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Abstract

The melanocortin system has been implicated in the regulation of various physiological functions
including melanogenesis, steroidogenesis, energy homeostasis, and feeding behavior. Five
melanocortin receptors have been identified to date and belong to the family of G protein-coupled
receptors (GPCR). Post-translational modification of the proopiomelanocortin (POMC)
prohormone leads to the biosynthesis of the endogenous melanocortin agonists, including a-
melanocyte stimulating hormone (a-MSH), B-MSH, y-MSH, and adrenocorticotropic hormone
(ACTH). All the melanocortin agonists derived from the POMC prohormone contain a His-Phe-
Arg-Trp tetrapeptide sequence that has been implicated in eliciting the pharmacological responses
at the melanocortin receptors. Herein, an alanine (Ala) positional scan is reported for the
endogenous a-MSH ligand and the synthetic, more potent, NDP-MSH peptide (Ac-Serl-Tyr2-
Ser3-Nle*-Glu®-Hisb-DPhe’-Arg8-Trp2-Gly10-Lys1-Prol2-Vall3-NH,) at the cloned mouse
melanocortin receptors to test the assumption that the structure-activity relationships of one ligand
would apply to the other. Several residues outside of the postulated pharmacophore altered potency
at the melanocortin receptors, most notably the 1560-, 37-, and 15-fold potency loss when the
Glu® position of a-MSH was substituted with Ala at the mMMC1R, mMC3R, and mMMC4R,
respectively. Importantly, the altered potencies due to Ala substitutions in a-MSH did not
necessarily correlate with equivalent Ala substitutions in NDP-MSH, indicating that structural
modifications and corresponding biological activities in one of these melanocortin ligands may not
be predictive for the other agonist.
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Introduction

The melanocortin system consists of five melanocortin receptors (MC1-5R), discovered to
date, that are members of the super family of G protein-coupled receptors (GPCR) and
signal through the cyclic adenosine monophosphate (CAMP) stimulatory pathway. The
MCIR is primarily expressed in the skin and melanocytes and is involved in
pigmentation.: 2 The MC2R is mainly expressed in the adrenal gland and is involved in
steroidogenesis.? While present in a number of different tissues, expression of the MC3R
and MCA4R in the central nervous system has been linked to feeding and energy
homeostasis.311 The MC5R is ubiquitously expressed and has been implicated in exocrine
gland function.12-14 The melanocortin receptors are stimulated through endogenous agonists
derived from the proopiomelanocortin (POMC) gene transcript.1®> Additionally, the MC1R,
MC3R, and MC4R are regulated by two endogenous antagonists, agouti and agouti-related
protein (AGRP).16-21

The POMC prohormone is processed by prohormone convertases into several endogenous
melanocortin agonists including a-melanocyte stimulating hormone (a-MSH), -MSH, -
MSH, and adrenocorticotropic hormone ACTH (Figure 1).22:23 While these endogenous
agonists are different lengths and possess varying N- and C-terminal modifications, they all
possess a His-Phe-Arg-Trp tetrapeptide sequence postulated to be responsible for
stimulating the melanocortin receptors (Figure 1). The minimal sequence H-His-Phe-Arg-
Trp-OH was reported to be the smallest peptide to possess activity;242% subsequent
truncation studies of a-MSH confirmed the Ac-His-Phe-Arg-Trp-NH, peptide as the
minimal fragment to possess activity in the classic frog (Rana pipens) and lizard (Anolis
carlinensis) skin bioassays.28:27 This fragment has been demonstrated to possess agonist
activity at the cloned mouse receptors, with micromolar potency at the mMMC1R, mMC3R,
and mMC4R, and sub-micromolar potency reported at the mMC5R.28 While full agonist
activity is observed with the Ac-His-Phe-Arg-Trp-NH, fragment, the potency of this peptide
is diminished relative to a-MSH (200- to 200,000-fold depending on the assay and receptor
subtype),26-28 indicating additional residues of a.-MSH outside the core tetrapeptide
sequence contribute to ligand potency.

It has previously been shown that modifications at the Met# and Phe’ positions of a-MSH
(numbering defined in Figure 1) may increase the potency of the resulting ligands. The Met*
position is susceptible to oxidation, resulting in loss of activity following attempts to
iodinate a-or B-MSH.2%:30 A norleucine (Nle) substitution at this position was resistant to
oxidative inactivation and demonstrated increased potency compared to a.-MSH.30: 31 A 5-
to 10-fold increase in potency was also observed when the stereochemistry of the Phe’
position was inverted in the H-His-DPhe-Arg-Trp-Gly-OH pentapeptide derivative of a.-
MSH relative to the all L amino acid pentapeptide.32 A combination of the Nle? substitution
and stereochemical inversion at the Phe’ position resulted in the synthetic derivative [Nle4,
DPhe’]a-MSH, abbreviated to NDP-MSH.33 The more potent and enzymatically stable
NDP-MSH was shown to possess prolonged activity compared to a-MSH.33: 34 The
enhanced potency and stability of NDP-MSH was translated to a first-in-class therapeutic for
adult erythropoietic protoporphria in 2014.3°
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It has been hypothesized that modification of additional a-MSH amino acids may lead to
more potent or selective ligands for the melanocortin receptors. One traditional approach to
investigate the importance of every residue in a ligand is to sequentially replace each amino
acid with Ala and measure the resulting effect on receptor binding, potency, or efficacy.36-38
Alanine is traditionally selected for this positional scanning approach since it does not
usually alter the backbone conformation and does not impose extreme electrostatic or steric
effects.36 Alanine positional scanning studies have been reported for many different natural
and synthetic ligands, including the gastric inhibitory polypeptide,3® HOE 140 (antagonist at
the kinin B, receptors),? angiotensin 11,38 and bradykinin,3” and y-MSH.41: 42 There have
been two reported Ala positional scans of a-MSH, examining the binding affinities and
biological potencies of a-MSH derivatives using B16 murine melanoma cells believed to
express the mouse MC1R“3 and the binding affinities of Ala-substituted a.-MSH ligands
with HEK293 cells expressing the rat (r) MC3R.#* An Ala scan has also been reported for
the retro-inverso sequence of a-MSH in a human melanoma cell line examining cCAMP
production.*® To date, there have been no a-MSH Ala scans at the MC4R or MC5R, or at
the cloned melanocortin receptors performed in parallel to examine the relative selectivity of
the a-MSH derivatives. Additionally, despite first being reported in 1980, there have been no
reports of a full Ala positional scan of NDP-MSH. Alanine substitutions of NDP-MSH have
been reported at positions 5-9 for the human (h) MC4R,46:47 and Ala replacements at
positions 6 and 9 have additionally been reported for the h(MC1R and hMC3-5R.48. 49

To systematically examine the contribution of each residue to melanocortin signaling, an Ala
positional scan was performed on a-MSH and NDP-MSH at the cloned mouse receptors. As
the compounds were examined in parallel, comparisons could be drawn between the
different substitutions at the same receptor and each substitution at the different receptors.
This approach also permitted a relative comparison between a-MSH, NDP-MSH, and their
Ala derivatives to examine if structure-activity relationship studies in one ligand set would
translate to the other.

Results & Discussion

Peptide Synthesis and Characterization

All peptides were synthesized on a semi-automated synthesizer (Advanced ChemTech,
Louisville, KY) or automated synthesizer (Advanced ChemTech 440MQOS, Louisville, KY)
using standard fluorenylmethyloxycarbonyl (Fmoc) chemistry.50 The peptides were purified
using semi-preparative reverse-phase high-pressure liquid chromatography (RP-HPLC). The
purity of these peptides (>95%) was assessed by analytical RP-HPLC in two diverse solvent
systems (Table 1). The correct peptide molecular weight was confirmed through mass
spectrometry (University of Florida Protein Core Facility). The compounds were assayed for
agonist activity using a cAMP-based B-galactosidase reporter assay at the mMC1R and
mMC3-5R.5! These studies were performed on the mouse melanocortin receptors since
future /n vivo studies may first be performed in rodents utilizing wildtype and knockout
mice.>2 The MMC2R is only stimulated by ACTH and was therefore excluded in this
study.53 Due to the inherent error within the assay, peptides that were within a 3-fold
potency range were considered to be equipotent. All compounds were full agonists.
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a-MSH (Ac-Serl-Tyr2-Ser3-Met#-Glu®-His8-Phe’-Arg8-Trp9-Gly10-Lys11-Prol2-val13-NH,)

The endogenous melanocortin agonist a-MSH possessed nonselective nanomolar agonist
potencies at the mMMC1R, mMC3R, mMC4R, and mMC5R, respectively (Table 2, Figure
2A). The purpose of the present study was to examine the relative change in agonist potency
while performing an Ala positional scan over a-MSH. Peptides were analyzed in parallel, so
while the absolute potencies of a-MSH and derivatives at the mMCRs may vary from prior
reports,28: 54 55 the relative differences presented herein are expected to remain the same.

Substitution at the Ser® position ([Alal]a-MSH) resulted in a 5-fold potency loss at the
mMC1R, while no differences were observed at the mMC3-5R as compared to the reference
compound a-MSH (Table 2, Figure 2A). A similar 7-fold potency loss at the mMMC1R was
observed for [Ala?]a-MSH, which was more potent at the mMC3R (4-fold) compared to a.-
MSH. Alanine substitution at position 3 ([Ala®]a-MSH) resulted in decreased potency at the
mMCI1R (26-fold), but was within experimental error of a-MSH at the mMC3-5R. The
replacement at the Met* with Ala to generate [Ala*]a-MSH decreased potency 400- and 5-
fold at the MC1R and mMCA4R, respectively, but did not alter potency at the mMC3R and
mMCSR. Interestingly, [Ala®]a-MSH decreased potency 1560-fold relative to a-MSH at the
mMC1R. Decreased potencies at the mMC3R (37-fold) and mMCA4R (15-fold) were also
observed for this peptide, though potency at the mMMC5R was unaltered. Alanine
substitutions at the next four positions, His®-Phe’-Arg8-Trp®, resulted in decreased agonist
potency at all four receptors. Replacing His® with Ala resulted in [Alaf]a-MSH, which
possessed 35-, 160-, 110-, and 45-fold decreased agonist potency at the mMC1R and
mMC3-5Rs, respectively. Substitution at Phe’, generating [Ala’]a-MSH, resulted in 200-,
64-, 190-, and 210-fold decreased potency at the mMC1R and mMC3-5Rs compared to a-
MSH. The replacement at the basic Arg® residue with Ala ([Ala8]a-MSH) also resulted in
decreased agonist potency at the mMC1R and mMC3-4Rs, with a 200-, 26-, 470-fold
decrease, respectively. This peptide was also less potent (5-fold) at the mMC5R. Substitution
at the Trp? residue to generate [Ala®]a-MSH resulted in decreased agonist potency at the
mMC1R (570-fold) and the mMC3-5Rs (600-, 1500-, and 1370-fold, respectively) as
compared to a-MSH. Substitution at the four residues (Gly19-Lys1-Pro12-Vall3) on the C-
terminal portion of the peptide did not alter agonist potency at the four melanocortin
receptors tested.

Alanine positional scans of a-MSH have been previously reported using B16 murine
melanoma cells that are thought to express the mMC1R and HEK?293 cells expressing the rat
MC3R.#3: 44 In those reports, substitution at the first position of a-MSH did not affect
affinity or potency as compared to a 5-fold potency loss in the present report at the mMCL1R.
The [Alal]a -MSH peptide is a naturally occurring variant in the Xenopus laevis
amphibian,®6-58 and this substitution may be postulated to not modify biological activity.
The second position was also reported to maintain equipotent binding and potency at the
mMC1R while a 7-fold binding loss was reported at the rMC3R.43: 44 In the present report, a
7-fold potency loss was observed at the mMCL1R and 4-fold increased potency was observed
at the mMC3R. Alanine substitution at the Ser3 position resulted in a 26-fold potency loss at
the MMCI1R in the present study, deviating from the equipotent binding at the mMC1R and
rMC3R and potency at the mMMC1R previously reported.#3 44 Overall, Ala substitution at the
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first three residues of a-MSH appeared to minimally affect agonist potency, in agreement
with the prior Ala scans of a-MSH.43. 44

Replacement of the fourth position Met* with Ala has previously been associated with 140-
fold decreased binding affinity and 59-fold decreased tyrosinase potency at the mMC1R and
14-fold decreased affinity at the rMC3R.#3 44 In a retro-inverso Ala scan of a-MSH,
replacement of the Met position resulted in a significant reduction of cAMP accumulation of
approximately 35% relative to a-MSH.*® In the present study, [Ala*]a-MSH reduced
potency at the mMC1R 400-fold and 5-fold at the mMMCA4R, though this substitution did not
alter potency at the mMC3R or mMMCS5R. Unexpectedly, the Glu® to Ala substitution reduced
potency at the mMC1R (1560-fold), mMC3R (37-fold) and mMC4R (15-fold) relative to a-
MSH. The previous reports of [Ala®Ja-MSH indicated equipotent binding and potency
relative to a-MSH.43: 44 Furthermore, truncation studies of a-MSH did not indicate any
difference in the relative potency of the Ac-Glu-His-Phe-Arg-Trp-Gly-NH, versus the Ac-
His-Phe-Arg-Trp-Gly-NH, fragments in the Anolis carolinensis or Rana pipiens skin assays,
an observation that suggested this position may not be important for potency.2%: 27 Based on
these cumulative data, it could be speculated that this substitution may only affect the full
length a-MSH peptide when examined at the cloned mouse receptors. Further substitutions
at this position may help clarify the importance of this side chain in the full-length a-MSH
sequence.

The next four positions constitute the purported His-Phe-Arg-Trp pharmacophore of a-
MSH, and Ala substitutions in this tetrapeptide sequence have previously been reported to
decrease potency. Alanine replacement at positions 6-9 decreased binding affinity 83-, 500-,
2080-, and 2000-fold and tyrosinase potency 6-, 260-, 100-, and 120-fold at the mMC1R.43
A similar decrease in binding affinity (6-, 91-, 200-, and 83-fold for positions 6-9,
respectively) was also reported for the rMC3R.** These four positions were also found to
significantly decrease potency in a retro-inverso scan of a-MSH, resulting in 30% - 80%
less cCAMP accumulation.?® In the present study, Ala substitutions at these four positions
resulted in decreased potencies at all four receptor subtypes, highlighting the importance of
this tetrapeptide sequence of a-MSH as previously postulated.26:27 The present study also
did not indicate any alteration in potency when positions 10-13 were substituted. The
previous Ala positional scans indicated minimal alterations in potency at these positions,
with [Alal2]a-MSH decreasing binding affinity 10-fold.43

a-MSH Receptor Selectivity

Previous reports of a-MSH at the cloned mouse receptors have indicated that a-MSH
possessed less than 15-fold selectivity for the melanocortin receptor subtypes.28: 5455 No
selectivity of a-MSH was observed in the present study, though it was observed that specific
Ala substitutions significantly (>100-fold) altered the selectivity profile at the mouse
melanocortin receptors examined. The loss of potency at the mMC1R when Met# was
substituted with Ala resulted in 710-, 100-, and 210-fold selectivity for the mMC3R,
mMC4R, and mMMCS5R over the mMC1R, respectively, for [Ala*]a-MSH. Similarly,
[Ala®]a-MSH was 220-, 130-, and 740-fold selective for the mMMC3R, mMCA4R, and
mMCS5R over the mMMC1R. The [Ala8]a-MSH peptide was also found to be 120-fold
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selective for the mMC5R over the mMC4R. The altered selectivity profiles observed for this
set of peptides may aid in the design of future a-MSH based ligands for the melanocortin
receptors.

NDP-MSH (Ac-Serl-Tyr2-Ser3-Nle4-Glu®-His®-DPhe’-Arg8-Trp9-Gly10-Lys11-Pro12-val13-NH,)

An Ala positional scan was also performed on NDP-MSH, a more potent synthetic analogue
of a-MSH in which Nle is substituted for Met* and the stereochemistry of the Phe’ is
inverted to DPhe. These modifications have been reported to result in sub-nanomolar
potency at the cloned mMMCRs.28: 54 Additionally, NDP-MSH was found to possess <10-fold
selectivity to the mMMCL1R over the mMC3-5R (Table 3, Figure 2B). While different Ala
substitutions modified the selectivity profile in the present study, no significant changes in
receptor selectivity (>100-fold) were observed.

No potency differences were observed when Ala replaced one of the first three amino acids
in NDP-MSH at any mMCRs (Table 3, Figure 2B). A 5-fold decrease was observed for
[Ala*INDP-MSH at the mMC1R, while no differences were observed at the mMC3-5Rs.
Decreased potency was also observed for [Ala]NDP-MSH at the mMC3R (5-fold) and
mMC4R (4-fold), though no change was observed at the mMC1R and mMC5R.
Replacement of His8, resulting in [Ala8]NDP-MSH, did not alter agonist potency relative to
NDP-MSH, despite being in the postulated His-Phe-Arg-Trp melanocortin agonist
tetrapeptide domain. Potency decreases were observed at all four receptors when DPhe’ was
substituted with Ala, generating [Ala’INDP-MSH, resulting in a 2350-, 1080-, 2370-, and
180-fold decrease in agonist ECsq values relative to NDP-MSH at the mMC1R, mMC3R,
mMCA4R, and mMC5R, respectively. Substitution at the Arg® position ([Ala8]NDP-MSH)
decreased agonist potency 6-, 9-, and 29-fold at the mMC1R, mMC3R, and mMC4R,
respectively. This substitution did not affect the agonist potency at the mMMC5R. The Trp? to
Ala substitution ([Ala%]NDP-MSH) decreased potencies 180-, 1230-, 2120-, and 220-fold at
the MMC1R and mMC3-5Rs relative to NDP-MSH. The potencies were unaltered for
[Alal?]NDP-MSH, [Alal]NDP-MSH, or [Alal3]NDP-MSH at any of the cloned receptors,
while [Alal2]NDP-MSH resulted in decreased potency at the mMC1R (4-fold) and mMC4R
(5-fold).

To the authors' knowledge, there are no prior reports of a complete Ala positional scan of
NDP-MSH. A previous truncation study demonstrated that removal of the first three amino
acids decreased agonist potency at the mMMCB5R (5-fold relative to NDP-MSH) and did not
affect the mMC1R and the mMC3-4R, suggesting these amino acids are not critical for
potency.28 The present report is consistent with this finding, since Ala substitutions at the
first three positions did not alter ligand potency. A 5-fold decrease at the mMC1R was
observed in the present study when Nle* was substituted with Ala. Similar 5- and 4-fold
decreases at the mMMC3R and mMC4R were observed when Glu® was replaced with Ala.
Truncation of the first five positions from NDP-MSH has been reported to decrease potency
at the mMC1R (16-fold) and the mMC3R (68-fold) relative to NDP-MSH.28 This same
truncation did not alter potency in the frog skin bioassay relative to NDP-MSH,59 implying
these residues may play a small, but not critical role, in ligand potency. The [Ala®]NDP-
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MSH peptide has previously been assayed at the hMC4R and possessed 4-fold decreased
agonist potency relative to NDP-MSH, in agreement with the results observed herein.4’

The next four residues, His-DPhe-Arg-Trp, are postulated to be the key agonist sequence of
NDP-MSH; surprisingly, substitution at the His® residue did not alter the agonist potency at
any of the receptor subtypes. Prior publications of the [Ala5]NDP-MSH peptide reported a
4-fold potency loss*’ or an equipotent ligand that was 40% as efficacious as NDP-MSH at
the hMC4R.46 When binding was examined in the COS cell-line expressing human
melanocortin receptors, [Ala]NDP-MSH was reported to decrease binding affinity by 8-fold
at the h(MC1R and 6-fold at the hMC3R.49 Relatively modest decreases in potency and
efficacy have been reported for the [Ala8]NDP-MSH ligand compared to no significant
differences observed in the present study, which may be due to differences in cellular assay
conditions or differences between the mouse and human receptors.

Substitution at the DPhe’ position with Ala resulted in potency losses (180- to 2370-fold) at
the melanocortin receptors. Previous reports of a DAla substitution at this position observed
potency losses of 1190-fold*” and 770-fold*6 at the h(MC4R compared to NDP-MSH. Both
LAla and DAla have similar potency losses when substituted at position seven, highlighting
the importance of the DPhe residue and that the stereochemistry of the substituting Ala at
this position appears to have little effect. An interesting comparison can be made between
[Ala’INDP-MSH and [Ala’]a-MSH, as the only difference in these peptides is the Nle
versus Met at the fourth position. These ligands (within experimental error) are equipotent at
the mMC1R and mMC5R, and unexpectedly the [Ala’]a-MSH is 10- and 16-fold more
potent at the mMMC3R and mMCA4R, respectively, than [Ala’]JNDP-MSH. These data suggest
that Nle substitution at the fourth position may not always be a potency enhancing
modification.

The Arg8 to Ala substitution also decreased agonist potency at the nMC1R, mMC3R, and
mMMCA4R, though not on the same order of magnitude as either the aromatic Phe’ or Trp®
positions. Previously, a 32-fold agonist potency loss was reported for [Ala8]NDP-MSH at
the hMCA4R, %8 similar to the present 29-fold decreased potency observed at the mMMC4R.
The smaller potency changes associated with the His® and Arg® substitutions imply these
residues may be less critical for melanocortin agonist potency relative to the DPhe’ and Trp?
positions. This has also been observed in the melanocortin agonist MTII, where substitution
at the equivalent His and Arg positions with Ala, Glu, or Lys were better tolerated than the
DPhe or Trp positions of the key tetrapeptide sequence.60: 61

Substitution at the Trp? position generated [Ala®]NDP-MSH that possessed 180- to 2120-
fold decreased agonist potency relative to NDP-MSH. This peptide was reported not to
activate the hMC4R at concentrations up to 100 uM.#6 An additional investigation reported
this peptide to possess some agonist activity at the hMC3R (34% of NDP-MSH maximum
signal at 1 uM) and the hMC5R (26% at 1.5 pM), was a partial agonist at the hMC4R (22%
maximum signal with ECsg = 2.5 uM), and was a full agonist at the hMC1R (3-fold less
potent than NDP-MSH).#8 These reported alteration in agonist activity correlate with the
current data, underscoring the importance of this position in the agonist signaling of NDP-
MSH.
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Only substitution at the Prol2 position with Ala in the final four positions altered agonist
potency compared to NDP-MSH, with the [Alal2J]NDP-MSH peptide possessing a 4- and 5-
fold potency loss at the MMC1R and mMCA4R, respectively. Truncation of these NDP-MSH
residues have been reported to affect the mMC5R (6-fold potency loss compared to NDP-
MSH)28 and resulted in a 13-fold potency loss in the frog skin bioassay,>® suggesting these
residues are not critical for agonist potency.

Template Comparison of a-MSH and NDP-MSH

A comparison of the Ala positional scans of a-MSH and NDP-MSH illustrates some
differences in the resulting structure-activity relationships (Figure 3), in contradiction to
previous assumptions by some scientists in the field. At the mMC1R, Ala replacement at the
Met?, Glu®, Arg8, and Trp? positions of a-MSH resulted in 400-, 1560-, 200-, and 570-fold
potencies losses compared to a-MSH, while Ala substitutions at the Nle#, Glu®, Arg8, and
Trp® positions in NDP-MSH were 5-, <3-, 6-, and 220-fold less potent, indicating that
substitution at more residues in a-MSH may alter agonist potency. At the same receptor, Ala
substitution at the DPhe’ position in NDP-MSH possessed 2350-fold decreased potency,
while Ala replacement at the Phe’ position of a-MSH decreased potency 210-fold,
indicating that the seventh position of NDP-MSH may be more sensitive to substitution than
a-MSH.

A similar trend at the seventh position was observed at the mMMC3R, where DPhe’
replacement with Ala in NDP-MSH resulted in 1080-fold decreased agonist potency and
substitution at Phe’ with Ala in a-MSH decreased potency 64-fold. Substitution of Ala at
the Trp® and His® positions also resulted in different potency losses between the two
templates at the mMC3R. Peptide [Ala®]NDP-MSH possessed 1230-fold potency loss
compared to NDP-MSH while [Ala®]a-MSH was 600-fold less potent a-MSH. Alanine
substitution at His® in a-MSH resulting in 160-fold decreased potency relative to a-MSH
compared to the equipotency of [Ala¥]NDP-MSH and NDP-MSH.

At the mMMCA4R, substitution of Ala at the four residues of the postulated His®-(D)Phe’-
Arg8-Trp® pharmacophores altered the SAR between the two ligand templates. Replacement
at His® with Ala in a-MSH decreased potency 110-fold while the same substitution in NDP-
MSH resulted in an equipotent agonist compared to NDP-MSH. Alanine substitution at Phe’
decreased potency 190-fold in a-MSH, while Ala replacement of DPhe’ in NDP-MSH
decreased potency 2370-fold. At the Arg® position, Ala substitution in a-MSH decreased
agonist potency 470-fold, while the same substitution in NDP-MSH decreased potency 29-
fold. Exchanging Ala at the Trp? position decreased potency 1500-fold for a-MSH and
2120-fold for NDP-MSH. This same Ala substitution at Trp® was the only position that
possessed different SAR at the mMC5R, with [Ala®]a-MSH possessing 1370-fold and
[Ala®]NDP-MSH 220-fold decreased potency.

The results of these Ala positional scans performed in parallel indicate several substituted
residues that result in different magnitudes of agonist potency change between a-MSH and
NDP-MSH, experimental demonstrating differential SAR between a-MSH and NDP-MSH.
These positions are found within and outside the postulated His-(D)Phe-Arg-Trp
pharmacophores of the melanocortin agonists. At the mMC1R, Ala substitution at the Met?
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and Glu® positions (residues not part of the tetrapeptide melanocortin core sequence)
resulted in 400- and 1560- fold potency loss, respectively, while the equivalent positions in
NDP-MSH (Nle* and Glu®) were 5-fold less potent and equipotent (Figure 3B). Replacing
one of the four residues in the purported melanocortin agonist pharmacophore [His-(D)Phe-
Arg-Trp] resulted in different potency fold changes between a-MSH and NDP-MSH at the
mMC4R (Figure 3B).

These observations are in contrast to the dogma in the field that the a-MSH and NDP-MSH
templates would possess similar structure-activity relationships. In the previous reported Ala
positional scans of a-MSH, the Ala substitution at the Arg® position had the largest effect on
binding.*3: 44 The [Ala®]a-MSH peptide possessed 2080-fold decreased affinity in mouse
melanoma cells and 200-fold decreased affinity in HEK293 cells expressing the

rMC3R;43: 44 the [Ala8]a-MSH peptide also possessed 100-fold decreased tyrosinase
potency in the mouse melanoma cells.*3 These results have been interpreted to indicate “that
Arg® and Trp? are the most important residues in the MSH core for receptor binding”®2 and
“the importance of Arg® in the activation of MC1R by Arg8-containing melanotropin
derivatives in various species.”83 While the 200- and 470-fold potency losses possessed by
the [Ala®]a-MSH peptide at the mMMC1R and mMC3R observed in the present study support
the importance of the Arg® position, the 6- and 29-fold potency losses reported for the
[Ala8]NDP-MSH peptide at the mMMC1R and mMC3R does not support claims of the
importance of the Arg® position. These observation imply that specific residues should not
be assumed to possess similar activities across different melanocortin ligands and broad
conclusions should not be drawn from studies performed on one ligand. In order to
investigate how well structure-activity relationships translate between ligands, the ligands
have to be investigated in parallel in studies like the present one. While Ala substitution at
many residues result in similar potency changes in both a-MSH and NDP-MSH, the
experimental data presented herein demonstrate that modifications at every residue does not
result in similar functional effects between these two ligands and should be interpreted
separately. Similarly, these results should be used cautiously in the design and data
interpretation of other melanocortin agonists based upon B-MSH, -y-MSH, and other peptide
templates.

Conclusion

The present study was undertaken to perform, in parallel, an Ala positional scan of a-MSH
at the cloned mouse receptors, as well as report for the first time, a complete Ala positional
scan of NDP-MSH at the same receptors. While two residues of the purported
pharmacophore of NDP-MSH were shown to have a large influence on agonist potency,
additional residues outside the key agonist tetrapeptide sequence of a-MSH were also
shown to affect potency. In particular, the Met# and Glu® positions of a-MSH were shown to
decrease agonist potency 400- and 1560-fold at the mMC1R, and this knowledge may be
useful in the development of future selective melanocortin ligands based upon a-MSH.
Perhaps most importantly, by performing an Ala scan of both ligands in parallel it was
shown that different positions influenced agonist potency in a-MSH and NDP-MSH. This
suggests that the structure-activity relationships from one of these ligands may not be valid
for the other and should not be assumed across different melanocortin ligands.
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Methods

Peptide synthesis

Peptides were synthesized on a semi-automated synthesizer (Advanced ChemTech,
Louisville, KY) using standard Fmoc methodology.>° The amino acids Fmoc-Trp(Boc),
Fmoc-Arg(Pbf), Fmoc-Phe, Fmoc-His(Trt), Fmoc-Tyr(tBu), Fmoc-Val, Fmoc-Lys(Boc),
Fmoc-Pro, Fmoc-Gly, Fmoc-Met, Fmoc-Glu(OtBu), Fmoc-Nle, Fmoc-DPhe, and Fmoc-
Ser(tBu), coupling reagents 2-(1-H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt), and the rink-amide-
MBHA resin were purchased from Peptides International. Dichloromethane (DCM),
methanol (MeOH), acetonitrile (ACN) and anhydrous ethyl ether were purchased from
Fisher (Fair Lawn, NJ, USA). N,N-Dimethylformamide (DMF) was purchased from Burdick
and Jackson (McGaw Park, IL, USA). Trifluoroacetic acid (TFA), acetic anhydride,
pyridine, 1,3-diisopropylcarbodiimide (DIC) and piperidine were purchased from Sigma (St.
Louis, MO, USA). N,N-Diisopropylethylamine (DIEA), triethylsilane (Et3SiH),
triisopropylsilane (TIS), p-cresol and p-thiocresol were purchased from Aldrich (Milwaukee,
WI, USA). All reagents and chemicals were ACS grade or better and were used without
further purification.

The peptides were assembled on a rink-amide-MBHA resin (0.40 meg/g substitution), using
a 0.1 mmol scale. The syntheses consisted of the following steps: (i) removal of the Fmoc
group by 25% piperidine in DMF (1 x 5 min, 1 x 20 min) and (ii) coupling the Fmoc-amino
acid (3 eq) first with DIC (3 eq) and HOBt (3 eq) for 1 h, followed by a second coupling step
with the Fmoc-amino acid (3 eq), HBTU (3 eq), and DIEA (5.1 eq) for 1 h. The presence or
absence of the free N-a.-amino group was monitored using the Kaiser test (the chloranil test
was used for the secondary amine of proline residues).54 65 Following removal of the
terminal Fmoc group, the N-a.-amine was acetylated by mixing with a 2:1:1 solution of
acetic anhydride, pyridine and DMF for 30 min. After synthesis completion, peptides were
cleaved from the resin and side chain deprotected using either a 89.9% TFA, 5% water, and
5% Et3SiH, 0.05% p-cresol and 0.05% p-thiocresol cleavage cocktail (a-MSH analogs) or a
95% TFA, 2.5% water, and 2.5% TIS solution (NDP-MSH analogs) for 3 h. Peptides were
precipitated and washed using cold (4 °C) anhydrous ethyl ether. The crude peptide yields
ranged from 60 to 90% of the theoretical yields. All peptide were purified by RP-HPLC
using a Shimadzu chromatography system with a photodiode array detector and a semi-
preparative RP-HPLC C18 bonded silica column (Vydac 218TP1010, 1.0 x 25 cm) and
lyophilized. The purified peptides were at least >95% pure as determined by analytical RP-
HPLC in two diverse solvent systems and had the correct molecular mass (University of
Florida Protein Core Facility).

p-Galactosidase cAMP Functional Bioassay

HEK?293 cells stably expressing the melanocortin receptors were transfected with 4 ug CRE/
B-galactosidase reporter gene as previously described.>! Briefly, 5,000 to 15,000 post-
transfection cells were planted into 96 well Primera plates (Falcon) and incubated overnight.
Forty-eight hours post-transfection the cells were stimulated with 100 L of peptide (104 to
10"12 M) or forskolin (104 M) control in assay medium (DMEM containing 0.1 mg/mL
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BSA and 0.1 nM isobutylmethylxanthine) for 6 hrs. Peptides were initially dissolved in
water at 102 M and serially diluted with assay medium before being added to the cells. The
assay media was aspirated and 50 pL of lysis buffer (250 mM Tris-HCI pH=8.0 and 0.1%
Triton x 100) was added. The plates were stored and -80 °C overnight. The plates containing
the cell lysates were thawed the following day. Aliquots of 10 uL were taken from each well
and transferred to another 96-well plate for relative protein determination. To the cell lysate
plates, 40 uL of phosphate buffered saline with 0.5% BSA was added to each well.
Subsequently, 150 uL of substrate buffer (60 mM sodium phosphate, 1 mM MgCl,, 10 mM
KCI, 5 mM B-mercaptoethanol, 2 mg/mL ONPG) was added to each well and the plates
were incubate at 37 °C. The sample absorbance, ODg4g5, was measured using a 96-well plate
reader (Molecular Devices). The relative protein was determined by adding 200 uL of 1:5
dilution Bio Rad G250 protein dye:water to the 10 uL cell lysate sample taken previously,
and the ODsgg5 was measured on a 96-well plate reader (Molecular Devices). Data points
were normalized both to the relative protein content and non-receptor dependent forskolin
stimulation.

Data Analysis

The ECsgq values represent the mean of duplicate replicates performed in at least three
independent experiments. The ECgq estimates and their associated standard errors of the
mean (SEM) were determined by fitting the data to a nonlinear least-squares analysis using
the PRISM program (v4.0, GraphPad Inc.). The results are not corrected for peptide content.
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Abbreviations

ACTH
Adrenocorticotropin Hormone

Fmoc
9-fluorenylmethoxycarbonyl

AGRP
Agouti-Related Protein

GPCR
G Protein-Coupled Receptor

cAMP
cyclic 5"-adenosine monophosphate

MCI1R
Melanocortin-1 Receptor

MC2R
Melanocortin-2 Receptor

MC3R
Melanocortin-3 Receptor

MC4R
Melanocortin-4 Receptor

MC5R
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Melanocortin-5 Receptor

MCR
Melanocortin Receptor

MSH
Melanocyte Stimulating Hormone

POMC
Proopiomelanocortin

a-MSH
Alpha-Melanocyte Stimulating Hormone

B-MSH
Beta-Melanocyte Stimulating Hormone

¥-MSH
Gamma-Melanocyte Stimulating Hormone

UM
Micromolar

NDP-MSH (4-Norleucine-7-D-Phenylalanine)
Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH,

Nle
norleucine

RP-HPLC
reverse-phase high-pressure liquid chromatography

SAR
structure-activity relationships
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Ligand Sequence
ACTH(1-24) NH,-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-Lys-Val-Tyr-Pro-OH
a-MSH Ac-Ser-Tyr-Ser-Met'-Glu-His-Phe-Arg-Trp-Gly-Ly “vallnH
B-MSH NH;-Ala-Glu-Lys-Lys-Asp-Glu-Gly-Pro-Tyr-Arg-Met-Glu-His-Phe-Arg-Trp-Gly-Ser-Pro-Pro-Lys-Asp-OH
7-MSH NH,~Tyr-Val-Met-Gly-His-Phe-Arg-Trp-Asp ~Gly-OH
NDP-MSH Ac-Ser-Tyr-Ser-Nle-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-Ni.
Figure 1.

Amino acid sequence of the endogenous POMC melanocortin agonists and NDP-MSH

synthetic analog. The numbering of a-MSH is indicated. The tetrapeptide sequence His-
Phe-Arg-Trp, common to all naturally occurring MCR agonists, is indicated in bold. The
more potent NDP-MSH ligand is modified from a-MSH by replacing Met* with Nle and

inverting the stereochemistry at the Phe’ position.
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[ mMCSR
/ mmcar
mMC3R

/ mMCIR

/ mMcsR
mMCaR

/ mmcar
/ mMmCIR

(A) Graphical illustration summarizing the ligand potency of an Ala positional scan of a-
MSH at the mouse melanocortin receptors. (B) Graphical illustration summarizing the
ligand potency of an Ala positional scan of NDP-MSH at the mouse melanocortin receptors.
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A

B o-MSH: Ac-Ser!-Tyr?-Ser*-Met*-Glus-His®-Phe-Arg8-Trp?-Gly!%-Lys'1-Pro'2-Val'3-NH,
B NDP-MSH: Ac-Ser’-Tyr?-Ser3-Nle*-Glu®-His®-DPhe’-Arg?-Trp®-Gly*°-Lys!-Pro*?-Val*3-NH,

B , EC,, of Ala Substitution
Fold Difference =
ECs, of a-MSH or NDP-MSH
mMCI1R mMC3R

2500 T 0 2500 77 —

Fold Difference
Fold Difference

Position of Alanine Substitution

MC4R

2500 —

Fold Difference
Fold Difference

Position of Alanine Substitution Position of Alanine Substitution

Figure 3.
(A) Amino acid sequence and numbering of a-MSH and NDP-MSH. (B) Graphical

illustration comparing the fold difference of Ala substitutions in a-MSH and NDP-MSH at
the mMMC1R, mMC3R, mMC4R, and mMMCSR. Fold difference is defined as the ECs value
of a particular substitution divided by the ECsq value of the native sequence of the parent
ligand.
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