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Abstract

Human cannabinoid receptor 1 (CB) has attracted substantial interest as a potential therapeutic target
for treating obesity and other obsessive disorders. An understanding of the mechanism governing
the transition of the CB; receptor between its inactive and active states is critical for understanding
how therapeutics can selectively regulate receptor activity. We have examined the importance of the
Thr at position 210 in CB; in this transition, a residue predicted to be on the same face of the helix
as the Arg of the DRY motif highly conserved in the G protein-coupled receptor superfamily. This
Thr was substituted with lle and Ala via mutagenesis, and the receptors, T2101 and T210A, were
expressed in HEK 293 cells. The T210I receptor exhibited enhanced agonist and diminished inverse
agonist affinity relative to the wild type, consistent with a shift toward the active form. However,
treatment with GTPyS to inhibit G protein coupling diminished the affinity change for the inverse
agonist SR141716A. The decreased thermal stability of the T210I receptor and increased level of
internalization of a T210I receptor—GFP chimera were also observed, consistent with constitutive
activity. In contrast, the T210A receptor exhibited the opposite profile: diminished agonist and
enhanced inverse agonist affinity. The T210A receptor was found to be more thermally stable than
the wild type, and high levels of a T210A receptor—GFP chimera were localized to the cell surface
as predicted for an inactive receptor form. These results suggest that T210 plays a key role in
governing the transition between inactive and active CB; receptor states.

Human cannabinoid receptor 1 (CBl)1 is a member of the G protein-coupled receptor (GPCR)
superfamily and, as such, consists of seven a-helical membrane-spanning segments that
mediate the effects of extracellular signaling molecules. As a consequence of ligand binding,
rearrangements in these segments impact the association of the receptor with an intracellular
G protein which, in turn, impacts biological activity. GPCRs are subdivided into five families
based on sequence homology, and the cannabinoid receptors are classified as members of the
family 1a rhodopsin-like receptors. The conformation of family 1a receptors is chararcterized,
in part, by a salt bridge between the cytosolic ends of transmembane segment 3 (TM3),
including the DRY motif, and transmembrane segment 6 (TM®6). In the resting state, this ionic
lock creates a kink in TM6 at the conserved CWXP motif (1,2). Upon activation, the salt bridge
is disrupted concomitant with relaxation and rotation of TM6 relative to TM3 (3-5).
Accompanying these molecular rearrangements is the exposure of a hydrophobic patch on the
cytoplasmic surface of the receptor which may be key for G protein binding (6).

Mutagenesis of the histamine receptor (7), the $,-adrenergic receptor (8), and the a4p-
adrenergic receptor (9) to remove functional groups involved in the ionic lock results in
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constitutive activity. Interestingly, the ORF74-EHV2 receptor, a virally encoded chemokine
receptor, which does not contain the highly conserved DRY motif, is found in a precoupled
state, although the addition of agonist promotes additional activity (10). On the other hand, the
introduction of Arg and Tyr via mutagenesis to reconstitute a DRY motif in TM3 reduced the
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basal constitutive activity of the receptor. The finding that this receptor remains in an
intermediate state without the functional components of the ionic lock suggests the presence
of other as yet unidentified interactions involved in stabilizing the multiple conformations
adopted by GPCRs.

The CB; receptor is expressed primarily in the central nervous system where it is believed to
have a principle role in retrograde synaptic signaling in which postsynaptic neurotransmitter
release is shunted by the endocannabinoid system (11). In these native tissues, as well as in
recombinant expression systems, cannabinoid receptors have been shown to display ligand-
independent basal activity (12,13). At the cellular level, this may account for the observed high
level of internalized receptor (14). Such a correlation has been noted previously for other
receptors, such as the 5-hydroxytryptamine 2c receptor (15) and the angiotensin 1l type 1
receptor (16), in which ligand-independent activity leads to constitutive desensitization and
enhanced recycling. Consistent with these findings, recombinant CB4 receptor expression
results in low plasma membrane levels with ~85% of the receptor protein found internally in
endosomes ultimately to be recycled back to the plasma membrane (14). At the molecular level,
the basal activity of the receptor may be attributed to deviations from the GPCR consensus
sequence found in the CB; receptor such as the absence of highly conserved prolines in TM1
and TM5 and the absence of a cysteine in TM3 which typically forms a disulfide bridge with
one in extracellular loop 3.

A picture of the CB; receptor that suggests that it can adopt a spectrum of intermediate states
ranging from the inactive to different activated forms is emerging. Like that of some other
GPCRs, coupling of the G protein with the CB4 receptor is promiscuous; while coupling to Gi
predominates under most conditions that have been analyzed, Gs coupling can also occur
(17). This is consistent with the possibility of multiple active forms of the receptor and is further
underscored by the recent observation of G protein o subunit subtype preferences (18).
Convincing evidence for ligandselective CB1 receptor conformations was recently provided
using native tissues in which G protein coupling specificity was found to be ligand specific
(19). For other GPCRs, mutations that have produced constitutively active receptors have been
particularly helpful in the delineation of the conformations of various activated states.
However, few mutations have been identified which promote the ligand-independent inactive
form of any of these receptors. Understanding the conformational features of the inactive state
of the CB1 receptor is an especially pressing issue in light of the finding that SR141716A, a
CB; specific inverse agonist, can block a dysfunctional craving for food and drugs (20,21).
With SR141716A (also called Accomplia or rimonabant) currently in later stages of clinical
trials, there is considerable attention being given to its potential medical use. Ligand docking
modeling studies have led to the suggestion that SR141716A stabilizes the resting state through
aromatic stacking interactions with specific residues on TM3 and TM6 (22). Moreover, site-
directed labeling studies of endogenous cysteine residues have refined the model of this binding
site, partially distinguishing it from the binding site of the agonist, CP55940 (23). However,
the specific interactions involved in the promation of the resting state by inverse agonist remain
unclear.

The basal activity of the CB; receptor indicates that it is poised at a pivotal point for conversion
to either inactive or more fully activated forms. We have identified a Thr residue at position
210 [3.46 using the Ballesteros and Weinstein amino acid numbering scheme (24)] of the
human CB; receptor, predicted to be on the same face of the helix as Arg 3.50, that is involved
in maintaining this wild-type CB basal activity. Substitution of this residue with lle or Ala
generates constitutively active or inactive receptor mutants, respectively, and provides reagents
that are ideal for characterizing these different conformational states. These mutant receptors
are distinguished in terms of shifts in ligand binding affinity that are predicted by the ternary
complex model (25); the T210I receptor exhibits enhanced agonist affinity, while in contrast,
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the T210A receptor exhibits enhanced inverse agonist affinity relative to the wild type. These
differences largely collapse in the presence of GTPyS to inhibit G protein coupling. Thermal
denaturation data are consistent with an increase in stabilizing associations in the T210A
receptor relative to the CB4 or T210I receptors, and as anticipated for an inactive receptor form,
the cellular distribution of the T210A receptor is markedly altered toward a high degree of
plasma membrane localization.

EXPERIMENTAL PROCEDURES

Plasmids and Mutagenesis

All three plasmids, the pcDNA3.1 plasmid encoding CB; (26), the CB1-GFP chimera, and the
hemagglutinin (HA)-tagged CB; receptor (CDNAResource.org), were used for site-directed
mutagenesis with QuikChange (Stratagene, La Jolla, CA) and verified by DNA sequencing
using the Prism automated sequencing system (Applied Biosystems, Foster City, CA). The
GFP sequence was subcloned from the pEGFP-N1 plasmid (BD Biosciences, Franklin Lakes,
NJ) and inserted into the pcDNA3.1 vector immediately downstream of the CB; or mutant
receptor coding regions. A gapEGFPm4 plasmid was used as a control (27).

Amino Acid Numbering System

In the text, we use the natural linear sequence number of CB4 to identify residue T210. Since
in other cases comparisons with the GPCR superfamily are made, the amino acid numbering
scheme developed by Ballesteros and Weinstein (24) is used. Each amino acid residue is
identified by the transmembrane helix number in which it is located followed by its sequence
number relative to the reference amino acid in that helix. The reference amino acid is the most
highly conserved residue in the helix and is assigned a locant value of 0.50. For the flanking
residues, this number either ascends or descends to the C- or N-terminus, respectively.

Cell Culture and Transfections

For most analyses, HEK 293 cells were transiently transfected with wild-type or mutant
receptors as previously described (28). For cyclic AMP analysis, stable clones of HEK 293
cells were grown in DME supplemented with high glucose and 10% FBS at 37 °C and
transfected using Lipofect AMINE (Invitrogen, Carlshad, CA). Stable transformants were
selected using 1.2 mg/mL G418 sulfate. After 2 weeks, single clones were maintained in 0.6
mg/mL G418. As previously described, screening of single clones was performed using RT-
PCR and binding analysis (26).

Membrane Preparations and Binding Analyses

Membranes of transiently and stably transfected cell lines were prepared as previously
described (29). Cells were washed twice with phosphate-buffered saline (PBS) and suspended
in PBS with 1% (v/v) protease inhibitor cocktail containing 4-(2-aminoethyl)benzenesulfonyl
fluoride (AEBSF), pepstatin A, E-64, bestatin, leupeptin, and aprotinin (Sigma-Aldrich, St.
Louis, MO). Cells were then fractionated using nitrogen cavitation at 750 psi for 5 min using
a Parr cell disruption bomb and were centrifuged at 500g and 4 °C for 10 min to remove debris
and nuclei. The supernatant was spun at 100,000g to pellet membrane vesicles, which were
then resuspended in TME buffer [25 mM Tris-HCI (pH 7.4), 5 mM MgCl,, and 1 mM EDTA]
and 7% sucrose (w/v). The total protein concentration was determined (30), and 0.6 ug/uL
aliquots of membrane preparations were stored at —70 °C. The membrane preparations used
for binding of ACEA were treated with fresh PMSF prior to pelleting (31). Binding assays
were performed as previously described (28). In saturation binding assays, approximately 30
g of total protein was incubated with [?H]CP55940 or [3H]SR141716A for 90 min at 30 °C.
Competition binding experiments used approximately 40 ug of total protein with 4 nM
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radiolabeled ligand challenged with increasing concentrations of an unlabeled competitor
ligand. The GTPyS studies were carried out by incubating the membranes with 100 uM
GTPyS during the 90 min binding incubation at 30 °C and using [3H]CP55940 as a tracer at a
concentration comparable to the K; for each receptor. Nonspecific binding was assessed with
1 uM unlabeled ligand. Reactions were terminated with 250 uL of cold TME and 5% BSA.
Bound ligand was separated from free by filtration with a Brandell cell harvester through
Whatman GF/C filter paper washed with cold TME and analyzed as previously described
(32).

Assessment of Cyclic AMP Accumulation

HEK 293 cells stably expressing either wild-type or mutant receptors, having ligand binding
properties equivalent to those of transiently transfected HEK 293 cells, were used for cyclic
AMP level determinations (29). Cells were harvested at 80% confluency by first lifting the
cells from 100 mm dishes with warm PBS and 0.5 mM EDTA. Cells were counted and
resuspended in DME, 2.5% fatty acid free BSA, 20 mM Hepes (pH 7.4), and 0.2 mM RO
20-1724 and incubated for 10 min at 37 °C. Aliquots of 1 x 106 cells were incubated with 1
uM forskolin (FSK) and the appropriate cannabinoid ligand in a final reaction volume of 250
uL for 10 min at 37 °C. The reaction was terminated by the addition of HCI to a final
concentration of 1 mM and freezing. Cells were then thawed and neutralized with 2 M Hepes
(pH 7.5) and pelleted, and the supernatant was removed. Cyclic AMP accumulation was
assessed using a [®H]cyclic AMP assay system (Amersham Biosciences, Piscataway, NJ).

Confocal Microscopy and Image Quantification

Transiently transfected HEK 293 cells were plated on 0.17 mm Delta T dishes (Bioptechs,
Butler, PA) 16 h post-transfection and 4 h prior to microscopy. At least 20 representative live
cell images were acquired per experiment from a Leica SP2 laser scanning spectral confocal
microscope using a 40 x 1.25 NA oil-immersion objective. Sample excitation was carried out
with a 488 nM argon laser using a DD 488/568 dichroic mirror, and emission was acquired
with a spectrophotometric detector. Images were taken at the equatorial plane, and the
acquisition settings were kept constant. Gray scale quantification was performed using ImageJ
(http://rsbweb.nih.gov/ij/) and measuring the density along radial axes of the cell. The plots
show the average of the gray scale density along eight radii per cell for at least six representative
cells from the 20 images acquired per experiment.

Evaluation of Receptor Stability and Western Blot Analysis

Membranes (0.6 mg of protein/mL) were incubated at 40 °C for up to 8 h in TME buffer (pH
7.4). Aliquots of the incubated membrane were used to assess receptor binding in a single-
point competition assay using [3H]CP55940 at the K for each receptor and challenged with a
saturating amount of CP55940. Bound compound was separated from unbound as described
above. Amino-terminal HA-tagged receptors corresponding to the wild-type and mutant
receptors were used for Western blotting as described by Mackie and colleagues (33). The
equivalent of 80 ug of membrane protein from the 0 and 8 h time points was solubilized using
the mammalian cell lysis kit (Sigma-Aldrich), and SDS sample buffer was added, followed by
incubation at 65 °C for 5 min prior to analysis by 10% SDS—polyacrylamide gel
electrophoresis. Samples were transferred to a nitrocellulose membrane and probed with HA
antibody (Abcam, Cambridge, MA), and bound antibody was detected with enhanced
chemiluminescense (Pierce, Rockford, IL).

Data Analysis

Results were analyzed with Graphpad Prism as previously described (32). K; values were
determined using the Cheng—~Prusoff equation (34). Kj and K4 values for wild-type and mutant
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receptors were compared using a one-way ANOVA followed by a Bonfferoni post test. Other
comparisons were made using unpaired t tests. p values of <0.05 were defined as being
statistically significant.

Molecular modeling of the fy-adrenergic and related rhodopsin-like receptors indicates that
an ionic interaction involving the DRY motif at the cytoplasmic end of TM3 and an acidic
residue of TM6 may be critical for stabilizing the inactive state of the receptor (2). The
cannabinoid receptor family shares the DRY motif as well as several neighboring residues with
the GPCR consensus sequence (Figure 1A,B). All cannabinoid receptors identified to date
differ, however, from the consensus in containing Thr at position 3.46, instead of lle, one helical
turn amino terminal to Arg 3.50. To examine the role of this Thr, we introduced two
substitutions to produce the CB receptor mutants, T2101 and T210A.

Models of receptor—ligand interactions suggest that agonists shift the equilibrium of inactive
(R) and active (R*) forms of the receptor toward one in which R* predominates. Amino acid
substitutions in the receptor that yield constitutively active mutants produce a similar shift that
can be detected by an agonist specific increase in binding affinity and a concomitant loss in
inverse agonist affinity. To assess this possibility, we tested the affinity of the wild-type and
mutant receptors with a repertoire of agonists and compounds with angatonist and/or inverse
agonist properties. HEK 293 cells were transfected with plasmids encoding the wild-type
CBy, T210A, or T210I receptor. Bmax values for HEK 293 cell membrane preparations
expressing these receptors were 2.9 (CBy), 2.5 (T210A), and 2.7 pmol/mg (T210I). We
observed no apparent saturable binding of [?H]SR141716A (up to 40 nM) by the T210I receptor
or of [BH]CP55940 (up to 40 nM) by the T210A receptor (data not shown), making the use of
these tracers for these receptors difficult. However, since saturation and therefore Kq values
for [3H]CP55940 with the T210I receptor and for [3H]SR141716A with the T210A receptor
were attainable, these compounds were used as tracer compounds for the competition assays
described in this study. All data were compared to those of the wild-type run under parallel
assay conditions.

The T210I receptor exhibited a significant shift in affinity compared to the wild type for several
CB1 agonists. For the tricyclic classical cannabinoid, HU-210, a 4-fold increased affinity of
T210I over that of the wild-type receptor was observed (Table 1). Two endocannabinoid
agonist analogues, arachidonyl-2-chloroethylamine (ACEA) and (R)-(+)-methanandamide,
which are believed to share some of the same receptor contact points as CP55940 and HU-210
(22), were also tested; the T210I receptor was found to have a 3-4-fold enhancement in affinity
for these ligands relative to that of wild-type CB1 (Table 1). The aminoalkylindole, (R)-(+)-
WIN55212-2, is thought to have contact points with the receptor different from those of the
compounds mentioned above, as shown by both modeling studies (35) and mutagenesis studies
(26). Regardless, the T210I receptor displayed a similar change in its affinity for (R)-(+)-
WIN55212-2 (Table 1). The enhanced agonist binding we observed is within the range that
has been demonstrated for other constitutively active GPCR mutants (25,36-38), and this
change in affinity is consistent with an increase in precoupled G protein—receptor.

Some CB; ligands which have been shown to have inverse agonist activity are commercially
available, promoting the inactive form of the receptor. This feature allows further
characterization of the apparent shift in the equilibrium of the mutant receptor population. Two
biarylpyrazoles were tested, AM251 and AM281, that are structurally similar to the well-
characterized SR141716A. A large affinity change was observed in competition binding
experiments with AM281 where T2101 had a 19-fold decrease in affinity for this compound
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compared to that of the wild-type receptor. T210I also exhibited a 3-fold diminished affinity
for AM251 (Table 1).

In contrast to the results obtained with the T210I receptor, the Ala substitution at position 210
resulted in a loss of affinity for agonists compared to that of the wild type. A range of 7-21-
fold lower affinity for HU-210, ACEA, and (R)-(+)-WIN55212-2 was observed for the T210A
mutant relative to the wild-type receptor (Table 1). However, the T210A receptor displayed
no significant change in affinity for the eicosanoid, (R)-(+)-methanandamide. This decreased
affinity for most agonists exhibited by the T210A receptor is consistent with the presence of
an increased population of the inactive receptor, R. To further investigate this possibility, the
binding properties of T210A for the antagonists/inverse agonists, AM281 and AM251, were
examined. As anticipated, this mutant displayed an increased affinity for both AM281 and
AM251, 5- and 2-fold, respectively. Interestingly, the magnitude of the change in affinity of
the T2101 and T210A mutants for AM281 was more pronounced than the magnitude of the
change for AM251. This is consistent with findings that AM281 displays inverse agonist
properties, promotes the inactive form of the receptor, and reverses the ligand-independent
basal activity observed with CB; (39-41). On the other hand, there is no convincing evidence
that AM251 has this ability (42), and it discriminates among different receptor forms less well.

Taken together, the patterns of binding affinity changes are consistent with isomerization of
the receptor to states distinct from the wild type, and these underscore the critical nature of the
residue at position 210 in controlling the conformational transitions of the receptor. While
agonist binding affinity and inverse agonist binding affinity provide only one measure of
conformational changes, these findings suggest that relative to wild-type CB1 with its limited
basal activity, the T2101 mutant more closely approximates R* and T210A the R form.

A Hierarchy for Active and Inactive Receptor State Selectivity of Agonists and Inverse

Agonists

In the course of these studies, we closely compared the affinity of the wild-type receptor for a
variety of agonists and inverse agonists using competition studies with the agonist [3H]
CP55940 and, in parallel, the inverse agonist [SH]SR141716A and found different binding
constants (K;j values) depending on the radioligand that was used. In general, competition with
the same class of compound yielded a lower K; than heterologous competition with different
classes of compounds, pointing to differences in the conformations (R and R*) recognized by
agonists and inverse agonists. This pattern was apparent for (R)-(+)-methanandamide and
ACEA, both analogues of the endogenous ligand anandamide (Figure 2A,B). These gave a 7—
11-fold affinity difference using an agonist versus an inverse agonist tracer. Competition
binding experiments using AM251 displayed the greatest difference in derived binding
constants; experiments using [?H]SR141716A had a 32-fold lower K; value compared to those
using [3H]CP55940 (Figure 2C). In contrast, AM281 did not exhibit a significant change in
Kj based on the tracer that was used (Figure 2D).

Inhibition of G Protein Coupling Increases the Inverse Agonist Affinity for Wild-Type CB1 and

T210I

To probe if the observed changes in binding affinity for the mutant receptors are due to changes
in the extent of precoupling to G protein, we treated membrane preparations with

nonhydrolyzable GTPyS during the binding reaction as described in Experimental Procedures.
The presence of GTPyS shifts the receptor to the inactive state (43,44), and for those receptors
precoupled to G protein, the effect is manifested as a shift in inverse agonist affinity. As shown
previously (12), the wild-type receptor displayed a 5-fold increase (p < 0.05) in SR141716A
binding affinity in the presence of GTPyS (Figure 3A). This is consistent with the notion that
the CB; receptor exhibits some basal constitutive activity through precoupling to G protein in
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the absence of ligand. This phenomenon was more pronounced with the T210I receptor, which
exhibited a 300-fold increase in inverse agonist affinity, and further indicates that this mutant
adopts a more active ligand-independent form (Figure 3B). Under the same conditions, no
apparent change in binding affinity was observed for the T210A receptor (Figure 3C). The
ICsq values in the presence of GTPyS for the T210A and wild-type receptors do not differ
significantly, suggesting that an equivalent uncoupled receptor state is achieved. However, the
value for the T210I receptor remains ~10-fold higher than that for the wild-type receptor even
in the absence of G protein coupling (Figure 3D).

Cyclic AMP Accumulation in HEK 293 Cells Expressing the T210A Receptor

HEK 293 cells expressing the T210A receptor displayed basal and FSK-stimulated cyclic AMP
accumulation levels significantly greater than that of the wild type (Figure 4A). Basal levels
of cyclic AMP for the T210A and wild-type receptor-expressing cells were 57 + 0.8 and 8 +
3.7 pmol/108 cells, respectively, and in the presence of forskolin, the values were 320 + 20 and
170 + 15 pmol/10° cells for T210A and the wild type, respectively. Subsequent treatment of
cells expressing the wild-type receptor with inverse agonist (8 xuM SR141716A) resulted in a
small increase in the level of cyclic AMP accumulation, as observed previously (12) and
attributed to the reversal of the low level of basal, Gi-mediated, wild-type receptor constitutive
activity. In comparison, T210A receptor-expressing cells exhibited no significant change in
cAMP levels with inverse agonist treatment as anticipated for a receptor that is already
uncoupled to the inhibitory Gi. Notably, the levels of cAMP for the FSK-treated T210A
receptor-expressing cells with or without SR141716A are the same as those for the
SR141716A-treated wild-type receptor-expressing cells.

Cells were separately treated with CP55940 in the presence of FSK to determine if agonist
could induce an active conformation yielding adenylate cyclase inhibition (Figure 4B).
CP55940 treatment of cells expressing the T210A receptor resulted in ~30% inhibition of the
FSK-stimulated cyclic AMP accumulation. Furthermore, the T210A receptor-expressing cells
exhibited a dose-dependent response to CP55940, with a statistically significant (p < 0.05) shift
in the EC5q (2.6 £ 0.4 nM, compared to the wild-type value of 5.2 £ 0.3 nM) which parallels
the decrease in binding affinity observed for this ligand (Table 1). Obtaining cells expressing
a sufficiently high concentration of the T2101 receptor on the cell surface to make these
experiments feasible was not possible (see confocal microscopy analysis below). This is
consistent with the rapid internalization and recycling of receptor that has been described for
constitutively active mutant histamine H, receptors (7), thromboxane A, receptors (45), and
ayg-adrenergic receptors (46). Like the T210I receptor described here, the mutants of the
histamine H, receptor exhibited enhanced affinity for agonist without detectable agonist-
induced downstream responses in cells (7).

Impact of Mutations on Receptor Thermal Stability

Receptor activation has been described to involve the disruption of interhelical interactions
that maintain the wild-type receptor resting conformation (2,4,47), and constitutively active
mutants have characteristic structural instability compared to the wild type (4,48).
Susceptibility to thermal denaturation, assessed by the rate of loss of ligand binding by the
receptor at elevated temperature as previously described (8,49), was used to examine the
relative extent of this conformational instability. HEK 293 membrane preparations from wild-
type, T210I, or T210A receptor-expressing cells were incubated at 40 °C with protease
inhibitors, and samples were taken at intervals over an 8 h period to determine changes in ligand
binding capacity. As shown in Figure 5A, the T210l mutant receptor is less stable at 40 °C
than the T210A or wild-type receptor. Assuming exponential decay, the half-life (ty,2) for the
loss of binding capacity for the T210I receptor is 2.4 h (R% = 0.9) compared with the wild-type
t1/o of 4.4 h (R? = 0.8). Over the time period that was observed, the T210A mutant displayed
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no apparent loss of ligand binding, suggesting a marked enhancement in stability. No such
differences in the rate of loss of ligand binding by the wild-type, T210I, and T210A receptors
were observed at 4 °C. To confirm that the observed changes reflected denaturation rather than
receptor degradation, samples following an 8 h incubation at 40 °C were analyzed on Western
blots. As shown in Figure 5B, there are no apparent changes in the amount of wild-type and
mutant receptor proteins over the duration of the experiment, suggesting that the thermal
lability of receptors accounts for the data. The rank order of the receptors (T2101 > wild type
> T210A) for the rate of denaturation is in excellent agreement with the notion that the T210I
receptor is constitutively active and less stable than the wild type while the T210A receptor is
inactive and structurally more stable.

Cellular Localization of Receptor—GFP Conjugates

Both agonist-induced and ligand-independent CB; activity results in desensitization and
internalization; this has been shown in native tissues (50) as well as in recombinant systems
(14). To identify possible differences in the localization of the mutant receptors, T201A and
T210I, versus the wild type, receptor—GFP chimeras were constructed. These constructs were
expressed in HEK 293 cells and plated on glass dishes just 1 h prior to microscopy to observe
spherical cells attaching to the glass before cell surface extensions are evident. This permitted
clear demarcation of an equatorial plane through each cell for quantification of the localization
of the GFP fluorescence relative to the plasma membrane (14).

Observation of multiple cells from each transfection revealed a substantial difference in
receptor localization of the mutants compared to wild-type CB1; images of representative cells
are shown in Figure 6. Wild-type CB4 receptor—GFP chimeras were found primarily on or
near the surface of the cell (Figure 6A). The pattern of fluorescence was diffuse, suggesting
that some receptor is internalized in a manner consistent with the observations of Leterrier et
al. (14), who found that much of the wild-type CB; receptor is localized on intracellular
vesicles. In addition, Leterrier and colleagues established that the high levels of recycling of
the CB1 receptor correlate with its basal activity. The T210I receptor—GFP chimera,
interestingly, was almost exclusively internalized (Figure 6B), a finding strikingly apparent in
the corresponding gray scale density plot. In marked contrast, the T210A receptor—GFP
chimera was virtually absent from the cell interior. The gray scale density plot shows a sharp
peak within the first micrometer of the edge of the cell (Figure 6C) and confirms its highly
specific plasma membrane location; an unrelated membrane-associated protein, GAP-43,
conjugated to GFP (27) shows a similar peak of localization (Figure 6D). Taken together, the
pattern of cellular localization of the receptors (wild type, T210l, and T210A) revealed by these
studies is consistent with the notion that they mimic different ligand-independent receptor
states. We have, for the first time, shown that mutations within the TM region of the
cannabinoid receptor can markedly alter localization of the receptor in a manner that parallels
the results of Leterrier et al. (14) with CB-expressing cells treated with agonist or inverse
agonist.

DISCUSSION

An understanding of the mechanism governing the transition of a GPCR between its inactive
and active states is critical for understanding how ligand binding selectively impacts cellular
processes. While it is broadly recognized that agonist binding leads to GPCR activation via
disruption of stabilizing intramolecular interactions, the role of specific residues in this process
is not well understood. Biophysical analyses (6,51,52) and modeling studies (53,54) have
revealed that one locus of key interactions involves the DRY motif on the cytoplasmic end of
TM3, and the residues of TM6. On the basis of studies with the gonadotropin-releasing
hormone receptor (55), the So-adrenergic receptor (3), and rhodopsin (56,57), Ballesteros et
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al. have proposed that Arg 3.50 that is highly conserved in family 1a GPCRs interacts with the
adjacent Asp 3.49 and with Glu 6.30 to form an ionic lock that helps constrain the receptor in
the inactive state (58). Disruption of this ionic interaction by mutation or agonist binding
(54) leads to a rotation and/or tilting of TM6 relative to TM3 (4,57) and exposure of a
hydrophobic patch on TM3 (6) for potential promotion of G protein interaction. In the CB;
receptor, the occurrence of the DRY motif and an Asp at 6.30 (instead of Glu 6.30) suggests
a similar mechanism may be involved in activation, although mutational analysis of Arg 3.50
of CB» (59,60) puts its central role in question and suggests that other residues must participate
in the network of constraining intramolecular interactions.

Ballesteros et al. (58) examined the residues neighboring Arg 3.50 and identified a consensus
pattern, (I/L)XXDRY XX-(1/V), found in most GPCRs belonging to the rhodopsin family, of
which the CB; receptor is a member. They hypothesize that the Ile/Val at position 3.54 may
help shield Arg 3.50 from interaction with solvent at the cytoplasmic surface of the membrane
while the lle/Leu at position 3.46 may have a role in interhelical interactions. Intriguingly,
while most GPCRs have large hydrophobic residues at this latter position, the CB4 receptor
has a Thr, a residue with a high frequency of occurrence in transmembrane helix interfaces.
Thr is thought to mediate close helical packing facilitated by hydrogen bonding (61). Leu and
Ile have neither a high helical packing moment nor a hydroxyl for hydrogen bonding. It is
tempting to speculate that the presence of Thr in the CB receptor imparts structural features
that may be related to aspects unique to its activation pathway. Functionally, the CB receptor
is somewhat unusual in exhibiting low levels of ligand-independent basal activity. Substitution
of the Thr with lle generated a receptor (T2101) with more substantial constitutive activity,
while substitution with Ala, a residue with a higher helical packing moment, resulted in
properties characteristic of an inactive receptor (T210A). At other locations in GPCRs, Ala
and, to a lesser extent, Thr are thought to facilitate the helix—helix packing and appropriate
orientation needed for stabilization of the inactive form (62). Thermal denaturation studies
(Figure 5) are consistent with the idea that the T210A receptor forms a more stable and the
T210I receptor a less stable structure than the wild type and point to the importance of residue
210 of CB; in controlling the transition from the inactive form to the active form.

A two-state model that describes the transition between the inactive and active conformations
of a GPCR has been proposed with the latter conformation appropriate for functional coupling
to G protein. Since an agonist has a high relative affinity for R* compared with R, binding
results in a shift of the equilibrium toward the active state and G protein coupling can occur
virtually concomitantly. In the absence of ligand, some mutations can mimic an agonist and
promote a conformation with R* properties. In such a case, one would anticipate enhanced
agonist affinity and G protein coupling. In contrast, the affinity for inverse agonists which
stabilize R would be diminished. Indeed, for the T210I receptor, we see a 3—-4-fold enhanced
affinity for agonists and a 3-27-fold loss of affinity for inverse agonists. Moreover, GTPyS
treatment, which inhibits G protein coupling and shifts the equilibrium back toward the R state
(12,62,63), enhances the affinity for SR141716A (ICsq) from 450 nM (without GTPyS) to 15
nM (with GTPyS). Under parallel conditions, the wild-type receptor affinity (1Csg) shifts from
810 1.6 nM, in good agreement with previous work (12). These results suggest that the T210I
receptor adopts a conformation with a higher affinity for agonist that favors constitutive G
protein coupling; this is indicated, first, by the substantial effect of GTPyS on the T210l receptor
relative to the wild type and, second, by the finding that the T210I receptor even in the presence
of GTPyS retains a 10-fold weaker affinity for SR141716A. The Thr to lle exchange in the
T210I receptor likely disrupts some of the constraints that, in the wild type, stabilize the R
state.

The change in ligand affinity we observe with GTPyS treatment of T2101 membrane
preparations suggests that significant G protein coupling is obtained in this system in the
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absence of nonhydrolyzable nucleotide. In light of the findings that in whole cells expressing
wild-type CB; (ref 14 and this study) or T210I (this study) receptors, a substantial portion of
the receptor is internalized, it is remarkable that sufficient quantities of the T2101 receptor—
G protein complex are available for high-affinity ligand binding. The membrane preparation
may be enriched in plasma membrane-associated receptor and eliminate cytosolic components
associated with the recycling process.

To accomplish a wide spectrum of ligand binding studies, we had to perform competition
studies with tracers that have retained good binding for the mutant receptor in question. In
every case, these were compared to the wild-type CB receptor examined under identical
conditions. In so doing, we generated a profile of compound preferences for the active versus
inactive wild-type receptor forms. Since agonists such as CP55940 stabilize the R*
conformation while inverse agonists such as SR141716A stabilize the R conformation (64),
the extent to which compounds have a preference for displacing one versus the other provides
insight into their relative affinity for R* and R. As suggested by Hillard and colleagues (65),
the most efficacious agonist need not have the best affinity for R* but will exhibit the greatest
ratio of affinities for R* and R and will show the strongest preference for displacing CP55940
over SR141716A. Conversely, the extent to which a compound prefers R over R* will be
reflected in better displacement of a tracer that is an inverse agonist versus an agonist. Thus,
our systematic study of ligand binding to the wild-type CB; receptor using [3H]-CP55940 and
[BH]SR1716A as tracers allows us to establish a hierarchy of compound preferences for R*
versus R. For example, for (R)-(+)-methanandamide and ACEA, 11- and 7-fold differences,
respectively, in affinity for the wild-type receptor were observed using [?H]CP55940 versus
[3H]-SR1716A as a tracer. This argues that the endogenous cannabinoid anandamide, for which
(R)-(+)-methanandamide and ACEA are close analogues, is idealized for promotion of the R*
form in the cell. The observed affinity with CP55940, HU-210, and (R)-(+)-WIN55212-2 was
much less tracer-dependent. At the other end of the spectrum with the antagonists/inverse
agonists that were tested, AM251 shows the most substantial difference (32-fold) in
displacement of [3H]CP55940 versus [3H]SR1716A from the wild-type receptor. These
experiments provide insight into the nature of the conformational preference of AM251 and
suggest that it is strongly in favor of R over R*. This is consistent with its previously noted
inverse agonist properties (66). In contrast, we find an only 2-fold difference in apparent affinity
of AM281 with the two tracers that were used. This suggests this compound has a lower relative
affinity for R, or in the least the SR141716A-occupied form, over R*. However, it is not likely
that AM281 is a pure antagonist since we do observe differences in affinity for this ligand with
the T210A receptor and the T210I receptor relative to the wild-type CB; receptor.

Considerable excitement surrounds the therapeutic potential of CB; antagonists and inverse
agonists. Their possible use in blocking receptor activity to prevent relapse to the use of drugs
of abuse (21,67) and to achieve antistress and antidepressant-like effects has recently been
highlighted (68). Applications of SR141716A for the treatment of obesity and tobacco smoking
are currently being examined, and several advanced clinical studies indicate that the drug is
effective not just for these maladies but also for controlling diabetes (69). These findings
emphasize the importance of understanding the molecular and cellular properties of the inactive
state of the CB receptor. Nonetheless, our understanding of the conformation of the inactive
state and the molecular rearrangements responsible for its interconversion with the activated
form is limited. CB has the added complication of exhibiting some ligand-independent basal
activity and thus being poised toward activation. In this study, we generated mutant receptors,
T2101 and T210A, that are constitutively active and inactive, respectively. We find a good
correlation between the shifts in binding affinity for agonists and inverse agonists, the extent
of G protein coupling, the thermal stability, and the cellular localization of these receptors.
Confocal microscopy suggests that therapeutics that block the receptor activity rather than
those geared toward its activation may be more successful due to the cell surface accessibility
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of the former relative to the latter. The T210A receptor, in particular, offers insight into the
state of the receptor with a preference for SR141716A and consequently provides a close
approximation of the form for which therapeutics are optimized.
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FIGURE 1.

Sequence alignment and model of the C-terminal region of TM3 of the cannabinoid receptor.
(A) Sequence alignment of residues 3.46-3.54 of TM3 of several receptors from the
cannabinoid receptor family. The consensus sequence and frequency of occurrence (given as
a percentage) of family 1a GPCRs are shown at the bottom (70). (B) Model of the C-terminal
region of TM3 of the human CBy receptor depicting the relative positions of T210 (3.46) and
the DRY motif generated with Modeler using the structure of rhodopsin (1) as a template.
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FIGURE 2.

Comparison of competition binding studies using different tracers with the wild-type CB;
receptors. Dose-dependent displacement of specific [2H]CP55940 (o) or [°H]SR141716A
(a) binding with (A) (R)-(+)-methanadamide, (B) ACEA, (C) AM251, and (D) AM281. The
binding assays were carried out on membrane preparations as described in Experimental
Procedures. Nonspecific binding was assessed using 1 M unlabeled ligand. Bound radioactive
compound was quantified by liquid scintillation counting. Data represent the means + the
standard error of the mean of three independent experiments performed in duplicate.
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FIGURE 3.

Effect of GTPyS treatment on binding of SR141716A to the CB4, T210A, and T210I receptors.
Competition binding of (A) the wild-type receptor in the absence (o) or presence (=) of
GTPyS, (B) the T210I receptor in the absence (O) or presence (o) of GTPyS, and (C) the
T210A receptor in the absence (a) or presence (a) of GTPyS and (D) the corresponding ICsgq
values for each. The binding assays were carried out on membrane preparations as described
in Experimental Procedures. To be consistent and in agreement with previous studies (12,65),
we used [3H]-CP55940 as a tracer for the T210A analysis even though it required a higher
concentration (see Experimental Procedures). Fortuitously, SR141716A displacement of [3H]
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CP55940 and [3H]SR141716A from CB; yields similar K; values (Table 1). Dose-dependent
displacement of specific binding of [BH]CP55940 with SR141716A was assessed in the
presence or absence of 100 uM GTPyS. Nonspecific binding was assessed using 1 M unlabeled
CP55940. Bound radioactive compound was quantified by liquid scintillation counting. Data
represent the means * the standard error of the mean of three independent experiments
performed in duplicate.
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FIGURE 4.

Comparison of cyclic AMP accumulation in HEK 293 cells expressing the wild-type and
T210A receptors. (A) Cyclic AMP accumulation was assessed for cells expressing the T210A
mutant or the wild-type receptor following a 10 min exposure to 1 M FSK in the presence or
absence of 1 M SR141716A as indicated. Basal levels in the absence of FSK and SR141716A
were also measured. The asterisk designates a p of <0.05 for data of T210A vs wild type
receptor-expressing cells under the same conditions. (B) Cyclic AMP accumulation of cells
expressing wild-type (o) or T210A (a) receptors in response to increasing concentrations of
CP55940. Values are expressed as a percent change from FSK-stimulated cyclic AMP levels.

Biochemistry. Author manuscript; available in PMC 2009 April 8.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

D’Antona et al.

Page 22

Data are means + the standard error of the mean of three or more independent experiments
performed in duplicate.
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FIGURE 5.

Thermal stability of the wild-type, T210A, and T2101 CB; receptors. (A) Membrane
preparations were incubated at 40 °C and aliquots taken at the indicated time points
immediately prior to assessing binding with [2H]CP55940 as described in Experimental
Procedures. Binding at 0 h was set at 100% for each receptor: wild type (=), T210l (o), and
T210A (a). For comparison, membrane preparations were incubated at 4 °C and aliquots taken
at 0, 4, and 8 h: wild type (o), T2101 (O), and T210A (). Nonspecific binding was assessed
using 1 uM unlabeled ligand. Bound radioactive compound was quantified by liquid
scintillation counting. Data are presented as percent binding + the standard error of the mean
of three independent experiments performed in duplicate. (B) Western blot analysis of HA
epitope-tagged wild-type, 72101, and T210A CB; receptors in membrane preparations before
and after incubation at 40 °C for 8 h. A preparation from cells transfected with vector alone
was analyzed in parallel and labeled C for control. The wild-type and mutant receptor bands
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(filled arrowhead) have a mobility consistent with previously observed results using a

recombinant expression system (71). A small amount of a secondary band (empty arrowhead)
likely corresponds to a glycosylation variant.
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FIGURE 6.

Localization of wild-type receptor—GFP, T210A receptor—GFP, and T210I receptor—GFP
chimeras in HEK 293 cells. For the data in the left column, representative live cell images were
acquired from a Leica confocal laser scanning microscope using a 40 x 1.25 oil-immersion
objective. Detection of GFP was carried out following excitation at 488 nM. For the data in
the right column, quantification of fluorescence intensity across the cells was performed using
ImagelJ (http://rsbweb.nih.gov/ij/) and measuring the gray scale density along eight radial axes:
(A) wild-type receptor—GFP, (B) T210I—GFP, (C) T210A—GFP, and (D) GAP-43—GFP
chimeras. The scale bar is 5 um. The results are representative of four independent experiments.
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Untransfected cells exhibited no apparent fluorescence under the experimental conditions that
were used.
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