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ABSTRACT: The human neuronal cannabinoid receptor (CB1) is a G-protein-coupled receptor (GPCR)
triggered by the psychoactive ingredients in marijuana, as well as endogenous cannabinoids produced in
the brain. As with most GPCRs, the mechanism of CB1 activation is poorly understood. In this work, we
have assessed the role of cysteine residues in CB1 ligand binding and activation, and demonstrate a method
for mapping key determinants in CB1 structure and function. Through mutational analysis, we find that
only two cysteines, C257 and C264, are required for high-level expression and receptor function. In addition,
through cysteine reactivity studies, we find that a cysteine in transmembrane helix seven, C386 (C7.42),
is reactive toward methanethiosulfonate (MTS) sulfhydryl labeling agents, and is thus solvent accessible.
Interestingly, steric bulk introduced at this site, either through MTS labeling or by mutation, inhibits
binding of the antagonist drug SR141716A (also known as Rimonabant or Accomplia), but does not
affect the binding of the agonist CP55940. Our subsequent modeling studies suggest this effect is caused
by steric clash of the modified C386 residue with the piperidine ring of SR141716A and/or disruption of
an aromatic microdomain in the binding pocket. On the basis of these results, we hypothesize that bound
SR141716A inhibits the ability of transmembrane helix 6 to move during formation of the functionally
active receptor state.

The neuronal cannabinoid receptor (CB1) is a G-protein-
coupled receptor (GPCR)1 found at high concentrations
throughout the central nervous system (1). CB1 is probably
best known as the “marijuana receptor”, the membrane
protein that responds to the psychoactive compounds in
Cannabis satiVa. Activation of cannabinoid receptors has
been shown to be involved in numerous physiological
processes, including appetite stimulation (2). CB1 has also
recently been found to play an important role in retrograde
neurotransmission, acting to mediate neurotransmitter release
in presynaptic terminals by responding to endogenously
produced cannabinoid ligands (3-5). These ligands (deriva-
tives of arachadonic acid) are “made on demand” through

the actions of a phospholipase that cleaves them from the
phospholipids to which they are attached (6-8).

Structurally, CB1 exhibits several intriguing anomalies,
which together place it in a unique subset of type I GPCRs.
These differences include a relatively long N-terminus (∼110
amino acids), which may be involved in receptor stability
and/or function (9, 10), the absence of conserved proline
residues in transmembrane helices I and V (hereafter termed
TMH I and TMH V, respectively), and the presence of a
glycine residue in the CWXP motif of TMH VI (11). Most
strikingly, CB1 also lacks cysteine residues required to make
up a highly conserved disulfide bridge thought to connect
TMH III with extracellular loop 2 in most GPCRs. In
rhodopsin, this disulfide has been confirmed through chemi-
cal and crystallographic studies (12, 13) and has been shown
to play a key role in the formation of a properly folded, stable
receptor (14, 15). Recent studies suggest the inability to form
this disulfide bridge may be a key factor in some disease-
inducing rhodopsin mutations (16).

Although cannabinoid receptors lack the canonical disul-
fide bond described above, they do appear to contain other
conserved cysteine residues. We find through sequence
analysis that five cysteine residues are conserved in es-
sentially all cannabinoid receptors.2 These five residues are
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1 Abbreviations: 1D4 antibody, monoclonal antibody raised against
the 18 C-terminal amino acids of rhodopsin; BSA, bovine serum
albumin; CP 55,940, (-)-cis-3-[2-hydroxy-4-(1,1-dimethylheptyl)-
phenyl]-trans-4-(3-hydroxypropyl)cyclohexanol; EDTA, ethylenedi-
aminetetraacetic acid; G-protein, guanine nucleotide-binding regulatory
protein; GPCR, G-protein-coupled receptor; GTPγS, guanosine 5′-[γ-
thio]triphosphate; MMTS, methyl methanethiosulfonate; MTSEA,
2-aminoethyl methanethiosulfonate hydrobromide; PIC, protease inhibi-
tor cocktail; SDS-UPAGE, sodium dodecyl sulfate-urea-polyacryl-
amide gel electrophoresis; SEM, standard error of the mean; shCB1,
synthetic CB1 receptor with an epitope tag; SR141716A,N-(piperidin-
1-yl)-5-(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-
3-carboxamide HCl; TMH, transmembrane helix; Tris, 2-amino-2-
(hydroxymethyl)-1,3-propanediol.

2 These five cysteine residues are conserved throughout 14 of 16
fully sequenced cannabinoid receptors. The two outliers, zebra fish and
Ciona intestinalis CB1, both lack C386 (C7.42). Data analysis was
carried out using ClustalW on sequences found in the Swiss-prot and
TrEMBL databases.
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shown in Figure 1A, which compares CB1 and CB2
sequences from humans, mice, and rats.

Unfortunately, little is known about the role of cysteine
residues in cannabinoid receptors. Early studies found

sulfhydryl alkylating agents reduceBmax values for cannab-
inoid agonist binding in rat brain (17), and chimera studies
have shown two of the conserved CB1 cysteine residues,
C257 and C264, are important for ligand binding and for

FIGURE 1: (A) Five cysteine residues are conserved in cannabinoid receptors. Comparison alignment of six different cannabinoid receptors.
Analysis and alignment were carried out using GeneDoc and ClustalW, based on sequences obtained from the Swiss-protein database. The
cysteine residues in cannabinoid receptors are highlighted in yellow. Residues highlighted in light blue are highly conserved similar residues,
and residues highlighted in light gray are moderately conserved and less conserved similar residues. (B) Two-dimensional model of the
synthetic human CB1 cannabinoid receptor (shCB1-C13). The general organization of the transmembrane helices is adapted from that of
Reggio and co-workers (11). The cysteine residues are labeled with the residue number. The five cysteine residues conserved in cannabinoid
receptors are depicted as black circles. Residues highly conserved in GPCRs, N134 (1.50), D163 (2.50), R214 (3.50), W241 (4.50), L286
(5.50), P358 (6.50), and P394 (7.50), are depicted with boxes and bold letters. (C) Structures of CP55940 (top) and SR141716A (bottom).
Note the piperidine ring of SR141716A is highlighted in blue.
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enabling the receptor to be present on the cell surface (18).
Together, these results have led to the suggestion that C257
and C264 participate in a disulfide bond.

In our work, we set out to systematically characterize the
role of endogenous cysteine residues in the CB1 receptor,
using a combination of mutational analysis and site-directed
labeling studies. We first generated several cysteine to alanine
mutants in CB1 to test the potential role of the five conserved
cysteine residues (mentioned above) on receptor function.
Our results show that only two cysteine residues, C257 and
C264, are required for high-level expression and receptor
function. We then investigated the sensitivity of the con-
served CB1 cysteines to methanethiosulfonate (MTS) sulf-
hydryl labeling agents and found that one residue, C386
(C7.42), is sensitive to these agents. Our results show that
labeling this residue with MTS agents blocks binding of the
antagonist drug SR141716A (also known as Rimonabant or
Accomplia), as does introducing steric bulk at this site
through mutagenesis. Together, our results help further refine
models of SR141716A docking in the CB1 receptor (11, 19),
enhance development of new derivatives of SR141716A, and
set the stage for future site-directed cysteine accessibility
studies (for mapping the structure and ligand binding sites
of CB1).

EXPERIMENTAL PROCEDURES

Materials. Oligonucleotides were acquired from either
Gibco (Carlsbad, CA) or Operon Technologies (Alameda,
CA). Deoxynucleotides, restriction enzymes, T4 ligase, and
DNA polymerase Vent were purchased from Gibco or NEB
(Boston, MA). All buffers were obtained from either Sigma
(St. Louis, MO) or Fisher (Springfield, NJ). Materials for
gel electrophoresis were bought from either Fisher or Hoefer
(San Francisco, CA) with the exception of the 30% acryl-
amide/bis solution (37.5:1), which was bought from Bio-
Rad (Hercules, CA).

Tritiated and untritiated cannabinoid ligands were obtained
as a generous gift from the National Institute of Drug Abuse
(Research Triangle Park, NC). The protease inhibitor cocktail
(PIC) was bought from Roche Diagnostics (Basel, Switzer-
land). The 1D4 antibody was obtained from the National
Cell Culture Center (Minneapolis, MN). MTS compounds
were purchased from Toronto Research Chemicals (North
York, ON). Goat anti-mouse and anti-rabbit peroxidase-
conjugated IgG (H+L) and Super Signal West Pico Luminol/
Enhancer Solution were bought from Pierce (Rockford, IL).
The N-terminal cannabinoid receptor antibody was bought
from Cayman Chemical Co. (Ann Arbor, MI), and the anti-
G-protein antibody was bought from Santa Cruz Biotech-
nology (Santa Cruz, CA).

Buffers. The definitions of the buffers that were used
follow: PBSSC (0.137 M NaCl, 2.7 mM KCl, 1.5 mM
KH2PO4, and 8 mM Na2HPO4), “hypotonic buffer” [5 mM
Tris-HCl, 2 mM EDTA, and PIC (pH 7.5)], TME [20 mM
Tris-HCl (pH 7.4), 5 mM MgCl2, and 1 mM EDTA],
“binding buffer” (TME with 5 mg/mL BSA), and “wash
buffer” (TME with 1 mg/mL BSA).

Numbering System for Identification of Amino Acid
Residues in the CB1 Receptor.The numbering system for
identifying amino acid residues in this paper primarily
identifies the residue by its number in the CB1 sequence.
However, to facilitate reading, the numbering system used
by Ballesteros and Weinstein (20) has also been employed.
In this numbering system, the first number indicates the
transmembrane helix and the second number, following a
period, indicates the most conserved residue in each helix
as 50. From the conserved residue, numbers either de-
scend or ascend to the N-terminus or to the C-terminus,
respectively. Thus, in this nomenclature, the conserved
residues denoted as 50 are N134(1.50), D163(2.50),
R214(3.50), W241(4.50), L286(5.50), P358(6.50), and
P394(7.50). The locations of these residues are highlighted
in Figure 1B.

Nomenclature and Rationale for Construction of shCB1
Cysteine Mutants.The putative locations of the 13 cysteine
residues in CB1 are shown in Figure 1B. In this paper, the
“wild-type” shCB1 construct, which contains all of the 13
native cysteine residues, is called shCB1-C13. To investigate
the role of these cysteine residues and to facilitate further
site-directed labeling experiments, we constructed a CB1
mutant in which eight of these 13 residues were mutated to
alanines, called shCB1-C5. In shCB1-C5, cysteine residues
257 and 264 were retained because of their potential role in
forming a disulfide (18). Residues 355, 382, and 386 were
retained because these residues are conserved between CB1
and CB2 (see Figure 1A), and also because model structures
suggest that these three residues point inward toward each
other in the helical bundle, indicating they might play some
functional role in ligand binding. The shCB1-C2 construct
was made to contain only the two cysteines involved in the
putative disulfide. Finally, a complete Cys-less CB1 mutant,
shCB1-C0, was constructed to test if any cysteine residues
were required for functional CB1. Further MTS reactivity
studies led to the construction of several other shCB1 mutants
for identification of reactive cysteine residues. These mutants
(described above) are denoted in Table 1.

Construction of Cysteine Receptor Mutants.The construc-
tion of the wild-type CB1 receptor gene, called shCB1 (or
in this paper shCB1-C13), has previously been described
(21). In the work presented here, all of the cysteine to alanine

Table 1: Nomenclature Used for shCB1 Cysteine Mutants

mutant Cys residues retained in mutant Ballesteros/Weinstein nomenclature

shCB1-C13 (wild type) all 13 cysteines
shCB1-C5 C257, C264, C355, C382, and C386 4.66, 4.73, 6.47, 7.38, and 7.42
shCB1-C2 C257 and C264 4.66 and 4.73
shCB1-C0 all 13 cysteines changed to alanine
single Cysf Ala mutants in shCB1-C5

shCB1-C4-355A C257, C264, C382, and C386 4.66, 4.73, 7.38, and 7.42
shCB1-C4-382A C257, C264, C355, and C386 4.66, 4.73, 6.47, and 7.42
shCB1-C4-386A C257, C264, C355, and C382 4.66, 4.73, 6.47, and 7.38

double Cysf Ala mutant in shCB1-C5
shCB1-C3-386C C257, C264, and C386 4.66, 4.73, and 7.42
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substitutions were carried out by changing the cysteine codon
(TGC) to the alanine codon (GCC) in this gene (21). Briefly,
this involved first constructing mutant shCB1-C7 (C98,
C107, C257, C264, C355, C382, and C386) by following a
multistep PCR method (21), in which 12 40mer oligonucleo-
tides containing the Cysf Ala mutations were added to
the remaining 62 oligonucleotides required to construct the
shCB1 gene. The oligonucleotide mixture was subjected to
two rounds of PCR. The first round linked the oligos together
to create a template, and the second amplified the diluted
template with a pair of flanking primers. The resulting PCR
fragment was extracted from a 1% agarose gel using a gel
purification kit (Qiagen). Introduction of subsequent Cysf
Ala mutations was carried out using a QuikChange PCR
protocol (Stratagene, La Jolla, CA) and the shCB1-C7
construct as the template. The resulting purified gene
products were cloned into the PMT4 vector using theEcoRI
andNotI restriction sites that flank the gene.

The shCB1-C5 mutant was created gradually by incorpo-
rating the N-terminal coding region of the QuikChange
product (C98A and C107A) into the shCB1-C7 construct
using EcoRI and ScaI restriction sites. The creation of
shCB1-C2 was accomplished by inserting a fragment con-
taining C355A, C382A, and C386A mutations into shCB1-
C5 usingSpeI and NotI sites. shCB1-C0 was created by
replacing C257 and C264 with alanines in the shCB1-C2
construct utilizing their sharedKpnI andClaI restriction sites.
The shCB1-C4-386A and shCB1-C3-386C constructs were
made by incorporating the appropriate fragments into shCB1-
C5 using theirBamHI andApaI sites. The shCB1-C4-355A
and shCB1-C4-382A mutants were constructed using shCB1-
C5 as a template in a QuikChange PCR protocol. The shCB1-
C12-386M mutant was also constructed using the QuikChange
protocol with shCB1-C13 as the template. All restriction
digests were resolved with a 1% agarose gel and purified
using a gel purification kit (Qiagen). Digested fragments were
ligated with T4 DNA ligase (Invitrogen) and transformed
into DH5R competent cells. The sequence of the purified
DNA plasmids was confirmed before use.

Construction of shCB1-GRi Cysteine Mutants.To facili-
tate functional assays, the shCB1 cysteine mutants were
studied using a G-protein chimera system developed for
GTPγS binding assays (21). This system employs a fusion
gene construct in which the N-terminus GRi sequence is
tethered to the C-terminus of the CB1 gene. Mutant shCB1
constructs were PCR amplified as described previously (21).
In brief, each cysteine mutant was amplified using two sets
of fusion primers. To facilitate this work, theXhoI restriction
site was introduced as a linker and adaptor between shCB1
and GRi. The purified mutant PCR products that were
obtained were digested with restriction enzymes and sub-
cloned into the shCB1-GRi plasmid vector construct using
the EcoRI andXhoI restriction enzymes for both the PCR
products and vector. Products were then ligated and se-
quenced as described above.

Transfection, Expression, and Preparation of shCB1 Cell
Membranes.All the shCB1 mutants were expressed in
COS-1 cells using a DEAE-dextran-based transient trans-
fection method as previously described (21-23). Fifty-six
hours after transfection, the shCB1-transfected cell mono-
layers were washed twice with 10 mL of PBSSC, then
harvested, and centrifuged; either the monolayers were used

immediately, or the cell pellets were snap-frozen in liquid
nitrogen and stored at-80 °C until they were used.

Membranes expressing the shCB1 cysteine mutants were
prepared for binding studies as previously described (21).
Briefly, cell pellets were homogenized using 30 strokes in a
glass mortar and pestle in a final volume of 1 mL of
hypotonic buffer per plate, and then subjected to centrifuga-
tion for 45 min at 40000g. After centrifugation, the pellets
were washed with 5 mL of TME and resuspended via
homogenization in TME with PIC, and the protein concen-
tration was determined using the modified DC protein assay
kit (Bio-Rad). Membrane preparations were frozen in liquid
nitrogen as aliquots and stored at-80 °C until they were
used.

QuantitatiVe Immunoblot Analysis (QIB).To compare
expression levels of different mutants, the total amount of
expressed shCB1 polypeptide was determined using quan-
titative Western blot analysis, as previously described (21).
Known concentrations of rhodopsin standards were run on
a SDS-UPAGE gel along with unknown concentration of
shCB1 mutants, and then the gel was transferred to Immo-
bilon-P membranes and immunoblotted with the 1D4 anti-
body, which recognizes the TETSQVAPA C-terminal amino
acid sequence. The blots were then incubated with peroxi-
dase-conjugated goat anti-mouse IgG (H+L) (Pierce), and
visualized using enhanced chemiluminescence. The relative
intensities of the standards and unknowns were determined
via pixel density using a Bio-Rad Phosphoimager Screen CH,
GS-525 molecular imaging system, and supplied software
(Bio-Rad). Quantitations of the expressed protein were
calculated assuming a molecular mass for rhodopsin of
42 000 Da and for shCB1 of 52 800 Da. Data were fit with
linear regression algorithms supplied in Sigma Plot software
(SPSS Science, Chicago, IL). Alternatively, Western blots
for the N-terminus and GRi C-terminus were visualized with
KODAK X-OMAT AR film.

Radioligand Binding Studies.The ligand binding charac-
teristics of the shCB1 and shCB1-GRi membrane prepara-
tions were measured using a previously described competitive
inhibition binding assay (21). In brief, membranes (50µg
of total membrane protein/data point) were incubated at 30
°C for 1 h (final assay volume of 500µL) in a reaction mix
comprised of binding buffer and∼0.5 nM tritiated reporter
ligand in the presence of increasing amounts of agonist or
antagonist. Binding was terminated by adding 4.5 mL of
wash buffer, then rapidly filtering over Whatman GF/B filters
[pretreated with polyethyleneimine 0.2% (w/v)] using a
Brandel 24-well filtration apparatus, and then washing the
filters two more times with 5 mL of wash buffer. All rapid
filtration was performed at 4°C with buffers maintained on
ice; pipet tips and all glass test tubes were silanized.
Radioactivity was detected and quantified by the liquid
scintillation counting method. Data were fit using the
Swillens approximation, which takes into account ligand
depletion and employs a nonlinear regression algorithm for
the following equation:

wherebtot
/ is the concentration of bound radioligand (counts

per minute),r tot is the Bmax (counts per minute),L* is the

btot
/ )

rtotL*

Kd + L* + L
+ Lcpm

/ R
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concentration of free ligand (nanomolar),L is the concentra-
tion of free unlabeled ligand (nanomolar),Lcpm

/ is the
concentration of free ligand (counts per minute), andR is
the ratio of nonspecific bound to free ligand (24). Data were
also fit to the one-site competition equation utilized by the
pharmacology features in Sigma Plot where theKd andBmax

values were estimated using the following equations:

whereLo
/ is the concentration of radioligand andB0 is the

concentration of specific bound radioligand (25).
Agonist Stimulation of [35S]GTPγS Binding by the shCB1-

GRi Fusion Protein.The ability of cannabinoid agonist
CP55940 to stimulate GTPγS incorporation in the shCB1-
GRi fusion protein was assessed using a filter binding assay
previously described with some modifications (21). Briefly,
membranes (50µg) were incubated at 30°C for 45 min (final
assay volume of 500µL) in a reaction mix of binding buffer,
with 100 mM NaCl, 100µM GDP, 300 pM [γ-35S]GTP,
and an increasing amount of agonist, CP55940. Binding was
terminated by the addition of 4.5 mL of ice-cold wash buffer,
followed by rapid filtering through prewetted (rinsed with 5
mL of wash buffer) Whatman GF/B filters. Membranes were
washed once more with 5 mL of ice-cold wash buffer. The
EC50 was determined by using the sigmoidal dose-response
equation found in the Sigma Plot pharmacology package.

Treatment of shCB1 Cysteine Mutants with Methanethio-
sulfonate (MTS) Reagents.Treatment of the shCB1 cysteine
mutants with sulfhydryl specific methanethiosulfonate (MTS)
derivatives was performed in parallel with untreated samples.
Control groups were treated with an equal volume of the
TME buffer. Prior to the assays, appropriate amounts of MTS
reagents (in powdered form) were weighed out and stored
desiccated at-20 °C, and then brought up in TME buffer
immediately before use, as described previously (26). Before
the radioligand binding studies, 900µg of total membrane
was treated with 50 mM MMTS or 20 mM MTSEA in TME
and PIC (600µL). This reaction mixture was allowed to mix
at room temperature for 10 min on a nutator, and then a 500
µL aliquot of this sample was immediately diluted into
binding buffer to a final volume of 4.5 mL. From this stock,
150 µL was added to 350µL of the binding mix (25µg of
total membrane protein), and filtration binding studies were
carried out as described above. The data represent either the
mean of two binding experiments fit to the one-site competi-
tion equation found in Sigma Plot or the specific percent
bound utilizing the average minimum and maximum values
in contrast to untreated membranes minimum and maximum
values.

Molecular Modeling. Coordinates for an empty CB1
receptor model were generously provided by O. M. Salo (27).
In the work presented here, we altered this CB1 model as
follows. The aromatic rings of W6.48 and F3.36 were stacked
gauche+ and trans, as suggested for the inactive state (27,
28). The antagonist SR141716A was constructed using ISIS
ChemDraw and then minimized using a Dreiding force field
(for 25 000 iterations at a convergence criterion of 0.0001),
followed by applying the “clean” feature using DS Viewer
Pro and the Conformer 5.05 module (Accelrys Inc.). This

minimized SR141716A was then docked into the aromatic
microdomain of the CB1 model and the carboxamide oxygen
of SR141716A aligned with K192, as this lysine is important
for SR141716A binding (11). Initial docking of SR141716A
was carried out manually using the following distance
parameters that describe centroid to centroid distances from
the monochloro (MC) or dichloro (DC) rings in SR141716A
to the residues in CB1 under discussion. Monochloro ring
MC: F3.36,d ) 8.2 Å; Y5.39,d ) 6.06 Å; W5.43,d )
5.37 Å; and W6.48,d ) 12.65 Å. Dichlorophenyl ring DC:
F3.36,d ) 4.42 Å; Y5.39,d ) 8.46 Å; W5.43,d ) 4.07 Å;
W6.48,d ) 8.52 Å; and carboxamide oxygen of SR141716A
with K3.28 (N-O distance), 2.71 Å.

After this initial dock, amino acids within 15 Å of the
docked ligand were selected, and the protein backbone was
frozen. The model was then subjected to a Dreiding force
field (for 5000 iterations at a convergence criterion of 1)
followed by application of the “clean” feature (as described
above). This produced the final distance parameters.
Monochloro ring MC: F3.36,d ) 9.41 Å; Y5.39,d ) 6.28
Å; W5.43, d ) 6.36 Å; and W6.48,d ) 13.38 Å.
Dichlorophenyl ring DC: F3.36,d ) 5.22 Å; Y5.39,d )
7.55 Å; W5.43,d ) 3.62 Å; W6.48,d ) 9.17 Å; and
carboxamide oxygen of SR141716A with K3.28 (N-O
distance), 3.19 Å.

RESULTS

Construction of shCB1 Cysteine Mutants.The studies
described here all employed a synthetic gene of CB1, called
shCB1 (21). In this paper, we refer to cysteine mutants in
this gene as shCB1-C#, where C# refers to the number of
remaining cysteines present in the construct. For example,
the wild-type native human CB1 receptor contains 13
cysteine residues; thus, it is called shCB1-C13. In the
construction of CB1 mutants, the cysteine residues to be
investigated were replaced with alanines (Table 1). The first
construct, shCB1-C5, was created to retain the five cysteine
residues (Figure 1 A) conserved in cannabinoid receptors
(C257, C264, C355, C382, and C386). Mutant shCB1-C2
was created to contain only the two cysteines thought to be
involved in a disulfide bond, C257 and C264 (18). Finally,
a mutant was created in which all 13 residues were replaced
with alanines, called shCB1-C0.

Expression and Characterization of shCB1 Cysteine
Mutants.The shCB1 mutants were transiently expressed in
COS-1 cells and produced between 20 and 90 pmol/mg of
total membrane protein (or 5-20µg/15 cm plate), as verified
by quantitative Western blot analysis (Table 2). These
receptors were full-length, as indicated by Western blot
analysis, which confirmed the presence of both the C- and
N-termini (Figure 2, inset). The mutant constructs had no
abnormal gel patterns and mobilities of∼51 kDa, consistent
with previously published values (18, 21).

The ligand binding plots for the mutants are shown in
Figure 2, presented as the specific picomoles per milligram
of total membrane protein, to indicate the quality of the “raw”
data (note that the appearance of the plots can be affected
by variations in receptor expression levels, ligand affinity,
functionality, and the amount of radioligand used in each
experiment). TheKd and Bmax values obtained from these
experiments, shown in Table 2, indicate the ligand binding

Kd ) IC50 - Lo
/ andBmax )

B0IC50

Lo
/
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characteristics of mutants shCB1-C5 and shCB1-C2 are
similar to those of the wild type, shCB1-C13. In contrast,
the cysteine-less mutant, shCB1-C0, appeared to have no
antagonist binding, and a greatly reduced agonistBmax value,
despite the fact that Western blot analysis indicated that a
full-length polypeptide was produced (Figure 2 and Table
2).

Expression and Characterization of Cysteine Mutants as
shCB1-GRi Fusion Proteins.The functional ability of the
cysteine mutants (i.e., their ability to activate G-protein) was
assessed by fusing the mutant shCB1 gene with a GRi

subunit, to produce a shCB1-GRi fusion construct. These
fusion proteins were then used to assess the ability of the
agonist CP55940 to stimulate GTPγS binding (21). The
mutant constructs shCB1-C5, shCB1-C2, and shCB1-C0
were cloned into the shCB1-GRi fusion construct, expressed
in COS-1 cells, and verified by anti-CB1 antibodies for the
N-terminal and anti-GR antibodies for the C-terminal region
(Figure 3, inset). All the constructs were expressed as full-
length proteins, which exhibited molecular masses of∼90
kDa and bound agonist and antagonist ligands with wild-
type-like affinities. The only exception was the shCB1 mutant

Table 2: Kd andBmax Values for shCB1 and shCB1 Cysteine Mutants Transiently Expressed in COS-1 Cellsa

receptor
construct

CP55940
Kd (nM)

CP55940Bmax

(pmol/mg of total protein)
SR141716A

Kd (nM)
SR141716ABmax

(pmol/mg of total protein)
QIBb

(pmol/mg of total protein)

shCB1-C13 5.5( 2.7 3.4( 1.3 2.8( 0.2 5.5( 0.1 21.8( 3.3
shCB1-C5 12.2( 0.2 7.9( 1.0 2.1( 0.1 12.7( 1.5 79.0( 20.0
shCB1-C2 2.0( 0.4 2.7( 0.6 2.0( 0.3 7.9( 2.2 56.5( 26.5
shCB1-C0 4.3( 2.1c 0.8( 0.1c d d 89.0( 10.0
a Data obtained from [3H]CP55940 and [3H]SR141716A competitive displacement binding studies. For comparison purposes,Bmax values obtained

from quantitative immunoblot analysis (QIB) are also presented. Competitive displacement binding assays were performed, andKd andBmax values
were calculated as described in Experimental Procedures. Data represent the mean( SEM of two independent experiments, each performed in
duplicate.b Quantitative immunoblot analysis (QIB) values indicate the total amount of expressed shCB1 polypeptide, regardless of its ability to
bind ligand.c Data not fit using the Swillens approximations for ligand depletion.d Cys-less mutant shCB1-C0 displayed no detectable [3H]SR141716A
binding using the conditions described in Experimental Procedures.

FIGURE 2: Competitive inhibition binding studies of the shCB1
cysteine mutants. The data are for the wild-type or shCB1-C13
receptor (b) and mutants shCB1-C5 (O), shCB1-C2 (1), and
shCB1-C0 (3) in COS-1 transiently transfected cell lines. The mock
data (9) represent ligand binding properties of untransfected COS-1
cells. (A) Homologous displacement binding study of the agonist
CP55940. (B) Homologous displacement binding study of the
antagonist SR141716A. Data represent the mean of two binding
experiments performed in duplicate( SEM. For details, see
Experimental Procedures and Table 2. The inset shows N-terminal
and C-terminal Western blots of the shCB1 cysteine mutants. The
data indicate shCB1-C5 and shCB1-C2 are similar to wild-type
shCB1-C13, whereas shCB1-C0 has impaired binding.

FIGURE 3: Stimulation of GTPγS binding by cysteine mutants
introduced into a shCB1-GRi fusion protein. The data show
agonist-stimulated GTPγS binding of the wild type or shCB1-C13-
GRi (b) and mutants shCB1-C5-GRi (O), shCB1-C2-GRi (1),
and shCB1-C0-GRi (3) in COSH-1 transiently transfected cell
lines. The mock data (9) represent GTPγS binding properties of
untransfected COS-1 cells. The data indicate that all but two
cysteines, C257 and C264, can be replaced in CB1 while still
retaining a functional receptor. Data represent the mean of two filter
binding experiments performed in duplicate( SEM. For details,
see Experimental Procedures and Table 3. The inset shows a
N-terminal and C-terminal Western blots showing the shCB1-GRi
fusion cysteine mutants.

Table 3: EC50 for Agonist (CP55940)-Induced [35S]GTPγS Binding
by shCB1-GRi and shCB1-GRi Cysteine Mutantsa

receptor constructb CP55940 EC50 (nM)

shCB1-C13-GRi 4.3( 0.9
shCB1-C5-GRi 23.5( 7.4
shCB1-C2-GRi 6.8( 1.7
shCB1-C0-GRi 365.7( 140.5

a Agonist-induced GTPγS incorporation binding assays were per-
formed, and EC50 values were calculated as described in Experimental
Procedures. Data represent the mean( SEM of two independent
experiments, each performed in duplicate.b See Experimental Proce-
dures for the nomenclature.

8762 Biochemistry, Vol. 44, No. 24, 2005 Fay et al.



lacking all cysteines (shCB1-C0-GRi), which exhibitedBmax

values 3- or 10-fold lower than that for shCB1-C13-GRi

for CP55940 or SR141716A binding, respectively (data not
shown).

Ability of Cysteine Mutants in the shCB1-GRi Fusion
Protein To Induce GTPγS Binding.The shCB1-GRi fusion
proteins were assayed for their ability to stimulate GTPγS
binding as a function of high-affinity agonist CP55940
concentration. shCB1-C5-GRi and shCB1-C2-GRi mutants
were found to be functional, as they responded to agonist
like the wild-type shCB1-C13-GRi mutant (see Figure 3
and Table 3). In contrast, the cysteine-less construct, shCB1-
C0-GRi, induced only a small amount of GTPγS incorpora-
tion (∼25% of shCB1-C13-GRi incorporation), and exhib-
ited a decrease in potency as indicated by the shift to the
right of the EC50 value (from 5-25 to∼360 nM; see Figure
3 and Table 3).

Effect of Methanethiosulfonate (MTS) Cysteine-Modifying
Reagents on shCB1 Mutants.We next assessed whether
cysteine residues in CB1 were close to ligand binding sites,
by measuring the effect of sulfhydryl specific methanethio-
sulfonate (MTS) agents. As shown in Figure 4, application
of a large positively charged label (MTSEA) or a small
neutral label (MMTS) did not dramatically alter agonist
(CP55940) binding in the wild-type mutant shCB1-C13 under
our conditions. However, we note that interpreting the effect
of MTS labeling on agonist binding studies is difficult,
because one cannot clearly determine if the cysteine labeling
reagents are affecting the cysteine residues in CB1 or the
bound G-protein (which is known to enhance agonist binding
in CB1). Thus, in our subsequent studies, we only focused
on assessing the effect of MTS reagents on antagonist binding
in CB1.

In contrast to their minimal effect on agonist binding, we
found that MMTS and MTSEA labeling dramatically im-
paired binding of antagonist SR141716A to wild-type
shCB1-C13. Similarly, mutant shCB1-C5, which contains
only the five conserved cysteines, was also affected by these
MTS agents. To identify which of the remaining five cysteine
residues in shCB1-C5 caused sensitivity to the MTS agents,
we constructed and tested a series of single-cysteine mutants
within the shCB1-C5 construct. These mutants are denoted
as shCB1-C4, followed by the mutated residue: shCB1-C4-
355A, shCB1-C4-382A, and shCB1-C4-386A. All of these
mutants were expressed well in COS-1 cells, bound agonist
and antagonist at wild-type-like affinities (Table 4), and
appeared to have the molecular mass of a full-length protein
(Figure 5C).

As shown in Figure 5, of these shCB1-C4 mutants, only
shCB1-C4-386A was completely insensitive to MTS re-
agents. These results strongly suggest C386 reacts with the
MTS labels, and that labeling this residue impairs the ability
of shCB1 to bind antagonist SR141716A. To further confirm
this hypothesis, we introduced a cysteine at position 386 back
into the nonreactive shCB1-C2 construct, resulting in mutant
shCB1-C3-386C. As expected, the introduction of C386 back
into shCB1-C2 restored the sensitivity to the MTS reagents
(Figure 5).

Steric bulk at C386 impairs antagonist binding but not
agonist binding. The MTS labeling studies described above
suggest antagonist binding to the CB1 receptor is sensitive
to steric bulk around residue C386. To further explore this
possibility, we next introduced a methionine residue at
position 386. This mutation (C386M) was constructed in the
shCB1-C13 background, and the construct is hereafter called
shCB1-C12-C386M. This mutant was expressed well in

FIGURE 4: Effect of MTS reagents on the ligand binding ability of wild-type shCB1-C13. These results indicate that MTS reagents impair
antagonist binding for shCB1-C13. Competitive inhibition binding studies of shCB1-13 for agonist (A and B, top) and antagonist (C and
D, bottom) in the presence (O) or absence (b) of a 10 min application of 50 mM MMTS (A and C, left) or 20 mM MTSEA (B and D,
right). Data represent the mean of two binding experiments( SEM, with approximately 25µg of the total membrane protein used per data
point.
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COS-1 cells and bound agonist with wild-type-like affinities
(Figure 6A). However, as anticipated, antagonist binding for
shCB1-C12-C386M was severely impaired (Figure 6B). To
further assess the effect of the C386M mutation on
SR141716A binding, we carried out heterologous binding
assays that assessed the ability of SR141716A to displace
tritiated CP55940. These results indicate the C386M mutation
lowers the apparent affinity for SR141716A, as judged by
the Ki, approximately 5-fold compared to that of wild-type
shCB1-C13 (Figure 6C). Further heterologous binding assays
showed the agonist WIN55212-2 can also displace tritiated
CP55940, and this behavior is unaffected by the C386M
mutation (data not shown).

DISCUSSION

In this work, we examined the role of the cysteine residues
in CB1, using a combination of mutagenesis and sulfhydryl
reactivity studies. Our observations, and their implications
for CB1 structure and function, are discussed below.

Only Residues C257 and C264 Are Required for a
Functional CB1 Receptor.The human cannabinoid receptor
(CB1) contains 13 cysteine residues dispersed throughout
the protein (Figure 1B). As shown in Figure 1A, five of these
residues appear to be highly conserved. We found that a CB1
mutant containing only the five conserved cysteine residues,
shCB1-C5, and its G-protein fusion construct, shCB1-C5-
GRi, binds agonist and antagonist and couples to the GRi

subunit like the wild-type shCB1-C13 receptor (see Tables
2 and 3). Together, these results indicate nonconserved
cysteine residues in CB1 are not required for ligand binding
and coupling to G-proteins. Similarly, mutant shCB1-C2,
which contains only two cysteines thought to be involved
in a disulfide bond, can also bind ligands and couple with
G-proteins.

In contrast, removing all of the cysteines severely impairs
the CB1 receptor, as demonstrated by mutant shCB1-C0 (see
Figure 2, Table 2, Figure 3, and Table 3). Our results suggest
that a disulfide bond exists between C257 and C264. To
further test this possibility, we have carried out some
preliminary experiments to assess the DTT sensitivity of our
cysteine mutants. In our hands, we find CB1 is somewhat
resistant to reduction. However, we find pretreatments with
DTT (at 100 mM for 20 min) inhibit binding of agonist
CP55940 to shCB1-C13 and shCB1-C2, as well as CB1
receptors present in membranes prepared from rat cortices
(data not shown). Although preliminary, these results lend
further support to the theory that a disulfide bond is important
for agonist binding to the cannabinoid receptor. Our results
clearly show that residues C257 and C264 are important for

FIGURE 5: MTS reactivity at residue C386 blocks antagonist
binding. The data represent the specific percent of bound
[3H]SR141716A for binding to 25µg of total membrane protein
from transiently expressed COS-1 cells either with (+) or without
(-) a 10 min application of 50 mM MMTS (A) or 20 mM MTSEA
(B). As can be seen, the presence of residue C386 makes the
receptors sensitive to both MTS reagents. The means and SEM
are shown for the average normalized minimum and maximum
binding values. For more details, see Experimental Procedures. (C)
Western blot data indicating the presence of N- and C-termini for
cysteine mutants discussed above and in the legend of Figure 6.

Table 4: Kd andBmax Values for shCB1-C4 Cysteine Mutants Transiently Expressed in COS-1 Cellsa

receptor
construct

CP55940
Kd (nM)

CP55940Bmax

(pmol/mg of total protein)
SR141716A

Kd (nM)
SR141716ABmax

(pmol/mg of total protein)
QIBb

(pmol/mg of total protein)

shCB1-C4-355A 4.7( 0.4 4.4( 1.3 3.3( 0.04 8.4( 0.62 76
shCB1-C4-382A 4.1( 0.1 6.2( 0.8 4.8( 0.26 20.6( 1.4 99
shCB1-C4-386A 3.6( 0.2 6.0( 1.1 5.4( 0.51 22.2( 0.4 65
shCB1-C3-386C 5.0( 0.9 4.4( 1.0 3.1( 0.4 16.6( 7.5 51.5

a For comparison purposes, quantitative immunoblot analysis (QIB) values are also reported. Competitive displacement binding assays were
performed, andKd andBmax values were calculated using the one-site competition equation described in Experimental Procedures. Data represent
the mean( SEM of two independent experiments, each performed in duplicate.b Quantitative immunoblot analysis (QIB) values indicate the total
amount of expressed shCB1 polypeptide, regardless of its ability to bind ligand.
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a functional cannabinoid receptor, and taken together, they
support (but do not prove) the hypothesis that these cysteine
residues are involved in a disulfide bond that stabilizes a
ligand recognizable conformation of the receptor (18, 29).
However, direct chemical evidence proving the presence of
a disulfide bond between these two residues is still needed.

Our results indicate most of the cysteine residues in CB1
are unnecessary for protein expression, ligand binding, and

G-protein coupling. However, they do not rule out other
structural or functional roles for the extracellular and
cytoplasmic cysteine residues. For example, a cysteine in
the cytoplasmic tail immediately following TMH VII is
conserved in some CB1 receptors (Figure 1). It is likely that
this residue is palmitoylated in CB1. What role might
palmitoylation of this residue play in CB1 structure or
function? Palmitoylation of analogous cysteine residues in
other GPCRs has been proposed to help anchor the C-
terminal tail to the membrane surface. In rhodopsin, this
juxtamembrane region has been shown to form a membrane-
associated helix, called “helix 8”. However, the role of helix
8 palmitoylation in rhodopsin is still not clear. In one set of
studies, palmitoylation does not appear to significantly affect
the ability of rhodopsin to activate the G-protein (30), yet
in another set of studies, palmitoylation induces an enhance-
ment of activation (31).

Studies using peptide analogues of helix 8 for both
rhodopsin and CB1 suggest this region is involved in
G-protein activation (32-34). Furthermore, mutating this
putative palmitoylation region in CB2 also alters signal
transduction (as measured by the level of inhibition of cAMP
accumulation) but does not affect ligand binding or receptor
desensitization (35). As noted above, we observe no signifi-
cant effect on ligand binding or stimulated GTPγS binding
in our CB1 mutants that lack the putative palmitoylation site.
However, our studies use a G-protein tethered to the CB1
receptor, which may mask any change in signaling due to
mutation of the palmitoylation site. Thus, our results do not
rule out a possible role for palmitoylation at C415 in the
CB1 receptor.

Residue C386 (C7.42) Is SolVent Accessible and Reacts
with MTS Reagents.Our cysteine reactivity studies show that
MMTS and MTSEA labeling agents abolish antagonist
binding in wild-type CB1 (Figure 4). Residue C386 appears
to be responsible for this sensitivity, since mutating it to an
alanine abolishes all effects of the MTS labels, and introduc-
ing it back into the nonreactive mutant shCB1-C2 (mutant
shCB1-C3-386C) restores sensitivity to MTS agents (Figure
5).3 Since MTS reagents primarily react only with ionized
thiolates present in water-accessible regions (26, 36), these
results indicate residue C386 (or C7.42) must be in a water
accessible microenvironment. Intriguingly, a water molecule
(HOH964) is located within contact of the analogous site in
the rhodopsin crystal structure (37).

Residue C386 Is in the Antagonist SR141716A Binding
Site. Why is the binding of antagonist SR141716A so
sensitive to labeling of site C386 (7.42)? The most likely
explanation is that extra bulk at C386 clashes with the
piperidine ring of SR141716A (personal communication with
D. P. Hurst and P. H. Reggio). In agreement with this
hypothesis, introducing steric bulk at this site via a C386M
mutation also impedes antagonist binding, but NOT agonist
binding (Figure 6). This possible clash, illustrated in Figure
7, agrees with previous work which found that substitutions
at the site of the piperidine ring are deleterious to antagonist
binding (19, 38, 39). Interestingly, since the C386A mutation
does not alter either agonist or antagonist ligand binding,

3 Note that other cysteine residues in CB1 may still be labeled by
the MTS reagents; however, if they are, they do not alter antagonist
binding.

FIGURE 6: Steric bulk at C386 blocks antagonist SR141716A
binding but not agonist CP55940 binding. Competitive displacement
binding of mutant shCB1-C12-386M. (A) Agonist (CP55940)
binding exhibits aKd of 8 ( 4 nM. (B) In contrast, antagonist
(SR141716A) binding to the same sample is severely impaired. A
possible reason why the C386M mutation perturbs antagonist
SR141716A binding but not agonist CP55940 binding is discussed
in the text and in the legend of Figure 7. (C) Comparison of
heterologous binding assays carried out on shCB1-C12-386M (b)
vs shCB1-C13 (O). The data indicate theKi for mutant shCB1-
C12-386M is 194( 1.3 nM, compared to the value of 39( 0.8
nM measured for wild-type shCB1-C13. These experiments indicate
that SR141716A can displace radiolabeled CP55940; however, the
Ki is ∼5-fold greater than that of shCB1-C13.
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residue C386 itself must not be directly required for binding
of either of these ligands.

We note that our data are also consistent with an alternative
SR141716A docking model recently proposed by Salo et al.
(27). Our docking studies, using a modified version of their
CB1 model (shown in Figure 7), suggest introducing steric
bulk at C386 (C7.42) could also perturb important aromatic
stacking interactions thought to be involved in SR141716A
binding (28), because residue C386 is close to two key
residues, F279 (F3.36) and W356 (W6.48). Previously,
mutating either of these two residues to alanine has been
shown to perturb antagonist (SR141716A) binding, but not
agonist (CP55940) binding (40). In summary, our results
indicate an antagonist binding determinant lies within TMH
VII of the CB1 receptor, specifically at site C386 (7.42).
Introducing steric bulk at this site appears to impair
antagonist SR141716A binding due to clashing with the
piperidine ring and/or disruption of key aromatic residues
in the binding pocket. In contrast, steric bulk at this position
does not affect binding of agonist CP55940.

The Region around C386 (7.42) in TMH VII May Play a
Key Role in Constraining GPCR ActiVation. Interestingly,
this region around C386 (7.42) in TMH VII appears to be
crucial for antagonist binding in a number of other GPCR
systems. For example, mutating the analogous residue at 7.42
from a glycine to a cysteine in the dopamine D2 receptor
impairs antagonist binding (41), and mutagenesis studies
indicate nearby residue 7.39 is an important antagonist
binding determinant in theR-2-adrenergic,â-2-adrenergic,
and 5-HT1A receptors (42-45) as well as nearby residues
7.38 and 7.40 in 5-HT2A receptors (46). MTS labeling studies
show a cysteine at position 7.42 is sensitive to MTS labeling
in the human A1 adenosine receptor (47), as are nearby
residues 7.35 and 7.38 in the dopamine D2 and D4 receptors
(48), as well as a cysteine residue at position 7.38 in theµ,
δ, andκ opioid receptors (49). Finally, we note site 7.42 is
immediately adjacent to the retinal attachment site in

rhodopsin (7.43), which is well established to play a key
role in keeping the visual receptor in an inactive state.

Similarly, we note that a number of naturally occurring
mutations within TMH VII result in constitutive activity and
disease. In rhodopsin, TMH VII is normally linked to TMH
III through a salt bridge between K296 (7.43) and E113
(3.28), and it is thought that this important restraint must be
removed to enable receptor activation (50, 51). Naturally
occurring mutations in and near this salt bridge, A292E (7.39)
and K296E (7.43), produce constitutively active receptors
and the diseaseretinitis pigmentosa(52, 53). Analogously,
in the human thyrotropin receptor, the N670S mutation (7.45)
is thought to be involved in hyperplasia associated with
hyperthyroidism and adenoma (54).

Why is this region of TMH VII so sensitive to mutation
and important for antagonist binding? One intriguing pos-
sibility is that it may act to keep GPCRs in an inactive state,
by constraining movements of TMH VI. Such a constraint
would be important because TMH VI is thought to play a
key role GPCR activation, by undergoing a rigid-body
movement and/or rotation of TMH VI outward relative to
TMH III ( 55-59). It is thought that this movement results
in exposure of a hydrophobic binding site(s), for the
G-protein (60, 61).

Thus, some change or movement of TMH VII may be
required to allow the outward movement of TMH VI.
Evidence for TMH VII movements in rhodopsin includes
EPR and fluorescence studies (62-65), and the exposure of
a region within TMH VII, the highly conserved NPXXY
motif (66), which alters its functional ability to couple to
the highly conserved DRY motif in TMH III (67). We
propose that the interactions of antagonist in CB1, and
GPCRs in general, act to inhibit GPCR activation by
constraining movement of TMH VII, which in turn keeps
the receptor in an inactive state, by limiting the outward
movement of TMH VI. Such a constraint would limit
transient exposure of the critical DRY and NPXXY motifs

FIGURE 7: Modeling studies of SR141716A bound to CB1 suggesting there is no room for extra steric bulk at C386. Antagonist SR141716A
docked in a computer model of the CB1 inactive state. (A) Model showing antagonist SR141716A bound within the transmembrane helices
(TMHs) of the human cannabinoid receptor, as viewed from the intracellular surface. The helices are labeled and color-coded as in Figure
1B. The model indicates the SR141716A (orange) and key residues C386, W356, F200, and K192 with their individual solvent accessible
surface. The model suggests SR141716A makes contact with these key residues in TMH III, VI, and VII. (B) Close-up view of SR141716A
binding, as viewed from inside the membrane, looking from the outside of the bundle toward TMH III. Note that parts of TMH I, II, and
VI have been omitted for clarity. The model clearly suggests the piperidine ring of SR141716A is in the proximity of residue C386, and
thus, addition of steric bulk at this site may impair antagonist binding. In addition, as discussed in the text, introduction of steric bulk at
residue 386 may also perturb nearby residues F200 (3.36) and W356 (6.48), and thus alter a critical aromatic microdomain (rotamer toggle
switch) thought be involved in binding (28, 40). The initial coordinates for an empty inactive CB1 receptor were kindly provided by O.
Salo (27). Further details of the modeling procedures are given in Experimental Procedures.
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in TMH III and TMH VII, as well as maintain ionic
interaction between D6.30 and R3.50 (68, 69), and thus
inhibit receptor coupling with G-proteins. We note that our
proposal is consistent with previous hypotheses about GPCR
structure and mechanisms of activation (70-75).

The ability to “lock down” a GPCR, through use of
antagonists or inverse agonists that block these helical
movements, is an exciting prospect for the management of
diseases linked to constitutively active GPCRs. However,
such an approach needs an understanding of antagonist
receptor interactions at the molecular level, to enable the
rational approach to drug design and the selection of
combinatorial chemistry libraries. Chemically reactive CB1
agonists have been described (76). One exciting possibility
would be to functionalize the piperidine ring of SR141716A
(with a thiol reactive group), thus enabling it to covalently
attach to residue C386. This might further improve the
activity of the antagonist SR141716A (also known as
Rimonabant or Accomplia), which is showing promise as
an antiobesity drug in phase III clinical trials (77).

Conclusions and Summary.We have shown that all but
two of the 13 cysteine residues in CB1 (C257 and C264)
can be replaced with alanines and still yield a functionally
active receptor. We have also demonstrated that the substi-
tuted cysteine accessibility method, or SCAM (26, 78, 79),
can be carried out to study the structure and function of the
CB1 receptor. Our initial mutagenesis and SCAM studies
clearly indicate that an endogenous cysteine residue in TMH
VII, C386 (7.42), is part of a solvent-exposed binding region
for the antagonist SR141716A. The sensitivity of this site
to steric bulk provides experimental support for current
modeling and structure-activity relationship paradigms for
the cannabinoid receptor (11, 19, 27, 80, 81). We hope the
approaches outlined here will prove useful for mapping other
key determinants in CB1 function, as well as the intriguing
question of CB1 attenuation (82, 83).
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