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Abstract

The melanocortin receptor system consists of five closely related G-protein coupled receptors
(MC1R, MC2R, MC3R, MC4R and MC5R). These receptors are involved in many of the key
biological functions for multicellular animals, including human beings. The natural agonist ligands
for these receptors are derived by processing of a primordial animal gene product,
proopiomelanocortin (POMC). The ligand for the MC2R is ACTH (Adrenal Corticotropic
Hormone), a larger processed peptide from POMC. The natural ligands for the other 4
melanocortin receptors are smaller peptides including a-melanocyte stimulating hormone (a-
MSH) and related peptides from POMC (B-MSH and -y-MSH). They all contain the sequence His-
Phe-Arg-Trp that is conserved throughout evolution. Thus, there has been considerable difficulty
in developing highly selective ligands for the MC1R, MC3R, MC4R and MC5R. In this brief
review, we discuss the various approaches that have been taken to design agonist and antagonist
analogues and derivatives of the POMC peptides that are selective for the MC1R, MC3R, MC4R
and MCB5R receptors, via peptide, nonpeptide and peptidomimetic derivatives and analogues and
their differential interactions with receptors that may help account for these selectivities.

Keywords

Melanocortin Receptors (MCRs: MC1R, MC2R, MC3R, MC4R, MC5R); a-MSH: a-melanocyte
stimulate hormone; POMC: Proopiomelanocortin; ACTH: adrenal corticotropic hormone; GPCRs:
G-protein coupled receptors; ASIP: agouti signaling protein; AGRP: agouti related protein; MTI:
Ac-Ser-Tyr-Ser-Met-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH,; MT-11: Ac-Nle4-c[Asp®,D-
Phe’ Lys19a-MSH(4-10)-NH,,(Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,). SHU9119: Ac-
Nle*-c[Asp®,D-Nal(2")7,Lys1la-MSH(4-10)-NH,,(Ac-Nle-c[Asp-His- D-Nal(2")-Arg-Trp-Lys]-
NH>)

INTRODUCTION

The melanocortin receptor system consists of five 7-transmembrane G-protein coupled
receptors generally referred to as MC1R, MC2R, MC3R, MC4R and MC5R. The
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melanocortin 1 receptor (MC1R) is found primarily in the periphery, especially in the skin;
the MC2R in the adrenal gland: the MC3R in the brain and periphery; the MC4R in the brain
and periphery; and the MC5R throughout the body [1]. They are involved in many critical
functions including feeding behavior, energy homeostasis, response to stress, response to
UV radiation, sexual function and behavior, pain response, fear flight, and many others [1].
In this regard they are involved in many of our serious degenerative diseases including
obesity, and other feeding disorders; sexual dysfunction; cancer; skin disorders; diabetes;
and many others [2-4]. Yet thus far, despite many years of effort, there are only a few
medications on the market for this class of receptors and their natural ligands, the
melanotropins. These included ACTH and MT-I. In this brief review/overview, we will
discuss efforts to obtain ligands that might address some of the diseases associated with this
class of receptors. Since the literature is vast in this area, we will have to concentrate on only
a limited number of issues associated with these receptors and their ligands, concentrating
on conformational and topographical considerations. Nonetheless, we hope that this review
will provide the impetus for further studies in drug development in this area.

EMERGING BIOLOGICAL ROLES OF THE MELA-NOCORTIN SYSTEM

Historically, the primary functions of the melanocortin system were its involvement in
pigmentation in what is now referred to as the melanocortin 1 receptor (MC1R), and it was
also found to be present in skin cancer including melanoma cancer. The primary ligand for
this receptor was thought to be a-melanocyte stimulating hormone (a-MSH), which is
found in the pituitary gland and is a product of the proopiomelanocortin (POMC) gene. The
other established hormone, which was a product of the POMC gene, was adrenal
corticotropic hormone (ACTH). Its primary function was its involvement in the response to
stress including fear-flight and adrenal function. In the early 1990s it became possible to
clone the melanocortin receptors, and the field exploded when it was discovered that were
additional genes and functions that could be attributed to the melanocortin system and that
responded to the products of POMC including a-MSH. Within a few years the MC3R,
MC4R and MC5R were cloned and sequenced and the examination of their biological
functions were begun that continue to this day [5-9]. Antibodies and other biological tools
were utilized to examine the distribution of these receptors in various tissues and cells in
animals including humans [10]. At the same time numerous studies were initiated to
determine the function(s) of these receptors. Details will not be discussed here, but it was
found that the melanocortin receptors were clearly involved in many of the key physiological
functions necessary for animal survival and reproduction. Among others, these functions
have included: 1) feeding behavior [11, 12]; 2) energy balance [13]; 3) sexual function and
behavior [3, 14, 15]; 4) cardiovascular function [16, 17]; 5) kidney function [18, 19]; 6)
immune response [20-23]; 7) pain [24, 25]; 8) sebaceous gland secretion [26, 27] and many
others e.g., [28-30] Indeed, new functions are still being discovered at this time [22]. Not
surprisingly, therefore, these receptors and their natural hormone and neurotransmitter
ligands are involved in many of the primary degenerative diseases in humans, including
cancer, heart disease, kidney disease, diabetes, etc. Interestingly, despite considerable effort,
at the time the receptors were being cloned though there were stable a-MSH analogues such
as [Nle?, D-Phe’]-a-MSH (NDP-a.-MSH) [31], but no potent antagonist analogues of a.-
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MSH and ACTH so that it could be proven unequivocally what the biological receptors were
for particular biological functions.

GENERAL FEATURES OF THE MELANOTROPIN PEPTIDES

The melanocortin receptors (MCRs) belong to the family of seven transmembrane (TM)
spanning G-protein coupled receptors (GPCRs) that stimulate the cAMP signal transduction
pathway. The endogenous melanotropin agonists peptides, a, B, and y-melanocyte
stimulating hormones (MSH) and adrenocorticotropic hormone (ACTH) are derived by the
posttranslational processing of the proopiomelanocortin (POMC) gene transcript (Fig. 1) [1,
32]. All MSH ligands contain a His-Phe-Arg-Trp core sequence (Fig. 1), which is important
for melanocortin receptor stimulation [33]. The melanocortin receptor system is unique
among GPCRs in terms of having both naturally occurring agonists and antagonists. The
melanocortin antagonists, agouti-related protein (AGRP) and agouti signaling protein
(ASIP), are the only two endogenous antagonists of GPCRs identified to date [34-36].

DESIGN OF BIOAVAILABLE MELANOTROPIN PEPTIDES AND
PEPTIDOMIMETICS

The melanocortin system [1] remains a challenging target for rational peptide and
peptidomimetic design as the 3D-topographical requirements for specific melanocortin
receptor subtype recognition have not been fully elucidated. Nevertheless, the numerous
multifaceted physiological functions of the five known subtypes of human melanocortin
receptors (hMCRs), continue to provide a strong stimulus for further development of potent
and selective melanocortin agonists and antagonists. On the other hand, development of
selective ligands for the melanocortin system bears intrinsic challenges due to conserved
amino acid sequences and their structural similarity in the 7 transmembrane GPCR fold [37]
and the limited structural variations of the endogenous melanotropin ligands. Unlike other
protein targets, hMCRs, have separate natural agonist and antagonist molecules. This
imposes a second dimension of design of melanocortin receptor ligands for achieving
selectivity not only for receptor subtype but also for the agonists and antagonist properties.
Designing such molecules that possess both functional selectivity and hMCR subtype
selectivity from the melanotropin core sequence His-Phe-Arg-Trp has been difficult, but
great progress has been made in recent years as outlined in Fig. (1). Nevertheless,
melanotropin peptide drug discovery still faces several substantial challenges, including
metabolic instability of peptides owing to rapid degradation by endogenous proteolytic
enzymes and other pharmacokinetic properties of peptides that have required sophisticated
drug delivery technologies. Consequently, it is generally necessary to employ strategies to
develop modified peptides and peptidomimetics [31, 38-41] (Fig. 2). For example,
modifications of amide bonds (e.g., N-alkylation or replacement with non-hydrolyzable
surrogates [42, 43]; D-amino acid scan/unnatural amino acid substitutions in linear a-, p-
and -y-melanocortin stimulating hormone (MSH)-derived sequences [44]; hybridization of
the native MSH sequences with each other and with sequences of other bioactive peptides
[45]; implementation of various global and local conformational constraints via peptide
cyclization and employment of constrained amino acids [46, 47]; manipulation of steric
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factors that influence receptor-ligand interaction [48, 49]; construction of small molecules
based on B-turn peptidomimetics and “privileged structure” scaffolds [50], and multiple N-
Methylation [51]. These strategies have successfully enhanced the metabolic stability of
peptide analogues [51]. Successfully developed peptide drugs exemplify this, and many also
demonstrate the significance of drug delivery technologies in achieving desirable /n vivo
efficacy through non-oral routes of administration. Maintaining stability /n vivoand oral
availability have also been a challenge, and several strategies have been developed in order
to achieve this, such as application of natural cycloid template and conjugation (e.g., to
polyethylene glycol, antibodies or other synthetic/recombinant proteins, and to serum
albumin) as well as sustained release formulations applicable to parental routes of
administration. This review will focus on the 3-D structural properties of peptides and the
chemical biology strategies to investigate peptide secondary structures (i.e., —turns, -y—turns
and 31g-helices) as key pharmacophore elements for peptide molecular recognition at their
targets.

Peptide Conformation and Drug Design

Many peptides are conformationally flexible in aqueous solution, but upon interacting with
their biologically relevant molecule they assume a preferred conformation. Thus the
reduction of conformational freedom can lead to insights regarding the receptor-bound
conformation. The reduction of conformational freedom may eventually lead to the receptor-
bound conformation, which results in the selective interaction of a ligand with a receptor.

Peptide conformation has been structurally exploited in varying ways, including amino acid
substitutions, amide bond replacements, scaffold modification (e.g., natural peptide analog
to first-generation peptidomimetic), macrocyclization, secondary structure mimicry, and
non-peptidic templates (e.g., designed small-molecule) [52]. Such drug design and synthetic
chemistry efforts have expanded our understanding of p-turns, -y—turns, p-strands, a—
helices and 31p-helices in terms of both their 3D structural properties and molecular
recognition at their targets. Finally, a multidisciplinary understanding of peptide
conformation and drug design is essential to overcome the challenges traditionally
associated with peptide drugs and enable the creation of next-generation agents.

Conformationally constrained peptides can provide crucial information about biologically
active conformations. A major goal of using conformational constraints is to determine
which peptide conformation is required for binding to the receptor in an agonist or
antagonist state. The backbone and side chain conformational features of a peptide can be
defined by the torsional angles ¢, v, w and x (Fig. 2). A Ramachandran plot ( y versus ¢)
may be used to analyze the preferred combinations of torsion angles for ordered secondary
structures (i.e., conformations of peptides, such as a—helix, B-turn, y-turn, or p-sheet). With
respect to the amide bond torsion angle (w), the trans geometry is more energetically-
favored for most natural dipeptide substructures; however, when the C-terminal partner is
Pro or another N-alkylated amino acid, the cis geometry is probable and may also contribute
to B-turn or -y-turn stabilization. Molecular flexibility is directly related to covalent and/or
noncovalent bonding interactions within a particular peptide. In this regard, a single
replacement of hydrogen by a methyl moiety within amino acids (i.e., Na-methyl, Ca-
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methyl or Cp-methyl) may have significant consequences on the local conformational
properties of a peptide. The peptide including the preferred conformation in Chi space ()
(Fig. 3) [31] and/or Ca—Cp scaffold may also be transformed to create novel amino acid
building blocks such as B-methyl amino acids. Furthermore, the Cp-carbon may be
substituted to create “chimeric” amino acids.

Conformational constraint of flexible bioactive peptides can significantly improve potency,
selectivity, stability, and bioavailability compared with endogenous peptides. The
determination of a biologically active conformation of peptide is a difficult process. General
strategies have been developed and tested in many laboratories [52].

of the Peptide Side Chain Conformation

At the time the receptors were being cloned there were virtually no potent selective agonist
or antagonist ligands for the melanocortin receptors, even for the MC1R and the MC2R.
However, it was shown that a-MSH did not interact with the MC2R, but that ACTH did
interact with the other melanocortin receptors. An important breakthrough was the discovery
in our laboratory that replacement of the D-Phe” residue with D-Nal(2") but NOT D-Nal(1")
in MT-11: Ac-Nle?-c[Asp®, D-Phe, Lys10la-MSH(4-10)-NH,, (Ac-Nle-c[Asp-His-DPhe-
Arg-Trp-Lys]-NH,) [53] led to an analogue of a-MSH, SHU9119: Ac-Nle*-c[Asp®, D-
Nal(2")7, Lys19a-MSH(4-10)-NH,, (Ac-Nle-c[Asp-His-D-Nal(2")-Arg-Trp-Lys]-NH,) that
was a nanomolar binding antagonist at the MC3R and MC4R, but an agonist at the MC1R
and MCS5R [54]. This important discovery in combination with biophysical studies led to the
realization that topographical differences in the structures of melanotropin analogues and
derivatives are critical for parsing out different receptor selectivities for both agonists and
antagonists at the MCRs, though all have essentially the same pharmacophore, -His-Phe-
Arg-Trp-, for agonist activity [55]. Among many other discoveries related to biological
function, the discovery that MC3R and/or MC4R are involved in feeding behavior [12, 56]
and erectile function [14, 57] were demonstrated using the SHU-9119: Ac-Nle*-c[Asp®, D-
Nal (2")7, Lys!0]a-MSH(4-10)-NH,, (Ac-Nle-c[Asp-His-DNal(2")-Arg-Trp-Lys]-NH,)
antagonist analogue.

Several amino acid substitution studies have been carried out on MT-11 and SHU9119 to
modify the structure [58, 59]. Replacement of His® in SHU9119 with conformationally
constrained amino acids resulted in selective agonists for A(MC1R and hMC5R, and
antagonists for hMC3R and hMC4R [60, 61]. Introduction of conformational constrained f3-
methyltryptophan into MTII, results in differential potencies, dissociation rates, and
prolonged activities at the melanocortin receptors. MTII analogs modified at the Trp®
position with B-methyltryptophan have been evaluated using the classical frog and lizard
skin bioassays, and at the cloned human MC1R receptors [62]. The 2S,3S analog did not
have the highest affinity and potency out of the four MTII derivatives at the cloned human
MCI1R, but exhibited the slowest dissociation rate from the MC1R (25% slower than MTII).
The 2S,3S-MTII analog presumably has a topographical conformation that allows for
“enhanced” binding to the MC1R than the other three analogs, and thus this receptor—ligand
interactions results in slower dissociation of the ligand from the receptor. Alternatively the
ligand-receptor complex may lead to a conformation that enhances prolonged activity. The
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above studies indicate that topographical constraints, such as g-methyl amino acids, can
provide a useful tool to determine the preferred side chain orientation, and this data may be
used to design of ligands with potent and selective activity. Data from NMR studies suggest
that the preferred side chain populations of the Trp® residue modifications of MTII were
gauche (-) in the 2S,3S, trans in the 2S,3R, and gauche(+) in the 2R,3R and 2R,3S analogs
[63]. This led to the understanding that the conformational restriction at His® and around
DNal(2")” may help in receptor selectivities. Among the other studies carried out, it also has
been shown that the activity of melanocortin ligands is sensitive to the side chain x
conformation [41, 52] (Fig. 3).

The availability of selective antagonist such as SHU-9119 and the selective MC1R
antagonist was essential for demonstrating that the melanocortin system also was involved in
pain, and that pain perception for females and males involve different biological mechanisms
involving the melanocortin system [24, 25].

Modification of the Peptide Backbone

Another strategy in the design of peptide drugs is peptide backbone modifications that
generally refers to isosteric or isoelectronic exchange of NHCO units in the peptide
backbone or introduction of additional groups. Some of the most frequent modifications to
the peptide backbone are shown in Fig. (4).

Modification of the peptide backbone can also serve to introduce local backbone constraints.
For example, A-alkylation restricts the ¢ torsional angle, but eliminates the hydrogen
bonding capability of the amide bond (e.g., 51). A-Methyl amino acids have been
incorporated into bioactive derivatives of melanotropins, opioid peptides, bradykinin,
thyrotropin releasing hormone (THR), angiotensin 11, and cholecystokinin (CCK), and many
other bioactive peptides. a-Methyl (and a-alkyl or —aryl) substituted amino acids often can
induce or stabilize particular turn and helical structures (Fig. 4).

Peptide Secondary Structure Mimetics

An understanding of 3-D structural and conformational properties of peptides that correlates
with their binding and bioactivity at therapeutic targets has inspired creativity in peptide
drug design. For example, many of the native peptides for GPCRs have a turn moiety as a
part of their pharmacophore structure. In this regard, chemistry approaches aimed at creating
versatile synthetic templates to mimic B-turns, y—turns and a 31g-helix secondary structures
have been of great interests. Historically, substitution of D-amino acids, Na.-Me-amino
acids, Ca-Me-amino acids, dehydro-amino acids and cyclic amino acids within a peptide
lead compound have been fruitful (Fig. 5). Among the early approaches to enforce p— and
y—turns was the conversion of linear to cyclic peptides that employed side chain to side
chain or other constraints [64]. In the melanocortin system, application of several of these
strategies has resulted in a successful drug candidates such as MTII: Ac-Nle4-c[Asp®, D-
Phe’, Lys1%a-MSH(4-10)-NH,, a universal agonist for all the hAMCRs [54]; SHU9119: Ac-
Nle*-c[Asp®, D-Nal (2")7, Lys1%la-MSH(4-10)-NH,, a potent agonist for the AMC1R and
hMC5R and a potent antagonist for the hMC3R and hMC4R [54]. The two ligands, although
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lacking exclusive receptor subtype selectivity, have been extensively used in understanding
the biological properties of hMCRs.

3D Peptide Conformation

In the melanocortin system, the primary sequence of the endogenous agonists (MSHSs) and
antagonists (AGRP, ASIP) are different, and they interact differently with the melanocortin
receptors to produce the active and inactive conformations of the ligand-receptor complex. A
critical approach is to understand receptor structure is to evaluate its conformation in three-
dimensional (3D) space. X-ray crystal structures provide 3D conformation, but may be
misleading in terms of function. Incorporation of these X-ray co-ordinates in to a computer-
aided examination of function in 3D space is being pursued. This allows one to further
explore the region/site or the surrounding 3D space occupied by the key amino acids of the
protein (where the potent ligand has an affinity) so as to better understand biological actions.

Peptide analogues which are sufficiently constrained, whose conformational and dynamic
properties are known from multidimensional nuclear magnetic resonance (NMR) and other
spectroscopic methods, in combination with modern molecular mechanics methods and
docking experiments can greatly aid peptide ligand development. Exploring the accessible
conformational space on the docking site of the receptor/acceptor can be served as the
starting point for further design of analogues to develop conformation-biological activity
relationships. Such molecular modeling studies provide a useful tool toward the generation
of potent peptide or peptidomimetic ligand structures. Fig. (6) shows the molecular docking
result of our novel designed local constrained tetrapeptides: Ac-Aia-pF-D-Phe-Arg-Trp-
NHo, a selective hMC4R agonist, and Ac-Aba- D-Phe-Arg-Trp-NH,, an agonist of the
hMCA4R; antagonist of the hMC5R, interacted with the hMC4R receptor [65]. In these cases,
homology modeling with the few known structures in these classes has been somewhat
successful, but further developments are clearly needed.

Ligand-Receptor Interactions

Latest studies have demonstrated that the hMC3R plays a complementary role in weight
control, a-MSH is equally potent at the MC3R and the MC4R, but -y-MSH has higher
affinity at MC3R than MC4R. Agouti related protein (AGRP) is a potent antagonist at both
MC3R and MC4R, but agouti is a potent antagonist only at the MC4R. These differences
indicate that these two receptors, though members of the same system, are likely to possess
functional and structural differences in response to ligands. Determination of the molecular
basis of ligand binding and receptor signaling should, therefore, provide important insights
into the mechanism of MC3R action. As is typical of GPCRs, the MC3R consists of the
heptahelical transmembrane structure, with an extracellular NH, terminus and intracellular
COOH terminus. Modeling studies suggested that the hydrophobic pocket of the ligand
binding sites are different between the MC3R and MC4R, whereas charge—charge
interactions between the ligand and the receptor are similar in the two melanocortin
receptors (MCRS). This prediction has been verified experimentally by Yang et al. [66, 67].
In addition to D154 and D158 in TM3 (corresponding to D122 and D126 in the MC4R),
there are eight additional acidic residues that can potentially form a salt bridge with Arg in
the pharmacophore (His-Phe-Arg-Trp) of the ligands. These include: E73, E80, E92, D121,

Curr Protein Pept Sci. Author manuscript; available in PMC 2018 June 13.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cai and Hruby

Page 8

E131, D178, E221, and D332 [68]. The results presented suggest that acidic residues in TMs
1 and 3 are important for ligand binding whereas those in TMs 2 and 7 are important for
both binding and signaling [69].

MULTIVALENCY AND THE MELANOCORTIN SYSTEM

The realization that for many of our degenerative diseases there are multiple changes in the
expressed genome and/or that treatment attempts lead to further changes in expressed genes
leads one to consider the possibility of designing drugs that have 2 or more pharmacophores
all within a single molecule [70]. For design there are several possible approaches including
design of overlapping pharmacophores or adjacent pharmacophores or use of linkers to
separate pharmacophores depending on whether the goal is to take advantage of proximity
affects or to crosslink receptors/acceptors. In any case a primary consideration is that the two
or more pharmacophores cannot interfere with the other(s), and vise versa, when each
pharmacophore interacts with its receptor/acceptor. Peptides are ideal for this because they
often have ancillary residues that are not critical for ligand-receptor/acceptor interaction.

In the case of the melanocortin system, POMC itself is a multivalent protein in that it
produces via processing several biologically active peptides. There are 3 MSH related
peptides, in its primary structure, plus ACTH, p-endorphin and other peptides that modulate
many of the multiple functions needed for survival. To address multiple targets for the same
purpose, we have designed two different kinds of multivalent ligands for different goals. In
the first approach we designed homo- and hetero-bivalent ligands to crosslink membrane
receptors in cancer cell lines that expressed melanocortin and cholecystokinin receptors [71]
(Fig. 7). With appropriate spacing between pharmacophores we were able to demonstrate
cross-linking of the different receptors. A most interesting and exciting observation in these
studies was the observation that cross linking occurred very rapidly (within a few minutes)
in cells that had both receptors, but very little binding occurred when only a single receptor
was present. This kinetic advantage can be very useful in detecting cancer vs. non-cancer
tissue. This kinetic advantage also should be applicable for /n vivo imaging for detection of
cancer following cancer treatments [72-75].

In a different application, ligands were designed to address the question of whether
melanocortin and opioid receptors could have overlapping pharmacophores [76]. It was
found that they could if carefully designed so as not to interfere with each other on receptor
interaction.

SUMMARY AND CONCLUSIONS

At this time there are a couple of thousand references in the literature examining the
biological functions of the melanocortin systems. In this short review we have only been
able to discuss a relatively small number of such functions and of possible applications of
melanocortin systems to drug design and development, and to the possible application of
receptor selective or multiply selective ligands for the melanocortin receptor system. What
we hope we have done in this short focused review is illustrate of the possible applications
of carefully designed melanotropin ligands for treatment of disease. Our major conclusion is
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there is still much to learn, but it is evident that carefully designed ligands for melanocortin
receptors can provide useful drugs for the treatment of our most prevalent degenerative
diseases. For those interested in nonpeptide ligands for the melanocortin receptors, a few
reviews are provided [77-79]. Our major conclusions are: 1) the melanocortin receptor
system is of central importance for many of our major degenerative diseases; 2) properly
designed, bioavailable ligands with unique biological activity profiles are needed to evaluate
and develop drugs for these receptors in various diseases; 3) the use of novel conformational
and topographical design features is of critical importance; 4) further insights into
melanocortin receptor conformations and ligand receptor interactions are needed; 5) side
chain and backbone conformations are critically important and their relationships to each
other fundamental to further development of melanotropin ligands; and 6) the application of
the multivalency concept to design of ligands for the melanocortin receptors may be
essential to drug design in this area.
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LIST OF ABBREVIATIONS

Aba a-aminobutyric acid

MSH melanocyte stimulating hormone

ACTH adrenal corticotropic hormone

MT-I melanotan-1, Ac-SerRyr-Ser-Nle-Asp-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-
NH»

MT-I1 melanotan-11, Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-NH,

SHU-9119  Ac-Nle-c[Asp-His-D-Nal(2")-Arg-Trp-Lys]-NH»
POMC proopiomelanocortin

GPCR G-protein coupled receptor

AGRP agouti-related protein

MCR melanocortin receptor

D-Nal(2’) D-2’-naphthylalanine
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Proopiomelanotropin (POMC), the Precursor of the Melanotropins

Sp N-terminal fragment ACTH B -lipotropin

[
v -MSH « -MSH B-MSH B-end

ACTH H2N-SYSMEHFRWGKPVGKKRRPVKVYPNGAEDESAEAFPLEF-OH
o -MSH Ac-SYSMEHFRWGKPV-NH2
p-MSH H2N-AEKKDEGPYRMEHFRWDRFG-OH
¥y -MSH H2N-YVMGHFRWDRFG-OH
AGRP(86-132)
RC\"RLHES(IZLGQQVP(E CDP(I:AT (lfY (ERFF.\' .-\F(IZY (IZ’RKLGTA.\’I NP 'SRT
L 1

1*' Generation: MT-l: NDP-a-MSH: Ac-Ser-Tyr-Ser-Nle-Glu-His-D-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH,

Potent agonist for all hMCRs

[D-Trp®ly-MSH: H-Tyr-Val-Met-Gly-His-Phe-Arg-D-Trp-Asp-Arg-Phe-Gly-OH hMC3R Selective Agor st
274 Generation: MT-Il: Ac-Nle-c[Asp-His-D-Phe-Arg-Trp-Lys]-NH, Potent Pan-agonist for all A(MCRs

SHU-9119: Ac-Nle-c[Asp-His-D-Nal(2')-Arg-Trp-Lys]-NH,

Selective agonist for h(MC1R, hMC5R, Antagonist for h(MC3R, hMC4R
3¢ Generation: N(Me)MT-Il/SHU9119: Nle-c[Asp- (NMe) His-DPhe/DNal(2')-(NMe)Arg-(NMe) Trp-Lys]-NH,

Potent selective agonist for h(MC1R

Fig. 1.
The Melanocortin System and 3 generations of melanotropin ligands.
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Ligand Based Design

Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Ar-Trp-Gly-Lys-Pro-Val-NH, (a-MSH)

Based on Ligand Similarity
- Truncation
- Amino Acid scan
- Scaffold, Fragment,
Chemotype, Pharmacophore
- Conformational constraint
- B-turn peptidomimetics
- 3D structure of ligand (NMR, X-Ray)
- Computational aided drug design

'S 3

g \\{ HN,, ;
\‘\‘ O Lt
o Oy NH NH
NH j’ ,N

o
'

¥

| Peptidomimetic: MTII [Non-Peptide Mimetic

Receptor/Acceptor Based Design

Based on the similarity of receptor/acceptor

- Receptor class (e.g. GPCR); Overall sequence homology (phylogenetic tree)
- Multiple site directed mutagenesis

- Domain shift or chimeric receptors

- 3D structure of binding site

- Cell functional response (signaling pathway)

Fig. 2.
Design of biologically active peptides and peptidomimetics.
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Co represents Carbonyl Carbon

Fig. 3.
Definitions of peptide backbone (¢, v, w) conformations and peptide side chain torsional

angle Xl, XZ_
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Side Chain Modifications at His, Phe and Trp Peptoid

CLBr,F(CHy),

B-Methylation HN
D-Configuration

[ Other Examples lead to ..

eta-peptides 3
ptide Nucleic Acids |

Q
A //P\N/
wo M
o
: s
Chain Elongation - P \N/
C.

i
/NT[/
o)

Amide Bond Replacements
(Backbone Modification)

Single Chain Replacements
(Backbone Modification)

Fig. 4.
Frequent modifications employed to the peptide backbone.
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Fig. 5.
Examples of converting biologically active linear peptides to potent cyclic peptides.
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Fig. 6.

Bgst docking pose for (A) [Nle*, D-Phe’]-a-MSH (dark brown), (B) Aia peptide: Ac-Aia-
pF-D-Phe-Arg-Trp-NH, (magenta), and (C) Aba peptide: Ac-Aba-D-Phe-Arg-Trp-NH,
(purple) in AMCAR. Extracellular part of TMH4 (green helix) and -5 (yellow helix) are
hidden for better visibility of the poses.
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Fig. 7.
Example of a cross-linking novel designed homo multivalent MSH related ligand for
receptor.
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