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Abstract

Human melanocortin receptors (hMCRs) have been challenging targets to develop ligands that are
explicitly selective for each of their subtypes. To modulate the conformational preferences of the
melanocortin ligands and improve the biofunctional agonist/antagonist activities and selectivities,
we have applied a backbone N-methylation approach on Ac-Nle-c[Asp-His-o-Nal(2/)-Arg-Trp-
Lys]-NH, (Ac-Nle?-c[Asp®,o-Nal(2)7,Lys1%]-NH,), a nonselective cyclic peptide antagonist at
hMC3R and hMC4R and an agonist at h(MC1R and hMC5R. Systematic N-methylated derivatives
of Ac-Nle#-c[Asp®,0-Nal(2/)?,Lys19]-NH,, with all possible backbone N-methylation
combinations, have been synthesized and examined for their binding and functional activities
toward melanocortin receptor subtypes 1, 3, 4, and 5 (hnMCRs). Several N-methylated analogues
are selective and potent agonists or antagonists for NMC1R or hMC5R or have selective antagonist
activity for hMC3R. The selective hMCL1R ligands show strong binding for human melanoma
cells. We have also discovered the first universal antagonist (compound 19) for all subtypes of
hMCRs.
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INTRODUCTION

The melanocortin system=3 remains a challenging target for rational peptide and
peptidomimetic design because the 3D topographical requirements for specific melanocortin
receptor subtype recognition have not been fully elucidated.*~” Nevertheless, the numerous
multifaceted physiological functions of the five known subtypes of human melanocortin
receptors (nMC1-5R), including skin pigmentation,8 control of the immune system,10:11
erectile function,12.13 blood pressure and heart rate,14:15 control of feeding behavior and
energy homeostasis,36:16-21 modulation of aggressive/defensive behavior,22:23 and
mediation of pain,24-26 continue to provide a strong stimulus for further development of
potent and selective melanocortin agonists and antagonists. Until recently, much of this
work was focused on hMCA4R due to its direct involvement in the regulation of feeding
behavior and energy homeostasis3-¢:16-21 as well as sexual behavior.1:6:1213.27 The hMC3
receptor has been suggested to play a complementary role in weight control 20:21.28
Although the full scope of physiological functions of this receptor is yet to be unraveled, the
current understanding based on the observed stimulation of food intake by peripheral
administration of an MC3R-selective agonist?® and MC3R agonist-induced inhibition of
spontaneous action of pro-opiomelanocortin (POMC) neurons39 suggests that h(MC3R is an
inhibitory autoreceptor on POMC neurons.3 In addition, development of selective ligands
for the hMC1 and hMCS5 receptors is receiving increasing attention lately due to the roles of
these receptors in regulating pain and skin pigmentation,®. controlling the immune system
(hMC1R),81 regulating exocrine gland function,3! and coordinating central and peripheral
signals for aggression (nMC5R).22:23

Another consideration in the development of selective ligands for the melanocortin system
bears intrinsic challenges due to conserved amino acid sequences and their structural
similarity contained in the seven transmembrane GPCR fold of the melanocortin
receptors.13:32:33 Unlike many other G protein coupled receptor (GPCR) targets, the
hMCRs, known to have the shortest N-terminus among GPCRs, have separate natural
agonist and antagonist molecules for functional regulation.1-3:32:33 This aspect imposes a
second dimension for the development of melanocortin ligands that achieve selectivity for
receptor subtype as well as the desired agonist, antagonist, and bioavailability properties.

To accomplish this, we have envisioned the application of an N-methylation strategy3+-36 to
the melanocortin ligands. Recently, N-methylation of backbone amide NHs of peptides has
been shown to substantially improve the physicochemical, structural, and biological
properties of peptides.34-40 N-Methylation is one of the simplest ways to include
conformational restraints into the peptide backbone, as it introduces steric restrictions,
allows for cis-peptide bonds, and also prevents hydrogen-bond formation. In addition, N-
methylated amino acids often act as turn-promoting moieties (akin to prolines)3440 and thus
this strategy helps to generate secondary structure features in peptides without changing the
constituent peptide sequence. The specific impact of N-methylation on melanocortin peptide
ligands had not been investigated systematically until we used this strategy on Ac-Nle-
c[Asp-His-o-Phe-Arg-Trp-Lys]-NH, (MT-II) to develop completely selective hMC1R
agonists.*142 Interestingly, we have also observed that some of the N-methylated Ac-Nle*-
c[Asp®,oPhe’, Lys19]-NH, (MT-II) peptides possessed antagonist activity, which is a switch
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in functional selectivity, although the amino acid sequence remained unchanged. Here, we
have modulated the peptide conformation and the functional side chain disposition of Ac-
Nle*-c[Asp®,o-Nal(2’)7,Lys10]-NH, (peptide 1, SHU9119),3 a peptide with antagonist
activities for h(MC3R and hMC4R and with agonist activities for h(MC1R and hMC5R, by
systematic N-methylation of the backbone amide NHs to gain further insight into the
intricate correlations among amino acid sequence, conformation, and activity—selectivity. A
combinatorial library consisting of N-methylated Ac-Nle*-c[Asp®,o-Nal(2"),Lys%]-NH,
(peptide 1, SHU9119) and analogues with single and multiple N-methylation in the core
cyclic sequence of Ac-Nle#-c[Asp®,o-Nal(2)7,Lys10]-NH, has been designed, synthesized
(Figure 1 and Table 1), and characterized chemically, and in vitro studies have been
performed for binding affinities and efficacies at the hMCRs (Figure 2b—e and Tables 1-3).
Syntheses were performed in analogy to the synthesis of the library of N-methylated Ac-
Nle#-c[Asp®,o-Phe’,Lys10]-NH, (MT-11) peptides.*

RESULTS AND DISCUSSION

SAR Studies of N-Methylated Ac-Nle4-c[Asp®,.-Nal-(2’)7,Lys19]-NH, Analogues

Effects of N-methylation on Ac-Nle?-c[Asp®,o-Nal(2’)7,Lys1%]-NH, were evaluated on
stably cloned hMCR (hMC1R, hMC3R, hMC4R, and hMC5R) cell lines (HEK 293 cells)
via competition binding assays and functional activity assays (CAMP assay). Competitive
binding assays with [12°1]-[Nle% >-Phe’]-a-MSH (NDP-a-MSH) on whole cells and [3H]-
adenylate cyclase assays for cAMP were examined along with the application of standard
Ac-Nlec[Asp® o-Phe’ Lys10]-a-MSH(4-10)-NH, (MT-I1) and Ac-Nle*-c[Asp®,o-
Nal(2’)7,Lys1%]-NH, (SHU9119). The results are shown in Figure 2 and Tables 2 and 3. For
the pharmacological characterization of the ligands in this study, a binding efficiency >70%
is defined as competitive binding and binding efficiency <70% is considered to be
noncompetitive binding. For the characterization of the potency of the ligand, we used Ac-
Nle*-c[Asp®,o-Phe’,Lys10]-a-MSH(4-10)-NH, (MT-11) as the standard full agonist (Act% =
100%). Therefore, the cAMP functional activities (CAMP level) induced by ligands are
expressed as a percent of the activity that is generated by the standard Ac-Nle*-c[Asp®,o-
Phe’,Lys19]-a-MSH(4-10)-NH, (MT-11) and are defined as Act%. Act% < 30% is defined
as no activity, Act% between 50 and 80%, partial agonist, and Act % > 80, agonist.

The first group of peptides are mono-N-methylated derivatives of Ac-Nle?-c[Asp®,o-
Nal(2")7,Lys1%]-NH, (peptides 2-6; Figures 1 and 2a). The competitive binding assays show
that mono-N-methylation at each position of the pharmacophore does not have a remarkable
influence on the binding affinity toward hMCRs except for the hMC4R for N-methylation at
position 7 (NMe-DNal(2’)’, peptide 5), implying that NMe-DNal(2’)” causes a drastic loss of
binding affinity at hMC4R. cAMP assays show that peptide 3, with NMe-Trp?, leads to a
greater loss of functional activity (CAMP activity) at hMC1R compared to that with the
NMe-DNal(2)” analogue 5, except at h(MC5R. Therefore, the single N-methylated
derivatives of Ac-Nle*-c[Asp®,-Nal(2")7,Lys10]-NH, at the Trp® position (peptide 3) lead to
a selective agonist for h(MC5R.

The second group of peptides are di-N-methylated derivatives in the core sequence of Ac-
Nle*-c[Asp®,-Nal-(2")7,Lys10]-NH, (peptides 7-16; Figure 1 and 2a). The first subgroup is
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NMe-Lys10 + NMeXaa (peptides 7-10; Xaa refers to the rest of the amino acids in the cyclic
structure of Ac-Nle?-c[Asp®,o-Nal(2)7,Lys!%]-NH, considered for N-methylation). The
results show that any site of N-methylation combined with NMe-Lys10 (peptides 7-10,
Figure 2) retains the same binding behavior as that of the first group for (MC1R, hMC3R,
and hMC5R and that a loss of binding affinity by 1 to 2 orders of magnitude occurs at
hMCA4R. The exception is peptide 9, which lost binding affinity for all subtypes of
melanocortin receptors, possibly due to NMe-DNal(2/)’. It is interesting to note that when
both of the positively charged amino acids (Arg8 and Lys0) are N-methylated (peptide 8)
the binding affinity for h(MC4R decreases by 3 orders of magnitude but increases at h(MC3R.
Therefore, peptide 8 becomes a potent selective antagonist of h(MC3R (with pA; value 9.1)
and a potent selective agonist for h(MC1R. This observation agrees with the previous studies
using chimeric human melanocortin 4 receptor and truncation studies demonstrating that
Arg8 is critical for binding at hMC4R.42 The N-methylation of Arg8 changes ® and ¥ space
and reduces the flexibility of the charged side chain group, which, in turn, reduces the
binding affinity toward the receptor. When NMe-DNal(2) is included (peptide 9), binding
affinity is drastically lost at h(MC1R, hMC3R, and hMC4R. Hence, peptide 9 is a very
selective potential antagonist for h(MC5R. The second subgroup of di-N-methylated Ac-
Nle*-c[Asp®,-Nal(2")”,Lys10]-NH, analogues is NMe-Trp® + NMeXaa (peptides 7 and 11—
13). Peptide 7 retains the same binding affinities and functional activities as those of the
mono-N-methylated derivatives of Ac-Nle*-c[Asp®,o-Nal(2’)’,Lys1%]-NH,. Peptides 11-13
all show potential antagonist activity at AIMC1R, hM3R, and hMCA4R based on the ECg and
Act% values. In the third subgroup, consisting of NMe-Arg® + NMeXaa (peptides 8, 11, 14,
and 15), the combination with NMe-Arg® shows no significant changes in the binding
behavior compared to that of the mono-N-methylated compounds, except for h(MC4R, as
mentioned above. cCAMP agonist activity at hMCS5R is lost when it is combined with NMe-
His. Interestingly, when NMe-Arg?8 is combined with NMe-DNal(2)7 (peptide 14), partial
agonist activity is observed at hnMC1R, hMC3R, and hMC4R. Among the fourth subgroup
of NMe-DNal(2")’ + NMeXaa peptides (peptides 9, 12, 14, and 16), the combination with
NMe-DNal(2’)7 showed a significant loss of binding affinity at all receptor subtypes. The
fifth and last of the di-N-methylated Ac-Nle*-c[Asp®,o-Nal(2/)7,Lys19]-NH, compounds is
NMe-His® + NMeXaa (peptides 10, 13, 15, and 16). When NMe-His® is involved in di-N-
methylated analogues, the agonist activity at hMC5R is diminished compared to that of the
first subgroup. When the di-N-methylated combination of NMe-His® and NMe-Trp? is used,
the binding affinity is often reduced by 1 order of magnitude and the functional cCAMP
activities are lost at the hMC1R, as was observed with the mono-N-methylated compounds
(peptides 7, 12, and 13). When two N-methylated aromatic residues (NMe-His® and NMe-
DNal(2’)7, peptide 16) are used in combination, all of the agonist activities are lost and most
of the binding affinities and cCAMP activities are greatly diminished. However, the
combination of NMe-His8 with positive charged residues NMe-Lys9 and NMe-Arg®
(peptides 10 and 15) shows increased, selective agonist activities at AIMCL1R. Peptide 15 is a
selective agonist for h(MC1R, with possible antagonist activities for the rest of the hMCRs. It
has a 6-fold selective, potent antagonist activity at hMC3R with a pA, value of 8.2
compared to that at hMC4R. Peptide 16, with binding affinity and binding efficiency toward
all hMCRs, has possible universal antagonist activity for all subtypes of melanocortin
receptors. To our knowledge, this is the first melanotropin peptide that has possible
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universal antagonist activity for all AMCRs. The fifth subgroup also presented moderate,
selective antagonist for h(MC5R (peptide 13). Generally, when the N-methylated aromatic
amino acids are involved in dimethylated Ac-Nle*-c[Asp®,o-Nal(2”)7,Lys1]-NH, analogues
(peptide 16), most of the binding affinities and cAMP activities are greatly diminished.

The third group of peptides consists of tri-N-methylated derivatives in the core sequence of
Ac-Nle?-c[Asp®,0-Nal-(2)7,Lys19]-NH, (peptides 17-26; Figure 1 and 2a). Except for a few
cases of dramatically increased selectivity, this group of peptides in general shows
significantly reduced binding affinities, which might be due to hindrance caused by the
multiple N-methylations that are involved. However, in a few cases, there was a dramatic
increase in selectivity. Peptide 17, with consecutive N-methylations at Arg8-Trp2-Lys10,
leads to a selective partial agonist ligand at h(MC4R. Compared to hMCA4R, its binding
affinity toward hMC3R is more potent than toward hMC4R, with binding affinities of 9.7
and 203 nM, respectively. The pA, value for peptide 17 at h(MC3R is 8.5. The combination
of NMe-DNal(2")?, NMe-Trp?, and NMe-Lys™9 (peptide 18) shows full agonist activity at
hMC1R and partial agonist activity at h(MC4R. The combination of NMe-His®, NMe-Trp®,
and NMe-Lys10 (peptide 19) shows good binding to all h(MCRs but no activity to any
hMCR. The pA; values for peptide 19 at hMC1R, hMC3R, hMC4R, and hMC5R are 7.5, 8,
8, 7.4, respectively. Hence, in peptide 19, a potent, universal antagonist is discovered.
Peptide 20 also shows potential antagonist activity at all 4 h(MCRS (with a very weak
activity at hMC3R). For the combination of NMe-DNal(2")? with positively charged residues
NMe-His® and NMe-Lys10 (peptide 22) or NMe-Arg® and NMe-Trp? (peptide 23), all
functional activities are lost. The combination of NMe-His8, NMe-Trp?, and NMe-Arg®
(peptide 24) shows selective partial agonist activity at h(MC1R and hMC5R. This
observation is consistent with our earlier Ac-Nle#-c[Asp® oPhe’, Lys10]-a-MSH(4-10)-NH,
N-methylation studies.*! In this group, peptide 19 is an antagonist toward all h(MCRs with
reduced binding affinities compared to those of the mono-N-methylated group of peptides
(peptide 2—6), whereas peptide 21 retains agonist activity at hMC5R. It is noteworthy that
when NMe-DNal(2')” is involved nearly all of the binding affinities are reduced (peptides
20, 22, 23, 25, and 26).

The fourth group of peptides has five different tetra-N-methylated Ac-Nle4-c[Asp®,o-
Nal(2’)7,Lys1%]-NH, derivatives (peptides 27-31; Figure 1 and 2a). The studies show that
the sites of N-methylation when combined with NMe-DNal(2)7 reduce the binding affinity
at all h(MCRs. Only compound 28 retains nanomolar binding at all hMCRs, whereas cAMP
activity for this peptide shows agonist activity at hIMC1R and hMC5R and potential
antagonist activity at h(MC3R and hMC4R, much like Ac-Nle*-c[Asp®,o-Nal(2")7,Lys10]-
NHo.

The final penta-N-methylated compound 32 shows potent binding at h(MC1R, with an ICx
of 68 nM (91% binding efficiency), poor binding efficiency at hnMC5R (37%), and
micromolar binding at hMC3R and hMC4R. Therefore, on the basis of its binding affinity, it
has potent and selective binding to hMC1R, with a pA, value of 8.8, consistent with its
binding affinity. In the cAMP assay, the analogue shows much lower activation on peptide
stimulation (lower Act% shown in Table 3); it was inactive at all AMCRs.
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Comparison of N-Methylation on Ac-Nle*-c[Asp®,oPhe’, Lys19]-a-MSH(4-10)-NH, (MT-II)
and Ac-Nle4-c-[Asp®,-Nal(2”)7,Lys10]-NH, (SHU9119)

Our earlier N-methylation studies on Ac-Nle*-c[Asp® o-Phe’, Lys19]-a-MSH(4-10)-NH,
demonstrated that N-methylation of cyclized melanotropins increased the selectivities for
the hMCRs. For example, N-methylation of Ac-Nle?-c[Asp®oPhe’, Lys19]-a-MSH(4-10)-
NH, led to the most selective agonist for hIMC1R, which is also a specific biomarker for
melanoma cells.?! The present results showed that N-methylation of Ac-Nle*-c[Asp®,o-
Nal(2")7,Lys1%]-NH, also leads to selective agonists and antagonists toward various hMCRs,
but it does so with a much broader spectrum of selectivity compared to that for N-
methylated Ac-Nle*-c[Asp®,o-Phe’,Lys10]-a-MSH(4-10)-NH,. In Figure 2, the red spots
demonstrate increases and decreases in agonist activity at all subtypes of melanocortin
receptors. In this study, we have found selective hMC1R agonists (peptide 8, 10, 15) and the
most selective highly potent h(MC1R antagonist (peptide 32), with a pA, value of 8.8. In
addition to possible selective antagonists for hMC3R (peptides 8, 15, 17), with pA, values
of 9.1, 8.2, and 8.5, respectively, a highly selective hMC5R agonist (peptide 3) and
antagonists (peptides 9 and 13) were found. Finally, through this study, we discovered a
unique universal antagonist (peptide 19) for all four hAMCRs, which is an important
advancement for examining the biological roles of the endogenous agonist MSH system.
Direct comparison of binding and activity values for the same methylation pattern shows
that N-methylation influences structural changes of Ac-Nle*-c[Asp® o-Phe’,Lys10]-a-MSH-
(4-10)-NH, (MT-11) and Ac-Nle*-c[Asp®,o-Nal(2")7,Lys1%]-NH, (SHU9119) in different
ways. It should not be expected that influencing both compounds in a parallel manner will
lead to similar changes in binding and activity properties for each methylation pattern
because the difference between Ac-Nle*-c[Asp®,o-Phe’ Lys19]-a-MSH(4-10)-NH, (MT-11)
and Ac-Nle*-c[Asp®,-Nal(2")7,Lys10]-NH, (SHU9119) involves substitution of o-Phe’ by
the bulky DNal(2’)’. Since this amino acid is presented in Ac-Nle*-c[Asp®,o-
Nal(2’)7,Lys1%]-NH, but not in Ac-Nle*-c[Asp®,o-Phe’,Lys19]-a-MSH(4-10)-NH,, any N-
methylation on these aromatic amino acids and combination with other N-methylated amino
acids might induce different conformational changes that can dramatically change binding
and functional selectivity properties. Introducing N-methylation on amide NHs of aromatic
amino acids can be expected to reorient the backbone conformation and side chain stacking
(aromatic groups), all of which can be important factors for melanocortin receptor subtype
selectivity.

Binding Assays of Selective hMC1R Ligands at Human Melanoma Cells

The above-discussed SAR studies revealed that peptide 15 is a quite good, selective agonist
of hMC1R. We have therefore further investigated binding and cAMP activities in human
melanoma cells (A375). As shown in Table 4, these peptides have nanomolar binding
affinities for A375 melanoma cells. The cAMP activities of these two peptides in melanoma
cells are different from those for HEK 293 cells expressing hMC1R. This is due to the
different expression level of hMC1R between these two cell lines. Another possible reason
could be the different signaling system in these two cell lines. Nevertheless, these two
peptides can be used to target melanoma cells.
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CONCLUSIONS

A lack of selectivity and potency in the agonist or antagonist properties of melantroptin
ligands for the melanocortin receptor subtypes is still the most difficult hurdle for their
application in medicine. To ameliorate the biological properties of melanocortin ligands and
to achieve selective agonists and antagonists for melanocortin receptors via the
conformational modulation of the peptide backbone that is imparted by N-methyl steric
constraints, mono-and multiply N-methylated analogues of the Ac-Nle*-c[Asp®,o-
Nal(2")7,Lys1%]-NH, peptide were investigated. It was found that the activity and selectivity
profile induced by N-methylation is very different for Ac-Nle*-c[Asp®,-Nal(2")?,Lys0]-
NH, compared to those resulting from a similar approach using Ac-Nle?-c[Asp®,o-
Phe’,Lys9]-a-MSH(4-10)-NH,. This is striking as both stem peptides differ only in the
exchange of one amino acid (DNal(2’)7 instead of o-Phe” in Ac-Nle*-c[Asp®,o-Phe’,Lys9]-
a-MSH(4-10)-NH,).

The systematic N-methylation of Ac-Nle#-c[Asp®o-Nal-(2")7,Lys10]-NH, leads to a highly
selective antagonist of hMC1R (peptide 32) based on binding affinity. This strategy still
retains several hMC1R agonists (peptides 8, 10, and 15) as previously described.*! As
anticipated, we have found a selective agonist for h(MC5R (peptide 3). The selective
antagonist for h(MC3R (peptide 17) discovered in this study can be potentially used to treat
obesity and diabetes. Apart from this, the newly discovered peptide 19 is a universal
antagonist of the hMCR system, which could be important to modulate the endogenous
agonist MSH in the melanocortin system. These results strengthen the role of our earlier
discovered o-Trp8-y-MSH as a selective agonist of hMC3R. Further conformational and
topographical characterization of all of the important peptides discussed here to obtain a
more detailed correlation between melanocortin ligand conformation and the observed
receptor discrimination is in progress.

The results obtained from multiply the N-methylated Ac-Nle?-c[Asp®,o-Nal(2’)7,Lys19]-NH,
peptide along with those from multiply N-methylated Ac-Nle4-c[Asp®,o-Phe’,Lys10]-a-
MSH(4-10)-NH, (MT-11) will help to understand the finer details of the functional
properties of melanocortin receptors and the bioactive conformational preferences of the
ligands required by them. The studies further highlight the synthetic simplicity and impact
of the N-methylation strategy on finetuning the conformational preferences of the ligands to
achieve the desired biological effects. The studies, in general, are an encouragement toward
a future for peptide chemistry for the development of peptide therapeutic agents.

EXPERIMENTAL SECTION

Materials

N“-Fmoc-amino acids, peptide coupling reagents, Rink amide MBHA resin, and solvents
were reagent grade and used without further purification unless otherwise specified. These
chemicals were obtained from Aldrich, Novabiochem, Iris Biotech GmbH, Merck, NeoMPS,
ORPEGEN Pharma, and GLS. The following amino acids were used: Fmoc-Lys(Alloc)-OH,
Fmoc-Trp(Boc)-OH, Fmoc-Arg-(Pbf)-OH, Fmoc-DNal(2)-OH, Fmoc-His(Trt)-OH, Fmoc-
Asp-(OAllyl)-OH, and Fmoc-Nle-OH. The polypropylene reaction vessels (syringes with
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frits) were purchased from B. Braun Melsungen AG. The purity of the peptides was checked
by analytical reverse-phase HPLC using an Amersham Pharmacia Biotech Akta Basic 10F
with a ODS-A C18 (120 A, 5 um, 250 mm x 4.6 mm) column (Omnicrom YMC Europe
GmbH) monitored at 220 and 254 nm and by high-resolution mass spectral analysis

The Ac-Nle*-c[Asp®,0-Nal(2")7,Lys!0]-NH, analogues were synthesized manually by Fmoc-
SPPS and characterized using methods described in Doedens et al.*> All physicochemical
data for each new peptide is available in Table 1. All peptides were HPLC-purified using a
ODS-A C18 (120 A, 5 um, 250 mm x 20 mm) column (Omnicrom YMC Europe GmbH).
For purification, a linear gradient of acetonitrile and water containing 0.1% TFA was used.
All peptides when purified exhibited =95% purity, as analyzed by analytical HPLC and
HPLC-MS.

Biological Activity Assays

Receptor Binding Assay—Competition binding experiments were carried out using both
HEK 293 and A375 melanoma (ATCC) cell lines. HEK 293 cells stably expressed human
MC1, MC3, MC4, and MC5 receptors as described before. HEK 293 cells transfected with
hMCRs were seeded on 96-well plates 48 h before the assay was performed (50 000 cells/
well). For the assay, the cell culture medium was aspirated and the cells were washed once
with freshly prepared minimum essential medium (MEM) containing 100% minimum
essential medium with Earle’s salt (MEM, GIBCO) and 25 mM sodium bicarbonate. Next,
the cells were incubated for 40 min at 37 °C with different concentrations of unlabeled
peptide and labeled [1221]-[Nle4,o-Phe’]-a-MSH (PerkinElmer Life Science, 20 000 cpm/
well, 33.06 pM) diluted in 125 pL of freshly prepared binding buffer containing 100%
MEM, 25 mM HEPES (pH 7.4), 0.2% bovine serum albumin, 1 mM 1,10-phenanthrolone,
0.5 mg/L leupeptin, and 200 mg/L bacitracin. The assay medium was subsequently
removed, and the cells were washed once with basic medium and then lysed by the addition
of 100 pL of 0.1 M NaOH and 100 uL of 1% Triton X-100. The total labeled [1231]-[Nle? o-
Phe’]-a-MSH detected in lysed cells was measured by a Wallac Micro B-TriLux 1450 LSC
and luminescence counter (PerkinElmer Life Science, Boston, MA) (Table 2).

The binding studies with melanoma cells were done using the same methodology, and the
results are presented in Table 4.

Adenylate Cyclase Assay—HEK 293 cells transfected with human melanocortin
receptors were grown to confluence in MEM medium (GIBCO) containing 10% fetal bovine
serum, 100 units/mL penicillin and streptomycin, and 1 mM sodium pyruvate. The cells
were seeded on 96-well plates 48 h before the assay was performed (50 000 cells/well). For
the assay, the cell culture medium was removed and the cells were rinsed with 100 pL of
MEM buffer (GIBCO). An aliquot (100 uL) of Earle’s balanced salt solution with 5 nM
isobutylmethylxanthine (IBMX) was placed in each well for 1 min at 37 °C. Next, aliquots
(25 pL) of melanotropin peptides of varying concentration were added, and the cells were
incubated for 3 min at 37 °C. The reaction was stopped by aspirating the assay buffer and
adding 60 pL of ice-cold Tris/EDTA buffer to each well followed by placing the plates in a
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boiling water bath for 7 min. The cell lysates were then centrifuged for 10 min at 2300g. A
50 pL aliquot of the supernatant was transferred to another 96-well plate, and placed, along
with 50 L of [3H] cAMP and 100 pL of protein kinase A (PKA) buffer, in an ice bath for
2-3 h. The PKA buffer consisted of Tris/EDTA buffer with 60 pg/mL PKA and 0.1%
bovine serum albumin by weight. The incubation mixture was filtered through 1.0 pm glass
fiber filters in MultiScreen-FB 96-well plates (Millipore, Billerica, MA). The total [3H]
cAMP was measured by a Wallac Micro B-TriLux 1450 LSC and luminescence counter
(PerkinElmer Life Science, Boston, MA). The cAMP accumulation data for each peptide
analogue was determined with the help of a cAMP standard curve generated by the same
method as described above. The maximal cAMP produced at 10 uM of each ligand was
compared to the amount of cAMP produced at 10 pM of the standard agonist, Ac-Nle*-
c[Asp®,o-Phe’,Lys10]-a-MSH(4-10)-NH, (MT-11), and is expressed as a percentage (% max
effect) in Table 3. The antagonist properties of the lead compounds were evaluated by their
ability to competitively displace the Ac-Nle*-c[Asp®,o-Phe’,Lys19]-a-MSH(4-10)-NH,
(MT-11) agonist in a dose-dependent manner at concentrations up to 10 uM.

The cAMP assays for the melanoma cell line were done using the same methods as above,
and the results are given in Table 4.

Data Analysis—ICsg and ECsq values represent the mean of two experiments performed
in triplicate. 1C5q and ECsq estimates and their associated standard errors were determined
by fitting the data using a nonlinear least-squares analysis with GraphPad Prism 5
(GraphPad Software, San Diego, CA). pA, analysis was done with a Schild plot followed by
the CAMP assay.
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ABBREVIATIONS USED

Abbreviations used for amino acids and designation of peptides follow the rules of the
IUPAC-1UB Commission of Biochemical Nomenclature, J. Biol. Chem., 1972, 247, 977-
983;

Boc tert-butyloxycarbonyl

Fmoc fluorenylmethoxycarbonyl
CH3CN acetonitrile

CI-HOBt 1-hydroxy-6-chlorobenzotriazole
DCM dichloromethane

DIPEA diisopropylethylamine
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DMF
DIC
HOBt
hMCR
MSH
Nal(2")
Pbf

TFA
SPPS
RP-HPLC

Ac-Nle*-c[Asp®,o-
Phe’,Lys1%]-NH,

Ac-Nle?-c[Asp®,o-

Nal(2’)7,Lys19]-NH,

GPCR
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=3 = sites of N-
methylation

Figure 1.
Structure of Ac-Nle?-c[Asp®,o-Nal(2’)7,Lys1%]-NH, peptide. The arrows indicate the sites of

N-methylation in analogues synthesized, with all combinations examined systematically (see
text).
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(a) Amino acid sequences for Ac-Nle?-c[Asp®,o-Nal(2’)7,Lys%]-NH, (peptide 1) and N-
methylated Ac-Nle?-c[Asp®,>-Nal(2’)7,Lys1%]-NH, analogues (peptides 2—32; the site of N-
methylation is highlighted in bold. (b—€) Histograms showing the results for ICgy from
binding assays (black bars) and ECsg from cAMP assays (light gray bars) at hIMC1R,
hMC3R, hMC4R, and hMC5R, respectively. Although 1Csp and ECsq values on the y axis
are in real number units, for convenient representation and comparison, logyq scaling is used
on the y axis. The specific 1C5g and ECsq values for each peptide are indicated above its
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corresponding histogram bar. Act% values (>0%) of the ligands for the CAMP assay are
plotted in red with a second y dimension on the right. The location of the red spots
demonstrates increased and decreased agonist activity. For more details, including the
binding efficiency, refer to Tables 2 and 3. ICsg, concentration of peptide at 50% specific
binding (N = 4); ECs, effective concentration of peptide that was able to generate 50%
maximal intracellular cAMP accumulation (N = 4).

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 16

Caietal.

Author Manuscript

vZ'ee 00vT  L9TTT 9'9TTT a o8N 9z
80°'52 18YT  L9TTT 9'9TTT a aN S
1522 69°€T  L9TTT 9'9TTT a aN vz
S0°€Z T6'€T  L9TTT 9'9TTT a °IN €z
8z 6vvT  L9TTT 9'9TTT a aN e
LL€T LTYT L9TTT 9'9TTT a aN T2
1z€e 86'€T  L9TTT 9'9TTT a °N oz
992 86T L9TTT 9'9TTT a aN 61
15T SSYT  L9TTT 9'9TTT a dIN 8T
sLze 08°€T  L9TTT 9'9TTT a oIN T
6'62 GzST  L'20TT 9'20TT a aN ot
(AR €6'€T  L20TT 9'20TT a aIN T
82T €6'€T  L'20TT 9'20TT a oIN T
€92 Z5ST  9'20TT 9'20TT a aN eI
75°€T 60YT  L'20TT 9'20TT a aN eI
0622 0YT 9°20TT 9'20TT (;2reNa a aN 11
8272 TLST 972011 920TT (:2reNa a &N o1
A eyt L2011 9'20TT a 8N 6
80°€Z 68°€T  L'20TT 9'20TT (;2reNa a &N 8
8212 98'GT  120TT 920TT (QeNG H @ aN L
1512 78ST  T'680T 9'880T M (;2reNa a &N 9
08°€Z L0vT 88801 9'880T M H a aN §
€122 TLET  8'880T 9'880T M (NG H a &N ¥
51T 08¥T  8'880T 9'880T M (QeNa H Q@ aN €
€182 9T'9T  8'880T 9'880T (QeNG H Q@ aN ¢
0L'92 86T L'¥l0T 90T M (NG H a &N T
ulw 3] unw [
Ul Qg Ul uIW Qg ul
%05-0T  %00T-0T  +(H+W) AH+W)
O1dH-dd  O71dH-dd  SIN-IST  SSeIA pere|nofed aousnbag #

eSapndad CHN-[5;SA1°, (;2)[eN-2'¢ds\]o-,8IN-0V parelAyIsIN-N 104 eleq ssel pue O 1dH

T alqel

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 17

Caietal.

“apndad yoea oy (uiw ur) [H1] sewn uonusial D 1dH-dd aAIB suwnjod om 1se “Ajaandadsal
‘Ul OF U1 %05 03 OT LIOJY PUB UIW O Ul 9%00T 03 OT LUOJJ J8JeM Ul NDBIA JO SIUBIPEIE JUBA|OS 81edIpul 9605-0T PUB %00T—0T Stualpeh ay1 "96G6< Auind e pamoys sepidad |y “Jerem pue (ND3IN)
3]Lj1u0}ade Jo Jualpelf Jesul] e Buikojdwa pue uwinjod TJ e Bulsn sjualuaINsesw JT1dH-dY Uo paseq paziialoeleyd sem And ‘sapndad |Je 104 “ssew paulwisiop Ajjeuswiiadxae ayy sjussaidal | (H

+ IN) SIN-1S3 ‘uonisodwod adojost b uo paseq ssew pajejnofed A|eanaloayl sy sapiaoid spndad yoes oy , (H + IN) ssew pajeinofea ayL “Aeb ur paaybiybiy aie sdnoib |AYISWI-N yim spioe o:_E<m

€1°€Z LTYT  LopIT Naan a aN et
5022 Ore€T  LOSTT 9'0€TT a aN 1€
6072 Syl 80ETT 9'0ETT a aN o€
§9°5Z GO'ST  LOSTIT 9°0€TT a aN 62
56'2Z L6€T  LO0ETT 9'0€TT a aN 8¢
182 GeyT  L0ETT 9'0ETT a aN Iz

ulw [#] uw [¥]

Ul Qg Ul Ul og Ul

9%05-0T  9600T-0T  +(H+) A(H+W)

O1dH-dd  O1dH-dd  SN-IST  SSeiN pare|nofed sousnbag #

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 18

Caietal.

7€ 6STFOTST lg  Tz¥esT 26 0T2F0.2T v6  £217022T a &N
6 EIFSTT 89  Z8¥/8L 78 TrF9eE €6  68TF0.0T a aN 9
€6  T9FGTLS 19 TTTFS0S 06  0TT+886 89  0TZFOW.T a aN sz
v8  T6¥1.8 9,  OTTF0.0T 8. 6F15 9 176 a &N 2
19 6TF6ST 9 017666 19  zvzwozee 0L  00ZF0EET a anN €2
0L  Ty¥88E 65 Ty8¥0v/S8 8¢ ZFLET 89  00TF¥Z8 a &N
06  80%287¢ 9L T796°€ 6 9075'C 6  2TFLOT E a &N T2
06 STL'6E 18 18¥eL 98 1178 8 GE795T H a aN oz
16 TEF8YZ 6L 8¥00T 06  ETF90T L zeTene 4 (2reNa a AN 6T
08  0,%26S 06  O0STF6YS 06  EZFLYT 08 vZFIvT d a &N 8T
06 1¥99'9 08 LFE0C 06 TIFL6 08 SYFIVC (@deNna H @ &N T
06 00EF0.9T 06 OVEF00LT 08  OLFLYS 98  02e¥02SC M a aN 91
06  60FEED 06 T'v¥86 08  8FEST 06 LOF0Y M E a &N gT
06 SFTGE 06  OTTFL0S 06 TT¥59 06 60767 M a anN vl
98 6716 06 TEFHHT G6  OTYF099E 88  OTTF0S0T M a AN €T
2z 0£2%092Z 88 §¥eee 6 09%CTv 76 0ZI¥F9T6 M a &N 2t
€6 TTFIVIT 68 9FY'65 €6 TFL6T 68 0ZFITT M (;2)reNa a aN 11
06  ZT'0¥€T 06  STFVET 66 TZF6VC 06 9T+96T (Q)reNa a AN o1
18 01756 T0T  OTTFOSET 06  06%S6. 78  9SPTOTIE a aN 6
06 0'T¥9 06  TT¥0TOT 06 T0%9T 08 G0¥6'€ (;2)reNa a s 8
6 8TFGT 68 EIFIIT 96 Z78LT 98 0Z7G.T (NG H @ BN L
06 807§ 06  0TF6'S9 06  S0%CE 06 TZF90T M 4 (2reNa a aN 9
06 VEFLLT 06 OTEF06ET 06 TTFLT 08 0£0¥L8T M d H a &N §
9%  90FTreE 06  0'TFSE 6 TSy 06 STOFYT M (NG H @ BN ¥
1L €TF89T 0L ETAL)) L £F7°0C 1L 0z¥26T M (NG H @ &N €
86 TIFT9 16 TT¥C8T L6 yFeT 00T  8TF9CI (DeNa H @ 2N z
86  ZT¥69 86 0T 16 SOFrLE 001 607.8 M 4 (QreNa H a aN T

oI-puilg  NU'DL oa-pulg UL olF-pulg INU'SDL d3-pulg AU DI aouanbas #

HUSONY UrONY HEONY UTONY

Author Manuscript

zZ algeL

Author Manuscript

Author Manuscript

eSHOINY Ye sanbofeuy CHN-[;:AT1°, (;2)1eN-9'dsw]o-,8IN-0V parelAyIBIN-N 40 synsay Aessy Buipuig

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 19

Caietal.

‘M 0T 18 panIasgo Juswaoe|dsip HSIA-P-dAN-I1SZT 40 % [ewixew ‘Aouaionys
Buipuiq Juaaiad "INM QT 18 panIasqo Juawade|dsip HSIA -P-dAN-152T %0 ‘aN “( = N) Buipuig 91319ads 9405 e apndad Jo uonenuasuod ‘0S| “Aelb ul payybijybiy ate sdnolb [Aylsw-N yim spioe o:_E<m

LE YEFLGC
S/ TeFLLT
¢ 0¢T+0S0T
¥9  T¢S¥06¢y
68 118

6T 0LcF0OVTE 78

8 G8+6v6 ¥6
¥¢  06T+06.T €6
Le SEFVOE L6
¥9  ¢0°0%S0 88

002F028S 16 8%7'89
9/¥199 68 0Tc+0 18T
G86F0509 18  0ST+08ET
€6TF0L9T ¢y €9T+09VT
€¥0¢ €6 ¢'1¥6'6

ayg-pulg  INU 5D

ay3-puilg AU S)|  oi3-pulg

U 9SO og-pulg AU 09D

a »aN ¢t

a aN Te

a =B8N og

a =8N 62

(;2)reNa a &N 8
aouanbas #

HSONY

HrOINY

HEONY dTONY

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 20

Caietal.

Author Manuscript

9z  Z6TF089T S5 S00¥80 LT YETFOCTT Ze  TPF99E M a aN 9@
or 67529 8T  ZI6¥06S9 0 68¥€S. 9 EIFIT H a aN s
69  06¥8¢S Tv  0ZTF000T T2 16%208 09  ETZF0L6T a aN e
VN 0002< Sy 8LTF06TZ 6T  SOFLYT T 2e¥9le a aN €
WN 0005< 8z 8/F976 ve  €IZF06LT 5z 000T< a aN
00T 0ZF6EL 25 0LTF0LST € 0BTFOLEZ %€ €2 (2eNa [H a aN T2
VN 000g< e STT8ET 85 06TF0TST z 000€< a aN oz
L8 ToFTT 8T 01170906 T T+11 07 000g< d (2)eNa a anN 6l
VN 0000T< 85 627161 YN 0000T< 00T  SE¥YTZ o a aN g1
VN 0000T< 19 607s YN 0000T< VN 0000T< (;2)reNa a aN 1
VN 0000T< VN 0000T< VN 0000T< VN 0000T< M a aN 9T
YN 0000T< wN 0000T<  «YN  00001< 9%  90FLE M E a aN g
VN 0000T< € 6€FSSE 8.  60FZE€l a9l 65. M H a BaN ¥1
VN 0002< 7€ T1€2¥00TZ e 80797 € 2ST09TT 1_ (2)eNa a aN €
WN 0002< 12 TEFY9Z 8z 1¥26'6 €T TZFULIT o a aN z
00T  T9FO9Y 6T 0000T< 8T Z5TE9 v9  0LTF09GT (2)eNa a aN 11T
VN 0000T< VN 0000T< VN 0000T< 00T OVFSTE (;QeNa a aN o1
YN 0000 T< 9T 062F00VZ Zz  18¥60L 6  0.7E9S a aN 6
00T  0ST9bY vN 0000T< YN 0000T< 00T 807 (2Q)eNa a aN 8
00T  0TZF09ST 62 0E¥2ST 6T  2IF29T £1 vFOE (NG H a 8N 2
00T 0000T< wN 0000T< YN 0000T< €8 ZIFSTT M M o (2eNa a aN 9
VN 0000T< vN 0000T< ¥N  0000T< 00T OTE¥0T2Z M M o H a &N §
00T  00TF090T wN 0000T< YN 0000T< 00T 87805 M M (NG H a 8N ¥
00T  ¥I¥69T 6T 0000T< /T 0000T< 62 0000T< (NG H a aN ¢
00T G¥09 VN 0000T< VN 0000T< €8 8'0%70'S (DeNa H @ 2N z
00T . wN 0000T< VN 0000T< 9% 0ZFYT M M ¥ (2leNa H a &N 1
XeWop AU ‘093 Xxewop  INU9SD3  xewo, AU 0903 xewgp AU 0SD3T gouanbas #
HSOIAY UrONY HEONY ATONY

eSHOINY Ye sanboeuys CHN-[;SAT1°, (;2)1eN-9'¢ds]0-;,3IN-0V ParelAUIBIN-N 4O SHNsaY Aessy dINYO

€ a|qeL

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 21

Caietal.

'8'8 I YTOINY dy} Je z¢ dpndad 1oy anfen zwd ay L AjaAnoadsal 'y pue ‘g ‘g 'G'L aJe GDINY "dyOINY "HEDIAY "dTOINY 8y 18 6T apndad
8y 10} sanjeA Cyd ay L ‘AjoAndadsal ‘g8 pue ‘z'8 ‘T'6 aJe ¥EDINY 8yl 1e LT pue ‘GT ‘g apndad ay) 1oy sanfea Cd sy "sanjen Cyyd paulwislap sAey am Yd1ym Joy s103dadal pue spubl| ayl Moys sysH8Isy
M
IN _0T 0} 57_0T WO} SUONEAUI0D JO abuel e e palse]
aJam sapndad ayL ‘N QT 18 PaAIasqo uoneINWNIIe dIANV %0 ‘WN “(11-LIA) N_._Z-STSIwE-c-EHmE. Nmr_n_-n_.m%ﬁo-vm_z-u«\ 0} UOIIBaJ Ul Uo1eIIUduU0I puebi| N 0T 1e paonpold dINW2 40 Jusdlad

‘AUANDE B2 “(¥ = N) UOITRINWINIJE JIAWI JB|N|[8Je.IUl [eWIXeW 950G Slelaush 03 ajqe sem Jey) apndad Jo uoneIusduod aAdaYs ‘0503 "Aeub ul pajybiybiy ae sdnoab jAyisw-N Yyum spioe o:_E<m

VN 0000 T< 0§  ¢9 T+0S¥T 9¢  0ST+00¥T X£C JRIAT4 d 9IN [4
VN 6T+0¢ST GG L9+48Y TV 00¢+0S6T 9 86+6.9 d SIN T€
VN €8+818 TS TVI+0TTT S¢ 11701 e TEFELC d 3IN 0€
VN YT+0SYT A4 £6¥078 L€ 685F08T1S ¢S TT+89 d 9IN 6¢
00T T0¥8°0 0¢ 6+9'29 e Tv¥92¢ S8 €+9¢ d SIN 8¢
VN 0000T< °14 6T+¢ST 6¢ OTY+0E6E € T6+1¥8 d 3IN Y4
Xewos, NU‘0SD3  xewop AU 0SDT xewos AU 9SO xewo, AU 0SD3 aouanbas #

HSONY izelA L] HEOINY dTONY

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



Page 22

Caietal.

Author Manuscript

VN 9zFee vYEF08 96 F00T CHN-[sA7-d1L-Bav-(;2) leNa-SIH-dsw]o-aIN-0V T
00T  90F0IT 0TF00T 6CFL9 °HN-[sA7-d1L-Bav-8ud-a-sIH-dsV]o-8IN-OV  [1-LIN
A\ ZF 0z 0T ¥ 00T TFL.8  HN-[sA1(3IAN)-d1L(BIAN)-BIv(BIAN)-(,2) [ENG-SIH(BININ)-ds\]o-3IN-0V 82
VN §zFee 0T ¥ 00T ZF8YT CHN-[sA71-d1 L-B1v (BIAIN)-(,2) lENQ-SIH (BIAIN)-ds]o-0IN-OV 6T
%V (INU) %03 Aousioyyg Buipulg  (IAU) %501 aousnbas  apndad

(SLEV) SI18D BWOURIBN UBWINH Je sepldad palds|as JO SeIIAINY dINY2 pue Bulpulg
¥ alqel

Author Manuscript

Author Manuscript

Author Manuscript

J Med Chem. Author manuscript; available in PMC 2015 October 07.



