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ABSTRACT

We performed molecular modeling and docking to predict a putative binding pocket and associated
ligand-receptor interactions for human cannabinoid receptor 2 (CB2). Our data showed that two hydro-
phobic residues came in close contact with three structurally distinct CB2 ligands: CP-55,940, SR144528
and XIE95-26. Site-directed mutagenesis experiments and subsequent functional assays implicated the
roles of Valine residue at position 3.32 (V113) and Leucine residue at position 5.41 (L192) in the ligand
binding function and downstream signaling activities of the CB2 receptor. Four different point mutations
were introduced to the wild type CB2 receptor: V113E, V113L, L192S and L192A. Our results showed that
mutation of Val113 with a Glutamic acid and Leu192 with a Serine led to the complete loss of CB2 ligand
binding as well as downstream signaling activities. Substitution of these residues with those that have
similar hydrophobic side chains such as Leucine (V113L) and Alanine (L192A), however, allowed CB2
to retain both its ligand binding and signaling functions. Our modeling results validated by competition
binding and site-directed mutagenesis experiments suggest that residues V113 and L192 play important

roles in ligand binding and downstream signaling transduction of the CB2 receptor.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Cannabinoid receptors are in the Rhodopsin-like family of
G-protein-coupled receptors (GPCRs), with seven characteristic
hydrophobic transmembrane helices attached by three intracellu-
lar and three extracellular loops [1]. Two types of cannabinoid
receptors, CB1 and CB2, were characterized and cloned in 1990
and 1993 respectively [2,3]. CB1 receptor is expressed in the cen-
tral nervous system (CNS) and is less predominant in peripheral
organs and tissues such as the heart, lung, the adrenal gland ton-
sils, and spleen [4]. Unlike CB1 receptor, CB2 receptor is predomi-
nantly expressed in the peripheral immune system such as in the
spleen and lymph nodes. [3]. Such distribution pattern of CB2
receptor in the peripheral organ suggests that CB2 receptor
play a crucial role in the regulation of the immune response [5].
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Therefore, CB2-selective ligands may likely hold promise for the
treatment of diseases with immune origin, e.g. chronic pain [6],
osteoporosis [7] and various cancers such as lung, bladder [8], pan-
creas [9], breast [10] and prostate [11] without CNS-mediated psy-
choactive effects. Cannabinoid agonist binding elicits a series of
conformational changes among the transmembrane helices that
shift the equilibrium toward the active receptor state [12]. Conse-
quently, Goy, a family of G proteins, binds to third intracellular loop
and C-terminus of CB2 to inhibit forskolin-stimulated adenylyl
cyclase (reduction in cAMP levels), activate the mitogen-activated
protein kinase (MAPK) cascade and regulate protein kinase A (PKA)
phosphorylation, all of which are important in maintaining cell
function integrity [13]. Moreover, activation of the CB2 receptor
turns to initiate a transient Ca®* signaling elevation in endothelial
cells by endocannabinoid anandamide [14].

Due to the difficulties in GPCR functional expression and purifi-
cation as well as their inherent flexibility, only a limited GPCR crys-
tal structures have been elucidated to date [15]. Given the scarcity
of GPCR crystal structures, generation of 3D models derived from
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alignment with previously reported GPCR structures and comple-
mentary site-directed mutagenesis experiments are considered
to be a feasible alternative method to study ligand binding and
receptor activation [16].

Several CB2 binding pocket residues have been confirmed for
their importance in agonist and antagonist binding, such as S112,
W172, Y190, W194, F197, W258, and S285 [17-24]. Moreover,
since the third and fifth transmembrane regions of CB2 receptor
are playing curial roles in the binding of the vast majority of can-
nabinoid ligands and consequent signal transduction [17,25], we
investigated the possible roles of V113 of TM3 (position 3.32)
and L192 of TM5 (position 5.41) in binding with three structurally
diverse CB2 ligands: CP-55,940, a non-classical cannabinoids ago-
nist; SR144528, a diarylpyrazole inverse agonist; and XIE95-26, a
biamide derivative inverse agonist [26] (Supplemental Fig. 1).

2. Materials and methods
2.1. Molecular modeling

A CB2 homology model was constructed from the antagonist-
bound A2A receptor (3EML.pdb) [27], human dopamine D3 recep-
tor (3PBL.pdb) [28], bovine rhodopsin (1L9H.pdb and 1F88.pdb)
[29,30], human beta2-adrenergic receptor (2RH1.pdb) [31], and
the turkey betal-adrenergic receptor (2Y00.pdb and 2VT4.pdb)
[32,33] using the I-TASSER protein structure prediction server
[34]. Five models were obtained after such prediction, and the
model (model 1) with the highest C-score (-0.96) was selected as
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the final model. It was further minimized using a conjugate gradi-
ent method with the AMBER force field (AMBER7 FF99) defined in
the Tripos Sybyl software [35]. The minimization was run for 500
iterations and the maximum derivative of energy was set to
0.05 kcal mol~!' A=!. MOLCAD analysis [35] was performed on the
3D homology model to find a solvent-accessible cavity around
important agonist and inverse agonist binding residues (Fig. 1A).
In addition, two residues, namely V3.32 (V113) and L5.41 (L192),
displays hydrophobic interactions with all three ligands during
the simulation. In order to validate these findings, we performed
site-directed mutagenesis experiments and functional assays.
CB2 ligands CP-55,940, SR144528 and XIE95-26 were docked into
the putative pocket. The docking mode was GeomX and other
default docking parameters defined in the Surflex-Dock module
as previously described [36,37].

2.2. Mutagenesis experiments

Mutation of the CB2 receptor was carried out using the Quik-
Change site-directed mutagenesis kit (QuikChange; Stratagene,
CA) according to the manufacturer’s recommendations. A point
mutation was performed individually to the human CB2 expres-
sion plasmid pcDNA3.1+3X - HA-hCB2 (Missouri S&T cDNA
Resources Center), which was used as a template. The mixture
was transformed into XL10-Gold ultracompetent cells (Quik-
Change; Stratagene, CA). The mutant CB2 plasmids were subse-
quently confirmed by DNA sequencing.
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Fig. 1. Molecular docking of CB2 ligands into putative CB2 binding site. (A) 3D homology model of the CB2 seven transmembrane helices showing amphipathic-binding
cavity, lipophilicity scale is used to colored the pocket in which hydrophobic areas are shown in brown and hydrophilic areas are in blue. (B-D) Interactions between each
ligand and the receptor. Magnified views of the predicted binding pocket, which show hydrophobic residues such as L201, V261, V113, L192 showed interact with CP-55,940,
SR144528 and XIE95-26. In addition, N188 reveal H-bond with both CP-55,940 and SR144528. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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2.3. Transfection and cell culture

The transfection was performed to the Chinese Hamster Ovary
(CHO) cells (90% confluence) in 60-mm culture plates according
to manufacturer’s protocol (Invitrogen). 8.0 pg of mutated human
CB2 receptor plasmid and 20 pL of the transfection agent Lipofect-
amine 2000 were diluted in 1 mL of Opti-MEM reduced serum
medium, mixed, incubated for 20 min at room temperature, and
then added to the cell culture. After 4 h of transfection, the med-
ium was refreshed and the cells were incubated for 24 h. The trans-
fected cells were selected by conditional incubation in presence of
800 pg/mL G-418 (Gibco) for 5 days. The selected cells were then
maintained in the medium containing 220 pg/mL of G-418.

2.4. Cell harvesting and membrane preparation

The plates containing high confluent of mutants transfected
Chinese Hamster Ovary (CHO) cells were rinsed twice with phos-
phate-buffered saline pH 7.5 (PBS) before scraping the plates. Then
the attached cells were collected by scraping the plates and centri-
fuge at 500g for 5 min at 4 °C. The cell pellets were resuspended in
5 mL of membrane preparation buffer (50 mM Tris-HCl pH 7.4,
5 mM MgCl,, 2.5 mM EGTA and 200 mM sucrose) and homoge-
nized with a Polytron Homogenizer (Kinematica, Littau-Lucerne,
Switzerland). The lysed cells were centrifuged at 500g for 5 min
at 4 °C and the supernatant was collected. The remaining pellets
were resuspended in membrane buffer and centrifuged again for
three times. All supernatants were combined and centrifuged at
68,000g for 90 min at 4 °C. Pellets were then collected and resus-
pended in membrane preparation buffer for competition binding
assays.

2.5. Western Blot analysis

Cells were lysed in RIPA buffer (Thermo, NP 89901) and prote-
ase inhibitory cocktail (Thermo Scientific, P1861281), and centri-
fuged at 13,000g for 15 min at 4 °C. Supernatants were collected
and protein concentrations were determined using the BCA protein
assay kit (Pierce, Rockford, IL). Each sample (25 pg each) was pre-
pared, separated on a 10% SDS-PAGE gel and transferred onto poly-
vinylidene difluoride membranes (PVDF). The membrane then was
blocked with 0.1% Tween 20 in PBS (PBS-T) containing 5% non-fat
dried milk for 1 h and incubated in a solution of primary antibody
(goat polyclonal antibody; Thermo Scientific, PA5-18428) for 1 h at
room temperature. After 3 washes with PBS-T for 10 min, the
membrane was incubated in secondary antibody solution (Santa
Cruz Biotechnology, Santa Cruz, CA) for 1 h at room temperature.
The membrane was detected using Western Blotting Detection
Reagents (Super Signal West Femto, Thermo Scientific).

2.6. Competition binding assay

The protein concentration was measured using Pierce BCA Pro-
tein Assay (Rockford, IL). Three structurally distinct, representative
cannabinoid ligands are CP-55,940 (CB agonist) and SR144528
(inverse agonist) were obtained from RTI International (Research
Triangle Park, NC) and XIE95-26 (inverse agonist) [26]. The ligand
binding was performed as previously described with little modifi-
cations [38]. Briefly, non-radioactive ligands were diluted in mem-
brane preparation buffer, supplemented with 10% dimethyl
sulfoxide and 0.4% methyl cellulose. Each assay plate well con-
tained a total of 200 pL of reaction mixture of 5 pug of membrane
protein, 3 nM of labeled [*H]-CP-55,940 and unlabeled 3 ligands.
Plates were incubated at 30 °C for 1 h. The reaction was terminated
by rapid filtration through Unifilter GF/B filter plates using a Unifil-
ter Cell Harvester (PerkinElmer, NL). After the plate was allowed to

dry overnight, 30 pL of MicroScint-0 cocktail (PerkinElmer) was
added to each well and the radioactivity was counted by PerkinEl-
mer TopCounter. All assays were performed triplicate in duplicate
wells and data are represented as the mean * S.E.M. Bound radio-
activity data was analyzed via GraphPad Prism 5.0 software.

2.7. cAMP assay

LANCE cAMP 384 kit (Perkin Elmer, Bridgeville), was used to
detect cAMP as previously described [20]. Briefly, CB2 wild type
and mutants transfected CHO cells were seeded in a 384-well (Per-
kin Elmer, Bridgeville) with a density of 2500 cells per well in 5 pL
of RPMI-1640 medium. After culture overnight, stimulation buffer
(DPBS 1x, containing 0.1% BSA) contains of cAMP antibody and
R0O20-1724 was added to each well, followed by addition of CP-
55,940 (various concentration) in 5 uM forskolin stimulation buf-
fer for agonist-inhibited adenylyl cyclase activity. The fluorescence
was detected with a Synergy H1 hybrid reader (BioTek, Winooski,
VT) at 340 nm excitation/665 nm emission. Each cAMP determina-
tion was averaged from at least three independent experiments,
each in triplicate. ECsq values were calculated by nonlinear regres-
sion, dose-response curves GraphPad Prism 5.

3. Results
3.1. Homology modeling and molecular docking

As shown in (Fig. 1A), a putative binding pocket of the mini-
mized CB2 model was found among residues pertaining to helices
II, 1ll, V, VI and VII. All compounds were docked to the binding
pocket using the Surflex-Dock module [35]. The molecular docking
results for CP-55,940, SR144528 and XIE95-26 were shown in
(Fig. 1B-D), respectively. Several important interactions were
observed for each ligand. For examples: N188 and S285 reveals
H-bonding with CP-55,940 and XIE95-26 respectively and V113,
L192, L201 and V261 have shown hydrophobic interactions with
ligands. We have subjected these residues for site-directed muta-
genesis to elucidate the importance of these residues for their role
in the binding and function of the receptor. We also compared the
binding modes between agonist and antagonists. Hydrophilic
interactions between the CB2 model and agonist (CP-55,940) were
found in the top of the binding pocket, while hydrophilic interac-
tions between CB2 and antagonists were found in the bottom (or
middle) of the binding pocket. H95 and N188 formed hydrogen
bonds with CP-55,940, while these two residues only formed
hydrophobic interactions with inverse agonists. Moreover, S285
formed hydrogen bonds both with SR144528 (3.5-4.7 A) and
XIE95-26 (within 3 A). However, only hydrophobic interactions
were observed between S285 and CP-55,940. In addition, we found
that XIE95-26 had closer interactions with W258 compared with
that of SR144528.

3.2. Expression of recombinant human wild type and mutant CB2
in CHO cells

The expression of wild-type human CB2 and V113E/L, and
L192S/A mutants by stably transfected CHO cell lines was analyzed
and confirmed by Western Blot (Fig. 2). The CB2 receptor is shown
as the band corresponding to 41 kDa.

3.3. Ligand binding of wild type and mutant CB2 receptors

The ligand binding affinity of wild-type and mutant CB2 recep-
tors were determined by competitive binding assays using radioac-
tive [?H]-CP-55,940 and three non-radioactive ligands. Binding
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Fig. 2. Western Blot analysis of wild-type and mutant h-CB2 receptor isoforms
in transfected CHO cells. From left to right: 1 - CB2 WT (wild-type), 2 - V113E,
3 - V113L,4 - L192S, and 5 - L192A.
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data (Fig. 3, summarized in Table 1) indicated that the L192A sub-
stitution had no effect on CB2’s affinity for CP-55,940; whereas the
binding affinities of SR144528 and XIE95-26 were slightly reduced
compared to the wild-type. Similarly, the V113L substitution
resulted in a slight reduction in CB2 affinity for SR144528, yet no
significant effect was observed for CP-55,940 or XIE95-26 binding.
Substitutions at V113E and L192S independently resulted in the
complete loss of binding affinity for each of the three ligands used.

3.4. Agonist-induced inhibition of cAMP production

LANCE cAMP is time-resolved fluorescence resonance energy
transfer (TR-FRET) immunoassay used to detect the signal from
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Table 1
Binding affinities (K;, nM) of ligands to cannabinoid receptors of wild type and mutant
CB2 stably expressed in CHO cells.

Receptors WT VI13E V113L L192A L1925
CP55940 2.6 (1.3-5.1 ND 3.8 (0.3-46) 23 (0.7-7.1 ND
SR144528 1.0 (0.5-1.8)* ND 6.1 (2.8-12F 48 (2.3-9.9¢ ND
XIE95-26 154 (43-543)° ND 141 (20-972) 6.1 (2.8-12)° ND

@ Data are the means and corresponding 95% confidence intervals of two inde-
pendent experiments each performed in duplicate. WT: wild type; V113E, V113L,
L192A and L192S: mutant human CB2; ND: binding not detected.

CHO cells stably expressing wild type CB2 and four mutant recep-
tors. CP-55,940 was used as an agonist to induce inhibition of
cAMP production in the presence of 5 uM forskolin and phosphodi-
esterase inhibitor RO20-1724 (50 uM). When the agonist concen-
tration was increased, the inhibition on the forskolin-induced
cAMP production also increased, resulting in an enhancement of
the LANCE signal, which is inversely proportional to the concentra-
tion of cAMP. These results were congruent with the ligand-
receptor binding affinity data. ECso values were 32, 9.7 and
0.14nM for wild-CB2, V113L and L192A, respectively. Further,
V113E and L192S substitutions resulted in a complete loss of signal
transduction (Fig. 4).
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Fig. 3. Competition binding assay for wild-type CB2 (M) and mutants receptors, CB2 V113L (V), L192A (@) binding to (A. CP-55,940; B. SR144528; C. XIE95-26). The assays
were performed on membranes prepared from CHO cell line stably expressing wild-type or mutants human CB2receptors. Data are mean + S.E.M. of two independent
experiments performed in duplicate. Curves were generated using GraphPad Prism 5.
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Fig. 4. Agonist-induced inhibition of forskolin-stimulated cAMP accumulation of
CB2 WT and all mutants’ receptors. (¥) WT- CB2, (a) V113L, (®) V113E (®) L192A
and () L192S. All receptors were stably expressed in CHO cells. Data are
mean * S.E.M. of at least three independent experiments in triplicate.

4. Discussion

Molecular modeling and mutagenesis experiments were
applied to gain valuable insights into the effect of certain CB2 res-
idues on receptor binding with agonists and antagonists. A 3D
homology model of CB2 was first constructed and then further
minimized using a conjugate gradient method. The minimized
model served as the basis for molecular docking studies (see Mate-
rials and Methods). A putative binding pocket was first predicted
via the MOLCAD analysis, which suggested the importance of sev-
eral aromatic and polar residues that have previously been vali-
dated experimentally [17-24]. As shown in (Fig. 1A), the putative
binding pocket was amphipathic and composed of hydrophilic
and electrically charged residues, such as N188 and H95 near the
upper part of the pocket facing the extracellular loop 2 (ECL-2)
and hydrophobic residues such as V113, L201, V261 and W258
near the bottom of the pocket. These results were found to be con-
gruent with previously studies, which also suggested a hydropho-
bic binding pocket [36,37].

Results of molecular docking with the CP-55,940, SR144528 and
XIE95-26 ligands were shown in (Fig. 1B-D), revealing several
important ligand-receptor interactions for each ligand. Specifi-
cally, five hydrophobic residues were found to be in close contact
with all three ligands during docking simulations: V113, L192,
L201, V261 and W258. Indeed, L201, V261 and W258 have previ-
ously been implicated in the formation of the ligand binding
pocket [23,39]. A prior report affirms that residue 3.32 is occupied
by a negatively charged amino acid in biogenic amine receptors
(D2 Dopamine, 82 Adrenergic and m3 Muscarinic) and that it is
essential for recognition and binding of endogenous amines [40].
In an attempt to resemble the functionality of this residue in amine
receptors [41], substituted endogenous V83 (position 3.32) with
Aspartic acid (D) in the A2a adenosine receptor. The V83D mutant
of A2a adenosine receptor lead to loss bind to any ligands tested.
Interestingly, substitution of the same Valine residue with Leucine
(V83L) did not significantly affect binding with any ligand as same
as the wild-type A2a adenosine receptor. Using a similar approach,
with the CB2 receptor, the V113E substitution led to the complete
loss of binding for CB2 ligands and the elimination of receptor
downstream signaling activities, whereas, the V113L isoform dis-
played specific binding activity that was comparable to wild-type
CB2. Molecular docking analyses showed that V113 maintains
hydrophobic interactions with the alkyl chain of CP-55,940, the
fenchyl (bulky) group of SR144528 and an aromatic ring of

XIE95-26 at distances of 3.27, 3.33 and 3.04 A, respectively. Simi-
larly, side chain of L192 makes hydrophobic interaction with CP-
55,940, SR144528 and XIE95-26 at distances of 3.80, 3.25 and
4.64 A, respectively. In order to validate the modeling studies,
these two residues were subjected to mutagenesis experiments
to elucidate the role of hydrophobic interaction with both agonist
and inverse agonist. Mutation of V113 to E and L192 to S amino
acid interrupted the hydrophobic interactions with the ligands
and all three ligands lost the binding (Table 1). However, reintro-
ducing the hydrophobic feature via L192A and V113L mutants
restored the binding of CP-55,940, SR144528 and XIE95-26 to the
CB2 receptor. In fact, L192A and V113L mutants showed only 5-
fold and 6-fold reduction for SR144528 binding and almost no sig-
nificant change for CP-55,940 and XIE95-26 binding (Table 1).
These results confirmed that our predicted residues play an impor-
tant role in CB2 ligand binding.

The following functional experiments further verified the
importance of the predicted residues: V113 and L192. In a cell-
based cyclase assay, an agonist will activate CB2 receptor, cause
the dissociation of Goy and inhibit forskolin-induced AC activity,
resulting in the decreased cAMP and an increased LANCE signal
[42]. As shown in Fig. 4, there is no inhibition of cAMP accumula-
tion mediated by CP-55,940 in the V113E and L192S mutant cells.
However, mutating to different hydrophobic residues restored the
functionality of the receptor as shown by the mutants V113L and
L192A. The ECso values of CP-55,940 on the WT, V113L and
L192A were 32, 9.7 and 0.14 nM, respectively. These results indi-
cated that hydrophobic residues at positions 3.32 (V113) and
5.41 (L192) are important for both ligand-receptor interaction
and function of the receptor CB2.
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