cell
surfaces but not on normal cells. We hypothesized that we could target two or more cell
surface proteins that would distinguish cancer from normal cells and get high selectivity.
This also is done to obtain the synergies that are expected from multivalent vs monovalent
interactions on a single cell surface. As a result of these synergies we would expect to see
few false positives. In the design of these multivalent ligands, in addition to the ligands
needed for molecular recognition, the design also must accommodate a unique agent for
imaging (a wide variety of optical, magnetic and other imaging agents are possible) and also
for treatment of the cancer (drug). Though the surface proteins are the target, it is realized
that certain cell surface proteins (for example, GPCRs) are internalized on interaction with
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agonist ligands. This provides the opportunity in favorable cases to target both cell surface
proteins and intracellular targets including organalles and the nucleus. In most of our studies
to date, we have been developing the synthetic chemistry, molecular pharmacology,
molecular biology, and related methods needed to make this a viable and robust approach
with combinatorial possibilities for multivalency. As already discussed, in previous work we
examined the advantages of multivalency using a water-soluble polymer scaffold, and
though we obtained some exciting results in imaging cancer cells*2-44 the methodology did
not lend itself to in vivo imaging or drug delivery. Thus, we have developed new
scaffolds120-121 which generally involve (-Pro-Gly-), segments that are semi rigid and more
flexible modified polyethyleneglycol (PEGO) units. Because cell surface receptors are
relatively large (cross-sections of 20-40 A or more) the ligands themselves must be
separated by a distance of 25-75 A. We have developed a very robust synthetic chemistry to
do this (see Figure 13 for an example). This chemistry allows us to prepare homo- and
heterobivalent ligands with addition sites that allow attachment of fluorophores and other
imaging agents. Furthermore, we were able to demonstrate that these heterobivalent ligands
with linker lengths estimated from modeling to be between 45 and 100 A could cross-link
receptors on cells containing receptors for the two ligands (a 6 opioid receptor and a
melanocortin receptor (MC4R) with synergies up to about 50-fold12%2 relative to cells that
only had one of the receptors). These exciting findings demonstrate that our design works
and that our ligands can cross-link two different proteins on a cell surface. Subsequent
experiments (unpublished) have shown that similar results can be obtained with other
heterobivalent ligands targeting these and other cell surface receptors. Furthermore, the
contrast between cells containing two targets can be readily distinguished from cells
containing only one receptor using bivalent ligand that also have a fluorescent probe
attached. In this case the cells containing both receptors are completely “lit up” with the
fluorescent probe, whereas the cells with one of the ligands can barely be visualized in the
same time period. These results to date are very promising, and we are now examining the
use of the heterobivalent ligands in in vivo studies with animal cancer models.

From the above results, we believe that design of multimeric multivalent ligands can be a
powerful tool for new approaches to drug development of disease states, and we are
pursuing this approach vigorously with designed peptide and peptide mimetic ligands.

Concluding Remarks

Biology as a science is increasingly about chemistry and chemicals (genomes, proteomes,
etc.), and understanding biology from evolution to disease requires chemistry. It seems self-
evident that true collaboration between biologists and chemists is not only necessary but
essential for scientific progress. However, old myths, habits, and institutional bias die hard,
and not without considerable angst. Currently our universities and major government and
private funding agencies are under severe financial stress. Despite the scientific problems
and opportunities that are there for everyone to see, in the United States we are funding
basic science at only about 50% the level of 30 or 40 years ago. This has created much stress
on scientists and science and further retards the necessary reforms to promote and reward
the collaborative science that is needed. Based on 45 years in the scientific trenches, | have
found that collaboration is often not rewarded. Rejection does take its toll and significantly
limits what we can accomplish. Nonetheless, | would not trade my scientific and academic
career for anything. It has been such a joy to work with my students and biological
collaborators and their students and to explore new territories of Nature that | could not have
dreamt of. The joy of discovery or realization that different scientific paths were needed to
understand or explain biology with chemistry has been fun and exciting.
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1. Somatostatin-14  H-Ala-Gly-c[Cys-Lys-Asn-Phe-Phe-Try-Lys-Thr-Phe-Thr-Ser-Cys]-OH

4a.
4b.

Figure 3.

Conversion of somatostatin to a potent highly x opioid receptor selective ligand.
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NH,
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R4 = H, CHa, aryl, alkyl
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Figure 6.

NH
Ry
X CO,H
I Ry

X=H, OH
R1 = H. CH3
Rz =H, CH3

Ry Ry

R4
XTON

X=H, OH

Ry =H, CH3, aryl

Rz =H, OH, CHjs, aryl, alkyl
R3 =H, OH, CHs, aryl, alkyl

General structure of some y-constrained aromatic amino acids.

J Org Chem. Author manuscript; available in PMC 2011 February 18.

Page 32



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Hruby

]

L-TYROSINE

A

-)UOD

0

-

o

)ﬂ@(\ a

180 B0 o 0 180

(2S,3R)-B-METHYL-2",6 -DIMETHYL-TYROSINE

X
1

A

-1

1

(28,3S)-B-METHYL-2",6 -DIMETHYL-TYROSINE

L

1

180

5
O ¢

Figure 7.

Page 33

- @ @;:
jiaidl (

X
1

(2R,3S)-B-METHYL-2",6 -DIMETHYL-TYROSINE

—
Do 4

(2R,3R)-B-METHYL-2",6 -DIMETHYL-TYROSINE

1

<
110
®)

x-1ly-2 plot of .- and o-Tyr and for the four isomers of 2',6’-dimethyl-S-methyltyrosine

(TMT).

J Org Chem. Author manuscript; available in PMC 2011 February 18.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Hruby

CHy
o CHy0: MgBr
y CHO. CHy A CH{0. CHy /’J $
[ CHs [\ I
o o — +
\~/Y MY 1.5 equ. (CHa)zSCuBr § "Y“ NYU
o o 85% CHy CHy O @ CHy CHy O g
99 1
1) 1.05 equ. ("Bu),BOTY, DIEA
2) 1.1 aqv. NBS
88%

CH0. ot £ CHy0. cHa, A
N
\, _Amberte 00 Azide ol LOH, 03, 0%, 2
2 \!I/N\[( exchange resin '\I/D 100%

CHy CHy O o 100% CHy CHy O o
CH,0. CHy CH;0. CH. HO.
N, Ha (35 psi), d Ot
éa 1 b 1) Thioanisole, TFMSA NHa
¢ OH 24 hr y OH  2) on exchanga OH
CHy CHy; ©O 100% CH; CHy © 83% CHy éH; o

Figure 8.
Asymmetric synthesis of (2S,3R)-2',6'-dimethyl-S-methyltyrosine.
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Figure 9.
Methods for the asymmetric synthesis of pyroglutamic acids analogues.
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Figure 10.
Asymmetric synthesis of g-functionalized y,d-unsaturated amino acids.
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Figure 11.

Measurement of the prolonged biological activity of the four isomers of [5-MeTrp%]-MT-11
in the frog skin bioassay.108
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Figure 12.
Design of a multivalent ligand for pain (Bzl = benzyl).
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Table 1

Necessary Assays for Development of SAR for Peptide Hormones and Neurotransmitters

1. In Vitro Assays

A.  Membrane preparation, tissue preparation, cell line or transfected cell lines that have high concentrations of the target
receptor molecules

1.  Binding affinity assays
2. Second messenger assays
3. Assays for other modulators of bioactivity

B. Isolated receptors
1. Binding affinity assays
2. Second messenger assays
3. Assays for other modulators of bioactivity

1. InVivo Assays

A.  Animal model(s) for a normal animal. For normal behavior of animal in response to the hormone or neurotransmitter
1.  Positive and negative controls

B.  Animal model(s) of an animal with disease or some manifestation of the disease

1.  Positive and negative controls
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Binding Affinity and Biological Activity Properties of TMT1-DPDPE Derivatives

Table 2

peptide vs [BH]CTOP (1)  vs 3H[p-CIPhe?] DPDPE (5) GPI (u) MVD (3)
DPDPE 610 16 7300 41
[(2S,35)-TMT!]DPDPE 720 211 293 170
[(2S,3R)-TMT!]DPDPE 4300 5.0 0% at 60 «M antagonist 1.8
[(2R,3R)-TMTYDPDPE 77000 3500 50000 2200
[(2R,3S)-TMTLDPDPE 0% at 10 M 9% at 10 uM 75% at 82 uM 28% at 10 uM
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Page 42

Comparative Biological Activities of the Four Isomers of Ac-Nle-c-[Asp-His-DPhe-Arg-fMeTrp-Lys]-Nle at
the MC1Rs in Frogs and Humans

frog skin MC1R hMCI1R binding
peptide ECg (nM)  relative potency  1Csq (NM)  relative potency
MT-1I 0.10 1.0 0.50 1.0
[(2S,35)-B-MeTrp®]-MT-1I 0.44 0.23 0.50 1.0
[(2R,3S)--MeTrp]-MT-1I 0.06 1.6 3.0 0.17
[(2S,3R)-A-MeTrp®]-MT-11 29 0.0035 15 0.030
[(2R,3R)-B-MeTrp®]-MT-l| 0.30 0.30 2.0 0.25
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Table 4

Comparison of Potency and Prolonged Biological Activity of the Four Isomers of Ac-Nle-c-[Asp-His-DPhe-
Arg-p-MeTrp-Lys]-NH, at the Frog Skin and Human MC1R

melanocortin receptor relative potency relative prolonged activity
frog skin (MC1R) (2R,3S) > (2S,3S) > (2R,3R) > (2S,3R)  (2R,3R) > (2R,3S) > (2S,3R) > (2S,35)
human MC1R (25,39) > (2R,3R) > (2R,3S) > (2S,3R)  (2S,39) > (2R,3R) > (2R,3S) > (2S,3R)

J Org Chem. Author manuscript; available in PMC 2011 February 18.



Page 44

Hruby

6'6 19 8 12 9T e 87T ¥9°0 129-NH-d11-n87-01d-18IN-8yd-A|9-eje-a-di 1 -H
0T 067 GT 0L 9'8 §900°0 9T 990  %(t40)129-,5-€-NH-d11-n87-01d-18IN-8yd-A|9-ele-a-4A L -H
14 00€ 44 43 62 ¥80°0 9 82 ¢(t40)124.5",€-0-d11-na7-01d-18N-8Ud-A|D-e[e-a-1A 1 -H
ax ue (W) (INU) %01 D3 HOWY %03 ¥0au M dS[Hel (Nw) () pdwod

IdOdS g (#) |dD (¢) anN SATIMNY M O9NValHe] ' 3dadalHgl

SA HOINA SAHOay

sAesse [euoljouny S4d 1 9[See] 496uassaw puodss sAesse buipuiq
ured oiyredounapN 10J 21sabjeuys [9AON 10J 3]1J01d A1IANDY [ea160]01g ONIA U]
G 9|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Org Chem. Author manuscript; available in PMC 2011 February 18.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Hruby

Summary for in vivo Biological Activities from Multivalent Ligand H-Tyr-»-Ala-Gly-Phe-Met-Pro-Leu-

Table 6

Trp-0-3'5-BzI(CF3),

o g~ W N

ligand has potent antinocipetive effect in naive rats
potent antiallodynic effects in SNL rats

potent antihyperalgesic effects in SNL rats

no motor skill impairment in Rotarod Test

no development of tolerance

blocks substance P-induced flinching
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