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Abstract—Twenty three derivatives of the core fragment His®-D-Phe’-Arg8-Trp’-NH, end-capped with carboxylic and sulfonic
acids were synthesized and evaluated at human melanocortin receptors (hMC1, hMC3, and hMC4Rs). The SAR within this series
allowed us to map the hMCRs near the His® binding site and design a superpotent MCIR agonist, LK-184, Ph(CH,);CO-His-D-
Phe-Arg-Trp-NH, (19) with ECsy 0.01 nM (5 nM at MC3 and MC4Rs).

© 2003 Elsevier Ltd. All rights reserved.

Melanocortin receptors (MCRs) belong to the super-
family of seven transmembrane G-protein coupled
receptors and stimulate the cAMP signal transduction
pathway. Five MCRs have been identified (MCIR -
MC5R) and are found both peripherally and in the
CNS.! These receptors are involved in pigmentation and
animal coat coloration (e.g., MC1R),>* feeding beha-
vior, obesity, diabetes, metabolism, and energy homeo-
stasis> 7 (e.g., MC3R and MC4R) as well as exocrine
gland function (e.g., MC5R)!. The endogenous agonists
for the MCRs, a-, B- and y-melanocyte stimulating
hormones (MSH) and adrenocorticotropin (ACTH),
are derived from posttranslational processing of the
pro-opiomelanocortin (POMC) gene transcript. All of
these melanocortin peptide agonists contain the central
message sequence His-Phe-Arg-Trp responsible for sti-
mulation of MCIR.3~'° The investigation of analogues
of the natural o-melanocyte stimulating hormone (a-
MSH) Ac-Ser-Tyr-Ser-Met-Glu-His®-Phe’-Arg®-Trp°-
Gly-Lys-Pro-Val-NH, showed that the inversion of
Phe’ configuration gave compounds with increased
potency and in vivo stability such as NDP-MSH (MT-I)
Ac-Ser-Tyr-Ser-Nle-Glu-His®-p-Phe’-Arg8-Trp®-Gly-Lys-
Pro-Val-NH,.!"Further work resulted in an even more
potent and stable MC1-5R non-selective agonist MT-I1
Ac-Nle-c[Asp-His®-D-Phe’-Arg®-Trp®-Lys]-NH,'2  and
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melanocortins synthesis became primarily focused on
cyclic peptides containing the core fragment His-D-Phe-
Arg-Trp (HfRW).L.13-15

Recently it has been shown that HFRW-NHj; itself pos-
sesses full agonism albeit lower potency at human
MC4R.'® Ac-HFRW-NH, is a full agonist at all sub-
types of murine melanocortin receptors with an 850-fold
drop in potency relative to NDP-MSH for mMCIR,
2000-fold for mMC3R, 32-fold for mMC4R, and 40-
fold for mMCS5R.!7 This shows that Ac-HfRW-NH,
can be used as a prototype for development of selective
MCRs agonists.

The goals of this work were to explore the potential of
end-capping of HFRW-NH, with a small diverse set of
acids in order to ‘map’ the region of MCRs adjacent to
His® and to design novel low molecular weight agonists
of MCRs. We wish to report here how this simple
approach allowed us to build a generalized model of the
MCRs active site and to use this knowledge for creation
of a linear superpotent MCIR agonist.'® The validity of
this assumption was confirmed by the fact, that during
the preparation of this manuscript, the end-capping of
HfRW-NH, with 29 aliphatic and aromatic acids
had been reported.!®?* Out of these, the most potent
n-octanoic derivative had ECsy 0.36 nM at mMC1 and
0.38 nM at mMC4Rs. The derivatives of p-tolylacetic,
and 2-naphthylacetic acids had ECsy ca. 5 nM at mMCl1
and ca. 0.9 nM at mMC4Rs.?°
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Table 1. Binding and functional activity of melanocortins at human MC1, MC3 and MC4Rs. @

Peptide R’-HfRWNH, hMCIR hMC3R hMC4R

R/ K; (nM) ECs (nM) Ki (nM) ECs (nM) Ki (nM) ECso (nM)
MT-I 0.50+0.10 0.07£0.01 0.68+0.20 0.36+£0.14 0.95+0.23 0.51£0.07
1 H 51.0£3.0 31.8+14.1 8901100 350110 180+18 29.7£12.5
2 MeCO 37.0+14.5 13.0£1.7 770£300 170+ 64 2804170 59.5+15.5
3 EtCO 47.5£0.5 7.5+1.5 540250 4504260 160£35 38.5+1.5
4 PrCO 37.5£11.5 4.5+1.5 5804230 93.3+10.5 15027 38.5£1.5
5 i-PrCO 40.0£6.0 7.0+1.0 280+28 130£75 97.5+8.5 24.0+£12.0
6 BuCO 20.5+1.5 2.0£0.0 170+£42 45.0+£5.0 120£26 26.5+0.5
7 t-BuCO 43.0£21.0 5.0£0.0 1308 13.0+7.0 16072 14.5+6.5
8 c-PrCO 43.0£23.0 3.5+0.5 210£18 71.0£26.0 87.0+2.0 20.5+7.7
9 CF;CH,CO 63.5+£27.5 6.5+3.5 540+100 120£19 170£28 22.5+6.5
10 HOCH,CO 125+18 7.0£3.0 630190 30046 440+£82 53.0£26.0
11 NCCH,CO 86.5+21.5 8.0+2.0 350+8 160+4 110+47 18.0£6.0
12 NH,COCO 62.0+£31.0 7.0£3.0 16013 58.0+£5.0 140£78 16.5+5.5
13 MeOCH,CO 91.54+£23.5 9.5+0.5 380130 570+290 35027 42.5+17.5
14 MeSCH,CO 57.5+17.5 9.0£1.0 230+40 230£70 210+74 41.0£21.3
15 HOCH,CH,CH,CO 34.0+1.0 13.7+6.3 44017 64085 100+8.0 21.3+14.4
16 PhCO 30.0+1.0 6.8+2.1 26047 98.3+£23.3 160£53 28.0+5.0
17 PhCH,CO 17.5£2.5 2.0£1.0 66.5+8.5 28.0+13.7 100+6 13.0£6.0
18 Ph(CH,),CO 6.0£2.0 0.5+0.1 65.0+31.0 17.0£2.0 49.0+7.0 20.0£9.0
19 Ph(CH,);CO (LK-184) 0.006+0.004 0.009+0.004 13.5+1.5 4.7+1.2 73£1.8 4.6+2.8
20 p-CIC¢H4CH,CO 3.5+1.5 9.5+£5.1 20.0+6.0 9.3+0.7 5.0+0.0 7.5+0.5
21 p-CICcH,OCH,CO 6.0£2.0 2.0+0.6 11047 6.0+4.0 68.04+20.0 11.5+1.5
22 (D)-CsH4CH,CH(OH)CO 11.5£1.5 8.0+2.0 140£15 40.5+26.5 15.5£6.5 6.3+2.7
23 CH;S0, 26066 88.0+35.0 19004260 84043 170£29 21.5+9.5
24 p-CICsH4SO, 170+33 33.3+18.1 440+£180 39015 66.5+5.5 11.0+1.0

aMean value+SEM.

Our choice of end-capping acids consisted of linear and
branched aliphatic acids (1-8), their isosteres bearing
polar and polarizable groups or heteroatoms (9-15),
and a series of aromatic/alkylaromatic acids with a
flexible Cy—C; spacer (16-22). These were used to
explore spatial requirements of the binding site and to
probe the site for possible polar or dipole interactions,
H-bonding, and n—r interactions. Sulfonamides 23-24
were made to modify the N-terminal amide region
(Table 1).

Compounds 1-24 were obtained on Rink resin using
standard Fmoc methodology. Fmoc-Trp(Boc)-OH,
Fmoc-Arg(Pbf)-OH, Fmoc-D-Phe-OH, Fmoc-His(Boc)-
OH and end-capping acids were purchased from com-
mercial sources. The peptides were purified by HPLC
on a C;g column (purity >95%, most 97-98%, LK-
184 >98%) and characterized by ESI MS.

In vitro agonist assays were done in HEK293 cells
transfected with human MCIR, MC3R, or MC4R.
Binding was determined by measuring the displacement
of a constant concentration of Eu-labeled NDP-MSH
using time resolved fluorometry. Luciferase activity in
the above MCR expressing HEK?293 cells stably trans-
fected with a cAMP responsive element (CRE) coupled
to a luciferase reporter gene was used to determine the
functional activity of MCR ligands. Responses were
expressed as a % of maximum activity of MT-I (NDP-
MSH) which is considered to be a full agonist at each of
these MCRs. The K; and ECsq values for compounds 1-
24 (all of them are full agonists) reported in Table 1 are
the average of at least two separate experiments in
duplicate.

The binding (K;) and agonist potencies (ECsg) in Table 1
show good correlation. Tetrapeptide 1 is 450-fold less
potent compared to MT-1 at h(MCI1R and 80- and 60-
fold less potent at hMC3R and hMC4Rs, correspond-
ingly. This is close to the latest literature data for
mMCRs."” Acetylation of the N-terminus does not
noticeably change the potency of 2 relative to 1. The
acylation of 1 with longer or branched aliphatic acids
(3-8) has practically no effect at MC4R and increases
potency at MCIR and MC3R relative to 2. The ‘flat’
response of MCIR (3-8) and MC4R (1-8) to the bulki-
ness and length of R’ (Table 1) suggests that the end-
capping group does not have to fit into a confined
pocket but stays in a large hydrophobic cavity or,
rather, an open extracellular part of the receptors. The
potencies of 2-8 at MC3R are fluctuating which indi-
cates a more restricted fit. Despite the fluctuations, an
increase in hydrophobicity appears to increase potency
at MC3R and the bulky hydrophobic #-Bu (7) is best in
this subseries.

The results for the next subseries 9-15 confirm the
above hypothesis. The introduction of various polar or
polarizable groups or a heteroatom into the backbone
of the parent aliphatic acid does not affect the potency
at MCI1 and MC4R. This agrees with the binding of R’
at an open site since it avoids unfavorable forced place-
ment of a polar or H-bonding fragment in R’ next to a
hydrophobic part of the receptor. The latter is the case
with MC3R- all polar derivatives are less potent than 7.

"Though data for end-capping of HFRWG-NH, with a series of lower
aliphatic acids are not available, Bu-HfRWG-NH, is reported as a
potent hMC1R and hMC4R agonist.?!
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Hydrophilic, HB
donor / acceptor,
n- binding site:
MC1, MC3, MC4R

Hydrophobic D-Phe-Arg-Trp-NH,

site: MC1,
MC3, MC4R

LK-184 hMC1 EC5,0.01 nM
hMC3/4 ECs, 5 nM

Q_/—/ ™~ mMC1/4 EC5, 0.4 nM?°
mMC3 EC;, 4 nM%°

Figure 1. Model of the N-terminus- His® region of hMCRs.

Hydrophobic
7~ binding
site: MC1R

The only exception is that an extremely hydrophilic
oxamic derivative 12 is almost equipotent with its
hydrophobic cyclopropyl isostere 8, that is, MC3R has
a small amphiphilic site within the hydrophobic area.
Thus, notwithstanding the different shape of N-terminal
binding sites of hMC1/4 and hMC3Rs, they share a
common feature—a rather large hydrophobic area
adjacent to the polar His® binding site (Fig. 1).

The above model of an ‘open” MCIR strongly suggests
that it can accommodate not only flexible hydrophobic
chains but flat aromatic rings as well, thus adding a
favorable m—= interaction to a purely hydrophobic one.
The SAR found with compounds 16-19 confirms this
idea. The parent benzoyl derivative 16 has no advantage
over the aliphatic series while the increase in chain
length in Ph(CH,),, from 0 to 3 (16-19) leads to a steady
increase in binding and potency due to a hydrophobic
term contributed by each next CH, group. This trend is
observed for all MCRs but with MCIR there is a dra-
matic 20-fold jump between compounds 18 and 19. The
latter cannot be attributed to hydrophobic interaction
only which with high probability implies n—r interaction
when Ph finally reaches the putative aromatic binding
site of the MCIR hydrophobic area. The resultant
compound LK-184 (19) has ECsy 0.01 nM at MC1 (ca.
10-fold better than the commonly used non-selective
melanocortin agonist MT-I) and is ca. 500-fold more
selective to MCIR compared to MC3 and MC4Rs
(Table 1).

p-Cl-Phenyl derivatives 20-21 with extended conjugated
n-systems have no advantages compared to their proto-
types 17 and 18. The introduction of an a«-hydroxy
group in 18 (compound 22) decreases the potency at
MC1 and MC3R but slightly increases it at MC4R.
Sulfonyl derivatives 23-24 show essentially the same
biological profile as their carbonyl analogues 2 and 16.

In summary, using the series of end-capped tetrapep-
tides 2-24 we have demonstrated that human MCI,
MC3, and MC4Rs share a common feature- a rather
large hydrophobic area adjacent to the polar His® and
N-terminal amide binding sites for the core sequence
His®-D-Phe’-Arg®-Trp’-NH, (Fig. 1). This hydrophobic
area seems to be more confined for hMC3R as

compared to the ‘open’ region in hMCI1 and hMC4Rs.
The hydrophobic area in hMCIR has a putative aro-
matic n-binding zone about 3 carbons apart from the N-
terminal binding site (Fig. 1). This knowledge allowed
us to differentiate hMCIl and hMC3/4Rs and design
LK-184 (19) (Table 1), a sub-nanomolar MC1R agonist
with high MCIR versus MC3/MC4Rs selectivity.
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