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Abstract

Melanin concentrating hormone (MCH) is a cyclic 19-amino-acid peptide expressed mainly in the
hypothalamus. It is involved in the control of feeding behavior, energy homeostasis, and body
weight. Administration of MCH-R1 antagonists has been proved to reduce food intake and cause
weight loss in animal models. In the present study, a homology model of the human MCH-R1 was
constructed using the crystal structure of bovine rhodopsin (PDB: 1u19) as a template. Based on
the observation that MCH-R1 can bind ligands of high chemical diversity, the initial model was
subjected to an extensive ligand-supported refinement using antagonists of different chemotypes.
The refinement process involved stepwise energy minimizations and molecular dynamics
simulations. The refined model was inserted into a pre-equilibrated DPPC/TIP3P membrane
system and then simulated for 20 ns in complex with structurally diverse antagonists. This
protocol was able to explain the SAR of MCH-R1 antagonists with diverse chemical structures.
Moreover, it reveals new insights into the critical recognition sites within the receptor. This work
represents the first detailed study of molecular dynamics of MCH-R1 inserted into a membrane-
aqueous environment.
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INTRODUCTION

Obesity can be defined as a body mass index (BMI) of 30 or more. In 2007, according to the
World Health Organization (WHO), there were one billion overweight adults worldwide,
300 million of them were clinically obese).! It is also reported that the prevalence of obesity
(BMI > 30) was doubled between 1986 and 2000.2 Complications include Metabolic
syndrome, stroke, osteoarthritis, certain cancers (endometrial, colon, and gall bladder),
psychological consequences (low self-esteem and clinical depression). Unfortunately, most
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of the currently used agent are associated with serious side effects and produce variable
clinical results.3

Melanin concentrating hormone (MCH) is a cyclic polypeptide originally isolated from the
salmon pituitary as a regulator of skin pigments change.* Human MCH is a cyclic 19-amino-
acid peptide, secreted mainly in the hypothalamus and zona incerta.? This hormone is
involved in the control of energy homeostasis, feeding behavior and body weight. MCH
receptor is a G protein-coupled receptor (GPCR) with two subtypes R1 and R2. MCH-R1 is
expressed in the hypothalamus of rodents and higher mammals while MCHR?2 is found only
in the hypothalamus of higher mammals.8: 7 Many studies have demonstrated the role of
MCH-R1 in feeding and energy homeostasis. For example, MCH-induced body weight gain
and hyperphagia are not observed in MCH-R1 null mice.8: 9 In addition, it was reported that
alteration of MCH-R1 signaling through transgenesis or ligands has a significant effect in
animal models of anxiety and depression.1? The exact biological role of MCH-R2 is still
unclear due to species specific expression. However, it is considered to be involved in
physiological processes other than feeding.”» 11

Several studies have proved that oral administration of small molecule MCH-R1 antagonists
significantly reduces food intake and causes a dose-dependant weight loss in animal models.
10, 12-15 |n the past few years, numerous antagonists of the MCH-R1 were reported in the
patent literature together with their biological data.16 The reported compounds have various
chemical structures. However, the majority of these compounds possess a central amide
residue with a hydrophobic aromatic group at one end of the molecule and basic nitrogen at
the other end. We noticed that most of the reported MCH-R1 antagonists can be classified
into three chemotypes (Fig. 1). These compounds can be linear with terminal basic nitrogen,
linear with central basic nitrogen, or branched (Y-shaped) with basic nitrogen on one arm.

For any biological target, the availability of an X-ray crystal structure can help in explaining
the structure activity relationship (SAR) of the reported ligands as well as screening for new
scaffolds. Unfortunately, for the majority of G-protein-coupled receptors (GPCRs),
including MCH-R1, crystallization is hampered by the difficulty of generating sufficient
protein material and inability to obtain satisfactory crystals.1” A number of MCH-R1
homology models have appeared in the literature over the last few years, depending on the
X-ray crystal of bovine rhodopsin (bRho).1824 Most of these models were generated by
pharmaceutical companies to aid in optimizing their leads as part of ongoing MCH-R1
projects.

Therefore, each model considers the binding mode of only a specific series of compounds.
Also, to our knowledge, no explanation was given for the SAR of the bulky Y-shaped
ligands which possess some of the highest potencies. In addition, there have been no
attempts to study the time-dependent behavior of MCH-R1, in complex with structurally
diverse ligands, using molecular dynamic (MD) simulations.

Ligand-steered homology modeling (LSHM) is a useful approach for incorporating receptor
flexibility during the optimization of GPCR binding sites. Thus, it can lead to a model
capable of interpreting the binding behavior of ligands of diverse chemotypes. This
technique depends on manual or rigid docking of known ligands into the receptor binding
site, followed by iterative minimization and molecular dynamics simulation to obtain a
ligand-refined model. Various modifications of this general procedure have been introduced
over the last few years.25 Another challenge is the accurate detection of binding sites in a 3D
protein structure. Recently, Konc and JaneZic introduced the ProBiS algorithm for detection
of structurally similar binding sites in proteins. This approach uses the maximum clique
technique to detect 3D correspondences between proteins at a sub-residue level .26
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In the present study, a homology model of the human MCH-R1 was constructed based on
the crystal structure of bovine rhodopsin (PDB: 1u19). This model was refined using
iterative energy minimizations and MD simulations with antagonists of different
chemotypes (linear and branched). In addition, the final refined model, in complex with two
diverse MCH-R1 antagonists, was embedded in a DPPC/TIP3P membrane environment and
subjected to a 20 ns MD simulation. This protocol led to a model capable of explaining the
SAR of all the aforementioned structural classes of antagonists. Moreover, it revealed new
interaction sites within the receptor that are potentially critical for ligand recognition. To the
best of our knowledge, this is the first MCH-R1 model relaxed in an explicit membrane-
agueous environment.

MATERIALS AND METHODS

i. Multiple Sequence Alignment

The amino acid sequence of the MCH-R1 receptor (MCH-R1_HUMAN) was extracted from
the SWISS-PROT and TrEMBL databases of the EXPASy molecular biology server?’
(Primary accession number: Q99705). The structure template used for homology modeling
was the crystal structure of the bovine rhodopsin (PDB ID: 1U19)28 resolved to 2.2 A. The
sequence alignment with bovine rhodopsin was generated, initially, using CLUSTALW2
web server with all parameters set as default.2? Afterwards, the resultant sequence alignment
was adjusted manually using the software BIOEDIT. During this step, Ballesteros’
conserved residues were exploited to verify and adjust the initial alignment leading to
unambiguous sequence alignment, despite the low sequence identity (19%). Whenever
appropriate, gaps were introduced into the sequence to optimize the alignment taking into
consideration the absence of gaps in the structurally conserved regions (SCRs). The length
of the TM helices of the MCH-R1 was decided depending on the corresponding bovine
rhodopsin helices and considering the prediction by TMPRED web interface.30

ii. Homology Modeling

The final multiple sequence alignment was submitted to MODELLER 9v3 for generating
the homology model of the MCH-R1. MODELLER software uses sequence alignment to
extract a large number of spatial restraints for homology modeling of the target protein.
These spatial restraints are then expressed as PDFs, which are combined into an objective
function that is optimized by a combination of conjugate gradients and MD-simulated
annealing. Seven different 3D models were built. Following the selection of the best
generated model, the helical regions of the receptor were extracted to be used in the next
steps. All hydrogen atoms were added to the model using the “ADD HYDROGEN”
command within Sybyl v7.2.31 Next, the N-termini of the 7 TM helices were capped with
ACE while the C-termini were capped with NMA groups. Side chains of ASN and GLN
residues were reoriented to optimize the H-bonding network. Initial side chains orientation
was determined using information from the template. Visual examination of the side chains
of residues lining the binding pocket was carried out to insure proper orientation. In the
upper part, a number of residues were found to have several possible side chain
conformations. Whenever appropriate, these side chains were assigned different
conformations using the Lovell3 rotamer library in order to open up the binding pocket.
This led to the first crude Model I.

iii. Initial Model Refinement

The whole model was subjected to a stepwise energy refinement in Macromodel using the
OPLS-2005 force field and PRCG method with distance-dependent dielectric constant and
extended cutoff. First, all heavy atoms were kept fixed, and the hydrogen atoms were
allowed to optimize their positions using 500 steps of steepest descent algorithm to a
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gradient of 0.01 kcal/mol/A followed by 1000 steps of conjugate gradient algorithm to a
gradient of 0.001 kcal/mol/A with a distance dependent dielectric function and a non-bond
cutoff distance of 10 A. Second, the entire backbone of the protein was kept fixed and the
side chains were minimized using the same parameters. Finally, the whole molecule
including the backbone was tethered with a gradually reducing positional restraint of 100,
50, 25 10, and 5 kcal/mol/A2. We decided to refrain from reducing the positional restraints
below 5 kcal/mol/A? to maintain the conserved pattern of the 7 TM helices. This procedure
yielded the refined Model I1.

iv. Ligand-Supported Model Refinement

Conformational Analysis—Compound T-226296, compound 4, and 5 (Fig. 1) were
sketched with their amide bonds in trans conformation. Atomic charges were calculated by
the Gasteiger-Huckel method33 and the structure was minimized using the Tripos force field
and the Powell conjugate gradient algorithm3# with a convergence of 0.001 kcal/mol/A. The
basic nitrogen was assigned a formal positive charge as would be expected at the normal
physiological PH of 7.2. Then, the grid conformational search feature in SYBYL was used
to located energy minima for the torsional potential around all the rotatable bonds in each
molecule. Selected bonds were rotated in increments of 10° through the range of 360°
followed by 300 Powell minimization steps. The resulting conformations were analyzed to
identify the global energy minimum. The conformer with the lowest energy was used in the
docking step.

Refinement with T-226296—Energy minimized T-226296 was manually docked in
Model 11 using the known SAR information.3® Rigid docking of this ligand was performed
using graphical manipulation with continuous energy monitoring (DOCK module within
Sybyl v7.2). The starting point for docking was the presumed salt bridge between the
positively charged nitrogen of the ligand and Asp192 in the third transmembrane helix. The
ligand was then translated and rotated trying to embed the biphenyl group as deeply as
possible into the putative binding pocket of Model | while avoiding severe steric overlap
with the amino acid residues within the pocket. The ligand-MCH-R1 complex was then
minimized using OPLS-2005 force field to relieve any steric clashes. The minimization
protocol involved 500 and 1000 steps of steepest descent and conjugate gradient algorithm,
up to the gradient of 0.01 and 0.001 kcal/mol/A, respectively, using a distance dependent
dielectric function and a non-bond cutoff distance of 10 A. During MD simulation, harmonic
restraints of 25 kcal/mol/A2 were applied on the Ca atoms of the protein backbone.
Moreover, a distance constraints of 10 kcal/mol/A2 were applied between helices ends to
inhibit artificial opening of helices. In addition, the charge assisted hydrogen bonding
interaction between the carboxylic group of Asp192 and the basic amine of the ligand was
used as a distance restraint with a force constant of 25 kcal/mol/AZ2 to guide the MD
simulation. Finally, the side chain torsions of Asp192 were restrained to the values of (x1 =
—177°, x2 = 0.00°) using a force constant of 25 kcal/mol/A2. An NVT (constant-volume/
constant-temperature) MD simulation of 7 ns at 300 K was carried out; with a time step of
1.5 fs and a non-bonded update every 25 fs. Shake algorithm was employed to keep all
bonds involving hydrogen atoms rigid. The average structures from the last 1 ns trajectory of
MD were minimized as mentioned earlier. This procedure results in a significant opening of
the binding pocket of MCH-R1 receptor model, leading to the refined model I11.

Refinement with compound 5—Compound 5 was docked into Model 111 using GOLD
software. Distance and Hydrogen bond constraints were applied with Asp192 and GIn196,
respectively, to orient this compound in a binding pose similar to that of T-226296. The
resulting complex was minimized initially using the protocol described earlier and then
submitted to MD simulation. The simulation protocol used an NVT canonical ensemble and
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a time step of 1.5 fs (applying Shake algorithm) for a period of 7 ns at 300 k. The entire
protein was kept free during these simulations, except for a mild positional restraint of 5
kcal/mol/A2 on Ca atoms of the backbone in order to preserve the 3D fold of the TM
helices. The complex obtained after MD was minimized, as described earlier, to get the final
refined MCH-R1 receptor model (Model V).

v. Automated Docking Simulations

A total of 18 reported MCH-R1 antagonists were built and energy-minimized using MMFF
charges and the MMFF forcefield3® as implemented in Sybyl 7.2 with 2000 steps of
conjugate gradient method to a gradient of 0.001 kcal/mol/A. Formal charges were assigned
to ionizable groups of ligands as would be expected at physiological pH. GOLD 3.2
software37 was used for docking of the minimized compounds into the putative binding
pocket of the refined Model IV. This software uses a genetic algorithm (GA) to explore
possible ligand binding modes by changing dihedrals of ligand rotatable bonds, ligand ring
geometries, and dihedrals of protein OH and NH, groups. The method used for placing the
ligand in the binding site depends on fitting points. The program generates hydrogen
bonding and hydrophobic fitting points which are used to map ligand hydrogen bonding
fitting points and CH groups, respectively. The binding site was defined to include all amino
acid residues within 12 A of the side chain nitrogen of GIn196. Docking was carried out
using standard mode settings and the GoldScore function which is a molecular mechanics-
like function depending on protein-ligand hydrogen bonding, protein-ligand van der Waals
score, ligand intramolecular hydrogen bonding and intramolecular strain of the ligand. A
total of 10 genetic algorithm runs were performed for each ligand with early termination
criteria set to 1.5 A root-mean-square deviations (RMSD) value. Distance restraints between
Asp192 and ligands basic nitrogens were used to guide the docking simulations. All the
obtained docking poses were thoroughly analyzed to insure the validity of the docking poses
and critical interactions.

vi. MD simulation of receptor-membrane complexes

The complexes of Model 1V with compounds 4 and 5 were used for further study. They
were individually inserted in a pre-equilibrated DPPC/TIP3P membrane system using the
system builder tool within Desmond software38 as implemented in Maestro graphical
interface (Schrodinger Inc., Portland, OR, USA). The longest axis of the Model IV as well
as the membrane normal was aligned with Z-axis.

During the system building, lipids that were in close contact with the protein atoms were
automatically removed, leaving a gap between the protein and the DPPC interface.
Subsequently, chlorine atoms were added to the complex until entire system attained a net
neutral charge. The membrane system composed of 74 DPPC molecules, 6 chloride ions,
and 5312 water molecules. The number of atoms in the system, including protein, lipids,
water, and ions was 28775.

MD simulations were carried out using Desmond application within Maestro. The all-atom
optimized potential for liquid simulations (OPLS-AA) force field currently implemented in
Desmond software was used for all molecules of the system. Prior to MD simulations, three
steps of minimization were carried out. In the first step, protein, ligand, and lipids were kept
fixed (force constant: 500 kcal/mol/A?2), and only water and ions are allowed to minimize
and relax their positions. In the second step, protein and ligand were kept fixed (force
constant: 500 kcal/mol/A2), and positions of water, ions, and lipids were minimized. In the
third step, protein backbone atoms were restrained using a force constant of 50 kcal/mol/AZ,
and the rest of the system were kept free. The three minimization steps consisted of 6000
steps each, in which first 1000 steps were steepest descents, and last 5000 were L-BFGS.
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MD simulations were performed using the minimized structures. The Particle-mesh Ewald
(PME) method was used to handle long-range electrostatic interactions. Time step of
simulation was 2.0 fs and a 10 A cut off was used for nonbonded interactions. Shake
algorithm was employed to keep all bonds involving hydrogen atoms rigid. Constant-
Volume (NVT) MD simulation was performed for the first 100 ps during which temperature
of the system was raised from 0 to 300 K. The system temperature was maintained at 300 K
for the remainder of the simulation using Langevin dynamics. Subsequently, the system was
equilibrated in an NPT ensemble using the protocol depicted in Table 1. During the
equilibration, the harmonic constraints were gradually reduced to achieve a smooth
relaxation. The production run was then carried out for 20 ns using Langevin dynamics to
maintain the temperature at 300 K and a pressure of 1.0132 bar (see Table 1). The
evaluation of the trajectory was carried out using Maestro trajectory player and VMD
1.8.7.39 The final structure, after the 20 ns production run, was minimized using the same
protocol mentioned above.

RESULTS AND DISCUSSION

i. Multiple Sequence Alignment

An accurate sequence alignment is necessary for building a valid 3D homology model. This
is even more important in case of MCH-R1 where sequence identity with bRho is as low as
19%. This value reaches 21.1% within the TM helical regions. Multiple sequences of class
A GPCRs were used in the alignment process. Sequence of human MCH-R1, human MCH2,
human dopamine receptor 1 (DRD1), and bovine rhodopsin were aligned using the web
interface ClustalW. The resulting alignment was refined by manual editing to fill any gaps
within the TM regions as defined by Palczewski et al.#? This refinement was guided by the
conserved motifs in every TM helix specific for class A GPCR which are Asn46 (N1.50) in
TMI, Asp74 (D2.50) in TMII, Arg126 (R3.50) in TMIII, Trp153 (W4.50) in TMIV, Pro207
(P5.50) in TMV, Pro255 (P6.50) in TMVI, and Pro299 (P7.50) in TMVII. Additionally, the
final multiple sequence alignment were verified using the alignment of Several functional
microdomains, such as the LAxxD motif in TMII, the D/ERY motif in TMIII, and the
NPxxY motif in TMVII which are known to be conserved across the members of the class A
GPCR superfamily.

ii. Homology Modeling

Till the date of our study, there were only three available templates for the building of
GPCR homology models; bovine rhodopsin, Turkey -1, and human -2 adrenergic
receptors. We decided to use bovine rhodopsin as template because, compared to -2
receptor, it has a higher sequence identity with our target MCH-R1 (ClustalW score of 16%
compared to 13% in case of -2 adrenergic receptor). Moreover, bRho has been used
successfully for the construction of several useful GPCR models.*! The multiple sequence
alignment obtained in the previous step was used as an input for the building of the
homology model of the MCH-R1. Seven different models were generated by MODELLER
9v3 software.*2 These models were carefully analyzed for energy value, PDF violations, and
violations of geometrical features. The third model displaying lowest violations and lowest
MODELLER energy was selected for further studies (see supporting information). The TM
helices of this model were extracted. The length of the helical regions was determined
according to the helices of bRho as determined by Palczewski et al.*% After all the hydrogen
atoms were added to the initial model, visual examination revealed several issues that could
affect ligand binding. Two residues, GIn196 and GIn345, were found to form 2 hydrogen
bonds closing the entry of the binding pocket. Moreover, side chain of Tyr342 was directed
into the hydrophobic pocket, limiting its size. In addition, four residues, namely Asp192,
GIn196, Tyr342, and GIn281 possess three, four, two, and four rotamer states, respectively,
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that are free of steric clashes with other protein atoms. It is worth noting that no information
could be drawn from the template structure because the corresponding residues are different.
Therefore, to address these problems, GIn196 and GIn281 were moved away of each other
breaking the two hydrogen bonds and opening the binding site. Similarly, the above
mentioned residues were assigned all combinatorial side chain conformations using the
Lovell32 rotamer library and the combination that open the binding pocket as much as
possible was used for the next step. The crude model (Model 1) generated in this procedure
was subjected to energy minimization. Overview of the protocol used for homology
modeling, refinement, and validation is illustrated in figure 2.

iii. Initial Model Refinement and Validation

Model | was minimized in a stepwise manner using OPLS-2005 force field*! in
Macromodel v8.0 (Schrodinger Inc., Portland, OR, USA). The refinement process involved
rounds of consecutive minimizations, in order to relieve any steric clashes or distorted
geometries in the crude model. Positional restraints were applied on the backbone atoms to
preserve the pattern of the 7 TM bundle. These restraints were not removed completely
because the absence of restraints could lead to unrealistic movement of the TM helices. This
protocol allows the model to evolve according to specific structural characteristics, while at
the same time to retain the original structure information contained in the template. This
initially refined model (Model I1) was validated using Procheck software to ensure the
absence of any steric clashes and/or distorted geometries. Moreover, the Ramachandran plot
generated by Procheck was carefully inspected and more than 97.1% of residues were found
in the most favored regions and 2.9% of residues appeared in the additionally allowed
regions. In addition, the backbone RMSD between Model Il and the bovine rhodopsin
crystal structure was found to be 1.76 A, calculated using Compare Structures command
within the Biopolymer module in SYBYL v7.2 (Tripos Inc., St. Louis, MO, USA).

iv. Ligand-Supported MCH-R1 Model refinement

Visual examination of the Model 1 reveals that the binding site is too small for most of the
reported MCH-R1 antagonists, which is common among homology models derived from the
bovine rhodopsin crystal structure. This is attributed to (1) improper orientation of some
residues side chains within the binding pocket (we have dealt partly with this problem
before energy minimization, see model generation step), and (2) flat nature of 11-cis retinal
in the binding pocket of bovine rhodopsin crystal structure.** To help expanding the binding
site, the MCH-R1 model (Model I1) was subjected to an extensive ligand-supported
homology model refinement protocol.

v. Refinement with T-226296

This compound was the first reported MCH-R1 antagonist.12 It was selected in this study
due to its relative rigidity compared to other reported MCH-R1 antagonists and lack of
unnecessary functional groups. Compound T-226296 was manually docked in the
approximate binding site of Model 11 using the available SAR information. It was reported
that benzanilides exist in trans conformation in crystal as well as in solution.*®> Moreover,
the trans-amide structure was reported to be essential for the biological activity of
retinobenzoic acids.*® Therefore, T-226296 was initially sketched with its amide bond in the
trans-conformation. The final conformation used as input structure was established from a
grid conformational search to locate energy minima for the torsional potential of the
rotatable bonds as described in the experimental section. The manual docking of this ligand
was based on the assumption that its basic amine should form a charge assisted hydrogen
bond with the carboxyl of Asp192. According to the Lovell rotamer library, two favored
rotameric states were identified for this residue, the first (x1 = —70°, x2 = —15°) in 51% and
the second (x1 = —177°, x2 = 0.00°) in 21% of the structures. Interestingly, the
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corresponding residue Asp3-32 in B1- and p2-adrenergic receptors shows very close side
chain conformations of (x1 = —178°, x2 = —18.8°) and (x1 = —164°, x2 = —30.8°)
respectively.4” Thus, we decided to assign Asp192 the second rotameric state of (x1 =
—177°, x2 = 0.00°) due to its similarity to the experimental values for Asp332 in p1- and p2-
adrenergic receptors. The amide group of the ligand was placed in the proximity of GIn196
and the biphenyl part was embedded into the hydrophobic pocket. The bound pose of
T-226296 had some steric clashes with certain residues within the binding site, which is
expected due to the tight and closed nature of the binding pocket of Model I1. The ligand-
MCH-R1 complex was subjected to energy minimization using OPLS-2005 force field
leading to the resolution of most of the steric clashes. The minimized complex showed the
expected interaction between the ligand basic amine and Asp192. However, no other H-
bonding was noticed between the ligand and protein and some bad contacts were still
noticed in the tight hydrophobic pocket.

It was reported that MD simulations can lead to the evolution of the initially closely related
models into alternative structures. Thus, abstaining from MD simulations would result in
insufficient coverage of the conformational space and a misleading conformity of structures.
48 Therefore, the resultant MCH-R1-T226296 complex was subjected to a restrained MD
simulation of 7 ns at a temperature of 300 K. In case of in-vacuo MD simulation, some form
of positional restraints should be applied to the model to replace the natural stabilizing effect
of the lipid bilayer and to avoid spurious movements of the TM helices.4® The detailed
procedure followed for MD simulation is described in the experimental section. The average
structures from the last 1 ns trajectory of MD simulation were minimized using OPLS-2005
forcefield. Again, a force constraint of 10 kcal/mol/AZ was maintained on the backbone of
the protein to maintain the critical geometry of a-helices. This protocol resulted in a
significant increase in the binding site volume giving the refined model I11. This model
showed significant correlation with reported SAR information. However, it is still not able
to explain the binding of larger ligands.

vi. Refinement with compound 5

Model 111 was further refined by docking of the Y-shaped compound 5 followed by
minimization and MD simulation. The presence of common pharmacophoric features
allowed us to use the bound conformation of T-226296 in Model I11 as a reference for the
docking of this branched compound. Docking was performed using the Gold software by
applying a distance constraint between the ligand basic nitrogen and Asp192 as well as a
hydrogen bond constrain between the ligand urea carbonyl and GIn196 (as noticed with
T-226296). As expected, the biphenyl moiety in this compound displayed steric clashes with
the side chains of some binding site amino acid residues. This initial complex was
minimized and then subjected to a 7 ns MD simulation using NVT ensemble at 300 K with
mild restraints of 10.0 kcal/mol/A2 on the backbone atoms to preserve the proper 3D fold.
We believe that the 7 ns MD simulation was sufficient for the refinement of the model as the
potential energy of the complex decreased steadily during the first 5 ns of the simulation,
and then remained constant for the last 2 ns (Fig. 3). The resulting complex was minimized
to give the final refined model (Model 1V). This model displayed desirable ligand—receptor
interactions (vide infra). The binding pose of the branched compound 5 in the Model 1V
revealed the presence of critical charge-assisted H-bonding interaction of Asp192 side chain
carboxylate with the ligand basic nitrogen. The RMSD values for the backbone atoms as
well as for all the heavy atoms, for Model 11, Model 111, and Model 1V were calculated and
listed in Table 2. It was noticed that the transition from Model Il (initial refined model) to
Model 111 (T-226296 refined) caused more pronounced changes than the transition from
Model 111 to Model 1V (compound 5 refined). Changes in Model IV were observed mainly
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with the side chains of the binding site residues which were tilted outwards to accommodate
the bulky compound 5.

vii. Protein Structure Validation

Proper evaluation of the model quality is of utmost importance to gauge its reliability for use
in SAR study and/or structure based drug design. The first factor we considered is the
overall fold of the final model. Care should have been taken to preserve the conserved a-
helicl geometry of the template crystal structure. It was found that the backbone RMSD
between the final refined Model IV and bovine rhodopsin was 2.23 A, which is a reasonable
value indicating proper maintenance of the template structural information. Another
essential requirement for any 3D model is to have a good stereochemistry. For this purpose,
Procheck software was used to assess the overall quality of the protein and highlight the
regions that may need further investigation. Careful check of the Procheck output revealed
that no steric clashes or distorted geometry were observed. Main chain and side chain
parameters were acceptable. Only one rotamer outlier was detected and it was found to be
far from the putative binding site. Table 3 summarizes the results of Ramachandran plot
analysis and PROCHECK structure validation for Model IV.

viii. Docking Simulation

Docking of 18 MCH-R1 antagonists was carried out to assess the validity of our MCH-R1
model and examine its ability to guide the structure-based drug design. GOLD software
which depends on genetic algorithm approach was used to perform the automated docking.
18 compounds, of diverse chemical structures and binding affinities ranging from 0.98 nM
to 3000 nM, were selected from the literature. Docking was performed in the final Model IV
using the salt bridge between Asp192 and ligand basic nitrogen as an anchor point. Top
scoring poses for all the ligands showed the expected relevant binding interactions,
including the formation of the mandatory salt bridge with Asp192 and H-bond with GIn196.
It was also noticed that ligands aromatic groups are impeded in the tight hydrophobic pocket
formed by Tyr342, Phe286, Phe290, and Leu203. The plot of GOLD score versus the
binding affinities (Fig. 4) shows a reasonable correlation (r2 = 0.70) taking into
consideration that a homology-derived GPCR model was used for the docking simulations
and only GOLDscore was used as the scoring function. Therefore, the model can be
considered successful in rationalizing the variation of the ligands binding affinity and giving
insights into the binding modes of ligands of different chemotypes.

iX. Molecular dynamics simulation of receptor-membrane complexes

As MCH-R1 is a membrane protein, thus a more accurate computational representation of
MCH-R1 model would be one where it is embedded in a membrane aqueous environment.
Subsequently, molecular dynamics simulation of this membrane-model complex can refine
the system in a biologically relevant manner. Therefore, we decided to perform an explicit
membrane MD simulation of the refined model IV in complex with diverse antagonists. This
strategy could allow better understanding of the SAR of different structural classes of
antagonists and reveal new insights into the potential interaction sites within the receptor. In
addition, it will provide a relevant MCH-R1 model relaxed in a membrane environment that
can aid in structure-based drug design of novel MCH-R1 antagonists.

In this explicit membrane MD simulation study, we considered only compounds 4 and 5, as
representatives of chemotypes Il and I11, respectively. We decided to refrain from further
simulation of T-226296 as this compound is fairly rigid and the binding mode of this type of
compounds (chemotype 1) was extensively studied in the literature.18: 21, 23, 50 Therefore,
we believe that the initial 7 ns MD simulation was sufficient to explore the behavior of
T-226296 in complex with MCH-R1. The GOLD-derived complexes of compounds 4 and 5
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with Model-1V were embedded in a rectangular box composed of DPPC bilayer solvated
with water at intracellular and extracellular ends forming system I and system II,
respectively. These two systems were equilibrated and then simulated for 20 ns each in an
NPT ensemble. After the equilibration run, it was noticed that the gaps, created due to the
deletion of the overlapping lipids during system preparation, were removed yielding a more
favorable tightly packed system for the production run (Figure 5). A Side view of the full
MCH-R1-membrane system after the 20 ns MD simulation is depicted in figure 6.

There are several parameters which need to be monitored to confirm physical stability of
MD simulation, including temperature, volume, and total energy. The temperature and the
volume of the two systems were stable during the production run, keeping around values of
T =300.035 + 1.082 K and V = 284010.59 + 1919.525 A3 for Model 1V-compound 4
complex (system 1), and T = 299.967 + 1.092 K and V = 287979.72 + 1571.406 A3 for
Model 1V-compound 5 complex (system Il). The energy profile of the two systems during
the course of MD simulation is shown in figure 7. The total energy of system | decreased
initially for the first 8 ns, and then remained stable over the last 12 ns of simulation.
Similarly, the total energy of system Il decreased steadily until the 8th ns. Then, it stabilized
between 8 and 14 ns before slightly decreasing and stabilizing until the end of simulation.

The RMSD of the backbone atoms can give information about the structural stability of the
system under simulation. Figure 8 shows the RMSD values of the backbone of system | and
system Il, computed against the starting structures. In both systems, the RMSD of the
backbone showed a significant stability over the course of MD simulation. It increased
gradually until the 10th ns, and then stabilized for the rest of the simulation around 2.6 A.
For both systems, the final complex was minimized and then analyzed, in order to ensure the
presence of key interactions with the binding site residues. The complex was also analyzed
using Procheck and Ramachandran plot analysis, to ensure appropriate geometrical features.
Together, these results indicate that both systems were stable during the course of the MD
simulation.

X. Conserved Microdomains in GPCRs: Bovine rhodopsin Vs MCH-R1 receptor

The overall homology of different class A GPCRs to bovine rhodopsin is relatively low.
However, the presence of 7 TM domains containing highly conserved residues suggests an
evolutionary relationship among these receptors. In addition to these residues, there are
several conserved inter-helical interactions across the super-family of GRCR.51 Our final
model, after the 20 ns MD simulation, was examined for the presence of these common
structural features.

In the crystal structure of bovine rhodopsin, the side-chain of Asn55 (N1.50) forms an H-
bond with the backbone carbonyl groups of Ala299 (A7.46) and Asp83 (D2.50).40 In MCH-
R1 model, TMVII had moved away from TMI during refinement. Therefore, the side chain
of Asn127 (N1.50) showed H-bonding with the side-chain carboxylate of Asp158 (D2.50),
but it had no direct interaction with Ser372 (7.46). Instead, this interaction was mediated by
the carboxylate of Asp158 (D2.50). TMII is characterized by the presence of the LAXxD
motif which is conserved in several class A GPCRs. The corresponding residues in MCH-
R1 model, namely Leul54 (L2.46) and Asp158 (D2.50), were found to adopt the same
orientation observed in bRho structure with their side-chains directed towards the core of the
receptor. Asn78 (N2.45) in bovine rhodopsin forms H-bonds with Ser127 (S3.42), Thr160
(T4.49), and Trp161 (W4.50).40 Similarly, in the MCH-R1 receptor model, Asn153 (N2.45)
appeared to form a H-bond with the side-chain of the conserved Trp153 (W4.50), while,
showing interactions with hydrophobic 11202 (13.42) and Leu236 (L4.49), instead of the
corresponding polar residues in bovine rhodopsin. Another highly conserved microdomain
observed in several class A GPCRs is the “(D/E)R(Y/W)” motif in TMII1.41 In bovine
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rhodopsin, Arg135 (R3.50) may form H-bonds with either one, or both, of the two residues,
Glu247 (E6.30) or Thr251 (T6.34), both located in TMVI.38 These interactions between
Arg135 of TMIII and residues of TMVI play a role in preserving the relative positions of
these TM helices and maintain the receptor in its inactive state.*1 Analogous to bovine
rhodopsin, Arg210 (R3.50), in the MCH-R1 model, showed H-bonding interactions with the
side-chains of the corresponding amino acid residues, Thr319 (T6.30), and Thr323 (T6.34).
To our delight, the stability of these interactions throughout the 20 ns simulation indicates
that the system, in presence of antagonists, was stabilized in its inactive state. NPxxY is also
a conserved microdomain found in TMVII of class A GPCRs. In bovine rhodopsin, the
hydroxyl group of Tyr306 (Y7.53) forms a H-bond the side-chain carbonyl of Asn73
(N2.40). The NPxxY motif was found to be conserved in the MCH-R1 receptor model with
Tyr379 (Y7.53) showing H-bonding interaction with the corresponding amino acid residue
in MCH-R1, Asp148 (D2.40). In addition to the interhelical H-bonding interactions, a
network of highly conserved hydrophobic residues further stabilizes the 7Tm bundle of the
class A GRCRs. These residues are conserved in the MCH-R1 receptor model and include
Trp337 (W6.48) displaying hydrophaobic interactions with Phe333 (F6.44) on one side, and
Tyr340 (Y6.51) on the other side. This conservation of the characteristic Microdomains and
interhelical interactions gives an additional validity to our model.

xi. Non-Peptide Antagonist Binding Site

The putative antagonist binding site of the MCH-R1 receptor was found to be formed by
TMII, TMV, TMVI and TMVII. The binding cavity was expanded and refined using
ligand-supported model refinement with the non-peptide MCH-R1 antagonists, T-226296
and the Y-shaped compound 5. These ligands were noticed to be embedded within the top
half of the helical domain with axis parallel to TMIII. A close inspection of the binding site
reveals several critical ligand-receptor interactions. Generally, the ligand binding site can be
divided into three regions, ionic interaction region, H-bonding region, and hydrophobic
pocket. The first region involves interaction with Asp192 (3.32) in the third TM domain of
the receptor. This residue was reported to be conserved in all biogenic amine GPCR and
essential for ligand recognition as suggested by site-directed mutagenesis.3®: 52 In our
proposed binding pose, the ligand protonated amine forms an ionic and hydrogen bond with
Asp192. During the model generation, Asp192 was assigned the second rotamer state, in the
Lovell rotamer library, for the reasons mentioned earlier. The ligand basic amine occupies a
relatively wide hydrophobic pocket (P1) formed by Thr189, Cys185 and 11188 on TM3,
Met165 and 11e169 on TMII, and Tyr362 and 11366 on TMVII.

In addition to the essential salt bridge formed between MCH-R1 antagonists and Asp192,
most of the reported docking studies suggest the formation of an H-bond between carbonyl
oxygen of the ligand and one of the binding site residues. In our model, an H-bond was
noticed between the ligand carbonyl group and the side-chain of GIn196 on TMIII. Four
different amino acid residues were suggested by different research groups to participate in
this H-bonding, namely GIn196 in TMIII, GIn281 in TMV, Tyr342 in TMVI and GIn345 in
TMV1.19-21, 24 Comparison of the relative orientation of these residues reveals that the
involvement of GIn281 or GIn345 in H-bonding could only explain the binding of flexible
ligands like compound 2 (Fig. 1). These ligands possess a flexible linker between the
carbonyl group and the terminal hydrophobic moiety. While in case of more rigid molecules,
like T-226296, binding with GIn281 or GIn345 would cause the hydrophobic western part of
the molecule to protrude from the side of the receptor between TMV and TMVI. This
problem is less pronounced in case of binding with Tyr342 and absent with GIn196.
Formation of H-bond with GIn196 allows the ligand to probe deeper into the receptor
without significant steric clashes.
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Therefore, the assumption that MCH-R1 antagonists form H-bond with GIn196 is able to
interpret the binding of compounds of almost all chemotypes. In addition to the
aforementioned potential H-bonds, our docking studies showed that some ligands are able to
form H-bond with the side chain NH of Trp248 (discussed later). We also noticed the
presence of a relatively wide hydrophobic pocket (P2) away from the axis of TMIII,
surrounding the side chain NHs of GIn281 and Trp248. This pocket is formed by Phe282
and Thr278 on TMV and Val247 and Trp248 on TMIV. It can provide an additional
hydrophobic interaction site for certain type of ligands (see later).

Lower in the binding site is the hydrophobic pocket (P3) that extends downwards toward the
center of the TM domain. The residues that constitute this pocket are Thr200, Leu203, and
Pro289 on TMIII, Phe282, Phe286, and Phe290 on TMV, and Phe334, Trp338, and Tyr342
on TMVI. It is worth noting that the size of this hydrophobic pocket is tight compared to the
cavity available around Asp192. The hydroxy group of Thr200 on the inner side of this
hydrophobic pocket offers a site for additional H-bonding interaction. The most important
residues for the hydrophobic interaction in this pocket are Tyr342, Phe286, Phe290, and
Leu203.

xii. Binding Mode of Different Chemotypes

Chemotype | (Linear with Terminal Basic Nitrogen)—As mentioned earlier,
compound T-226296 binds with axis parallel to TMIII and basic nitrogen bound to the
carboxylic group of Asp192 (Fig. 9a). The biphenyl moiety occupies a relatively tight
binding pocket primarily between TMIII from one side and TMV and TMVI from the other
side. Aromatic-stacking interaction can be noticed between Phe286 and the biphenyl moiety.
The compound is slightly bent so that the central tetralin moiety can make hydrophobic
contact with P2 pocket especially Phe282. Chemotype Il (Linear with Central Basic
Nitrogen): In this type of compounds, the basic nitrogen and carbonyl oxygen form ionic
interaction and H-bond with Asp192 and GIn196, respectively (Fig. 9b, 9c). The
hydrophobic moiety on the basic nitrogen has the choice to fill either the hydrophobic
pocket P1 or P2. In the latter case, it can form H-bond with GIn281 or Trp248 if it carries a
suitable H-bond acceptor. Throughout the MD simulation, the H-bond between the basic
nitrogen of compound 4 and Asp192 remained stable around 1.8 A as well as the H-bond
between the carbonyl oxygen and GIn196 which fluctuated between 2.5 A and 3.3 A (Figure
10). However, the distance between the piperonyl oxygen and Trp248 side chain NH was
too long for a stable H-bond. We believe that the hydrogen bonding interaction here can be
mediated by a water molecule. Also, derivatives with slightly different chemical structures
may reach the proper distance required to form a stable H-bond with Trp248. On the other
side, the chromone moiety fills the hydrophobic pocket P3. The presence of OMe or F
substituent on this moiety can provide a site for an extra H-bond with Thr200 and that
interprets the improved activity with H-bond accepting groups on this hydrophobic terminal
of the molecule.

Chemotype lll (Branched or Y-Shaped)—Despite its high potency, no docking studies
were reported for this type of compounds till date. These compounds have a Y-shaped
structure with basic nitrogen at one arm and two hydrophobic groups at the two other arms.
In addition to the expected ionic and H-bonding interactions, the two hydrophobic arms fill
the hydrophobic pockets P2 and P3. Figure 9d shows the binding mode of compound 5 in
the minimized complex after MD simulation. The phenyl ring, directly attached to the urea
group of the compound, occupies the P3 pocket, while the biphenyl moiety fills the P2
pocket. Hydrogen accepting groups on these two hydrophobic arms improve the inhibitory
activity by forming H-bonds with Glan281 or Trp248 in pocket P2, and Thr200 in pocket
P3. Hydrogen bonds formed between compound 5 and Asp192, GIn196, and Trp248 were
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monitored during the course of the 20ns MD simulation and found to be stable (Fig. 11).
This is the first assumption of the involvement of Trp248, Thr200, and the hydrophobic
pocket P2 in the binding of MCH-R1 with certain ligands.

As a rule of thumb, we can conclude that the ideal binding to MCH-R1 requires ionic
interaction with Asp192, at least one H-bonding, and hydrophobic interactions with 2
pockets. One of the hydrophaobic pockets has to be P3 that exists in the center of the TM
domain among TMIII, TMV, and TMVI, and the other one can be P1 or S2 depending on
the compound chemotype.

CONCLUSION

In this study, homology modeling was used to develop a 3D model of MCH-R1, utilizing the
highest resolution X-ray crystal structure of bovine rhodopsin (PDB ID: 1ul9). Previously
reported MCH-R1 models were not able to explain the binding mode of compounds of
diverse chemical structures. To address this problem, the initial MCH-R1 model was
subjected to a strategic ligand supported refinement protocol using compounds of different
chemotypes. This model was validated using Procheck software and Ramachandran plot.
The final model, in complex with two structurally diverse compounds, was embedded in a
membrane aqueous environment and then simulated for 20 ns in an NPT ensemble. This
protocol allowed the explanation of several reported SAR data. We illustrated that the
antagonistic activity on MCH-R1 requires ionic interaction, H-bonding, and 2 hydrophobic
interactions. We also noticed for the first time the presence of an extra hydrophobic pocket
P2 and two residues forming additional H-bonds with certain ligands (Thr200 and Trp248).
The knowledge gained from the developed 3D model of MCH-R1 can be useful in the
identification and structure based design of novel antagonists that can represent promising
anti-obesity agents.
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Figure 1.
Suggested classification of the reported MCH-R1 antagonists
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Figure 2.
Protocol used for the modeling, refinement, and validation of MCH-R1.
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Figure 3.
Potential energy fluctuation of Compound 5 - Model 111 complex during the 7ns MD

simulation.
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Binding Affinity (pki)
Figure 4.

Correlation of binding affinity and GOLD scores. Binding affinity is represented as pki [-log
ki].
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Figure 5.
MCH-R1-Membrane system before (A) and after (B) equilibration MD simulation
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Figure 6.
Side view of the full MCH-R1-membrane-aqueous system (1) after the 20 ns MD simulation.

Helices are represented as cartoon. Lipids are displayed as cyan lines. Chloride ions are
displayed as red spheres. Compound 4 is displayed as spheres colored by atom types.
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Total energy vs time plot during the production run (20 ns) of system | (a), and 11 (b).
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Backbone RMSD vs time plot during the production run (20 ns) of system I (a), and 11 (b).
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a) Proposed binding mode of compound 1 (T-226296) in the final model (Model 1V). b) and
c) Possible binding poses of compound 4 making contacts with hydrophobic pockets P2 or
P3. d) Proposed binding interactions of compound 5. Cartoon representation was used for
the backbone atoms in purple. Only residues interacting with the ligands were shown as
cyan sticks. Ligands are shown as capped sticks and colored by atom types with carbon

atoms in yellow. The upper part of helix 6 was truncated and only polar hydrogens are

displayed for clarity.
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Figure 10.

Hydrogen bond distances between compound 4 and critical polar residues in the binding site
of Model IV during the 20ns MD simulation. Blue: (NH--O) basic nitrogen and Asp192.
Cyan: (C=0--HN) amide carbonyl and GIn196. Pink: (O--HN) piperonyl oxygen and
Trp248.
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Figure 11.

Hydrogen bond distances between compound 5 and critical polar residues in the binding site
of Model IV during the 20ns MD simulation. Blue: (NH--O) basic nitrogen and Asp192.
Cyan: (C=0--HN) urea carbonyl and GIn196. Pink: (CN--HN) cyano nitrogen and Trp248.
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RMSD comparison between BRho (1u19) and MCH-R1 models.

Models Backbone (&)  Heavy Atoms (A)
1ul9 — Model 11 1.76 2.35
1ul9 - Model IV 2.23 2.87
Model 1l — Model 111 1.29 2.04
Model 11l - Model IV 1.13 1.44
Model 1l — Model 1V 1.52 2.25
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Table 3
Results of Protein Structure Check by PROCHECK.

Parameter 1U19 Model 1V
Residues in most favored regions 163 95.9% 63 93.7%
Residues in additional allowed regions 6 3.5% 11 6.3%
Residues in generously allowed regions 1 0.6% 0.0 0%
Residues in disallowed regions 0 0.0% 0.00%
PROCHECK score™ 035 0.08

Bad contacts 3 0

Chil-chi2 plots outliers 1 1

Main chain bond lengths within limits 99.90% 100%

Main chain bond angles within limits 99.70% 95.70%

*
Ideally, scores should be above —0.5. Values below —1.0 may need investigation.
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