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ABSTRACT: The melanocortin-3 and -4 receptors are expressed
in the brain and play key roles in regulating feeding behavior,
metabolism, and energy homeostasis. In the present study,
incorporation of β3-amino acids into a melanocortin tetrapeptide
template was investigated. Four linear α/β3-hybrid tetrapeptides
were designed with the modifications at the Phe, Arg, and Trp
residues in the agonist sequence Ac-His-DPhe-Arg-Trp-NH2. The
most potent mouse melanocortin-4 receptor (mMC4R) agonist,
Ac-His-DPhe-Arg-β3hTrp-NH2 (8) showed 35-fold selectivity versus the mMC3R. The study presented here has identified a new
template with heterogeneous backbone for designing potent and selective melanocortin receptor ligands.
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The endogenous melanocortin agonists include α-, β-, and
γ-melanocyte-stimulating hormones (MSH) are derived

by posttranslational processing of the pro-opiomelanocortin
(POMC) gene.1 All POMC derived melanocortin agonists
possess a “His-Phe-Arg-Trp” domain in their primary amino
acid sequence. The commonly used synthetic analogues NDP-
MSH and MT-II possess a core His-DPhe-Arg-Trp se-
quence.2−4 The conserved tetrapeptide sequence has been
determined to be important for the ligand binding/molecular
recognition and stimulation of melanocortin receptors
(MCRs).5,6 The MCRs are G protein-coupled receptors
(GPCRs) that activate the cyclic adenosine monophosphate
(cAMP) signal transduction pathway and generate a cascade of
intracellular events, which result in physiological responses.
Five melanocortin receptors (MC1−5R) have been cloned and
characterized.7−13 All of the melanocortin receptors respond to
the endogenous melanocortin hormones except for the MC2R,
which only responds to ACTH. Therefore, the MC2R has been
excluded from this study.8

The melanocortin-1 receptor (MC1R) is involved in skin and
hair pigmentation.7,8 The melanocortin-5 receptor (MC5R) is
found in a variety of tissues and identified to mediate exocrine
gland function in mice.14 The melanocortin-3 and -4 receptors
(MC3R and MC4R) are expressed in the brain and have been
identified to regulate feeding behavior, metabolism, energy, and
weight homeostasis.15−19 Central administration of α-MSH, or
synthetic melanocortin agonists such as MT-II, results in
decreased food intake. These effects produced by agonists can
be blocked by preadministration of the synthetic MC3/MC4
receptor antagonist SHU9119.15 The MC4R has been
extensively studied as a potential drug target for feeding related
disorders due to its regulation of weight and energy
homeostasis. The involvement of the MC3R in metabolism

and energy homeostasis has been suggested by several studies,
but the underlying mechanisms of actions are unclear.17−19

Selective and potent ligands are necessary to characterize these
receptors in vivo. The endogenous peptide agonists are potent
but nonselective at the melanocortin receptors.
Many peptidic and nonpeptidic ligands for the MCRs are

reported in the literature, but the structural requirements for
designing receptor selective ligands are not straightforward.
Various approaches have been explored to overcome this
problem including the use of constrained and bulkier unnatural
amino acids, backbone modifications, and cyclization.20−23 The
use of β-amino acids have been successfully utilized in the past
for the development of potent, selective, and stable
ligands.24−26 In a study, Nunn et al. reported that β-
tetrapeptide analogues of the hormone somatostatin behave
as potent agonists at the somatostatin 4 receptor (SSTR4).26

More recently, Mollica et al. have shown that the opioid
peptide biphalin with the β3-amino acid substitution resulted in
increased enzymatic stability.25 Kulkarni et al. reported receptor
subtype selectivity when the His residue was replaced by a β-
amino acid in the melanocortin antagonist SHU9119
template.27 Peptides containing β-amino acids have an extra
methylene group in the peptide backbone, either between the
carbonyl and the α-carbons (β3) or between the α-carbon and
nitrogen atoms (β2) (Figure 1).28 Because of their extended
backbone, β-amino acid containing peptides are able to obtain
multiple conformations. β-Amino acids are also well-known to
induce secondary structures, which often enable them to mimic
the structural and functional properties of native peptides.29,30
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Additionally, β-amino acids in peptides are not readily
recognized by peptidases and reported to be more stable
against proteolytic degradation in vitro and in vivo.25,31,32

Therefore, replacement of one or more α-amino acid residues
to β-amino acids can be a viable option to improve functional
properties of a peptide.24,25

Previous structure−activity relationship (SAR) studies have
identified the “His-Phe-Arg-Trp” and “Phe-Arg-Trp” as the
minimal sequences required for generating the response in the
frog and lizard skin bioassays.2−4 Subsequent truncation studies
of the potent peptide NDP-MSH (Ac-Ser-Tyr-Ser-Nle-Glu-
His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH2) established that Ac-
His-DPhe-Arg-Trp-NH2 activated all four melanocortin recep-
tors (MC1 and MC3−5R) at nanomolar concentrations. In
comparison, the tripeptide, Ac-DPhe-Arg-Trp-NH2, possessed
micromolar agonist activities at the MC1R, MC4R, and MC5R
and only slightly activated the MC3R when tested up to 100
μM concentrations.6

It is hypothesized that insertion of a β-amino acid in the
melanocortin agonist “His-Phe-Arg-Trp” sequence could alter
selectivity and/or potency at the melanocortin receptors. Based
on the above rationale, this study was designed to introduce β3-
amino acid analogues (β3 hPhe, β3 hDPhe, β3 hArg, and β3

hTrp) at the Phe, Arg, and Trp positions of the tetrapeptide
Ac-His-DPhe-Arg-Trp-NH2 (1). Four analogues containing β3

amino acids (β3 hXaa) were synthesized and pharmacologically
characterized at the mouse mMCRs (Figure 2 and Table 1).

These peptides were synthesized by microwave-assisted
Fmoc SPPS using Rink Amide MBHA resin in a manual
microwave synthesizer (Discover SPS CEM Corp.). All
synthesized peptides were acetylated at the N-terminus and
amidated at the C-terminus. Purification was achieved by
semipreparative RP-HPLC, and characterization was done
using analytical HPLC and mass spectrometry (see Supporting
Information). Table 1 summarizes the functional agonist
pharmacology of the synthesized peptides at the mouse
MCRs using the cAMP-based AlphaScreen assay (PerkinElm-
er).
The tetrapeptide Ac-His-DPhe-Arg-Trp-NH2 (1) was used as

a control in this study and possessed nanomolar agonist activity
at all the MCRs with ∼6 nM potency at the mMC4R,
consistent with earlier studies.6 The melanocortin agonist core
peptide Ac-His-Phe-Arg-Trp-NH2 (2), possessed 130-, 25-,
200-, and 18-fold decreased potency compared to 1 at the
mMC1R and mMC3−5Rs, respectively. The tripeptide Ac-
DPhe-Arg-Trp-NH2 (3) possessed 550-fold decreased activity at
the mMC1R compared to 1 and was only able to stimulate the
mMC3R, mMC4R, and mMC5R at 40%, 70%, and 70% of the
maximum cAMP response, respectively, at 100 μM concen-
trations. Tripeptide Ac-Phe-Arg-Trp-NH2 (4) resulted in a loss
of stimulatory activity at the mMC3−5Rs and showed slight
agonist activity at the mMC1R at 100 μM concentrations. The
data reported herein for the endogenous peptide α-MSH
tetrapeptide 1 and 2 are in agreement with the values reported
in the literature, using a cAMP β-galactosidase reporter gene
assay.6

The β3 hPhe (5) and β3 hDPhe (6) peptides were the least
tolerated substitutions at the MCRs. Compared to 1, the
tetrapeptide Ac-His-β3 hPhe-Arg-Trp-NH2 (5) resulted in 365-,
1280-, and 1200-fold decreased activity at the mMC1R,
mMC4R, and mMC5R, respectively, and showed only 70%
maximal cAMP response at the mMC3R at 100 μM

Figure 1. Structures of α- and β-amino acids. The blue circle indicates
the position of an extra methylene group in the peptide backbone.

Figure 2. Structures of the β3-amino acid containing tetrapeptides. The blue circle indicates position of an extra methylene group in the peptide
backbone.
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concentrations (Figure 3). Peptide 6 resulted in a 7 μM full
agonist at the mMC1R but was only able to stimulate the
mMC3R, mMC4R, and mMC5R to 50−60% maximal cAMP
response at 100 μM concentrations (Figure 3). Substitution of
the Arg residue with β3 hArg and the Trp replacement by β3

hTrp in the reference tetrapeptide resulted in peptides 7 and 8,
respectively. Peptides 7 and 8 showed full agonist activities
ranging from nanomolar to micromolar potencies at the mouse
MC1R and MC3−5Rs. Peptide Ac-His-DPhe-β3 hArg-Trp-NH2
(7) possessed 22-, 12-, and 18-fold decreased potency at the
mMC3R, mMC4R, and mMC5R, respectively, and showed
equipotency at the mMC1R compared to 1. Peptide (7) was
12-fold more selective at the mMC4R over the mMC3R. The
tetrapeptide Ac-His-DPhe-Arg-β3 hTrp-NH2 (8) was the most
potent compound in the series showing equipotent activities
compared with reference peptide 1 at the mMC1R, mMC4R,
and mMC5R, and resulted in 11-fold decreased mMC3R
potency. Peptide (8) is 35-fold selective toward the mMC4R
versus the mMC3R, but showed no selectivity relative to the
mMC1R and the mMC5R (Table 1).
The MC3R and MC4R are involved in the regulation of food

and energy homeostasis, but the underlying mechanism of their
overlapping/synergistic roles are not clearly understood.
Therefore, discovery of potent and selective ligands for these
receptors are highly desirable. The strategic replacement of key
melanocotin residues with corresponding β3-amino acids in the
pharmacophore region of the tetrapeptide resulted in potent
and selective compounds in this study. Peptide 5 (β3 hPhe in
place of DPhe) maintained full agonist activity at the mMC1R,
mMC4R, and mMC5R, albeit with decreased potencies
compared to 1, and had slight agonist activity at the
mMC3R. Peptide 6 resulted in 220-fold decreased potency at
the mMC1R and showed only slight agonist activity at the

mMC3R, mMC4R, and mMC5Rs, relative to (1). These results
support the hypothesis regarding the Phe amino acid side chain
as a key residue in the core melanocortin tetrapeptide sequence
and suggest that the introduction of an extra methylene group
between the Phe and Arg residues greatly disrupt putative key
interactions of aromatic phenyl group and/or neighboring
arginine residue with the MCRs.
Peptides 7 and 8 showed nanomolar potencies and selectivity

of 12- and 35-fold for the mMC4R over the mMC3R,
respectively. It is worth mentioning that peptide 8 showed
increased selectivity for the mMC4R over the mMC3R, while
retaining the nanomolar equipotent functional activity as
compared to 1. The improved selectivity of the tetrapeptide
8 for mMC4R may be postulated to the receptor subtype-
preferred bioactive conformation of the peptide due to the
placement of hβ3-amino acid in the tetrapeptide sequence. The
additional methylene group near the Trp residue in peptide 8
may alter backbone dihedral angles (phi and psi) and the
orientation of indole side chain in comparison to peptide 1.
The side chain of Trp is unique, with its amphipathic nature
enabling it to participate in additional structure stabilizing
interactions.33 In a recent study, participation of the Trp
residue in stabilizing bioactive conformation at melanocortin
receptors has been reported.22 Biophysical studies suggested
that the Trp residue was interacting with the His residue to
stabilize the reverse turn in the pharmacophore region, which
resulted in a 50-fold selective mMC4R ligand over the
mMC3R. The lack of selectivity of compound 8 for the
mMC4R relative to the mMC1R and the mMC5R may be
suggestive of similar ligand conformational preferences by these
receptors unlike the mMC3R. Results from the current study
indicate that the Trp position in the putative core sequence of
melanocortin agonists can be exploited to differentiate

Table 1. Agonist Potency (nM) Pharmacology of the Tetrapeptides at the Mouse Melanocortin Receptors Using the
AlphaScreen cAMP (Perkin Elmer) Assaya

peptide sequence mMC1R potency (nM) mMC3R potency (nM) mMC4R potency (nM) mMC5R potency (nM)

α-MSH 0.30 ± 0.11 0.40 ± 0.03 1.7 ± 0.16 0.22 ± 0.05
1 Ac-His-DPhe-Arg-Trp-NH2 18 ± 9.0 38 ± 5.0 5.6 ± 2.6 4.0 ± 1.3
2 Ac-His-Phe-Arg-Trp-NH2 2360 ± 530 960 ± 225 1210 ± 460 70 ± 36
3 Ac-DPhe-Arg-Trp-NH2 10,000 ± 4200 40% @ 100 μM 70% @ 100 μM 70% @ 100 μM
4 Ac-Phe-Arg-Trp-NH2 60% @ 100 μM >100,000 >100,000 >100,000
5 Ac-His-β3 hPhe-Arg-Trp-NH2 6577 ± 3619 70% @ 100 μM 7678 ± 2618 4810 ± 674
6 Ac-His-β3 hDPhe-Arg-Trp-NH2 7034 ± 3076 50% @ 100 μM 60% @ 100 μM 60% @ 100 μM
7 Ac-His-DPhe-β3 hArg-Trp-NH2 37 ± 14 854 ± 165 70 ± 26 73 ± 28
8 Ac-His-DPhe-Arg-β3 hTrp-NH2 33 ± 13 415 ± 38 12 ± 4.0 5.6 ± 0.72

aThe indicated errors represent the standard error of the mean determined from at least three independent experiments. A value >100,000 means
the compound was examined but lacked agonist activity at up to 100 μM concentrations. A % indicates that at the 100 μM highest concentration
tested, some stimulatory response was observed relative to control.

Figure 3. Illustration of the pharmacological agonist dose−response curves for the tetrapeptides reported.
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pharmacology at the mMC3R and mMC4R. Further SAR
studies are required to test this hypothesis.
In summary, four hybrid α/β3 tetrapeptides were synthesized

by incorporating β3-amino acids into the melanocortin agonist
core sequence. Two compounds resulted, 7 and 8, with
nanomolar agonist potencies and improved selectivity at the
mMC4R versus the mMC3R. These results provide informa-
tion on the consequences of incorporating β3-amino acid
residues into the putative message sequence of melanocortin
agonists. The most potent peptide Ac-His-DPhe-Arg-β3 hTrp-
NH2 (8) in this study possessed 12 nM potency and 35-fold
selectivity at the mMC4R over the mMC3R. The template
presented herein may serve as a scaffold for the design of the
potent and selective MCR ligands.
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