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SUMMARY: A model for the interaction of the melanocortin-1 (MC1) receptor with
MSH peptide has been constructed. The model was built by homology modelling using
bacteriorhodopsin as template. A cyclic analogue of MSH could be docked into a
binding pocket located between transmembrane (TM) domains 2, 3 and 6 of the
receptor. The most significant receptor to ligand interactions occur between D117 in
TM3 of receptor with histidine in cyclic MSH-peptide, H260 in TM6 with glutamic in
peptide and D121 in TM3 with arginine in peptide. The model finds support from
earlier mutagenesis data. o 1395 academic Press, Inc.

The 3D modelling of several G-protein coupled receptors (GPCRs) has led to better
understanding of the interactions of the receptors with their ligands. However, such
modelling was in the past mainly done for the cationic GPRCs (1) and yet only two
partial models for peptide hormone GPRCs were reported (2,3).

We and others recently cloned a new family of GPCRs, the melanocortin receptors, that
contains 5 known members termed MCI1 - MC5 (4-8). All of the melanocortin receptors
interact with pro-opiomelanocortin derived peptides such as a-MSH, B-MSH, yv-MSH
and ACTH, albeit with differing binding affinities (9).

§SAddress all correspondence to Jarl Wikberg, Pharmaceutical Pharmacology, Box
571, BMC, S-751 24, Uppsala, Sweden.

Abbreviations:
GPCR, G-protein coupled receptor; MCR, melanocortin receptor; MSH, melanocyte

stimulating hormone; TM, transmembrane.
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The melanocortin receptors show high sequence similarity within their group, but the
sequence similarity to other GPCRs is comparatively low. Nevertheless the most
conserved aminoacids among the GPCRs are also present in the melanocortin receptors
and their all over features clearly identify them as belonging to the GPCR class. In a
recent paper we reported specific alterations in the ligand binding properties in the MC1
receptor subtype by site directed mutagenesis of specific aminoacids in the third and
sixth transmembrane segments, indicating that these aminoacids were part of the ligand
binding pocket of the receptor (10). In the present paper we report for the first time a

3D model for a melanocortin receptor.

MATERIALS AND METHODS

Software and hardware. Molecular modelling was done by using the Sybyl (Tripos, St.
Louis, Missouri, USA) package and a Sun IPX workstation. Sequence alignments were
performed using the MacMolly package on a Macintosh computer (Soft Gene,
Germany). Kyte-Doolitle plots were done using the GCG package (11) on a VAX
computer.

Sequence analysis. Sequences were obtained from the Brookhaven Protein Data Bank
or experimentally by DNA sequence analysis of the cloned receptor as earlier reported
(4,5). The sequences of all five MC receptors were aligned using the MacMolly
program. The location of transmembrane helices were determined from Kyte-Doolittle
hydrophobicity plots. The alignment of MC receptor amino acid sequences to other
GPCRs and to bacteriorhodopsin were taken from the literature (12) except for
transmembrane segment 5 (TMS5) which alignment will be detailed in the Results and
Discussion section.

Peptide hormone modelling. For modelling the peptide hormone the cyclic peptide:

Ac-Cys-Glu-His-D-Phe-Arg-Trp-Cys-NMe
l |

was used. Its structure was built using the standard random conformation protein
building routine of Sybyl. Molecular dynamics simulations was applied at a
temperature of 300K using 25 ps step time to yield 2000 conformations from which the
36 with lowest energy were chosen and energy minimised using the Tripos force field.
The molecule with the lowest energy was used in our studies.

Receptor modelling. Modelling was performed using Sybyl with default parameters
unless otherwise specified. The seven transmembrane helices of the MC1 receptor were
first constructed separately using a-helical conformation. Helices 6 and 7 contains
proline residues for which the geometry were fixed resulting in kinked helices. The
helices were then superimposed on the helices of bacteriorhodopsin (13).

To preserve the general structure of the receptor its backbone was first constrained and
molecular dynamics simulation (100K temperature, 1 fs time step) was applied to yield
1000 conformations, from which 4 were chosen and energy minimised using the
Kollman force field (14) The constraint of the backbone was then removed and the
models were subjected further energy minimisation. The model with the lowest energy
was selected for use in the docking studies.

Ligand docking. The cyclic ligand, obtained as described above, was manually docked

to the receptor model and the complex subjected to energy minimisation using the
Kollman force field (14).
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RESULTS AND DISCUSSION

Modelling of ligand. Modelling of the natural MSH peptide hormones poses big
problems because of their flexibility and the lack of any previous 3D structural data.
The cyclic peptide used for the present study is related to a-MSH 5-9, which is the
central core in a-MSH that earlier studies suggest is binding to the MSH-receptors (15).
Earlier studies have also shown that the cyclisation at the 4-10 positions in MSH gives a
compound with high affinity for the MSH-receptors (16). Moreover higher activity of
both cyclic and linear MSH-peptides may be afforded by substitution of the L-Phe with
D-Phe (17,18). While the chosen cyclic MSH-analogue has some restriction due its SS
bridge, there still remains a possibility for many conformers. Its structure was therefore
built by performing long molecular dynamics simulation and selecting the ones with
lowest energy for further energy minimisation. The structure with the lowest energy
thus obtained was used in the docking studies as is shown in fig 3.

Sequence alignments. The alignment of all the MC receptor sequences is shown in fig.
1. Most of the conserved amino acids are located within the presumed TM helices. The
carboxyterminal, first extracellural and third intracellular loops differs significantly
whereas the other extra and intracellular loops as well as the amino-terminal show

regions of substantial similarity.

It was previously reported that the MCR transmembrane sequences can be aligned with
the sequences of the whole group of GPCRs (12). Although most conserved amino
acids among the GPCRs are also present in the MC receptors there are some exceptions;
one of the most interesting being the lack of a proline in TMS for the MC receptors.
This fact might suggest a specific role for TMS in the MC receptors as compared to
other GPCRs. Moreover the extreme short extra-cellular loop between TM4 and TMS5 in
the MC receptors compared to other GPCRs (12) is an interesting observation.

None of the TM regions of the MCRs showed any apparent homology to
bacteriorhodopsin, except TMS which contains a nine amino acid long alignable motif
in which up to five amino acids are equal and some others similar. Moreover, four

aminoacids on each side of the motif are also similar (fig. 2).

Modelling of receptor and docking of ligand. The final MC1R model selected after the
dynamics simulation and energy minimisations showed an all over preserved 7
transmembrane o.-helical structure with substantial helice to helice interactions.

Our earlier mutagenesis studies (10) suggested that D117 in TM3 and H260 in TM6 is
part of the ligand binding pocket. Moreover, it is plausible that TM2 is also close to the
binding region. This is because a natural point mutation has been found in TM2 of the
MCIR giving rise to a constitutively activated receptor (19).
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Fig.2. Alignment of TMS of MC receptors and bacteriorhodopsin (BRD). The nine
amino acid long alignable motif (see text) marked by horizontal bars.

The ligand could be docked into a pocket located between TM2, TM3 and TM6 of the
model. Energy minimisation yielded a receptor-ligand complex with several points of
interaction between receptor and ligand. The most interesting interactions are the
formations of salt bridges between D117 in TM3 with the histidine of the cyclic
peptide, between H260 in TM6 of the receptor with the glutamic residue of the ligand,
and the D121 in TM3 with the arginine residue of the ligand. There is also an
interaction between ESS of TM1 for the receptor and the tryptophan residue of the
ligand (fig. 3). In our previous study (10) we found that the D117-->Ala, as well as the
H260-->Ala mutation in the MCIR leads to a drop in affinity for the linear a-MSH but
not for the analog [1251]-Nle4, D-Phe7-MSH, a fact that indicates differences in their
points of attachment to the MC1R. However, a cyclic peptide analog having the
identical core as the peptide used in the present study was also found to loose affinity
for the above mentioned mutated receptors in a similar fashion as a-MSH. (In fact the
same pattern was also found when the D-Phe of the cyclic analogue was substituted

with L-Phe, although the allover affinities became lower; Frandberg et al., unpublished

Fig.3. The model of the interaction of the cyclic MSH analogue with the MCI receptor.
Shown are the backbones of the receptor and ligand (gray) with the side chains of some
of the aminoacids (black) having ligand to receptor interactions; from left to right E55-
R, F4-L, W6-L, H3-L, D121-R, E2-L, R5-L, H260-R and D117-R. (Code used denotes
aminoacid number followed by R for aminoacid of receptor or L for aminoacid of

ligand.)
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data). Thus these data seem to indicate that the cyclic peptide may have a similar
conformation as the natural MSH. The future modelling studies must take into account
that different MSH-analogues may bound with slightly different points of attachment to
the MCIR.
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