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Abstract
By performing homology modeling, molecular docking, and molecular dynamics (MD)
simulations, we have developed three-dimensional (3D) structural models of M5 muscarinic
acetylcholine receptor (mAChR) and two complexes for M5 mAChR binding with antagonists
SVT-40776 and Solifenacin in the environment of lipid bilayer and solvent water. According to
the simulated results, each of the antagonists is orientated horizontally in the binding pocket
formed by transmembrane helices 2, 3, and 5 to 7. The cationic head group of each of the
antagonists interacts wtih a negatively charged residue, Asp110, through electrostatic and
hydrogen bonding interactions. The simulated results also reveal some significant difference
between the binding modes of SVT-40776 and Solifenacin. In particular, SVT-40776 is
persistently hydrogen-bonded with the side chain of residue Tyr458, whereas Solifenacin cannot
form a similar hydrogen bond with residues around its carbonyl group. Such significant difference
in the binding structures is consistent with the fact that SVT-40776 has a much higher binding
affinity (Kd = 0.4 nM) with M5 mAChR than that of Solifenacin (Kd = 31 nM) with the same
reeptor. The calculated binding free energy change (−2.3 ± 0.3 kcal/mol) from Solifenacin to
SVT-40776 is in good agreement with the experimentally derived binding free energy change
(−2.58 kcal/mol), suggesting that our modeled M5 mAChR structure and its complexes with the
antagonists are reliable. The new structural insights obtained from this computational study are
expected to stimulate future, further biochemical and pharmacological studies on the detailed
structures of M5 and other subtypes of mAChRs.

Introduction
The muscarinic acetylcholine receptors (mAChRs) mediate many actions of
neurotransmitter acetylcholine in the central and peripherial nervous systems. These
receptors have been found to play very important and diverse roles in many physiological
processes such as cardiovascular, motor, attention, learning, memory, pain, and sleep.1,2,3,4

Different from the nicotinic acetylcholine receptors (nAChRs), which are ligand-gated ion
channels formed by five subunits, mAChRs are G-protein coupled receptors (GPCRs),
which operate through G-proteins to alter second messager systems involving adenylate
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cyclase and phospholipase Cβ. The mAChRs belong to the class-A GPCRs and have five
distinct subtypes (M1 to M5). The M5 mAChR is expressed primarily at the substantia
nigra, ventral tegmental area, cerebral cortex, and the striatum area of the central nervous
system (CNS).1,2 Recent studies revealed that M5 mAChR was involved in the regulation of
striatal dopamine release and in rewarding brain stimulations.5,6,7 It was also found that M5
mAChR-knockout mice had reduced morphine-induced locomotion, establishing that M5
mAChR is a potential target for the treatment of drug abuse.8,9,10,11 Therefore, it has
become a high priority to understand the molecular moechanisms for M5 mAChR’s
agonizing and antagonizing processes, and develop novel and selective M5 ligands as
potential therapeutics.

The first highly potent ligand of M5 mAChR was derived from a series of 5-
trifluoromethoxy N-benzyl Isatins and found to be a positive allosteric modulator.12 Some
other compounds were also developed to be high-affinity antagonists of mAChRs, but these
compounds did not show no significant selectivity toward M5 receptor.13, 14, 15,16 In order
to design highly potent and M5 mAChR-selective agonists or antagonists, one needs to
understand the molecular determinants for the M5 mAChR-ligand binding, and then perform
structure-based ligand design. For this purpose, one first needs to develop a reasonable and
reliable structural model of M5 mAChR-ligand complex. Due to the difficulty in protein
expression and crystalization of membrane proteins, there is no avaliable high-resolution
crystal structure for any subtype of mAChR from any species. However, recent progresses
of structure-function studies on mAChRs and some other class-A GPCRs have paved the
way of fully understanding the structure-function relationships of mAChRs.11,17,18,19,20,21

For example, the X-ray crystal structures for different conformational states of
rhodposin22,23,24 from different species have provided fundamental insights into the
molecular details on the receptor activation mechanism. High-resolution X-ray crystal
structures of human β2 adrenergic receptor25,26,27 bound with inverse agonist revealed
significant structural difference for both the transmembrane helices and the second
extraceullar loop (EL-2) when comapred with the structures of rhodopsin. The crystal
structure of turkey β1 adrenergic receptor(β1-AR) 28 bound with high-affinity antagonist
represents a possible extracellularly-open conformational state for the adrenergic receptors.
In this X-ray structure of β1-AR, the antagonist cyanopindolol (CYP) was located inside a
binding pocket formed by transmembrane (TM) helices 3, and 5 to 7. The tert-butylamino
group (cationic head) of CYP intereacted with negatively charged side chain of residue
Asp121 from TM3 of β1-AR through both electorstatic and hydrogen-bonding interactions.
The crystal structure of human A2A adenosine receptor29 bound with the selective antagonist
demonstrated that the EL-2 and the antagonist binding site of adenosine receptors are quite
different from those of rhodopsin and the adrenergic receptors. The differences in receptor
structures and the ligand-binding sites observed from these crystal structures indicate that
each subfamily of GPCRs may have different inherent strutural flexibility and, therefore,
adopt different conformational states under different incoming stresses. The latest
information from the X-ray crystal structures for CXCR4 receptor30 bound with antagonists
further support the viewpoint about the structural flexibility and functional diversity of
GPCRs. This background indicates that it is a challenge to reliably study the structural
mechanisms for other GPCRs. Special attention needs to be paid on the selection of a
template for the construction of a structural model of any other sepcific GPCR. For the
available X-ray structures of bovine rhodopsin, the native agonist (i.e. retinal) is covalently
bound with the side chain of residue Lys296 of the receptor. The sequence identity between
bovine rhodopsin and mAChRs are quite low (mostly <20%). Thus, the structure of bovine
rhodopsin is not a suitable template for use in homology modeling of mAChRs binding with
antagonists. Earlier homology models of mAChRs based on the X-ray structure of bovine
rhodopsin did not account for the possible difference at the ligand binding site.31,32,33,34

Thus, the modeled atomic contacts between the mAChR and ligand are not reliable.
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Phylogenetically, mAChRs are more closely related to adrenergic receptors than either
adenosine receptors or the CXCR4 receptor.17,23 Currently, the antagonist-bound β1-AR is
the most reasonable and appropriate template to model the structures of mAChRs for the
purpose of studying the receptor-antagonist binding. The combined use of the X-ray
structure of β1-AR-antagonist complex and current computational modeling has enabled us
to construct a reasonable 3D model of M5 mAChR.

The present study aimed to develop a reasonable structural model of M5 mAChR and
understanding its binding with antagonists. For this purpose, the 3D structure of human M5
mAChR was modeled, focusing on its binding with two representative antagonists (Scheme
1), (R)-quinudin-3-yl 3-fluorophenyl(3,4,5-trifluorobenzyl)carbamate (SVT-40776) and (1S,
3′R)-quinuclidin-3′-yl 1-phenyl-1,2,3,4-tetrahydroisoquinoline-2-carboxylate
(Solifenacin).13,15 Based on the energy-minimized structure of M5 mAChR, the protonated
species of these two antagonists were docked into the binding site. The intermolecular
interactions between M5 mAChR and the antagonists were analyzed based on the trajectoris
of subsequent molecular dnyamics (MD) simulations. We found that SVT-40776 can form
an additional hydrogen bond with the side chain of residue Tyr458 of M5 mAChR, which is
consistent with the fact that SVT-40776 has a higher affinity than that of Solifenacin with
the same receptor. The new structural insights obtained from this computational study
should be valuable for future design further biochemical and pharmacological studies on M5
and other subtypes of mAChRs.

Computational Methods
Homology modeling and structural optimization

To study the binding of SVT-40776 and Solifenacin with M5 mAChR in atomic detail, a
homology model of human M5 mAChR was built based on the X-ray crystal structure of
turkey β1-AR (PDB entry of 2VT4 at 2.7Å resolution, B chain)28 by using the Protein
Modeling module of Discovery Studio (version 2.5.5, Accelrys, Inc. San diego, CA). The
amino acid sequence of human M5 mAChR was directly extracted from the uniprot.org
(access number: P08912). The sequence alignment was generated by using ClusterW with
the Blosum scoring function.35,36 The best alignment was selected according to both the
alignment score and the reciprocal positions of the conserved residues among all the
subtypes of mAChRs and adrenergic receptors. These include the DRY motif near the
intracellular end of transmembrane 3 (TM3), the NPxxY(x)6F motif from TM7, and the
position of disulfide bond between the Cys103 near the extracellular end of TM3 and the
Cys183 of EL-2. The first 27 residue at the N-terminal, the last 20 residue at the C-terminal
and the third intracellular loop (IL-3, residues from #225 to #435) of M5 mAChR were
omited due to the lack of the corresponding homolog sequence in the template. The
alignment was first performed by using the default values of the parameters in program
ClusterW,35 e.g. the minimum sequence length of aligning was set as 10, and then was
improved by adjusting the values of the parameters in order to obtain a higher alignment
score. During the alignment process, the most important conserved motifs (i.e. the DRY
motif from TM3, and the NPxxY(x6)F motif from TM7) were strictly reserved from the
previous round of alignment to the next round of alignment, while the newly aligned
conserved regions were also added for further alignment. The sequence identity for the
regions except the omitted ones reached 34.3% and the sequence homology became 61.7%
for the final alignment with 277 residues of β1-AR. We also tried to use another scoring
function, i.e. the PAM matrix.35 According to the sequence alignment based on the PAM
matrix, the sequence identity was 31.2%, lower than that for the sequence alignment based
on the Blosum scoring function. The use of the PAM matrix could not align the conserved
residue Cys183 of M5 mAChR with Cys199 of β1-AR. Based on the criteria of sequence
identity and the reciprocal positions of the conserved residues, we finally elected to use the
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sequence alignment generated by using the Blosum scoring function. The coordinates of the
heavy atoms in the conserved regions were directly transformed from the template structure
(i.e. the X-ray crystal structure of β1-AR28), whereas the non-equivalent residues were
mutated from the template to the corresponding ones of M5 mAChR. The side chains of the
non-conserved residues were relaxed during the process of homology modeling in order to
remove the possible steric overlap or hindrance with the neighboring conserved residues.

In order to simulate the actual physiological environment, the initial M5 mAChR model was
inserted into a pre-equilibrated POPC lipid bilayer and then solvated by two layers of water
molecules at each side of lipid bilayer. The area per lipid (AL) for this starting lipid bilayer
was calcualted as the area of xy plane of the simulation box divided by the number of lipid
molecules per layer. The all-atom model of the POPC bilayer was generated by using the
membrane plugin of the VDW software37 and the initial size of the membrane was expanded
to be large enough to encompass the target protein. The geometry of POPC molecule was
optimized by performing ab initio electronic structure calculation at the HF/6-31G* level
using Gaussian03 program.38 The HF/6-31G* calculation was also performed to determine
the restrained electrostatic potential (RESP)-fitted charges for POPC molecules. The relative
orientation of M5 mAChR in the lipid bilayer was determined by referring the similar
orientation of the structure β1-AR,28 i.e. the helix 8 in parallel with the intracellular surface
of the membrane. When inserting, any POPC molecule was removed if it had more than
50% of its non-hydrogen atoms within a distance of 2.5 Å to any non-hydrogen atoms of M5
mAChR. The solvent layers were added by using the LEaP module of Amber11 program
suite.39 The protein together with the lipid bilayer was solvated in a rectangular box of
TIP3P water molecules40 with a minimum solute wall distance of 10 Å. Standard
protonation states at physiological environment (pH ~7.4) were set to all ionizable residues
of M5 mAChR, and the position of the proton was properly set on Nδ1 atom of residue
His478. Additional 11 Cl− ions were added in the solvent as counter ions to neutralize the
system. The system composed of 42,911 atoms, including 132 POPC molecules and 6,892
water molecules.

After the whole system was set up, a series of energy minimizations (geometric
optimizations) were carried out by using the Sander module of Amber11 program suite39

uisng the conjugate gradient energy-minimization method with a non-bonded cutoff of 10 Å.
The first 2,000 steps of the energy minimization was done for the backbone of M5 mAChR
while the side chains were fixed, and then the next 40,000 steps for the lipid molecules,
water molecules, and the side chain atoms of M5 mAChR. In order to get the solute (M5
mAChR) better solvated, the subsequent MD simulations and energy minimizations were
performed on the environment (i.e. the lipid molecules, water molecules, and the counter
ions). First, 1.0 ns MD simulations were performed on the water molecules with NTV
ensemble at T = 300 K. The environment was energy-minimized for 20,000 steps followed
by a 2.0 ns MD simulation on the lipid molecules with anisotropic pressure coupling (i.e. the
parameter ntp = 2 in the input file). After these MD simulations, the environment and side
chains of M5 mAChR were energy-minimized for 20,000 steps. Finally, the system was
energy-minimized for 6,000 steps for all atoms, and a convergence criterion of 0.001 kcal
mol−1 Å−1 was achieved.

Molecular docking and MD simulation
Based on the structural model of M5 mAChR obtained in the present study, the binding
modes of the receptor with two antagonists (Scheme 1) were explored through molecular
docking by using AutoDock 3.0.5 program.41 Previous site-directed mutation on Asp105 of
M1 mAChR and mutation on Asp103 of M2 mAChR11 showed that these negatively
charged residues are critical for the ligand binding. This negatively charged residue from
TM3 of M1 or M2 receptor corresponds to residue Asp121 from TM3 of β1-AR,28 and to
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residue Asp110 of M5 mAChR. Based on the sequence comaprison between M5 mAChR
and β1-AR, and based on the fact that both SVT-40776 and Solifenacin are competitive
antagonists,13,15 it is reasonable to assume that the binding site of M5 mAChR for these
typical antagonists should be around residue Asp110 from TM3. The atomic charges of the
protonated antagonists were also determined as the restrained electrostatic potential (RESP)
charges determined by using the standard RESP procedure implemented in the Antechamber
module of the Amber11 program39 following the electronic structure and electrostatic
potential calculations at the HF/6-31G* level. During the docking process, a conformational
search was performed using the Solis and Wets local search method,42 and the Lamarkian
genetic algorithm (LGA)41 was applied to deal with the M5 mAChR-antagonist interactions.
Among a series of docking parameters, the grid size was set to be 60 × 60 × 60 and the grid
space was the default value of 0.375 Å. The possible binding site of M5 mAChR for these
two antagonists was first roughly defined as a similar site of β1-AR structure for the
antagonist cyanopindolol,28 i.e. the cavity around transmembrane helices 2, 3, and 5 to 7.
The binding site was then hunted by changing the center and the size of the docking grid.
All the complex candidates were evaluated and ranked in terms of the binding energy by
using the standard energy score function implemented in the docking program and, finally,
the geometric matching quality through visual checking. For each antagonist, the initial
binding structure was selected from the docked candidates, of which the protonated head
group (Scheme 1) was orientated toward the negatively charged side chain of Asp110 of M5
mAChR. The selected initial structure of M5 mAChR-SVT-40776 complex was ranked #1
in the clustering histogram, with a positional root-mean squeare deviation (RMSD) of 1.63
Å from the average structure of the same cluster. The selected initial structure of M5
mAChR-Solifenacin complex was also ranked #1 in clustering histogram, with the RMSD
value of 0.80 Å.

In order to further relax the selected initial M5 mAChR-antagonist complex structures, MD
simulations were performed by using the Sander module of Amber11.39 MD simulations
were performed also for the purpose of making the EL-2 more reasonably packed on the
extracellular surface of the complex structure. The whole system was gradually heated to
300 K by weak-coupling method43 and equilibrated for about 2.0 ns. Throughout the MD
simulations, a 10 Å non-bonded interaction cutoff was used and the non-bonded list was
updated every 25 steps. The particle mesh Ewald (PME) method44 was applied to treat long-
range electrostatic interactions. The lengths of covalent bonds involving hydrogen atoms
were fixed with the SHAKE algorithm,45 enabling the use of a 2-fs time step to numerically
integrate the equations of motion. Finally, the production MD was kept running about 4.0 ns
with a periodic boundary condition in the NTP ensemble at T = 300 K with Berendsen
temperature coupling and at P = 1 atm with anisotropic molecule-based scaling.43

Calculation of binding free energy change
We employed a molecular mechanics-Poisson-Boltzmann surface area (MM-PBSA)
method46 to estimate the binding free energy change from one inhibitor to another for the
same receptor. According to the MM-PBSA method, the free energy of a ligand binding
with the M5 receptor, ΔGbind, is calculated from the difference between the free energy of
the receptor-ligand complex (GR-L) and the sum of the free energies of the unbound receptor
(GR) and ligand (GL) as Eq.(1):

(1)

ΔGbind was evaluated as the sum of the changes in the MM gas-phase binding energy
(ΔEMM), solvation free energy (ΔGsolv), and entropic contribution (−TΔS).
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(2)

(3)

(4)

(5)

The MM binding energies were calculated with the Sander module of the Amber program.
Electrostatic solvation free energy (ΔGPB) was calculated by the finite-difference solution to
the Poisson-Boltzmann (PB) equation implemented in the Delphi program. 47, 48 The MSMS
program49 was used to calculate the solvent-accessible surface area (SASA) for the
estimation of the nonpolar solvation energy (ΔGnp) using Eq.(5) with parameters γ =
0.00542 kcal/Å2 and β = 0.92 kcal/mol.

The entropic contribution, −TΔS, to the binding free energy was calculated using a local
program (a stand-alone program) developed in our own laboratory. The computational
procedure used to evaluate the −TΔS was the same as that described in our recent
publications.50,51,52,53 As we described previously, the entropy contribution is divided into
two parts: solvation entropy (ΔSsolv) and conformational entropy (ΔSconf):

(6)

The solvation entropy is gained by solvent water molecules on being displaced from the
active site by the ligand during binding and was calculated by using the parameters
established previously. 54 The contribution to the binding free energy from the
conformational entropy change is proportional to the number (ΔNrot) of the lost rotatable
bonds during the binding:

(7)

in which w is the scaling factor which may be slightly different for different receptors.
Nevertheless, our previous studies50–53 consistently revealed that w = 0.6434 (the smallest
value) to 0.8452 (the largest value). In the present study, we simply used the middle value of
the range, i.e. w = 0.7434 ± 0.1009, as the final result is not very sensitive to the w value
within the range of the w values (see below).

It has been demonstrated55 that the MM-PBSA method is reliable for calculating the relative
binding free energies between various ligands with a same receptor via Eq.(8), although it
might not be very accurate for calculating the absolute binding free energies with a
membrane protein.

(8)
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Most of the MD simulations were performed on a supercomputer (i.e. the Dell X-series
Cluster with 384 nodes or 4,768 processors) at University of Kentucky Center for
Computational Sciences. Some other modeling and computations were carried out on SGI
Fuel workstations in our own lab.

Results and Discussion
Structural model of M5 mAChR

The amino acid sequence alignment (Figure 1) between human M5 mAChR and the turkey
β1-AR shows that 8 regions with high homology can be assigned to 8 α-helices. These
include the 7 transmembrane helices (TM1 to TM7) and a small α-helix H8 consisting of
residues Asn498 to Cys512, which is supposed to locate on the membrane cytoplasm
interface. The finally obtained sequence alignment is depicted in Figure 1. Our structural
model of M5 mAChR based on the sequence alignment depicted in Figure 1 is significantly
different from the previously reported M5 mAChR model.31,33,34 For example, the start and
the end positions of each TM in our current model are different from the corresponding
positions in the previous reported M5 mAChR model31 using the crystal structure of
rhodopsin as the template.22 In particular, the TM3 consists of 35 residues in our model, but
it only consists of 21 residues in the previously reported model.31 Based on the reported
crystal structures of class-A GPCRs,18,19,25,26,27,28,29,30 the TM3 was significantly longer
than that of rhodopsin.22,24 This information supports our new model developed by using
the turkey β1-AR as the template and the sequence alignment depicted in Figure 1.

As modeled, the assembly of these helices in a lipid bilayer environment (Figure 2) is
structurally organized similar to the template β1-AR.28 The area per lipid (AL) in the lipid
bilayer was estimated to be ~63.1 Å2, which is very close to that (~63.0 Å2) of the most
commonly used POPC lipid bilayers described in the literature.56 In order to track how M5
mAChR interacted with the surrounding lipid molecules, we counted the total number of
contacts (Ncontact) between the non-hydrogen atoms of the lipid bilayers and the non-
hydrogen atoms of the M5 receptor for each snapshot of the MD trajectory. The criterion
(cutoff) for the inter-atomic contact was set as 5.0 Å, and the tracked results are provided in
Supporting Information (Figure S1). The tracked Ncontact increased slightly during the first
2.0 ns of the MD simulation on the lipid molecules, and fluctuated during the next 2.0 ns
(the equilibration stage) of the MD simulation for the M5 mAChR-antagonist complex
structure (see below for further discussion). The tracked Ncontact kept constant, with an
average Ncontact value of 1019, during the final 4.0 ns of the MD simulation for the
production stage (see below for further discussion). The changes of Ncontact along the MD
trajectory (Figure S1 in Supporting Information) suggest that the packing between the lipid
molecules and the M5 mAChR was gradually improved and equilibrated during the MD
simulation. The whole model of M5 mAChR appears to be in a conformation opening
toward the extracellular side. The energy-minimized M5 mAChR structure (Figure 2) has a
positional root-mean-square deviation (RMSD) of 0.23 Å for Cα atoms from the initial
structural model. Relative to the template β1-AR structure,28 the RMSD for Cα atoms of the
7 TMs was only 0.52 Å. These small structural deviations suggest a high fidelity for the
structure prediction of M5 mAChR. There are some proline-induced kinks at the conserved
positions along the span of transmembrane segments. These positions are Pro205 from TM5,
Pro457 from TM6, and Pro492 from TM7 (Figure 1). These kinks could enable the
structural rearrangements required for the activation of G-protein effectors. As observed
from the energy-minimized structure of M5 mAChR, most of the hydrophobic side chains of
the 7 TMs are orientated toward the surrounding lipid molecules, stabilizing the
transmembrane structure of the receptor, while the helix-helix packing is featured by inter-
helical polar contacts and hydrogen bonding interactions. Specifically, a cluster of
hydrophobic resides, being composed of residues Ile78, Phe82, and Leu86 from TM2 and
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Trp106 and Leu109 from TM3 (Figure 2C), is located near the extracellular end of these two
helices. This cluster of hydrophobic residues is also close to the aromatic residue Trp96 of
EL-1, making the TM2, TM3, and EL-1 tightly aggregated. Another cluster of aromatic
residues locates close to the extracellular end of TM6 and TM7 and is formed by residues
Phe451, Trp455, Tyr458, Trp477, Tyr481, and Tyr485 (Figure 2D). These residues are
stacked in parallel, while all the hydroxyl groups of residues Tyr458, Tyr481, and Tyr485
point to the internal cavity among TM2, TM3, TM5, TM6, and TM7. Residues Phe502,
Phe506, and Leu509 from H8 interact with the hydrophobic residues Leu50 and Val57 from
TM1 and Leu61 from IL-1 (Figure 2E), making H8 closely packed with the neighboring
TM1 and the surrounding lipid molecules. Such specific local interactions must help to
stabilize the whole receptor in the membrane environment. The X-ray structure of β1-AR28

showed that its EL-2 formed a short α-helix and defined the entrance of the ligand-binding
pocket. Unlike the EL-2 of β1-AR, the EL-2 of M5 mAChR cannot form any regular
secondary structure, indicating that this loop might be easy to adapt to the outside
stimulations.

Our energy-minimized M5 mAChR model is considerably different from the previously
reported M5 mAChR models.31,32,33,34 The major difference exists not only in the starting
position and the length of each helix, but also in the assembly of the 7 TMs. These
differences between our current model and the previous models are mainly due to the fact
that the more reasonable template28 was used in our M5 mAChR structure modeling. As
noted above, the template (i.e. the structure of β1-AR) used to build our model is
phylogenetically closer to mAChRs, whereas the previous models31,32,33,34 were
constructed based on the crystal structure of phylogenetically distant bovine rhodopsin.22

Histidine-substitution studies on M1 mAChR20 revealed that the triple mutations as
Leu116His/Phe374His/Asn414His (the M1 numbering, and the same thereafter for residues
of M1 mAChR) or Leu116His/Ser120His/Phe374His or Phe374His/Asn414His/Tyr418His
led to high-affinity binding of the inactive receptor with Zn2+ ion, suggesting that these
residues formed a network of intramolecular interactions. As these residues are highly
conserved not only in mAChRs, but also throughout the class-A GPCRs,17,23 it is reasonable
to assume that the M5 mAChR also retains such network of intramolecular interactions.
Comparing the sequence of the M5 receptor with that of M1 mAChR, residues Leu121 and
Ser125 from TM3, Phe451 from TM6, and Asn491 and Tyr495 from TM7 of M5 mAChR
are at the corresponding positions of those residues in M1 mAChR. A careful inspection on
the structural model of M5 mAChR in the present study revealed that the side chains of
these residues all point to the central cavity between TM3, TM5, TM6, and TM7 (Figure
2F). The distances among the Cα atoms of residues Leu121, Ser125, and Phe374 are all
close to 11.0 Å (Figure 2F, blue colored lines). The similar distances were found for the Cα
atoms among the triple residues Leu121-Phe451-Asn491 (Figure 2F, cyan colored lines) and
the triple residues Phe451-Asn491-Tyr495 (Figure 2F, magenta colored lines). As observed
in our M5 mAChR model structure, the side chains of these triple-residues would approach
toward each other inside the central cavity if they were mutated to residue Histidine. A
Zn2+-binding site will be formed by the side chains of any of these triple residues after
possible local conformational adjustment, and the whole receptor structure will probably be
kept inactive. The usage of a better structural template28 and the qualitative consistency with
the observations of Histidine-substitution studies20 have made our current M5 mAChR
structural model more reliable than the previously reported M5 mAChR models.31,32,33,34

Binding mode of M5 mAChR with antagonists
The antagonist-binding site in M5 mAChR is located near the extracellular end of TM3,
TM5, TM6, and TM7. As shown in Figure 3, TM2 and TM4 are also partially involved in
the formation of the antagonist-binding site. In addition, the antagonist-binding site is
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partially covered by EL-2. In a typical structure of the MD-simulated M5 mAChR-
SVT-40776 complex (Figure 3B) at the snapshot of the MD trajectory at 4.0 ns (Figure 3A),
the SVT-40776 molecule is orientated horizontally inside the binding pocket (Figure 3B).
The cationic head of SVT-40776 is anchored around the negatively charged side chain of
residue Asp110 from TM3, interacting with each other through electrostatic attraction and
strong hydrogen bonding (Figure 3B). As tracked from the MD simulations (Figure 3A), the
average shortest distance for the hydrogen bond through the proton at the cationic head of
SVT-40776 and the negatively charged atoms at the side chain of Asp110 is 1.75 Å.
Meanwhile, residue Asp110 is also hydrogen-bonded with the side chain of Ser83 from
TM2 (blue curve in Figure 3A) and the side chain of Tyr485 from TM7 (cyan curve in
Figure 3A). The cationic head of SVT-40776 is also closely packed with residues Trp106
and Leu107 from TM3, Tyr481 from TM7, and Ile185 from EL-2. Residue Tyr87 from TM2
is also within 5 Å from the cationic head of SVT-40776. The carbonyl oxygen of
SVT-40776 is always hydrogen-bonded with the hydroxyl group on the side chain of Tyr458
from TM6 with an average distance of 2.08 Å throughout the entire MD simulations (green
curve of Figure 3A). One of the fluoro-substituted phenyl group of SVT-40776 is packed in
parallel with the underneath Tyr111 from TM3 and the above Phe187 from EL-2. It is also
packed perpendicularly with the side chain of Trp162 from TM4. This fluoro-substituted
phenyl group of SVT-40776 is also surrounded by residues Thr194, Thr197, Ala198, and
Ala201 from TM5. The fluorine atom at the meta-position of the phenyl group of
SVT-40776 has no specific hydrogen-bonding interaction with the surrounding residues as
observed from the MD-simulated complex structure (Figure 3B). However, the three fluoro
substitutes on another phenyl group of SVT-40776 are all solvent-exposed, probably
hydrogen bonding with surrounding water molecules. One of these three fluoro substitutes is
also close to the side chain of Ser465 from TM6, but without direct contact, indicating that
they interact indirectly through water molecules. In addition, the three fluoro-substituted
phenyl groups of SVT-40776 are packed in parallel with the aromatic side chain of residue
Trp477 from TM7 and Phe187 from EL-2.

The residue Asp110 is totally conserved across all subtypes of mAChRs. The same Asp
residue at the similar position in M1 and M2 mAChRs has been indicated to play a vital role
in the binding of agonist acetylcholine by Asp/Glu mutation.11 Residues Tyr111, Tyr458,
Tyr481, and Tyr485 are also conserved for mAChRs, and the residues at the corresponding
positions in M3 mAChR were found to be important for the binding of agonists studied by
cross-linking strategy.57 It would be interesting to design further biological studies including
site-directed mutagenesis in the future to verify the computationally predicted binding mode
of SVT-40776 in this study.

Figure 4 depicts the tracked important distances concerning the intermolecular interactions
in the MD-simulated structural model of M5 mAChR-Solifenacin complex. The mode of
binding of Solifenacin with M5 mAChR is generally similar with that of SVT-40776 (Figure
3). The detailed atomic interactions between Solifenacin and M5 mAChR are featured as
electrostatic, hydrogen bonding, and hydrophobic contacts, as shown in Figure 4 for a
typical structure of the MD-simulated complex at the 4.0 ns snapshot. The proton at the
cationic head of Solifenacin is also hydrogen-bonded with the side chain of Asp110 with an
average distance of 1.75 Å during the MD simulation (Figure 4A). For a major difference
between the M5 mAChR-Solifenacin binding and the M5 mAChR-SVT-40776 binding,
Phe187 is packed with the cationic head group of Solifenacin, whereas Ile185 is packed with
the cationic head group of SVT-40776. For another significant difference, there is no
hydrogen-bonding interaction between the carbonyl oxygen of Solifenacin and the
surrounding residues including Tyr458 (Figure 4B), whereas a persistent hydrogen bond is
formed between the carbonyl oxygen of SVT-40776 and the side chain of Tyr458 (Figure 3).
This key structural difference in intermolecular interactions may be helpful to understand
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why the binding affinity of SVT-40776 is much higher than that of Solifenacin with the
same receptor. As measured,13,15 the dissociation constant (Kd) of Solifenacin with M5
mAChR was 31 nM and the Kd of SVT-40776 was 0.4 nM. The phenyl group on the tail of
Solifenacin is located at the similar sub-site as that of SVT-40776, and the tail of Solifenacin
is loosely packed with the side chains of residues Val462 and Trp477.

For a better understanding of the binding affinity difference between Solifenacin and
SVT-40776, the MM-PBSA calculations were performed to estimate the binding free energy
change, i.e. ΔΔGbind in Eq.(8), from Solifenacin to SVT-40776 for the binding with M5
mAChR by using the energy-minimized receptor-ligand binding structures depicted in
Figures 3 and 4. Based on the MM-PBSA calculations, we obtained ΔΔEbind = −1.4 kcal/
mol and −TΔΔS = −0.9 ± 0.3 kcal/mol corresponding to w = 0.7434 ± 0.1009. These data
suggest that both the enthalpy and entropy favor SVT-40776 binding with the receptor.
Thus, according to Eq.(8), the MM-PBSA calculations led to the computational prediction of
ΔΔGbind = −2.3 ± 0.3 kcal/mol. For comparison, we may also convert the experimentally
measured dissociation constant (Kd = [R][L]/[R-L]) to the binding free energy, denoted by
ΔGbind(expt), by using the well-known thermodynamic equation, i.e. ΔGbind = RTlnKd at T
= 298.15 K. Based on the experimental data, i.e. Kd = 0.4 nM for SVT-40776 and Kd = 31
nM for Solifenacin,13,15 we have ΔΔGbind(expt) = RTlnKd(SVT-40776) −
RTlnKd(Solifenacin) = −2.58 kcal/mol. Our computationally estimated ΔΔGbind value of
−2.3 ± 0.3 kcal/mol is in good agreement with the experimentally derived ΔΔGbind(expt)
value of −2.58 kcal/mol. The good agreement between the computational and experimental
binding free energy differences suggests that the modeled complex structures for M5
mAChR binding with the antagonists are reliable.

Conclusions
The present computational modeling, molecular docking, and molecular dynamics
simulations have led us to develop a reasonable 3D structural model of M5 mAChR and
understand its binding with antagonists SVT-40776 and Solifenacin. Our modeled 3D
structures of M5 mAChR in complex with the antagonists have provided valuable structural
insights concerning how M5 mAChR interacts with its antagonists at atomic level. In
common, the cationic head group of both antagonists interacts with residue Asp110 from
TM3 through electrostatic attraction and hydrogen bonding, and the cationic head is also
packed tightly with the surrounding aromatic residues from TM3 and TM7. However, the
carbonyl oxygen of SVT-40776 is persistently hydrogen-bonded with residue Tyr458,
whereas there is no hydrogen-bonding interaction between the carbonyl oxygen of
Solifenacin and the surrounding residues. This significant difference in intermolecular
interactions contributes to the observed difference in the binding affinity between these two
antagonists with the same receptor. The good agreement between the calculated binding free
energy change (−2.3 ± 0.3 kcal/mol) from Solifenacin to SVT-40776 and the experimentally
derived binding free energy change (−2.58 kcal/mol) suggests that our modeled M5 mAChR
structure and its complexes with the antagonists are reliable. The new structural insights
obtained from this computational study should be valuable for future design of further
biochemical and pharmacological studies on the detailed structures of M5 and other
subtypes of mAChRs.
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Figure 1.
Aligned sequence of M5 mAChR with the template turkey β1-AR. The identified 7
transmembrane (TM) helices and helix 8 are labeled above the sequence. The numbers in
parenthesis are the positions for the last residue of TM5. The stars refer to the identical
residues, the double filled periods refer to the conservative substitutions, and the filled
perigods to the variable conservative substitutions.
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Figure 2.
Energy-minimized structural model of human M5 mAChR in the physiological
environment. (A) View along the normal of the membrane. The M5 mAChR protein is
represented as ribbon in rainbow color, lipid molecules in grey, Cl− ions in read spheres, and
water molecules in green. (B) Top view of M5 mAChR protein and the lipid molecules.
Water molecules are not shown. (C) A hydrophobic packing by residues Ile78, Phe82, and
Leu86 from TM2, Trp106 and Leu109 from TM3, and Trp96 from EL-1; (D) An aromatic
cluster by residues Phe451, Trp455, and Tyr458 from TM6 and Trp477, Tyr481, and Tyr485
from TM7; (E) Interactions between residues Phe502, Phe506, and Leu509 from H8, Leu50
and Val57 from TM1, and Leu61 from IL-1; (F) Cluster of triple residues. There are three
groups of these triple residues, i.e. Leu121-Ser125-Phe374, Leu121-Phe451-Asn491, and
Phe451-Asn491-Tyr495. Each of these triple-residues groups could form a Zn2+ binding site
if they were mutated to residue Histidine and adjust local conformation. The distances
among the Cα atoms of each group of triple residues are labeled and represented by lines in
different colors. (C) and (D) are in the similar orientation as that of (B), whereas (E) and (F)
are the top view from the intracellular side. All residues are colored by the atom type, and
the hydrogen atoms are omitted for clarity.
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Figure 3.
(A) Tracked positional RMSD for SVT-40776 from its original coordinates and tracked
distances along the MD trajectory. NH+---Asp110(OD1/2) represents the shortest distance
between the proton at the cationic head of SVT-40776 and the negatively charged atoms
(OD1 or OD2) on the side chain of residue Asp110; O2---Tyr458(HH) is the distance for the
hydrogen bond formed by the carbonyl oxygen of SVT-40776 with the Tyr458 side chain;
Asp110(OD1/2)---Ser83(HG) represents the distance for the hydrogen bond formed by the
Asp110 side chain and the Ser83 side chain; Asp110(OD1/2)---Tyr485(HH) is the distance
for the hydrogen bond formed by the Asp110 side chain and the Tyr485 side chain. (B) Top
view of representative structure for M5 mAChR-SVT-40776 complex, taken from the last
snapshot of the MD simulation. The coloring scheme for the complex structure is the same
as that used in Figure 2B, and the SVT-40776 is shown as spheres (left panel) or ball-and-
stick (right panel). Residues within 5 Å of SVT-40776 are labeled and shown in stick. The
hydrogen bonding interaction between the Asp110 side chain and the cationic head of
SVT-40776, the hydrogen bonding interaction between the carbonyl oxygen of SVT-40776
and the Tyr458 side chain, and the hydrogen bonding interactions among side chains of
Asp110, Ser83, and Tyr485 are shown in dashed lines along with the labeled distances.
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Figure 4.
(A) Plots of the tracked positional RMSD for Solifenacin from its original coordinates and
tracked distances. NH+---Asp110(OD1/2) represents the shortest distance between the
proton at the cationic head of Solifenacin and the negatively charged atoms (OD1 or OD2)
on the side chain of residue Asp110; Asp110(OD1/2)---Ser83(HG) represents the distance
for the hydrogen bond formed by the Asp110 side chain and the Ser83 side chain;
Asp110(OD1/2)---Tyr485(HH) is the distance for the hydrogen bond formed by the Asp110
side chain and the Tyr485 side chain. (B) Top view of representative structure for M5
mAChR-Solifenacin complex, taken from the last snapshot of the MD simulations. The
coloring scheme for the complex structure is the same as that used in Figure 2B, and the
Solifenacin is presented as spheres (left panel) or ball-and-stick (right panel). Residues
within 5 Å of Solifenacin are labeled and shown in stick. The hydrogen bonding interaction
between the Asp110 side chain and the cationic head of Solifenacin, and the hydrogen
bonding interactions among side chains of Asp110, Ser83, and Tyr485 are shown in dashed
lines along with the labeled distances.

Huang et al. Page 18

J Phys Chem B. Author manuscript; available in PMC 2013 January 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
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