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Abstract

Specific interactions of human melanocortin-4 receptor (hMC4R) with its non-peptide and peptide
agonists were studied using alanine-scanning mutagenesis. The binding affinities and potencies of
two synthetic small-molecule agonists (THIQ, MB243) were strongly affected by substitutions in
transmembrane a-helices (TM) 2, 3, 6, and 7 (residues Glul00 Asp122 Aspl26 phe26l His264,
Leu?%5, and Leu288). In addition, 1129A mutation primarily affected binding and potency of THIQ,
while F262A, W258A, Y268A mutations impaired interactions with MB243. By contrast, binding
affinity and potency of the linear peptide agonist NDP-MSH were substantially reduced only in
D126A and H264A mutants. 3D models of receptor-ligand complexes with their agonists were
generated by distance geometry using the experimental, homology-based, and other structural
constraints, including interhelical H-bonds and two disulfide bridges (Cys*0-Cys279, Cys?71-
Cys277) of hMC4R. In the models, all pharmacophore elements of small-molecule agonists are
spatially overlapped with the corresponding key residues (His®, o-Phe’, Arg® and Trp®) of the linear
peptide: their charged amine groups interact with acidic residues from TM2 and TM3, similar to
His® and Arg® of NDP-MSH:; their substituted piperidines mimic Trp® of the peptide and interact
with TM5 and TM6; while the o-Phe aromatic rings of all three agonists contact with Leul33,
Trp258, and Phe?%1 residues.

Melanotropins, which include melanocyte-stimulating hormones (a-, -, and y-MSH) and
adrenocorticotropic hormone (ACTH), are the products of proteolytic cleavage of the 31-36
kDa precursor, pro-opiomelanocortin (1). a-MSH (Ac-Serl-Tyr2-Ser3-Met*-Glu®-His®-Phe’-
Arg8-Trp2-Gly10-Lys1-Prol2-vall3-NH,) shares with all melanotropins the central core
tetrapeptide ‘His®-Phe’-Arg8-Trp?’, which is essential for its biological activity (2). These
neuropeptides exert their function through five subtypes of melanocortin receptors (MCRS),
which have been cloned and characterized (1,3). MCRs belong to the G protein-coupled
receptor (GPCR) superfamily (4) and are positively coupled to cCAMP-generation by adenylate
cyclase via the stimulatory Gs-proteins. They are involved in regulation of multiple
physiological functions, such as pigmentation (MC1R), adrenal cortical steroidogenesis
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(MC2R), exocrine secretion (MC5R), energy homeostasis, penile erection (MC3R and MC4R)
and many others (1,5,6).

The MC4R subtype is regarded as a potential drug target, because it is involved in feeding and
sexual behavior (7-9). Mammals with a defective MC4R gene, which is expressed in the brain,
are characterized by obese phenotype and increased food intake (10-12). AGRP acts as an
inverse agonist, reducing the elevated basal activity of MC4R (13-17). Pharmacological studies
indicate that activation of the MC4R in rodents modulates erectile function (9). Consequently
research efforts have been focused on the development of potent and MC4R-selective agonists
as potential anti-obesity drugs or as treatments for sexual dysfunction (18,19). On the other
hand, MC4R antagonists that block the satiety-inducing effect of a-MSH could be helpful for
treatment of anorexia or cancer cachexia (20).

Recently a number of small-molecule MC4R agonists and antagonists have been synthesized
using “privileged structures” formerly employed in other GPCR ligands (21,22). In particular,
THIQ and MB243 (Figure 1) were identified as potent MC4R agonists with >100 fold
selectivity over MC1R, MC3R and MC5R (18,19).

The binding affinities, potencies, and selectivities of the ligands can be interpreted, understood,
and applied for rational drug design only in the context of 3D structures of receptor-ligand
complexes. However, among all GPCRs, a crystal structure has been determined only for
rhodopsin, and only in its inactive state (23,24). In the absence of direct crystallographic data,
other GPCRs can be modeled simply by homology from the rhodopsin template. Indeed,
homology modeling is a well-established technique (25) that currently works best for GPCRs
(26). However, several challenges remain. First, the active, agonist-bound conformation of
GPCRs differs from the inactive state, especially in the position of transmembrane helix (TM)
6 (27). Second, the sequence alignment of rhodopsin and other GPCRs is not obvious in the
region of the nonregular loops and at helical distortions, such as the a-aneurisms (the insertion
of an extra-residue in a helical turn)) present in TM2 and TMS5, in the rhodopsin structure,
which may be absent in other GPCRs. Finally, ligand docking is a complicated problem (28).

These difficulties can be resolved by obtaining additional experimental data probing
interactions of the specific receptors and their ligands and by using distance geometry
calculations to assist homology modeling by satisfying target receptor-specific experimental
and other structural constraints (29-32). The experimental constraints can be determined using
a variety of techniques (31,32). For example, the experimental studies of the effects of
numerous mutations on binding of natural antagonists to hMC4R allowed modeling of the
complex of the inactive conformation of hMC4R with AGRP and agouti protein (33).
Moreover, we have recently calculated the model of active conformation of the p-opioid
receptor, using distance constraints from the crystal structure of the inactive conformation of
rhodopsin (24) together with a large set of experimental constraints that are compatible with
active states in several GPCRs (31). This model of the active conformation of p-receptor can
be used as a structural template for the modeling of other rhodopsin-like GPCRs that apparently
share common activation mechanism and similar active conformations (34,35).

In the present study, mutagenesis data are used similarly to model the active state of the hMC4R
receptor in complex with agonists by distance geometry calculations with experimental,
hydrogen-bonding, and homology-based constraints. More specifically, we have identified
hMCA4R residues required for activity of two small-molecule, peptidomimetic agonists, THIQ
and MB243, by examining the effects of thirteen mutations in the TM domain on agonist
binding and ligand-induced receptor-mediated cAMP accumulation. A homology model of the
active hMCA4R state was generated, based on our previous experimental and modeling studies
of the inactive hMC4R (33) and of the p-opioid receptor in the active state (31) and was used
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for docking of the two small-molecule agonists into the receptor model, guided by our
mutagenesis data. Subsequently, a complex of hMCR4 with its linear peptide agonists, a-MSH
and NDP-MSH (36) was calculated assuming the structural overlap of pharmacophoric
elements of peptide and nonpeptide ligands.

Experimental Procedures

Cell transfection and culture

The wild type hMCA4R and all mutants were expressed from the eukayotic expression vector
pcDNAZ3.1 (Invitrogen, Carlsbad, CA). The hMC4R mutants had previously been constructed
during the course of other studies (33,37,38) using Quick Change Site-Directed Mutagenesis
Kit (stragene, La Jolla, CA). The presence of desired mutations and the integrity of the entire
receptor sequence were confirmed by sequencing performed in the University of Michigan
Biochemistry core. Large scale plasmid preparations were made using Qiagen Plasmid Maxi
Kit (Qiagen, Valencia, CA). HEK 293 cells were transiently transfected in a 10 cm dish with
5 ug of receptor plasmid DNA using 20 ul of Lipofectamine Reagent (Invitrogen, Carlsbad,
CA). After 24 hours the cells were trypsinized and aliquoted into 24-well plates and grown in
Dulbecco’s modified Eagles medium (DMEM) containing 4.5 g/100 ml glucose, 10% fetal
calf serum, 1 mM sodium pyruvate.

Ligand binding

125|_.NDP-MSH was prepared by the chloramine-T method as previously described (38). NDP-
MSH was purchased from Peninsula Laboratories, Inc. The specific activity of 1251-NDP-MSH
was 618-727 Ci/mmol. Binding experiments were performed using 0.35 nM of radioligand.
Binding assays were performed as previously described (38). 3 x 10° cells were planted on 24
well plates and cultured for ~17-19 h before the experiments. 1Csq values of NDP-MSH were
determined from the inhibition of radioligand binding by increasing concentrations of non-
labeled ligand. The highest non-labeled ligand concentration used was 106 M. Nonspecific
binding was determined in the presence of cold ligand at 10> M. Nonspecific binding was less
than 5% of specific binding. 1Csq values are reported as the mean + standard error. To calculate
Kj values the equation K;j = Kq = IC5p— [radioligand] was used (39). Experiments were
repeated at least three times using duplicate wells on different days.

3', 5'- adenosine monophosphate (cAMP) measurement

cAMP measurements were performed using a competitive binding assay kit (TRK 432,
Amersham; Arlington Heights, IL) as previously described (38). 2 x 10° cells were planted on
24 well plates and cultured for ~17-19 h before the experiments. THIQ (18) and MB243 (19)
were synthesized by Merck & Co., Inc. The mean value of the data was fit to a sigmoid curve
with a variable slope factor using the non-linear least squares regression in Graphpad Prism
(Graphpad Software). ECsq values are reported as mean + the standard error. Experiments were
repeated at least three times using duplicate wells on different days.

Modeling of melanocortin receptor-agonist complexes

The inactive state of hnMC4R (SwissProt accession code P32245) has recently been modeled
from the rhodopsin crystal structure (24) by iterative distance geometry refinement (33), an
approach described and tested previously (29-31,40). This modeled structure of hMC4R
remained very close to the rhodopsin template (r.m.s.d. 1.31 A for 198 Ca-atoms of TM
domain). The homology modeling of the agonist-bound state of hMC4R (residues 29-321),
was accomplished here similarly using the program DIANA (41), which calculates a set of
structures satisfying the imposed distance and angle constraints. Two different structural
templates were used: the model of the inactive conformation of hMC4R (33) and the model of
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the active conformation of p-opioid receptor, which we have previously described (31). The
template of the active conformation of p-opioid receptor, which deviates from the rhodopsin
structure mostly in the position of TM6 (r.m.s.d. 2.2 A for 212 Co-atoms of TM domain), was
chosen because it adequately reproduces helical shifts, and especially the large movement of
TM6 upon receptor activation. All constraints for the seven-a-helical TM domain were taken
from the active p-receptor model, while the constraints for loops were taken from the model
of inactive hMC4R. Based on mutagenesis and modeling results we have previously proposed
that in MCRs a B-hairpin is formed in EL1, as in bacterial rhodopsins, an additional short -
strand in the N-terminal segment is attached to EL3 by a disulfide bond between Cys* and
Cys279, while another important disulfide bond, Cys271-Cys277, connects EL3 to TM6 (33).
An alterative conformation of EL3 was also used with TM6 extended by three residues at the
extracellular end. Sequence alignment of MCRs and rhodopsin (Figure 2) has been described
previously (33). The alignment assumes the disappearance of ana-aneurism in TM2 that is
present in rhodopsin, but conservation of thea-aneurism found in TM5 of the rhodopsin crystal
structure, consistent with previous mutagenesis studies (33).

During distance geometry calculations of the ligand-free receptor with DIANA (41), the spatial
positions of all TM helices were restrained using the following upper distance constraints
(specified in Supplemental Materials): (a) the CP...CP distances from the templates with
allowed deviations of 0.5 A, (b) a set of 54 H-bonds specific for h(MC4R (O...O, N...O
distances of 2.9 A)), and (c) constraints for two disulfide bonds (S y...S", CP...CP, CB...S¥
distances of 2.04, 4.20, 3.05 A, respectively), linking Cys*0-Cys?79 and Cys?/1-Cys?’7; (c)
constraints (N...O distances of 3.5 A) for two artificial Zn?*-binding centers previously
designed in hMC4R (42) between TM2 and TM3, 1104H-Asp22 and 1125H-GIu%, which
enabled receptor activation by Zn?*-ions. The implementation of these constraints retained the
structure of the templates, but allowed small spatial adjustments of alla-helices during the
calculations. The dihedral angles of receptor residues were generally taken as in the template,
with allowed deviations of 30°. Side chain rotamers were taken from the model of the inactive
hMC4R (33), with the exception of several residues that rotate upon receptor activation (31),
such as the conserved Asp126, Leul40, Arg147, Tyr212 Trp258 and several additional residues
(Leul33, Argl65 Phel84 Met208, Met?19). The standard target function weights and
minimization protocol were applied (41). The pairwise r.m.s.d. between the ten best calculated
models of the hMC4R was <0.7 A (for 282 Ca-atoms).

3D-structures of the agonist ligands THIQ and MB243 were generated with QUANTA
(Accelrys), and low-energy conformers of the ligands (within 3 kcal/mol of the lowest energy
conformation) were used for docking. Both ligands were first docked manually into the binding
pocket of h(MCA4R to satisfy the following criteria: (1) a similar spatial arrangement of common
pharmacophore groups in THIQ and MB243; (2) interaction of most functionally important
groups of the ligands (especially, the central aromatic ring and N-terminal N* group) with the
corresponding receptor residues found to be most important for binding of the small molecule
agonists (Glul00, Aspl22 phe261 and His264), as described in Results; (3) minimization of
steric overlaps, and maximization of receptor-ligand H-bonds and ionic and aromatic-aromatic
interactions (conformers of several side-chains in the binding pocket were also adjusted). The
structures of the complexes were then refined using the standard docking tool (DOCK) from
QUANTA.

Large linear peptide agonists, NDP-MSH anda-MSH, were included in the distance geometry
calculations together with the receptor. Therefore, separate modeling of the isolated peptides
and their docking was not required. The following types of constraints were used for the
complex: (1) those within the receptor, taken exactly as in the ligand-free form (above); (2) 7
H-bonds between the receptor and ligand identified in the initial model of the complex and
during its iterative refinement (see Results); (3) CP-CP upper limit constraints between ligand
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residues 4-10 and 5-10 of 4.5 and 7.5 A, respectively, that correspond to 4-10 disulfide and
5-10 lactam bridges in the highly potenta-MSH analogues [Cys#-Cys10]-a-MSH (43) and MT-
11 (Ac-Nle*-cyclo[Asp®, Lys1%la-MSH(4-11)NH,) (44), respectively; and (4) torsion angle
constraints in the central portion of the peptides (His8- Lo-Phe’-Arg8-Trp?), chosen to mimic
the bound conformers of the small-molecule agonists determined as described above. Side
chain conformers of His® (1 ~ -60°) and (..o)Phe’ (x1 ~ 180°) were chosen to mimic
orientations of o-Tic and o-Phe aromatic rings of THIQ. The iterative distance geometry
refinement removed steric overlaps and maximized the number of H-bonds between the
receptor and ligands. Final energy minimization of all hMC4R-agonist complexes was
performed using the CHARMmM (45) potential with e=10, and using the adopted-basis Newton-
Raphson method (50 iterations).

Interactions of agonists with hMC4R residues

In order to understand how agonists interact with hMCA4R, we studied the effects of point
mutations on the binding affinity and potency of the peptide agonist NDP-MSH and two small-
molecule agonists, THIQ and MB243. Alanine-scanning mutagenesis was done in thirteen
positions in the area of the putative ligand binding pocket (16,33,37,38,46), whose mutation
has been shown to affect binding of linear peptide agonists to MC4R and MC1R (37,38,46).
The mutated residues include Trp2%8, which is highly conserved in rhodopsin-like GPCRs and
is presumed to be involved in activation mechanism (31), five residues that are generally
conserved in MCRs (GIu100, Aspl22) Asp126 phe261 H264) four residues conserved in most
MCRs, except MC2R (Phel84, Phe262 | eu?%5, |eu?88) and three more variable residues
(11129, Leu133, Tyr268) The residues were individually replaced by alanine to uncover the role
of the assessed side chains in their interaction with small-molecule agonists. The results are
summarized in Table 1, where ICgq values are determined from competition binding assay of
NDP-MSH against its radioactive analogues, and ECsg values are defined as receptor-mediated
accumulation of cAMP induced by corresponding agonists.

The wild type hMC4R binds NDP-MSH and THIQ with ~10 fold higher affinity (ICsg = 1.7
nM and 1.2 nM, respectively) than MB243 (IC5q = 16 nM). The ICsg and ECsg values are
similar for each of the three agonists at the wild type receptor. All thirteen mutations alter
potencies but do not significantly affect the efficacies of the agonists.

The changes in IC5p and ECsq values for NDP-MSH were also parallel in the majority of tested
mutants, with the notable exception of H264A and D126A mutations, which led to significant
reduction of NDP-MSH binding affinity such that no specific binding was detected by the
filtration method.

The binding affinities and potencies of the small molecule agonists are affected by substitutions
of the majority of mutated residues, which are located in TM3, TM6 and TM7 (Table 1). This
suggests that these side chains are involved in the direct contact with the small-molecule
agonists, although indirect effects cannot be excluded. The relative contributions of the
replaced side chains in the ligand-receptor interactions are reflected in the degree of change in
the binding affinity in the mutants. Our data indicate that the most important interaction likely
involve charged residues (Glul®, Asp122 Aspl26 and His264), residues from TM6 (Phe261
Leu?%5)) and from TM7 (Leu?®8), as their mutations decrease ICsq and ECsg of both agonists
more than 10 fold. These residues are relatively conserved for MCRs 1, 3, 4, and 5 and therefore
are not likely to be involved in the specific interactions with MC4R that provide >100 fold
selectivity of these agonists over MC1R, MC3R, and MC5R (18,19). To reveal the ligand-
receptor interactions responsible for the selectivity of these agonists would require additional
mutations in other sites of the binding pocket, particularly, in the positions of variable residues
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such as Leu??, Val*6, 11e103, 11e125, Tyr268 which interact with these agonists in our modeled
receptor-ligand complexes (see below).

The binding affinities and potencies of small agonists are more sensitive to point mutations
than those of peptide agonists: receptor activation by the linear peptide agonist, NDP-MSH, is
strongly affected only by D126A and H264A mutations (potency decreased more than 80 fold),
and, to a lesser extent, by the EL00A mutation. This may be due to more extensive and
redundant interactions between the receptor and peptide and perhaps due to peptide flexibility,
which allows adjustment inside the modified receptor. In addition, the lower affinity agonist
MB243 is much more affected by substitutions of Trp2°8 and Phe252, than the higher affinity
agonist THIQ. These data can guide receptor-ligand docking.

Modeling active conformation of hAMC4R

It is accepted that active and inactive states of GPCR are different and that agonists can
preferentially bind to the active conformation . However, an experimental structure has been
obtained only for the inactive state of bovine rhodopsin with bound inverse agonist, 11-
cisretinal (23,24). Recently we have developed an active state model for the p-opioid receptor,
based on the crystal structure of rhodopsin and a set of experimental constraints (disulfides,
metal binding clusters, etc.) that facilitate activation (31). This model was applied here as a
template for modeling of hMCA4R (see Experimental Procedures). After calculations, the active
state models of hMC4R and p-opioid receptor superimpose well in the TM domain (r.m.s.d.
1.6 A for 205 Ca-atoms).

A comparison of models for the active and inactive states of h(MC4R reveals the structural
changes that accompany activation. Overall r.m.s.d. of these models is 2.4 A for all common
282 C™ atoms, but decreases to 1.8 A (for 166 Ca atoms) after excluding TM6 and interhelical
loops, which undergo movement during activation. TM6 shifts outward and rotates
counterclockwise (viewed from the extracellular side) during activation, moving its
intracellular end away from TM3 and toward TM5. As a result of this and other changes, the
receptor structure tightens near its extracellular surface, but opens up at the cytoplasmic side,
providing a cavity for binding of the Gas subunit. In the active state, several side chains
(Asp126, Leul33, Leul40, Argl47, Argl®S Phel84 Met208 Tyr212 Met?15 Trp258) change their
orientation, which affects the geometry of the binding pocket and alters interhelical H-bonds,
especially between residues from TMs 3, 6, 7, exactly as observed for the u-receptor (31). The
most significant changes can be described as follows. First, the concerted movements of
Trp258 (2 rotation from ~90° to ~20°), Asp26, and Leul33 (1 rotation from ~180° to ~-60°)
residues affect the shape of the ligand binding pocket at its bottom, making it more suitable
for agonist. Second, the counterclockwise rotation of TM6 brings His254 into the binding
pocket, shifts Phe?61 Leu?85, and Tyr268, and moves Phe262 toward the lipid. This explains
the larger effect of mutations involving His284, Phe261, Leu265, and Tyr288 residues and the
relatively minor effect of F262A substitution on agonist binding affinities and potencies (Table
1). Third, the rotating Arg#’ residue (from the conserved DRY motif in TM3) breaks an H-
bond with the adjacent Asp!46, but forms new H-bonds with Tyr?12 (TM5) and Tyr302 (TM7),
while the released Aspl46 residue forms a new H-bond with Arg165 from IL2. This affects the
shape of the intracellular binding cavity for Gas.

A distinct feature of the melanocortin receptors is the deletion of the B-hairpin from EL2,
together with a highly conserved disulfide bond connecting this B-hairpin to TM3, features
generally found in the rhodopsin family of GPCRs. Instead, the structure can be stabilized by
two additional disulfide bridges, connecting EL3 with the N-terminus (Cys*0-Cys?79), or EL3
with TM6 (Cys271-Cys?77) (33). The deletion of the B-hairpin from EL2 creates a large,
elongated ligand binding cavity containing several acidic residues. The walls of this cavity are
formed by Leu**, Val*® (N-terminus), Phe5! (TM1), GIul%, 11e103 and 11104 (TM2),
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Aspl22 11125, Asp126, 11e129, Cys130, and Leul33 (TM3), Serl’ and Phel8 (TM4), Vall%,
Cys1% and Met200(TM5), Trp258, Phe?61, His?64, Leu285, and Tyr268 (TM6), Phe?84, Leu?88,
and Met2%2 (TM7), Ser8and Ser1%0 (EL2), and Met281 (EL3) residues, many of which were
probed in our mutagenesis experiments. This cavity can be filled by the N-terminal region of
the receptor or by natural peptide agonists (o, B, y-MSH).

Docking of small-molecule agonists into active state model of hMC4R

Both peptidomimetic agonists have a common tripeptide scaffold, with 4-ClI or 4-F derivatives
of o-Phe occupying the central position, an N-terminal part with charged amino groups, and a
C-terminal portion formed by 4,4-disubstituted piperidines. Both ligands have limited
flexibility, with rotations allowed around several single bonds (Figure 1). One of the agonists,
THIQ, has been extensively studied by crystallography, NMR in solution, theoretical
calculations, and analysis of structure-activity relationships of its analogues (18,48). THIQ has
two nearly identical crystal structures, with an extended polypeptide backbone and piperidine
and cyclohexane groups in the chair conformation (48). The crystal structure resembles the
tentative biologically active conformation (18). In these conformations the 4-chlorophenyl
group and piperidine ring are close and interact with each other, while the aromatic ring of o-
Tic is oriented in the opposite direction, and the 1,2,4-triazol ring is highly exposed to the
environment. After local energy minimization, one of the crystal structures has the lowest
energy, while the other has AE=0.8 kcal/mol. Our theoretical conformational analysis of THIQ
identified 12 clusters of conformers with AE < 3 kcal/mol, all of which were used for docking.

The docking of THIQ was guided by placement of its key pharmacophore elements of the
ligand in contact with receptor residues that were found to be most important for binding
affinities and potency, i.e. GIul9, Aspl22 Aspl26 Phe?6l | eu265 His?64, and Leu?®® (Table
1). Two “anchor” pharmacophore groups were the aromatic halogen-substituted ring of the
central o-Phe residue and the positively charged amine nitrogen (Figure 1). Both groups are
present in either natural melanocortin peptides or synthetic agonists (18,19,49). In the model
of the complex, the central aromatic ring of o-Phe(4-Cl) contacts with Phe261 and Leu?88, the
amine group was placed near Glul%, Asp122, and Asp!26 and the 1,2,4-triazole ring of the
peptidomimetic interacts with His?4. The o-Phe(4-Cl) aromatic ring was arranged between
TM3 and TMG, in a position and orientation that is similar to that of the tyramine segment of
opioid ligands in the p-opioid receptor (31). The elongated binding cavity can accept only the
extended conformations of the ligand with »! of o-Phe ~180°. Conformers of THIQ that are
more compact or have £60° »1 conformers of o-Phe can not be docked without steric overlap
with the receptor.

A number of extended low-energy conformers of THIQ could be fitted to the cavity, including
the crystallographic structures. These conformers had slightly different orientations of »-Tic
and the 1,2,4-triazole ring. The best fitting conformation of THIQ (y1 =59, 92 = 79°, y2 =
-141°, %1 = 180°, @2 = 180°, 22 = -70°, 3 = -71°, and x4 = 64°) was not of lowest energy in
isolation (AE=1.1 kcal/mol). However, it formed energetically favorable H-bonds with the
receptor (N* to Asp22 and Asp126 and 1,2,4-triazol to His264), unlike the crystal structures. It
is quite possible that the ligand retains some residual flexibility around w1, ¢2, x2, 23 and
x4 dihedral angles when bound to the receptor. Such flexibility helps to explain high binding
affinity and potency of either .-Tic or o-Tic in THIQ analogue (18).

Receptor-bound THIQ has multiple favorable interactions with hMC4R residues (Figure 3).
For example, the side-chain of the central o-Phe(4-Cl) residue occupies the bottom of the
binding cavity and interact with 1129, eul33, Trp258, Phe261 and Leu?88 residues, most of
which are important for binding and activation by THIQ (Table 1). The o-Tic of THIQ is
situated between Leu®?, Val*6, preceding TM1, and residues from TM2 (GIu100, 11103,
11e104), TM3 (Aspl22, 11e125, Asp126) and TM7 (Asn285). The charged amino group of o-Tic
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forms ionic interactions with several acidic residues from TMs 2 and 3 including the most
functionally important Asp126, with which it also forms an H-bond. Moreover, Asp!26 forms
an H-bond with the backbone amide group of o-Phe, which restrains the position of the ligand
inside the binding pocket. The triazole part of THIQ occupies a spot between TMs 3-7. Its
piperidine ring forms contacts with Phel84(TM4) and Phe84(TM7), the cyclohexyl ring is
situated between Vall93, Cys19 (TM5) and Leu25% (TM®), and the polar triazole group
interacts with Leu2%°, His264 and TyrZ68 (TM®).

A similar analysis was carried out for the THIQ analogue with .-stereocisomer of the central
Phe residue. The extended low-energy conformation of .-Phe-THIQ does not fit the binding
pocket due to changes in backbone angles (@2 =-78°, w2 = 142°), resulting in the reorientation
of the first peptide bond, a broken receptor-ligand H-bond, and steric clashes between the
shifted ligand and TM6 (Tyr268). This may explain the low affinity and potency observed for
the .-Phe analogue of THIQ to hMCA4R (18). Interestingly, .-Phe-THIQ demonstrates higher
affinity toward hMC3R and hMC5R, but does not exhibit agonist properties in these receptors
(18). The increased binding affinity of .-Phe-THIQ to other MCRs may be related to the
substitution of Tyr268 (TM6) in h(MC4R by lle in MC3R or Met in MC5R. At the same time,
the reorientation of the first peptide group in .-Phe-THIQ breaks the H-bond between the
functionally important Asp26 and NH of .-Phe and forces the rotation of Asp12% to a position
appropriate for the inactive receptor state (1 ~ 180°). This Asp’28 reorientation may be
responsible for the loss of agonistic activity of this ligand. Furthermore, substitution of o-Phe
by the larger aromatic side chain of »-Nal(2’) also results in the loss of agonism (18). In our
model of the active state of hIMCA4R, o-Nal(2’) exhibits some hindrances with the indole ring
of Trp2°8 from TM6. However, these hindrances disappear in the inactive conformation of
hMC4R, where the indole ring of Trp238 changes its orientation, in coordination with rotation
of Leul33 from TM3. This is consistent with the observed antagonistic properties of o-Nal(2’)-
THIQ (18).

The lowest-energy conformer of MB243 was structurally more compact than that of THIQ),
and does not fit the binding pocket. Only an extended conformation (AE=1.85 kcal/mol) with
w1l =158° ¢2=76° y2 =-135° %1 =179° w2 =178°, x2 = -175° %3 = 54°, which resembles
the bound conformation of THIQ, could be docked into the model of hMC4R (Figure 4). The
higher energy of the receptor-bound conformation of MB243 is consistent with 10-fold lower
binding affinity, relative to THIQ. Both small agonists interact with the same residues of
receptor, with only relatively minor differences, such as the appearance of an H-bond between
methylated amine of piperazine of MB243 and Glul in addition to the ionic interaction
betwen second N* of piperazine and Aspl22, Asp126, and formation of H-bond between tert-
butylamide group of MB243 and His2%4, while THIQ forms only one H-bond between its N*
and Aspl26 and interacts with His?%4 by its 1,2,4-triazole group. These differences may cause
the more pronounced effects of EL00A and H264A mutations on the potency of MB243,
relative to THIQ (Table 1). MB243 in the receptor retains some rotational flexibility of y1,
¢2, and «2 dihedral angles. In particular, the piperazine can be oriented in the receptor with
its N-methyl group facing either the middle or the extracellular part of the pocket. Therefore,
different substituents at the N-methyl group of piperazine ring can be adopted in the binding
pocket with rather similar affinity (19). The space around N-methyl-piperazine is reduced in
other MCR subtypes, due to replacements of Leu??, Val“8, 11e193 and 11e12 residues by Val,
Ile, Met and Phe, respectively in hMC3R, or by Met, lle, Thr, Phe, respectively in hMC5R.
This may explain the lower affinity and potency of MB243 toward these receptors (19). On
the other hand, the antagonistic properties of the .-Phe analogue of MB243 toward all three
MCRs (19) could be explained by the broken H-bond between the important Asp!26 and the
first peptide bond of ligand, and the forced reorientation of Asp26, similar to the situation
described above for the .-Phe analogue of THIQ.
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Distance geometry modeling of receptor-peptide complexes

Finally, we calculated the complex of hMC4R with peptide agonist NDP-MSH. The initial
model of the complex was generated assuming that “message” residues of the peptide (His®-
o-Phe’-Arg8-Trp?) would mimic the corresponding pharmacophore elements of THIQ: His®
of the peptide was positioned similar to o-Tic of THIQ; guanidium group of Arg® formed ionic
interactions with the functionally important Asp'28similar to the positively charged amine of
o-Tic; o-Phe’ was overlapped with o-Phe(4-Cl) of THIQ, and Trp® mimicked the C-terminal
group of THIQ. The subsequent distance geometry refinement of the complex (see
Experimental Procedures) helped to maximize the set of peptide-receptor H-bonds and adjust
geometry of the peptide and conformers of surrounding receptor side-chains. During the
calculations, we also used constraints between residues 4-10, and 5-10, which were introduced
to mimic disulfide and lactam bridges from cyclic peptide agonists, [Cys*-Cys19]-aMSH
(43) and MT-II (44), respectively.

This computational approach defined the structural details of the receptor-bound conformation
of botha-MSH and NDP-MSH (Table 2) and confirmed their proposed arrangement inside the
receptor (Figure 5). The backbone conformation and 2«1 angles in fragment 3-12 of both
peptides and their position inside the receptor were determined unequivocally (r.m.s.d. 1.2 A
for Ca-atoms 3-12 of peptides in 10 superposed receptor models). Both peptide ligands
demonstrate a B-hairpin-like structure with a reverse turn spanning His® and .- or o-Phe’. In
this conformation the phenyl ring of .- or o-Phe’ interacts with the indole ring of Trp?, forming
a hydrophobic patch, while charged Glu® and Arg?® are located on different sides of the p-
hairpin.

In the binding pocket of hMC4R eithera-MSH or NDP-MSH forms at least 7 H-bonds with
receptor residues: His264 (TM6) with the carboxylate group of Asp® and carbonyl of Trp®;
Glul00 (TM2) with the imidazole group of His®; Asp122 and Asp26 with the guanidium group
of Arg8, Asp26 (TM3) with the amide group of Lo-Phe’; Asp18? (EL2) with the amine group
of Lys!!. These H-bonds were included in calculations of receptor-peptide complexes. Several
additional H-bonds were also found in many calculated structures: Asp3” (N-terminus) with
Serl; Thrl18 (EL1) with Tyr?; Glu#2 (N-terminus) with Ser3, Thrl18 (EL1) with Arg8, Tyr268
(TMB) with carbonyl of Gly19. His® of the peptide ligands is buried between polar side chains
of Glul®, Aspl22 and Asn285 and can form alternative H-bonds with these residues, while
Arg8 is water exposed and can form ionic interactions with both Asp22 and Asp!26. The phenyl
ring of o-Phe” of peptides occupies the bottom of the cavity between 11e129, Cys130, | eul33,
Trp258, Phe261 and Leu288, similar to o-Phe(4-Cl) of THIQ. The slightly different orientation
foro-Phe’ relative to its .-enatiomer inside the pocket may be responsible for the greater potency
and prolonged activity of NDP-MSH, relative toa-MSH (36,50) and for the larger effect of
W258A mutation on the binding affinity and potency ofa-MSH relative to NDP-MSH (37).
Trp2 of both peptides interacts with Leu255, His264, and Phe284 of the receptor, similar to the
C-terminal 4,4’-substituted piperidine of THIQ. Such an arrangement of NDP-MSH inside the
binding pocket explains the substantial effects of EL00A, D126A, H264A, and L265A
mutations on the potency and affinity of this peptide (Table 1).

Discussion

In this study we have identified residues of hMC4R that may interact with two small molecule
agonists and peptide agonists by examining the effects of thirteen mutations on ligand binding
and activation of the receptor. This allowed the development of putative 3D models of
complexes of hMC4R with either THIQ or MB243, based on current data, SAR of small-
molecule agonists (18,19), and our previous modeling studies of inactive (antagonist-bound)
and active (agonist-bound) states of different GPCRs (31,33). Subsequently, the models of
hMC4R with two linear peptide agonists, NDP-MSH anda-MSH, were calculated by distance
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geometry assuming that the most functionally significant side-chains of the peptide (His5, o-
Phe’, Arg® and Trp®) are spatially overlapped with the corresponding pharmacophore groups
of THIQ. The resulting models with peptide agonists were different in atomic details from
those in earlier studies (16,47,51-53). The proposed peptide-receptor complexes were
consistent with the notion that the core residues of flexible peptides reproduced the receptor-
bound structure of the more conformationally rigid small molecule agonists. The peptide
flexibility was also restrained during calculation by packing interactions and H-bonds with the
receptor, and by several intramolecular cross-linking constraints taken from related bioactive
cyclic peptides.

The most important pharmacophore element of all melanocortin agonists is an aromatic ring
of the central o-Phe residue (18,19,49,54). It is inserted at the bottom of the binding cavity in
close proximity to the conserved Trp2°8 residue that triggers activation of GPCRs (31,55). This
region is occupied by the polyene chain of retinal in rhodopsin (24) or by the tyramine portion
of opioid ligands (31). Some interesting details of receptor-ligand interactions can be observed
upon superimposition of hMC4R models in complex with the antagonist AGRP (inactive state),
with the peptide agonist NDP-MSH, and with small-molecule agonist THIQ (Figure 6). Three
key pharmacophore groups of these ligands are similar: (a) phenyl rings of Phe!12 of AGRP,
o-Phe’ of NDP-MSH, and o-Phe(4-Cl) of THIQ; (b) side chain of Arg'1! of AGRP, and charged
groups of His® and Arg8 in NDP-MSH, and N* group of o-Tic in THIQ; and (c) phenyl ring
of Phel13 of AGRP, indole ring of Trp® of NDP-MSH, and cyclohexane ring of THIQ. The
corresponding groups are not completely overlapped, but they occupy the same areas of space
and interact primarily with the same receptor residues.

The models of the receptor-agonist complexes help to interpret the observed effects of hMC4R
mutations on binding affinity and potency of agonists (Table 1). Some residues whose
mutations have been shown to affect activation may be in direct contact with ligands. For
example, in the proposed models of hMC4R with small molecule agonists Glu1%, Asp122, and
Asp!26 residues form H-bonds and ionic interactions with the positively charged N* of THIQ
(0-Tic) or the piperazine ring of MB243. In the proposed models of hMC4R with peptide
agonists, His® of both peptide ligands is completely buried in the pocket and can form an H-
bond either to Glu1% or to Asn?85, while their Arg?® residue is more exposed to water and makes
ionic interactions and H-bonds with Asp122 and Asp26. The reduced ionic interactions of
Arg® in water and the flexibility of His® can explain the smaller effect of E100A and D122A
replacements on the potency of NDP-MSH, relative to their effect on potency of small agonists
(Table 1). Among all acidic residues of MCRs, Asp128 appears to be the most important for
potency of all agonists (>100 fold increase of ECspin D126A mutant). The essential role of
Asp!26 may be due to its H-bond with the backbone NH group of central o- or .-Phe residues
in all agonists (this H-bond forces reorientation of Asp2%in the active state). His264 may be
more important for NDP-MSH binding because it forms two H-bonds with the peptide (with
COO" of Glu® and backbone C=0 of Trp®), but only one H-bond with either THIQ (with 1,2,4-
triazole) or MB243 (C=0 group). L265A mutation demonstrates a large effect only on the
binding affinity and the potency of small-molecule agonists (Table 1) probably because the
aliphatic side-chain of Leu?%® is more tightly packed with the cyclohexane ring of the
peptidomimetics than with the corresponding planar ring of Trp® of the peptide. It can not be
excluded, however, that D126A and H264A mutations may also impair plasma membrane
targeting and/or assembly, as radiolabel binding and functional activation is dramatically
reduced for these mutants.

Our models are consistent with receptor-bound conformations of agonists that have been
proposed previously (18,48,56-59). The best-fitting conformation of small agonist, THIQ was
similar to the crystal structure of this molecule (see Results). It has also been proposed that
aromatic rings of o.-Phe’ and Trp? residues of MSH peptide form a continuous cluster on one
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side of the bound structure, while the positively charged side chains of His® and Arg® form an
opposite ‘hydrophilic surface’ (56,57). Indeed, such aromatic and charged clusters are present
in our models. These two clusters interact with aromatic residues from TMs 3-7 and negatively
charged residues from TMH 2-3, respectively. Furthermore, the bound conformation of NDP-
MSH peptide has a type Il p-turn formed by His® and o-Phe’ residues, as has been suggested
previously based on NMR and computational studies of these peptides in aqueous solution
(58,59). However this B-turn is distorted ina-MSH, where backbone angles of the central .-
Phe’and Arg8 residues are different (Table 2). The B-hairpin-like structure of the peptides was
obtained because the CP atoms of residues 4-10 and 5-10 were kept in close proximity to each
other (4.5 A and 7.5 A, respectively) during distance geometry calculations, thus allowing the
cyclization through a disulfide bond in [Cys?, Cys'9]-0-MSH (43) or a lactam bridge between
Asp® and Lys10in MT-II (44). Further, in the calculated structures ofo-MSH and NDP-MSH
the CP...CP distances between residues 3-11 (~ 8.5 A), 4-11 (~ 8.0 A), 5-8 (~ 7.5 A) and 5-11
(~12 A), are compatible with formation of the corresponding disulfide or lactam bridges in
other cyclic peptide agonists, such as Ac-cyclo[Cys3,Nlel10,0-Nal7,Cys11]a-MSH(3-11)
NH,, Ac-cyclo[Cys4,o-Nal7,Cys11]a-MSH(4-11)NH (60,61), Ac-Nle* 2-cyclo[>-Orn® Glu8]
0-MSH(4-11)NH (62) and Ac-Nle*-cyclo[Asp®2 ,o-Phe’ Aib10 Lysl1]a-MSH(4-11)NH(57),
respectively.

During our calculations of receptor-peptide complexes the side-chains of His® and (L,D)-
Phe’ residues of peptides were restrained in gauche- (x1 ~ -60°) and trans (x1 ~ 180°)
conformations, respectively, to mimic orientations of the aromatic rings of o-Tic! and p-Cl-o-
Phe? (1 ~ 180°) in the receptor-bound conformations of THIQ. Such rotamers are well-
adopted inside the binding pocket of hMC4R. This orientation of the imidazole ring of His® is
consistent with the position of the aromatic ring of the x-constrained (2S,3R)3-phenyl-Pro®
residue of the MT-11 analogue, which retains bioactivity (59). On the other hand, the proposed
trans rotamer of o-Phe’ places the aromatic ring in a different location than the aromatic ring
of the (2R, 3S)Phe-Pro’-MT-I1 analogue, which is completely inactive (59). These data
represent additional evidence supporting the proposed side chain orientations of His® and o-
Phe’ inside the receptor binding pocket.

The proposed models help to explain SAR of the small agonists, for example the importance
of the o-stereoisomer of Phe? for binding and bioactivity of THIQ and MB243, the antagonistic
properties of its o-Nal(2’)-analogue, and the high potency of a THIQ analogue with a -Tic
residue (18), as was described in Results. Furthermore, it has recently been proposed that the
pharmacophore core ‘His8-o-Phe’-Arg8-Trp?" of MT-II is arranged in the binding pocket
similar to the important structural elements of THIQ, based on the comparison of SARs of
THIQ and MT-11 (18). The results of our modeling support this conclusion.

The models are also consistent with SAR of the peptide ligands (47,49,63,64). In the models
the positively charged Arg® of peptides is located close to the extracellular surface of the
receptor and it participates in the H-bond network with acidic residues from TM3 (Aspl22,
Aspl26) The likely presence of water around Arg® should decrease the role of ionic interactions
with this residue. Indeed, the Arg8—Glu® substitution in MT-11 is tolerated, resulting only in
~40 fold loss of potency compared to the parent peptide (65). The negatively charged Glu® of
the peptide ligands is located on the opposite side of its B-hairpin-like structure, forming H-
bond and ionic interactions with basic His264 in TM6. Interestingly, this acidic residue is shifted
from position 5 to position 10 in y-MSH, which is selective for MC3R. As a result, Aspl0 of
yMSH can form an ionic interaction with Lys223 (TM5) of hMC3R that in hMC4R is substituted
by Ser11. This is consistent with the observed importance of Asp? for MC3-selectivity (66).
Further, the Phe” residue is most essential for binding and activity of MCR ligands (49,54). Its
aromatic ring is situated on the bottom of the receptor pocket and surrounded by Asp126,
Leul33and Trp2®8 side-chains that rotate during activation in our model. The bulkier o-Nal
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(2’)7 in peptide analogues overlaps with Leu33 in the active receptor conformation, but it can
be accommodated easily in the inactive receptor state, where Leul33 and Trp28 change
orientation. This is consistent with the functional antagonism of o-Nal(2”)”-containing peptides
in MC4R, but not in MC1R, where Leul33 is substituted by Met (54,63). Indeed L133M
mutation in hMC4R converts »-Nal(2’)’-containing SHU9119 into an agonist (67). Another
residue essential for high affinity of the peptide ligands is Trp?(49). It is located in a
hydrophobic-aromatic pocket, enclosed by Phel84, Cys19, Met200, Phe261 His264 | eu265,
Phe284. This large pocket is suitable for different aromatic substitutions, but not for small or
polar side chains. Indeed, potent agonists are those with Trp?, Lo-Nal(2”)?, .-Nal(1")? or 3-
benzothienylalanine, while ligands with Ala®, His®, and Lys® lose their activity (65,68). In
contrast, the region around His® is formed by polar and aliphatic residues (Leu*4, Val“é,
Glul90 11103 Asp122 11125, Aspl26, Asn285) and, therefore, can adopt both polar and aromatic
side chains (64,65,68).

Our modeling of hMC4R does not include the N-terminal fragment, which can be deleted
without loss of receptor activity (69). However, it has been recently suggested that the N-
terminal domain could function as a tethered intramolecular ligand, which provides intrinsic
constitutive activity of hMC4R responsible for the tonic satiety signal (70). Indeed, the N-
terminus (residues PLWNRSSYRLHSNAZ2” of hMC4R) can be positioned similar to the
natural agonist,a-MSH (residues 1SYSMEHFRWGKPV13) in our model. In this case, their
central tetrapeptide fragments (indicated in bold) structurally match each other, and the
functionally important Arg!® of the N-terminus, whose mutations are associated with obesity
(70), interacts with the functionally important acidic residues from TM3 of hMC4R (Figure
7).

In summary, we propose 3D models of complexes of hMC4R with either small molecule
agonists (THIQ, MB243), or linear peptides (a-MDH, NDP-MSH), based on our mutagenesis
data. The models are consistent with published structure-activity and conformational studies
of the ligands. They can be applied in future studies of residues responsible for high selectivity
of small-molecule agonists to MC4R using mutations of receptor type-specific ligand contact
residues proposed by the model (for example, Leu*?, Val“6, 11103, 11e125) to extend the results
of this study. The models can also be used for computational analysis of binding of many
agonists that were not considered here (71-75)), for finding potential metal binding sites in
MCRs (42,76,77), and for rational drug design.

The atomic coordinates of the described models are publicly available at
http://mosberglab.phar.umich.edu/resources/index.php.
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IL, intracellular loop

Biochemistry. Author manuscript; available in PMC 2008 September 8.


http://mosberglab.phar.umich.edu/resources/index.php.

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Pogozheva et al.

Page 13

SAR, structure activity relationship

0-MSH, o-melanocyte stimulating hormone or Ac-Serl-Tyr2-Ser3-Met*-Glu®-His®-Phe’-
Arg8-Trp2-Gly0-Lys1-Prol2-vall3-NH,

NDP-MSH, [Nle4, o-Phe’]o-MSH

MT-II, melanotan-11 or Ac-Nle?-cyclo[Asp®, Lys1%la-MSH(4-11)NH,

THIQ, N-[(3R)-1,2,3,4-tetrahydroisoquinolinium-3-ylcarbonyl]-(1R)-1-(4-chlorobenzyl)-2-
[4-cyclohexyl-4-(1H-1,2,4-triazol-1ylmethyl)piperidin -1-yl]-2-oxoethylamine

MB243, (2S)-N-[(1R)-2-[4-cyclohexyl-4-[[(1,1-dimethylethyl)amino]carbonyl]-1-
piperidinyl]-1-[(4-fluorophenyl)methyl]-2-oxoethyl]-4-methyl-2-piperazinecarboxamide
AGRP, Agouti-related protein
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THIQ

Figure 1.
Structures of hMCA4R small-molecule agonists.
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N-terminus TMH1 * IL-1

RHODOPSIN 33 EPWQFSMLAAYMFLLIMLGFPINFLTLYVTVQHKKLRT
hMC4R 40 CYEQLFVSPEVFVTLGVISLLENILVIVAIAKNKNLHS

TMH2 * EL1
RHODOPSIN 71 PLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVF------- GPTG
hMC4R 78 PMYFFICSLAVADMLVSV-SNGSETIIITLLNSTDTD-AQSFTVNI

TMH3 * IL2
RHODOPSIN 110 CNLEGFFATLGGEIALWSLVVLAIERYVVVCKPMSNFRFG-
hMC4R 122 DNVIDSVICSSLLASICSLLSIAVDRYFTIFYALQYHNIMT

TMH4 * EL2
RHODOPSIN 150 ENHAIMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPHEETN
hMC4R 163 VKRVGIIISCIWAACTVSGILFIIYS

TMHS * IL3
RHODOPSIN 200 NESFVIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQE---
hMC4R 189 DSSAVIICLITMFFTMLALMASLYVHMFLMARLHIKRIAVLPGT
TMH6 * EL3

RHODOPSIN 240 SATTQKAEKEVTRMVIIMVIAFLICWLPYAGVAFYIFTHQ---GSDFGP
hMC4R 233 GAIRQGANMKGAITLTILIGVFVVCWAPFFLHLIFYISCPQNPYCVCFM

TMH7 * IL-4
RHODOPSIN 286 IFMTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGK
hMC4R 282 SHFNLYLILIMCNSIIDPLIYALRSQELRKTFKEIICCYP

Figure 2.

Sequence alignments of bovine rhodopsin with human MC4R. Underlined characters represent
residues froma-helices, mutated residues are colored by red. The most conserved residue in
each TMH (1.50, 2.50, 3.50, 4.50, 5.50, 6.50, 7.50, in the nomenclature of reference 78) of
rhodopsin-like GPCR is indicated with an asterisk.
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Figure 3.

Stereoview of small-molecule agonist THIQ (purple) inside the binding pocket of the hMC4R
active conformation model. The mutated residues of hMC4R are shown in the licorice
representation colored by element. MB243 is shown in thin purple line for comparison. The
central part of both ligands, a 4-substituted o-Phe?, occupies the bottom of the cavity formed
by 11e129, Leul33 Trp258, Phe261 and Leu?88, the positively charged amino group of the first
residue is close to negatively charged Glul00, Aspl22 and Aspl26, and Asp'26 also forms and
H-bond with the backbone amide group of o-Phe?; while the third residue mimic contacts with
Phel84 |eu?265, and Tyr268, with its polar group interacting with His264,
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Figure 4.

Stereoview of small-molecule agonist MB243 (purple) inside the binding pocket of the hMC4R
active conformation model. The mutated residues of hMC4R are shown in the licorice
representation colored by element. THIQ is shown in thin purple line for comparison. See
legend of Figure 3 for the description of the illustrated ligand-receptor interactions.
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Figure 5.

Stereoview of peptide agonist NDP-MSH (purple) inside the binding pocket of the hMC4R
active conformation model. The mutated hMC4R residues and residues forming H-bonds with
peptide are shown in the licorice representation colored by element. THIQ is shown in thin
purple line for comparison. The receptor-bound conformation of NDP-MSH represents a -
hairpin-like structure with a reverse turn spanning His® and o-Phe’, aromatic rings of »-Phe’
and Trp® forming stacking interactions, and polar residues Glu® and Arg® located on different
sides of the B-hairpin. Inside the binding pocket, NDP-MSH forms at least nine H-bonds with
polar groups of the receptor (shown by dashed lines): Tyr2 hydroxyl with Thrl18 hydroxyl,
carboxylate group of Asp® and backbone carbonyl of Trp® with His254, imidazole of His® with
Glul9, guanidinium group of Arg8 with Asp!22 and Asp126 carboxylate groups and hydroxyl
of Thrl18 backbone amide group of o-Phe’ with Asp126 carboxylate, backbone carbonyl of
Gly10 with Tyr268 hydroxyl, and amine group of Lys!! with Asp89 carboxylate. Important
hydrophobic interactions are formed between aromatic rings of o-Phe” and Trp® of peptide
agonist and non-polar binding pocket residues , Hel29, Leul33, Phel84 | eu265 Trp2%8,
Phe261, |eu?88,

262_PHE
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Figure 6.

A. Superposition of receptor-bound conformation of inverse agonist AGRP (87-132) (yellow)
inside the model of hMCA4R in the inactive state, and peptide agonist, NDP-MSH (purple)
inside the model of hMCA4R in the active state; B. Superposition of receptor-bound
conformations of peptide agonist NDP-MSH (purple) and small-molecule agonist THIQ
(green) inside the model of hAMC4R in the active state. Core residues of AGRP (Argl1l,
Phel12, Phell3) and of NDP-MSH (His®, o-Phe’, Arg8, Trp?) are shown in the licorice
representation.
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Figure 7.

Putative arrangement of the N-terminal fragment (15-27) inside the binding pocket of hMC4R,
docked similarly to the peptide agonista-MSH (1-13). The N-terminal fragment is shown in
the licorice representation colored by element,a-MSH is shown by a thin purple line. The
central tetrapeptide fragment of the N-terminal sequence 2°SYRL structurally overlaps

with BHFRW of the peptide agonist,a-MSH.
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