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Background: SR141716A binds the CB1 receptor selectively and exerts inverse agonist activity.
Results:We identify a key role of the minor binding pocket for SR141716A binding.
Conclusion: SR141716A exerts inverse agonist activity by securing the Trp rotameric switch, restraining CB1 from activation.
Significance:This is the first reportedmolecular description of the superimposition of SR141716A- andCP55940-binding sites.

SR141716A binds selectively to the brain cannabinoid (CB1)
receptor and exhibits a potent inverse agonist/antagonist activ-
ity. Although SR141716A, also known as rimonabant, has been
withdrawn from the market due to severe side effects, there
remains interest in some of its many potential medical applica-
tions. Consequently, it is imperative to understand the mecha-
nism by which SR141716A exerts its inverse agonist activity. As
a result of using an approach combining mutagenesis and
molecular dynamics simulations, we determined the binding
mode of SR141716A.We found from the simulation of the CB1-
SR141716A complex that SR141716A projects toward TM5 to
interact tightly with the major binding pocket, replacing the
coordinated water molecules, and secures the Trp-3566.48 rota-
meric switch in the inactive state to promote the formation of an
extensive water-mediated H-bonding network to the highly
conserved SLAXAD andNPXXYmotifs in TM2/TM7.We iden-
tify for the first time the involvement of the minor binding
pocket formed by TM2/TM3/TM7 for SR141716A binding,
which complements the major binding pocket formed by
TM3/TM5/TM6. Simulation of the F1742.61A mutant CB1-
SR141716A complex demonstrates the perturbation of TM2
that attenuates SR141716A binding indirectly. These results
suggest SR141716A exerts inverse agonist activity through the
stabilization of both TM2 and TM5, securing the Trp-3566.48

rotameric switch and restraining it from activation.

The cannabinoid receptor 1 (CB1)2 (Fig. 1A) is a G protein-
coupled receptor (GPCR) found predominantly in the central
nervous system (1). CB1 agonists such as (�)-�9-tetrahydrocan-

nabinol (Fig. 1B), the main psychoactive component of cannabis
sativa, elicit a stimulating effect on appetite as well as other physi-
ological responses suchas anxiety andhypertension (2)prompting
research examining the therapeutic potential of inhibiting CB1
activation. SR141716A, also known as rimonabant, was developed
by Sanofi-Aventis and is the first CB1 inverse agonist to go into
clinical trials (3). It showedgreat potential as an anti-obesity agent,
althoughpsychiatric side effects prevented it frombeing approved
for use by the Food and Drug Administration (4). Various other
CB1 inverse agonists have since been developed as therapeutics,
suchas ibipinabantbySolvay/Bristol-MyersSquibb, surinabantby
Sanofi-Aventis, otenabant by Pfizer, and taranabant by Merck,
although all exhibited at least some psychiatric side effects in clin-
ical trials (4).
By definition, inverse agonists bind the basal active form (R�)

of the receptor and promote the inactive form (R) of the recep-
tor, whereas agonists promote the active form (R*) of the recep-
tor. Thus, binding of an inverse agonist would shift the equilib-
rium toward the inactive state, whereas binding of an agonist
would shift the equilibrium toward the active state (5). In the
absence of a CB1 x-ray structure, details of the mechanism by
which SR141716A binds to and promotes the inactive state of
the receptor are probed using mutagenesis and ligand binding
analysis coupled with molecular dynamics (MD) simulations.
The aromatic residues Phe-2003.36, Trp-2795.43, and Trp-
3566.48 in transmembrane domains three (TM3), five (TM5),
and six (TM6), respectively, have been shown to be involved in
high affinity inverse agonist binding (6). (The Ballesteros-
Weinstein numbering (7) is used (in superscript) to indicate the
relative position of amino acid residues within the TM helical
bundle; for loop residues, only the loop positions are indicated.)
Alanine substitutions of Phe-2003.36 or Trp-3566.48 resulted in
3- and 7-fold reductions in SR141716A binding affinity, respec-
tively, compared with the wild-type (WT) CB1.3 A more sub-
stantial change in SR141716A binding affinity was observed
following the replacement of Trp-2795.43 with alanine, as
SR141716A exhibited a greater than 1,000-fold decrease in
binding affinity for the CB1W2795.43A receptor. In addition, a
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lysine to alanine substitution of Lys-1923.28 in TM3 resulted in
a 17-fold reduction in SR141716A binding affinity relative to
CB1 WT in HEK293 cells indicating Lys-1923.28 also mediates
SR141716A binding (8). Interestingly, Hurst et al. (8) demon-
strated treatment of CB1 K1923.28A receptors transiently
expressed in a neuronal cell line with 1 �M SR141716A resulted
in no detectable SR141716A-mediated inverse agonism impli-
cating Lys-1923.28 in the efficacy of SR141716A as well as the
affinity. However, because the SR141716A concentration was
just 25-fold greater than theKd value of this mutant, this aspect
requires further investigation.
CB1 has been shown to be capable of activating multiple

isoforms of G protein, and recent studies suggest certain
GPCRs can signal in a G protein-independent manner (9). A
better understanding of the molecular mechanism by which
inverse agonists such as SR141716A bind to and promote the
inactive state of the receptor could lead to the development of a
novel class of CB1 inverse agonists. These compounds could
potentially selectively deactivate specific signaling pathways
and/or stabilize a receptor conformation in a partially deacti-
vated state for therapeutic purposes. Consequently, it is impor-
tant that we delineate the binding site for SR141716A and the
contact residues involved.

In this study,wehaveutilizedanapproachcombiningmutagen-
esis and MD simulations to determine the binding mode of
SR141716A to gain insight into ligand interactions in the binding
pocket and its inverse agonist activity.We identified residues Phe-
1742.61, Leu-1933.29, and Phe-3797.35 as critical residues for
SR141716A by mutational analysis and determined essential
SR141716A-binding domains byMD simulations.We identified for
the first time the involvement of the minor binding pocket for
SR141716Abinding,which complements themajor binding pocket.
The simulation of the CB1-SR141716A complex revealed

that SR141716A projects toward TM5 to interact tightly with
themajor binding pocket, replacing the coordinatedwatermol-
ecules, and secures the Trp-3566.48 rotameric switch in the
inactive state to promote the formation of an extensive water-
mediated H-bonding network to the highly conserved
SLAXAD and NPXXY motifs in TM2/TM7. These results sug-
gest SR141716A exerts inverse agonist activity through the sta-
bilization of bothTM2 andTM5, securing theTrp-3566.48 rota-
meric switch and restraining it from activation.

EXPERIMENTAL PROCEDURES

Plasmid Preparation—Human CB1 cDNA cloned into
pcDNA3.1was used as a template for site-directedmutagenesis

FIGURE 1. CB1 receptor. A, human CB1 receptor in two-dimensional representation. Seven TM helices (TM1 to TM7), three extracellular (EC1, EC2, and EC3), and
three intracellular (IC1, IC2, and IC3) regions are presented. Putative TM helical boundaries (TM1, Pro-1131.29–His-1431.59; TM2, Pro-1512.38–Phe-1802.67; TM3,
Arg-1863.22–His-2193.55; TM4, Arg-2304.39–Gly-2544.63; TM5, Asp-2725.36–His-3045.68; TM6, Arg-3366.28–Phe-3686.60; and TM7, Lys-3767.32–Ala-3987.54) are rep-
resented by dotted lines. The EC2 intraloop disulfide linkage between Cys-257EC2 and Cys-264EC2 and the palmitoylation of the C-terminal Cys-415 are
represented by a two-sided arrow. Amino acid residues examined in the present mutational studies are depicted in boldface type; residues having a role in
SR141716A binding (Phe-1742.61, Leu-1933.29, Thr-1973.33, Met-3636.55, and Phe-3797.35) are shown in green, and noncontacting residues (Phe-1772.64, Val-
1963.32, Thr-2013.37, Ile-2474.56, Leu-2504.59, Thr-2745.38, Phe-2785.42, Thr-2835.47, Leu-2875.51, and Leu-3596.51) are shown in red. The details of the binding
pocket are represented in Fig. 4. B, molecular structures of the classical (ABC-tricyclic) cannabinoids (�)-�9-tetrahydrocannabinol (�9-THC), the nonclassical
(AC-bicyclic) cannabinoid CP55940, and SR141716A.
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(QuikChange, Stratagene, La Jolla, CA). DNA sequencing veri-
fied the presence of the mutations.
CB1 Expression andMembrane Preparation—CB1 receptor-

containingmembrane preparations were obtained as described
previously (10).
CB1 Ligand Binding—Saturation binding assays were per-

formed by incubating 10–25 �g of CB1 receptor containing
membrane preparation with at least nine concentrations of
[3H]SR141716A (56 Ci/mmol; PerkinElmer Life Sciences)
between 0.24 and 68 nM in Tris/Mg2�/EDTA (TME) buffer (25
mM Tris-HCl, 5 mM MgCl2, and 1 mM EDTA, pH 7.4) contain-
ing 0.1% fatty acid-free bovine serum albumin (BSA) (w/v) in a
final volume of 200 �l at 30 °C. Nonspecific binding was deter-
mined with 1 �M unlabeled ligand. Following a 1-h incubation
period, 250 �l of chilled TME � 5% BSA (w/v) was added to
each tube to terminate the reaction. A 24-manifold Brandel cell
harvester was used to separate bound from unbound ligand
with four washes of the filters with cold TME buffer. Bound
radioactivity was determined by scintillation counting. Data
analysis was performed usingGraphPad Prism (GraphPad Soft-
ware Inc., San Diego).
SR141716A Docking—Our previously reported ligand-un-

bound CB1 receptor model (10), which was homology-built
using the inactive state crystal structure of �2AR (Protein Data
Bank code 2RH1) (11) as the template, was used to determine
the SR141716A bindingmode.When this receptor was embed-
ded in the hydrated 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine bilayer, the hydrocarbon chain of a lipid molecule
was deeply inserted into the CB1 core region through the open-
ing created by the loosely packedTM4 toTM5domains, poten-
tially contributing to the stabilization of the ligand-unbound
form of the receptor. After removal from the lipid bilayer, the
stripped protein was used to explore SR141716A docking poses
by employing the genetic algorithm-based flexible docking pro-
gram GOLD (12, 13).
For the ligand, an initial structure of SR141716Awas built by

the Build Fragment tool in Discovery Studio (Accelrys, San
Diego). The lowest energy conformation of SR141716A
obtained by the Generate Conformations tool, using the BEST
conformation algorithm as implemented in Discovery Studio,
was used for docking. Because Phe-3797.35 was identified as a
residue critical for SR141716A binding in this study (Table 1),
all the receptor residues within 20 Å of Phe-3797.35, whose aro-
matic ring was positioned toward the TM core, were defined as

the binding site. This region adequately covered all the reported
SR141716A contact residues (6, 14, 15), including Phe-2003.36,
Trp-2795.43, and Trp-3566.48, as well as the TM4-EC2-TM5
segment important for SR141716A binding (16, 17). For the
GOLD docking experiment, we used the pre-defined default
GOLD generic algorithm settings. GOLDScore was used for
evaluating SR141716A docking modes. The GOLD cavity
detection algorithm was used to locate the ligand within the
TM binding core of the protein. No ligand bumping to any part
of the protein was allowed. We performed a docking experi-
ment and retained 50 docking poses from 10,000 docking runs
and repeated the same docking experiment several times to
obtain convergent binding poses. Among a diverse set of
SR141716A docking poses, we selected high score and highly
diverse docking poses. Using the key selection rule that the N1-
or C5-aromatic ringmoiety should be placed near the proposed
aromatic microdomain, TM3/TM5/TM6 (15), we determined
four distinct poses of SR141716A within the receptor.
Each of these selected SR141716Aposeswas inserted into the

ligand-unbound CB1 receptor model, and any water within 1.0
Å of the newly introduced ligand was removed. The resulting
SR141716A-bound CB1 receptor was embedded in the
hydrated lipid bilayer containing �68,000 atoms in a box of
�75 � �80 � �110 Å3. To relax the protein in the presence of
the ligand tightly fit in the cavity, the system was initially sub-
jected to an energy minimization of 2,500 iterations. Then the
whole systemwas simulated at 310K in theNPT ensemble until
the root-mean-square deviation (r.m.s.d.) values indicated
structural convergence (50 ns). Repeating these procedures, we
obtained four distinct poses of SR141716A within the CB1
receptor simulated in the fully hydrated lipid bilayer (CB1-
SR141716A_a, CB1-SR141716A_b, CB1-SR141716A_c, and
CB1-SR141716A_d) (Fig. 2). We performed ligand contact anal-
yses for these poses to select the pose that was best fit to the
SR141716A contact residues reported by others (6, 14, 15) as well
as in this study (Table 1). Among these distinct poses, we selected
the pose (CB1-SR141716A_c) and continued the simulation for
the duration of �200 ns to obtain CB1-SR141716A (Table 2).

TABLE 1
SR141716A binding affinities for CB1 receptors with substitutions in
residues potentially involved in SR141716A binding

SR141716A
Receptor Kd Bmax

nM fmol/mg
WT 2.3 � 0.4 4600 � 200
F1742.61A 11.0 � 1.8a 6400 � 400
L1933.29A 7.2 � 1.3a 6000 � 400
T1973.33A 6.5 � 0.8 7700 � 300
M3636.55A 6.8 � 0.9 5900 � 300
F3797.35A 8.4 � 1.3a 4200 � 200

a Statistically significant differences were from wild type (p � 0.05) using analysis
of variance followed by Dunn’s post hoc test (statistical analysis conducted on
Kd data of CB1 receptors determined from three SR141716A saturation binding
assays).

TABLE 2
MD simulations performed in this study

Systema
Trp-3566.48

rotamer changeb

TM3/TM5
coordinated

waterc
MD

simulation

ns
CB1-SR141716A_a 50
CB1-SR141716A_b 50
CB1-SR141716A_c 50
CB1-SR141716A_d 50
CB1-SR141716Ad No No 164
F1742.61A-SR141716A No No 106
CB1-CP55940 Yes Yes 131
CB1(apo) No Yes 44

a All simulations were performed in a fully hydrated lipid bilayer using 1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine (see “Experimental Procedures”).
The CB1-CP55940 system was obtained by performing an additional simulation
of the CP55940-CB1y system, and the CB1(apo) system was obtained by per-
forming an additional simulation of the CB1n system in a previous study (10).

b Judged by the Trp-3566.48 �1 angle: if trans (i.e. �120° � �1 � �240°), yes; and
otherwise, no. In this study, the Trp-3566.48 rotameric change was used to moni-
tor the destabilization of the inactive state.

c A cluster of water molecules was coordinated to the polar residues, including
Thr-1973.33, Thr-2013.37, Tyr-2755.39, and Thr-2835.47, in the region between
TM3 and TM5 of the major binding pocket in the CB1 receptor.

d Simulated was continued from CB1-SR141716A_c.
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Because Phe-1742.61 was suggested to be important for
SR141716A binding (Table 1), insight on the possible role of
Phe-1742.61 in SR141716A binding was gained by performing
simulations of the F1742.61Amutant CB1-SR141716A complex
(F1742.61A-SR141716A). We modified the CB1-SR141716A
complex 40 ns into the simulation, at which point it showed
structural convergence, by replacing Phe-1742.61 with an Ala
residue and continued the simulation for �100 ns.
Simulation in a 1-Palmitoyl-2-oleoyl-sn-glycero-3-phospho-

choline Bilayer—Simulations were performed, as described in
our previous study (10), by theNAMDsimulation package (ver-
sion 2.7 Linux-x86_64) (18), using CHARMM22 force field
parameters with the �/� angle cross-term map (CMAP) cor-
rection (19, 20) for the protein and the TIP3 water model (21,
22), and CHARMM27 force field parameters for the lipids (23).
The topology definitions and the parameters for the palmitoy-
lated Cys residue (CYP), including the parameters around the
bond connecting Cys-415 of the CB1 receptor and the carbonyl
carbon of the palmitoyl moiety, as used in the literature (24),
were found on theNAMDParameter Topology Repository site.
The temperature was maintained at 310 K through the use of
Langevin dynamics (25) with a damping coefficient of 1/ps. The
pressure was maintained at 1 atm by using the Nosé-Hoover
method (26) with the modifications as described in the NAMD
Users Guide. The van der Waals interactions were switched at
10 Å and zero smoothly at 12 Å. Electrostatic interactions were
treated using the Particle Mesh Ewald method (27). A pair list
for calculating the van derWaals and electrostatic interactions
was set to 13.5 Å and updated every 10 steps. A multiple time-
stepping integration scheme, the impulse-based Verlet-I
reversible reference system propagation algorithm method
(28), was used to efficiently compute full electrostatics. The
time step size for integration of each step of the simulation was
1 fs. The structures taken every 100 ps of these simulationswere
used for the analysis. All the simulations performed are sum-
marized in Table 2.
CHARMM Parameterization—To describe SR141716A in

the MD simulations using the CHARMM force field, we deter-
minedmissing parameters. To determine the atomic charges of
each ligand atom, charges from electrostatic potentials using a
grid-basedmethod (29) at the ab initioRHF/6–31G* level were
computed using the Gaussian program (30). The charge from
electrostatic potentials using a grid-based method at every
atom was averaged over five representative conformations
from a short (500 ps) MD simulation in a water box (40 � 40 �
40 Å3). To minimize any inconsistency with the existing
CHARMM parameters, most of the missing parameters were
borrowed, if possible, from the parameter values of chemically
relevant structures. If necessary, employing ab initio RHF/6–
31G* and MP2/6–31G* level calculations, we adjusted the val-
ues of bonds, angles, and torsion angles preferentially over
adjustments to the values of force constants. We checked the
validity of the newly determined CHARMM parameters for
describing SR141716A by comparing molecular geometries
from the MD simulations and key torsional energy barriers by
CHARMM with those obtained by ab initio RHF/6–31G* and
MP2/6–31G* level calculations (supplemental Table 1 and sup-
plemental Fig. 1).

RESULTS

Potential SR141716A CB1 contact residues were substituted
with alanine and the resulting receptors transiently expressed
in an HEK293T cell line. Saturation binding analysis with
[3H]SR141716A indicated the Bmax values for all CB1 variants
testedwere comparable with that of thewild-typeCB1 receptor
(wild-type CB1 Bmax 	 4600 fmol/mg) suggesting the muta-
tions did not impair the assembly or trafficking of the receptors.
Ligand binding analysis further indicated that residues Phe-
1742.61, Leu-1933.29, and Phe-3797.35 are critical for SR141716A
binding affinity as the F1742.61A, L1933.29A, and F3797.35A
receptors bound SR141716A with Kd values of 11, 7.2, and 8.4
nM, respectively, andwere statistically different from that of the
wild-type receptor (wild-type SR141716A Kd 	 2.3 nM) (Table
1). Although the SR141716A binding affinity to T1973.33A and
M3636.55A was reduced nearly 3-fold, this was not found to be
statistically different from the wild-type receptor affinity.
Four Binding Poses of SR141716A—Using the key selection

rule that the N1- or C5-aromatic ring moiety should be placed
near the proposed aromatic microdomain TM3/TM5/TM6
(15), we significantly reduced the number of plausible binding
poses of SR141716A to four. We initially performed four MD
simulations of the CB1-SR141716A complex for four distinct
poses of SR141716A within the CB1 receptor (CB1-
SR141716A_a, CB1-SR141716A_b, CB1-SR141716A_c, and
CB1-SR141716A_d) (see “Experimental Procedures”) (Table
2). Briefly, in CB1-SR141716A_a, the C5-aromatic rings inter-
acted with the minor binding pocket, whereas the N1- and the
C3-piperidinyl rings loosely interactedwith the bottom and top
regions of the major binding pocket, respectively. In CB1-
SR141716A_b, the ligand solely occupied the major binding
pocket, and both the N1- and the C5-aromatic rings were
deeply engaged in the bottom of the major binding pocket,
whereas theC3-piperidinyl rings closely interactedwith the top
of themajor binding pocket. InCB1-SR141716A_c, theC3-pip-
eridinyl ring interactedwith theminor binding pocket, whereas
the N1- and the C5-aromatic rings closely interacted with the
major binding pocket bottom and top regions, respectively.
Although symmetrical to the ligand in CB1-SR141716A_a with
respect to the membrane normal, the ligand in CB1-
SR141716A_c showed a closer interactionwith theminor bind-
ing pocket than in CB1-SR141716A_a. Finally, in CB1-
SR141716A_d, the position of the C3-piperidinyl ring was
similar as in CB1-SR141716A_a, but the positions of the N1-
and the C5-piperidinyl rings were swapped (Fig. 2A).
We estimated the contact numbers between SR141716A and

the residues potentially involved in SR141716A binding based
upon the results from this study (Table 1) as well as from the
previous studies (6, 14, 15, 17, 31). These residues were as fol-
lows: Phe-1702.57, Leu-1933.29, Thr-1973.33, Phe-2003.36, Trp-
2795.43, Trp-3566.48, Met-3636.55, and Phe-3797.35. Phe-1742.61

was excluded from the list of the ligand contact residues, for it
was not directly involved in SR141716A binding (see below).
Similarly, we estimated the contact numbers between
SR141716A and the residues putatively selected as the ligand
noncontact residues, including Phe-1772.64, Val-1963.32, Thr-
2013.37, Ile-2474.56, Leu-2504.59, Thr-2745.38, Phe-2785.42, Thr-
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2835.47, Leu-2875.51, and Leu-3596.51, which were selected
based upon the results from this study. Thus, the best
SR141716A pose was determined such that the number of
interactions between SR141716A and the ligand contact resi-
dues was high (favorable), whereas the number of interactions
between SR141716A and the ligand noncontact residues was
low (disfavorable). The contact numbers of the ligand with the
contact andnoncontact residues, with the standard deviation in
parentheses, averaged over the last 10 ns of the simulation were
as follows: 51(11) and 66(11) for CB1-SR141716A_a; 62(9) and
68(11) for CB1-SR141716A_b; 69(11) and 40(9) for CB1-
SR141716A_c; and 39(8) and 44(11) for CB1-SR141716A_d. It
was shown that the unfavorable noncontacts were apparently
higher than the favorable contacts in CB1-SR141716A_a,
although the unfavorable noncontacts were similar to the
favorable contacts in CB1-SR141716A_b and CB1-
SR141716A_d (Fig. 2). In contrast, it was in SR141716A_c that
the favorable contacts were higher than the unfavorable non-
contacts. Thus, among four distinct poses, we selected
SR141716A_c as the best binding pose of SR141716A. Perform-
ing an additional simulation (
150 ns) of SR141716A_c, we
obtained CB1-SR141716A (Table 2) for further analysis of the
SR141716A binding mode as described below.
MD Simulations of CB1-SR141716A—As shown in Fig. 3A,

panel i, the protein quickly converged at 20 ns into the simula-
tion. The overall r.m.s.d. values were small in CB1-SR141716A

throughout the simulation. Both an increase in the r.m.s.d. val-
ues for the protein 20 ns into the simulation and a decrease in
the r.m.s.d. values after 100 ns were due to alterationsmainly in
TM4, as revealed in the r.m.s.d. value for the individual TM
helices. As shown in Fig. 3A, panel ii, a noticeable structural
change inTM4was the breakage and the recovery of anH-bond
between the side chain O of Ser-1582.45 and the side chain N of
Trp-2414.50, as demonstrated by the increase in distance
between the O andN from�3.0 Å to
5.0 Å at 100 ns followed
by the subsequent decrease in distance between these atoms
from
5.0Å to�3.6Å (Fig. 3A, panel ii). The side chain torsion
angle of Ser-1582.45 remained unchanged, but the side chain
indole ring of Trp-2414.50 was flipped (i.e. its �1 angle changed
from�90° to�30°) initially at 50 ns of the simulation for a short
period of time and flipped again after 150 ns of the simulation.
Interestingly, the ring flipping of Trp-2414.50 on TM4 near the
end of the simulation was preceded by the ring flipping of Trp-
2795.43 on TM5, as shown in Fig. 3A, panel iv. The ligand in
CB1-SR141716A showed a low degree of fluctuation through-
out the simulation, and the ligand binding pose remained
unchanged (Fig. 3A, panel i).
In this study, we used the Trp-3566.48 rotameric change to

indicate the stabilization or the destabilization of the inactive
state. Thus, the retention of the Trp-3566.48 rotameric toggle
switch (i.e. the �1 angle of Trp-3566.48 in gauche) indicated that
the receptor in the inactive state was stabilized, whereas the

FIGURE 2. Four binding poses CB1-SR141716A_a (A), CB1-SR141716A_b (B), CB1-SR141716A_c (C), and CB1-SR141716A_d (D) of SR141716A. Panel i,
ligand contact and noncontact residue interactions with SR141716A in the four binding poses. The ligand is represented by space-filling (in atom type: C, cyan;
O, red; and H, white). Ligand contact residues Phe-1702.57, Leu-1933.29, Thr-1973.33, Phe-2003.36, Phe-268EC2, Trp-2795.43, Trp-3566.48, Met-3636.55, and Phe-
3797.35 selected based upon the results from this study (Table 1) as well as from the previous studies (6, 14, 15, 17, 31) that interact with the ligand are
represented in stick form (green), whereas ligand noncontacting residues Phe-1772.64, Val-1963.32, Thr-2013.37, Ile-2474.56, Leu-2504.59, Thr-2745.38, Phe-2785.42,
Thr-2835.47, Leu-2875.51, and Leu-3596.51, which interacted little with the ligand based upon the results from this study (Table 1), are represented in stick form
(orange). EC, extracellular loop. Panel ii, r.m.s.d. for the protein (black) and the ligand (red). Panel iii, estimated (favorable) contact number between the ligand
and the ligand contact residues (green) and estimated (unfavorable) contact number between the ligand and the ligand noncontact residues (orange). A
criterion of 3.5 Å was used between nonbonded atoms. The contact numbers of the ligand with the contact and noncontact residues, with the standard
deviation in parentheses, averaged over the last 10.0 ns of the simulation are as follows: 51(11) and 66(11) for CB1-SR141716A_a; 62(9) and 68(11) for
CB1-SR141716A_b; 69(11) and 40(9) for CB1-SR141716A_c; and 39(8) and 44(11) for CB1-SR141716A_d.
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activation of the Trp-3566.48 rotameric toggle switch (i.e. the �1
angle of Trp-3566.48 in trans) indicated that the receptor in the
inactive state was destabilized. By definition, the �1 angles were
divided into three angle categories as follows: g�, 0–120°; trans,
120–270°, and g�, 240–360° (32). In CB1-SR141716A, no acti-
vation of the Trp-3566.48 toggle switch (i.e. the �1 angle of
W356 in �g) was observed, as shown in Fig. 3A, panel v of the
�1 and �2 angles of Trp-3566.48. This result indicated that the
receptor remained stable in the inactive state.
MDSimulation of F1742.61A-SR141716A—Because the pres-

ent mutational studies showed SR141716A binding affinity was
significantly attenuated by the F1742.61A mutation (Table 1),
we explored the F1742.61A-SR141716A system through anMD
simulation. The overall r.m.s.d. values were low due to the
structurally converged CB1-SR141716A_c system at 40 ns of
the simulation from which the F1742.61A mutant CB1-
SR141716A system was initially generated (Fig. 3B). The
r.m.s.d. values of the receptor were low (�1Å) at the early stage
of the simulation but increased near the end of the simulation
(�1.5 Å)mainly due to TM2 outwardmovement, as revealed in
the r.m.s.d. values for the individual TMhelices. However, fluc-
tuations in the ligand throughout the simulation were low (�1
Å), suggesting no largemovement of the ligandwithin the bind-
ing pocket. Overall, our analyses of the r.m.s.d. values for the
F1742.61A-SR141716A system indicated the F1742.61A muta-
tion altered the TM2 portion of the minor binding pocket.
SR141716A BindingMode in the CB1 Receptor—As shown in

Fig. 4A, comparison of the present model of CB1-SR141716A
with the inactive state x-ray structure of the �2AR (Protein
Data Bank code 2RH1) (11) showed that the overall structures,
including the TM topology and the location of the bound
inverse agonists, look quite similar.
According to the present SR141716A binding mode, the

ligand interacted with both the major binding pocket and the
minor binding pocket at the central TM core region (Fig. 4, B
andC). Specifically, the rigid N1- and C5-aromatic rings tightly
interacted with the major binding pocket formed by TM3/
TM5/TM6, although the flexible C3-piperidinyl ring moiety
loosely interacted with the minor binding pocket formed by
TM2/TM3/TM7. In support, replacement of the N1-dichloro-
phenyl ring in SR141716A with a methyl group resulted in an
abolition of ligand binding (33), although the replacement of
the C3-piperidinyl moiety by a methyl group resulted in a
90-fold drop in SR141716A binding affinity (34).
According to the present binding mode of SR141716A, the

residues within 4.0 Å of the ligand included the following: Phe-
1702.57 on TM2; Lys-1923.28, Leu-1933.29, Val-1963.32, Thr-
1973.33, Phe-2003.36, and Thr-2013.37 on TM3; Ile-2474.56, Leu-
2504.59, Pro-2514.60 on TM4; Ile-267EC2, Phe-268EC2,
Pro-269EC2, and His-270EC2 on EC2; Thr-2745.38, Tyr-2755.39,
Phe-2785.42, and Trp-2795.43 on TM5; Trp-3566.48, Leu-3596.51,
Leu-3606.52, and Met-3636.55 on TM6; and Phe-3797.35 on
TM7. Among these residues, the Ala mutagenesis studies indi-
cate Leu-1933.29, Thr-1973.33, Met-3636.55, and Phe-3797.35
may be ligand contact residues (Table 1), as shown in Fig. 4, B
andC. The present SR141716A bindingmode appeared to be in
good agreement not only with the results from the present
mutation studies but also the results of mutation studies previ-

FIGURE 3. A, simulation results of CB1-SR141716A. Panel i, r.m.s.d. for the
protein (black) and the ligand (red). Panel ii, distance between the side
chain O atom in Ser-1582.45 and the side chain N atom in Trp-2414.50

(black); the distance between the side chain O atom in Ser-1582.45 and the
side chain O atom in Ser-2063.42 (red); and the distance between the side
chain O atom in Ser-1632.50 and the side chain O atom in Ser-2033.39

(green). Panel iii, rotameric angles, the �1 angle (black) of Ser-1582.45, and
the �1 angle (red) and the �2 angle (green) of Trp-2414.50. Panel iv, rota-
meric angles, the �1 angle (black) and the �2 angle (red), of Trp-2795.43.
Panel v, rotameric angles, the �1 angle (black) and the �2 angle (red), of
Trp-3566.48. B, simulation results of F1742.61A-SR141716A. r.m.s.d. for the
protein (black) and the ligand (red).
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ously reported by others (6, 14, 15, 17, 31). Phe-1742.61 showed
an�5-fold decrease in SR141716Abinding (Table 1).We argue
that Phe-1742.61 affects ligand binding indirectly by altering the
receptor structure (see “Discussion”). A group of residues,
including Phe-1772.64, Val-1963.32, Thr-2013.37, and Leu-
3596.51, however, are less likely to be ligand contacts.

As shown in Fig. 4, B and C, a detailed examination revealed
each moiety of SR141716A interacted with the receptor as fol-
lows. (i) The N1-dichlorophenyl ring moiety, positioned deep
into the center of the major binding pocket, contacted the aro-
matic residues, including Phe-2003.36, Trp-2795.43, and Trp-
3566.48. (ii) The C3-piperidinyl moiety, positioned toward the
minor binding pocket, mainly contacted with the aromatic res-
idues Phe-1702.57, Phe-268EC2, and Phe-3797.35 and the nonar-
omatic residue Leu-1933.29. (iii) The C5-chlorophenyl moiety,
positioned toward TM5, mainly contacted with aromatic resi-
dues, including Tyr-2755.39 and Phe-2785.42. In agreement,
the structure-activity relationships and affinity studies of
SR141716A and its derivatives with the CB1 receptor demon-
strated the importance of the substituent on the N1-, C3-, and
C5-positions (34–36). Thus, the replacement of theN1-dichlo-
rophenyl ring in SR141716Aby themethyl group resulted in the
abolishment of ligand binding (33), and the replacement of the
C5-chlorophenyl ring by the ethyl group caused a 
10-fold
drop in ligand binding affinity (37). Similarly, replacement of
the C3-piperidinyl moiety by a methylamine moiety resulted in
a 90-fold drop in SR141716A binding affinity (34), although
substitution with a phenyl ring moiety affected ligand binding
to a substantially lesser degree (37). This suggested that a bulky
hydrophobic or an aromatic moiety was required for retaining
SR141716A binding.
Aromatic Stacking in SR141716A Binding—Aromatic resi-

dues appearedmost important for describing SR141716Abind-
ing. As shown in Fig. 4C, Phe-3797.35 at the extracellular edge
region of the minor binding pocket interacted with the C3-pip-
eridinyl ring moiety, whereas Tyr-2755.39 at the extracellular
edge region of the major binding pocket interacted with the
C5-aromatic ring moiety, defining the lateral boundaries for
SR141716A binding. Similarly, Phe-2003.36 and Trp-3566.48 at
the bottom of the major binding pocket interacted tightly with
the N1-aromatic ring moiety, whereas Phe-268EC2 at the top of
the SR141716A binding pocket, covering the bound ligand,
determined the top and bottom boundaries of SR141716A
binding. Phe-2003.36/Trp-3566.48 stacking was extended to
Phe-1702.57, Phe-1742.61, Phe-1772.64, Phe-1893.25, and Phe-
3797.35, and Phe-268EC2/His-270EC2 stacking was extended to
Tyr-2755.39, Phe-2785.42, and Trp-2795.43.

Thus, compared with the ligand-free receptor that was lim-
ited to Phe-1702.57/Phe-2003.36/Trp-3566.48 aromatic stacking
in the region formed mainly by TM2/TM3/TM6 (10), the
SR141716A-bound receptor was now extensively stabilized by

FIGURE 4. Binding mode of SR141716A in CB1-SR141716A at the end of
the simulation. A, superimposition of CB1-SR141716A (green) with the x-ray
structures of �2AR (11) (cyan) with respect to the C� atoms of the TM helical
domain. The inverse agonists carazolol (in atom type: C, cyan; O, red) bound to
�2AR and SR141716A (green) are represented in stick form. Three cholesterol
molecules (in atom type) bound to �2AR and Trp-2414.50 (green) of the CB1
receptor are also represented in stick form. B, membrane-side view. C, extra-
cellular top view. The ligand is represented by space-filling (in atom type).
Ligand contact residues are represented in stick form (green), and ligand non-
contacting residues are represented by stick form (orange). For the amino

acids, only the side chains of the amino acids are represented. Hydrogen
atoms for amino acids are omitted for clarity. Water molecules within 6 Å of
the ligand are also represented. The solvent-accessible pore (blue dots for low
radius surface and green dots for mid-radius surface) was created by using
HOLE (44) at the ligand binding core region at the end of the MD simulations.
The major binding pocket formed by TM3/TM5/TM6 and the minor binding
pocket formed by TM2/TM3/TM7 are represented by dotted circles.
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the ligand, including a network in the region formed by TM3/
TM5/TM6. Interestingly, these two aromatic stacking net-
works were inter-connected by Phe-2003.36/Trp-3566.48 stack-
ing at the bottom of the major binding pocket, forming an
extensive network of aromatic stacking. Thus, it appeared that
Phe-2003.36/Trp-3566.48 stacking at the center of this extensive
aromatic stacking network played a key role in stabilizing the
receptor. In this view, the Trp-3566.48 rotameric switch in the
CB1 receptor in association with SR141716A ligand binding
and receptor regulation appeared to be of particular signifi-
cance, as proposed by McAllister et al. (15).
Structure-activity relationship studies supported the impor-

tance of aromatic interactions in SR141716Abinding. Thus, the
replacement of the N1-dichlorophenyl ring in SR141716A by
the nonaromatic hydrocarbon groups resulted in a 
16-fold
drop in ligand binding affinity (35). Similarly, mutational stud-
ies of Phe-2003.36, Tyr-2755.39, Phe-268EC2, Trp-2795.43, and
Trp-3566.48 also supported the importance of these aromatic
residues in SR141716A binding (6, 14, 17).

DISCUSSION

C5-aromatic Ring of SR141716A Stabilizes TM5 through
Aromatic Stacking—The findings that the Y2755.39A mutation
abolished receptor expression (16) and that W2795.43A muta-
tion resulted in lower receptor expression levels than in thewild
type (15) suggested that TM5was important for receptor stabi-
lization. In our recent study examining the bindingmode of the
potent nonclassical cannabinoid agonist CP55940 (Fig. 1B)
with the CB1 receptor (10), it was observed that a water-medi-
ated H-bonding network was conserved in the major binding
pocket near TM5 in both the ligand-unbound and the
CP55940-bound receptors (Fig. 5A, panels i and ii). This water-
mediated H-bonding network was coordinated by a group of
polar residues fromTM3andTM5, includingThr-1973.33, Thr-
2013.37, Tyr-2755.39, and Trp-2795.43, contributing to receptor
stabilization.Assuming that an inwardmovement in themiddle
of TM5 is a characteristic of the ligand-induced receptor acti-
vation among rhodopsin class GPCRs (38), CB1 receptor acti-
vation would involve a similar TM5 inward movement.
According to the SR141716A binding mode revealed here, the
C5-aromatic ring of SR141716A replaced the water-mediated
H-bond network and formed a tight aromatic stacking interac-
tion with Tyr-2755.39 and Trp-2795.43, suggesting SR141716A
stabilized TM5 (Fig. 5A, panel iii).
Considering the findings that SR141716Aexhibited only par-

tial displacement of the tracer, [3H]CP55940, at a 5 �M concen-
tration from the W2795.43A CB1 receptor, compared with 3-
and 9-fold decreases in SR141716A binding affinity to the
F2003.36A and W3566.48A receptors, respectively (6), the bind-
ing interaction of SR141716A with Trp-2795.43 appeared to be
of particular importance. Although it was difficult to pharma-
cologically characterize the effect of the W2795.43A mutation
on the CB1 receptor due to the drastic decrease in binding
affinity, Trp-2795.43 appeared to be important not only for
SR141716A binding but also for receptor function. In fact, Trp-
2795.43 formed direct ligand contact in conjunction with aro-
matic stacking interactions with Trp-3566.48, according to the
SR141716A binding mode; it helped stabilize not only the

N1-aromatic ring but also aromatic stacking with Trp-3566.48.
In this way, the Trp-3566.48 rotameric switch was retained in
the inactive state, precluding an inwardmovement of TM5 (see
below).
N1-aromatic Ring Moiety of SR141716A Locks the Proposed

Toggle Switch Trp-3566.48 at the Bottom of the Major Binding
Pocket—According to the present SR141716A binding mode,
theN1-dichlorophenyl ringmoiety closely interactedwith Phe-
2003.36/Trp-3566.48 at the major binding pocket (Fig. 4B), such
that the proposed rotamer toggle switch residueTrp-3566.48 (6)
was locked in the inactive state. The interaction of the C3-pip-
eridinyl moiety of SR141716A with the minor binding pocket
and the interaction of the C5-aromatic ring moiety of
SR141716Awith themajor binding pocket possibly contributed
tomaintaining theN1-dichlorophenyl ringmoiety in place near
Phe-2003.36/Trp-3566.48 enabling it to secure the Trp-3566.48
rotameric switch in the inactive state.
SR141716A Binding Involves the Minor Binding Pocket—We

identified for the first time the involvement of the minor bind-
ing pocket formed by TM2/TM3/TM7 in SR141716A binding
that complements the major binding pocket formed by TM3/
TM5/TM6. By mutational analysis, we identified residues Phe-
1742.61, Leu-1933.29, and Phe-3797.35 as critical residues for
SR141716A (Table 1). The present simulation of the F1742.61A
mutantCB1-SR141716A complex revealed that some of the key
ligand contacts in the minor binding pocket, Phe-2003.36 and
Phe-3797.35 in particular, were displaced compared with the
case of the wild-type receptor (Fig. 5B). Accordingly, the nearly
5-fold reduction in SR141716A binding affinity for F1742.61A
(Table 1) was due to the altered receptor structure that attenu-
ated SR141716A binding indirectly and was not attributed to
the removal of a direct ligand contact. Although Phe-1742.61
was not directly involved in SR141716A binding, the present
simulation of the F1742.61A mutant CB1-SR141716A complex
demonstrated the importance of the minor ligand pocket in
SR141716A binding.
SR141716A Plays an Important Role in TM2/TM3/TM7

Stabilization—In our previous study of the CB1 receptor, we
observed the conserved SLAXAD motif on TM2 and the
NPXXYmotif on TM7were involved in the formation of exten-
sive water-mediated H-bond networks within the core region
(10), possibly facilitating the active state of the receptor. In
comparison with CB1-CP55940, where a water channel con-
necting the intracellular side and the highly conserved middle
TM core occurred, CB1-SR141716A suggested that the bound
ligand contributed to the stabilization of the receptor in the
inactive state (supplemental Fig. 2).
In CB1-SR141716A, the N1-dichlorophenyl ring moiety of

SR141716A interacted tightly with Trp-3566.48 so that the Trp-
3566.48 rotameric toggle switch was secured from activation,
promoting the formation of an extensive water-mediated
H-bonding network to the conserved SLAXAD and NPXXY
motifs, leading to the stabilization of TM2/TM3/TM7 (10).
Thus, the side chain ring N of Trp-3566.48 formed water-medi-
ated H-bonds to the side chain carboxylic carbonyl O of Asp-
1632.50, the side chainOof Ser-2033.39, and the side chain amide
N of Asn-3897.45. Furthermore, the side chain amide N of Asn-
3937.49 formed an H-bond to the side chain amide O of Asn-
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FIGURE 5. A, water-mediated H-bond network coordinated to the polar residues (in stick form), including Thr-1973. 33, Thr-2013.37, Tyr-2755.39, and
Thr-2835.47, and Trp-3566.48 in the region between TM3 and TM5 of the major binding pocket in the ligand-free form of the CB1 receptor (panel i), in
CB1-CP55940 (panel ii), and in CB1-SR141716A (panel iii). Only water molecules within 6 Å of the side chains of Thr-2013.37, Thr-2835.47, and Trp-3566.48

are represented. H-bonds are represented by red dotted lines. Hydrogen atoms of amino acid residues are omitted for clarity. Color coding for ligands is
as follows: CP55940, orange; and SR141716A, green. Color coding for amino acid residues and water: C, cyan; O, red; N, blue; and H, white. B, superposition
of the ligand and the protein in CB1-SR141716A (green) and in F1742.61A-SR141716A (purple) at the end of the simulations, with respect to the backbone
atoms of TM helices, viewed from the membrane side. Only aromatic residues that showed noticeable displacement are represented. Only TM2, TM5,
and TM7 are represented for clarity. An outward movement of TM2 from the TM core in F1742.61A-SR141716A is represented by a yellow arrow.
C, water-mediated H-bonding network proximal to the SLAXAD and NPXXY motifs is promoted by residue Trp-3566.48 in CB1-SR141716A. Prominent
rotameric changes in the amino acids (stick form) in CB1-SR141716A (in atom type), compared with CB1-CP55940 (orange), are indicated by white arrows.
Only water molecules (ball-and-stick) within 6 Å of Asp-1632.50, Ser-1672.54, and Asn-3937.49 are represented. H-bonds are represented by red dotted lines.
Hydrogen atoms of amino acid residues are omitted for clarity.
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3897.45; the side chain amide O of Asn-3937.49 formed an
H-bond to the side chain carboxylic O of Asp-1632.50; and the
side chain carboxylic carbonyl O of Asp-1632.50 formed an
H-bond to the side chain O of Ser-2033.39 (Fig. 5C). Ser-2033.39,
Asn-3897.45, and Ser-3907.46, all of which are highly conserved
in family A GPCRs (39), showed prominent rotameric changes
in CB1-SR141716A (supplemental Fig. 3), compared with CB1-
CP55940, suggesting that the Trp-3566.48 rotameric switch in
the inactive state restrained by SR141716A plays a crucial role
in promoting the water-mediated H-bonding network impor-
tant for the stabilization of TM2/TM3/TM7.
In CB1-CP55940, however, the Trp-3566.48 rotameric switch

in the active state participated in the water-mediated H-bond-
ing network conserved in the major binding pocket near TM5
(Fig. 5A, panel ii), without contributing to the stabilization of
the highly conserved SLAXADandNPXXYmotifs (supplemen-
tal Fig. 2, panel ii). As a result, the ligand induced the activation
of the Trp-3566.48 rotameric switch (i.e. the �1 angle of Trp-
3566.48 in trans), which facilitated the formation of a water
channel that gave access to the highly conserved SLAXAD
and NPXXY motifs, leading to the destabilization of TM2/
TM3/TM7.
Overall, these results suggested that SR141716A plays an

important role in TM2/TM3/TM7 stabilization. In support, it
was well established that TM2/TM3/TM7 stabilization was
important for the inactive state of the family A GPCRs (40, 41).
Comparison of the Present SR141716A Binding Model with

the Previously Published SR141716A Binding Models—Mc-
Allister et al. (6) reported a model of SR141716A binding that
was determined in consideration of the region formed by TM3/
TM4/TM5/TM6 as well as TM4/EC2/TM5 as the primary
binding pocket region.Thismodelwas determinedby imposing
anH-bond between the C3-amide O atom and the side chain N
atom of Lys-1923.28, under the assumption that Lys-1923.28 was
a key contact for SR141716A (8). Similarly, Salo et al. (42) and
Silvestri et al. (43) reported models of SR141716A binding that
were determined according to the postulate that Lys-1923.28
directly interacts with SR141716A. However, the role of Lys-
1923.28 has not been fully established. It would be desirable not
to be biased by limiting the SR141716A binding mode by Lys-
1923.28. In support, it was shown that Lys-1923.28 was not cru-
cial for the binding of taranabant, whose binding pocket is
believed to be sharedwith SR141716A based uponmutagenesis
data (31).
Accordingly, this study of the SR141716A binding mode was

determined by exhaustively sampling the available space
allowed for SR141716A binding within the TM core region,
without imposing any constraint. We employed the MD simu-
lation approach carefully guided by the results of the muta-
tional studies reported previously (6, 14, 15, 17, 31) and pre-
sented in this study. Thus, our SR141716A-binding model was
a dynamic model, where the binding mode of SR141716A was
dynamically identified as the ligand moved within the binding
pocket as a result of a long MD simulation performed in a lipid
bilayer. In contrast, the SR141716A mode by McAllister et al.
(6) was a static model obtained by a simple energy minimiza-
tion, and the SR141716A modes by Salo et al. (42) and Silvestri
et al. (43) were dynamic models obtained by a short MD simu-

lation performed in the gas or aqueous phase. It should be noted
that the template used for the construction of the present
model of theCB1 receptorwas the x-ray structure of�2AR (11),
although the template used in the CB1 receptor models by
McAllister et al. (6), Salo et al. (42), and Silvestri et al. (43) were
the x-ray structures of rhodopsin. Despite the similarity in
overall structural topology, homology receptor models derived
fromdifferent x-ray structures as templatesmay result in struc-
tures that are locally quite different.
The present SR141716A binding model is similar to the

model proposed by McAllister et al. (6) with respect to the
positioning of the three substituents within the TM-binding
core (i.e. the N1-aromatic ring moiety oriented toward the bot-
tom of the major binding pocket, the C3-piperidinyl ring moi-
ety toward theminor binding pocket, and the C5-aromatic ring
towardTM5). Interestingly, in themodels by Salo et al. (42) and
Silvestri et al. (43), the positions of theN1-aromatic ringmoiety
and the C5-aromatic ring were switched, compared with the
present SR141716A binding mode. The detailed receptor-li-
gand interactions in the present SR141716A binding mode
were significantly different from those in the SR141716A bind-
ingmodes byMcAllister et al. (6), Salo et al. (42), and Silvestri et
al. (43). Because of the use of Lys-1923.28 as a key contact for
SR141716A (8), SR141716A in these binding models was
shiftedmore toward TM3 and theminor binding pocket. Thus,
the N1-aromatic ring failed to form aromatic stacking with
Trp-3566.48 and the C5-aromatic ring loosely interacted with
TM5. In contrast, the engagement of the N1-aromatic ring
moiety in an interaction with Trp-3566.48 appears to be essen-
tial for not only ligand binding but also for receptor regulation
according to the present SR141716A binding model. As we
demonstrated in the present simulation of theCB1-SR141716A
model, SR141716A was able to stabilize the receptor, securing
the Trp-3566.48 toggle switch in the inactive state.
Comparison of the Binding Mode of SR141716A with the

BindingMode of CP55940—Comparison of the previously pub-
lished model of the CB1-CP55940 complex (10) and the CB1-
SR141716A complex revealed that SR141716A commonly
shares the minor binding pocket with CP55940 but is the only
ligand that occupies the major binding pocket toward TM5
(Fig. 6A). Significant displacements in the side chain orienta-
tion of the residues consisting of the major binding pocket sug-
gested that the major binding pocket in the central core of the
TM helical bundle of the CB1 receptor was highly flexible and
could easily accommodate different classes of chemical struc-
tures. The rearrangement of the Trp-3566.48 side chain was of
particular interest. Thus, as shown in Fig. 6A, themajor binding
pocket in CP55940 binding, which was limited by Trp-3566.48
in the trans form, expanded as Trp-3566.48 was converted to the
g� form in SR141716A binding. Our results of ligand-specific
receptor interactions were in line with recent findings that dif-
ferent �2AR ligands induced distinctive receptor conforma-
tions (45) and that essentially none of the compounds identified
in a structure-based screen against the antagonist-bound dop-
amine D3 receptor demonstrated agonist activity (46).
SR141716A Competes with the Classical and Nonclassical

Cannabinoids for the Binding of the Hydrophobic Pocket—
When the present CB1 receptor-SR141716Amodel was super-
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FIGURE 6. Comparison of the SR141716A binding model with the CP55940-binding model. A, comparison of the major binding pocket and the minor
binding pocket in CB1-SR141716A (green) (panel i) and in CB1-CP55940 (orange) (panel ii). Each of the solvent-accessible pores in the ligand pocket of the
system were created using HOLE (44) at the end of the simulation. The ligand is represented in a space-filling model (in atom type). The ligand is represented
by space-filling (in atom type). The toggle switch Trp-3566.48 is represented in stick form. Water molecules within 6 Å of the ligand are also represented. EC,
extracellular loop. B, overlap between SR141716A (stick form) to CP55940 (ball-and-stick) within the solvent-accessible pore created by using HOLE (44) at the
receptor binding pocket of CB1-CP55940. The overlap between SR141716A and CP55940 was obtained by superimposing the systems of CB1-SR141716A
(green) with CB1-CP55940 (orange) at the end of the simulations, with respect to the receptor TM backbone atoms. Water molecules within 6 Å of CP55940 are
also represented. Trp-3566.48 residues in CB1-CP55940 (orange) and in CB1-SR141716A (green) are represented in stick form. It should be noted that the
receptor in CB1-CP55940 was considered to be in a state not fully activated (10). C, superposition of CB1-SR141716A (green) and CB1-CP55940 (orange) with
respect to the ligand-unbound CB1 receptor (gray). SR141716A (green) and CP55940 (orange) are represented in stick form. Hydrogen atoms are omitted for
clarity. Only TM2, TM5, and TM6 are represented for clarity. An outward movement of TM2 promoted in CB1-SR141716A is indicated by a green arrow, and an
inward movement of TM5 and a rigid-body rotation of TM6 promoted in CB1-CP55940 are indicated by orange arrows. Suppression of these TM5 and TM6
movements by CB1-SR141716A are marked by red Xs.
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imposed on the previously published CB1 receptor-CP55940
model (10), it was shown that SR141716A, although positioned
deeper in the binding pocket than CP55940, had a decent over-
lap with CP55940 (Fig. 6B). The C3-carbonylpiperidinyl ring
moiety of SR141716A overlapped with the C3 alkyl chain of
CP55940 in the major binding pocket. It should be noted that
this region of the major binding pocket was equivalent to the
hydrophobic pocket for the binding of the C3 alkyl chain of
classical and nonclassical cannabinoids (10). Thus, it appeared
that SR141716A competed with the classical and nonclassical
cannabinoids for the binding of the hydrophobic pocket. It was
also shown that the C3-piperidinyl moiety of SR141716A,
although not exactly overlapped, was in proximity to the AC-
ring moiety of CP55940 in the minor binding pocket, close
enough for competing for the binding of the minor binding
pocket (Fig. 6B).
Considering that both SR141716A and the classical and non-

classical cannabinoids competed for the binding of the hydro-
phobic pocket, ligand-specific receptor interactions at the
hydrophobic pocket appeared to be important for regulating
molecular switches in this region (e.g. theTrp-3566.48 rotameric
toggle switch) and inducing associated receptor conforma-
tional changes required for receptor activation. In the case of
SR141716A, the N1-aromatic ring of SR141716A was tightly
engaged in aromatic stacking with Trp-3566.48 so that the Trp-
3566.48 rotameric toggle switch was secured from activation. In
contrast, for CP55940, the flexible C3 alkyl chain appeared to
directly interact with Trp-3566.48 for triggering the Trp-3566.48
rotamer change and the subsequent rigid-body movement of
TM6, eventually leading to receptor activation.
Is TM4 Movement due to the Stabilization by SR141716A

Binding or due to the Destabilization Caused by the Lack of
Cholesterol?—It was also observed in the present simulation
of CB1-SR141716A that there were noticeable detachments of
TM4 along the breakage of a direct H-bond between the side
chain O of Ser-1582.45 and the side chain N of Trp-2414.50 (Fig.
3A, panels ii and iii). Although it was not clear whether the
recovered H-bond between the side chain O of Ser-1582.45 and
the side chain N of Trp-2414.50, along with the modified �2
angles of Trp-2414.50 and Trp-2795.43 (Fig. 3A) at the end of the
CB1-SR141716A simulation, represented the receptor stabi-
lized by SR141716A, it appeared that receptor stabilization by
SR141716A involves the coupling of TM4 and TM5 possibly
through the bound ligand SR141716A and that the retention of
the H-bond between the side chain O of Ser-1582.45 and the
side chain N of Trp-2414.50 would be important for receptor
stabilization.
It was also possible that TM4 was detached from the TM

bundle due to the systematic limitation of the current model
system. For example, cholesterol has been implicated in struc-
tural and functional roles in GPCRs (47). The cholesterol-bind-
ing site predicted to be in almost half of the rhodopsin family
GPCRs (47) and confirmed in the recent x-ray structures of the
�2AR (Protein Data Bank codes 2RH1 and 3D4S) (11, 48)
appears to exist in the region where the H-bond is formed
between Ser-1582.45 and Trp-2414.50 (Fig. 4A), or alternatively,
it may be proximal to helix 8 of the CB1 receptor (49). It has
been reported that cholesterol increased TM2/TM4 helical

packing and that its main effect was upon TM4 not TM2 (48).
Thus, it was possible that the breakage of the Ser-1582.45/Trp-
2414.50 H-bond observed in the present CB1-SR141716A com-
plex during the simulation was an artifact due to the destabili-
zation caused by the lack of cholesterol that would otherwise
stabilize the receptor structure at the TM2/TM4 junction.
Emerging Picture of theMolecular Mechanism of SR141716A

Inverse Agonism in the CB1 Receptor—The results of our simu-
lations of the CB1 receptor-SR141716A models in this study
provided some insight into the molecular mechanism of the
inverse agonism of SR141716A in the CB1 receptor. As shown
in Fig. 6C, the superimposition of CB1-SR141716A and CB1-
CP55940 with respect to the ligand-unbound CB1 receptor
suggests that SR141716A promotes a small outwardmovement
of TM2 and suppresses an inward movement of TM5 required
for receptor activation (38). Here, we propose that SR141716A
exerts inverse agonism through the stabilization of not only the
major but the minor binding pocket as well. Thus, the binding
of the C3-piperidinyl moiety of SR141716A stabilized TM2,
and the binding of the C5-aromatic ring moiety of SR141716A
stabilized TM5. These stabilizing interactions appeared critical
for positioning the ligand’s N1-aromatic ring moiety to secure
the Trp-3566.48 toggle switch from activation, contribut-
ing to the TM2/TM3/TM7 stabilization important for main-
taining the inactive state of the receptor (40, 41). Furthermore,
these interactions prohibit a TM6 rigid-body movement
required for receptor activation (50, 51), as shown in Fig. 6C,
leading to stabilization of the inactive state (i.e. the inverse ago-
nism). In support, a similar role of Trp-4286.48 of the histamine
H1 receptor in securing the receptor in an inactive state has
recently been observed in the x-ray structure of the human H1
receptor (52).
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