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Melanin-concentrating hormone (MCH) regulates feeding and energy homeostasis through interaction
with its receptor, the melanin-concentrating receptor 1 (MCHR1), making it a target in the treatment
of obesity. Molecular modeling and docking studies were performed in order to find a binding model
for the docking of two new series of MCHR1 antagonists to the receptor. Results suggested interactions
between the ligands and two glutamines (Gln5.42 and Gln6.55) not conserved in many of the GPCRs fam-
ily members. Histamine 3 receptor (HRH3) presents two apolar residues in the aforementioned positions
and the available biological data against this receptor supported the role of the two glutamines in the
binding of antagonists to the MCHR1. This knowledge could be useful in the development of new, more
active and more selective MCHR1 antagonists.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Obesity has become an alarming public health problem world-
wide. According to the World Health Organization, more than 1 bil-
lion adults are overweight (body mass index [BMI] >25), and
among them, 300 million are truly obese (BMI >30).1 Obesity is a
major risk factor for many serious diseases including diabetes mel-
litus, hypertension, cardiovascular disease, and stroke.2 Although
the pathophysiology of obesity is not fully understood, it has been
established that numerous receptors in the hypothalamus and
other brain regions mediate satiety and food consumption.3 These
receptors are likely to become dysregulated upon chronic over-
feeding and caloric imbalance;4 returning them to normal function
via small-molecule drugs is a potential strategy for obesity
treatment.5

Melanin-concentrating hormone (MCH) is a 19-amino acid pep-
tide predominantly expressed in the lateral hypothalamus and
zona incerta areas of the brain.6 A large number of experiments
have been carried out and published regarding the role that MCH
plays in obesity control. Intracerebroventricular injection of MCH
induces feeding in rats.7 Mice with an ablation of the MCH gene
ll rights reserved.
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are hypophagic, hypermetabolic and lean,8 while transgenic mice
that overexpress MCH are hyperplasia, obese and show insulin
resistance.9 MCH acts through two G-protein-coupled receptors,
melanin-concentrating receptor 1 (MCHR1) and melanin-concen-
trating receptor 2 (MCHR2). Physiological functions of MCHR2
are still unknown, but MCHR1 has been proved to be involved in
feeding, metabolism regulation, and other functions, such as emo-
tional behaviour.10 Experiments showed that mice lacking MCHR1
are hyperactive, hypermetabolic and mildly hyperphagic.11 There-
fore, pharmacological blockade of MCHR1 appears as a promising
approach for obesity treatment.

MCHR1 belongs to the ‘brain-gut peptides receptor cluster’,
according to a chemogenomic analysis of the binding cavity of hu-
man GPCRs.12 The cavity of this group of receptors is typically
formed by two hydrophobic subsites; subsite 1 between trans-
membrane regions (TMs) 1, 2 and 7 and subsite 2 between TMs
5 and 6. At the center of the cavity, certain polar residues, such
as Asp3.32(123) in MCHR1, connect both subsites.12 There is
experimental evidence of the binding of Asp3.32 to a basic amino
nitrogen of the antagonist.13,14 Several molecular modeling studies
of the MCHR1 receptor have also suggested a hydrogen bond be-
tween residue Gln5.42(212) and a carbonyl group present in some
antagonists.15,16

In this study, two novel series of MCHR1 antagonists have been
used to develop a binding model to the receptor with the aim of
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understanding the structure–activity relationships.17 This process
is hampered by the lack of experimentally derived structural data
of MCHR1 and therefore, homology modeling is currently the only
way to obtain a model of the antagonist/receptor complex. Most
comparative modeling methods rely on sequence similarity to a
structural template, from which the backbone structure is
inherited. However, if this similarity is not close enough, both
the backbone positioning and the side chain conformation play
an important role and further information about ligand binding
poses has to be incorporated into the process of modeling binding
pockets. A ligand-steered approach, where existing antagonists are
used to shape and optimize the binding site through a flexible-
ligand–flexible-receptor docking, has already been used and
thought to reduce the uncertainty in binding site modeling.18

2. Results and discussion

2.1. Selection of the GPCR template

Before 2007, the only eukaryotic GPCR X-ray structure available
was that of the rhodopsin.19 But in recent years the structural
information available for GPCRs has rapidly increased. Two new
opsin structures have been published,20,21 as well as two b-adren-
ergic receptors,22,23 and the adenosine receptor structures.24

For the construction of the homology model, the crystal struc-
ture of bovine rhodopsin (OPSD, protein data bank entry 1U19)19

was selected as template. This structure was preferred over the
other GPCR X-ray structures for different reasons. The new opsin
structures were discarded because they represent active states of
the receptor, while the binding of antagonists occurs in the inactive
state.20,21 Concerning Adenosin A2A receptor (AA2AR, pdb entry
3EML),24 its TM3 does not appear to be important for the binding
of antagonists,24 while it has been proved by mutational studies
that Asp3.32 in TM3 of MCHR1 is crucial for the binding of antag-
onists to our receptor.13,14 Concerning the adrenergic receptors
(ADRB2, pdb entry 2RH1;22 ADRB1, pdb entry 2VT4),23 a compari-
son of the ECL2 in OPSD, ADRB1, ADRB2 and MCHR1, suggested the
use of rhodopsin as template. The ECL2 has already been reported
to belong to the ligand binding pocket of GPCRs, and to be impor-
tant for the binding of antagonists.25 When comparing the Ca devi-
ations of the ligand binding region (LBD) of the known GPCR X-ray
structures (data not shown), we found that the main differences
between the X-ray structures are located in the LBD part of ECL2.
Looking at the alignment of the ECL2 residues for the OPSD,
MCHR1, and ADRB2 receptors (ADRB1 is not shown for simplifica-
tion, but coincides with ADRB2 in the points discussed here)
Figure 1. Sequence alignment of the residues of extracellular loop 2 for ADRB2, OPSD a
strand. Polar residues stabilizing the ECL2 in OPSD and MCHR1 are shown in blue, whi
bridges involving residues of this loop are represented by green lines.
(Fig. 1), three observations can be made with regard to this loop
in the three proteins: (i) rhodopsin presents two cysteine residues
in this loop, Cys110-Cys187, which form a disulfide bridge. On the
contrary, in ADRB2, each of these cysteines is involved in a
different interaction (Cys106-Cys191 and Cys184-Cys190). The
MCHR1, similarly to rhodopsin, presents only two cysteine resi-
dues (Cys116 and Cys204), and therefore the disulfide bridge
pattern in our receptor is expected to be that of the rhodopsin;
(ii) the distribution of proline and glycine residues that disrupt
an a-helical conformation is similar in the first two receptors,
while none of these amino acids are found in ADRB2; (iii) the
ECL2 in rhodopsin is stabilized by polar interactions involving res-
idues Arg177 and His195. In contrast, the ECL2 in the ADRB2 is sta-
bilized by hydrophobic interactions formed by several aromatic
residues (Tyr174, Tyr185 and Phe193) which are not conserved
in the other two receptors. Even though within the TM region
MCHR1 has a higher sequence similarity to the adrenergic recep-
tors in comparison to bovine rhodopsine, we believe that the ex-
pected spatial similarity of the ECL2 of MCHR1 compared with
that of ADRB2 is the key argument for choosing the template.

2.2. Homology model building and docking studies

The applied methodology is summarized in Scheme 1. A homol-
ogy model of MCHR1 based on the available crystal structure of bo-
vine rhodopsin (OPSD, protein data bank entry 1U19)19 was built
followed by a minimization of the side chains (see Supplementary
data for details on protein sequence alignment). In the first step,
compound 2t (Fig. 2), the most active of both series,17 was docked
in the receptor model using either the SURFLEX-DOCK program inte-
grated in Sybyl v7.3,26 or by applying the compound to a short
molecular dynamics (MD) simulation (see Supplementary data
for details). As a result, we selected three complex structures
which were subjected to a restrained molecular dynamics simula-
tion and further minimization in order to relax the side chains;
these three complexes were then used as a starting point for re-
peated simulated annealing (SA) to sample different docking poses.
From here, 14 models were selected according to the following cri-
teria: (i) diversity of docking poses and interaction patterns and (ii)
calculated interaction enthalpies of the ligand receptor complexes.
Table 1 summarizes the various distance restraints applied in this
simulated annealing procedure.

In the second step, the 35 compounds (Tables 2 and 3) were
docked separately into each of the obtained receptor models using
the SURFLEX-DOCK program integrated in Sybyl v7.3,26 with a protomol
constructed by ligand mode, and selecting the 10 best scored
nd MCHR1 receptors. In the secondary structure, ‘h’ stands for a-helix and ‘s’ for b-
le the aromatic ones that stabilize the ECL2 in ADRB2 are colored in red. Disulfide
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Figure 2. Most active compound of MCHR1 antagonists series 1 and 2.17
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docking poses. For each model, the 350 poses were sorted into
groups according to their conformation and orientation in the
Table 1
Summary of all the distance restraints used during the different simulated annealing runs

Domain Residues and/or antagonist scaffolds Comm

TM1-antagonist Phe1.39(47), Pro1.58(97) p-toluyl ring of antagonist Bindin
TM2–TM4a Asn2.45(84)-Trp4.41(168) Hydro
TM3a Arg3.50(140)-Asp3.51(141) Salt b
TM3a Asp3.32(123) Orien
TM3-

antagonista
Asp3.32(123) basic amine of the antagonist Salt b

GPCR
TM5-antagonist Gln5.42(212) carbonyl group of the antagonist Molec
TM5/TM7-

antagonist
Thr5.39(209), Gln5.42(212), Gln6.55(276) hydroxyl group of
the antagonist

Differ

TM6a Trp6.48(269)-Phe6.44(265) Hydro
TM6a Trp6.48(269)-Tyr6.51(272) Hydro
TM6 Tyr6.51(273) Rotat

recep
TM7 Tyr7.35(293) Orien

a Restraints applied in all the runs.
receptor. From the whole study, the group that presented the best
correlation between docking score and biological affinity data was
selected as the preferred binding mode of the antagonists to the
MCHR1.

This selected receptor/ligand complex (scaffold interactions
shown in Fig. 3a) presented the following features: (i) the biphenyl
group was located among residues Phe5.47(217), Phe5.51(221)
and Tyr6.52(273); (ii) the p-toluyl moiety was located in subsite
1, between residues Phe187(ECL2) and Tyr7.43(301); (iii) an ionic
interaction between Asp3.32(123) and the basic amine of the
antagonist was found;13,14 (iv) Gln5.42(212) formed a hydrogen
bond to the hydroxyl group of the ligand; (vi) Tyr6.52(273) formed
a hydrogen bond to the urea hydrogen atom; and (vi) Thr3.40(131)
formed a hydrogen bond to the cyano group.
ent Ref.

g of the p-toluyl ring in hydrophobic subsite 1 (TMs 1, 2 and 7) 12
gen bond found in the inactive state of rhodopsin 33
ridge characteristic of the inactive state of GPCRs (E/DRY motif) 33,34
tation of Asp3.32 relative to antagonist binding 47
ridge found by molecular substitution and mutational experiments in
s

13,14

ular modeling studies for binding of antagonist to the MCHR1 15,16
ent positioning of the hydroxyl group attempted —

phobic interaction characteristic of the inactive state of rhodopsin 19,23
phobic interaction characteristic of the inactive state of rhodopsin 19,23

ion of the aromatic ring inside the receptor, relative to its potential role in
tor activation

48–
50

tation thought for the inactive state of GPCRs 50



Table 2
Binding affinities of compounds 1a–j (series 1) towards MCHR1 and HRH3 receptors

N N
H

O

R1

N

R

Compound R1 R Ki
a (nM) (pKi ± SEMb) MCHR1 Ki

c (nM) ± SEMb HRH3 Selectivity MCHR1/HRH3d

1a H 4-F 545 (6.265 ± 0.145) (n = 2) nd nd
1b H 4-OMe 1460 (5.84) (n = 1) 5150 ± 2130 (n = 2) 3.53
1c H 2-OMe 425 (6.37 ± 0.03) (n = 2) >103 (n = 3) MCHR1
1d H 3-CN 186 (6.73 ± 0.15) (n = 2) >103 (n = 4) MCHR1
1e H –H 2640 (5.575 ± 0.055) (n = 2) >103 (n = 2) MCHR1

1f
HO

O
4-F 5860 (5.23 ± 0.06) (n = 2) 1420 ± 15 (n = 2) 0.242

1g
OH

O
4-OMe >103 581 ± 76 (n = 3) HRH3

1h
OH

O
2-OMe 6050 (5.22) (n = 1) 9990 ± 721 (n = 2) 1.65

1i
OH

O
3-CN 6380 (5.195 ± 0.075) (n = 2) 2800 ± 385 (n = 2) 0.438

1j
OH

O
–H >103 >103 (n = 2) nd

a MCHR1(h)/[3H]SNAP-7941/HEK/SPA-BF136-1. Ki is the in vitro inhibition constant.
b Standard error of the media.
c HRH3/[125I]Iodoproxyfan. Ki is the in vitro inhibition constant.
d ’MCHR1’ and ‘HRH3’ stand for compounds that are selective for MCHR1 and HRH3, respectively. Compounds were considered to have no affinity to the receptor if Ki

>103 nM.

Table 3
Binding affinities of compounds 2a–z (series 2) towards MCHR1 and HRH3 receptors

N
H

N

O N

R

R1

Compound R1 R Ki
a (nM) (pKi ± SEMb) MCHR1 Ki

c (nM) ± SEMb HRH3 Selectivity MCHR1/HRH3d

2a 4-F 314 (6.505 ± 0.155) (n = 2) nd nd

2b 4-OMe 273 (6.56 ± 0.13) (n = 3) 6510 ± 485 (n = 2) 23.8

2c 2-OMe >103 >103 (n = 2) nd

2d 3-CN 509 (6.29 ± 0.12) (n = 2) 853 ± 252 (n = 3) 1.68

2e –H 258 (6.59 ± 0.84) (n = 3) >103 (n = 2) MCHR1

2f
O

O
4-F 421 (6.375 ± 0.175) (n = 2) 2080 (n = 1) 4.94

2g
O

O
4-OMe 595 (6.225 ± 0.125) (n = 2) 1010 ± 220 (n = 3) 1.70

2h
O

O
2-OMe 215 (6.668 ± 0.135) (n = 4) 1050 ± 246 (n = 2) 4.88

2i
O

O
3-CN 254 (6.595 ± 0.055) (n = 2) 1630 ± 677 (n = 3) 6.42

2j
O

O
–H 947 (6.02 ± 0.14) (n = 2) 1130 (n = 1) 1.19

2k
O

O

O

O

4-F 214 (6.67 ± 0.05) (n = 2) 548 ± 18 (n = 2) 2.56
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Table 3 (continued)

Compound R1 R Ki
a (nM) (pKi ± SEMb) MCHR1 Ki

c (nM) ± SEMb HRH3 Selectivity MCHR1/HRH3d

2l
O

O

O

O

4-OMe 170 (6.77 ± 0.01) (n = 2) 779 ± 173 (n = 3) 4.58

2m
O

O

O

O

2-OMe 1200 629 ± 95 (n = 2) 0.524

2n
O

O

O

O

3-CN 1080 1310 ± 370 (n = 2) 1.21

2o
O

O

O

O

–H 388 (6.41 ± 0.03) (n = 2) 807 ± 110 (n = 2) 2.08

2p OH 4-F 96.6 (7.015 ± 0.135) (n = 2) >103 MCHR1

2r OH 4-OMe 204 (6.69) (n = 1) 9260 ± 339 (n = 4) 45.4

2s OH 2-OMe 251 (6.6 ± 0.04) (n = 2) 6680 ± 921 (n = 5) 26.6

2t HO 3-CN 43 (7.36 ± 0.01) (n = 2) 1160 ± 25 (n = 2) 26.9

2u HO –H 144 (6.84 ± 0.015) (n = 2) nd nd

2v
HO

HO
4-F 149 (6.825 ± 0.145) (n = 2) >103 MCHR1

2w
HO

HO
4-OMe 143 (6.84 ± 0.12) (n = 3) 899 ± 15 (n = 2) 6.29

2x
HO

HO
2-OMe 167 (6.78 ± 0.1) (n = 2) 2140 ± 545 (n = 3) 12.8

2y
HO

HO
3-CN 769 (6.11 ± 0.04) (n = 2) 8800 ± 140 (n = 2) 11.4

2z
HO

HO
–H 173 (6.76 ± 0.01) (n = 2) nd nd

a MCHR1(h)/[3H]SNAP-7941/HEK/SPA-BF136-1. Ki is the in vitro inhibition constant.
b Standard error of the media.
c HRH3/[125I]Iodoproxyfan. Ki is the in vitro inhibition constant.
d ’MCHR1’ and ‘HRH3’ stand for compounds selective for MCHR1 and HRH3, respectively. Compounds were considered to have no affinity to the receptor if Ki >103 nM.
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2.3. Model validation by molecular dynamics simulations

As a criterion for the accuracy of the selected ligand–receptor
model, the stability of the complex was tested by an unrestrained
2 ns molecular dynamics simulation using a previously described
setup.27 The conformation closest to the average one in the produc-
tion run was selected as our final MCHR1/antagonist model.

Table 4 shows the root mean square deviation (RMSD) of the
transmembrane domains and the residues in the binding site
(those showing interactions with the ligand, Fig. 3a) for the average
structure compared to the bovine rhodopsin and the b-2-adrener-
gic receptor (ADRB2, protein data bank entry 2RH1).19,22 All values
are within the X-ray structure resolutions (2.2 Å for OPSD and 2.4 Å
for ADRB2). As can be observed, even if the rhodopsin structure is
used as template, the final complex model, particularly in the bind-
ing site, shows low deviation compared to all of the other
receptors.

Figure 4 presents the average fluctuation of the a-carbons in
the production phase (last 760 ps of the trajectory). In general,
the transmembrane regions have a low RMSD, while the loops
show much greater flexibility. There are, however, some excep-
tions: (i) extracellular loop 2 (ECL2) remains more rigid than the
other loops during the simulation, (ii) some parts of the transmem-
brane domains show a higher fluctuation, as in the case of the
extracellular ends of TMs1-5; and (iii) the cytoplasmatic region
of TM4.

Concerning the ECL2, the antiparallel b-strand of this loop in the
rhodopsin X-ray structure, that we had hypothesized for the



Figure 3. 2D diagram of the ligand–receptor interactions found in the selected MCHR1/antagonist model before (a) and after (b) the molecular dynamics simulation. Residues
that form a hydrogen bond to the antagonist are stressed in black, and the hydrogen bonds are shown by arrows. Figures were generated with the software MOE.51
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MCHR1 (see ‘Structural template election’), remains stable during
the whole simulation, conferring the observed rigidity. Moreover,
this structural motive had been predicted for the MCHR1 by the
secondary structure predictor SAM-TO2,28 and it has also been sug-
gested for other GPCRs.29,30 In addition, looking at the structure of
Table 4
Root mean square deviation (RMSD) in Ångström for the backbone heavy atoms of the
final MCHR1 model compared to the OPSD (pdb entry 1U19) and ADRB2 (pdb entry
2RH1) X-ray structures

RMSD MCHR1/
OPSD

RMSD MCHR1/
ADRB2

RMSD OPSD/
ADRB2

Transmembrane domains 2.2684 2.6361 2.1719
Binding site 1.4159 1.6630 1.3642
this loop in the rhodopsin and ADRB2 X-ray structures and in our
MCHR1 model (Fig. 5), two observations come up which coincide
with the proposed b-strand: (i) the disulfide bridge present in
our model (Cys116-Cys204) coincides with that of rhodopsin
(Cys110-Cys187), but is different in ADRB2 and (ii) the ECL2 stabil-
ization pattern in rhodopsin (polar interactions involving residues
Arg177 and His195) is also conserved in MCHR1 (Arg183, Asn200),
while it is not present in ADRB2 (hydrophobic interactions formed
by aromatic residues not conserved in the other two receptors). All
these observations together support the proposed b-strand confor-
mation in the extracellular loop 2 of MCHR1.

With regard to the transmembrane domains, ADRB2 and
MCHR1 are characterized by a bigger cavity between the extracel-
lular ends of the a-helices compared to OPSD (Fig. 6a), caused by



Figure 4. Root mean square deviation (RMSD) of the a-carbons of both transmembrane helices and loops in the production phase of the molecular dynamics simulation.

N. Cirauqui et al. / Bioorg. Med. Chem. 18 (2010) 7365–7379 7371
tilts of TM1 in ADRB2, TM2 in MCHR1 model and TM3 in both
receptors. This could explain the increased flexibility of MCHR1
in these regions and may possibly be related to the fact that these
receptors, in contrast to rhodopsin, are activated by ligands coming
from the extracellular side.

On the other hand, the cytoplasmic regions are more stable and
present a more similar shape in all three structures (Fig. 6b), except
for the last residues in TM4 (Ser4.40(158) and Val4.41(159)) that
have higher RMSD. These positions are occupied in rhodopsin by
an asparagine and a histidine, which form a hydrogen bond. In
MCHR1, the lack of this interaction could confer higher elasticity
in this region.
2.4. Inspection of the inactive GPCRs structural features

Antagonists bind to receptors in their inactive state, maintain-
ing them in that state. The inactive conformation of the structural
template used (OPSD)19 must then be observed in our final model,
after the binding of the antagonist. Therefore, the structural
features typical of the inactive state of GPCRs were inspected,
looking for their presence in the final model, as well as determin-
ing their degree of stability during the whole simulation. With re-
gard to Trp6.48(269), it interacts with both Phe6.44(265) and
Tyr6.51(272), and is oriented towards a polar residue in position
7.45 (Asn303 in MCHR1), similar to that found in rhodopsin struc-
tures.19,31 Another important conserved element is the E/DRY mo-
tif, which is supposed to hold together the cytoplasmic ends of
TM3 and TM6 in the resting state.32 Figure 7 shows a picture of this
motif in the OPSD, MCHR1 and ADRB2 receptors. In rhodopsin,
Arg3.50 forms a network of interactions with Glu3.49, Glu6.30
and Thr6.34. The MCHR1 presents a threonine in position 6.30
and the interaction of this residue with Arg3.50 was not observed
in our study, nor was it found in other molecular modeling studies
concerning this receptor.15 The lack of this interaction could be ex-
plained by the shorter length of the threonine’s side chain com-
pared to that of glutamine. This weakening in the E/DRY motif is
also observed in the ADRB2 receptor crystal structure, which pre-
sents a leucine in position 6.34. Moreover, the ADRB2 receptor
lacks the interaction between Arg3.50 and Glu6.30. This could be
an artefact of the crystallization procedure, which uses T4 lysozime
to stabilize TMs5 and 6. But it could also be explained by the fact
that ADRB2 presents a threonine in position 3.49, and not a gluta-
mine as the rhodopsin receptor. The shorter length of the threo-
nine’s side chain could force Arg3.50 to move closer to TM3 and
therefore farther from Glu6.30. The consequences of this weaken-
ing of the E/DRY motif in the MCHR1 and ADRB2 structures are
patent in Figure 6b. A greater distance can be observed between
the intracellular ends of TMs 3 and 6 in these two receptors com-
pared to rhodopsin, due to tilts in TM3 in the ADRB2 receptor and
TM6 in both receptors. Another structural feature found in the
inactive state of GPCRs is the NPxxY motif. In this motif, the side
chains of Asn7.49 and Tyr7.53 project inside the receptor, holding
TM2 and TM7 together by means of a pair of interactions: Tyr7.53-
Asn2.40 and Asn7.49-Asp2.50.33 Figure 8 shows images of these
interactions in the rhodopsin receptor, the ADRB2 and the MCHR1
model. In the b2-adrenergic receptor crystal structure, the first
interaction is absent and the side chain of Tyr7.53 points towards
Asn7.49. Both conformations were found during our molecular
dynamics simulation and, even though the one similar to ADRB2
was more frequent, our final model presents the rhodopsin’s pat-
tern, with a hydrogen bond between Tyr7.53 and Asp2.40. Other
interactions between conserved residues that stabilize the resting
state and were found in our model include Asn1.50-Asp2.50 and
Asn2.45-Trp4.50 (see Fig. 9).33
2.5. Analysis of the proposed binding mode

Most of the receptor–ligand contacts present in the first
MCHR1/antagonist complex were maintained during the simula-
tion ( Fig. 3b), except for the interaction between residue
Tyr6.52(273) and the urea hydrogen atom; and that between
Thr3.40(131) and the cyano group. On the other hand, some aro-
matic residues located near the biphenyl scaffold oriented their
side chains to create an aromatic cage for the binding of this group.

The binding pocket cavity obtained is typical of the ‘brain gut
receptor cluster’:12 two hydrophobic subsites (subsite one among
TMs 1, 2 and 7, and subsite two between TMs 5 and 6) separated
by a polar residue (Asp3.32). Figure 10 shows a 3D image of the



Figure 5. Structure of the extracellular loop 2 (ECL2) of OPSD (a),19 MCHR1 (b) and
ADRB2 (c)22 receptors. Carbon atoms are colored orange, oxygen atoms are in red,
nitrogen atoms are in blue and sulfur atoms are in yellow. Figures were generated
with Sybyl v7.3.26
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binding pose. Coinciding with the experimental findings, a salt
bridge was found between Asp3.32(123) and the basic amine of
the antagonist.13,14

In the eastern part of the molecule, the p-toluyl group binds into
subsite 1 surrounded by residues Met2.57(96), Ile3.28(119),
Tyr6.51(272), Ile7.39(297) and Tyr7.43(301). Most of them are com-
mon binding residues in this GPCR cluster.12,18 Mutagenesis studies
have shown Tyr6.51 and Tyr7.43 to be important for the binding of
antagonists to the neurotensin-1-receptor, which also belongs to
this group of receptors.34 Other molecular modeling studies with
MCHR1 propose hydrophobic interactions between Ile7.39(297)
and the antagonist T-226296.15 In our model, the p-toluyl ring of
the ligand is also involved in p stacking interactions with Phe187
(ECL2). A role for the ECL2 in the binding of antagonists to MCHR1
had already been suggested by a molecular modeling study per-
formed by Taveres et al., who found interactions between their
antagonist and residues Pro188 and Val192 in the ECL2.35

As previously mentioned, the biphenyl moiety binds in an aro-
matic cage formed by residues Phe5.43(213), Phe5.47(217),
Phe6.44(265), Phe6.45(266), Trp6.48(269) and Tyr6.52(273). This
location coincides with experimental and computational findings
regarding both the ‘brain gut receptor cluster’ and the ‘amines
receptor cluster’.16,18,36–38

The N-alkyl substituent R1 binds in a pocket between
Gln5.42(212), Thr5.39(209) and Gln6.55(276). The hydroxyl group
of the ligand forms a hydrogen bond with the side chain of Gln5.42
that remains stable during the whole simulation. Other molecular
modeling studies have also proposed a role for Gln5.42 in the binding
of antagonists to MCHR1, finding an interaction between this residue
an a carbonyl group present in their antagonists (T-226296 or 2-(2,
4-dichlorophenoxy)-N-{2-[(2-dimethylaminoethyl)methylamino]-4-
methylquinolin-6-yl}-acetamide).15,16

Moreover, Gln3.36(127) has been reported to contribute to the
binding site.11,18,39,40 In our model, Gln3.36(127) is close to the
biphenyl moiety and the distance between the polar groups of our
antagonist and this residue does not permit an interaction. The same
was observed in a molecular modeling study conducted by Giorda-
netto et al., who found some of their antagonists bound too far from
Gln3.36(127) so as to allow an interaction with it.40 However, in our
model, Gln3.36(127) is involved in a network of hydrogen bonds
Tyr6.52(273)-Gln3.36(127)-Asp3.32(123)-Tyr7.43(301) which, to-
gether with the network of interactions Tyr6.51(272)-Gln6.55
(276)-Tyr7.35(293), were formed during the molecular dynamics
simulation, contributing to the stability of the binding pocket. There-
fore, Gln3.36(127) contributes to the binding site described here.

2.6. Structure–activity study

The docking pose of series 2 compounds is illustrated with com-
pound 2t in Figures 3b and 10. Due to the differences in structure
between series 1 and 2, we present Figure 11, a structural model of
compound 1e docked in the receptor, as an illustrative example of
docking pose of series 1 compounds.

In vitro MCHR1 binding data for series 1 and 2 are given in
Tables 2 and 3, respectively. In general, compounds from series 1
display lower affinity than those of series 2, probably due to the
higher rigidity of the linker between amine and biphenyl groups
in the first series. There is also a strong difference between com-
pounds 1a–e and compounds 1f–j. In the first group, a hydrogen
atom of the urea interacts with residue Gln5.42(212). In our model,
substitutions in this position (1f–j) yield steric clashes with the
glutamine and other residues lining the binding pocket.

In series 2, higher affinity for the receptor is shown for
compounds 2p–z, which present a hydroxyl group that interacts
with Gln5.42(212). Furthermore, in compounds 2v–z, a second hy-
droxyl group is predicted to be bound to Gln6.55(276). Even when
presenting two polar interactions with different glutamine residues,
compounds 2v–z did not show better affinities than compounds
2p–u, probably due to the higher steric hindrance of their R1
chain.

On the aromatic region, the electrostatic properties of the
aromatic system could play an important role, and the different
influence could be explained by both polar interactions with some
residues, and electron-donating and withdrawing effects of sub-
stituents on the biphenyl system, which are not fully captured by
the docking model. Also, the location of the biphenyl group inside
the aromatic cage is important. Bigger substituents on the urea (R1
chain) could obligate the biphenyl group deeper into the pocket.



Figure 6. Alignment of OPSD (green)19 and ADRB2 (blue)22 X-ray structures with the final MCHR1 model (red). View from the extracellular (a) and intracellular (b) sides. A
bigger cavity between the extracellular ends of the transmembrane domains is observed in ADRB2 and MCHR1 compared to the OPSD, caused by tilts of TM1 in ADRB2, TM2
in MCHR1 and TM3 in both receptors. With regard to the intracellular side, the distance between TM3 and TM6 in both ADRB2 and MCHR1 receptors is higher than in OPSD,
due to the lack of certain interactions within the EDRY motif. Figures were generated with Sybyl v7.3.26

Figure 7. Interactions within the E/DRY motif observed in the OPSD (a)19 and ADRB2 (b)22 crystal structures, and in the MCHR1 (c) final model. Carbon atoms are colored
orange, oxygen atoms are in red and nitrogen atoms are in blue. Atomic interactions within hydrogen bond distance are shown as dashed black lines. Figures were generated
with Sybyl v7.3.26
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This would modify the interactions of the aromatic scaffold with
the different residues within the aromatic cage.

2.7. Model validation using biological affinity data against HRH3
receptor

Unfortunately, we could not carry out a mutational study to
prove the role of Gln5.42 and Gln6.55, so we had to look for a dif-
ferent approach. Biological affinity data of the compounds against
HRH3 was already available, so we decided to use it as a test to
check the importance of the aforementioned glutamine residues
in the binding to MCHR1. Our approximation is based on three
arguments: (i) homology between HRH3 and MCHR1 within the
binding site residues, (ii) similarity of the proposed binding
mode of antagonists to HRH3 compared with that proposed by
our model, (iii) and mainly the fact that HRH3 presents two



Figure 8. Interactions within the NPxxY motif observed in the OPSD (a)19 and ADRB2 (b)22 crystal structures, and in the MCHR1 (c) final model. Carbon atoms are colored
orange, oxygen atoms are in red and nitrogen atoms are in blue. Atomic interactions within hydrogen bond distance are shown as dashed black lines. Figures were generated
with Pymol (DeLano Scintific, Palo Alto, CA, USA).

Figure 9. Other stabilizing interactions of the resting state of GPCRs found in our MCHR1 final model. Hydrogen bonds between Asn1.50 and Asp2.50 (a) and between
Asn2.45 and Trp4.50 (b). Carbon atoms are colored orange, oxygen atoms are in red and nitrogen atoms are in blue. Atomic interactions within hydrogen bond distance are
shown as dashed black lines. Figures were generated with Pymol (DeLano Scintific, Palo Alto, CA, USA).
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apolar residues (Ala5.42 and Met6.55) instead of the glutamines
(Fig. 12).

The homology between both receptors in the binding site was
studied by an alignment of 30 hotspot residues supposed (from
the X-ray structure of rhodopsin bound to retinal) to line the TM
binding cavity of GPCRs (Fig. 12).12 The receptors have a 23.3% of
sequence identity within the binding site, which is comparable to
that found between MCHR1 and either ADRB2 (30%), ADRB1
(26.6%), AA2AR (20%) or OPSD (20%). The binding site residues sim-
ilarity between MCHR1 and other receptors of its same GPCR
receptor cluster (with the exception of MCHR2) is also not higher
(16.6–33.3%). Moreover, the residues found in this study to consti-
tute the aromatic cage for the binding of the biphenyl group of our
antagonists are conserved between MCHR1 and HRH3 in a percent-
age of 71.4%.

Concerning the binding mode of antagonists, HRH3 is thought
to present a cavity formed by two hydrophobic subsites: subsite
1 between TMs 1, 2 and 7 (with mainly aliphatic residues) and sub-
site 2 between TMs 5 and 6 (with a strong aromatic character).
Asp3.32 connects both subsites.12 The same was found for MCHR1
in our model, as described above. Moreover, Lorenzi et al. showed
that the aromatic moieties of classical HRH3 antagonists preferen-
tially bind in an aromatic cage between TM3, TM6 and TM7.41 The
location of that aromatic cage is similar to that found for MCHR1
antagonists in our model, with the difference that in our model,
the aromatic was cage displaced toward TM5.

Finally, the lack of the two glutamine residues in the HRH3
receptor allows us to check the importance of those residues in
the binding to MCHR1.

In vitro HRH3 binding data for series 1 and 2 are given in Tables
2 and 3, respectively. As expected, in general, the affinity of the
compounds to this second receptor did not differ much from that
to the MCHR1. However, some compounds were found to be selec-
tive to our receptor. This is the case for antagonists 1a–e, whose
urea NH-group was proposed by our model to interact with
Gln5.42 (Ala in HRH3). In contrast, compounds 1f–j, whose N-alkyl
chain clashes with the side chain of Gln5.42 in our model, show
improved affinity against HRH3. Moreover, in series 2, higher



Figure 10. Homology model of the MCHR1 with the antagonist 2t bound in the binding pocket. Carbon atoms in the antagonist are colored in blue, while those of the receptor
are colored in green. Schematic representation (a), closeup of the binding pocket (b) and detail of hydrogen bonds involving Gln3.36(127) (c). Selected residues are denoted
using the Ballesteros–Weinstein numbering scheme.43 Carbon atoms are colored green for the protein and cyan for the ligand; oxygen atoms are colored red, nitrogen atoms
blue and sulfur atoms yellow. Atomic interactions within hydrogen bond distance are shown as dashed black lines. The figure was generated with Pymol (DeLano Scintific,
Palo Alto, CA, USA).
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selectivity for the MCHR1 is observed for compounds 2p–x, which
present one or more hydroxyl groups predicted to bind Gln5.42 or
both Gln5.42 and Gln6.55 (Met in HRH3).

These results coincide with the interactions found in our model
between polar groups of the antagonists and glutamine residues
Gln5.42 and Gln6.55.

2.8. Appearance of a glutamine residue in positions 3.36, 5.42
and/or 6.55 in other GPCR receptors

Afterwards, the appearance of a glutamine (or a similar asparra-
gine) in positions 3.36, 5.42 and 6.55 was checked through the
GPCR family. Even if our compounds did not present an interaction
with Gln3.36(127), this one was included in the study because it is
thought to belong to the binding site of GPCRs and it has been
found to interact with some MCHR1 antagonists.11,18,39,40

Table 5 shows a list of the GPCR receptors which present a glu-
tamine, or a similar asparragine, in positions 3.36, 5.42 and/or 6.55.
The sequence alignment and the GPCR clustering was taken from a
previous study by Surgand et al.12

As can be observed, the presence of a glutamine in position 3.36
is almost a peculiarity of the MCHR1. Concerning Gln5.42, only
some chemokine receptors present a glutamine in that position,
and just 7 other receptors belonging to different clusters have an
asparragine. Gln6.55 is more conserved through the GPCR family.
However, just 7 receptors from the vasopeptides, opiates and
purines receptor clusters (apart from MCHR2) present a glutamine
in that position, while several others have an asparragine.

All together, we believe that the three glutamine residues and
their interactions with ligands could be important for the design
of more selective MCHR1 antagonists.

3. Conclusions

In this study, we present a model for the binding of two new
series of antagonists to the MCHR1 receptor that is validated using
the biological affinity data of the compounds against both MCHR1
and HRH3. Biological data for this second receptor corroborate the
role of two glutamines (Gln5.42 and Gln6.55) in the binding of the
antagonists. Those glutamine residues are not conserved in most of
the GPCR family members.

From our results, the following conclusions emerge: (i) the
biphenyl group binds in an aromatic cage formed by residues
Phe5.43(213), Phe5.47(217), Phe6.44(265), Phe6.45(266), Trp6.48
(269) and Tyr6.52(273); (ii) the basic amine of the antagonist is in-
volved in an ionic interaction with Asp3.32(123); (iii) the flexibility
of the chain joining the two former scaffolds must be enough to al-
low a good binding of both of them; (iv) the hydroxyl group present
in compounds 2p–u and the urea hydrogen atom present in com-
pounds 1a–e are predicted to bind residue Gln5.42(212); (v) if one
more hydroxyl group is present (compounds 2v–z), it could bind
residue Gln6.55(276); (vi) the absence of these two glutamines in



Figure 11. Homology model of the MCHR1 with the antagonist 1e bound in the binding pocket. Carbon atoms in the antagonist are colored in blue, while those of the
receptor are colored in green. Selected residues are denoted using the Ballesteros–Weinstein numbering scheme.43 Carbon atoms are colored green for the protein and cyan
for the ligand; oxygen atoms are colored red, nitrogen atoms are in blue and sulfur atoms are in yellow. Atomic interactions within hydrogen bond distance are shown as
dashed black lines. The figure was generated with Pymol (DeLano Scintific, Palo Alto, CA, USA).

Figure 12. Hotspot residues supposed—from the X-ray structure of bovine rhodopsin bound to retinal- to line the transmembrane binding cavity of ground-state GPCRs.12

Alignment for MCHR1, HRH3, ADRB2, ADRB1, AA2AR, OPSD and the brain-gut peptides receptors.12 Sequence identity of each receptor with MCHR1 within the binding site is
shown. Residues colored in grey are thought to constitute an aromatic cage for the binding of aromatic groups of the ligand in the amine receptor cluster and our final
model.16,18,37,38 Residues stressed with a black star were found to constitute the aromatic cage in HRH3 by Lorenz et al.41 MCHR1 glutamines potentially involved in binding of
antagonists are stressed in black (Gln3.36, even if not showing interactions with our ligand, has been included). The alignment and clustering of GPCRs was taken from a
previous study conducted by Surgand et al., which presented an alignment of 369 nonredundant nonolfatory GPCRs, carried out with the GPCRMOD program.12 Receptors are
named according to their UniProt entry names and amino acid positions identified by the Ballesteros numering scheme.43 MCHR1: G protein-coupled receptor 24; HRH3:
Histamine H3 receptor; ADRB2: b-2 adrenergic receptor; ADRB1: b-1 adrenergic receptor; AA2AR: Adenosine A2a receptor; OPSD: Rhodopsin; TRFR: Thyrotropin-releasing
hormone; MTLR: Motilin receptor; GHSR: Growth hormone secretagogue; NTR1: Neurotensin receptor type 1; NTR1: Neurotensin receptor type 2; GPR39: G protein-coupled
receptor 39; Q0GZQ4: Neuromedin U receptor 2; Q9HB89: Neuromedin U receptor 1; MCHR2: Melanin-concentrating hormone 2 receptor.
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the HRH3 receptor could be the reason why compounds presenting
polar groups in the former mentioned positions were found to be
selective to our receptor.

In summary, the presence of small polar groups in the antago-
nists capable of binding Gln5.42(212) and/or Gln6.55(276) appears
to be important for their activity towards the MCHR1 and their
selectivity against other GPCR members. Moreover, Gln3.36 could
also be important for the affinity and selectivity to our receptor.
4. Experimental procedures

4.1. Preliminary homology model building

Sequences from bovine rhodopsin receptor (Swiss-Prot P02699)
and human MCHR1 (Swiss-Prot Q99705) were aligned on the basis
of conserved residues and generic fingerprints in the TM regions.29

The backbone structure of the 7TM domains and of the regions of



Table 5
List of GPCRs presenting either a glutamine or an asparragine in position 3.36, 5.42 and/or 6.55, being the corresponding residue position and name shown by an ‘X’

GPCR cluster UniProt entry name Position 3.36 Position 5.42 Position 6.55

Gln3.36 Asp3.36 Gln5.42 Asp5.42 Gln6.55 Asp6.55

Glutamate receptors TS1R2 X
Peptides receptors KISSR X

OX2R X
OX1R X
GPR10 X
NPY1R X
NPY4R X
GASR X
CCKAR X

Melanotonin receptors GPR22 X
Vasopeptides receptors V2R X

V1AR X
V1BR X
OXYR X

Adenosine receptor s AA3R X
AA1R X X
AA2BR X X
AA2AR X X

Amines receptors 5HT2A X
5HT2B X
5HT2C X
DRD1 X
DRD5 X
5HT4R X
ADRB3 X
ADRB1 X
ADRB2 X
5HT6R X

Brain-gut peptides receptors MCHR1 X X X
MCHR2 X X
NTR1 X
NTR2 X

Chemokines receptors XCR1 X
CXCR3 X
CCBP2 X
CCR10 X
CCR7 X
CXCR6 X

Opiates receptors R3R1 X
SSR5 X X
SSR2 X X
SSR3 X X
SSR4 X
SSR1 X

Chemoattractants receptors CML1 X
Purines receptors GPR40 X

PTAFR X

The alignment and clustering of GPCRs was taken from a previous study conducted by Surgand et al., which presented an alignment of 369 nonredundant nonolfatory GPCRs,
carried out with the GPCRMOD program.12 Receptors are named according to their UniProt entry names and amino acid positions identified by the Ballesteros numering
scheme.43 TS1R2: Taste receptor TAS1R2; KISSR: G protein-coupled receptor 54; OX2R: Orexin receptor type 2; OX1R: Orexin receptor type 1; GPR10: Prolactin-releasing
peptide receptor; NPY1R: Neuropeptide Y receptor type 1; NPY4R: Neuropeptide Y receptor type 4; GASR: Gastrin/cholecystokinin type B receptor; CCKAR: Cholecystokinin
type A receptor; GPR22: G protein-coupled receptor 22; V2R: Vasopressin V2 receptor; V1AR: Vasopressin V1a receptor; V1BR: Vasopressin V1b receptor; OXYR: Oxytocin
receptor; AA3R: Adenosine A3 receptor; AA1R: Adenosine A1 receptor; AA2BR: Adenosine A2b receptor; AA2AR: Adenosine A2a receptor; 5HT2A: 5-hydroxytryptamine 2A
receptor; 5HT2B: 5-hydroxytryptamine 2B receptor; 5HT2C: 5-hydroxytryptamine 2C receptor; DRD1: D1A dopamine receptor; DRD5: D1B (D5) dopamine receptor; 5HT4R:
5-hydroxytryptamine 4 receptor; ADRB3:b-3 adrenergic receptor; ADRB1: b-1 adrenergic receptor; ADRB2: b-2 adrenergic receptor; 5HT6R: 5-hydroxytryptamine 6 receptor;
MCHR1: G protein-coupled receptor 24; MCHR2: Melanin-concentrating hormone 2 receptor; NTR1: Neurotensin receptor type 1; NTR2: Neurotensin receptor type 2; XCR1:
Chemokine XC receptor 1; CXCR3: C-X-C chemokine receptor type 3; CCBP2: Chemokine binding protein 2; CCR10: C-C chemokine receptor type 10; CCR7: C-Cchemokine
receptor type 7; CXCR6: C-X-C chemokine receptor type 6; R3R1: Somatostatin- and angiogenin-like peptide Receptor; SSR5: Somatostatin receptor type 5; SSR2:
Somatostatin receptor type 2; SSR3: Somatostatin receptor type 3; SSR4: Somatostatin receptor type 4; SSR1: Somatostatin receptor type 1; CML1: Chemokine receptor-like 1
(ChemR23); GPR40: G protein-coupled receptor 40; PTAFR: Platelet activating factor receptor.
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the loops presenting good alignment between both proteins were
inherited from the bovine rhodopsin X-ray structure (protein data
bank entry 1U19).19 The side chains corresponding to the MCHR1
sequence were added afterwards. The extra- and intracellular
loops were completed using the loop search option in sybyl v7.3
(Tripos associates, St. Louis, MI, USA). A disulfide bridge between
Cys116 in TM3 and Cys194 in ECL2, corresponding to the
Cys110-Cys187 bridge in rhodopsin,42 was included in the model.
The nomenclature of Ballesteros and Weinstein is used, whereby
the most conserved residue in helix X is labelled as X.50.43

4.2. Minimization of the preliminary homology model

The resulting structure was energy minimized using the ff99
force field implemented in the AMBER7 molecular dynamics
package.44 Positional restraints were applied to the a-carbons of
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all residues except for those that presented disallowed ramacha-
dran conformations, and to the side chains of the residues con-
served between both receptors.

4.3. Compound sketching for automated docking

All compounds were sketched using the Sybyl v7.3 molecular
modeling software (Tripos associates, St. Louis, MI, USA) and en-
ergy minimized with three consecutive optimization algorithms,
the steepest descent, conjugate gradient, and quasi-Newton
(Broyden, Fletcher, Goldfarb, and Shanno; BFGS) methods, until
convergences of 0.05, 0.01 and 0.001 kcal/mol Å, respectively.

4.4. Parameter development for the AMBER force field

ESP charges for compound 2t were calculated using GAMESS (6-
313*basis set). The RESP fit was performed using a two-step proce-
dure described by Bayly et al.45

4.5. Molecular dynamics simulation and minimization of the
three preliminary ligand–receptor complexes

The three ligand–receptor complexes obtained from the rigid
receptor–flexible ligand docking were energy minimized using
the ff99 force field implemented in the AMBER7 molecular dynam-
ics package.44 Positional restraints were applied to the a-carbons
of all residues except for those that presented disallowed ramacha-
dran conformations, and to the side chains of those residues con-
served between both receptors. The complexes were further
submitted to a molecular dynamics simulation lasting 200 ps.
Harmonic restraints (100 kcal mol�1 Å�2) were applied to the a-
carbons of the TM domains. The positional restraints that were
subsequently applied invariably to all SA runs (see Table 1) were
used. Finally, the complexes were once again energy minimized,
applying positional restraints to the a-carbons of the TM domains.

4.6. Simulated annealing procedure

20 Runs, AMBER7,44 in vacuo, heating up to 1500 K in 5 ps and
then slowly cooling down to 0 K between 25 ps and 50 ps. Har-
monic restraints (100 kcal mol�1 Å�2) were applied to a-carbons
in all SA runs.

4.7. Enthalpy calculation

Ligand–receptor binding enthalpy was estimated as the ligand–
receptor interaction enthalpy, where the van der Waals, electro-
static, hydrogen bonding, and torsional energy terms were
considered.

4.8. Molecular dynamics simulation

In a first step, the complex was completely solvated in a TIP3P
periodic water box and equilibrated for 25 ps at 300 K and under
constant pressure conditions, keeping the protein and ligand atoms
fixed in their positions. The system was subsequently minimized,
applying harmonic restraints on the transmembrane a-carbons.
For the molecular dynamics simulation, a water-vacuum-water
periodic box was used, following a procedure described in a previ-
ous work.27 The system was heated to 300 K in 2 ps and simulated
in NVT conditions for 200 ps while gradually reducing all restraints
to zero. Only the distance restraints applied invariably in all the SA
runs (see Table 1) were used. This was followed by an unrestrained
molecular dynamics simulation lasting 2 ns, using the SHAKE
algorithm to constrain the covalent bonds involving hydrogen.44

The non-bonded residue-based cut-off for both electrostatic and
Lennard–Jones interactions was 8 Å. The simulation was carried out
using the Sander module implemented in the AMBER7 package.44

4.9. MCHR1 binding assays

Binding assays for MCHR1 were performed as described in
Galiano et al.17

4.10. HRH3 binding assays

Binding assays for HRH3 were performed as described in Cogé
et al.46
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