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ABSTRACT: The melanocortin system regulates many Schild Analysis at Mouse Melanocortin-3 Receptor

important functions in the body. There are five melanocortin
G protein-coupled receptor subtypes known to date. Herein,
we report a structure—activity relationship (SAR) study of a
tetrapeptide lead discovered through a double substitution
strategy at the melanocortin core His-Phe-Arg-Trp sequence.
Several compounds were identified with micromolar agonist
activity at the mouse melanocortin-1 (mMCI1R) and mouse
melanocortin-5 receptor (mMCSR) subtypes, weak antagonist
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activity at the mouse melanocortin-3 receptor (mMC3R), and potent antagonist activity at the mouse melanocortin-4 receptor
(mMC4R). Two compounds (2 and 3) were nanomolar mMC4R antagonists with no mMC3R antagonist activity observed.
Additionally, we identified three tetrapeptide MC3R antagonists (1, 6, and 7) that possess minimal mMC3R agonist activity only
at 100 yM, not commonly observed for mMC3R/mMCA4R antagonists. These novel molecular templates have the potential as
molecular probes to better differentiate the roles of the centrally expressed MC3 and MC4 receptors.
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he melanocortin receptors are seven transmembrane
spanning a-helical G-protein coupled receptors
(GPCRs) that signal through G, to increase the amount of
intracellular cAMP."~” Five melanocortin receptors have been
cloned to date. The melanocortin-1 receptor (MCIR) is found
primarily in the skin and regulates skin pigmentation. The
melanocortin-2 receptor (MC2R) is a key component in
steroidogenesis and only responds to ACTH. Both the
melanocortin-3 (MC3R) and melanocortin-4 (MC4R) are
expressed within the central nervous system and involved in
energy and weight homeostasis.*®” The MC4R has been more
extensively studied than the MC3R in the field of obesity, and
mutations of the hMC4R account for one of the largest
monogenic determinants of obesity.® It has been demonstrated
that mMC3R and mMC4R agonist ligands reduce food intake,
while antagonist ligands at these receptors result in increased
food intake upon central administration.” The use of selective
MC4R agonists induce hypertension through a MC4R
mediated process, which is currently not completely under-
stood.'® Therefore, targeting the MC3R selectively may be a
more suitable target for energy homeostasis therapies, yet very
few selective and “clean” MC3R ligands exist in the field, which
can be used to fully elucidate the receptor function. The
melanocortin-S receptor (MCSR) is implicated in exocrine
gland function in mice with other physiological functions
unknown. "'
All of the melanocortin receptor subtypes are stimulated by a
series of endogenous peptide agonists that are derived from the
proopiomelanocortin (POMC) protein.'* The POMC derived
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a-, -, and y-melanocyte stimulating hormones (MSH) bind to
and only stimulate the MCIR, MC3R, MC4R, and MCSR
subtypes, while adrenocorticotropic hormone (ACTH) has
activity at all five of the melanocortin receptor subtypes. Since
the MC2R is only stimulated by the ACTH peptide and not
any melanocortin-based tetrapeptides, it has been excluded
from this study. The MSH hormones contain a highly
conserved His-Phe-Arg-Trp motif. Extensive truncation and
structure—activity relationship (SAR) studies have identified
this as the core melanocortin messaging sequence."> Multiple
studies on the SAR of the tetrapeptide Ac-His-DPhe-Arg-Trp-
NH, using single substitution strategies have been reported by
our group."*”*' Similar work has been reported by others
studying a linear pentapeptide template for receptor selectivity
and potency.”” ** There have been numerous additional
studies with cyclic templates targeting the melanocortin
receptors. On the basis of these previous studies, a
simultaneous double substitution study was conducted around
this tetrapeptide scaffold by Todorovic et al.>® The substituted
residues had been previously identified as important in
dramatically altering potency and the mMC3R and mMC4R
selectivity profiles.'*'> Some of these substitutions, such as a
DPhe to (pI)DPhe, switched the pharmacology of the ligands
from agonist to antagonist at the mMC3R.'>*!
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Figure 1. Illustration of the in vitro receptor pharmacology at the mMC3R and mMCA4R for tetrapeptides 1 (Trp), 6 [Nal(2')], and 7 [DNal(2')],
Ac-Xaa-(pI)DPhe-Arg-Trp-NH, and SHU9119 Ac-Nle-c[Asp-His-DNal(2’)-Arg-Trp-Lys]-NH,. The SHU9119 is a representative mMC3R/
mMC4R antagonist that possesses mMC3R partial agonist activity, whereas 1, 6, and 7 possess minimal agonist activity at concentrations of 100 zM.

Results from single position scanning studies can be used in
double substitution strategies to discover potent, selective, and
pharmacologically unique ligands. The concept for this strategy
is based upon the hypothesis that additive combinations of
substitutions identified in single position scanning studies may
produce ligands resulting in distinct pharmacological profiles.
Conversely, the possibility of distinct pharmacological profiles
may result and be different than simply the additive effect of the
single substitutions. The double substitution strategy herein, of
the tetrapeptide template, led to the identification of lead
compound 1, Ac-Trp-(pI)DPhe-Arg-Trp-NH,.** This com-
pound had micromolar full agonist activity at the mMCIR and
mMCSR with competitive antagonist activity at both the
mMC3R and mMC4R (pA, = 5.4 and 7.8, respectively). What
is unique about this compound, however, is that it possessed
only minimal agonist activity at 100 #M concentrations at the
mMC3R (Figure 1). A survey of human and mouse MC3R and
MC4R antagonists, particularly the SHU9119 ligand®® used
extensively for in vivo physiological studies, reveals the in vitro
pharmacological profile of an MC4R competitive antagonist
with no partial agonist activity; however, at the MC3R, partial
agonist activity is observed in addition to the competitive
antagonism. Figure 1 illustrates the antagonist/partial agonist
pharmacological profile of SHU9119 at the mMC3R and
mMC4R. The SHU9119 ligand displays competitive antagonist
activity at both receptor subtypes, in addition to partial agonist
activity, approximately 50% of maximum response, at the
mMC3R subtype. The SHU9119 ligand has also been used for
in vivo feeding studies and demonstrated an ability to
significantly induce feeding in mice.” Because of the mixed
partial agonist/antagonist MC3R pharmacology of ligands like
SHU9119, unless melanocortin receptor knockout mice are
used in conjunction with such mixed antagonist ligands,
deconvolution of the physiological behavior becomes con-
founding. Thus, the discovery of molecular probes that are
“clean” mMC3R and mMC4R antagonists, lacking any partial
agonist activities, are still needed in the field. On the basis of
this unmet need and the discovery of this novel tetrapeptide
template possessing these mMC3R and mMC4R antagonistic
pharmacological profiles, additional SAR studies of this Ac-Trp-
(pD)DPhe-Arg-Trp-NH, template are described herein. Using
this template, the Trp' position is held constant, and the Trp*
position is substituted with the following six tryptophan side
chain modifications: Phe, p-(3-benzothienyl)-alanine (3Bal),
tetrahydroisoquinoline (Tic), (2-naphthyl)-alanine [Nal(2')],
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DNal(2’), and 4-4’-biphenylalanine (Bip) (Figure 2). It was
hypothesized that, by performing this SAR, potency and

COOH H,N”>COOH  Hy

COOH
Trp Bip 3Bal Tic
HZN: ‘COOH‘HZNj\COOH H,N" >COOH
Phe () Nal(2") DNal(2")

Figure 2. Illustration of the amino acid building blocks incorporated at
the Trp* position in the tetrapeptide template Ac-Trp-(pI)DPhe-Arg-
Trp*NH,. Abbreviations for the nonstandard 20 amino acids are
(3Bal) f-(3-benzothienyl)-alanine, (Tic) tetrahydroisoquinoline, [L/
D-Nal(2')], (2-naphthyl)-alanine, and (Bip) 4-4’-biphenylalanine.

selectivity profiles at the mMC3R and mMC4R could be
explored with the goal of retaining the unique antagonist
pharmacology at the mMC3R observed for the compound Ac-
Trp-(pI)DPhe-Arg-Trp-NH,.

Table 1 summarizes the agonist receptor pharmacology at
the mMCI1R and mMCSR subtypes, and Table 2 summarizes
the agonist and antagonist pharmacology at the mMC3R and
mMC4R subtypes. Compound 1 possessed micromolar full
agonist potency at the mMCIR and mMCSR. At the mMC3R,
1 is a micromolar antagonist with minimal agonist activity at
100 M concentrations and a nanomolar mMC4R antagonist
(Figure 1). This feature is unique to the field since mMC3R
mixed partial agonist/antagonist pharmacology is commonly
observed for peptides that function as dual mMC3R/mMC4R
antagonists. A representative example of this type of mixed
pharmacology can be seen with the tetrapeptide Ac-His-
(pI)DPhe-Arg-Trp-NH,'*?! and illustrated with the
SHU9119”° mMC3R/mMC4R antagonist in Figure 1. Previous
SAR studies of the tetrapeptide template substituted at the Trp*
position resulted in the identification of amino acids at this
position that modified MC3R potencies and receptor selectivity
profiles; thus, these amino acid modifications (Figure 2) were
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Table 1. Summary of the Tetrapeptide Agonist (ECg,)
Receptor Pharmacologically at the mMCIR and mMCSR
(Mean + SEM)“

mMCIR agonist ECy, mMCSR agonist ECs,

analogue (nM) (nM)
MTII 0.22 + 0.14 0.57 + 0.07
SHU9119 0.67 + 0.11 24 + 04
NDP-MSH (6—9) 71 + 20 46+ 12
1 2000 + 600 2800 + 1100
2 20700 + 7400 7800 + 2600
3 8300 + 1900 23700 + 4300
4 2700 + 600 5300 + 1500
s 6500 + 1200 1800 + 600
6 5500 + 300 20300 + 3200
7 5800 + 1700 19700 + 4400

“The reported errors are the standard error of the mean of at least
three independent experiments. MTII, SHU9119, and NDP-MSH (6—
9) are included as control compounds.

incorporated into the lead template herein in attempts to
increase receptor potency and selectivity while probing the
Trp* side chain moiety. Substitution at the Trp* position on the
tetrapeptide template 1 herein yielded flat SAR at the mMCI1R
and mMCS3R subtypes with full agonist ligand potencies in the
micromolar range. At the mMC3R and mMC4R subtypes,
more varied SAR resulted. Tetrapeptide 2, containing the Bip*
(4-4'-biphenylalanine) residue, resulted in 10-fold decreased
agonist potency at the mMCIR while maintaining equipotent
agonist activity at mMCSR, as compared to 1 and within the 3-
fold inherent experimental error associated with this assay in
our hands. Compound 2 did not possess agonist or antagonist
activity at the mMC3R at up to 100 M concentrations but was
a 480 nM mMC4R antagonist, albeit 30-fold less potent than 1.
Peptide 3, containing the 3Bal [f-(3-benzothienyl)-alanine]
sulfur analogue of Trp, resulted in 4-fold to 8-fold decreased
agonist potency at the mMCIR and mMCSR respectively,
compared to 1. Compound 3 did not stimulate or antagonize
the mMC3R at up to 100 uM concentrations but possessed
nanomolar antagonist potency at the mMC4R that was 6-fold
less potent than 1. Tetrapeptide 4, containing the sterically
constrained Tic (tetrahydroisoquinoline) substitution (Figure

2), resulted in agonist activity equipotent at the mMCIR and
the mMCSR as compared to 1. At up to 10 uM, 4 did not
possess antagonist activity at the mMC3R although it possessed
some agonist activity (48% of the maximal MTII-induced
response) at 100 uM. At the mMC4R, 4 resulted in a 1 yM
antagonist that possessed some stimulatory activity (44% of the
maximal MTII-induced response at 100 uM) and was a 76-fold
less potent antagonist compared to 1. The Phe* containing
substitution (S) resulted in an equipotent agonist, compared to
1, at both the mMCIR and the mMCSR when taking into
account the inherent experimental error. Compound $ lacked
any antagonist activity at the mMC3R and possessed
nanomolar MC4R antagonist potency, and partial receptor
activation was observed at both the mMC3R and the mMC4R
at 100 uM concentrations (66% and 44% activation,
respectively). Tetrapeptide 6, containing the Nal(2')* [(2-
naphthyl)-L-alanine] substitution, resulted in an equipotent
agonist at the mMCIR and possessed a modest 7-fold
decreased agonist activity at mMCSR, as compared to 1. The
tetrapeptide did not possess any agonist activity at mMC3R and
mMCH4R, and similar to the lead compound 1, it did possess
equipotent antagonist activity at the mMC3R and mMC4R.
The DNal(2’) [(2-naphthyl)-p-alanine] containing tetrapeptide
7 resulted in similar pharmacology compared to its
diastereomer compound 6. Tetrapeptide 7 was equipotent for
agonist activity at the mMCIR, compared to 1 and 6, but
resulted in 7-fold decreased agonist potency at mMCSR as
compared to 1 but equipotent with 6. At concentrations up to
100 uM, 7 was unable to stimulate the mMC3R or mMC4R
subtypes. However, 7 resulted in an equipotent mMC3R and
mMC4R antagonist as compared to 1.

In conclusion, a focused seven-membered library of
tetrapeptides was designed and synthesized based on the
scaffold Ac-Trp-(pI)DPhe-Arg-Xaa-NH,. Three of the tetra-
peptides, 1, 6, and 7 possessed distinct antagonist pharmacol-
ogy at the mMC3R. These peptides possessed antagonist
activity with minimal agonist activity at 100 #M concentrations
and, to the best of our knowledge, are the first low molecular
weight (MW < 900) antagonist mMC3R ligands that display
this in vitro pharmacological profile. The tetrapeptides
possessed potent antagonist activity at the mMC4R, and two

Table 2. Tetrapeptide Agonist (ECs,) and Antagonist (pA,) Receptor Pharmacologically at the mMC3R and mMC4R (Mean +

SEM)a
analogue structure
MTI Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH,
SHU9119 Ac-Nle-c[Asp-His-DNal(2')-Arg-Trp-Lys]-NH,

NDP-MSH (6—-9) Ac-His-DPhe-Arg-Trp-NH,
Ac-Trp-(pI)DPhe-Arg-Trp-NH,
Ac-Trp-(pI)DPhe-Arg-Bip-NH,
Ac-Trp-(pI)DPhe-Arg-3Bal-NH,
Ac-Trp-(pI)DPhe-Arg-Tic-NH,
Ac-Trp-(pI)DPhe-Arg-Phe-NH,
Ac-Trp-(pI)DPhe-Arg-Nal(2')-NH,
Ac-Trp-(pI)DPhe-Arg-DNal(2')-NH,

NN AW =

mMC3R mMC4R
ECy (nM) PA; ECs (nM) pA;

0.35 £ 0.02 none 0.05 + 0.01 none
54% at 1 uM 87+ 0.3 >100,000 9.7 £02
3.0+ 0.7

64 + 19 none 54 +20 none
>100,000 54+ 02 >100,000 7.8 +£0.1
>100,000 none >100,000 6.3 + 0.1
>100,000 none >100,000 7.1 +0.1
48% at 100 uM none 44% at 100 yuM 6.0 + 0.2
66% at 100 uM >100,000 44% at 100 uM 6.8 +0.2
>100,000 59+ 02 >100,000 83 £ 0.1
>100,000 5.7+ 0.1 >100,000 83 + 0.1

“The reported errors are the standard error of the mean of at least three independent experiments. The pA, values were calculated by a Schild
analysis and used MTII as the agonist compound. A value of >100,000 nM indicates that no agonist activity was observed at the concentrations
tested. A % at 100 M indicates some agonist activity was observed with the corresponding percentage indicating the amount of activity relative to

the MTII-induced maximal response.
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of them, compounds 6 and 7, had pA, values greater than 8.3
(K; < 6 nM). Tetrapeptides 2 and 3 are selective antagonists for
the mMC4R versus the mMC3R. The distinct pharmacology
ascertained from this small library may aid in the future
development of more potent and selective antagonists for the
melanocortin receptors to more clearly identify in vivo roles of
the various receptors.
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Details about the peptide synthetic procedures, >95% purity
analytical characterization, experimental biological assays, and a
speculative discussion about the mouse versus human MC4R
SAR similarities. This material is available free of charge via the
Internet at http://pubs.acs.org.
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