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Abstract

The melanocortin system has been implicated in a multitude of physiological pathways including
obesity, satiety, energy homeostasis, sexual behavior, pigmentation, sodium regulation,
hypertension, and many others. Based upon studies of the endogenous melanocortin receptor agonists
at the cloned human melanocortin receptor proteins, it was concluded that the y-MSH related agonist
ligands are selective for the MC3 versus the MC4 and MC5 receptors. In attempts to understand and
identify the specific amino acids of y,-MSH important for MC3R selectivity, we have performed N-
and C-terminal truncation studies and pharmacologically characterized twenty-eight ligands at the
mouse MC1 and MC3-5 melanocortin receptors. The C-terminal Trp-Asp®-Argl0-Phell residues are
important for nM potency at the mMMC3R and the Arg’-Trp® residues are important for MMC5R nM
potency. We observed the unanticipated results that several of the C-terminal truncated analogues
possessed nM agonist potency at the mMC3 and mMC5Rs which lead us to performed a comparative
side-by-side study of the mouse and human MC5R. These data resulted in uM y,-MSH analogue
potency at the hMC5R, consistent with previous reports, however at the mMMC5R, nM y,-MSH
analogue potency was observed. Thus, these data support the hypothesis of important species specific
differences iny-MSH related ligand potency at the rodent versus human MC5R subtype that is critical
for the interpretation of in vivo rodent physiological studies. These results prompted us to examine
the affects of a peripherally administered melanocortin agonist on hypothalamic gene expression
levels of the MC3R, MC4R, and MC5R. The super potent non-selective NDP-MSH agonist was
administered i.p. and resulted in significantly decreased levels of MMC3R and mMC5R
hypothalamic mRNA versus saline control. These data provide for the first time data demonstrating
peripherally administered NDP-MSH can modify hypothalamic melanocortin receptor expression
levels.
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1.0 Introduction

The melanocortin receptor family belongs to the super family of proteins that span the cell
membrane seven times and are referred to as G protein-coupled receptors (GPCRs) that activate
the adenylate cyclase signal transduction pathway. The melanocortin system includes the
endogenous agonists a-, B-, y-MSH and ACTH and the only two identified naturally occurring
antagonists of GPCRs [Agouti-related protein (AGRP) and Agouti/ASP] [53,61]. The
melanocortin endogenous peptide agonists are derived by posttranslational processing of the
proopiomelanocortin (POMC) gene transcript [20,67]. The melanocortin receptor family
consists of five receptor subtypes (MC1-5R) identified and characterized to date [15,24-26,
57,58,64]. The MC1R is expressed in melanocytes and is involved in pigmentation[15,58].
The MC2R is expressed in the adrenal cortex and is involved in steroidogenesis [57]. The
MC3R is expressed in the brain, placenta and gut [24,57,64] and is involved in metabolism
and energy homeostasis [3,10]. The MC4R is expressed in the brain [25,49,57] and is involved
in feeding behavior, obesity, energy homeostasis, and sexual function [21,42,74,76]. The
MCS5R is expressed in muscle, liver, spleen, lung, brain and a number of other tissues and is
involved in exocrine gland function [14,26].

The MC3R and MC4R subtypes found in the brain are 60% homologous in amino acid sequence
but possess distinct pharmacological properties and expression patterns. Pharmacologically,
these receptors respond differently to the endogenous melanocortin agonist ligands [19] and
synthetic peptide agonists [32,33]. However, both are antagonized by the synthetic ligand,
SHU9119 [37] and SHU9005 [31]. AGRP has been shown to antagonize only the brain
melanocortin receptors, MC3R and MC4R [45,48,61,77]. During the past decade, highly
selective molecules (peptide and small molecule) have been reported for the MC4R. However,
highly selective and potent agonists and/or antagonists for the MC3R are lacking in the field.

v2-MSH is a twelve amino acid peptide that is derived from the N-terminal fragment of POMC
and contains the His-Phe-Arg-Trp motif common to all melanocortin endogenous agonist
ligands (Table 1). yo-MSH has been reported to be ca 44-fold hMC3R versus hMCA4R selective
and 83-fold hMC3R versus hMCS5R selective [29]. Modification of the Trp to the D-isomer
was reported to result in ca 100-fold hMC3R versus hMCA4R selectivity and ca 250-fold
hMC3R versus hMC5R selectivity at the human isoforms [29]. Use of yo-MSH has resulted in
the hypothesis that the MC3R is involved in the cardiovascular role of melanocortin receptor
ligands [51,60,71-73]. This study was initiated to identify the y,-MSH domains and specific
amino acids that resulted in the purported ligand selectivity for the MC3R versus MC4R. The
strategy included single N- and C-terminal truncations to probe the specific role of amino acids
at the termini as well as simultaneous N- and C-terminal truncation approaches to determine
the importance of the central peptide core domain, as Ala and D-amino acid scans have been
previously reported [29,30].

2.0 Material and Methods

2.1 Peptide synthesis

Synthesis was performed using standard 9-Fluorenylmethoxycarbonyl (Fmoc) methodology
[5,6] by automation on an Advanced ChemTech 440MOS automated synthesizer (Louisville,
KY, USA). The amino acids Fmoc-Tyr(tBu), Fmoc-Val, Fmoc-Met, Fmoc-Gly, Fmoc-His
(Trt), Fmoc-Phe, Fmoc-Arg(Pbf), Fmoc-Trp(Boc), and Fmoc-Asp(OtBu) were purchased from
Peptides International (Louisville, KY, USA). The peptides were assembled on 9-
fluorenylmethoxycarbonyl-L-amino acid-p-alkoxybenzyl alcohol (Fmoc-amino acid Wang)
resin (0.40 -0.62 meq/g substitution), purchased from Peptides International (Louisville, KY,
USA). All reagents were ACS grade or better and were used without further purification. The
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Fmoc protecting groups were removed using 20% piperidine (Sigma Aldrich) in N,N-
Dimethylformamide (DMF), amino acid coupling (3-fold excess) was accomplished using 2-
(1H-Benzotriazol-1-yl)-1,1,3,3-Tetramethyluronium Hexafluorophosphate (HBTU, 3-fold
excess), 1-Hydroxybenzotriazole Anhydrous (HOBLt, 3-fold excess) and
Diisopropylethylamine (DIEA, 5.1-fold excess) manually. On the automated synthesizer the
synthesis was performed using a 16 well Teflon reaction block with a course frit.
Approximately 250 mg resin (0.2 mmole) was added to each reaction block well. The resin
was allowed to swell for 2 hrs in methylene chloride (DCM) and deprotected using 25%
piperidine in DMF twice for 5 min then 20 min at 450 rpm. A positive ninhydrin test [46] result
indicates free amine groups on the resin. The growing peptide chain was added to the Wang
resin using the following general amino acid cycle: 500 uL DMF is added to each reaction well
to wet the frit, 3-fold excess amino acid starting from the C-terminus is added (900 uL of 0.5M
amino acid solution containing 0.5M HOBt in DMF) followed by the addition of 900 pL 0.5M
diisopropylcarbodiimide (DIC) in DMF and the reaction well volume is brought up to 6 mL
using DMF. The coupling reaction is mixed for 1 hr at 450 rpm, followed by emptying of the
reaction block by positive nitrogen gas pressure. A second coupling reaction is performed by
addition of 500 uL of DMF to each reaction vessel, followed by addition of 900 uL of 0.5 M
of the respective amino acid, 900 uL 0.5 M HBTU, 765 puL 1M DIEA, the reaction well volume
is brought up to 6 mL with DMF and mixed at 450 rpm for 1 hr. After the second coupling
cycle, the reaction block is emptied and the Fmoc protected resin is washed with DMF (6 mL
4 times). Fmoc deprotection is performed by addition of 6 mL 25% piperidine in DMF and for
5 min at 450 rpm followed by a 20 min deprotection at 450 rpm. The reaction well was washed
with 6 mL DMF 4 times and the next coupling cycle is performed as above. Completion of
amino acid coupling and Fmoc deprotection were monitored using the ninhydrin test [46]. Final
peptide cleavage from the resin and amino acid side chain protecting group removal was
performed using 5 mL of (89.9:5:5:0.1) trifluoroacetic acid (TFA), triethylsilane, water, and
p-thiocresol/p-cresol (1:1) for 2-3 hours. The cleavage product was emptied from the reaction
block into a cleavage block containing 15 mL collection vials under nitrogen gas pressure. The
resin was washed with 3 mL cleavage cocktail for 5 min at 450 rpm and emptied into the
previous cleavage solution. The crude peptides was transferred to pre-weighed 50 mL conical
tubes and precipitated with cold (4 °C) anhydrous ethyl ether (up to 50 mL). The crude peptides
was centrifuged (Sorval Super T21 high speed centrifuge using the swing bucket rotor) at 4000
rpm for 5 min and 4 °C. The ether was decanted off and the peptide was washed one more time
with cold anhydrous ethyl ether and pelleted as before. The crude peptides were dried in vacuo
for 48 hrs. The crude peptide yields ranged from 75% to 95% of the theoretical yields based
on resin loading. A 30 to 40 mg sample of crude peptide was purified by Reversed-Phase High
Performance Liquid Chromatography (RP-HPLC) using a Shimadzu chromatography system
with a photodiode array detector. Final peptide purification was achieved using a semi-
preparative RP-HPLC C1g bonded silica column (Vydac 218TP1010, 1.0 x 25 cm). The
purified peptides were >96% pure as determined by analytical RP-HPLC in two diverse solvent
systems and had the correct molecular mass (University of Florida protein core facility), Table
2.

2.2 Generation of Stable Cell Lines

HEK-293 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10%
fetal calf serum (FCS) and seeded 1 day prior to transfection at (1-2) x10° cell/100-mm dish.
Melanocortin receptor DNA in pCDNA3 expression vector (20 pg) were transfected using the
calcium phosphate method [11]. Stable receptor populations were generated using G418
selection (0.7-1 mg/mL) for subsequent bioassay analysis. The human MC5R stably expressing
HEK-293 cells were generated in the laboratory of Dr. Kathleen G. Mountjoy. The stably
expressed mouse MCRs were generated in the laboratory of Dr. Carrie Haskell-Luevano.
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2.3 cAMP Based Functional Bioassay

HEK-293 cells stably expressing the wild type melanocortin receptors were transfected with
4 ug CRE/B-galactosidase reporter gene as previously described [13]. Briefly, 5,000 to 15,000
post transfection cells were plated into 96 well Primera plates (Falcon) and incubated overnight.
Forty-eight hours post-transfection the cells were stimulated with 100 uL peptide (1074 -
10712 M) or forskolin (104 M) control in assay medium (DMEM containing 0.1 mg/mL BSA
and 0.1 mM isobutylmethylxanthine) for 6 hrs. 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 at —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 phosphate-buffered saline with
0.5% BSA was added to each well. Subsequently, 150 uL 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 incubated at 37°C. The sample absorbance, ODy4gs, Was
measured using a 96 well plate reader (Molecular Devices). The relative protein was
determined by adding 200 pL 1:5 dilution Bio Rad G250 protein dye:water to the 10 pL cell
lysate sample taken previously, and the OD5g5 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.

Protease inhibitors were not utilized in this functional bioassay. The POMC pro-hormone, from
which the melanocortin agonists are derived, is post-translationally processed by several
enzymes, including the prohormone convertases (PCs), resulting in the different forms of the
a-MSH, B-MSH, y-MSH, and ACTH melanocortin agonists [62,63]. The peptide y3-MSH is
processed from the N-POC POMC fragment by the PC2 enzyme which further cleaves the
v3-MSH fragment to the y;-MSH and y,-MSH fragments. The y,-MSH peptide, which is the
sequence of focus in this study, has not been reported to be further enzymatically processed to
smaller fragments.

2.4 Data Analysis

Agonist ECgq values represent the mean of duplicate experiments performed in triplicate or
more independent experiments. ECsq estimates and their associated standard errors of the mean
were determined by fitting the data to a nonlinear least-squares analysis using the PRISM
program (GraphPad Inc.).

2.5 Experimental Animals

Male wild type mice on a mixed 129/C57BI6 mixed background, derived from our in house
breeding colony [1,34,44] 3-4 months of age (average body weights 22.1 + 0.69g), were housed
individually in a 12-h light/dark cycle (lights on at 11PM and off at 11AM) and had ad
libitum access to rodent chow and water for the duration of this study. The mice were divided
into two groups of n=3 and treated by intraperitoneal (i.p.) injection. One group received 100uL
of 4.5 umol/kg NDP-MSH peptide dissolved in saline and a second group received 100uL
saline control. The mice were sacrificed 24hr post treatment. All studies performed were
conducted in accord with accepted standards of humane animal care and were approved by the
Institutional Animal Care and Use Committee at the University of Florida.

2.6 Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR)

At the time of sacrifice, the hypothalamus of the brain was dissected (excised with a razor blade
by trimming out all of the brain structures including the midbrain, cerebellum, and cortex) from
each mouse and placed immediately in RNALater (Ambion) and held at 4°C for 24 hrs, then
transferred to —20°C until RNA extraction. The RNA was extracted using the Trizol reagent.
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RNA was quantified and integrity was confirmed by gel electrophoresis. cDNA was generated
from 2 pg of total RNA per the manufactures instruction (Applied Biosystems, Foster City,
CA). Quantitative real-time PCR reactions were performed using 50 ng cDNA as template with
Tagman primers and reagents in a ABI 7300 System (Applied Biosystems). Samples were run
in duplicate reactions on a single 96-well plate for each gene probe to confirm consistency in
the amount of PCR products. The hypoxanthine guanine phosphoribosyl transferase 1 (Hprt1)
housekeeping gene was used to correct for the amount of input mMRNA and for data
normalization. Levels of MRNA are expressed as fold differences compared to the saline treated
group. The fold difference over the control Hprt1 gene is calculated a 2-ACt, where ACt = Ct
(gene)-Ct(Hprtl gene). Ct is the PCR cycle where fluorescent signal associated with the
exponential growth exceeds the threshold (10x noise level). Data is expressed as the mean
SEM. Statistical differences between treatment groups of mice were determined using a two-
way analysis of variance (ANOVA) with a Bonferroni post hoc test using the delta Ct values
for treatment effects. Statistical significance is considered if p<0.05.

3.0 RESULTS

3.1 Chemical Design, Synthesis, and Characterization

The peptides reported herein were synthesized using standard fluorenylmethyloxycarbonyl
(Fmoc) [5,6] chemistry and a parallel synthesis strategy on an automated synthesizer
(Advanced ChemTech 440MOS, Louisville, KY). The peptides were purified to homogeneity
using semi-preparative reversed-phase high pressure liquid chromatography (RP-HPLC). The
peptides possessed the correct molecular weights as determined by mass spectrometry. The
purity of these peptides (>95%) were assessed by analytical RP-HPLC in two diverse solvent
systems.

3.2 Biological Evaluation

Table 1 summarizes the yo-MSH based ligand agonist pharmacology at the mouse melanocortin
receptors MC1R, MC3R, MC4R, and MC5R. The y,-MSH control peptide listed in the table
first was purchased from Bachem (Torrence CA) which is a common commercial source of
this ligand that has been used to previously characterize the human melanocortin receptors as
well as for rodent in vivo physiological studies. The y,-MSH control peptide 1 was synthesized
in parallel with the other analogues prepared in this study as an internal synthetic and
pharmacological control and has been used herein as the reference control in which fold
changes in agonist potency are compared to.

3.3 Reference Compounds and DTrp8 Containing Peptides

A previous report performing a D-amino acid scan of the y,-MSH peptide resulted in the
discovery that incorporation of DTrp at the eight position (yo,-MSH numbering) resulted in a
compound that was 300-fold selective for the human MC3R verses the MC4R [29]. This
compound has been utilized in rodent studies in attempts to understand the physiological role
of the MC3R [27,54], based upon the assumption that when administered at nM concentrations
that the MC3R would be preferentially stimulated versus the other melanocortin receptor
subtypes. As this ligand was being utilized in rodent studies and we were interested in this
compound as a lead for MC3R versus MC4R selective ligand design, we synthesized this
compound and pharmacologically characterized it (peptide 2, Table 1) at the mouse
melanocortin receptors. We did observe 60-fold selectivity for the mMC3R versus the
mMC4R, however we also observed equipotency (within the 3-fold inherent experimental
error) of this ligand at the mMMC3R and mMMCB5R. These results were unanticipated, but the
equipotency trend between the mMC3R and mMC5Rs was evident throughout this study for
v2-MSH purchased from a commercial source, the peptide 1 y,-MSH which was synthesized
as an internal control for this study, as well as other potent y,-MSH derivatives. These
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observations resulted in the comparison of selected analogues prepared in this study at the
mouse and human MC5R isoforms, discussed below.

Cai et al. performed a study examining the pharmacology effects of a-MSH/y-MSH peptide
ligands at the human melanocortin receptors that resulted in the development of a novel
pharmacophore model as well as incorporation of Nle3 into the y,-MSH template which
resulted in a full nM agonist at the hMC1 and hMC3-5Rs [4]. We also wanted to study the
effect at the mouse melanocortin receptors of replacing the Met3 of y,-MSH with the
Norleucine (Nle) amino acid as that had been previously been demonstrated to increase ligand
potency in Nle4, DPhe’-aMSH (NDP-MSH) [38,65]. In this study, Peptide 3, Nle3-y,-MSH
possessed 68 NM mMC3R agonist potency, and possessed between 140 and 390 nM agonist
potency at the MMC1R, mMC4R, and mMMCB5R, but was only 4-fold selective for the mMC3R
versus the mMMC4R. Combination of the Nle2 and DTrp® substitutions in y,-MSH resulted in
peptide 4 possessed 10 to 90 nM agonist potency at the mouse melanocortin receptors
examined in this study but was not selective for the mMC3R versus mMCA4R, within our
experimental error.

3.4 Mouse melanocortin-1 receptor

The peripherally expressed MC1R [15,58] is considered the “classic” skin melanocortin
receptor and is involved in human skin pigmentation [50], and animal coat coloration [52]. The
endogenous melanocortin agonist yo-MSH peptide, Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-
Arg-Phe-Gly has been previously reported to possess high nM to uM human MC1R agonist
potency [4,15], and possessed ca 680 nM agonist potency at the mouse MC1R herein,
demonstrating consistency between the human and mouse MC1R isoforms. Incorporation of
DTrp8 (2) resulted in 6-fold increased agonist potency, incorporation of the Nle3 (3) resulted
in ca equipotency, and combining the Nle3 and DTrp8 y,-MSH substitutions resulted in 20-
fold increased MMCL1R agonist potency as compared to y,-MSH 1. Thus, there appears to be
a synergistic additive effect for these two residues in y,-MSH.

Deletion of the C-terminal Arg-Phe-Gly (10-12) y,-MSH residues, peptides 5-7, resulted in
nM full agonist potency at the mMC1R essentially equipotent to y,-MSH. Deletion of the
Asp® y,-MSH residue resulted in 7-fold decreased mMMC1R potency, comparing peptides 7
and 8. Deletion of the Trp8 y,-MSH residue of peptide 9 resulted in ca 10-fold decreased
potency as compared to peptide 8. Deletion of the Arg’ y,-MSH (peptide 10) resulted in the
inability to stimulate the mMMCL1R at up to 100 uM concentrations. These data support the
hypothesis that the C-terminal y,-MSH Arg’, Trp8, and Asp? residues are important for y,-
MSH based MC1R ligand potency.

Deletion of the N-terminal Tyr! and Val2 y,-MSH residues (peptides 14 and 15) resulted in
ca equipotent mMMC1R activity as y,-MSH. Removal of the Met3 in peptide 16, resulted in 10-
fold decreased potency as compared to yo-MSH (1), yet resulted in only 5-fold decreased
potency as compared to 15. Deletion of Gly* in peptide 17, resulted in 29-fold decreased
mMC1R potency as compared to yo-MSH but only 3-fold as compared with peptide 16. These
data suggest that the y,-MSH Met3 and Gly* residues may be participating in intra-molecular
ligand tertiary structure versus key ligand-mMCL1R receptor interactions important for
molecular recognition of receptor stimulatory events.

3.5 Mouse melanocortin-3 receptor

The MC3R is believed to be involved in metabolism and energy homeostasis and is expressed
both centrally and peripherally [3,10,24,64]. The lead peptide y,-MSH, Tyr-Val Met-Gly-His-
Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (1), has been previously reported to possess a 5.9 and 1.0
nM agonist ECsq potency at the hMC3R [29,30] and possessed ca a 45 nM agonist ECsg at the
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mMC3R herein (average of the purchased and control peptide 1). Agonist activity was
maintained at the mMC3R when the first five residues (Gly-Phe-Arg-Asp-Trp) were removed
from the C-terminal (peptides 5-9). Peptide 5, with Gly removed resulted in a 4-fold decreased
in potency. Interestingly, peptide 6, with both Gly and Phe removed from the C-terminal is an
equipotent agonist (ECsq = 36 nM) compared to 1. Peptide 8 was 70-fold less potent than 1
and peptide 9 was a high uM agonist with 915-fold decreased potency at the mMMC3R compared
to 1. Further amino acid removal from the C-terminal (peptides 10-13) resulted in loss of
stimulatory activity at up to 100 uM at the mMC3R. The first four amino acid residues (Tyr-
Val-Met-Gly) can be removed from the N-terminal without loss of agonist activity but with
reduced potency ranging from 6- to 68-fold (peptides 14-17). Peptides 18-22 resulted in loss
of stimulatory activity at up to 100 pM. Peptide 23 containing all the residues that were shown
to be important for binding and functional activity at the human melanocortin receptors [29,
301, resulted in uM agonist activity and 260-fold decreased potency at the mMC3R. When both
C- and N-terminal truncation was performed at the same time (peptides 24-29) there was
generally a reduction in potency ranging from 9- to 560-fold. Interestingly, peptide 29
containing the His-Phe-Arg-Trp pharmacophore common to all the endogenous melanocortin
agonists resulted in complete loss of agonist activity at up to 100 uM at the mMC3R.

3.6 Mouse melanocortin-4 receptor

The MC4R expressed in the brain has been identified as participating in food intake [21] and
disruption of this gene leads to obesity in mice [42]. Obesity has also been observed in humans
possessing single nucleotide polymorphisms in the MC4R [22,35,66,69,70]. The lead peptide
v2-MSH, Tyr-Val Met-Gly-His-Phe-Arg-Trp-Asp-Arg-Phe-Gly-OH (1), has been previously
reported to possess a 260 and 55 nM agonist ECsg at the hMC4R [29,30] and possess ca a 500
nM ECsq at the mMMCA4R herein (average of the purchased and control peptide 1). Agonist
activity was maintained at the mMMCA4R when the first four residues (Gly-Phe-Arg-Asp) were
removed from the C-terminal (peptides 5-8). Peptide 5 (Gly removed) and 6 (Gly-Phe removed,
both had equipotent (within experimental error) agonist activity compared to 1 at the nMCA4R.
Further amino acid removal from the C-terminal (peptides 9-13) resulted in loss of stimulatory
activity up to 100 uM at the mMCA4R. The first five amino acid residues (Tyr-Val-Met-Gly-
His) can be removed from the N-terminal without loss of agonist activity at the mMC4R
(14-18). Peptides 14 and 15 had equipotent agonist activity whereas, peptides 16-18 resulted
in reduced potency ranging from 6- to 114-fold. Peptide 19-22 with further N-terminal residue
removal resulted in loss of stimulatory activity at up to 100 pM. Peptide 23 containing all the
residues that were shown to be important for binding and functional activity at the human
melanocortin receptors [29,30], resulted in uM agonist activity and 34-fold decreased potency
at the mMC4R. When both C- and N-terminal truncation was performed at the same time
(peptides 24-29) there was generally reduced potency ranging from 6- to 155-fold.
Interestingly, peptide 29 containing the His-Phe-Arg-Trp pharmacophore common to all the
endogenous melanocortin agonists resulted in complete loss of agonist activity at up to 100
uM at the mMCA4R.

3.7 Mouse melanocortin-5 receptor

The MC5R expressed in a variety of tissues and has been implicated as participating in exocrine
gland function in mice [12]. The lead peptide y,-MSH, Tyr-Val Met-Gly-His-Phe-Arg-Trp-
Asp-Arg-Phe-Gly-OH (1), has been previously reported to possess a 490 and 200 nM agonist
ECsq at the hMC5R [29,30] and possessed ca a 60 nM ECsgg at the mMCB5R herein (average
of the purchased and control peptide 1). Agonist activity was maintained at the mMC5R when
the first five residues (Gly-Phe-Arg-Asp-Trp) were removed from the C-terminal (peptides
5-9). Peptide 5 (Gly removed) and 6 (Gly-Phe removed), both had equipotent (within
experimental error) agonist activity compared to 1 at the mMCS5R. Further amino acid removal
from the C-terminal (peptides 10-13) resulted in loss of stimulatory activity at up to 100 uM
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at the mMC5R with the exception of 11. Peptide 11, (Tyr-Val-Met-Gly-His-OH) retained full
1M agonist activity at the mMC5R, albeit with 680-fold reduced potency. The first five amino
acid residues (Tyr-Val-Met-Gly-His) can be removed from the N-terminal without loss of
agonist activity at the mMC5R (14-18). Peptides 14 and 15 had equipotent agonist activity.
Peptides 16-18 resulted in reduced potency ranging from 8- to 340-fold with 18 possessing
only 90% maximal stimulation at 100 uM concentrations relative to the NDP-MSH control.
Peptide 19-22 with further N-terminal residue removal resulted in loss of stimulatory activity
at up to 100 puM. Peptide 23 containing all the residues which were shown to be important for
binding and functional activity at the human melanocortin receptors [29,30], resulted in pM
full agonist activity and 28-fold decreased potency at the mMC5R. When both C- and N-
terminal truncation was performed at the same time (peptides 24-29) there was generally
reduced potency ranging from 3- to 1240-fold. Interestingly, peptide 29 containing the His-
Phe-Arg-Trp pharmacophore common to all the endogenous melanocortin agonists resulted in
an 85% maximal NDP-MSH relative response at the mMC5R.

3.8 Human Melanocorin-5 Receptor

Ten of the y,-MSH analogues were selected and tested at the human MC5 receptor to determine
whether the observed equipotent activity of y,-MSH at the mouse MC3 and MCS5 receptors
were associated with species specific receptor isoform differences (Table 1). Based on the
results obtained, there appears to be a significant species difference resulting in a 68-fold
decrease in potency at the hMC5R when compared at the mMC5R with peptide 1. Generally,
all ten analogues resulted in decreased potency ranging from 10- to 80-fold at the hMC5R
compared to the mMC5R (Table 1).

3.9 Peripheral intraperitoneal (i.p.) treatment with NDP-MSH and changes in melanocortin
receptor mRNA gene expression in the brain

The non-selective, super potent, and enzymatically stable NDP-MSH melanocortin agonist
was peripherally administered (i.p. 4.5 umol/kg) into satiated male wild type mice. Food intake
was measured during the normal nocturnal feeding cycle at 2, 4, 6, and 24 hrs post treatment
and was not found to be significantly different from the saline treated control mice (data not
shown). Twenty-four hours post treatment, the mice were sacrificed and the brain removed.
Dissection of the hypothalamus from the brain and conversion of the mMRNA into cDNA for
analysis by real-time polymerase chain reaction (RT-PCR) resulted in a 2.8-fold reduction in
mMC3R expression and 7.9-fold reduction of MMCB5R expression levels that were statistically
different (p<0.05) compared to the saline treated control group (Figure 1). No statistical
significant difference was observed for the mMMC4R expression between NDP-MSH and saline
treated groups.

4.0 DISCUSSION

The yo-MSH melanocortin receptor agonist has been presumed for decades to be selective for
the MC3R versus the MC4 and MC5 receptors. While this assumption holds true for
pharmacological profiles at the human melanocortin receptor isoforms, it does not appear to
be the case for the mouse receptor isoforms. In the study presented herein, while trying to use
the y,-MSH peptide template for the determination of amino acid residues and ligand structural
domains that result in the MC3R selectivity it became evident that significant species specific
differences and pharmacological profiles exist between the mouse and human MC5 receptor
(Table 1).

4.1 Mouse MC3R versus MC4R Ligand Selectivity

Based upon the previously reported y,-MSH receptor pharmacology at the human melanocortin
receptors and the assumption that MC3R is selective versus the MC4R, we initiated the studies
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reported herein. Functionally, the yo-MSH agonist has been reported to be between 44-fold
[29], 55-fold [30], or equipotent [4] at the h(MC3R versus the hMC4R. The DTrp8 y,-MSH has
been reported to be ca 300-fold selective for the human MC3R versus MC4R [4,29]. The
Nle2 y,-MSH ligand was reported to be 14-fold selective for the hMCA4R versus the hMC3R
[4]. At the mouse receptors, it appears that y,-MSH is only ca 10-fold selective, the DTrp®
peptide 2 is 62-fold selective, the Nle3 y,-MSH peptide 3 is 4-fold selective, and the
combination Nle3 and DTrp® peptide 4 is only 2-fold selective for the mMC3R versus mMMC4R
(Table 1). From the study presented herein, the most mMC3R versus mMC4R selective peptide
is the yo,-MSH(1-10) compound 6 that possessed a modest 18-fold selectivity.

4.2 C-Terminal Truncation of y,-MSH

C-terminal deletion of the Gly and Phe residues in peptides 5 and 6, resulted in ca equipotent
agonistactivity at the mMC1R and mMC3-5Rs, as compared to the yo-MSH control 1. Removal
of the Arg!0 y,-MSH residue (7) resulted in equipotent activity at the nMC1R, mMC4R, and
mMMCS5R, yet resulted in 16-fold decreased mMC3R agonist potency as compared to 1. Deletion
of the terminal Asp-Arg-Phe-Gly y,-MSH residues in analogue 8 resulted in 4- to 10-fold
decreased potency at the mMMC1R, mMC4R, and mMCS5R, and 54-fold decreased mMC3R
potency, as compared to 1. The y,-MSH 1-7 peptide 9 possessed 40-fold decreased mMC1R
potency, 610-fold decreased mMMC3R potency, 320-fold decreased mMC5R potency, as
compared to 1, and was unable to stimulate the mMMCA4R at up to 100 pM concentrations. Further
truncation of y,-MSH of the fourth to sixth residues resulted in the respective ligands inability
to stimulate any of the mouse melanocortin receptors examined in this study at up to 100 uM
concentrations (peptides 10-13).

4.3 N-Terminal Truncation of y,-MSH

Deletion of the N-terminal y,-MSH Tyr and Val amino acids, analogues 14 and 15,
respectively, resulted in essential equipotent activity as the control peptide 1 at the nMC1R,
mMC4R, and mMC5R. However, at the mMC3R, 5- to 8-fold decreased agonist potency
resulted as compared to 1 for analogues 14 and 15. Relative to y,-MSH (1), removal of the
Tyr-Val-Met residues in peptide 16, 4- to 15-fold decreased agonist potency resulted at the
mMC1R and mMC3-5Rs. Peptide 17, consisting of the y,-MSH 5-12 sequence resulted in 10-
to 29-fold decreased MMC1R, mMMC4R, and mMCS5R potency and 52-fold decreased mMC3R
potency. The y,-MSH 6-12 sequence at 100 uM concentrations was only able to stimulate the
mMC1R and mMC5R at 30% and 90% the full agonists levels observed for the NDP-MSH
(100%) control respectively. This peptide 18 was unable to stimulate the mMC3R at up to 100
uM concentrations, but was able to maximally stimulate the mMC4R albeit with 82-fold
decreased potency as compared to 1. Further truncation of the y,-MSH N-terminal sequence
from the 7 to 9 Arg-Trp-Asp sequence residues resulted in analogues that were unable to
stimulate any of the mouse melanocortin receptors examined at up to 100 uM concentrations.

4.4 N- and C-Terminal Truncation of y,-MSH

Based upon previous studies of y,-MSH including an Ala and D-amino acid scan [29,30], it
was concluded that the Tyr!, Met3, His-Phe-Arg-Trp (5-8 residues) as well as the Phel® residues
were important for y,-MSH ligand binding and functional activity at the human melanocortin
receptors. Thus, we wanted to evaluate this string of residues and synthesized peptide 23. This
peptide possessed uM full agonist activity at the mouse melanocortin receptors, albeit with 15-
to 200-fold decreased ligand potency as compared to control 1 at the respective receptor
isoforms. Peptide 24, possessing the y,-MSH 3-8 residue sequence, peptide 25, possessing
the yo-MSH 5-11 sequence, and peptide 26, possessing the 6-11 y,-MSH sequence all resulted
in full agonist uM potency at the melanocortin receptors examined in this study. The 3-11 yo-
MSH sequence (peptide 27) resulted in 100 and 365 nM agonist potency at the mMC3 and
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mMCS5 receptors and possessed M agonist potency at the mMC1 and mMC4 receptors.
Interestingly, at the mMCBR it is essentially equipotent with the commercially purchased vy,-
MSH as well as the synthesized y,-MSH control peptide 1, within the 3-fold inherent
experimental error (Table 1). The yo,-MSH Asp-Arg-Phe (9-11) residues were unable to
generate any stimulatory response at the melanocortin receptors at up to 100 uM
concentrations. Similarly, the core melanocortin His-Phe-Arg-Trp (y,-MSH 5-8) peptide was
unable to stimulate the mMMC1R, mMC3R, and mMC4R at up to 100 pM concentrations, but
was able to generate a slight stimulatory response at the mMC5R, but not enough to determine
an ECsq value. Of note is the fact that the N-terminal acetylated and C-terminal amidated Ac-
His-Phe-Arg-Trp-NH, tetrapeptide was able to fully stimulate melanocortin receptors [7,36,
39,56,68].

4.5 Mouse Versus Human MC5R

Based upon or observation that the commercially purchased yo-MSH as well as the synthesized
v2-MSH (peptide 1) and the DTrp8- yo-MSH (peptide 2) possessed essentially equipotent
mMC3R and mMCB5R agonist activity, we became concerned. It has been well documented
since the original cloning of the melanocortin receptors that y-MSH ligands possessed high
nM to uM agonist potency at the MC1, MC4, and MC5 receptors [15,24-26,57,58,64].
Interestingly however, all these studies were performed on the human melanocortin receptors,
which posed the question if there is a species specific difference between the human and mouse
MC5R towards yo-MSH related ligands. Examination of the amino acid sequence between the
mouse and human isoforms are different enough, that this hypothesis might be feasible. To test
this hypothesis, we selected twelve compounds to assay in parallel at the human and mouse
MC5Rs. Thus, we were utilizing the exact same compounds, dilutions, assay, etc. in the same
experiment and cell line, to minimize any differences attributed to inherent bioassay variation
which is a frequent explanation regarding different assay results obtained in different
laboratories. These data are summarized in Table 1. The agonist potency obtained for our
commercially purchased y,-MSH and control y,-MSH peptide 1 resulted in M agonist
potency at the human MC5R, consistent with previous literature. Additionally, the DTrp8 vy,-
MSH possessed ca 580 nM agonist potency at the hMC5R which is consistent with the results
published for this analogue at the hMC5R [4,29]. Additionally, the other y,-MSH peptides
3-8 also resulted in full uM agonist potency at the hMC5R, and interestingly were equipotent
ascompared to 1, with the exception of peptide 8 (y,-MSH 1-8) that possessed 9-fold decreased
hMCS5R agonist potency. A previous report by Bednarek et al. [2] found from a SAR study of
cyclic melanocortin peptides, that for the compound referred to in the literature as HS024, first
characterized as a hMC5R antagonist [47], was a full hAMC5R agonist in their study. They
further examined the rat MC5R in CHO cells and found the HS024 to be a full agonist as well.
The authors propose that the expression systems, receptor density, and cell assays may explain
the differences between the reported antagonist versus agonist MC5R pharmacology [2]. This
latter study found differences between functional activity at the h(MC5R, however, in this study
only consistent differences between potency are observed in assay run under parallel conditions
herein. While confounding experimental conditions could be attributed to differences in
melanocortin receptor pharmacology’s reported by different groups, the observation that for
the y,-MSH peptides reported in this study are consistent with previous reports at the human
MC1, MC3, and MC4 receptors but not the MC5Rs when run under parallel assay conditions,
support the hypothesis that there appears to be an important species specific difference between
the human and mouse MC5Rs in terms of y-MSH related ligand potency.

4.6 Changes in hypothalamic melanocortin receptor gene expression levels upon
intraperitoneal (i.p.) treatment with NDP-MSH

The physiological relevance of peripherally administered melanocortin receptor agonists has
resulted in linking the MC3R to cardiovascular effects using y-MSH and derivatives thereof,
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as reviewed [23,40,41,43,59,75]. More recent studies however, have clearly associated the
MC4R’s involvement in the regulation of blood pressure using human patients with
dysfunctional MC4R polymorphisms as well treatment with a melanocortin receptor agonist
[28]. Little is know about how peripheral treatment with a melanocortin agonist could effect
expression of the melanocortin receptors in the brain. These data are relevant to the current
study as the link between peripherally administered y-MSH ligands and cardiovascular effects
may be via a mechanism involving the central regulation of melanocortin receptor expression.
It has been demonstrated in this study that yo-MSH is not greater then ca 10-fold selective for
the mouse MC3R, MC4R, and MC5R (Table 1), however very little is known about the in
vivo pharmacokinetic profiles and stability of this peptide. For this study, the super potent
NDP-MSH non-specific melanocortin receptor agonist [65] was selected as a general probe to
evaluate changes in hypothalamic mRNA expression of the MC3R, MC4R, and MC5R. NDP-
MSH has been used in human clinical studies and shown to be resistant to enzymatic
degradation [8,9]. While it has been clearly established that the MC3R and MC4R are expressed
in the brain, controversy remains about expression of the MC5R [12,16-19,26]. A concentration
of 4.5 umol/kg NDP-MSH was selected based upon previous studies using 0.2 umol/kg i.p.
administration into 24hr fasted wild type mice resulting in an acute decrease in food intake
0-2hr post treatment that was not different than control treatment at 24hrs [55]. In this study,
no statistically significant changes in food intake were observed (data not shown), however, a
satiated feeding experimental paradigm was used and could easily explain the differences.
Significantly reduced mRNA expression of hypothalamic MC3 and MCS5 receptors were
observed (p<0.05) upon i.p. NDP-MSH treatment versus saline control (Figure 1). The MC4R
mMRNA expression was not statistically different between the saline control and NDP-MSH
treatment groups. These data demonstrate that peripherally administered NDP-MSH may or
may not affect mouse food intake, depending upon the use of a fasted [55] or satiated (herein)
feeding paradigms, but have an affect on melanocortin receptor expression in the hypothalamus
of the brain. These data demonstrate that a peripherally administered non-selective
melanocortin receptor agonist can modify both MC3 and MC5 receptor mRNA expression in
the hypothalamus of the brain, making the interpretation of rodent in vivo physiological studies
using y-MSH as a purported MC3R selective ligand to be interpreted with caution and taking
into account the findings reported herein.

5.0 CONCLUSIONS

This study examining truncation studies of the y,-MSH peptide have resulted in new
information regarding the importance of specific amino acids and peptide domains important
for y,-MSH functional potency at the different melanocortin receptor isoforms. Another
important discovery from this study is an apparent species specific differences between the
mouse and human MC5R as related to the y,-MSH ligand potency. These data could have far
reaching physiological importance as a multitude of studies using the y,-MSH ligand and
derivatives thereof, as MC3R selective ligands based upon the human melanocortin receptor
pharmacology. However, as peripheral expression of the MC5R overlaps extensively with the
MC3R, and y,-MSH possess essentially equipotent agonist activity at the mouse MC3R and
MC5R, some of the observed physiological results may be a function of the MC5R and not
just the MC3R as previously assumed. Albeit additional studies using selective ligands would
need to be performed to clarify one way or the other. Peripheral administration of the NDP-
MSH non-selective agonist has also been shown to decrease MC3R and MC5R mRNA (but
not MC4R) expression levels in the hypothalamus of the brain, implicating associated CNS
mediated physiological responses associated to the MC3R and MC5R that could result by the
use of non-selective ligands in rodent models.
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Research Highlights

e ldentification of y,-MSH peptide amino acids important for melanocortin receptor
potency

e They,-MSH ligands have different mouse versus human species specific potencies

e Intraperitoneal (i.p.) injection of NDP-MSH into mice reduces hypothalamic
MC3R and MC5R mRNA gene expression levels.
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mSaline
C140ug NDP.

Figure 1.

Hypothalamic melanocortin receptor mRNA expression levels in mice 24hrs post peripheral
(intraperitoneal i.p.) treatment with either NDP-MSH or saline control. Statically significant
decreased expression is observed for the MC3 and MCS5 receptors *p<0.05, **p<0.01.
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