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BACKGROUND AND PURPOSE

The cannabinoid CB; receptor is primarily thought to be functionally coupled to the G; form of G proteins, through which it
negatively regulates CAMP accumulation. Here, we investigated the dual coupling properties of CB; receptors and
characterized the structural determinants that mediate selective coupling to G, and G;.

EXPERIMENTAL APPROACH

A cAMP-response element reporter gene system was employed to quantitatively analyze cAMP change. CB;/CB; receptor
chimeras and site-directed mutagenesis combined with functional assays and computer modelling were used to determine the
structural determinants mediating selective coupling to G, and Gi.

KEY RESULTS

CBs receptors could couple to both Gs-mediated cAMP accumulation and G-induced activation of ERK1/2 and Ca*
mobilization, whereas CB, receptors selectively coupled to G; and inhibited cAMP production. Using CB/CB, chimeric
receptors, the second intracellular loop (ICL2) of the CB; receptor was identified as primarily responsible for mediating G; and
G; coupling specificity. Furthermore, mutation of Leu-222 in ICL2 to either Ala or Pro switched G protein coupling from G; to
G;, while to lle or Val led to balanced coupling of the mutant receptor with G, and G.

CONCLUSIONS AND IMPLICATIONS

The ICL2 of CB, receptors and in particular Leu-222, which resides within a highly conserved DRY(X)sPL motif, played a
critical role in G; and G; protein coupling and specificity. Our studies provide new insight into the mechanisms governing the
coupling of CB; receptors to G proteins and cannabinoid-induced tolerance.

Abbreviations

cAMP, cyclic AMP; CB;, cannabinoid CB, receptor; CB,, cannabinoid CB, receptor; CRE, cAMP-response element; EGFR,
epidermal growth factor receptor; ERK1/2, extracellular signal-regulated kinasel/2; G;, inhibitory GTP-binding protein
of adenylyl cyclase; GPCR, G-protein coupled receptor; G, stimulatory GTP-binding protein of adenylyl cyclise; HEK,
human embryonic kidney; ICL2, the second intracellular loop; MAPK, mitogen-activated protein kinase; MMP, matrix
metalloproteinases; PI3K, phosphatidyl inositol 3-kinase; PKA, PKC, protein kinase A, C; PTX, Pertussis toxin;

WT, wild type
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Introduction

Cannabis has been described in the traditional
Chinese pharmacopoeia since 200 AD and is used in
different civilizations for a variety of medical appli-
cations such as appetite stimulation and the treat-
ment of pain, nausea, fever and gynaecological
disorders (Adams and Martin, 1996; Lambert, 2001).
The mechanism of action of cannabinoid drugs was
unknown until the discovery of two cannabinoid
receptors, termed CB; and CB, (Matsuda et al., 1990;
Munro et al., 1993; receptor nomenclature follows
Alexander et al., 2009). CB, receptors are among the
most abundant G protein-coupled receptors
(GPCRs) in the CNS and are expressed at high levels
in the cortex, hippocampus, basal ganglia, and cer-
ebellum, where they mediate the majority of the
psychotropic and behavioural effects of cannabis
(Matsuda et al., 1990; Howlett et al., 2002). In com-
parison, CB, receptors are expressed in peripheral
tissues such as spleen, tonsils and on immune cells,
suggesting a role in immune responses (Demuth and
Molleman, 2006).

The CB; receptor is a member of the rhodopsin
subfamily of GPCRs and was first found to inhibit
cAMP production in NI18TG2 neuroblastoma
cells when the «cells were treated with
A’-tetrahydrocannabinol (Howlett and Fleming,
1984). This effect was blocked by Pertussis toxin
(PTX) treatment, suggesting the involvement of G;
proteins (Howlett et al., 1986). A rapid, transient
and PTX-sensitive release of Ca* from intracellular
stores was also observed upon agonist binding to
CB; receptors in NG108-15 and NG18TG2 neuro-
blastoma cells (Sugiura et al., 1996; 1997). Although
the functional inhibition of adenylyl cyclase by CB;
receptors has been identified in several other
systems (Bidaut-Russell et al., 1990; Felder etal.,
1993; Childers et al., 1994; Hillard et al., 1999; Wade
et al., 2004), several lines of evidence suggest that
CB; receptors can also stimulate the formation of
cAMP through coupling to Gs. A cannabinoid-
mediated increase in cAMP has been demonstrated
in cultured rat striatal neurons as well as in CB:-
expressing CHO cells in the presence of forskolin
(Glass and Felder, 1997; Felder et al., 1998). A stimu-
lation of basal cAMP accumulation was also
observed in a slice preparation of rat globus pallidus
in response to high concentrations of the non-
selective cannabinoid agonist WINSS5,212-2 in the
absence of forskolin and PTX (Maneuf and Brotchie,
1997). The interaction of the CB, receptor with Gs
also has been confirmed in CHO cells transfected
with recombinant human CB, receptors (Bonhaus
etal., 1998; Calandra et al., 1999). In comparison
with CB;, the CB, receptor modulates adenylyl
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cyclase and MAP kinase signalling through selective
coupling to the PTX-sensitive Gy, proteins (Baye-
witch et al., 1995; Bouaboula et al., 1996).

It is generally believed that several receptor
regions of GPCRs are responsible for G protein rec-
ognition, coupling and activation. Numerous studies
using traditional mutagenesis approaches such as
chimeric receptors, alanine-scanning or site-directed
mutagenesis have suggested that the second intrac-
ellular loop (ICL2) and the third intracellular loop
(ICL3) are critically important in determining
G-protein recognition and coupling as well as G
protein activation efficiency (Moro et al., 1993; Itoh
et al., 2001; Nanoff et al., 2006; Johnston and Sid-
erovski, 2007). In addition, the proximal C-terminal
tail contains a highly conserved domain, referred as
Helix 8, and plays an important role in constraining
basal activity (Palczewski et al., 2000) and switching
multiple active conformations (Prioleau et al., 2002).
Arecent study demonstrated that a single amino acid
in Helix 8 in the CB, receptor contributes to selective
coupling with Gowa, Gou, Gouz and Gous (Anavi-
Goffer et al., 2007). Additional studies using mutant
CB: receptors, synthetic peptides and molecular
modelling have suggested that the first, second and
third intracellular loops of the CB; receptor are
involved in its interaction with G, (Abadji et al.,
1999; Calandra et al., 1999; Ulfers et al., 2002). In
spite of such information, it still remains unknown
which domains are critical for the CB,; receptor to
selectively couple to G, and G;, pathways with oppos-
ing effects on the regulation of cAMP formation.

In the current study, we used different cell lines
expressing human CB; or CB; receptors to demon-
strate that the CB, receptor dually coupled to the
Gs-mediated cAMP accumulation pathway and the
Gi-induced activation of ERK1/2 and Ca* mobiliza-
tion, whereas the CB, receptor only coupled to
G; and thus inhibited cAMP production. Using
mutagenesis approaches, functional analysis and
computer modelling, we further investigated the
structural determinants involved in the coupling of
the CB; receptor with G, and Gi. These experiments
identified the ICL2 and, in particular, the residue
Leu-222 as a critical determinant of G-protein cou-
pling selectivity.

Methods

Cell manipulation and transfection

The HEK293, COS-7 and 3T3 cell lines were main-
tained in Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% heat-inactivated fetal bovine
serum (FBS; Hyclone, Logan, UT, USA). The Chinese
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hamster ovary (CHO) cell line was cultured in F12/
DMEM supplemented with 10% heat-inactivated
FBS. The CB; receptor plasmid constructs were trans-
fected into cells using Lipofectamine 2000 (Invitro-
gen) according to the manufacturer’s instructions.
Two days after transfection, selection for stable
expression was initiated by the addition of G418
(800 ug-mL™).

Molecular cloning, plasmid construction, and

mutagenesis of human CB; and CB; receptors
CB; (GenBank Accession NM_016083.4) and CB,
(GenBank Accession NM_001841.2) receptors were
cloned by PCR using human genomic DNA as a
template. The PCR products were inserted into the
HindIlll and BamHI sites of the pCMV-Flag and
pEGFP-N1 vectors. All constructs were sequenced to
verify that they had the correct sequences and ori-
entations. CB,/CB; receptor chimeras were con-
structed by the exchange of restriction fragments
between CB; and CB,, using overlap extension PCR
strategies. Point mutations were introduced into the
CB; receptor in the ICL2 by PCR overlap extension.
Sequence analysis was performed to exclude frame
shifts or point mutations, and to control deletion of
the termination codon. All of the constructs were
generated by ligation of the chimeric receptors or
mutated receptors into the HindIll/BamHI sites of
the pCMV-Flag vector.

Flow cytometry analysis

Approximately 2 x 10° cells were washed with
phosphate-buffered saline (PBS) supplemented with
0.5% BSA [fluorescence-activated cell sorting (FACS)
buffer] and incubated with 10 ug-mL™ of fluorescein
isothiocyanate-labelled anti-Flag M2 monoclonal
antibody (Sigma) in a total volume of 100 pL. After
incubating for 60 min at 4°C, cells were pelleted and
washed three times in FACS buffer. The cells were
then fixed with 2% paraformaldehyde in FACS
buffer and subjected to flow cytometry analysis on a
FACScan flow cytometer (Coulter EPICS Elite,
Coolten Corp., Hialeah, FL, USA).

CAMP measurement

HEK293 cells stably transfected with Flag-CB; recep-
tors were seeded in 96 well plates, 24 h before drug
treatments. Cells were stimulated with 1uM
WINSS5,212-2 in the absence or presence of 10 uM
forskolin for 30 min. A non-radioactive homoge-
neous assay using HitHunter DiscoveRx enzyme
fragment complementation technology (DiscoveRx,
CA, USA) was used for measuring cCAMP levels under
the appropriate assay conditions and performed
according to the manufacturer’s instructions for
CcAMP determination.

Luciferase activity

After seeding cells in a 96-well plate overnight,
HEK293 cells, stably or transiently co-transfected
with Flag-CB, receptors and pCRE-Luc, were grown
to 90-95% confluence, stimulated with the indi-
cated concentration of drug in DMEM without FBS,
and incubated for 4-6 h at 37°C. Luciferase activity
was detected by use of a firefly luciferase assay kit
(Kenreal, Shanghai, China). When required, cells
were treated overnight with PTX (100 ng-mL™), or
1h with H89 (10 uM), Go6983 (1 uM), U0126
(10 uM), wortmannin (1 uM), GM6001 (1 uM) and
AG1478 (10 uM) in serum-free DMEM before the
start of the experiment.

Confocal microscopy

HEK293 cells transiently transfected with CB,-EGFP
and CB,-EGFP were seeded in cover glass-bottomed
six-well plates. Forty-eight hours after transfection,
cells were washed with PBS and then fixed with 2%
paraformaldehyde for 15 min at room temperature.
Finally, cells were mounted in mounting reagent
(dithiothreitol/PBS/glycerol). Images were acquired
on a Zeiss LSMS510 laser scanning confocal micro-
scope using a Zeiss Plan-Apo 63 x 1.40 NA oil
immersion lens (Carl Zeiss, Oberkochen, Germany).
Image handling was done in Adobe Photoshop.

ELISA analysis of cell-surface expression

The CB; and CB, receptors were analyzed for their
comparative ability to traffic to the cell surface using
enzyme-linked immunosorbent assay (ELISA) to
detect the surface expression of the engineered Flag-
tag epitope. HEK293 cells were seeded in poly-L-
lysine treated 48-well plates and transfected using
Lipofectamine 2000 as described previously. The
cells were fixed in 3.7% formaldehyde/Tris-buffered
saline (TBS) for 5 min at room temperature. The
cells were then washed three times with TBS and
non-specific binding blocked with TBS containing
1% BSA for 45 min at room temperature. The first
antibody (anti-Flag M2 monoclonal antibody;
Sigma) was added at a dilution of 1:5000 in TBS/BSA
for 1 h at room temperature. Three washes with TBS
followed, and cells were briefly re-blocked for
15 min at room temperature. An incubation with
rabbit anti-mouse conjugated alkaline peroxidase
(Sigma) diluted 1:5000 in TBS/BSA was carried out
for 1 h at room temperature. The cells were washed
three times with TBS and a colorimetric peroxidase
substrate was added. When the adequate color
change was reached, 100 uL samples were taken
for colorimetric readings. Cells transfected with
pCMV-Flag3 were studied concurrently to deter-
mine background.
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Quantitative real-time PCR

Total RNA was extracted from cell samples as
detailed in the manufacturer’s protocol (RNAiso,
Takara). Reverse transcription was completed using
PrimeScript 1st Strand cDNA Synthesis Kit (Takara).
cDNA from samples was quantified on a 7500 Real-
Time PCR Machine (Applied Biosystems, Foster City,
CA, USA) instrument using SYBR Premix Ex Taq
(Takara). The following CB; receptor and B-actin
primers were used: f-actin-F: 5-GGAAATCGTG
CGTGACATTA A-3’, B-actin-R: 5-CAGGAAGGAA
GGCTGGAAGA-3’; CBy-F: 5-CGTCGTTCAAGGAG
AATGAGG-3’, CBi-R: 5-TGCCGATGAAGTGGTAGG
AAG-3’. The possibility of genomic DNA contami-
nation was excluded by DNAase treatment and by
measurement of B-actin levels in RNA samples
(which were not reverse transcribed). Differential
expression of the cell lines was compared using the
AACT method.

ERK1/2 activation

The HEK293 cells stably expressing Flag-CB, recep-
tors were seeded in 12-well plates and starved for 4 h
in serum-free medium to reduce background ERK1/2
activation. After stimulation with the drug, cells
were lysed. Equal amounts of total cell lysate were
size-fractionated by SDS-PAGE (10%) and trans-
ferred to a PVDF membrane (Millipore, Billerica,
MA, USA). Membranes were blocked in blocking
buffer (TBS containing 0.05% Tween 20 and 5%
non-fat dry milk) for 1 h at room temperature and
then incubated with rabbit monoclonal anti-
pERK1/2 antibody (Cell Signaling, Danvers, MA,
USA) and anti-rabbit HRP-conjugated secondary
antibody (CHEMICON, Temecula, CA, USA) accord-
ing to the manufacturers’ protocols. Total ERK1/2
(Cell Signaling) was assessed as a loading control
after p-ERK1/2 chemiluminescence detection using
HRP substrate purchased from Cell Signaling.

Intracellular calcium measurement

Calcium mobilization was performed as described
previously, with slight modifications (Luo et al.,
2008). Briefly, HEK293 cells with stable expression
of Flag-CB, receptors were harvested with Cell Strip-
per (Mediatech, Herndon, VA, USA), washed twice
with PBS and resuspended at 5 x 10° cellss-mL™ in
Hanks’ balanced salt solution containing 0.02%
BSA. The cells were then loaded with 3 uM fura-
2/AM (Molecular Probes, Eugene, OR, USA) for
30 min at 37°C. Calcium flux was measured using
excitation wavelengths of 340 and 380 nm in a
fluorescence spectrometer (LS55, Perkin-Elmer Life
Sciences, Boston, MA, USA). Calibration was per-
formed using 0.1% Triton X-100 for total fluoro-
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phore release and 10 mM EGTA to chelate free Ca*.
Intracellular Ca** concentrations were calculated
using a fluorescence spectrometer measurement
programme.

Sequence alignment

The sequences of human Gs- and Gi-coupled
receptors were retrieved from the gpDB Database,
which is a relational database of reports of GPCRs
and GPCR interacting proteins (Theodoropoulou
etal.,, 2008). Multiple sequence alignments of
human G, or Gj-coupled receptors were con-
structed using CLUSTALW (Thompson et al., 1994).
The site-wise residue frequency diagrams [Logo
representation (Schneider and Stephens, 1990)]
were plotted using the WebLogo online server
(Crooks et al., 2004).

Statistical analysis

Data are expressed as the means + SEM. Results were
analyzed with a one-way ANOVA, followed by Bon-
ferroni post hoc test using the software Prism (Graph-
Pad Software, San Diego, CA). Differences with
a probability value of P < 0.05 were considered
significant.

Materials

Cell culture media and G418 were purchased from
Invitrogen. The pCMV-Flag vectors, forskolin (FSK),
Pertussis toxin, the PKA inhibitor H89, the PKC
inhibitor Go6983, the mitogen-activated protein
kinase (MAPK) inhibitor U0126, the phosphatidyl
inositol 3-kinase (PI3K) inhibitor wortmannin, the
matrix metalloproteinase (MMP) inhibitor GM6001
and the epidermal growth factor receptor (EGFR)
inhibitor AG1478 were purchased from Sigma. The
pEGFP-N1 vectors were purchased from Clontech
Laboratories, Inc. (Palo Alto, CA, USA).
WINS55,212-2, CP55,940, AM630, and AM251 were
obtained from Tocris (Ellisville, MO, USA) while
rimonabant (Rimon) was obtained from the
National Institute on Drug Abuse Drug Supply
Program (Bethesda, MD, USA).

Results

Agonist-induced activation of adenylyl cyclase
in cells expressing human CB; receptors

In our initial experiments, we established stable
HEK293 cell lines that express the human cannab-
inoid CB; or CB, receptors, and a reporter gene
consisting of the firefly luciferase coding region
under control of a minimal promoter containing
cAMP-response elements (CREs). The cannabinoid
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Figure 1

Agonist-induced activation of adenylyl cyclase in cells expressing the human CB; receptor. (A) Characterization of cAMP signaling using
CRE-luciferase assay and HitHunter cAMP assay. HEK293 cells stably transfected with Flag-CB, or Flag-CB, receptors were stimulated with 1 pM
WIN55,212-2 in the absence or presence of 10 uM forskolin (FSK). CAMP measurements were carried out as described in the Methods section.
(B) Effects of protein kinase inhibitors on inhibition of adenylate cyclase activity induced by WIN55,212-2. HEK293 cells stably expressing CB,
receptors were pretreated with inhibitors for 1 h and stimulated with 1 uM WIN55,212-2 for 4 h. (C,D) cAMP assay of CB; and CB; receptors in
different cell lines. Different cell lines were transiently transfected with CB; or CB, receptor expression constructs and functional assays were carried
out as described in the Methods section. (E) WIN55,212-2 induced cAMP accumulation was completely blocked by the CB; receptor-specific
inverse agonist rimonabant (Rimon). Cells were treated with either vehicle or 1T pM WINS55,212-2 alone, or pretreated with 1 uM Rimon and
AMG630 followed by application of 1 uM WIN55,212-2 in the presence of 1 uM Rimon and AM630. (F,G) Dose-dependent curve of WIN55,212-2
or CP55,940-induced cAMP levels. Cells were incubated with various concentrations of WIN55,212-2 or CP55,940 for 4 h. Results (mean * SEM)
are representative of three independent experiments, each performed in triplicate. ***P < 0.001.

agonist-mediated stimulation of luciferase expres- validity and reliability of CRE-luciferase assay, we
sion was observed in CB;-expressing cells while the employed the HitHunter cAMP assay, a method for
agonist inhibited FSK-stimulated luciferase produc- the detection of cAMP in cells using enzyme frag-
tion in CB;-expressing cells (Figure 1A). To assess the ment complementation technology. As expected,
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we obtained similar results using the HitHunter
cAMP assay (Figure 1A), indicating that activated
CB; receptors can induce cAMP accumulation, as
shown earlier (Calandra et al., 1999).

We further examined whether different inhibi-
tors were responsible for WINSS,212-2-induced
luciferase expression. HEK293 cells stably expressing
CB; receptors were pretreated with the PKA inhibi-
tor H89 (10 uM), the PKC inhibitor Go6983 (1 uM),
the MAPK inhibitor U0126 (10 uM), the PI3K in-
hibitor wortmannin (1 uM), the MMP inhibitor
GM6001 (1 uM) or the EGFR inhibitor AG1478
(10 uM) for 1 h before agonist challenge. The results
demonstrated that only the PKA inhibitor H89
significantly reduced the WINSS,212-2-induced
luciferase expression (Figure 1B), implying that
luciferase expression was via a CAMP-PKA-gene tran-
scription pathway and the CRE-luciferase assay
offered an alternative to functional and biochemical
assays for GPCRs.

To eliminate the possibility that CB; receptor-
mediated cAMP accumulation was cell type-specific,
we transiently expressed the CB; or CB, receptors in
HEK293, CHO, COS-7 and 3713 cells, and then analy-
sed cAMP production. As in our initial studies, the
agonist WINS55,212-2 stimulated cAMP production
in all cell lines expressing the CB; receptor
(Figure 1C). In contrast, WINS55,212-2 did not
stimulate cAMP production in any of the lines
expressing the CB, receptor although it was able to
effectively inhibit FSK-stimulated cAMP production
(Figure 1D). These results demonstrate that
WINSS,212-2-induced regulation of cAMP produc-
tion was not cell type-specific but was mediated by
the intrinsic properties of the CB; and CB, receptors.
WINSS,212-2-induced cAMP production in the CB;-
expressing cells was completely blocked by the
selective CB, receptor antagonist Rimon, but not by
the CB,-specific antagonist AM630 (Figure 1E), dem-
onstrating that this effect was mediated by the CB,
receptor. Furthermore, we also studied the dose-
dependence of WINSS,212-2-induced cAMP produc-
tion and measured an ECso of ~60 nM (Figure 1F),
comparable with the reported affinities for this com-
pound which range from 1.89 to 123 nM (Howlett
etal., 2002).

There is some evidence that the binding of
WINSS5,212-2 to the CB; receptor is different from
that of classical or non-classical cannabinoids, albeit
in a manner that still permits displacement by other
cannabinoids from CB; receptor binding sites. To
determine whether the cAMP stimulatory pathway
induced by the CB; receptor is ligand-specific,
another highly potent agonist, CP55,940, was
employed. As shown in Figure 1G, the incubation of
CB; receptor-transfected HEK293 cells with increas-
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ing concentrations of CP55,940 led to an dose-
dependent increase in cAMP production with an
ECso of ~30 nM.

The cell surface expression of CB; receptor
was weaker than CB; receptor in recombinant
cells and was physiologically relevant

The CB: and CB; receptors show distinct G protein
coupling. We explored the possibility that the dis-
tinct coupling properties between CB; and CB,
receptors might be caused by different expression
levels. The green fluorescent protein (GFP) from the
jellyfish Aequorea victoria has been developed as a
popular reporter molecule for monitoring protein
expression and localization. We compared the
expression and distribution of CB; and CB, recep-
tors, and using these receptors fused to GFP. As
shown in Figure 2A, the fluorescence intensity of
CB;-EGFP was much weaker than that of CB,-EGFP,
although membrane localization of both receptors
was observed clearly in HEK293 cells. To demon-
strate that the microscopy analysis presents a valid
measure of cell surface expression, we further quan-
titatively detected the surface expression of CB; and
CB; receptors both fused with the Flag-tag at the
C-terminus, using a whole-cell ELISA. The ELISA
data presented here show that CB, receptors were
more robustly expressed than the CB,; receptors in
recombinant systems (Figure 2B).

To determine whether the expression level of CB;
receptors presented here is physiologically relevant,
we examined the expression patterns of CB; recep-
tor transcripts in stably transfected HEK293 cells
and in several cell lines with endogenous expression
of these receptors, using a highly sensitive and
quantitative PCR-based method. The level of expres-
sion in neural stem cells was the highest among the
cells with endogenous expression and comparable
with the level of CB, receptors in stably transfected
HEK293 cells (Figure 2C). Again, the level of CB,
receptor mRNA expression in the C6 glioma cell line
was slightly higher than that in the PC12 cell line
(Figure 2C), in agreement with previous observa-
tions (Sarker and Maruyama, 2003).

CB; receptors can dually couple to
stimulatory and inhibitory G proteins

As shown in Figure 1, the human CB; receptor
stimulated cAMP production in an agonist-
dependent and antagonist-sensitive manner, sug-
gesting a specific interaction of the CB; receptor
with G; proteins. To investigate whether additional
G proteins contribute to CB, receptor-mediated sig-
nalling, intracellular Ca” mobilization and ERK1/2
phosphorylation were assessed.
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Expression of CB; and CB, receptors. (A) Confocal microscopy analy-
sis of CB; and CB; receptor expression. HEK293 cells were transiently
transfected with EGFP-fused receptors and the cell surface expression
was analysed by confocal microscopy. Insets have been sequentially
magnified x2. The cells shown are representative of the cell popula-
tions and performed at least three times. (B) ELISA analysis of CB; and
CB; receptor expression. HEK293 cells were transiently transfected
with Flag epitope-tagged receptors and the cell surface expression
was measured by ELISA analysis. The results represent the mean
+ SEM of three independent experiments, each done in triplicate.
***p < 0.01. (C) Expression of CB; receptor mRNA in cells with
endogenous expression and in recombinant cell lines. Quantitative
real-time PCR detection of CB; receptor mRNA was normalized to
that of B-actin within each sample, and expressed as a fold difference
relative to the PC12 cell line. The error bars displayed are the stan-
dard error of duplicate readings from at least three independent
experiments. WT, wild type.

WINSS,212-2  effectively activates ERK1/2 in
HEK293 cells stably expressing the CB; receptor
with an ECso of ~500 nM (Figure 3A). ERK1/2 acti-
vation by WINSS5,212-2 was completely inhibited by
pre-incubation with the antagonist Rimon, but
not by AM630 (Figure 3B). CB: receptor-mediated
ERK1/2 activation was sensitive to the MEK inhibi-
tor U0126 (Figure 3B) and was also effectively
blocked by PTX treatment (Figure 3C), suggesting
an important role for G; coupling. Additional evi-
dence that CB; receptors coupled to G; was provided
by the finding that PTX pretreatment of CB,
receptor-expressing cells resulted in an approxi-
mately twofold increase in WINS5S5,212-2-induced
activation of cAMP production (Figure 3D). Taken
together, these studies reveal that CB; receptors can
couple to both G, and G; and that the G; pathway

primarily contributes to activation of the Raf-MEK-
ERK pathway.

We also examined the effects of cannabinoid ago-
nists on intracellular Ca** mobilization in HEK293
cells stably expressing CB; receptors. WINSS5,212-2
induced a transient dose-dependent elevation of
intracellular Ca?* that was effectively attenuated by
PTX pretreatment (Figure 3E). This result is consis-
tent with our findings for ERK1/2 activation. Collec-
tively, our studies demonstrate that the CB; receptor
is dually coupled to both stimulatory and inhibitory
G-proteins while the CB, receptor appears to couple
selectively to Gi.

Major role for the ICL2 of the CB; receptor in
the activation of adenylyl cyclase

To identify the intracellular domains responsible for
the selective activation of G, by the CB; receptor,
chimeric cannabinoid receptors were constructed in
which intra-cytoplasmic domains of the CB; recep-
tor were replaced with analogous segments of the
CB, receptor (Figure 4A). These chimeric receptors
were then expressed in HEK293 cells and character-
ized for expression and ability to regulate cAMP
production (Table 1 and Figure 4). Replacement of
the ICL1 and ICL3 of the CB,; receptor with the
corresponding regions of the CB, receptor had
minimal effects on cAMP accumulation while sub-
stitution of the C-terminal domain significantly
attenuated cAMP production (Figure 4B). Interest-
ingly, while the chimeric CB; receptor that contains
the ICL2 of CB, receptors was completely defective
in stimulating cAMP production (Figure 4B), this
chimera effectively coupled to a PTX-sensitive G;
pathway and inhibited FSK-induced cAMP produc-
tion (Figure 4C,D). These results demonstrate that
the ICL2 of the CB, receptor is responsible for the
specificity of receptor-G protein coupling, whereas
the C-terminal region of the receptor plays an
important role in defining the effectiveness of G
protein activation.

Key residues involved in the interaction of the
CB; receptor with G proteins

Among the 12 amino acids in the ICL2 core region
(His-219 to Arg-230), seven amino acids were differ-
ent between CB, and CB; receptors and were candi-
date residues for selective G-protein coupling
(Figure 5A). We therefore initially substituted six of
the seven candidate amino acids with correspond-
ing residues in CB, receptors and constructed the
reciprocal series of CB; mutant receptors (H219R,
R220Y, L222P, A223S, 1227L and V228L). Among
these mutants, A223S and 1227L showed cAMP for-
mation in an agonist dose-dependent manner
similar to wild-type (WT) CB: receptors, whereas
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Figure 3

The CB; receptor is dually coupled to G and G.. (A) For dose-response experiments, serum-starved cells were treated with different concentrations
of WIN 55,212-2 as indicated and harvested after 5 min. (B) Inhibition of WIN55,212-2-stimulated ERK phosphorylation by rimonabant.
Serum-starved cells were incubated for 15 min with 1T uM rimonabant and AM630 and stimulated for 5 min with T uM WIN55,212-2 in the
presence of rimonabant and AM630. U0126 (1 uM) was used as a negative control. (C) Inhibition of ERK phosphorylation was observed in cells
pretreated with increasing concentration of Pertussis toxin (PTX) and stimulated with 1T uM WIN55,212-2. The results shown (A-C) are
representative of one of three independent experiments with similar results. (D) PTX unmasked the Gi-coupling of the CB; receptor in the cAMP
assay. Transiently transfected HEK293 cells were pretreated with or without 100 ng-mL™" PTX for 12 h and stimulated with 1 uM WIN55,212-2.
The data (D) are representative of at least three separate experiments performed in triplicate, and mean + SEM are shown. ***P < 0.001. (E)
Specific block of intracellular Ca?* influx in HEK293 cells by PTX and AM251. Ca?* influx in cells stably expressing CB; and pretreated with
100 ng-ml~' PTX or with 1 uM AM251 was measured in response to 1 uM WINS55,212-2 using the fluorescent Ca?" indicator fura-2. The data
shown in (E) are representative of more than four separate experiments performed in triplicate.

R220Y and V228L had relative low efficacies com-
pared with WT CB; receptors (Figure 5B). In con-
trast, L222P failed to induce cAMP formation and
had very low basal cCAMP accumulation (Figure 5B).
Significant basal cAMP formation was observed in
R220Y, V228L and especially H219R, and the
last mutant also demonstrated high efficacies of
cAMP production compared with WT receptors
(Figure 5B).
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To further define the functionally critical resi-
dues involved in G protein coupling specificity
within the ICL2 of the CB; receptor, alanine scan-
ning mutagenesis was used to mutate each residue
between Ile-216 and Lys-232 (Figure SA). All
mutants were transiently expressed in HEK293 cells
and analysed for cell surface expression and ability
to regulate cCAMP production (Figure 5 and Table 2).
The mutation of Ile-216, Ser-217, Ile-227, Val-228
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Effects of key domains in the CB; receptor on G- and G-dependent signalling. (A) Composition of cannabinoid receptor chimeras. The overall
composition of individual cannabinoid receptor chimeras is shown schematically. Numbers indicate the amino acid residues corresponding to the
parental cannabinoid receptors. The CB; receptor sequence is shown in black, and the CB, receptor sequence is in dark grey. (B) Dose-response
curve of cAMP accumulation for the CB; chimeric receptors upon WINS55,212-2 stimulation. For cAMP measurements, cells were incubated 48 h
after transfection with various concentrations of WIN55,212-2. (C) Effects of Pertussis toxin (PTX) and rimonabant (Rimon) on cAMP accumulation
in HEK 293 cells expressing CB;-ICL2 receptors. Cells were seeded 24 h prior to the addition of toxins and antagonist. PTX (100 ng-mL™") and
Rimon (1 uM) were added to the cells in FBS-free medium and incubated for 12 h and 15 min respectively. Cells were then incubated with 10 uM
forskolin (FSK) or T uM WIN55,212-2 plus 10 uM FSK for 4 h. (D) Dose-response curve of inhibition of FSK-induced cAMP elevation, mediated by
CB;-ICL2 receptors. Cells were incubated with 10 uM FSK or 10 uM FSK plus WIN55,212-2 (various concentrations) for 4 h. Data shown in (B)
and (C, D) are expressed as the percent cCAMP activity over the maximal response of wild-type (WT) CB; receptors and the percent cCAMP activity
over FSK respectively. Data shown in (B-D) are expressed as the mean * SEM for triplicate experiments performed in triplicate. ***P < 0.001. ICL,
intracellular loop.

Table 1

Functional characterization of cannabinoid receptor chimeras

cAMP accumulation

Basal Maximal stimulation Fold increase/

Surface expression

Receptors FACS; % of WT % of WT basal % of WT maximal (inhibition rate %) ECso (nM)
CB;WT 100 100 100 56 + 2.0 59 = 3.8
CB;-ICL1 103 = 3.1 144 + 8.7 90 = 0.5 35 £1.9 35 £1.0
CB;-ICL2 61 = 3.4 9.2 1.2 ND (40 = 0.9%)* 46 £ 4.2
CB,-ICL3 110 = 5.1 68 = 2.9 82 £ 1.3 69 = 3.8 119 = 6.4
CB,-Cter 115 = 3.5 78 = 3.6 32 £ 0.1 23 £ 1.1 26 = 1.0

The values are expressed as the mean * SEM (n = 3 experiments).
ND, not detected, not compared with wild-type (WT) CB; receptor.
“The values were obtained in the presence of forskolin.

FACS, fluorescence-activated cell sorting; ICL, intracellular loop.

and Lys-232 led to a 40-70% loss in WIN 55,212-2-
stimulated cAMP production compared with the
WT CB; receptor. In contrast, Ile-218 mutation led
to an ~98% reduction while mutation of Leu-222
again led to a complete loss in cAMP production
(Figure 5C,D and Table 2). Interestingly, the muta-

tion of three charged residues (His-219, Arg-220 and
Arg-226) led to a significant enhancement in basal
cAMP accumulation (~36, ~6.6, and -~7.8-fold,
respectively), as well as a modest increase in the
ability to stimulate cCAMP production (Figure SE and
Table 2), similar to the results in Figure 5B. In view
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of the observed spontaneous agonist-independent
receptor activity, we investigated whether Rimon
exhibited negative intrinsic activity by reducing the
basal levels of cAMP. The incubation of cells trans-
fected with the H219A mutant, with increasing
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concentrations of Rimon, resulted in a dose-
dependent decrease of basal levels of cAMP
(Figure 5F). Taken together, these data suggest an
important role for several residues in mediating CB,
receptor coupling to Gs.
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Table 2

Functional characterization of the cannabinoid receptor mutations in the ICL2

cAMP accumulation

Maximal stimulation
% of WT maximal

Fold increase

Surface expression Basal
Receptors FACS; % of WT % of WT basal
CBWT 100 100
1216A 78 £ 3.4 32 £ 2.0
S217A 98 = 9.2 3214
1218A 53 = 2.1 38 = 1.1
H219A 107 = 3.7 3611 + 27.1
R220A 86 = 4.1 656 + 18.9
L222A 73 £53 16 = 2.1
R226A 93 = 3.2 780 * 20.0
1227A 68 = 1.5 44 + 0.25
V228A 73 =+ 3.8 83 =55
P231A 98 *+ 4.3 129 = 7.2
K232A 87 = 6.7 51 = 1.1

100 56 £ 2.0 59 + 3.8
28 £ 0.6 51 £ 3.7 169 = 13.3
55 £ 0.7 99 £ 3.3 372 = 4.1
1.5 = 0.1 2 £ 0.1 163 = 29.5
114 = 0.9 2 £ 0.1 6 £1.0
92 = 0.8 7.9 = 0.2 31 = 1.7
ND ND ND
133 £ 0.7 9.5+ 03 19 = 0.7
48 £ 1.2 62 = 1.9 370 = 23.9
38 = 0.8 26 £ 1.6 75 7.6
109 = 1.2 47 = 2.3 95 = 8.5
60 = 0.6 66 = 1.7 126 = 2.6

The values are expressed as the mean * SEM (n = 3 experiments).

ND, not detected, not compared with wild-type (WT) CB; receptor.

FACS, fluorescence-activated cell sorting.

Critical role of a conserved hydrophobic
residue in G protein coupling specificity
Because the L222A and L222P mutants were com-
pletely defective in promoting cAMP production
(Figure 5B,C), the functional role of this residue in
regulating G protein coupling was further analysed.
Interestingly, initial studies revealed that while
these mutants were defective in coupling to G, they
were able to effectively inhibit FSK-stimulated cAMP
production, suggesting that they can couple to G;
(Figure 6A). This suggests a critical role for this
residue in determining the specificity of receptor-G
protein coupling. The alignment of the ICL2 of the
cannabinoid CB; receptor with those of other
members of the GPCR family, including the Gs, G;
and G,/G; dual coupling receptors (Supporting Infor-
mation Table S1), reveals that this hydrophobic
residue is highly conserved in the GPCR family
(Figure 7).

To further elucidate the role of this residue in G
protein coupling, we next mutated Leu-222 to a
number of different residues, including Phe, Ile and
Val. The cell surface expression analysis revealed
that WT and mutants of CB; receptors, except the
[218A mutant, were expressed at comparable levels
on the cell surface (Tables 2 and 3 and Figure 6B).
However, mutation to a Phe resulted in a receptor
with properties similar to WT CB;, while mutation
to Ala or Pro (the residue found in the CB; receptor),
two residues lacking large hydrophobic side chains,
led to mutants that were defective in coupling to Gs

but effectively coupled to G; to mediate inhibition
of FSK-induced cAMP generation with ECs, values of
30 and 50 nM respectively (Figure 6A and Table 3).
These effects were sensitive to PTX and Rimon treat-
ment (Figure S1A). Interestingly, the L2221 and
L222V mutant receptors exhibited the ability to
couple very effectively to Gj, and inhibited FSK-
induced cAMP production with ECs, values of ~0.03
and ~0.4 nM, respectively, and also coupled to G,
and elevated intracellular cAMP, albeit with ECsos of
~1600 and ~370 nM respectively (Figure 6A and
Table 3). Pretreatment of cells expressing the L222I]
(Figure S1B) or L222V (Figure S1C) mutants with
PTX attenuated the inhibition of FSK-induced cAMP
accumulation seen at low agonist concentrations.
Taken together, these results demonstrate that Leu-
222, within a highly conserved DRY(X)sPL motif,
plays a critical role in mediating G protein coupling
specificity of the CB; receptor and is therefore likely
to play an important role in mediating the specific-
ity of many members of the GPCR family.

Discussion and conclusion

It has long been established that the CB; receptor
primarily induced inhibition of intracellular cAMP
production, as the characteristic response to can-
nabinoid agonists in the brain (Bidaut-Russell et al.,
1990; Childers etal., 1994), cultured neurons
(Howlett and Fleming, 1984; Howlett et al., 1988S;
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(A) Effects of key residues within a highly conserved G protein-
coupled receptor motif in selective G protein coupling. Cells were
seeded overnight and then incubated with WIN55,212-2 (various
concentrations) in the presence or absence of forskolin (FSK; 10 uM)
for 4 h. Data (mean = SEM) are representative of at least three
separate experiments performed in triplicate. (B) ELISA analysis of
expression of wild-type and mutant receptors. HEK293 cells were
transiently transfected with Flag epitope-tagged receptors and the
cell surface expression was measured by ELISA analysis. The results
represent the mean = SEM of three independent experiments, each
carried out in triplicate. ***P < 0.001.

Pinto et al., 1994) and in cells expressing recombi-
nant CB; receptors (Matsuda efal., 1990; Felder
et al., 1993). In addition, this cannabinoid-mediated
effect is sensitive to PTX and the CB; specific antago-
nist Rimon, demonstrating that the CB, receptor
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Amino acid frequency of the second intracellular loop (ICL2) in the
CB; receptor. Amino acid frequency of ICL2 in G protein-coupled
receptors (GPCRs) generated from analysis of the composition of the
ICL2 of 96 G;, 45 G, and 27 Gi/G;, dual coupled receptors. Frequency
of occurrence at position CB;-L222 for G;, G; and G,/G; dual coupled
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interacts with Gy, proteins (Howlett et al., 1986;
Pacheco et al., 1993; Vogel et al., 1993; Hillard et al.,
1999). However, potentiation of cAMP production
was also observed in response to cannabinoid ago-
nists under conditions of PTX pretreatment in cul-
tured neurons and CB;-transfected CHO cells (Glass
and Felder, 1997; Bonhaus et al., 1998; Felder et al.,
1998), and upon co-expression of CB; receptors with
D, dopamine receptors in striatal cells and in
HEK293 cells (Bonhaus etal., 1998; Felder etal.,
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Table 3

Functional characterization of leucine-222 mutations of cannabinoid receptor

cAMP accumulation

Surface expression Basal Maximal stimulation Fold increase/

Receptors FACS; % of WT % of WT basal % of WT maximal (inhibition rate %) ECso (nM)

CB;WT 100 100 100 56 = 2.0 59 = 3.8

L222F 95 = 5.0 177 £ 9.1 63 1.3 20 = 1.2 48 = 3.2

L222I 98 *+ 6.3 19 = 3.0 ND (33 = 1.6)%" 0.022 = 0.009“
6.2 £ 04 1530 = 210

L222v 97 + 6.3 22 = 3.3 ND (45 = 2.5)%“ 0.34 = 0.20*
2.2+ 0.1 365 = 150

L222p 85 + 53 16 £ 1.7 ND (75 = 0.5)%" 48 + 3.1¢

1222A 73 £53 16 = 2.1 ND (76 = 0.9)%“ 28 + 7.9*

The values are expressed as the mean = SEM (n = 3 experiments).

ND, not detected, not compared with wild-type (WT) CB; receptor.

“The values were obtained in the presence of forskolin.

FACS, fluorescence-activated cell sorting.

1998; Jarrahian et al., 2004). These studies suggest WTL222F L32300222V 1222P1.2224

that the CB; receptor can also interact with Gs pro-
teins. More recently, cellular impedance assays dem-
onstrated that the CB; receptor can dually couple to
Gi and G, in transfected CHO and HEK293 cells
(Peters and Scott, 2009). In the present study, we
used several cell lines including HEK293, CHO,
COS-7 and NIH3T3 cells, which either transiently or
stably expressed the human CB; receptor, to inves-
tigate changes in intracellular cAMP. Our experi-
mental evidence revealed that cAMP accumulation
was evoked upon stimulation of cannabinoid ago-
nists in a dose-dependent and PTX-insensitive
manner, and this accumulation was blocked by the
antagonist Rimon, demonstrating interaction of the
CB; receptor with G; proteins. Additional functional
assays revealed a PTX-sensitive increase in intracel-
lular Ca* as well as ERK1/2 phosphorylation in
response to CB; receptor agonists, suggesting that
both G; and G; proteins are involved in CB;
receptor-mediated signalling.

In contrast to the CB; receptor, the WT CB,
receptor retained the ability to inhibit cAMP accu-
mulation in a PTX-sensitive manner. This led us to
further elucidate the structural determinants for the
CB, receptor that are involved in G-protein cou-
pling. We first constructed chimeric CB,/CB; recep-
tor mutants to investigate the intracellular loops
and C-terminal domain of the CB, receptor impli-
cated in the interaction with G-proteins. As replace-
ment of the ICL2 of the CB; receptor with the
corresponding region of the CB; receptor resulted in
a switch in coupling from Gs to G; (Figure 4), it
seemed that the ICL2 of the CB; receptor played a
major role in the direct interaction of the CB; recep-

— (i —
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| O G, protein A G, protein ‘
Figure 8

Schematic diagram of cannabinoid CB, receptor-G protein coupling.
G, >>G; represents the receptor predominantly coupling to G; Gs=G;
represents the receptor balanced coupling to G and G;; and G
means the receptor only coupling to G..

tor with G,/G; proteins. Furthermore, as illustrated
in Figure 8, a single amino acid, Leu-222, within the
highly conserved DRY(X)sPL motif, was identified as
a key residue for the specificity of G protein cou-
pling. The L222F mutant receptor retained the
ability to couple to G proteins to stimulate cAMP
production, and substitution of alanine (L222A
mutant) or proline (L222P mutant) for Leu-222
switched coupling from the stimulatory pathway to
the inhibitory pathway. Replacement of Leu-222
with valine (L222V mutant) or isoleucine (L2221
mutant) resulted in balanced coupling of the recep-
tor with G; and G; proteins.

An alignment of peptide sequences correspond-
ing to the ICL2 region in other G protein-coupled
receptors shows that most GPCRs of the rhodopsin
family contain a relatively bulky lipophilic amino
acid, such as isoleucine, phenylalanine, methionine
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or valine, at the position corresponding to Leu-222
in the CB; receptor. Substitutions of alanine or
hydrophilic amino acids in this residue in the M,
and M; muscarinic receptors (Moro efal., 1993),
B.-adrenoceptor (Moro et al., 1993), gonadotropic-
releasing hormone receptor (Arora etal., 1995),
5-HT,c receptor (Berg et al., 2008), kisspeptin recep-
tor (GPR54) (Wacker et al., 2008), and mouse EP,
and EP; prostaglandin receptors (Sugimoto etal.,
2004) revealed that the resulting mutant receptors
were greatly altered in their ability to activate G
proteins. Taken together, these results indicate that
the targeted ICL2 residue is generally important for
receptor-G protein interaction. In the present study,
however, the mutant L222F retained preferential G,
coupling, whereas substitution of Leu-222 with
either alanine or proline resulted in the switching of
G-protein coupling from Gs to Gi. Interestingly,
replacement of Leu-222 with either isoleucine or
valine led to mutant CB, receptors (L222V and
L2221) with balanced coupling of receptor with G,
and G; proteins, suggesting that the precise chemical
nature of this amino acid residue within the
DRY(X)sPL motif plays a critical role in determining
the coupling of CB; receptors to G; or G; proteins. In
addition, the ICL2 sequence conservation pattern
was drawn in the Logo format according to the MSA
result of 45 G, and 96 G; coupled receptors
(Figure 7). Different amino acid preferences in the
CB:L222 position had been observed in Gs- and
Gi-coupled receptors. At this position, Gs-coupled
receptors were relatively well conserved and used a
relatively small group of residues including Leu
(55.6%), Phe (20%), Met (8.9%) and others (15.5%).
In contrast, Gi-coupled receptors were less discrimi-
nating and preferentially used Val (25%), Leu
(21.9%), Ile (10.4%) and others (42.7%). This align-
ment result is quite consistent with our site-directed
mutagenesis data, suggesting that Leu-222 in the
highly conserved motif DRY(X)sPL plays a critical
role in regulating the selectivity of the coupling of
receptor to G, and/or G;, at least in the case of CB,
receptors.

It has been proposed that the density of receptors
plays a role in governing the receptor-G protein
coupling. Although in recombinant systems promis-
cuous interaction of receptors with G proteins has
been observed when receptor density was increased
(Eason et al., 1992), previous studies have demon-
strated that Gs-coupling has been observed in cells
where CB; receptors are endogenously expressed
((Glass and Felder, 1997; Bash et al., 2003). In the
current study, we demonstrated that the CB,, but
not CB; receptors, could mediate agonist-induced Gs
coupling via PTX-insensitive pathways, though CB,
and CB, receptors are closely related cannabinoid
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subtypes (Munro etal., 1993), sharing approxi-
mately 68% homology in their amino acid
sequence, and quantitative analysis confirmed
higher cell surface expression of CB, than that of
CB; receptors in recombinant systems. In addition,
our mutagenesis study has provided a molecular and
structural explanation for the dual coupling of CB,
receptors to G; and Gs. Collectively, these results
strongly argue against the idea that multiple
receptor-G protein coupling reflects an artificial
activation of non-preferred G proteins due to recep-
tor over-expression. A recent study presented evi-
dence that cannabinoid tolerance induced by
WINSS5,212-2 was associated with a molecular
switch from Gy, to G coupling in striatum (Paquette
et al., 2007). It is likely that the physiological acti-
vation of different unrelated G proteins provides a
complex mechanism allowing for both the fine-
tuning and the adaptation of diverse functional
responses elicited by CB; receptors.

It is seemingly contradictory for one GPCR to
dually couple to pathways that are stimulatory and
inhibitory for cAMP accumulation, but previous
studies showed that several receptors such as the
angiotensin II AT; receptor (Bharatula ef al., 1998),
the M4 muscarinic cholinoceptor (Dittman et al.,
1994), the dog thyrotropin receptor (Allgeier et al.,
1997), the prostaglandin EPs:D receptor (Negishi
et al., 1995) and the human oz-adrenoceptor (Eason
etal., 1992) can dually couple to Gs and Gi. Our
observation that the mutant CB,; receptors exhib-
ited a switch of G-protein coupling from Gs to G;
(L222A and L222P) or balanced coupling to Gs and
G; (L222V and L222]) strongly suggests that the CB,
receptor has an inherent ability to couple to the
stimulatory pathway. It seems unlikely that the CB,
receptor couples to G; and Gj based on switching,
resulting from phosphorylation mediated by PKA
as for the B,-adrenoceptor and the mouse prostacy-
clin receptor (Daaka et al., 1997; Lawler et al., 2001)
or by Src for the p-opioid receptor (Zhang et al.,
2009). Furthermore, while the human A, adenosine
receptor differentially activates the G, and G; path-
ways in an agonist-specific manner (Cordeaux
et al., 2004), the selectivity of G, or G; coupling was
found to depend on different concentrations of
agonists for the ogs-adrenoceptor (Chabre et al.,
1994) and the gonadotropin-releasing hormone
receptor (Krsmanovic et al., 2003). As shown in this
study, the WT CB, receptor expressed in different
cell lines was demonstrated not only to preferen-
tially couple to G, at nanomolar concentrations,
resulting in the stimulation of cAMP production,
but to also couple to G; at micromolar concentra-
tions, leading to a PTX-sensitive increase in intrac-
ellular Ca* as well as ERK1/2 phosphorylation.
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These results indicate that the dual coupling of WT
CB, receptors with G; and G; is likely to be depen-
dent on agonist concentration.

Although the physiological significance of a dual
G; and G; response to CB; receptor activation
remains to be examined, a recent study demon-
strated that rats chronically treated with
WINSS,212-2 alone had CB; receptors predomi-
nantly coupled to G; in the striatum, and the toler-
ance induced by cannabinoid agonists was
associated with an increase in excitatory signalling-
mediated pain output triggered by the Gs-coupled
CB; receptors (Paquette etal., 2007). The results
obtained in this study clearly illustrate the ability of
human CB; receptors to couple functionally to both
G, and G; in cell lines expressing recombinant recep-
tors. We have demonstrated for the first time that
the ICL2 and particularly the hydrophobic amino
acid Leu-222, which resides within the highly con-
served DRY(X)sPL motif of the human cannabinoid
CB, receptor, play a critical role in G; and G; protein
coupling. Our findings will be helpful in under-
standing the mechanism of cannabinoid agonist-
induced antinociceptive tolerance. It will also be
interesting to evaluate whether GPCRs generally
interact with G, and G; proteins through the
molecular mechanism discovered in this study.
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Additional Supporting Information may be found in
the online version of this article:

Figure S1 (A) Effects of Pertussis toxin (PTX) and
rimonabant (Rimon) on cAMP accumulation in HEK
293 cells expressing CB;-L222 mutations. PTX
(100 ng-mL™) and Rimon (1 uM) were added to the
cells in FBS-free medium and incubated for 12 h and
15 min respectively. Cells were then incubated with
10 uM forskolin (FSK) or 1 uM WIN 55,212-2 plus
10 uM FSK for 4 h. (B-C) Effects of PTX on cAMP
accumulation in HEK 293 cells expressing CB;L2221
(B) and CB;L222V (C). Cells were seeded 24 h prior
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to the addition of toxins. PTX (100 ng-mL™) was
added to the cells in FBS-free medium and incubated
for 12 h respectively. Cells were then incubated with
1 uM WIN 55,212-2 plus 10 uM ESK for 4 h. The
results are the mean = SEM of three separate experi-
ments carried out in triplicate. Statistical compari-
sons were made using Student’s two-tailed, unpaired
t-test. ***P < 0.001.

Table S1 Amino acid sequences of the second intra-
cellular loop (ICL2) in the 168 G protein-coupled
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receptors (GPCRs), including 96 Gj, 45 G, and 27
Gi/Gs dual coupled receptors.

Please note: Wiley-Blackwell are not responsible for
the content or functionality of any supporting
materials supplied by the authors. Any queries
(other than missing material) should be directed to
the corresponding author for the article.



