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Design of new small cyclic melanocortin receptor-binding peptides using
molecular modelling: Role of the His residue in the melanocortin peptide core
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Abstract – The conserved core of melanocyte stimulating hormones (MSH), His-Phe-Arg-Trp, was probed by comparing a cyclic
pentapeptide containing His-DPhe-Arg-Trp, with three structurally similar cyclic peptides, that lacked the His residue. All three
peptides bound to the MC1, MC3, MC4 and MC5 receptors with similar affinities. Molecular modelling indicated that the 3D
structure of the DPhe-Arg-Trp of all three peptides were closely similar. The data indicate that the His residue of the small rigid
cyclic MSH core peptides does not participate in binding with the melanocortin receptors. © 2001 Éditions scientifiques et médicales
Elsevier SAS

melanocortin receptors / melanocyte stimulating hormone / radioligand binding / molecular modelling

1. Introduction

Melanocortin receptors are members of the G-
protein coupled receptor superfamilly. There are five
subtypes of the melanocortin receptors (MC1–MC5),
all which were cloned a few years ago [1–5]. The MC1

receptor has been found in melanocytes where it
controls skin pigmentation, as well as in the periaque-
ductal grey area of the brain [6]. More recent data
indicated that the MC1 receptor is also present in cells
of the immune system [7]. MC3, MC4 and MC5 recep-

tors are localised in the central nervous system; the
MC3 and MC5 receptors also in periphery [1, 3, 4, 8].
Recent studies indicate that the MC4 receptor is in-
volved in control of feeding behaviour [9] and the
MC5 receptor in control of exocrine gland function
[10]. The MC2 receptor has distinct structural and
binding properties [11] and it is localised in the
adrenal cortex [12].

Melanocyte stimulating hormones (MSH) are natu-
ral ligands for four of the melanocortin receptor
subtypes, namely the MC1, MC3, MC4 and MC5

receptors. These hormones are peptides of more than
10 amino acids in length that bind with higher affinity
to the MC1 receptor, than to the MC3, MC4 and MC5

receptors [13, 14], and which share a common core
sequence motif: HFRW [15].

A number of artificial linear and cyclic MSH pep-
tide analogues have been synthesised, most of which
contain the core sequence. Most of these substances
show quite similar selectivity profiles to the natural
hormones [15]. Moreover, it was shown that exchange
of the L-Phe residue in the core sequence to D-Phe
generally increases the affinities for the melanocortin
receptors [16].

Abbreviations: AcOH, acetic acid; Boc, tert-butoxycarbonyl; DIEA,
diisopropylethylamine; DMF, dimethylformamide; DPPA,
diphenylphosphoryl azide; Fmoc, 9-fluorenylmethoxycarbonyl;
HATU, O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate; HMPB, 4-(4-hydroxymethyl-3-methoxyphenoxy)-
butyric acid (or its residue); HPLC, high performance liquid
chromatography; MeCN, acetonitrile; MeOH, methanol; NMM, N-
methylmorpholine; PAC, 4-hydroxymethylphenoxy-acetic acid residue;
PAL, 5-(4-Fmoc-aminomethyl-3,5-dimethoxyphenoxy)-valeric acid
residue; Pbf, 2,2,4,6,7-pentamethyl-dihydrobenzofuran-5-sulfonyl;
PEG-PS, polyethylene-graft polystyrene support; PyAOP, 7-azabenzo-
triazol-1-yloxytris(pyrrolidino) phosphonium hexafluorophosphate;
TBTU, O-(7-benzotriazol-1-yl)-1,1,3,3-tetramethyl-uronium te-
trafluoroborate; TFA, trifluoroacetic acid; TIS, triisopropylsilane; Trt,
trityl.
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An alanine scan of the a-MSH peptide indicated
that the core sequence plays a key role in the binding
of melanocortin hormones to their receptors, al-
though the available data suggests that the impor-
tance of the His residue may be lower, compared to
the other three core amino acids [17].

However, it has been shown that the minimal active
a-MSH peptide fragment on lizard skin assay was the
Ac-His-Phe-Arg-Trp-NH2 peptide, which contains the
His residue [18]. In a later study on small linear
tripeptides containing D-amino acids in different posi-
tions, it was found that none of these peptides were
able to bind to MC1, MC3 and MC5 receptors, while
two peptides (Ac-DPhe-Arg-Trp-NH2 and Ac-DPhe-
Arg-DTrp-NH2) bound to the MC4 receptor [19].

In our attempts to understand the pharmacophore
of the melanocortin receptors, we recently made a 3D
model of the MC1 receptor using homology mod-
elling, based on the rhodopsin footprint [20]. In these
attempts, we also designed a small cyclic MSH pep-
tide analogue that contained the core sequence with
L-Phe exchanged to D-Phe. The smallest of these
peptides was a pentapetide, cHdFRWG (1), which
was found to bind with substantial affinity to the
melanocortin receptors, the highest affinity being
shown for the MC1 receptor [21]. The peptide (1),
which just contains the core sequence and glycine,
was subsequently successfully docked into our MC1

receptor model [18]. However, these docking studies

indicated that only three of the core residues, namely
Phe, Arg and Trp, were strongly involved in binding
of the cHdFRWG (1) peptide to the receptor, while
the interactions with the His residue appeared to be
minor.

The present study was devoted to test the hypothe-
sis that the His residue of the cyclic core peptides does
not have a major role for the melanocortin receptor
binding. For the purpose of these studies we designed
three new cyclic peptides; one being a cHdFRWG
analogue in which histidine was replaced by as-
paragine: cNdFRWG (2), and the other two being the
cyclic peptides c(dFRWE)OH (3) and c(dFRWE)NH2

(4) which contain the D-Phe, Arg and Trp core
residues, and Glu, which side chains were cyclised
with the N-terminal of the D-Phe residue (see figure
1). In support of our hypothesis, we report here that
these histidine-lacking peptides bind with equal or
higher affinity to the melanocortin receptors, com-
pared with cHdFRWG (1).

2. Results

2.1. Binding

The binding of (2), (3) and (4) was tested on intact
CV-1 origin, SV40 (COS-1) cells expressing the human
MC1, MC3, MC4 and MC5 receptors using competitive
receptor-binding assays. The resulting Ki values, ob-

Figure 1. Primary structures of the cHdFRWG (1), cNdFRWG (2), c(dFRWE)OH (3) and c(dFRWE)NH2 (4) peptides and natural
MSH peptides.
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Table I. Ki values (mean9S.E.M) obtained from competition curves for cHdFRWG (1), cNdFRWG (2), c(dFRWE)OH (3) and
c(dFRWE)NH2 (4) peptides on human MC1, MC3, MC4 and MC5 receptors.

ReceptorPeptide

MC3 Ki (mmol/L) MC4 Ki (mmol/L)MC1 Ki (mmol/L) MC5 Ki (mmol/L)

1 3.290.3 113.0921.0 71.499.3 207.0945.0
2 10.495.70.890.1 4.690.5 7.891.0

106.5978.6 48.5922.31.690.5 36.1915.33
4 4.690.24.5890.5 17.191.1 79.8934.5

tained from competition tests of these peptides, are
summarised in table I along with the corresponding data
for the cHdFRWG (1) peptide taken from our earlier
study [21]. Competition curves for (2), (3) and (4) are
shown in figure 2. The data show that all four peptides
share similar affinities for the MC1 receptor. However,
the cNdFRWG (2) peptide showed 11-, 16- and 27-fold
improved affinity on MC3, MC4 and MC5 receptors,
compared with the cHdFRWG (1) peptide, respectively.
Moreover, c(dFRWE)NH2 (4) showed 24-fold higher
affinity for the MC3 receptor compared with cHd-
FRWG (1), although its affinity for the MC4 and MC5

receptors were only slightly higher. The c(dFRWE)OH
(3) peptide showed a similar affinity profile as the cHd-
FRWG (1) peptide. It must be noted that the c(d-
FRWE)NH2 (4) peptide showed 23-fold higher affinity
for the MC3 receptor when compared with the c(d-
FRWE)OH (3) peptide.

2.2. Modelling of peptides

The bond missing in the initial stages (see section 4
for details) of the modelling of the cHdFRWG (1) and
cNdFRWG (2) peptides was the peptide bond between
the Gly and His/Asn residues, while for the c(d-
FRWE)OH (3) and c(dFRWE)NH2 (4) peptides it was
the lactam bond between the Glu and Phe residues.
Conformational analysis indicated that the models of
peptides (1) and (3) could be grouped into four clusters,
peptide (4) models could be grouped into three clusters
and peptide (2) models could be grouped into five
clusters. The largest clusters for (1), (2), (3) and (4)
peptide models contained 47, 53, 79 and 57 molecules
(out of 100 modelled for each peptide), respectively. The
structure with the lowest energy was selected from each
of the largest cluster for each peptide and their geometry
was compared. The model of the cNdFRWG (2) peptide
was very similar to the model of the cHdFRWG (1)
peptide, the root mean square distance (RMSD) be-

tween Ca and Cb atoms of the core DPhe-Arg-Trp
tripeptide being 0.06 A, . The models for the c(d-
FRWE)OH (3) and c(dFRWE)NH2 (4) peptides were
highly similar, the RMSD between all common atoms
being 0.01 A, . Moreover, the geometry of the c(d-
FRWE)OH (3) and c(dFRWE)NH2 (4) peptide models
was also very similar to the cHdFRWG (1) peptide
model, the RMSD between Ca and Cb atoms of the core
DPhe-Arg-Trp tripeptide being 0.21 and 0.22 A, , respec-
tively. The aligned 3D structures of the all four peptides
are shown in figure 3.

3. Discussion

Our data show that the cNdFRWG (2), c(d-
FRWE)OH (3) and c(dFRWE)NH2 (4) peptides pos-
sess similar or even improved binding affinities for the
melanocortin receptors compared to the cHdFRWG
(1) peptide. Thus, the loss of the His residue does not
result in any loss in binding affinities compared to the
cHdFRWG (1) peptide; instead, a clear increase in
binding affinity is seen for the cNdFRWG (2) peptide
for the MC3, MC4 and MC5 receptors, while for the
c(dFRWE)NH2 (4) peptide, an increase in affinity is
seen for the MC3 receptor. The data verify our hy-
pothesis that the His residue is not important for the
binding of the cyclic MSH-core peptides to the
melanocortin receptors. Our data, thus, give strong
support to our earlier MC1 receptor–ligand complex
model [20], where the His residue of the cHdFRWG
(1) peptide was not involved in any important
interactions.

Our present data also show that the mode of cycli-
sation of the c(dFRWE)OH (3) and c(dFRWE)NH2

(4) peptides does not induce any negative influences in
the binding to the melanocortin receptors. These find-
ings, along with the modelling results showing that all
four peptides essentially retain the same backbone
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conformation for their core residues, indicate that it is
mainly the core DPhe-Arg-Trp tripeptide that form the
major interactions in MSH-peptides with the
melanocortin receptors. However, the higher affinity
of the peptide (2) for the MC3, MC4 and MC5 receptors
compared with (1) is interesting and might indicate the
presence of a specific interaction between the Asn
sidechain and the receptors. Moreover, differences in
the binding of the c(dFRWE)OH (3) and c(d-
FRWE)NH2 (4) peptides to the MC3 receptor might

indicate the presence of a specific interaction of the
C-terminal of these peptides with the MC3 receptor.

Several earlier structural studies on the melano-
cortin peptides were aimed at large MSH peptides [15,
22–28]. Interestingly, these studies indicate that the
conformation for large MSH peptide analogues devi-
ate considerably, even in their core region [22–28].
Moreover, these large and flexible peptides may
change their conformation during binding to the
MCR’s.

Figure 2. Competition curves of cHdFRWG (	), cNdFRWG (�), c(dFRWE)OH (
) and c(dFRWE)NH2 (") peptides on
recombinant human melanocortin receptors.
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Figure 3. Aligned 3D structures of the cHdFRWG (1), cNd-
FRWG (2), c(dFRWE)OH (3) and c(dFRWE)NH2 (4) pep-
tides. The graph was made by using MOLSCRIPT [36].

4. Experimental protocols

4.1. Synthesis and characterisation of cyclic peptides

Reagents were purchased from Aldrich, Fluka and
Applied Biosystems. Solid phase synthesis of peptides
was made on a Pioneer peptide synthesis system (Ap-
plied Biosystems), as is detailed further below. LC/MS
was performed on a Perkin Elmer instrument PE SCIEX
API 150EX with Turboionspray Ion Source and Vydac
214 MS 52 C4 MASS SPEC 2.1×250 mm high perfor-
mance liquid chromatography (HPLC) column using a
gradient formed from water and acetonitrile with 0.02%
trifluoroacetic acid (TFA) additive (HPLC A). Analyti-
cal HPLC was performed on a Waters’ system equipped
with a Millenium32 Workstation, 2690 Separation Mod-
ule and 996 Photodiode Array Detector. Protected pep-
tides were analysed on a Hichrom LiRP18-5-4076
(3.2×100 mm) column, eluent 60% acetonitrile
(MeCN):40% 0.02 M aqueous NaH2PO4 (HPLC B).
Endproducts were analysed on a Vydac 201HS52
RPC18 (2.1×250 mm) column, eluent – linear gradient
in 40 min from 10% MeCN:90% 0.01 M aqueous tri-
ethylammonium acetate pH 6.0 to 50% MeCN:50% 0.01
M aqueous triethylammonium acetate pH 6.0 (HPLC
C). Thin layer chromatography (TLC) was performed
using precoated silica gel plates F254 (Merck) in the
following solvent systems: 1: CHCl3-n-butanol-ethanol-
ethylacetate-water (10:6:4:3:1), 2: n-butanol-acetic acid
(AcOH)-water (4:1:1), 3: (CHCl3-methanol (MeOH)-
17% NH3, 2:2:1). Semipreparative HPLC was carried
out on a LKB system consisting of a 2150 HPLC pump,
2152 LC controller and 2151 variable wavelength moni-
tor. Freeze-drying was performed at 0.1 bar on a Ly-
ovac GT2 freeze-dryer (Finn-Aqua) equipped with a
Busch 010-112 vacuum pump and a liquid nitrogen trap.
The Aminosyraanalyscentralen of the Biomedical Cen-
tre, Uppsala, Sweden, performed amino acid analysis as
a service.

4.1.1. Synthesis of cHdFRWG (1) peptide
ditrifluoroacetate (see figure 1)

4.1.1.1. HO-HMPB-PEG-PS (i )
PEG-PS×HCl (1.0 g, 0.19 mmol) was suspended in 50

mL dimethylformamide (DMF) and 5.0 mL diisopropy-
lethylamine (DIEA) was added and the suspension
filtered through a sintered glass filter. The polymer on
the filter was suspended in 20 mL DMF and filtered

The present approach for evaluating the structure
of the melanocortin peptides was instead devoted to
small cyclic core peptides whose conformational space
is comparatively limited. Of course the loss of interac-
tion points outside of the core is expected to lead to
reductions in affinities [17, 18, 29]. However, our core
peptides retained substantial affinities for the
melanocortin receptors, which made the present anal-
ysis feasible.

An additional goal of the present study was to try
to create molecules with even smaller ring size in
order to induce additional rigidity. The modelling of
(3) and (4) showed that the geometry of their DPhe-
Arg-Trp cores is very similar to that of (1). Moreover,
both (3) and (4) have smaller cycle sizes of 14 atoms,
compared with the 15 atoms in (1), giving additional
rigidity to the cycle structure. The increased rigidity is
the most likely reason why the majority of the models
of the c(dFRWE)OH (3) and c(dFRWE)NH2 (4) pep-
tides were populated into single large clusters.

The rigidity of the small cyclic peptides investigated
in this study indicates that their backbone conforma-
tion might remain intact during binding to the recep-
tor. There presently exists a great interest in the
design of drugs for the melanocortin receptors, e.g.
for the control of feeding behaviour and the present
small rigid cyclic MSH-core peptides might serve as
excellent templates for further drug design.
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off again. The last operation was repeated 5 times.
HMPB (183 mg, 0.76 mmol), O-(7-benzotriazol-1-yl)-
1,1,3,3-tetramethyl-uronium tetrafluoroborate (TBTU)
(244 mg, 0.76 mmol) and DIEA (0.196 mL, 1.14
mmol) were dissolved in 10 mL DMF and then imme-
diately added to the wet polymer on the filter with
gentle stirring. The solution was allowed to pass
slowly through the filter. The collected filtrate was
again introduced onto the polymer layer and after 1 h
the solution was removed by filtration. Finally, the
polymer (i ) retained on the filter was washed with 200
mL DMF and used in the next step.

4.1.1.2. Fmoc-Gly-O-HMPB-PEG-PS (ii )
Fmoc-Gly-OH (3.57 g, 2.28 mmol) was dissolved in

100 mL CH2Cl2 and dicyclohexylcarbodiimide (235
mg, 1.14 mmol) was added and the mixture shaken
for 10 min at room temperature. The N,N %-dicyclo-
hexylurea precipitate formed was filtered off and
washed on the filter with CH2Cl2. The solvent was
then evaporated from the filtrate at 0 °C. The residue
was dissolved in a minimal amount of DMF (10 mL)
and the support (i ) and 4-dimethylaminopyridine (23
mg, 0.19 mmol) were immediately added and the mix-
ture shaken until dissolution of the 4-dimethy-
laminopyridine. The mixture was then left for 1.5 h at
20 °C whereafter it was filtered. The resin (ii ) retained
on the filter was washed with 100 mL DMF and ap-
plied to the next step.

4.1.1.3. H-His(Trt)-DPhe-Arg(Pbf )-Trp(Boc)-Gly-
O-HMPB-PEG-PS (iii )

The resin (ii ) was placed into a peptide synthesis
column and applied to four consecutive synthesis cy-
cles; each cycle consisting of: (1) circulation through
the column with a 20% solution of piperidine in DMF
(5 min); (2) washing of the support with DMF (2
min); (3) circulation with a solution of Fmoc-amino
acid (0.76 mmol), TBTU (0.29 g, 0.76 mmol) and
DIEA (0.65 mL, 3.8 mmol) in 10 mL DMF (30–60
min); (4) washing with DMF; (5) treating with 0.3 M
acetic anhydride in DMF for 5 min and (6) washing
again with DMF. At the end of the four synthesis
cycles, steps (1) and (2) were applied to remove the
N-terminal Fmoc group. The resulting peptidylpoly-
mer was additionally washed with MeOH, followed by
CH2Cl2 and dried for 2 h at 0.1 mm Hg.

4.1.1.4. H-His(Trt)-DPhe-Arg(Pbf )-Trp(Boc)-
Gly-OH .HCl (iv)

The peptidylpolymer (iii ) (0.19 mmol) was placed
into a glass column equipped with a sintered glass
disk and stopcock at the bottom. A 10 mL portion of
1% TFA in CH2Cl2 was added to the column and the
resin was left to react for 3 min at room temperature,
followed by filtering under vacuum into a flask con-
taining a stirred solution of NaOCOCH3·3H2O (3.6 g,
26 mmol) in 100 mL water. This procedure was re-
peated 10 times by adding the TFA solution and
filtering into the same flask. The organic phase from
the filtering flask was then separated and placed at
−20 °C for 10 h. The residual water then formed ice,
which was removed by filtration. The filtrate was then
dried over MgSO4. The mixture was once again
filtered to remove the MgSO4 and the filtrate was
evaporated and the residue dissolved in 20 mL
MeOH. This solution was twice slowly passed through
a column (5.5×50 mm) with Dowex 1 (Sigma) in Cl–

form. The column was washed with 5 mL MeOH and
the eluate was evaporated and the residue treated with
dry ether. The crystalline precipitate formed was
filtered off. Rf (1), 0.22. k%(B), 12.5; lmax: 204 nm
(100% absorption), 234 nm (32%, shoulder), 248 nm
(19%, shoulder), 264 nm (11%, shoulder), 276 nm (6%,
shoulder), 285 nm (6%), 293 nm (4%). Yield, 85 mg
(33%).

4.1.1.5. Cyclo-[His(Trt)-DPhe-Arg(Pbf )-
Trp(Boc)-Gly] (v)

The linear precursor (iv) (83 mg, 0.062 mmol) was
dissolved in 60 mL DMF, cooled to 0 °C, and a 0.23
M solution of N-methylmorpholine (NMM) in DMF
(0.26 mL, 0.062 mmol) and a 0.20 M solution of
diphenylphosphorylazide (DPPA) in DMF (0.62 mL,
0.124 mmol) were added. The mixture was left at 0 °C
for 4 days. Additionally, every day 0.26 mL of the
NMM and 0.31 mL of the DPPA solutions were
added. The mixture was then brought to room tem-
perature and left for 1 day, whereafter the solvent was
evaporated and the residue triturated with ether. The
crystalline precipitate formed was filtered off, washed
on the filter with dry ether, then washed with 5%
aqueous citric acid, water, 5% NaHCO3, water again
and then dried under vacuum in the presence of P2O5.
Rf (1), 0.91. k%(B), 1.3; lmax: 203 nm (100% absorp-
tion), 257 nm (4%, shoulder), 262 nm (5%), 270 nm
(4%, shoulder). Yield, 24 mg (30%).



P. Prusis et al. / European Journal of Medicinal Chemistry 36 (2001) 137–146 143

4.1.1.6. Cyclo-(His-DPhe-Arg-Trp-Gly).2 TFA (1)
The protected cyclopeptide (v) (24 mg, 0.019 mmol)

was dissolved in 2 mL of a deprotection mixture (TFA-
phenol-anisole-1,2-ethanedithiol-water, 92:2:2:2:2) and
left at room temperature for 2 h. The solution was then
evaporated at 0 °C, dry ether was added and the precip-
itate formed was filtered off and washed with ether,
then dried in vacuo over KOH. This raw product was
dissolved in 0.5 mL of 60% MeCN in water, the solu-
tion was divided into 3 portions and placed into cen-
trifuge tubes and each portion was diluted with 0.1%
aqueous TFA to 1.5 mL volume. The mixtures were
centrifuged and the clear centrifugates were applied
onto an HPLC semipreparative column (10×250 mm,
Vydac RP C18, 90 A, 201HS1010), eluate – 13% MeCN
in water+0.1% TFA, detection at 220 nm. Fractions of
the eluate containing pure (1) were pooled and
lyophilised. A white powder formed. Yield, 15.6 mg
(91%). Rf (2), 0.50; Rf (3), 0.53. k%(A), 10.1. k%(C), 6.2;
lmax: 216 nm (100% absorption), 272 nm (12%, shoul-
der), 279 nm (13%), 287 nm (11%). Turboionspray mass
spectrometry, positive ionisation: m/e 684.4 [M+H]+;
negative ionisation: m/e 682.4 [M−H]–, 796.4 [M−H+
TFA]–, 911.5 [M−H+2TFA]–. Amino acid analysis:
Gly, 1.04; Phe, 0.94; His, 1.00; Trp, 0.95; Arg, 1.02.

4.1.2. Synthesis of c(dFRWE)OH (3) peptide
(see figure 1)

Fmoc-Glu(OAl)-OH (245 mg, 0.6 mmol) was dis-
solved in 10 mL CH2Cl2, dicyclohexylcarbodiimide (62
mg, 0.3 mmol) was added and the mixture shaken for
10 min at room temperature. The N,N %-dicyclohexy-
lurea precipitate formed was filtered off and washed on
the filter with CH2Cl2. The filtrate was evaporated in
vacuo at 0 °C. The oily residue obtained was immedi-
ately dissolved in a minimal amount of DMF (5 mL)
and 4-hydroxymethylphenoxy-acetic acid residue
(PAC)-PEG-PS (0.29 g, 0.05 mmol) was added followed
by 4-dimethylaminopyridine (6 mg, 0.05 mmol), under
shaking, until its dissolution. The mixture was left for
1.5 h at 20 °C and then filtered. The polymer was
washed on the filter with 100 mL DMF and then placed
into a peptide synthesis column. The Fmoc group was
removed by 20% piperidine in DMF (5 min), followed
by washing with DMF. Fmoc-Trp(Boc)-OH (79 mg,
0.15 mmol), O-(7-azabenzotriazol-1-yl)-1,1,3,3-te-
tramethyluronium hexafluorophosphate (HATU; 57
mg, 0.15 mmol) and DIEA (0.17 mL, 1.0 mmol) were
dissolved in 4 mL DMF and circulated through the
column for 30 min. The support was then washed with

DMF, treated with 20% piperidine in DMF (5 min) and
washed again. Fmoc-Arg(Pbf)-OH (97 mg, 0.15 mmol),
HATU (57 mg, 0.15 mmol) and DIEA (0.17 mL, 1.0
mmol) were dissolved in 4 mL DMF and circulated
through the column for 60 min. The support was
washed with DMF, treated with 20% piperidine in
DMF (5 min) and washed again. Fmoc-DPhe-OH (58
mg, 0.15 mmol), HATU (57 mg, 0.15 mmol) and DIEA
(0.17 mL, 1.0 mmol) were dissolved in 4 mL DMF and
circulated through the column for 60 min. The support
was washed with DMF, treated with 20% piperidine in
DMF (5 min) and washed again. The support was
washed with 5% AcOH+2.5% NMM in chloroform.
Tetrakis(triphenyl-phosphine)-palladium(0) (173 mg,
0.15 mmol) was dissolved in 4 mL of the above men-
tioned mixture and circulated through the column for 2
h. The support was washed with 0.5% DIEA+0.5% Na
diethyldithiocarbamate in DMF, and then washed with
DMF. 7-Azabenzotriazol-1-yloxytris(pyrrolidino) phos-
phonium hexafluorophosphate (PyAOP) (78 mg, 0.15
mmol) and DIEA (0.17 mL, 1.0 mmol) were dissolved
in 4 mL DMF and circulated through the column for 8
h. The support was washed with DMF, followed by
methanol, and then followed by dichloromethane,
where after it was dried in vacuo. The resin was treated
with 3 mL of a deprotection mixture (TFA-water-1,2-
ethanedithiol-triisopropylsilane (TIS), 92.5:2.5:2.5:2.5)
at room temperature for 3 h and filtered. The filtrate
was evaporated at 0 °C, dry ether was added, the pre-
cipitate was filtered off and washed on the filter with
ether, then dried in vacuo over KOH. The raw product
obtained was dissolved in 0.5 mL of 60% MeCN in
water, the solution was divided into 3 portions and
placed into centrifuge tubes, each being diluted with
0.1% aqueous TFA to a volume of 1.5 mL. The tubes
were centrifuged and the clear centrifugates applied
onto an HPLC semipreparative column (10×250 mm,
Vydac RP C18, 90 A, 201HS1010), eluated with 12%
MeCN in water+0.1% TFA, with detection at 220 nm.
Fractions containing pure peptide (3) were pooled and
lyophilised. A white powder formed. Yield, 11.6 mg
(37%). Rf (2), 0.49; Rf (3), 0.34. k%(A), 8.9. k%(C), 5.3;
lmax: 216 nm (100% absorption), 272 nm (15%, shoul-
der), 279 nm (16%), 287 nm (14%). Turboionspray mass
spectrometry, positive ionisation: m/e 619.3 [M+H]+;
negative ionisation: m/e 617.3 [M−H]–, 731.4 [M−H+
TFA]–, 845.5 [M−H+2TFA]–. Amino acid analysis:
Glu, 1.04; Phe, 0.97; Trp, 1.05; Arg, 1.00.
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4.1.3. Synthesis of cNdFRWG peptide (2) trifluoroacetate
(see figure 1)

Fmoc-PAL-PEG-PS (333 mg, 0.05 mmol) was placed
into a peptide synthesis column. The Fmoc group was
removed by 20% piperidine in DMF (5 min) and the
support was washed with DMF. Fmoc-Asp(OH)-OAl
(59 mg, 0.15 mmol), HATU (57 mg, 0.15 mmol) and
DIEA (0.17 mL, 1.0 mmol) were dissolved in 4 mL
DMF and circulated through the column for 30 min.
The support was washed with DMF, treated with 20%
piperidine in DMF (5 min) and washed again. Further
synthesis was made as described for peptide (3). These
steps included the attachments of the following amino
acid derivatives, in sequence: Fmoc-Gly-OH, Fmoc-
Trp(Boc)-OH, Fmoc-Arg(Pbf)-OH and Fmoc-DPhe-
OH. Yield, 5.3 mg (14%). Rf (2), 0.46, Rf (3), 0.46. k%(A),
8.6. k%(C), 5.3; lmax: 217 (100% absorption), 272 nm
(13%, shoulder), 279 nm (16%), 287 nm (14%). Tur-
boionspray mass spectrometry, positive ionisation: m/e
661.4 [M+H]+; negative ionisation: m/e 659.4 [M−H]–,
773.4 [M−H+TFA]–, 887.5 [M−H+2TFA]–. Amino
acid analysis: Asp, 1.04; Gly, 1.04; Phe, 0.96; Trp, 1.00;
Arg, 0.98.

4.1.4. Synthesis of c(dFRWE)NH2 (4) peptide
trifluoroacetate (see figure 1)

Fmoc-PAL-PEG-PS (333 mg, 0.05 mmol) was placed
into a peptide synthesis column. The Fmoc group was
removed by 20% piperidine in DMF (5 min) and the
support was washed with DMF. Fmoc-Glu(OAl)-OH
(61 mg, 0.15 mmol), HATU (57 mg, 0.15 mmol) and
DIEA (0.17 mL, 1.0 mmol) were dissolved in 4 mL
DMF and circulated through the column for 30 min.
The support was washed with DMF, treated with 20%
piperidine in DMF (5 min) and washed again. Further
synthesis was made as described for peptide (3). Yield,
12 mg (33%). Rf (2), 0.56; Rf (3), 0.37. k%(A), 8.8. k%(C),
6.3; lmax: 217 nm (100% absorption), 272 nm (16%,
shoulder), 279 nm (18%), 287 nm (15%). Turboionspray
mass spectrometry, positive ionisation: m/e 618.3 [M+
H]+; negative ionisation: m/e 616.3 [M−H]–, 730.4 [M−
H+TFA]–, 844.5 [M−H+2TFA]–. Amino acid analysis:
Glu, 1.01; Phe, 0.97; Trp, 1.00; Arg, 0.99.

4.2. Pharmacology

4.2.1. Expression of receptor clones
The human MC1 and MC5 receptors [1, 2] had been

cloned into the expression vector pRc/CMV (InVitro-
gen). The human MC3 and MC4 receptors [3, 4] had

been cloned into the expression vector pCMV/neo. For
receptor expression COS-1 cells were grown in Dulbec-
co’s modified Eagle’s medium with 10% foetal calf
serum. Eighty per cent confluent cultures were trans-
fected with the DNA mixed with liposomes in serum-
free medium [11]. After transfection, the serum-free
medium was replaced by serum-containing medium and
the cells were cultivated for about 48 h. Cells were then
scraped off, centrifuged and used for radioligand
binding.

4.2.2. Binding studies
The transfected cells were washed with binding buffer

[14] and distributed into 96-well non-culture-coated
plates, which were centrifuged and the binding buffer
was removed. The cells were then immediately incubated
in the well plates for 2 h at 37 °C with 0.05 mL binding
buffer in each well containing a constant concentration
of [125I]NDP-MSH and appropriate concentrations of
the competing unlabelled ligand. After incubation, the
cells were washed with 0.2 mL of ice-cold binding buffer
and detached from the plates with 0.2 mL of 0.1 N
NaOH. Radioactivity was counted (Wallac, Wizard au-
tomatic gamma counter) and data were analysed with
the BindAid package (Melacure Therapeutics AB, Upp-
sala, Sweden), suitable for radioligand-binding data
analysis. Data were analysed by fitting to formulas
derived from the law of mass action by the method
generally referred to as computer modelling. The Kd

values for [125I]NDP-MSH for the melanocortin recep-
tors were taken from Schiöth et al. [13, 14]. The binding
assays were performed in duplicate wells and repeated
three times. Untransfected COS-1 cells did not show any
specific binding for [125I]NDP-MSH.

4.2.3. [125I]NDP-MSH
The [125I]NDP-MSH used in the binding studies were

made by radioiodination of [Nle4, D-Phe7]a-MSH
(NDP-MSH) [30] by the chloramine T method and
purified by HPLC [31].

4.3. Molecular modelling

4.3.1. Software and parameters
For molecular modelling purposes we used XPLOR

[32] and CHARMM [33] softwares running on a Digital
PWS 600au computer. We used all atom CHARMM22
force field [34]. Throughout the calculations a switching
function was applied to both van der Waals and electro-
static potentials between 8 and 12 A, , non-bonded neigh-
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bour list generated within a radius of 13 A, and dielectri-
cal constant set to 80. Conformational analysis was
performed by using XPLOR [32]. The results obtained
from calculations were explored by using the Sybyl [35]
program running on SGI Indigo2 workstation. Figures
showing models of peptides were created using the
MOLSCRIPT program [36].

4.3.2. Methodology
The modelling procedure was essentially the same as

described previously [20]. Thus, we initially generated a
set of 100 initial models with randomised f and c
torsion angles by using CHARMM [33]. During this
initial generation of cyclic peptide models, the molecules
were treated as if they had been linear; that is by
assuming that one bond in the cycle was missing. This
was made in order to allow the coverage of the full
range of torsional space. The rest of calculations were
performed using XPLOR [32]. Each structure from the
set of randomly generated molecules was subjected to
brief minimisation followed by high temperature (1000
K) dynamics. During this stage, the peptide was treated
as if it was linear, but a gradually increasing distance
restraint was applied in order to achieve cyclisation. For
the rest of the calculations, the missing bond in the
cyclic peptide was restored and the molecule slowly
annealed to 300 K. Finally, the energy of the molecule
was minimised. We also performed an analysis of the
conformational space on the set of molecules obtained
from these calculations. We first measured the RMSD
for the Ca and Cb atoms of the DPhe-Arg-Trp tripeptide
for each pair of the molecules in the set. The values thus
obtained were used to group the molecules into clusters.
Thus, into each cluster, molecules were included whose
average RMSD to all other molecules in the cluster was
less than 0.5 A, .
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