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ABSTRACT
The cannabinoid receptors, CB1 and CB2, are members of the
G-protein coupled receptor family and share many of this fam-
ily’s structural features. A highly conserved aspartic acid resi-
due in the second transmembrane domain of G-protein cou-
pled receptors has been shown for many of these receptors to
be functionally important for agonist binding and/or G-protein
coupling. To determine whether this residue is involved in can-
nabinoid receptor function, we used site-directed mutagenesis
of receptor cDNA followed by expression of the mutant recep-
tor in HEK 293 cells. Aspartate 163 (in CB1) and aspartate 80 (in
CB2) were substituted with either asparagine or glutamate.
Stably transfected cell lines were tested for radioligand binding
and inhibition of cAMP accumulation. Binding of the cannabi-

noid receptor agonist [3H]CP-55,940 was not affected by either
mutation in either the CB1 or CB2 receptor, nor were the
affinities of anandamide or (2)-D9-tetrahydrocannabinol. Bind-
ing of the CB1-selective receptor antagonist SR141716A also
was unaltered. However, the affinity of WIN 55,212–2 was
attenuated significantly in the CB1, but not the CB2, mutant
receptors. Studies examining inhibition of cAMP accumulation
showed reduced effects of cannabinoid agonists in the mutated
receptors. Our data suggest that this aspartate residue is not
generally important for ligand recognition in the cannabinoid
receptors; however, it is required for communication with G
proteins and signal transduction.

The cannabinoid receptor is the initial site of action for the
most widely abused street drug, marijuana. Marijuana has
prominent effects on the central nervous system as well as
numerous peripheral effects, including immunomodulation.
The primary psychoactive constituent in marijuana, and pro-
totypical cannabinoid compound is D9-THC. D9-THC and
structurally related cannabinoids are extremely lipophilic
molecules, and for many years it was difficult to prove that
the unique profile of pharmacological effects produced by
these drugs was receptor-mediated, for instance, by demon-
stration of high-affinity specific binding with D9-THC (re-
viewed in Martin, 1986). However, studies in neuroblastoma
cells had shown an inhibition of adenylyl cyclase activity that
was specific for psychoactive cannabinoids, implicating a
GPCR-mediated process (Howlett and Fleming, 1984). The

development of [3H]CP-55,940, a highly potent synthetic an-
alog of D9-THC, allowed the identification of specific canna-
binoid binding sites in the brain (Devane et al., 1988;
Herkenham et al., 1990). Then, a rat brain cDNA clone iso-
lated by homology to GPCRs was identified as the cannabi-
noid receptor (CB1) by virtue of its ability to induce canna-
binoid-mediated inhibition of cAMP accumulation in
transfected cells and the similarities in its expression pattern
to that of [3H]CP-55,940 binding sites (Matsuda et al., 1990).
Shortly thereafter, the cloning of a human CB1 receptor
cDNA was reported (Gerard et al., 1991). This CB1 receptor
is one of the most abundantly expressed of the neuronal
receptors. A second cannabinoid receptor subtype (CB2) was
discovered by a PCR-based strategy designed to isolate
GPCRs in differentiated myeloid cells (Munro et al., 1993).
The CB2 receptor, which has been found in the spleen and
cells of the immune system, has 44% amino acid identity with
the brain clones. The affinities for several cannabinoids at
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the CB2 receptor are distinct from that of the brain receptor
(Showalter et al., 1996). The CB2 receptor also mediates
inhibition of cAMP accumulation (Felder et al., 1995; Slipetz
et al., 1995).

A family of endogenous ligands has been identified for
these receptors, of which arachidonic acid ethanolamide
(anandamide) was the first (Devane et al., 1992). The isola-
tion of endogenous ligands has provided additional evidence
supporting the role of cannabinoid receptors as important
neurochemical and immune system modulators. In addition,
the recent development of a selective antagonist to the CB1
receptor, SR141716A, provides a tool for determining the
receptor-mediated vs. the non-receptor-mediated effects of
the cannabinoids (Rinaldi-Carmona et al., 1994).

In vitro mutagenesis of cloned cDNAs provides a means of
examining the specific functions of the proteins they encode.
Selected mutations can be introduced into regions of the
receptor cDNAs believed to be critical to receptor recognition
or second messenger function. The aspartic acid residue in
the second transmembrane domain is highly conserved
among GPCRs. Mutational studies have shown that this
residue is important for ligand recognition, cation selectivity
and/or coupling to G proteins in various receptors in this
family (summarized in Ceresa and Limbird, 1994). To deter-
mine the role of this residue in the function of the human
cannabinoid receptors (CB1 and CB2), aspartate 163 (CB1)
and aspartate 80 (CB2) were replaced with glutamic acid or
asparagine. Our data suggest that this aspartate residue is
not generally important for ligand recognition in the canna-
binoid receptors, but rather is involved in G-protein coupling
and, thereby, signal transduction.

Methods
Materials. [3H]CP-55,940 and [3H]WIN-55,212–2 were purchased

from DuPont-NEN (Wilmington, DE). [3H]SR141716A was pur-
chased from Amersham (Arlington Heights, IL). D9-THC and anan-
damide were obtained from the National Institutes on Drug Abuse
(Rockville, MD). CP-55,940 initially was provided by Dr. Larry
Melvin (Pfizer Inc., Groton, CT). SR141716A was synthesized by Dr.
John Lowe (Pfizer Inc., Groton, CT). WIN-55,212–2 originally was
provided by Dr. Susan Ward (Sterling-Winthrop Research Institute,
Rensselaer, NY). 11-Hydroxy-D8-THC-dimethylheptyl was provided
generously by Dr. Raphael Mechoulam (Hebrew University, Jerusa-
lem, Israel). Human embryonic kidney HEK 293 cells were obtained
from American Type Culture Collection. The human CB1 cDNA was
provided by Dr. Marc Parmentier (Universite Libre de Bruxelles,
Belgium). The human CB2 cDNA was provided by Dr. Sean Munro
(MRC, Cambridge, England).

Mutagenesis. The Altered Sites (Promega Corp., Madison, WI) in
vitro mutagenesis system was used to mutate the CB1 receptor. The
human CB1 cDNA was subcloned into the pALTER phagemid, and
with the helper phage R408, single-stranded templates were pro-
duced. The desired mutation was produced by annealing a comple-
mentary mutagenic oligonucleotide as well as an oligonucleotide
which confers ampicillin resistance to the single-stranded template
followed by elongation with T4 DNA polymerase and ligation. The
heteroduplex DNA was used to transform the repair-minus Esche-
richia coli strain BMH 71–18 mut S and the cells grown in the
presence of ampicillin. A second round of transformation in JM109
ensured proper segregation of mutant and wild-type plasmids. The
mutations were confirmed by sequencing, and the mutated cDNA
subcloned into the mammalian expression vector pcDNA3 (Invitro-
gen, San Diego, CA) for expression. To mutate D163 to E163 of CB1,
the mutagenic oligonucleotide (59 CGG TGG CAG AAC TCC TGG

GGA) containing the desired mutation (GAC to GAA) was used. The
entire cDNA insert was then sequenced to confirm the absence of
additional mutations. To make the D163N mutation, the mutagenic
oligonucleotide (59 CGG TGG CAA ACC TCC TGG GGA) containing
the desired mutation (GAC to AAC) was used.

Mutations of the CB2 receptor were introduced with the
QuikChange site-directed mutagenesis kit (Stratagene, LaJolla, CA)
(Papworth et al., 1996). This method allows mutagenesis to be per-
formed in any vector, hence we used human CB2 which we had
subcloned into pcDNA3 (Showalter et al., 1996). Oligonucleotide
primers, each complementary to opposite strands of the sequence to
be altered were annealed and extended during 12 cycles of temper-
ature cycling by means of Pfu DNA polymerase (which replicates
both strands with high fidelity and without displacing the mutant
oligonucleotide primers). The product was treated with DpnI, which
digests methylated and hemimethylated DNA (the parental, nonmu-
tated DNA), then the remainder (containing nicked, double-stranded
mutant DNA) transformed into E. coli. The DNAs were sequenced to
confirm mutation in the desired regions only. To make the D80E
mutation, the primers GCT GGG GCT GAA TTC CTG GCC (for-
ward) and GGC CAG GAA TTC AGC CCC AGC (reverse) containing
the desired mutation (GAC to GAA) were used. To make the D80N
mutation, the primers GCT GGG GCT AAC TTC CTG GCC (forward)
and GGC CAG GAA GTT AGC CCC AGC (reverse) containing the
desired mutation (GAC to AAC) were used.

Cell culture and transfection. Human embryonic kidney 293
cells were maintained in DMEM with 10% fetal clone II (HyClone,
Logan UT) and 5% CO2 at 37°C in a Forma incubator. Cell lines were
created by transfection of wild-type or mutant CB1pcDNA3 or
CB2pcDNA3 into 293 cells by the Lipofectamine reagent (Life Tech-
nologies, Gaithersburg, MD). Stable transformants were selected in
growth medium containing geneticin (1 mg/ml, reagent, Life Tech-
nologies, Gaithersburg, MD). Colonies of about 500 cells were picked
(about 2 weeks post-transfection) and allowed to expand, then tested
for expression of receptor mRNA by Northern blot analysis. Cell lines
containing moderate to high levels of receptor mRNA were tested for
receptor-binding properties. Transfected cell lines (including CB2-
CHO, previously described in Showalter et al., 1996) were main-
tained in DMEM with 10% fetal clone II plus 0.3 to 0.5 mg/ml
geneticin and 5% CO2 at 37°C in a Forma incubator.

[3H]Cannabinoid binding in cells. The current assay is a mod-
ification of Compton et al. (1993). Cells were harvested in phosphate-
buffered saline containing 1 mM EDTA and centrifuged at 500 3 g.
The cell pellet was homogenized in 10 ml of solution A (50 mM
Tris-HCl, 320 mM sucrose, 2 mM EDTA, 5 mM MgCl2, pH 7.4). The
homogenate was centrifuged at 1,600 3 g (10 min), the supernatant
saved and the pellet washed three times in solution A with subse-
quent centrifugation. The combined supernatants were centrifuged
at 100,000 3 g (60 min). The (P2 membrane) pellet was resuspended
in 3 ml of buffer B (50 mM Tris-HCl, 1 mM EDTA, 3 mM MgCl2, pH
7.4) to yield a protein concentration of approximately 1 mg/ml. The
tissue preparation was divided into equal aliquots, frozen on dry ice
and stored at 270°C. Binding was initiated by the addition of 40 to
50 mg membrane protein to silanized tubes containing [3H]CP-55,940
(102.9 Ci/mmol), [3H]WIN-55,212–2 (45.5 Ci/mmol) or [3H]SR141716A
(55 Ci/mmol) and a sufficient volume of buffer C (50 mM Tris-HCl, 1
mM EDTA, 3 mM MgCl2 and 5 mg/ml fatty acid-free BSA, pH 7.4) to
bring the total volume to 0.5 ml. The addition of 1 mM unlabeled
CP-55,940 was used to assess nonspecific binding. After incubation
(30°C for 1 hr), binding was terminated by the addition of 2 ml of
ice-cold buffer D (50 mM Tris-HCl, pH 7.4, plus 1 mg/ml BSA) and rapid
vacuum filtration through Whatman GF/C filters [pretreated with poly-
ethyleneimine (0.1%) for at least 2 hr]. Tubes were rinsed with 2 ml of
ice-cold buffer D, which was also filtered, and the filters subsequently
rinsed twice with 4 ml of ice-cold buffer D. Before radioactivity was
quantitated by liquid scintillation spectrometry, filters were shaken for
1 hr in 5 ml of scintillation fluid.

CP-55,940 and all cannabinoid analogs were prepared by suspen-
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sion in assay buffer from a 1 mg/ml ethanolic stock without evapo-
ration of the ethanol (final concentration of no more than 0.4%).
When anandamide was used as a displacing ligand, experiments
were performed in the presence of phenylmethylsulfonyl fluoride
(50 mM). Saturation experiments were conducted with seven con-
centrations of [3H]CP-55,940 ranging from 250 pM to 5 nM. Compe-
tition assays were conducted with 1 nM [3H]CP-55,940 or 1 nM
[3H]SR141716A and six concentrations (0.1 nM to 10 mM displacing
ligands). For the allosteric regulation studies, the addition of 150
mM NaCl or 0.1 to 1 mM Gpp(NH)p (Calbiochem, La Jolla, CA) was
assessed with a 1 nM concentration of [3H]CP-55,940 or [3H]WIN-
55,212–2.

The Bmax and Kd values obtained from Scatchard analysis of
saturation binding curves (Rosenthal, 1967; Scatchard, 1951) were
determined by the KELL package of binding analysis programs for
the Macintosh computer (Biosoft, Milltown, NJ). Displacement IC50

values originally were determined by unweighted least-squares lin-
ear regression of log concentration-percent displacement data and
then converted to Ki values by the method of Cheng and Prusoff
(1973).

cAMP accumulation assay. Intracellular cAMP levels were
measured with a competitive protein binding assay (Diagnostic Prod-
ucts, Inc., Los Angeles, CA) (Abood and Tao, 1995). Cells were har-
vested at 70 to 90% confluence by mechanical disruption in phos-
phate-buffered saline containing 1 mM EDTA and counted with a
hemacytometer. After centrifugation at 500 3 g, the cell pellet was
resuspended at a concentration of 1 3 106 cells/ml in DMEM con-
taining 20 mM HEPES, pH 7.3, 0.1 mM RO-20–1724 and 1 mM
isobutylmethylxanthine and incubated for 30 min at 37°C. Aliquots
of cells (90 ml) were added to polypropylene microfuge tubes contain-
ing 0.5 mM forskolin 6 cannabinoids 1 5 mg/ml fatty acid-free BSA,
in a final volume of 100 ml and incubated for 5 min at 37°C. Because
the cannabinoids were dissolved in ethanol, all tubes contained an
equivalent amount of ethanol (0.5%). The reactions were terminated
by boiling for 4 min, followed by centrifugation and removal of 50 ml
of the supernatant which was assayed for cAMP levels. The results
are expressed as percent inhibition of forskolin-stimulated cAMP
accumulation. The levels of forskolin-stimulated cAMP accumulation
(expressed in pmol/106 cells/min) for the cell lines tested were: 7.22 6
1.66 (CB1); 9.39 6 1.44 (D163E); 5.50 6 1.05 (D163N); 8.55 6 2.78
(CB2); 6.38 6 0.83 (D80E); 9.72 6 2.50 (D80N). EC50 curves were
generated with the use of the GraphPad Prism program (GraphPad,
San Diego, CA).

Statistical analysis. Statistical analysis of binding and EC50

data were compared by ANOVA or the student’s t test, where suit-
able. Bonferroni post hoc analyses were conducted when appropriate.
Statistical significance was defined as P , .05.

Results
Expression of the wild-type human CB1 and CB2

receptors. Stable transformants of 293 cells were estab-
lished which expressed the human CB1 or CB2 receptors. No
specific [3H]CP 55,940 or [3H]SR141716A cannabinoid bind-
ing to 293 cells was found before transfection (data not
shown). With [3H]CP 55,940 as a radioligand in the cell line
expressing wild-type CB1, Kd and Bmax values of 1.21 6 0.27
nM and 0.95 6 0.16 pmol/mg protein, respectively, were
obtained (fig. 1, table 1). These values are similar to a CB1-
expressing CHO cell line described previously (Kd 5 0.65 6
0.09 nM; Bmax 5 0.83 6 0.16 pmol/mg protein, table 1)
(Showalter et al., 1996). In the 293 cell line stably expressing
the CB2 receptor, Kd and Bmax values of 0.88 6 0.09 nM and
1.55 6 0.39 pmol/mg protein, respectively, were obtained
(table 1). These values are similar to a CB2-expressing CHO
cell line described previously (Kd 5 0.61 6 0.14 nM; Bmax 5

3.1 6 0.9 pmol/mg protein, table 1) (Showalter et al., 1996).
The binding characteristics of the cannabinoid receptors are
the same whether they are expressed in 293 cells or in CHO
cells (tables 1–3 and Showalter et al., 1996).

To establish the pharmacological profile of the wild-type
CB1 and CB2 receptors expressed in 293 cells, several rep-
resentative cannabinoid ligands were tested for inhibition of
[3H]CP-55,940 binding. The Ki values, shown in table 2,
demonstrate that the binding profile with these compounds
in the wild-type CB1-transfected cells is similar to binding in
the brain (a rich source of CB1 receptors). The data in table
3 show that binding in the wild-type CB2-transfected cells
also parallels that obtained in mouse spleen (a predomi-
nantly CB2-expressing tissue; Schatz et al., 1997). The only
compound that exhibited significantly different Ki values in
the transfected cells vs. native tissues was WIN 55,212–2.
The reported Ki value for WIN 55,212–2 in brain (1.89 6 0.09
nM; Kuster et al., 1993 and table 1) was lower than that
obtained in the CB1-transfected cell line (17.4 6 6.2 nM,
table 1). Conversely, the Ki value for WIN 55,212–2 in spleen
(6.8 6 0.6 nM; Schatz et al., 1997 and table 3) was 23-fold
higher than that found in the CB2-transfected cells (0.28 6
0.16 nM, table 1, P , .05, ANOVA).

The CB1- and CB2-transfected 293 cells also demonstrated
functional coupling to G proteins, as measured by inhibition

Fig. 1. Representative Scatchard and saturation (inset) analysis of
[3H]CP-55,940 binding to membranes prepared from transfected 293 cells
expressing human CB1. In this experiment, Kd and Bmax values were 1.02
nM and 898 fmol/mg protein for CB1. These data are representative of
three experiments performed in triplicate.

TABLE 1
Scatchard analysis of [3H]CP-55,940 binding
The wild-type CB1 receptor was expressed in CHO (CB1-CHO) and 293 (CB1-293)
cells. Similarly, the wild-type CB2 receptor was expressed in CHO (CB2-CHO) and
293 (CB2-293) cells. The mutant CB1 (D163N, D163E) and CB2 (D80N, D80E)
receptors were expressed in 293 cells. The data shown are the means 6 S.E. of at
least three experiments performed in triplicate.

Cell Line Kd Bmax

nM pmol/mg protein

CB1-CHO 0.65 6 0.09 0.83 6 0.16
CB1-293 1.21 6 0.27 0.95 6 0.16
D163N 2.83 6 0.63 0.99 6 0.34
D163E 0.81 6 0.17 0.76 6 0.18
CB2-CHO 0.61 6 0.14 3.10 6 0.90
CB2-293 0.88 6 0.09 1.55 6 0.39
D80N 0.48 6 0.09 1.76 6 0.68
D80E 0.60 6 0.20 1.65 6 0.29
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of forskolin-stimulated cAMP accumulation (fig. 2). EC50 val-
ues were 1.64 6 1.5 nM for WIN-55,212–2 and 4.17 6 3.1 nM
for CP-55,940 in the CB1–293 cells, with maximal inhibition
of 63% (fig. 2A). EC50 values were 12.3 6 3.3 nM for WIN
55,212–2 and 52.1 6 6.2 nM for CP-55,940 for the CB2 cell
line, with a maximal inhibition of 80% (fig. 2B). The lower
EC50 value for WIN 55,212–2 than for CP-55,940 in the

CB2-transfected cells parallels the binding affinities for
these compounds in the transfected cells.

Comparison of the mutant and wild-type receptors.
Radioligand binding and cAMP accumulation experiments
were performed with transfected cells expressing mutated
CB1 or CB2 receptors. The mutation was a single base
change that altered an aspartate residue in the second trans-

TABLE 2
Comparison of receptor affinities: CB1
Values from competition assays with 1 nM [3H]CP-55,940 are presented as mean 6 S.E. of three experiments.

Ki

CB1a CB1-293 D163N D163E

nM

0.92 6 0.14b 1.21 6 0.28 2.83 6 0.63 0.81 6 0.17

1.89 6 0.09c 17.4 6 6.2 781 6 226*† 148 6 11.5*†

0.16 6 0.01d 0.68 6 0.12 0.435 6 0.03 0.31 6 0.11

89 6 10e 321 6 85 450 6 87† 146 6 49

40.7 6 1.7b 33.6 6 9.5 37.2 6 7.3 13.3 6 9.1

0.73 6 0.11b 0.44 6 0.16 2.1 6 0.37*

a CB1 binding data in the brain.
b From Compton et al. (1993).
c From Kuster et al. (1993).
d From Abood et al. (1997).
e From Adams et al. (1995).
* Different from CB1-293 (P , .05).
† Different from brain (P , .05).
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membrane domain of CB1 (D163) or CB2 (D80) to asparagine
(N) or glutamate (E). The D to N mutation removes a positive
charge and has been shown in several GPCRs to be important
for receptor G-protein signaling. The D to E mutant retains
the charge but introduces an additional methyl group that
may result in conformational changes.

The Kd and Bmax values obtained for the mutant receptors
with [3H]CP-55,940 as a radioligand were not significantly
different from wild-type receptors (table 1). Mutant receptor-
expressing cell lines used had Bmax values similar to wild-
type cell lines so that alterations observed could not be at-
tributed to different receptor expression levels.

Displacement curves conducted with several representa-
tive cannabinoids revealed that the mutated receptors exhib-
ited wild-type affinities for most of the ligands tested (tables
2 and 3). The affinities of D9-THC and 11-OH-D8-THC-DMH
were unaffected by the mutations in both the CB1 and CB2
mutant cell lines (tables 2 and 3) as were the affinities of
anandamide and the (CB1 receptor) antagonist SR141716A
in the CB1 receptor mutants (table 2). WIN 55,212–2 was the
exception in the CB1 mutant receptors. The asparagine mu-
tant (D163N) had a 45-fold lower affinity for WIN 55,212–2
than the wild-type receptor (P , .05, ANOVA), whereas the
glutamate mutant (D163E) exhibited 8.5-fold lower affinity
(P , .05, ANOVA, table 2). The affinity of WIN 55,212–2 in
the mutated CB2 receptors was not significantly different
from the wild-type CB2 cell line (table 3).

As in several other GPCRs, the aspartate to asparagine
mutation resulted in an attenuated signaling response. In
contrast to the dose-responsive inhibition of forskolin-stimu-
lated cAMP accumulation seen with the wild-type receptors,
no significant inhibition was observed in the D163N CB1 line
with either WIN 55,212–2 or CP-55,940 (fig. 3, A and B).
Similarly, no dose-responsive inhibition of forskolin-stimu-
lated cAMP accumulation was seen in the D80N cell line (fig.
3, C and D). The aspartate to glutamate mutants also showed
reduced efficacy in this measure of coupling. Neither WIN
55,212–2 nor CP-55,940 produced significant inhibition of
forskolin-stimulated cAMP accumulation in the D163E cell
line (fig. 3, A and B). Some inhibition was observed in the
CB2 D80E cell line; however, the maximal inhibition of for-
skolin-stimulated cAMP accumulation obtained with the
D80E mutant was 45% at 1 mM WIN 55,212–2 as compared
with 73% inhibition in wild-type cells (fig. 3C) and 35% at 1
mM CP-55,940 as compared with 80% in wild-type cells (fig.
3D).

Allosteric regulation studies. The functional uncou-
pling of the mutant receptors also was seen as a loss of the

ability of Gpp(NH)p to reduce agonist binding (table 4). In
the wild-type CB1- and CB2-receptor expressing cell lines,
inhibition of specific binding was observed in the presence of
Gpp(NH)p. Addition of 1 mM Gpp(NH)p produced greater
than a 38% decrease in percent specific binding of 1 nM
[3H]CP 55,940 (P , .05). Mutation of the D to N resulted in
disruption of the regulation by Gpp(NH)p (table 4). In the D
to E mutants of the CB1 and CB2 receptors, a reduced inhi-
bition by Gpp(NH)p also was observed (table 4).

Mutation of the conserved aspartate did not always result
in a loss of high-affinity agonist binding in the cannabinoid
receptors. In many other GPCRs, sodium and other monova-
lent cations reduce high-affinity agonist binding. Mutation of
the conserved aspartate (or glutamate) in these receptors
seems to mimic the effect of NaCl. The CB1 receptor in brain
previously has been shown to be relatively insensitive to
NaCl (Herkenham et al., 1991), as has the cloned CB2 recep-
tor (Showalter et al., 1996). For both the wild-type CB1- and
CB2-expressing 293 cells, specific [3H]CP-55,940 binding was
reduced slightly in the presence of 150 mM NaCl (29–36%,
table 5). The effects of NaCl on [3H]CP-55,940 binding were
statistically significant in all the receptors except the CB1
D163N mutant (table 5). We did not observe inhibition of
specific binding of [3H]WIN-55,212–2 in the CB1 cell lines by
150 mM NaCl. Furthermore, we were unable to achieve suf-
ficient specific binding with [3H]WIN 55,212–2 in the D163N
cell line to accurately assess the role of sodium in this mutant
receptor (note the low affinity for WIN 55,212–2 in table 2).

Discussion
The present studies demonstrate that the conserved aspar-

tate residue in the second transmembrane domain of the
cannabinoid receptors, CB1 and CB2, is required for efficient
signal transduction, but generally does not disrupt high-
affinity agonist binding. These findings distinguish the can-
nabinoid receptors from other GPCRs, especially those in
which inhibition of adenylyl cyclase is a predominant second
messenger response. In several other GPCRs, the aspartate
to asparagine mutation resulted in a loss of high-affinity
agonist binding (e.g., Ceresa and Limbird, 1994; Kong et al.,
1993A). We found that the binding of several cannabinoid
ligands was not affected in either the CB1 or CB2 receptor
mutations, with the exception of WIN-55,212–2 in the CB1
D163E and D163N mutants.

For several other GPCRs, the aspartate to asparagine mu-
tation also was associated with a loss of cation-sensitivity for
agonist (e.g., Ceresa and Limbird, 1994; Kong et al., 1993a).
Previous reports have indicated that sodium does not sub-
stantially reduce high-affinity agonist binding in the canna-
binoid receptors (Herkenham et al., 1991; Showalter et al.,
1996). In the present report, the addition of NaCl to the
binding buffer resulted in a slight, but significant, reduction
of agonist binding in all cell lines except the CB1 D163N
mutant. [3H]WIN-55,212–2 binding was not altered signifi-
cantly by the addition of sodium. Sodium ions have been
shown to stabilize “empty”, uncoupled, receptors (Costa et al.,
1989), which may explain why the effect of sodium was re-
tained in some of the mutant cannabinoid receptors. This
was a preliminary attempt to address the regulation by so-
dium in the mutant receptors and was conducted simply by
addition of 150 mM NaCl to the binding buffer. Further

TABLE 3
Comparison of receptor affinities: CB2
Values from competition assays with 0.5 nM [3H]CP-55,940 are presented (means 6
S.E. from three experiments).

Ki

CB2a CB2 D80N D80E

nM

CP-55,940 1.9 6 0.7 0.88 6 0.09 0.48 6 0.04 0.60 6 0.20
WIN-55,212-2 6.8 6 0.6 0.14 6 0.01† 0.48 6 0.09† 0.19 6 0.06†
D9-THC 11.8 6 0.7 44.9 6 12.6 16.8 6 1.3 25.6 6 11.2
(2)11-OH-D8-

THC-DMH
0.38 6 0.01 0.49 6 0.21 0.25 6 0.05

a CB2 binding in spleen from Schatz et al. (1997).
† Different from spleen (P , .05).
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studies (e.g., controlling for ionic strength, competition
curves assessing presence of multiple affinity states) are
warranted to determine the role of sodium in binding to the
D163N mutant and to determine the sensitivity of WIN-
55,212–2 to sodium.

The cannabinoid receptors showed greatly reduced G-pro-
tein coupling, both as measured by inhibition of adenylyl
cyclase activity, as well as in the ability of guanine nucleo-
tides to reduce agonist binding. In the alpha-2a adrenergic,
SSTR2 somatostatin and delta opioid receptors, the D to N
mutant retained its ability to inhibit forskolin-stimulated
cAMP accumulation (Ceresa and Limbird, 1994; Kong et al.,
1993a, b). On the other hand, mutation of the conserved
aspartate in the dopamine D2 receptor to alanine or gluta-
mate resulted in a loss of inhibition of adenylyl cyclase ac-
tivity (Neve et al., 1991). Also, the ability of Gpp(NH)p to
inhibit agonist binding was abolished in the alpha-2a adren-
ergic receptor D79N mutation as was functional coupling as
assessed by loss of receptor-activated potassium currents
(Ceresa and Limbird, 1994; Surprenant et al., 1992). Fur-
thermore, when the alpha-2a adrenergic receptor D79N mu-
tation was introduced into the genome of mice, alpha-2 ad-
renergic agonist mediated hypotension was abolished, which
indicates that receptor-activated processes were absent in
the gene-targeted mice (MacMillan et al., 1996).

The highly conserved aspartate residue in the second
transmembrane domain of many GPCR apparently is asso-
ciated closely with an asparagine residue in the seventh
transmembrane domain. Mutations of one of these residues
often disrupt functional coupling, whereas reciprocal muta-
tions restore function (Sealfon et al., 1995; Suryanarayana et
al., 1992; Zhou et al., 1994). The cannabinoid receptors also
contain an asparagine residue in the seventh transmem-
brane region. Molecular modeling studies have implicated a
hydrogen bonding network which could be involved in recep-
tor activation by agonists (Sealfon et al., 1995; Zhou et al.,
1994). Furthermore, when the analogous aspartate residue
in the serotonin 5-HT2A receptor was mutated to asparagine,
this resulted in a loss of G-protein coupling, but had no effect
on binding of a wide range of ligands (Sealfon et al., 1995;
Zhou et al., 1994). Modeling results presented by Sealfon et

al. (1995) demonstrated that the mutant receptor undergoes
a conformational change (in helixes 5 and 6) upon agonist
binding, but in the opposite direction seen with the wild-type
receptor. They suggest that this conformational change still
may produce a high-affinity state for ligand binding (and
thus result in receptor affinities essentially unchanged from
those of the wild-type receptor), but that the resulting helix
arrangements may not support coupling to the appropriate G
protein. A similar mechanism may arise in the cannabinoid
receptors in response to agonists such as CP-55,940.

However, a different situation must arise in the CB1 re-
ceptors on binding WIN 55,212–2. Although the mutations
did not eliminate high-affinity binding for most ligands
tested, they did exert differential effects on WIN-55,212–2
binding. The affinity of WIN 55,212–2 but not CP-55,940 was
reduced in the CB1 receptor mutants, whereas neither was
reduced in the CB2 receptor mutants. WIN 55,212–2 also
discriminated between receptor expression in the cell lines
and the native tissues. A previous mutation study on the CB1
receptor revealed that the binding site for WIN 55,212–2 was
distinct from that of other cannabinoid ligands (Song and
Bonner, 1996). Mutation of a lysine residue in the third
transmembrane domain of the CB1 receptor resulted in a loss
of binding for D9-THC, CP-55,940 and anandamide, but not
WIN 55,212–2 (Song and Bonner, 1996). Conversely, WIN
55,212–2 may bind in a less energetically favorable site in the
D163N and D163E mutant cell lines. It is also possible that
WIN 55,212–2 still may bind in the same site in the CB1
mutants as in the wild-type receptor, but it cannot produce
the conformational change which results in the high-affinity
state.

The mutated receptors were analyzed by creating stably
transfected cell lines. Our previous experience in radioligand
binding with the cannabinoid receptor has demonstrated the
need to express the receptor in excess of 0.5 pmol/mg protein
to obtain reasonable specific binding (Abood et al., 1997). One
concern may be that overexpression in different cell lines
may lead to altered ligand affinities. However, the data
showing that similar Kd values were obtained between 293
cell lines expressing CB1 or CB2 receptors as compared with
CB1- or CB2-CHO cell lines demonstrate that this is not a

Fig. 2. Agonist-induced inhibition of cAMP accumulation in wild-type CB1 (A) and CB2 (B) receptor-expressing cell lines. EC50 values were 1.64 6
1.5 nM for WIN-55,212–2 and 4.17 6 3.1 nM for CP-55,940 for CB1–293 cells (A). EC50 values were 12.3 6 3.3 nM for WIN-55,212–2 and 52.1 6 6.2
nM for CP-55,940 for the CB2 cell line (B). Data are expressed as percent forskolin stimulation versus log molar drug concentration. Points, mean 6
S.E. of three or more independent experiments performed in triplicate. Curves were generated as described under “Methods.”
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concern. In addition, the similar affinities found when com-
paring the stably transfected cell lines with native tissues
strengthens the use of transfected cells as model systems.
Another concern with transfected cell lines is that receptor

coupling with G proteins may be altered because of overex-
pression of receptors in excess of G proteins. Our data dem-
onstrating the ability of Gpp(NH)p to reduce agonist binding
in the wild-type receptors indicate that the cannabinoid re-

Fig. 3. Comparison between the wild-type and the mutant cannabinoid receptors for agonist-induced inhibition of cAMP accumulation. (A) Effect of
WIN 55,212–2 on wild-type CB1 (F) and mutant D163E (‚) and D163N (�) receptor-expressing cell lines. (B) Effect of CP-55,940 on wild-type CB1
(F) and mutant D163E (‚) and D163N (�) receptor-expressing cell lines. (C) Effect of WIN 55,212–2 on wild-type CB2 (F) and mutant D80E (‚) and
D80N (�) receptor-expressing cell lines. (D) Effect of CP-55,940 on wild-type CB2 (F) and mutant D80E (‚) and D80N (�) receptor-expressing cell
lines. Data are expressed as percent forskolin stimulation versus log molar drug concentration. Points, mean 6 S.E. of three or more independent
experiments performed in triplicate. Curves were generated as described under “Methods.”

TABLE 4
Regulation of agonist binding by Gpp(NH)p
Competition of a 1 nM concentration of [3H]CP-55,940 by 100 mM and 1 mM Gpp(NH)p. Data are expressed as percent specific binding. Data shown are the means 6 S.E.
of at least three experiments performed in triplicate.

[GppNHp] CB1 D163E D163N CB2 D80E D80N

0 100 100 100 100 100 100
100 mM 77 6 6 95 6 17 101 6 2 87 6 6 95 6 6 99 6 6
1 mM 62 6 8* 82 6 10 87 6 7 60 6 3* 90 6 1 91 6 7

* Statistically significant differences from control (P , .05).

TABLE 5
Regulation of agonist binding by NaCl
Presented is the percent specific binding of a 1 nM concentration of [3H]CP-55,940 or [3H]WIN-55,212-2 in the presence of 150 mM NaCl. Data shown are the means 6 S.E.
of three experiments performed in triplicate.

Radioligand CB1 D163E D163N CB2 D80E D80N

[3H]CP-55,940 64 6 8* 91 6 2.5* 90 6 10 71 6 7* 66 6 12* 88 6 0.1*
[3H]WIN 55,212-2 111 6 6 97 6 3.5

* Statistically significant differences (P , .05) from binding in the absence of sodium which was defined as 100%.
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ceptors expressed in 293 cells are regulated by G proteins.
Furthermore, the results of the cAMP accumulation studies
in the wild-type receptor cell lines indicating efficient adeny-
lyl cyclase inhibition both in terms of EC50 values and Emax

demonstrate appropriate signal transduction.
The overall aim of this mutagenesis research is to elucidate

important molecular components of the cannabinoid pharma-
cophore. This knowledge may lead to the design of more
specific cannabinoid ligands, which could offer increased
therapeutic activity and decreased side effects. Additionally,
as knowledge emerges regarding the role of the cannabinoid
receptor in normal physiological function, identification of
aberrations in receptor-effector coupling may be critical in
treating conditions arising from disorders of the cannabinoid
system. Mutation of the highly conserved aspartate residue
in the second transmembrane domain of the CB1 and CB2
receptors provided a separation of ligand binding from signal
transduction in both subtypes. Other amino acids presum-
ably are involved in discrimination of ligands between the
receptor subtypes and are the targets for future research.

Acknowledgments

The authors thank Melissa Noel for technical assistance in the
early stages of this work.

References
Abood ME, Ditto KA, Noel MA, Showalter VM and Tao Q (1997) Isolation and

expression of mouse CB1 cannabinoid receptor gene: comparison of binding prop-
erties with those of native CB1 receptors in mouse brain and N18TG2 neuroblas-
toma cells. Biochem Pharmacol 53:207–214.

Abood ME and Tao Q (1995) Characterization of a delta opioid receptor in rat
pheochromocytoma cells. J Pharmacol Exp Ther 274:1566–1573.

Adams IB, Ryan W, Singer M, Thomas BF, Compton DR, Razdan RK and Martin BR
(1995) Evaluation of cannabinoid receptor binding and in vivo activities for anan-
damide analogs. J Pharmacol Exp Ther 273:1172–1181.

Ceresa BP and Limbird LE (1994) Mutation of an aspartate residue highly conserved
among G-protein coupled receptors results in non-reciprocal disruption of a2-
adrenergic receptor-G-protein interactions. J Biol Chem 269:29557–29564.

Cheng YC and Prusoff WH (1973) Relationship between the inhibition constant (Ki)
and the concentration of inhibitor which causes 50 percent inhibition (IC50) on an
enzymatic reaction. Biochem Pharmacol 22:3099–3108.

Compton DR, Rice KC, De Costa BR, Razdan RK, Melvin LS, Johnson MR and
Martin BR (1993) Cannabinoid structure-activity relationships: correlation of re-
ceptor binding and in vivo activities. J Pharmacol Exp Ther 265: 218–226.

Costa T, Lang J, Gless C and Herz A (1989) Spontaneous association between opioid
receptors and GTP-binding regulatory proteins in native membranes: specific
regulation by antagonists and sodium ions. Mol Pharmacol 37:383–394.

Devane WA, Dysarz IFA, Johnson MR, Melvin LS and Howlett AC (1988) Determi-
nation and characterization of a cannabinoid receptor in rat brain. Mol Pharmacol
34:605–613.

Devane WA, Hanus L, Breuer A, Pertwee RG, Stevenson LA, Griffin G, Gibson D,
Mandelbaum A, Etinger A and Mechoulam R (1992) Isolation and structure of a
brain constituent that binds to the cannabinoid receptor. Science 258:1946–1949.

Felder CC, Joyce KE, Briley EM, Mansouri J, Mackie K, Blond O, Lai Y, Ma AL and
Mitchell RL (1995) Comparison of the pharmacology and signal transduction of the
human cannabinoid CB1 and CB2 receptors. Mol Pharmacol 48:443–450.

Gerard CM, Mollereau C, Vassart G and Parmentier M (1991) Molecular cloning of
a human cannabinoid receptor which is also expressed in testis. Biochem J 279:
129–134.

Herkenham M, Lynn AB, Johnson MR, Melvin LS, de Costa BR and Rice KC (1991)
Characterization and localization of cannabinoid receptors in rat brain: A quanti-
tative in vitro autoradiographic study. J Neurosci 11:563–583.

Herkenham M, Lynn AB, Little MD, Johnson MR, Melvin LS, DeCosta BR and Rice
KC (1990) Cannabinoid receptor localization in the brain. Proc Natl Acad Sci USA
87:1932–1936.

Howlett AC and Fleming RM (1984) Cannabinoid inhibition of adenylate cyclase.
Pharmacology of the response in neuroblastoma cell membranes. Mol Pharmacol
26:532–538.

Kong H, Raynor K, Yasuda K, Moe ST, Portoghese PS, Bell GI and Reisine T (1993a)
A single residue, aspartic acid 95, in the d-opioid receptor specifies selective high
affinity agonist binding. J Biol Chem 268:23055–23058.

Kong H, Raynor K, Yasuda K, Bell GI and Reisine T (1993b) Mutation of an
Aspartate at Residue 89 in Somatostatin receptor subtype 2 prevents Na1 regu-
lation of agonist binding but does not alter receptor-G protein association. Mol
Pharmacol. 44:380–384.

Kuster JE, Stevenson JI, Ward SJ, D’Ambra TE and Haycock DA (1993) Aminoal-
kylindole binding in rat cerebellum: selective displacement by natural and syn-
thetic cannabinoids. J Pharmacol Exp Ther 264:1352–1363.

MacMillan LB, Hein L, Smith MS, Piascik MT and Limbird LE (1996) Central
hypotensive effects of the a2a-adrenergic receptor subtype. Science 273:801–803.

Martin BR (1986) Cellular effects of cannabinoids. Pharmacol Rev 38:45–74.
Matsuda LA, Lolait SJ, Brownstein MJ, Young AC and Bonner TI (1990) Structure

of a cannabinoid receptor and functional expression of the cloned cDNA. Nature
346:561–564.

Munro S, Thomas KL and Abu-Shaar M (1993) Molecular characterization of a
peripheral receptor for cannabinoids. Nature 365:61–65.

Neve KA, Cox BA, Henningsen RA, Spanoyannis A and Neve RL (1991) Pivotal role
for aspartate-80 in the regulation of dopamine D2 receptor affinity for drugs and
inhibition of adenylyl cyclase. Mol Pharmacol 39:733–739.

Papworth C, Bauer J, Braman J and Wright D (1996) Site-directed mutagenesis in
one day with .80% efficiency. Strategies 9:3–4.

Rinaldi-Carmona M, Barth F, Heaulme M, Shire D, Calandra B, Congy C, Martinez
S, Maruani J, Neliat G, Caput D, Ferrar P, Soubrie P, Breliere JC and Fur GL
(1994) SR141716A, a potent and selective antagonist of the brain cannabinoid
receptor. FEBS Lett 350:240–244.

Rosenthal HE (1967) A graphic method for the determination and presentation of
binding parameters in a complex system. Anal Biochem 20:525–537.

Scatchard G (1951) The attractions of proteins for small molecules and ions. Ann N
Y Acad Sci 51:670–672.

Schatz AR, Lee M, Condie RB, Pulaski JT and Kaminski NE (1997) Cannabinoid
receptors CB1 and CB2: a characterization of expression and adenylate cyclase
modulation within the immune system. Toxicol Appl Pharmacol 142:278–287.

Sealfon SC, Chi L, Ebersole BJ, Rodic V, Zhang D, Ballesteros JA and Weinstein H
(1995) Related contribution of specific helix 2 and 7 residues to conformation
activation of the serotonin 5-HT2A receptor. J Biol Chem 270:16683–16688.

Showalter VM, Compton DR, Martin BR and Abood ME (1996) Evaluation of binding
in a transfected cell line expressing a peripheral cannabinoid receptor (CB2):
Identification of cannabinoid receptor subtype selective ligands. J Pharmacol Exp
Ther 278:989–999.

Slipetz DM, O’Neill GP, Favreau L, Dufresne C, Gallant M, Gareau Y, Guay D,
Labelle M and Metters KM (1995) Activation of the human peripheral cannabinoid
receptor results in inhibition of adenylyl cyclase. Mol Pharmacol 48:352–361.

Song Z-H and Bonner TI (1996) A lysine residue of the cannabinoid receptor is
critical for receptor recognition by several agonists but not WIN55212–2. Mol
Pharmacol 49:891–896.

Surprenant A, Horstman DA, Akbarali H and Limbird LE (1992) A point mutation
of the alpha 2-adrenoceptor that blocks coupling to potassium but not calcium
currents. Science 257:977–980.

Suryanarayana SD, VonZastrow M and Kobilka BK (1992) Identification of intramo-
lecular interactions in adrenergic receptors. J Biol Chem 267:21991–21994.

Zhou W, Flanagan C, Ballasteros JA, Konvica K, Davidson JS, Weinstein H, Millar
RP and Sealfon SC (1994) A reciprocal mutation supports helix 2 and helix 7
proximity in the gonadotropin-releasing hormone receptor. Mol Pharmacol 45:
165–170.

Send reprint requests to: Dr. Mary E. Abood, Department of Pharmacology
and Toxicology, Virginia Commonwealth University, P.O. Box 980524, Rich-
mond, VA 23298-0524.

658 Tao and Abood Vol. 285


