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ABSTRACT

Under reducing conditions of SDS-polyacrylamide gel electro-
phoresis, the CB; receptor exists in its monomeric form as well
as in an SDS-resistant high molecular weight form that appears
to be devoid of G proteins. The CB, cannabinoid receptor was
immunoprecipitated from 3-[(3-cholamidopropyl)dimethylam-
monio]propanesulfonate-solubilized rat brain membranes using
an antibody against the CB, receptor N terminus. The CB,
receptor was coimmunoprecipitated with its associated G pro-
teins, specifically those of the Ga;,, family, but not Ga,, Ga,, or
Ga,. The CB, receptor-Gq;,, complex existed in the absence of
exogenous agonists, and the cannabinoid receptor agonist
desacetyllevonantradol failed to alter the stoichiometry of the
receptor-Ga;,, interaction. Guanosine-5'-O-(3-thio)triphos-
phate could disrupt the interaction. A peptide derived from the
CB, receptor juxtamembrane C-terminal domain, peptide
CB,401-417, autonomously activates G, proteins. Peptide

CB,401-417 competitively disrupted the CB, receptor associ-
ation with Ga, and Ga;g but not Gey; or Gay,. This G protein
specificity was also observed in detergent extracts from mem-
branes of the frontal cortex, striatum, and cerebellum. Alterna-
tive peptides, including peptides from the CB, receptor third
intracellular loop and the G protein activating peptide masto-
paran-7, failed to promote uncoupling from Ge,. A CB,, recep-
tor juxtamembrane C-terminal peptide failed to disrupt the CB,
receptor-Ga, complex. These studies illustrate that the CB,
receptor can exist as an SDS-resistant multimer. In 3-[(3-chol-
amidopropyl)dimethylammonio]propanesulfonate  detergent,
the CB, receptor exists in a complex with G proteins of the G,
family in the absence of exogenous agonists. Furthermore, this
study provides the first description of domain specificity for
interaction with a selective set of G proteins.

A®-Tetrahydrocannabinol, the major active compound of
Cannabis species, and other cannabimimetic compounds
(cannabinoids, aminoalkylindoles, and eicosanoid ethanol-
amides and esters) exert their biological actions on the ner-
vous system by signaling through the G protein-coupled CB,
cannabinoid receptors (reviewed in Howlett, 1995). The CB;
receptor was found to be expressed predominantly in brain
(Herkenham et al., 1991; Matsuda et al., 1993). The CB,
receptor signals through several biological mechanisms, in-
cluding inhibition of adenylyl cyclase, modulation of N-type
Ca®* channels (see Howlett, 1995, for original references),
activation of mitogen-activated protein kinase (MAPK), and
expression of immediate early genes such as krox-24
(Bouaboula et al., 1997). A second subtype, the CB, receptor,
has been identified primarily in cells of immune origin (Ga-
liegue et al., 1995). The CB, receptor expressed in host cells
has been shown to signal via inhibition of adenylyl cyclase
(Felder et al., 1995) and activation of MAPK and expression
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of immediate early genes such as krox-24 (Bouaboula et al.,
1996) but does not appear to modulate ion channels in host
cells (Felder et al., 1995).

The importance of different domains of G protein-coupled
receptors for interaction with G proteins has been estab-
lished for many receptors (see Wess, 1998, for review). Recent
studies from our laboratory have established that a CB,;
receptor peptide fragment from the C-terminal juxtamem-
brane region, termed CB;401-417 (Table 1), could autono-
mously activate G,,, proteins in a dose-dependent fashion
(Howlett et al., 1998; Mukhopadhyay et al., 1999). G,,, acti-
vation could be detected as both activation of [**S]guanosine-
5'-0-(3-thio)triphosphate ([>**S]GTPvS) binding to G proteins
in rat brain membranes and inhibition of adenylyl cyclase in
neuronal cell membranes (Howlett et al., 1998). The activa-
tion of G; by CB;401-417 was observed in cells that did not
express CB; receptors and was blocked by pretreatment with
pertussis toxin (Mukhopadhyay et al., 1999). These studies
suggest that CB;401-417 represents a domain on the recep-
tor that contributes to the interaction of the CB; receptor
with G, proteins. From these observations, we hypothesized

ABBREVIATIONS: MAPK, mitogen-activated protein kinase; CAPS, 3-[cyclohexylamino]-1-propanesulfonic acid; CHAPS, 3-[(3-cholamidopro-
pyl)dimethylammonio]propanesulfonate; DALN, desacetyllevonantradol; ECL, enhanced chemiluminescence; GTPvS, guanosine-5'-O-(3-thio)-

triphosphate; PAGE, polyacrylamide gel electrophoresis.
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that CB;401-417 directly interacts with G;,, proteins, result-
ing in activation of the G proteins. This suggests that the
C-terminal juxtamembrane region of the CB; receptor serves
as the G, activation domain.

Several approaches have been used to characterize the
receptor-G protein coupling in various other G protein-cou-
pled receptors. Immunoprecipitation procedures have been
used successfully to characterize receptor-G protein associa-
tion in the presence and absence of agonist treatment for G
protein-coupled receptors (Matesic et al., 1991; Okuma and
Reisine, 1992; Damaj et al., 1996; Gu and Schonbrunn, 1997).
In the present communication, we used a similar approach to
investigate the importance of the juxtamembrane C-terminal
domain of the CB; cannabinoid receptor for interaction with
G proteins. We report here the conditions for immunoprecipi-
tation of the CB; receptor in association with Ga subtypes of
the G, family from 3-[(3-cholamidopropyl)dimethylammo-
nio]propanesulfonate (CHAPS) detergent extracts. Using
this methodology, we show that selective CB; receptor-Ga
interaction can be competitively disrupted by the C-terminal
juxtamembrane fragment of the receptor. These studies il-
lustrate that the CB; receptor can exist as a stable multimer
in a complex with G proteins of the G,, family. The CB,
receptor C-terminal juxtamembrane domain is important for
interaction with selective G proteins within this family, sug-
gesting the possibility for selectivity in G protein-mediated
signaling pathways.

Experimental Procedures

Materials. The standard chemicals used were of the highest
grade and were purchased from Sigma Chemical Co. (St. Louis, MO)
unless otherwise mentioned. Desacetyllevonantradol (DALN) was a
gift from Pfizer, Inc. (Groton, CT). SR141716A was purchased from
BIOMOL (Plymouth Meeting, PA). Mastoparan-7 was purchased
from Research Biochemicals Inc. (Natick, MA). Urea was purchased
from ICN (Costa Mesa, CA). SDS, acrylamide, bisacrylamide, ammo-
nium persulfate, and polyvinylidine difluoride membranes were ob-
tained from Bio-Rad (Hercules, CA). Anti-Gea,, a mouse monoclonal
antibody against partially purified bovine brain Ge, protein, and
anti-Go;g, an affinity-purified rabbit antisera against a peptide spe-
cific for Ga;s, were purchased from BIOMOL. Anti-Ga;q 0, an affinity-
purified rabbit antisera against the C-terminal peptide that is com-
mon to both Ge;; and Gay,, was purchased from Calbiochem (San
Diego, CA). Rabbit antisera against peptides selective for either Ge;,
(3646) or Gay, (1521) were generously provided by Dr. D. Manning,
University of Pennsylvania (Williams et al., 1990). Affinity-purified
rabbit polyclonal antibodies against GB1-4 were T-20, which was
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA),
and BN1, which was a gift from Dr. N. Gautam, Washington Uni-
versity (Pronin and Gautam, 1994). Affinity-purified rabbit poly-
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clonal antibodies against Gy, (BG) and Gy (CG) were donated by Dr.
N. Gautam (Pronin and Gautam, 1994). Anti-rabbit and anti-mouse
IgG-horseradish peroxidase were from Jackson ImmunoResearch
Laboratories (West Grove, PA). Rainbow molecular weight markers,
enhanced chemiluminescence (ECL) reagents, and film were pur-
chased from Amersham Life Sciences, Inc. (Arlington Heights, IL).
Peptides CB,174-188, CB;301-317, and CB,302-320 were synthe-
sized at Saint Louis University Peptide Facility, and other peptides
were synthesized and purified by Princeton Biomolecules (Colum-
bus, OH) (Howlett et al., 1998).

CB; Receptor Antibody and Affinity Matrix Preparation.
Rabbit polyclonal antibodies were raised against the N-terminal 14
amino acids of the CB; receptor as described previously (Howlett et
al., 1998). Anti-CB;1-14 was affinity purified using CB,1-14 as the
affinity ligand attached to agarose matrix according to the SulfoLink
Immobilization procedure (Pierce, Rockford, IL). An affinity resin for
the CB, cannabinoid receptor was prepared by coupling affinity-
purified anti-CB;1-14 to Affi-Prep-Hz matrix (Bio-Rad) according to
the manufacturer’s instructions. This method binds periodate-oxi-
dized carbohydrate moieties on the antibody heavy chain to hydra-
zide-activated methacrylate matrix (O’Shannessy and Hofman,
1987).

Membrane Solubilization and Immunoprecipitation. Rat
brain P2 membranes were prepared as described previously (Howlett
et al., 1998). CHAPS solubilization of the membranes were carried
out according to the method of Houston and Howlett (1993). For
immunoprecipitation of the CB, receptor and associated proteins, an
aliquot of CHAPS-solubilized receptor from rat P2 membranes (100
g protein) was incubated with 20 ul of anti-CB,1-14-affinity matrix
for 4 h at 4°C plus an additional 1.5 h at room temperature under
constant rotation. The anti-CB,1-14-affinity matrix was then sedi-
mented at 14,000 rpm for 5 min and washed three times with TBS
buffer (Tris - HCI, pH 7.4, 140 mM NacCl) containing 0.1% Tween 20.
Immunoprecipitated protein was eluted from the matrix by mixing
with Gly-HCl, pH 2.5 (100 mM), and the eluate was immediately
neutralized with Tris - HCL, pH 8.0 (1.5 M). The protein from the
neutralized eluate was precipitated by addition of 8 volumes of
CHCl;/CH;OH/H,0 (1:4:3), dissolved in Laemmli’s sample buffer
containing 5 mM EDTA, and heated at 65°C for 5 min. Samples were
subjected to polyacrylamide gel electrophoresis (PAGE) on 10% poly-
acrylamide-0.1% SDS-6 M urea gels.

Western Immunoblot Analysis. Electrophoretic transfer of pro-
teins from the gel to polyvinylidene difluoride membranes was car-
ried out in 10 mM 3-[cyclohexylamino]-1-propanesulfonic acid
(CAPS) buffer with 0.01% SDS, pH 11, for 16 h (0—4°C) at 20 V using
a Bio-Rad Trans-Blot Cell equipped with a cooling coil. Blots were
rinsed with TBS buffer and incubated with blocking buffer (5%
nonfat dry milk plus 5% normal goat serum in TBS) at room tem-
perature for 1 h to eliminate nonspecific binding. Blots were then
incubated with affinity-purified anti-CB;1-14 combined with the in-
dicated anti-Ga antibody (1:1000) in blocking buffer for 90 min at
room temperature, followed by washing three times with TBS con-
taining 0.1% Tween 20. Control experiments were performed using

TABLE 1
CB; and CB, cannabinoid receptor peptide fragments
Peptide” Sequence® Domain
CB,1-14¢ MKSILDGLADTTFR(C) CB, receptor N terminus
CB,174-188 (K)SFVDFHVFHRKDSPN CB, receptor EL1
CB,301-317 KAHSHAVRMIQRGTQKS CB, receptor N side IL3
CB,316-327 KS I 11 HTSEDGK CB; receptor middle IL3
CB,329-344 QVTRPDQARMDIRLAK CB, receptor C side IL3
CB,401-417 RSKDLRHAFRSMFPSSE CB, receptor C terminus (juxtamembrane)
CB,302-320 RSGEIRSSAHHCLAHWKK CB, receptor C terminus (juxtamembrane)

“ The numbers correspond to inclusive amino acid residues of the sequences of the mouse CB; or human CB, cannabinoid receptors (see Howlett et al., 1998).
® Amino acids are shown in single letter code. Amino acids in parentheses were added to peptide sequences to facilitate coupling peptides to protein carriers. For peptide

CB,401-417, the underlined amino acid replaced a Cys in the sequence.
¢ Anti-CB,1-14 was prepared using this peptide (Howlett et al., 1998).
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separate incubations with individual antibodies, and the results
were the same as experiments stained with combined antibodies. In
Fig. 1, no bands are observed in the molecular weight range of the Ga
proteins when staining was performed with affinity-purified anti-
CB,1-14. Thus, for studies shown in this series of experiments (ex-
cept Figs. 1 and 7B), the costaining procedure was used. Blots were
incubated with horseradish peroxidase-coupled anti-rabbit and anti-
mouse IgG sequentially for 1 h at room temperature, followed by one
rinse with TBS, seven rinses with TBS-Tween 20, and four rinses
with water. Immunoreactive bands were detected by ECL. Densito-
metric scanning was analyzed using a modified version (version 1.59)
of the National Institutes of Health Image Program (Scion Corp.).

Results

Monomer and Multimer Forms of CB; Cannabinoid
Receptor. The CB; cannabinoid receptor typically exhibits a
pattern of two bands on Western blot analysis of rat brain P2
membrane preparations (Fig. 1). Affinity-purified anti-
CB;1-14 recognized a band at 64 kDa and a second band
between 160 and 200 kDa. For rat brain membrane prepa-
rations, the higher apparent molecular weight band was
frequently more pronounced (C. Song, H. McIntosh, and S.
Mukhopadhyay, unpublished observations). This complex
represents a protein-protein interaction that is stable to SDS,
urea, and sulfhydril reagents used in the SDS/urea/PAGE
procedures. Some conditions that appeared to enhance the
CB, cannabinoid receptor monomer form were the addition of
5 mM EDTA to the sample buffer, solubilization of the mem-
branes in sample buffer rather than diluting the membrane
suspensions with 2X sample buffer, heating the membranes
in sample buffer for 5 min at 60°C rather than for 5 min at
100°C or 20 min at 60°C, use of 20% sucrose in sample buffer
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Fig. 1. Effects of agonists and antagonist on CB,; cannabinoid receptor
bands on Western blots. Rat brain membranes were incubated with the
indicated ligands or vehicle for 1 h at 30°C in 20 mM Tris - HCL, pH 7.4;
3 mM MgCl,, and 1 mM EDTA. After centrifugation for 20 min at
20,000g, the pellets were solubilized with 8 M urea/5% SDS/1% B-mer-
captoethanol/0.1 mM EDTA sample buffer, heated at 37°C for 10 min,
and applied to SDS-10% polyacrylamide gels (Blumer et al., 1988). West-
ern blots were stained with anti-CB,1-14. Molecular weight markers
indicated by dashes at the left of the blot are 10, 15, 30, 35, 50, 75, 105,
160, and 250 kDa. Lanes on blots show membranes treated with 1,
vehicle; 2, 1 uM DALN; 3, 1 uM WIN 55122-2; 4, 1 uM anandamide; and
5,1 uM SR141716A. The bands from four individual blots were scanned,
and the ratios of the densities of the low molecular weight to high
molecular weight bands were (mean + S.E.) 1, 1.8 = 0.1; 2, 2.3 = 0.8; 3,
2.4 +0.2; 4,2.0 + 0.6; and 5, 2.0 = 0.5. No significant differences were
found using ANOVA.

without glycerol, 6.5 M urea in SDS sample buffer, and use of
a higher concentration of SDS in the sample buffer or run-
ning buffer (data not shown). Conditions that made no dif-
ference in augmenting the monomer form were presence of
5% B-mercaptoethanol, sonication of the samples in sample
buffer rather than heating at 60°C, treatment for 30 min
with alkaline phosphatase in 50 mM Tris - HCL, pH 8.0, and
digestion of membranes for 18 h with N-glycosidase. Acid
phosphatase treatment appeared to augment the monomer
form relative to the high molecular weight aggregate; how-
ever, the procedure resulted in significant loss of protein from
both bands, making quantification uninterpretable.

For other G protein-coupled receptors, evidence exists that
agonist binding may influence the receptor monomer/multi-
mer equilibrium (Ciruela et al., 1995; Hebert et al., 1996;
Cvejic and Devi, 1997). For A, adenosine receptors, treat-
ment of membranes with nonhydrolyzable GTP analogs, N-
ethylmaleimide, or pertussis toxin failed to alter the fraction
of the receptor in the dimeric state; however, treatment of
membranes with agonists before solubilization in SDS re-
sulted in loss of the dimeric form (Ciruela et al., 1995). An
agonist influence on monomer/multimer ratio for the CB;
receptor was not observed in the present study (Fig. 1).
Membranes that had been treated in the presence of the
cannabinoid agonist DALN, the aminoalkylindole agonist
WIN-55212-2, or the eicosanoid agonist anandamide failed to
exhibit a different pattern of banding on Western analysis
compared with control membranes. Furthermore, preincuba-
tion in the presence of the CB; receptor antagonist
SR141716A failed to alter the banding pattern. Neither per-
tussis toxin treatment nor incubation of CHAPS extracts
with agonists, antagonist, or GTPyS altered the fraction of
receptors in the high-molecular-weight band (S. Mukho-
padhyay, unpublished observations). This observation is con-
sistent with findings of Ciruela et al. (1995), who noted that
the addition of agonists to the solubilized extract rather than
membranes failed to deplete the amount of dimer.

The composition of the high molecular weight form of the
CB; receptor is not known. Western blot analysis indicates
that antibodies against Ga,, Ga;1, Goyg, GB1/o/5/4 (two differ-
ent antibodies), Gv,, or Gy, failed to detect immunoreactivity
at this high molecular weight position (data not shown).
These findings suggest that the high molecular weight band
is not a receptor-G protein complex, nor is it a complex of
receptor with any one of the G protein subunits.

Coimmunoprecipitation of Ga Proteins with CB; Re-
ceptor. Matrix-bound anti-CB;1-14 was able to immunopre-
cipitate the CB; receptor in association with Gea, from
CHAPS-solubilized rat brain membranes. Figure 2 demon-
strates the feasibility of this coimmunoprecipitation method
for resolving G proteins that are associated with the CB;
receptor. Lane 1, containing CHAPS extract from rat brain
membranes, shows the CB; receptor as bands at 64 kDa and
approximately 200 kDa, and ao detected at 40 kDa. The
CHAPS extract was incubated with matrix-bound anti-CB,1-
14. After removing the unbound proteins followed by several
washing steps, no leaching of CB; receptor or ao was ob-
served, as shown for the second and third washes of the
affinity matrix in Fig. 2, lanes 2 and 3, respectively. Matrix-
bound protein that was eluted at low pH exhibited a nearly
quantitative recovery of CB; receptor (lane 5). Somewhat less
of the high molecular weight form was recovered from the
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affinity matrix. A significant fraction of the ao was found to
be associated with the CB; receptor and appeared in the
eluate as the CB; receptor was dislodged from the affinity
matrix. Coomassie staining of the gel showed that no extra-
neous bands were observed (data not shown). No detectable
bands were observed from an eluate of CHAPS extract under
mock immunoprecipitation conditions using matrix devoid of
anti-CB;1-14 (lane 4), indicating that nonspecific adherence
of CB; receptor protein or Ge, to the matrix material did not
occur during the procedure. Successful coimmunoprecipita-
tion of Ga, with the CB; receptor using a CB; receptor
antibody supports the idea that significant amounts of CB;
receptor remain precoupled with G proteins even in the ab-
sence of exogenous agonists. Because the CB; receptor is
detected as two bands, receptor content is quantified in sub-
sequent studies by summing both band densities detected by
ECL and densitometric scanning.

Immunoprecipitates of the CB; receptor from the CHAPS
extracts of rat brain exhibited a strong G, signal on Western
analysis (Fig. 3, lane 1). In some experiments, we could
resolve two isoforms of Ga, in the SDS-urea PAGE system
(see Fig. 7). CB; receptor also coimmunoprecipitated with
Ga;; and Gy, (Figs. 3, lane 2, and 6, A and B) and Ge;5 (Fig.
3, lane 3). The commercially available antibody to Ga;q/s
detected a doublet in the range of Ga proteins as well as a
nonspecific minor band at a lower apparent molecular
weight. Studies using Dr. Manning’s antibodies that were
specific for Goy; or Ga;, identified the higher and lower bands
of the doublet as Go;; and Ga,,, respectively, and the minor
band was not observed with these antibodies. In comparable
experimental conditions, the CB, receptor was not able to
coimmunoprecipate with Ga,, Ga, or Ga,(data not shown).
Thus, all three Ge; subtypes and both isoforms of Ga, remain
precoupled to the CB; receptor in detergent extracts. How-
ever, G,, which stimulates adenylyl cyclase, and G,, which
mediates regulation of phospholipase Cg, failed to associate
with the CB; receptor.

GTP Analogs and Agonists Can Disrupt CB,; Recep-
tor-G Protein Complex. To determine the effect of agonist
and antagonist binding on the coupling of the CB; receptor to
G proteins, CHAPS-solubilized rat brain membranes were
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Fig. 2. Coimmunoprecipitation of the CB, receptor-Ga, complex from
CHAPS extracts of rat brain membranes. Western analysis was carried
out using anti-CB,1-14 and anti-Ge, as described in the text. Lane 1,
CHAPS extract from rat brain membranes (100 pg protein) that was
applied to the CB; receptor affinity matrix; lanes 2 and 3, the second and
third washes of the affinity matrix, respectively; lane 4, eluate after a
mock immunoprecipitation with AffiPrep matrix that was not coupled to
anti-CB;1-14; and lane 5, protein eluted from the affinity matrix. Small
arrows on the left indicate molecular weight markers (kDa). This exper-
iment is representative of seven studies with similar results.
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treated with the CB; receptor agonist DALN in the presence
or absence of the nonhydrolyzable guanine nucleotide analog
GTPyS. After equilibration, immunoprecipitation and West-
ern analyses were performed. As shown in Fig. 4, agonist
alone failed to cause any significant alteration in the CB;
receptor-Ga, complex with respect to control (lane 2 com-
pared with lane 1). In the presence of GTPyS, DALN caused
a slight decrease in the Ga, band density (lane 3). GTPyS
alone caused a significant dissociation of the Ga, subunit
from the CB; receptor as evident from the pronounced de-
crease in Ge, signal in the Western blot (lane 4). The CB,
receptor antagonist SR141716A failed to cause any signifi-
cant alteration in the band density of Ge, associated with the
CB; receptor. No changes in the densities of the CB; receptor
bands were observed after any of these treatments. These
findings demonstrate that in CHAPS solution, the CB; re-
ceptor-Ga, complex exists in a form that can dissociate when
GTP or its analogs bind to the Ga, protein. The nonhydro-
lyzable GTP analog stabilizes free Ga, by slowing the reas-
sociation with the receptor and shifting the equilibrium to a
greater population of free Ge,,. An agonist might be expected
to facilitate this shift in equilibrium; however, this was not
observed. Perhaps under these experimental conditions, the
role of the agonist is to stimulate the receptor to function as
a “guanine nucleotide exchange factor” and thereby facilitate
the release of the GTP analog and allow reassembly of the
CB; receptor-Ga, complex.

We determined that incubation of rat brain membranes or
CHAPS-solubilized extracts with pertussis toxin (A subunit)
facilitated a shift in the population from CB; receptor-Ge,
complexes to dissociated receptors and Gea, subunits
(Howlett et al., 1999). Inasmuch as pertussis toxin ADP-
ribosylates a Cys residue on Ga, that is critical for the inter-
action with G protein-coupled receptors, this finding corrob-
orates the notion that the CB,; receptor-Ga, complex in
detergent solution can be disrupted on experimental manip-
ulation.

Peptide CB,401-417 Competes with CB, Receptor for
Interaction with G, and Geg;; but Not Ge;; or Ga;, in
CHAPS Extracts of Rat Brain Membranes. It was hy-
pothesized that the juxtamembrane C-terminal domain of
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Fig. 3. Ga subtypes coimmunoprecipitated with the CB; receptor from
CHAPS-solubilized rat brain membranes. Each lane was loaded with
immunoprecipitated protein from a CHAPS extract of rat brain mem-
branes (100 pg protein), and Western blot analysis was performed. Lanes
were stained with anti-CB,;1-14 plus the following antibodies: lane 1,
anti-Ga,; lane 2, anti-Ga;,0; and lane 3, anti-Ge;s. This experiment is

representative of 10 studies with similar results.
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the CB; receptor is of primary importance in the CB; recep-
tor-Ga interaction. If this were the case, then peptide
CB;401-417 should compete for binding to the receptor rec-
ognition site on G,,, proteins. To determine whether CB;401-
417 can disrupt the equilibrium between CB; receptor-Ge,
complex and free proteins, CHAPS extract from rat brain
membranes was incubated with CB;401-417, immunopre-
cipitated with the anti-CB;1-14 affinity matrix, and assessed
by Western blotting. Shown in Fig. 5, preincubation with
peptide CB;401-417 significantly reduced the Ge, band den-
sity (49 * 4.3%) without any change in the band densities for
the CB, receptor (101 = 7.5%). A concentration-response
relationship study indicated that under these conditions, no
disruption was observed below 0.2 mM peptide, and half-
maximal disruption was observed at 0.75 mM (data not
shown). Lower concentrations (0.5 mM) of CB;401-417 could
maximally compete for the CB; receptor-Ge, association if a
longer preincubation period (1 h) were allowed. At room
temperature, peptide CB;401-417 induced very little disrup-
tion of the CB; receptor-Ge, association, even at higher con-
centrations (1 mM) and prolonged (1-h) preincubation (data
not shown). This finding demonstrates that peptide CB;401-
417 competes for the CB; receptor-Ge, association.

Parallel experiments were performed to determine
whether peptide CB;401-417 could uncouple CB; receptor-
Go; interactions in CHAPS extracts from rat brain mem-
branes (Figs. 5B and 6). No significant reduction in the Gay;
band density compared with control was observed after incu-
bation with peptide CB;401-417. This would suggest that the
CB; receptor-Gay;,, association was refractory to competition
with peptide CB;401-417. Alternatively, the peptide may not
be accessible to the receptor recognition site and therefore
may not compete under the incubation conditions used. To
clarify whether both of the subtypes detected by this anti-
body were refractory to competition by peptide CB;401-417,
antibodies that were selective for each of the three Ge; sub-
types were used for detection in the competition protocol (Fig.
6). Ga;; and Ga;, were both refractory to competition by
peptide CB;401-417 (Fig. 6, A and B), whereas the CB;
receptor-Ge;; complex was disrupted by peptide CB;401-417
(Fig. 6C). The Ga;; band density relative to the CB, receptor
density was reduced by 90% after equilibration with peptide
CB,401-417.

The CB; cannabinoid receptor is differentially expressed in
regions of the brain as indicated by [PH]CP55940 binding in
brain slices (Herkenham et al., 1991). Researchers from
Childers’ laboratory have noted that the CB; receptor exhib-
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Fig. 4. Effect of guanine nucleotide triphosphate, agonists and antagonist
on CB, receptor-Ga, association. CHAPS extracts from rat brain mem-
branes (100 pg protein) were incubated for 20 min at 30°C in the presence
of the indicated agents. Treatments were followed by immunoprecipita-
tion and Western blot analysis. All lanes were immunostained with both
anti-CB;1-14 and anti-Ge,. Lanes on the blots show membranes treated
with 1, no additions; 2, DALN (1 uM); 3, DALN (1 uM) plus GTP+S (100
uM); 4, GTPyS (100 pM); and 5, SR141716A (1 pwM). The bands from
three individual experiments were scanned, and density values were
(mean = S.E.) 1, 100%; 2, 99 * 1.8%; 3, 60 * 4.3%; 4, 28 * 5.1%; and 5,
87 = 6.4%.

its variations in coupling efficiency to G proteins in different
regions of the rat brain (Breivogel et al., 1997). To determine
whether the CB; receptor association with G proteins is
regionally specific, we quantified the precoupled CB; recep-
tor-Ga, complex in three regions of rat brain (Fig. 7). The
relative band density ratios of Ga,, to CB, receptor were 0.88,
0.54, and 2.51 for cortex, striatum, and cerebellum, respec-
tively (A). The relative association of the CB; receptor with
Ga, was greater in the cerebellum than in the frontal cortex,
and relatively little CB, receptor-Goa, complex was found in
the striatum. The relative band density ratios of Gayy,5 to
CB; receptor were 0.86, 1.26, and 1.46 for cortex, striatum,
and cerebellum, respectively (Fig. 7B). The regional differ-
ences in coupling to Ga;,/, Were not as pronounced as for Ge,,
and coupling to Gayq,, Was relatively high in the striatum.
These findings suggest that in the absence of exogenous
agonists, regional differences exist in the preference of CB;
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Fig. 5. Effect of equilibrating peptide CB;401-417 with the CB; recep-
tor-Ga complex. CHAPS extract from rat brain membranes (100 pg
protein) was incubated in the absence or presence of peptide CB;401-417
(1 mM) at 30°C for 30 min (lanes 1 and 2, respectively). The CB, receptor
was immunoprecipitated, and Western blot analysis was performed as
described in the text. A, representative immunoblot was stained with
anti-CB,1-14 plus anti-Ga,. The ratio of the relative densities of the G,
to CB; receptor band (both bands were quantified and added to obtain
total CB, receptor density) is shown, where control is 100% (mean *= S.E.,
three separate experiments). B, representative immunoblot was stained
with anti-CB,1-14 plus anti-Ge;,,,. The ratio of the relative densities of
Gayy/s to CB; receptors (bands added) is shown, where control is 100%
(mean = S.E., three separate experiments).
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Fig. 6. Effect of peptide CB,401-417 on the association of the CB; recep-
tor with Ge; subtypes. CHAPS extract from rat brain membranes (100 pg
protein) was incubated in the absence (lanes 1) or presence (lanes 2) of
peptide CB,401-417 (1 mM) at 30°C for 30 min, the CB, receptor was
immunoprecipitated, and Western blot analysis was performed. Blots
were stained with anti-CB,1-14 plus anti-Ga;; (A), anti-Gey, (B), and
anti-Gayy (C). This experiment is representative of three studies with
similar results.
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receptor-G protein coupling in the brain. Of note, the CB;
receptor in the striatum associates to a greater extent with
Ga;1/2, and the CB; receptor in the cerebellum associates to a
greater extent with Ga,,.

We determined whether regional specificity exists in the
requirement for the juxtamembrane C-terminal domain in
the association of CB; receptors with G proteins. Peptide
CB,401-417 was able to compete equally well for the CB;
receptor-Ge, interaction in all three brain regions (Fig. 7A).
As was shown for the membranes from the whole brain,
peptide CB;401-417 failed to disrupt the CB; receptor-Ga;q/s
interaction in any of the three brain regions (Fig. 7B). These
region-specific data are internally consistent with data ob-
tained from the whole brain.

Specificity of CB; Receptor Juxtamembrane C-Ter-
minal Peptide for Ga Interactions. To determine the
specificity of peptide CB,401-417 to disrupt the CB, receptor-
Ga, interaction, a series of peptides derived from other do-
mains of the CB; receptor were tested (Fig. 8). CB;401-417
disrupted the interaction of the CB; receptor with Gea, as
previously demonstrated (lane 6 compared with lane 1). The
CB; receptor first extracellular loop (peptide EL1, Table 1) is
not believed to contribute to ligand binding or signal trans-
duction of the CB; receptor (Howlett et al., 1998). As ex-
pected, this peptide did not disrupt the CB; receptor-Ga,
interaction (lane 2 compared with lane 1).

Three third intracellular loop peptides were synthesized to
mimic the domains comprising the N-terminal side (CB;301-
317), the middle (CB;316-327), and the C-terminal side
(CB;329-344) of the third intracellular loop. The N-terminal
peptide fragment is of particular note because it exhibits
some activity to inhibit adenylyl cyclase in N18TG2 mem-
branes, although the response is not as robust as that of
peptide CB,401-417 (Howlett et al., 1998). This third intra-
cellular loop peptide has little ability to stimulate
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Fig. 7. Association of the CB; receptor and Ga, or Ge;;/,, subtypes from
different regions of rat brain and the susceptibility to disruption by
peptide CB,401-417. A and B contain immunoprecipitates from CHAPS
extracts of membranes (100 pg protein) from lanes 1 and 2, rat frontal
cortex (FC); lanes 3 and 4, rat striatum (ST); and lanes 5 and 6, rat
cerebellum (CB). Lanes 1, 3, and 5, CHAPS extract that had been incu-
bated at 30°C for 30 min with peptide CB,401-417 (1 mM) before immu-
noprecipitation. Lanes 2, 4, and 6, vehicle controls. A, immunoblot was
stained with anti-CB,1-14 plus anti-Ga,. B, blot in A was treated with
H,0, (15% for 30 min at room temperature) and washed twice with
TBS-Tween buffer and once with TBS buffer to inactivate the horseradish
peroxidase conjugate (TechTip #120; Amersham Life Science). The blot
was restained with anti-Gay, . This experiment is representative of three
studies with similar results.
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[3**SIGTP+S binding to G proteins in rat brain membranes
unless accompanied by the other two peptides composing the
remainder of the third intracellular loop (Howlett et al.,
1998). Under conditions of incubation that allowed peptide
CB,401-417 to effectively compete for the CB; receptor inter-
action with Ge,, the combination of the three third intracel-
lular loop peptides was totally ineffective (lane 4 compared
with lane 1). In parallel experiments using CHAPS-solubi-
lized membranes from N18TG2 cells, it was shown that the
combination of third intracellular loop peptides could not
disrupt the interaction between the CB,; receptor and Goyg
(data not shown). These data suggest that in contrast with
the juxtamembrane C-terminal region, the third intracellu-
lar loop domain may have little importance in the CB; recep-
tor-Ga, or Ga;5 interactions.

Mastoparan-7 is an active analog of mastoparan, a bee
venom peptide that has the ability to autonomously activate
G proteins (Higashijima et al., 1990). Mastoparan-7 had no
ability to disrupt the CB; receptor-Ge, complex under con-
ditions in which peptide CB,401-417 evoked a robust re-
sponse (lane 3). One property of mastoparan and mastopa-
ran-7 that correlates with the ability to activate G proteins is
the ability of these peptides to form an amphipathic a-helical
structure in a hydrophobic environment (Higashijima et al.,
1990). We determined that in contrast to mastoparan,
CB;401-417 could not form an «-helical structure in a hydro-
phobic environment (methanol, trifluoroethanol) but could in
the presence of a negatively charged environment (SDS,
phosphatidic acid) (Mukhopadhyay et al., 1999). Further-
more, the a-helical structure was not a requirement for pep-
tide CB;401-417 to stimulate G; functions in membrane prep-
arations (Mukhopadhyay et al., 1999). Thus, although both
peptides are cationic and can form a-helical structure in
certain environments, differences exist in the mechanism of
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Fig. 8. Specificity of peptide CB,;401-417 to dissociate the CB; receptor-
Ga, complex. CHAPS extracts from rat brain membranes (100 ug protein)
were incubated at 30°C for 30 min with the indicated peptides (1 mM):
lane 1, control without peptide (C); lane 2, peptide CB,174-188 (EL-1);
lane 3, mastoparan-7 (MP-7); lane 4, peptides CB;310-317 plus CB,316-
327 plus CB;329-344, each at 1 mM (IL3); lane 5, peptide CB,302-320;
and lane 6, peptide CB,401-417 (see Table 1). After equilibration, the
mixture was subjected to immunoprecipitation and Western blot analy-
sis. Proteins in the immunoprecipitates were detected by staining the
blots with anti-CB;1-14 plus anti-Ga,. Bottom, relative densities from
three or four individual experiments (mean += S.E.).
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signaling to G proteins between mastoparan analogs and the
juxtamembrane C-terminal domain of the CB; receptor.

The CB, receptor is able to couple to G; proteins to inhibit
adenylyl cyclase in recombinant host cells (Felder et al.,
1995). To test whether the C-terminal juxtamembrane region
of the CB,, receptor can serve the same coupling function as
does the homologous region of the CB; receptor, a peptide
fragment from this region was incubated with the CHAPS
extract of rat brain membranes. As shown in Fig. 8, lane 5,
peptide CB,302-320 from the CB, receptor did not compete
for the CB; receptor-Ga, complex. CB,302-320 possesses two
of the three cationic amino acids at the N-terminal side of
peptide CB;401-417 and has three residues that are identical
and two that are similar within the N-terminal six amino
acids. This homology is insufficient to mimic the ability of
peptide CB;401-417 to inhibit adenylyl cyclase (S. Mukho-
padhyay and A. C. Howlett, unpublished observations) or to
disrupt the CB; receptor-Gea, association.

Discussion

A high molecular weight form of the CB; receptor was
routinely observed in rat brain membrane preparations. The
high molecular weight CB; receptor band on SDS-PAGE is
devoid of G proteins or their subunits and thus cannot rep-
resent a receptor-G protein complex. The absence of G pro-
teins in the high molecular weight forms of other G protein-
coupled receptors has also been demonstrated (Ciruela et al.,
1995; Wreggett and Wells, 1995; Ng et al., 1996). For the CB,
receptor, the high molecular weight form continues to exist
after enzymatic deglycosylation (C. Song and A. C. Howlett,
unpublished observations). Similarly, glycosylation has not
been found to be involved in multimer formation for other G
protein-coupled receptors that have been subjected to enzy-
matic deglycosylation (Ciruela et al., 1995; Ng et al., 1996;
Cvejic and Devi, 1997) or G protein-coupled receptors ex-
pressed in Sf9 insect cells that fail to efficiently glycosylate
recombinant mammalian proteins (Ng et al., 1994; Schreurs
et al., 1995).

Evidence from protein cross-linking studies suggests that
G protein-coupled receptors may exist as multimers in their
native membrane environment (Herberg et al., 1984; Hebert
et al., 1996; Ng et al., 1996; Cvejic and Devi, 1997). Multi-
mers persist through detergent solubilization and immuno-
affinity purification of the CB; receptor as well as other G
protein-coupled receptors. The CB; receptor SDS-resistant
complex is also resistant to disruption of disulfide linkages.
For the rhodopsin-like subfamily, the transmembrane helices
are important for dimerization of B,-adrenergic and D, do-
pamine receptors, which could be selectively dissociated by
incubation with peptides corresponding to helices VI and VII
(Hebert et al., 1996; Ng et al., 1996). Some G protein-coupled
receptor dimers could be disrupted by extended (30 min)
exposure of solubilized, immunoprecipitated receptors to
high temperature (65°C or 90°C) or acid (pH 3; Ng et al.,
1996). However, consistent with our findings for the CB;
receptor, extreme conditions are necessary to promote pro-
tein-protein dissociation of the high molecular weight com-
plex.

The functional significance of CB; receptor multimers has
yet to be understood. Ligand binding selectivity may differ as
a function of the oligomeric state of the receptor, as shown for

the D, dopamine receptor, in which the dimeric form recog-
nizes multiple classes of ligand whereas the monomer is more
selective (Ng et al., 1996). Wreggett and Wells (1995) pro-
vided radioligand binding data supporting a model of a tet-
rameric receptor complex that exhibits cooperativity in li-
gand binding in the absence or presence of G proteins. In that
model, the G proteins act by modulating the degree of coop-
erativity. Dimerization may be an important step in hormone
receptor signaling, as has been suggested for the B,-adren-
ergic receptor (Hebert et al., 1996) and mGlu,/mGlu, recep-
tor heterodimers (Kuner et al., 1999). Alternatively, receptor
dimer to monomer conversion may play an early role in the
agonist-evoked internalization process as proposed for the
d-opioid receptor (Cvejic and Devi, 1997).

The present results demonstrate that the CB; receptor is
associated with Ga,, Gay;, Gayy, or Ga,; after disruption of
the membrane by CHAPS detergent, and this complex can be
coimmunoprecipitated under these mild detergent condi-
tions. Other laboratories have used antibodies against Ga
subunits to immunoprecipitate associated receptor proteins
(Okuma and Reisine, 1992; Damaj et al., 1996); however, the
effectiveness of antibodies directed against the Ga C termi-
nus to interact with receptors is compromised by the pres-
ence of agonists (Okuma and Reisine, 1992). Immunoprecipi-
tation with antibodies against the receptor have provided
evidence for G protein association with M, muscarinic (Ma-
tesic et al., 1991) and sst; and sst,, somatostatin (Gu and
Schonbrunn, 1997) receptors.

CB, receptor-Ge;,, complexes formed in the absence of
pretreatment with exogenous agonist ligands, in a manner
similar to what has been observed for k-opioid (Frances et al.,
1990) and D,-dopamine (Senogles et al., 1987) receptors.
However, this finding contrasts with reports of other G pro-
tein-coupled receptors that require the presence of agonists
to stabilize a complex with G proteins during detergent sol-
ubilization. For example, G proteins were complexed with
only the agonist-occupied muscarinic (Matesic et al., 1989;
1991), somatostatin (Murray-Whelan and Schlegel, 1992; Gu
and Schonbrunn, 1997), and interleukin-8 (Damaj et al.,
1996) receptors. The finding that a CB; receptor-G protein
complex exists spontaneously in detergent extracts supports
the idea that the CB; receptor is “precoupled” to G proteins in
the cell membrane. Consistent with this idea is the finding
that the CB; receptor is constitutively active in recombinant
overexpression systems (Bouaboula et al., 1997) and in brain
membranes and N18TG2 cells that endogenously express the
CB; receptor (J. P. Meschler and A. C. Howlett, unpublished
observations). We estimate that the immunoprecipitation
procedure yields about 85% recovery of the Ga, that was
present in the CHAPS extract from rat brain membranes,
suggesting that the CB; receptor entraps a majority of the
available Ga,.

Specific competition by peptide CB;401-417 for the CB;
receptor-Ga, or Gey; interactions suggests that this peptide
is able to occupy a locus on these G proteins that represents
a site of protein-protein association. The ability of peptide
CB; 401-417 to autonomously activate G proteins suggests
that this locus is the activation site (Howlett et al., 1998;
Mukhopadhyay et al., 1999). Studies using synthetic pep-
tides have implicated this domain of the receptor in G protein
coupling for rhodopsin/transducin (Konig et al., 1989), p-ad-
renergic receptor/Ga, (Munch et al., 1991), N-formyl peptide
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receptor/Ga,, (Schreiber et al., 1994), angiotensin II receptor/
Gayq, Goye, and Ge, (Shirai et al., 1995; Sano et al., 1997),
and 8-opioid receptor/Ge;,, (Merkouris et al., 1996). Peptides
from rhodopsin and the N-formyl peptide receptor competed
for protein-protein interactions between receptors and G pro-
teins, but no activation of signal transduction was demon-
strated (Konig et al., 1989; Schreiber et al., 1994). The jux-
tamembrane C-terminal peptide from B-adrenergic and
5-opioid receptors antagonized agonist-stimulated signal
transduction, suggesting a competition for binding to Ga but
failure to evoke activation (Munch et al., 1991; Merkouris et
al., 1996). The angiotensin II receptor juxtamembrane C-
terminal peptide, like peptide CB;401-417, was found to ac-
tivate G proteins in GTPyS binding assays (Shirai et al.,
1995).

It appears from the selectivity that peptide CB;401-417
shows for CB; receptor-Ge, and -Ge;; complexes that Goy,
and Go;, may not possess a high-affinity site for peptide
CB,401-417. This would mean that Ga;; and Ga;, are not
targets for activation by the juxtamembrane C-terminal do-
main of the CB; receptor. The observation that a peptide
fragment of the homologous region of the CB,, receptor fails to
compete for the CB; receptor-Ga, complex suggests that this
region of the CB, receptor fails to perform the analogous
function of activation of Ga,. These findings argue for selec-
tivity of domains on G protein-coupled receptors that can
bind to and activate specific G proteins. Of note, it is the
C-terminal domain of the prostaglandin EP, receptor family
of splice variants that defines the G protein coupling selec-
tivity (Namba et al., 1993).

The intrinsic efficacy of agonist-receptor stimulated G pro-
tein signaling can be assessed by measuring net agonist-
stimulated [**S]GTP+S binding. The ratio of apparent B,
of agonist-stimulated [**S]GTP+vS binding and B, of recep-
tor radioligand binding is an indicator of the receptor/trans-
ducer amplification factor (Breivogel et al., 1997). Recent
studies from researchers at Childers’ laboratory suggest that
the CB; receptor/G protein amplification factor varies widely
among different regions of the brain (Breivogel et al., 1997).
Our data suggest that precoupling of the CB; receptor with
different subtypes of G proteins in neurons from various
brain regions may influence receptor/transducer amplifica-
tion. One can envision that a brain region that exhibits
predominantly CB; receptor-Ge, or -Ga;5 complexes in their
precoupled state may respond preferentially to agonists that
induce a conformational change in the juxtamembrane C-
terminal domain of the receptor. In contrast, neurons in
brain regions that exhibit preferential CB, receptor-Ge;; or
-Ga;q coupling may respond more efficiently to agonists that
induce conformational changes in an alternative intracellu-
lar surface of the CB; receptor. Previous studies have sug-
gested that G proteins and the cationic allosteric site influ-
ence the affinity states of aminoalkylindole agonists
differently from cannabinoid agonists (Houston and Howlett,
1998). It may be that this difference is a result of alternative
conformations of the receptor induced by these two structur-
ally diverse classes of CB; receptor agonists.

In summary, we have shown that the CB; receptor can
exist as an SDS-resistant multimer. In CHAPS detergent,
the CB; receptor exists in a complex with G proteins of the
G;,, family that, unlike other G protein-coupled receptors,

i

does not require the presence of agonists. We have used a
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novel approach of using peptides representing specific do-
mains of the receptor to competitively disrupt interactions
with coimmunoprecipitated proteins. With this methodology,
we demonstrated that a peptide derived from the juxtamem-
brane C-terminal domain of the CB, receptor can uncouple
specific CB; receptor-Ga, and G, interactions, suggesting
that this domain represents the Ga activation site for these G
proteins. The finding that receptor interactions with G,
and Ga;, are not affected suggests the possibility for selec-
tivity in G protein-mediated signaling pathways. Further
studies are in progress to elucidate the mechanisms of inter-
action of the CB, receptor with other G, proteins.
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