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The cannabinoid CB1 receptor transmembrane helix (TMH) 3-4-5-6 region includes an
aromatic microdomain comprised of residues F3.25, F3.36, W4.64, Y5.39, W5.43, and W6.48.
In previous work, we have demonstrated that aromaticity at position 5.39 in CB1 is crucial for
proper function of CB1. Modeling studies reported here suggest that in the inactive state of
CB1, the binding site of the CB1 inverse agonist/antagonist SR141716A is within the TMH3-
4-5-6 aromatic microdomain and involves direct aromatic stacking interactions with F3.36,
Y5.39, and W5.43, as well as hydrogen bonding with K3.28. Further, modeling studies suggest
that in the active state of CB1, the CB agonist WIN55,212-2 binds in this same aromatic
microdomain, with direct aromatic stacking interactions with F3.36, W5.43, and W6.48. In
contrast, in the binding pocket model, the CB agonist anandamide binds in the TMH2-3-
6-7 region in which hydrogen bonding and C-H‚‚‚π interactions appear to be important. Only
one TMH3 aromatic residue, F3.25, was found to be part of the anandamide binding pocket.
To probe the importance of the TMH3-4-5-6 aromatic microdomain to ligand binding, stable
transfected cell lines were created for single-point mutations of each aromatic microdomain
residue to alanine. Improper cellular expression of the W4.64A was observed and precluded
further characterization of this mutation. The affinity of the cannabinoid agonist CP55,940
was unaffected by the F3.25A, F3.36A, W5.43A, or W6.48A mutations, making CP55,940 an
appropriate choice as the radioligand for binding studies. The binding of SR141716A and
WIN55,212-2 were found to be affected by the F3.36A, W5.43A, and W6.48A mutations,
suggesting that these residues are part of the binding site for these two ligands. Only the
F3.25A mutation was found to affect the binding of anandamide, suggesting a divergence in
binding site regions for anandamide from WIN55,212-2, as well as SR141716A. Taken together,
these results support modeling studies that identify the TMH3-4-5-6 aromatic microdomain
as the binding region of SR141716A and WIN55,212-2, but not of anandamide.

Introduction
The cannabinoid receptor (CB1), a member of the

G-protein coupled receptor (GPCR) family, can interact
with five structurally distinct classes of compounds.
These include CB1 classical cannabinoid agonists [such
as (-)-trans-∆-9-tetrahydrocannabinol, ∆9-THC], non-
classical cannabinoid agonists [such as (1R,3R,4R)-3-
[2-hydroxy-4-(1,1-dimethylheptyl)phenyl]-4-(3-hydroxy-
propyl)cyclohexan-1-ol, CP55,940], endogenous cannabi-
noid agonists (such as N-arachidonoylethanolamine,
anandamide), aminoalkylindole (AAI) agonists [such as
[2,3-dihydro-5-methyl-3-[(4-morpholinyl)methyl]pyrrolo-
[1,2,3-de]-1,4-benzoxazin -6-yl](1-naphthyl)methanone,
WIN55,212-2], and diaryl pyrazole antagonist/inverse
agonists [such as N-(piperidin-1-yl)-5-(4-chlorophenyl)-
1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxam-
ide, SR141716A] (see Chart 1). There is a rapidly
growing understanding of the cannabinoid system as an
important endogenous regulator of neuronal, cardiac,
reproductive, and immune function.1 Therefore, there
is considerable value in understanding the specific

ligand-receptor interactions; this is particularly rele-
vant as compounds are developed for medical interven-
tion.

The CB2 receptor, whose overall sequence similarity
in the transmembrane helices (TMH) is only 68% of CB1,
has been used in chimera studies with CB1 to probe for
receptor-specific ligand interactions.2,3 These studies
suggested that the TMH4-E2-TMH5 region of CB1
contains residues critical for the binding of the CB1/CB2
aminoalkylindole agonist WIN55,212-2 and the CB1-
selective diaryl pyrazole antagonist/inverse agonist
SR141716A. Mutation studies have also shown that
CB1/CB2 subtype differences in TMH34 and TMH55

contribute to the CB2 selectivity of WIN55,212-2. A
recent mutant cycle study identified K3.28 as an
important interaction site for SR141716A at CB1,6 while
CB1 Y5.39F/Y5.39I mutation studies have underscored
the structural importance of aromaticity at position
5.39.7 Surprisingly, however, further elaboration of the
CB1 binding site of either SR141716A or WIN55,212-2
through mutation studies has not been reported in the
literature.

In the â2-adrenergic receptor and related aminergic
receptors, a highly conserved cluster of aromatic amino
acids is found on TMH6 that faces the binding site
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crevice (F6.44, W6.48, F6.51, and F6.52).8 The CB1
receptor lacks this cluster on TMH6 (L6.44, W6.48,
L6.51, and L6.52) but contains instead a microdomain
of aromatic residues that face into the ligand binding
pocket in the TMH3-4-5-6 region, including F3.25,
F3.36, W4.64, Y5.39, W5.43, and W6.48 (Figure 1). The
importance of Y5.39 for receptor ligand recognition and
function in both CB1 and CB2 has been recently reported
by our group.7 In this investigation, a Monte Carlo/
stochastic dynamics study of CB1 in its inactive state

identified two aromatic subclusters in the TMH3-4-
5-6 region of CB1. The first cluster was a triad (F3.36/
W5.43/W6.48) involved in aromatic stacking interactions
that appeared to be open for additional interaction with
ligand, while the second was Y5.39 and W4.64. This
latter cluster appeared to be more important for stabi-
lizing the positions of TMHs 4 and 5 in the TMH bundle
on the extracellular side.

We hypothesized that since SR141716A and WIN55,-
212-2 are both highly aromatic compounds, aromatic

Chart 1

Figure 1. A helix net representation of the sequence of the mouse CB1 receptor. The amino acids mutated in this study are
highlighted in bold.
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stacking interactions may be important to the affinity
of each compound for the CB1 receptor. Therefore, the
goal of the work presented here was to identify through
modeling studies those aromatic residues in the TMH3-
4-5-6 aromatic microdomain of CB1 that may contrib-
ute to WIN55,212-2 and SR141716A binding and then
to experimentally test the results of these modeling
studies through mutation. Modeling and mutation
results reported here support the hypothesis that both
SR141716A and WIN55,212-2 bind within the TMH3-
4-5-6 aromatic microdomain region of CB1. These
results also reveal a divergence in the binding sites of
anandamide and CP55,940 from those of SR141716A
and WIN55,212-2.

Results
Comparison of R and R* State Models in the

Absence of Ligand. The CB1 R State. Figure 2a
illustrates key features of the model of the CB1 TMH
bundle in the inactive (R) state in the TMH3-4-5-6
region. One of the significant features of the model of
the CB1 R TMH bundle is a salt bridge between K3.28-
(193) and D6.58(367) (N-O distance ) 2.6 Å; N-H-O
angle ) 159°).6 This salt bridge is made possible by the
profound flexibility in TMH6 due to the presence of
G6.49 in the CWXP motif of TMH6.9 The TMH3-4-
5-6 region of the R bundle in the absence of ligand is
characterized by a W6.48(357)/F3.36(201)/W5.43(280)/
Y5.39(276)/W4.64(256) aromatic cluster in which W6.48
stacks with F3.36 (d ) 5.3 Å, R ) 90°), while F3.36
stacks with W5.43 (d ) 5.6 Å, R ) 40°). W5.43 also has
an off-set parallel stack with Y5.39 (d ) 5.9 Å, R ) 0°),
while Y5.39 stacks with W4.64 (d ) 6.5 Å, R ) 90°) (see
the Experimental Section for definitions of d and R).

The CB1 R* State. Figure 2b illustrates key features
of the model CB1 TMH bundle in the active (R*) state
in the TMH3-4-5-6 region. The conformational changes
that occur upon receptor activation result in rotations
of TMHs 3 and 6, as well as a change in the conforma-
tion of TMH6 (by moderation of its proline kink

angle).10-13 In our models, both W6.48(357) and F3.36-
(201) undergo a change in their ø1 values from R to R*.
ø1 in W6.48(357) changes from g+ to trans and ø1 of
F3.36(201) changes from trans to g+ (see the Experi-
mental Section for the definition of ø1). In the R* TMH
bundle, the K3.28(193) and D6.58(367) salt bridge is
broken (N-O distance ) 16.8 Å) because TMHs 3 and
6 rotate (counterclockwise from extracellular view)
during the R to R* transition (i.e. activation).14,15 K3.28-
(193) has rotated away from D6.58(367) toward TMH7,
and D6.58(367) has rotated toward the TMH5-6 inter-
face and is raised higher above the ligand binding pocket
due to the moderation of the TMH6 proline kink angle.
The W6.48(357)/F3.36(201)/W5.43(280)/Y5.39(276)/W4.64-
(256) aromatic cluster present in the inactive state in
the absence of ligand also undergoes rearrangement,
with F3.36 no longer part of this cluster. In the TMH3-
4-5-6 region of R* in the absence of ligand, W6.48 and
W5.43 form an off-set parallel aromatic stacking inter-
action with each other (d ) 4.9 Å, R ) 30°). W5.43 also
stacks with Y5.39 (d ) 6.6 Å, R ) 60°), while Y5.39
stacks with W4.64 (d ) 5.7 Å, R ) 90°). This series of
aromatic stacking interactions results in a large aro-
matic stack in R* comprised of W6.48(357)/W5.43(280)/
Y5.39(276)/W4.64(256). F3.36 (ø1 ) g+) is not located
near an aromatic residue in the R* bundle; instead
F3.36 is bounded by V3.40(205), V3.32(197), and L6.44-
(353).

Receptor Docking: Ligand Binding Sites. In the
traditional two-state model for agonist action at GPCRs,
a receptor is thought to exist in two states that are in
equilibrium with each other, the ground or inactive (R)
state and the active (R*) state.16 The binding of an
agonist ligand is thought to shift the equilibrium toward
R*, resulting in an increase in GDP/GTP exchange,
which initiates the signaling cascade. In the most widely
discussed mechanism of inverse agonism, the inverse
agonist preferentially binds to the R over R* state,17

thus suppressing ligand-independent (constitutive) ac-
tivation. Figures 3, 5, and 6 illustrate the binding sites

Figure 2. Models of the CB1 R and R* states in the TMH3-4-5-6 region (in the absence of ligand) are illustrated here. (a) In
the R state model, a salt bridge can form between K3.28 and D6.58 (shown in green). A microdomain of clustered aromatic residues
(shown in yellow), W6.48/F3.36/W5.43/Y5.39/W4.64 exists in the CB1 TMH3-4-5-6 region. (b) The conformational changes that
occur upon receptor activation (R f R* transition) result in rotations of TMHs 3 and 6, as well as a change in the conformation
of TMH6 (by moderation of its proline kink angle).10-13 The K3.28-D6.58 salt bridge is broken (residues illustrated in green).
The aromatic cluster present in the inactive state model also undergoes rearrangement, with W6.48/W5.43/Y5.39/W4.64 (shown
in yellow) maintaining an extended cluster, while F3.36 (yellow) is no longer part of this cluster.
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identified for the CB1 inverse agonist SR141716A in the
R state6 and for the CB agonists WIN55,212-2 and
anandamide, each in the R* state.

Aromatic stacking interactions were identified for
both SR141716A and WIN55,212-2. Table 1 compares
modeling results for SR141716A6 with those for WIN55,-
212-2. In this table, distances (d) and angles (R) for
aromatic systems that meet the criteria for aromatic
stacking interactions18 are highlighted in bold.

SR141716A in the R State. SR141716A has been
shown to act as a competitive antagonist and inverse
agonist in host cells transfected with exogenous CB1
receptor, as well as in biological preparations endog-
enously expressing CB1.19-21 The SR141716A-CB1 in-
teraction presented here focuses on the R state of CB1.6
SR141716A was found to have a single, direct aromatic
stacking interaction with F3.36(201) and with Y5.39-
(276) and two direct stacking interactions with W5.43-
(280) in CB1 R (Table 1). These direct interaction sites
are colored yellow in Figure 3. The SR141716A/W5.43
interaction is the strongest, as W5.43 has aromatic
stacking interactions with both the monochloro (MC)
and dichlorophenyl (DC) rings of SR141716A. F3.36 has
a single tilted-T aromatic stacking interaction with the
DC ring of SR141716A at a close distance between ring
centroids (5.0 Å), while the single aromatic stacking
interaction of the MC ring of SR141716A with Y5.39 is
weaker, because of the longer distance between ring
centroids (6.0 Å). In binding, SR141716A becomes part
of the aromatic cluster in the TMH3-4-5-6 region. In
one of these clusters, F3.36(201) directly stacks with
W6.48 (d ) 4.9 Å, R ) 50°) and with W5.43 (d ) 5.9 Å,
R ) 60°). In a second cluster, Y5.39(276) directly stacks
with W4.64 (d ) 6.5 Å, R ) 80°). Aromatic residues that
are not direct interaction sites for SR141716A, but are
part of this extended cluster, are illustrated in green in
Figure 3.6 F3.25(190) (colored blue in Figure 3) was not
found to be part of this extended cluster. Modeling
studies also suggested that in the SR141716A/CB1 R
complex, the carboxamide oxygen of SR141716A forms
a hydrogen bond with K3.28 (N-O distance ) 2.7 Å;
O-H-N angle ) 163°). We have recently shown using
a mutant cycle that K3.28 is, in fact, a direct interaction
site for the C-3 substituent of SR141716A.6

The docking position identified for SR141716A is
consistent with SR141716A SAR results reported by
Thomas and co-workers for substitution on the monochlo-
rophenyl (MC) and dichlorophenyl (DC) rings.22 Thomas
reported that substitution at the 3 or 6 position on the
DC ring with iodine resulted in a decrease in CB1
affinity. In the SR141716A docked position reported
here, substitution of an iodine at the 3 or 6 position on

the DC ring would result in steric clashes with F3.36
for the 3 position and steric clashes with V6.56 and
V6.59 for the 6 position (see Figure 4A). These substitu-
tions would therefore be expected to reduce CB1 affinity.
Thomas also reported that substituent enlargement at
the 4 position on the MC ring of SR141716A from chloro
to bromo or iodo did not result in a significant loss of
CB1 affinity. Katoch-Rouse and co-workers reported that
substitution of a methoxy group at the 4 position on the
MC ring did not significantly affect CB1 affinity as
well.23 In the SR141716A docked position reported here,
substitution of bromo, iodo, or methoxy at the 4 position
on the MC ring would not produce a steric clash, because
this substituent resides in an area with adjacent unoc-
cupied space (see Figure 4B).

Table 1. Ligand-Aromatic Stacking Interactions in CB1 R and R*

SR141716Aa in R WIN55,212-2 in R*

MCb DCc NAPd INDe

df (Å) Rg (deg) d (Å) R (deg) d (Å) R (deg) d (Å) R (deg)

F3.36 7.9 NAh 5.0i 80 6.4 20 6.3 50
Y5.39 6.5 25 10.6 NA 10.7 NA 9.7 NA
W5.43 4.8 50 4.8 90 4.5 90 6.1 NA
W6.48 11.7 NA 7.6 NA 4.2 60 8.1 NA

a See ref 6. b MC ) monochlorophenyl ring. c DC ) dichlorophenyl ring. d NAP ) naphthyl ring. e IND ) indole ring system. f d )
distance between aromatic ring centroids. g R ) angle between normal vectors of interacting rings. h NA, intervening amino acid(s) prevent(s)
a stacking interaction. i Distances (d) and angles (R) for aromatic systems that meet the criteria for aromatic stacking interactions18 are
highlighted in bold.

Figure 3. The model of the SR141716A/CB1 R complex in the
TMH3-4-5-6 region of CB1 is illustrated here. SR141716A
is in a minimum-energy conformation that produces the most
negative electrostatic potential in the C3 substituent region.
In this conformation (0.92 kcal/mol above the global minimum),
the piperidine ring is in a chair conformation with the nitrogen
lone pair of electrons pointing in the same direction as the
carboxamide oxygen.6 The carboxamide oxygen of SR141716A
is involved in a hydrogen-bonding interaction with K3.28
(shown in yellow). K3.28 is also involved in a salt bridge with
D6.58 (shown in green). Aromatic residues with which
SR141716A stacks directly are shown in yellow. Aromatic
residues with which SR141716A does not stack directly, but
that are part of the extended aromatic cluster formed by
SR141716A binding, are illustrated in green.
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WIN55,212-2 in the R* State. Figure 5 and Table
1 illustrate modeling results for the CB agonist WIN55,-
212-2 in the CB1 R* state. WIN55,212-2 was docked
in a model of the CB1 active (R*) state, because agonists
are thought to have higher affinity for the R* form of a
GPCR versus the R form. In our CB1 model, the R f
R* transition results in the loss of direct interactions
between W5.43(280), F3.36(201), and W6.48(357). In the

model, this triad is once again linked with each other
via WIN55,212-2, which bridges the gap between these
residues in the ligand/R* complex. WIN55,212-2 has a
direct aromatic stacking interaction with W5.43(280)
and W6.48(357) and two direct stacking interactions
with F3.36(201). The distances (d) and angles (R) for
these interactions are given in bold in Table 1, and
residues with which WIN55,212-2 interacts directly are
illustrated in yellow in Figure 5. Aromatic residues in
the TMH3-4-5-6 region form a network or cluster
with which WIN55,212-2 interacts. W5.43(280) directly
stacks with Y5.39 (d ) 6.1 Å, R ) 60°), and Y5.39(276)
stacks with W4.64 (d ) 5.3 Å, R ) 70°). In binding,
WIN55,212-2 becomes part of an aromatic cluster that
includes F3.36(201)/W6.48(357)/W5.43(280)/Y5.39(276)/
W4.64(256) in the minimized complex. No hydrogen-
bonding interactions were identified for WIN55,212-2
in CB1 R*. This result is consistent with recent reports
by Huffman and co-workers that cannabimimetic in-
doles retain high CB1 affinity even when all hydrogen-
bonding potential has been removed (see compound 26
in ref 46).

The binding site identified here for WIN55,212-2 is
consistent with AAI SAR data that demonstrated that
the R stereoisomer of WIN55,212 (called WIN55,212-
2), but not the S stereoisomer of WIN55,212 (called
WIN55,212-3), produced effects at the cannabinoid
receptor.24 In the docking position illustrated for WIN55,-
212-2 here, WIN55,212-3 would not be able to fit
because the morpholino alkyl tail would be sterically
blocked by the TMH6 backbone and residues V6.59(368)
and M6.55(364). Early results reported by D’Ambra and
co-workers24 for WIN55,212 (a mix of R + S isomers,
C-2 Me) and its C-2 H and C-2 Et congeners showed
that when the C-2 substituent was a hydrogen atom or
a methyl group, compounds with good CB1 affinity and
efficacy were produced. However, the analogue in which
the C-2 substituent was an ethyl group was essentially
an inactive compound. Our docking studies indicated
that if the C-2 substituent was enlarged from methyl

Figure 4. This figure illustrates the consistency of the SR141716A binding site model identified here with published SAR.22,23

(A) SR141716A would have steric overlaps with CB1 if an iodo substituent was located at the 3 or 6 position on the dichloro (DC)
ring. (B) SR141716A would not have steric overlaps with CB1 if a substituent as large as a methoxy were located at the 4 position
on the monochloro (MC) ring.

Figure 5. The model of the WIN55,212-2/R* complex in the
TMH3-4-5-6 region of CB1 is illustrated here. WIN55,212-2
was docked in its lowest energy s-trans conformation.45

Aromatic residues with which WIN55,212-2 stacks directly
are shown in yellow. Aromatic residues with which WIN55,-
212-2 does not stack directly, but that are part of the extended
aromatic cluster formed by WIN55,212-2 binding, are il-
lustrated in green.
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to ethyl, the naphthyl ring would have to adjust its tilt
and make the ring more perpendicular to the plane of
the indole due to steric constraints. This adjustment,
however, results in a steric clash with W5.43(280) in
the receptor binding pocket, such that the ligand has
to back away from the aromatic cluster, losing most of
the aromatic stacking interactions illustrated in Figure
5 for WIN55,212-2.

Anandamide in R*. While anandamide is not ca-
pable of engaging in aromatic (π-π) stacking interac-
tions, it can engage in C-H‚‚‚π interactions. Figure 6
illustrates results of docking studies for the endogenous
agonist anandamide in CB1 R*. Anandamide was em-
ployed in this study as a control, since a docking study
of several dimethylanandamides25 suggested that the
TMH2-3-7 region, not the TMH3-4-5-6 aromatic
residue rich region of CB1, was the binding site. Docking
studies reported here suggest that in its binding site in
the CB1 TMH2-3-6-7 region, anandamide is engaged
in a hydrogen-bonding interaction with K3.28(193). In
this interaction, K3.28(193) forms a hydrogen bond with
the amide oxygen of anandamide (N to amide O distance
) 2.6 Å, N-H-O angle ) 158°). At the same time, the
headgroup hydroxyl of anandamide is engaged in an
intramolecular hydrogen bond with the amide oxygen
(O to O distance ) 2.7 Å O-H-O angle ) 130°). The

formation of such an intramolecular hydrogen bond in
anandamide helps the hydroxyl exist in a hydrophobic
region and still satisfies a hydrogen bond.

The residues that line the anandamide binding pocket
are largely hydrophobic, including F2.57(171), F3.25-
(190), L3.29(194), V3.32(197), F6.60(369), F7.35(380),
A7.36(381), Y6.57(366), S7.39(384) (hydrogen bonded
back to its own backbone carbonyl oxygen), and L7.43-
(388). The interaction with F3.25(190) is a C-H‚‚‚π
interaction with the C5-C6 double bond in anandamide.
In the R* bundle, F2.57(171) has an interaction with
the amide oxygen. Here, an aromatic ring hydrogen
interacts with one of the lone pairs of electrons of the
amide oxygen (C-O distance ) 3.7 Å, C-H-O angle )
168°, ring center to O distance ) 5.1 Å). A similar
interaction is evident in the X-ray structure of bovine
rhodopsin26 in which F5.38(203) points its positive edge
into the backbone carbonyl oxygen of P4.60 (C-O
distance ) 3.3 Å, C-H-O ) 147°, ring center to O
distance ) 4.6 Å).

We have previously shown that the arrangement of
homoallylic double bonds in the acyl chain portion of
anandamide makes anandamide a very flexible mol-
ecule.25,27 While there are no crystal structures of
anandamide bound to CB1 available in the literature,
there is an X-ray crystal structure of anandamide’s
parent acid, arachidonic acid (20:4, n - 6), complexed
with adipocyte lipid binding protein. 28 In this structure,
arachidonic acid clearly adopts a curved/U-shaped
conformation that is consistent with the conformations
identified for anandamide (20:4, n - 6) in our confor-
mational memories calculations25,27 and is consistent
with the conformation of anandamide in CB1 illustrated
in Figure 6. The importance of K3.28(193) as a direct
interaction site for anandamide is supported by the
work of Song and Bonner,29 who reported that anand-
amide was unable to compete for [3H]WIN55,212-2
binding in a human CB1 K3.28(192)A mutant and that
the potency of anandamide in inhibiting cAMP ac-
cumulation was reduced >100-fold in this mutant. This
loss of affinity could occur with the loss of a strong
hydrogen-bonding interaction.

The binding-site interactions illustrated for anand-
amide in Figure 6 agree with results first reported by
Pinto and co-workers,30 which showed that the hydroxyl
group in the headgroup region of anandamide could be
replaced by a methyl group without a loss in CB1
affinity. This result suggested that the hydroxyl group
is not essential for anandamide binding and also that
this hydroxyl may exist in a hydrophobic region of CB1.
This result has been echoed in later endocannabinoid
structure-activity relationship studies that showed, for
example, that a cyclopropyl headgroup results in a very
high CB1 affinity ligand.31 In the binding site, identified
for anandamide in our model, the headgroup hydroxyl
is located in a hydrophobic pocket and satisfies its
hydrogen-bonding potential by forming an intramolecu-
lar hydrogen bond with the amide oxygen. This result
is consistent with recent NMR solution studies of
anandamide reported by Bonechi and co-workers,32 who
found that this intramolecular hydrogen bond in anand-
amide persists in solution.

We recently reported that the TMH2-3-7 region of
CB1 was the binding site for a series of dimethylanand-

Figure 6. The anandamide/R* complex in the TMH2-3-6-7
region of CB1 R* is illustrated here. K3.28(193) forms a
hydrogen bond with the amide oxygen of anandamide. At the
same time, the headgroup hydroxyl of anandamide is engaged
in an intramolecular hydrogen bond with its amide oxygen.
The anandamide binding pocket is lined with residues (shown
in gray) that are largely hydrophobic, including L3.29, V3.32,
F6.60, F7.35, A7.36, Y6.57, S7.39 (hydrogen bonded back to
its own backbone carbonyl oxygen), and L7.43. F3.25 (shown
in yellow) has a C-H‚‚‚π interaction with the C5-C6 double
bond of anandamide, while F2.57 (shown in yellow) has an
interaction with the amide oxygen of anandamide.
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amide analogues.25 Results of docking studies here
indicate that anandamide can occupy a slightly different
position in CB1 (the TMH2-3-6-7 region) due to the
absence of the two methyl groups at C2 and C1′ found
in the dimethylanandamide analogues previously stud-
ied.

CP55,940 in CB1 R*. CP55,940 is used here as the
radioligand for binding studies because its binding site
does not involve interaction with the residues of the
aromatic microdomain studied here. In our revised CB1
model based upon the rhodopsin crystal structure,26

CP55,940 binds higher up in the CB1 R* binding pocket,
above F3.36, W5.43, and W6.48 and to the side of F3.25
(ref 33 and manuscript in preparation). This CP55,940
binding site is extracellular to the binding site identified
for WIN55,212-2 and involves hydrogen-bonding in-
teractions of the southern aliphatic hydroxyl (SAH) of
CP55940 with K3.28, the northern aliphatic hydroxyl
of CP55940 (NAH) with K260 in the CB1 EC-2 loop, and
the phenolic hydroxyl of CP55940 with D6.58.

Receptor Recognition of Cannabinoid Ligands.
To test the binding-site hypotheses generated by the
receptor model, selective mutations of aromatic residues
in TMHs 3, 4, 5, and 6 of the CB1 receptor were
generated and stable cell lines were established. Stable
cell lines were created in HEK-293 cells expressing
either mouse wild-type CB1 (WT CB1), F3.25(190)A,
F3.36(201)A, Y4.64(256)A, W5.43(280)A, or W6.48-
(357)A, and Scatchard analyses were performed using
[3H]CP55,940 as the radioligand (Table 2). No specific
[3H]CP55,940 binding to HEK 293 cells was found prior
to transfection (data not shown). The affinity values
obtained for all the mutant receptors were not signifi-
cantly different from WT CB1 receptor (Table 2). These
results are in agreement with the receptor model that
predicted the aromatic residues chosen for mutational
analysis would not be interaction sites for the bicyclic
cannabinoid, CP55,940 (see above). Since significant
changes in the affinity of [3H]CP55,940 were not ob-
served, this tritiated compound served as an excellent
tool for ligand competition studies. The mutation of
human W4.64A has been previously reported to result
in receptor sequestration in a mammalian cell line.3 In
agreement with this previous finding, we found that
mouse W4.64(256)A was not properly expressed on the
cell surface in HEK cells as assessed by immunofluo-
rescence (Figure 7). Compared to WT CB1, few cells

showed surface expression of the mutant protein. We
also tested this mutation in an amphibian cell (oocyte)
background versus a mammalian to determine if Xeno-
pus oocytes might process the mutant protein correctly,
but functional expression was not observed (data not
shown). Further characterization of W4.64(256)A was
not carried out because of these findings. These results
for the W4.64A mutant are similar to those reported
by Rhee and co-workers for the W4.64A mutation in
CB2, which exhibited no binding of any ligand, suggest-
ing improper folding or lack of cell surface expression.34

Ligand Displacement Studies. F3.25(190)A Re-
ceptor Affinity. The F3.25(190)A mutation had no
statistically significant effect on WIN55,212-2 or
SR141716A binding, but it resulted in a 6-fold loss in
affinity for anandamide (Table 3, Figure 8). This result
is consistent with modeling studies (see Figures 3, 5,
and 6) that show that F3.25(190) is not part of the
binding site of WIN55,212-2 (in R*) or SR141716A (in
R) but is a part of the anandamide binding pocket (in
R*).

F3.36(201)A Receptor Affinity. The affinity of
anandamide was unaffected by the F3.36(201)A muta-
tion, whereas the affinities of both WIN55,212-2 (9-
fold loss) and SR141716A (3-fold loss) were affected by
this mutation (Table 3, Figure 8). The binding results
for anandamide are consistent with the modeling stud-

Table 2. Cannabinoid Receptor Radioligand Binding
Determinations in Membranes Prepared from Wild Type and
Mutant Cell Linesa

cell line Kd (nM) Bmax (pmol/mg)

WT CB1 1.5 (0.53-2.4) 4.4 (3.5-5.3)
F3.25(190)A 5.5 (0.3-10) 3.2 (1.9-4.5)
F3.36(201)A 2.3 (0.6-4.1) 5.2 (3.6-6.9)
W4.64(256)A ND ND
W5.43(280)A 5.4 (1.2-9.5) 1.9*(1.1-2.6)
W6.48(357)A 3.2 (2.0-4.4) 4.4 (3.8-5.2)

a Experiments using [3H]CP55,940 were performed on stably
transfected HEK 293 cells to evaluate binding affinities and
relative levels of receptor expression in the wild-type and mutant
receptors. Nonspecific binding was determined in the presence of
excess CP55,940 (see Experimental section). Data are the means
and corresponding 95% confidence limits of three independent
experiments each performed in triplicate. The asterisk (*) indicates
statistically significant differences from wild type (p < 0.05). ND,
not determined.

Figure 7. Immunolabeling of HEK 293 cells stably expressing
wild type (WT) CB1 receptor (A) or transiently expressing
W4.64A mutant CB1 receptor (B). Bright cell surface labeling
was observed around cells expressing the wild-type CB1

receptor. The majority of cells that were transfected with the
W4.64A mutant CB1 receptor did not express the protein on
their cell surface.

Table 3. Ability of Three Cannabinoid Receptor Ligands to
Displace [3H]CP55,940 from Membranes Prepared from Wild
Type and Mutant Cell Linesa

Ki

cell line WIN55,212-2b anandamidec SR141716Ab

WT CB1 12 (7.0-20) 0.3 (0.1-0.6) 4.8 (2.2-10)
F3.25(190)A 15 (3.7-49) 1.8* (0.6-5.6) 9.6 (4.6-20)
F3.36(201)A 107*(44-261) 0.3 (0.1-1.1) 14* (7.3-29)
W4.64(256)A ND ND ND
W5.43(280)A 199* (43-914) 0.3 (0.2-0.7) 46%* displacement

at 5 µM
W6.48(357)A 45* (22-92) 0.3 (0.1-0.5) 33* (23-45)

a Inhibition constants were obtained from competition experi-
ments (see Experimental section). Data are the means and
corresponding 95% confidence limits of three independent experi-
ments each performed in triplicate. The asterisk (*) indicates
statistically significant differences from wild type (p < 0.05). ND,
not determined. b In nM. c In µM.
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ies that did not identify F3.36 as a direct interaction
site for anandamide. Results for WIN55,212-2 and
SR141716A are consistent with receptor docking studies
reported above, which show that F3.36(201) is a direct
interaction site for both WIN55,212-2 (in R*) and
SR141716A (in R). As illustrated in Figure 5, F3.36-
(201) forms two stacking interactions with WIN55,212-
2, as this residue can interact with both the naphthyl
(NAP) and the indole (IND) rings of WIN55,212-2.
Figure 3 illustrates that F3.36(201) has a single aro-
matic stacking interaction with the dichlorophenyl (DC)
ring of SR141716A in the R state of WT CB1. It is likely
that SR141716A can partially compensate for the loss
of aromaticity at 3.36(201) in the F3.36(201)A mutant
through a strengthened aromatic stacking interaction
with W6.48(357), which is located just beneath F3.36-
(201) in the WT CB1 R state (Figure 3).

W5.43(280)A Receptor Affinity. The W5.43(280)A
mutation produced an 8-fold loss in affinity for WIN55,-
212-2, but it did not affect anandamide binding (Table
3, Figure 8). This result is consistent with the modeling
studies that suggest that W5.43(280) is not part of the
anandamide binding pocket but suggest that WIN55,-
212-2 has a direct aromatic stacking interaction be-
tween W5.43(280) and its NAP ring. This aromatic

stacking interaction can be expected to be particularly
strong as the centroid to centroid distances between
interacting rings is at close distance (4.5 Å) and the
angle of the interacting ring planes is 90°, forming a
perfect tilted-T arrangement (see Table 1).18

The W5.43(280)A mutation had the most profound
effect on SR141716A binding compared to any of the
mutations reported here. Even at 5 µM, SR141716A
could only displace 46% of tritiated CP55,940. The
nonspecific effects of cannabinoids produced beyond 5
µM precluded us from testing higher concentrations.
This result is consistent with the modeling studies that
suggested that W5.43(280) is central in the aromatic
cluster interactions with SR141716A. As detailed in
Table 1 and illustrated in Figure 3, the model suggests
that W5.43 has direct stacking interactions with both
the MC and DC rings of SR141716A. It is likely that
W5.43 helps orient SR141716A in the binding pocket,
so loss of aromaticity at W5.43(280) would be expected
to have a particularly deleterious effect upon SR141716A
binding.

W6.48(357)A Receptor Affinity. The binding of
anandamide was unaffected by the W6.48(357)A muta-
tion, whereas the binding of both WIN55,212-2 (4-fold
loss) and SR141716A (7-fold loss) was affected by this
mutation (Table 3, Figure 8). These results are also
consistent with modeling results for anandamide, which
suggest that W6.48(357) is not part of the anandamide
binding site, and with results for WIN55,212-2, which
suggest a direct stacking interaction between W6.48-
(357) and the NAP ring of WIN55,212-2. The magni-
tude of the effect of the W6.48(357)A mutation on
SR141716A binding (7-fold loss) was, however, more
than would be expected from a cursory inspection of the
modeling study illustrated in Figure 3, as W6.48(357)
does not stack directly with SR141716A but stacks with
F3.36(201), which, in turn, stacks with SR141716A. It
is possible that the decrease in affinity upon mutation
of W6.48 to alanine is due to the loss of the extended
aromatic stacking interaction between SR141716A,
F3.36, and W6.48, as only one stacking interaction
would remain (i.e. between SR141716A and F3.36).

Discussion

In the absence of a crystal structure for CB1, the
combination of site-directed mutagenesis and molecular
modeling is a powerful tool that allows us to study
specific ligand-receptor interactions. In this study, we
wanted to determine if aromatic residues in the binding
pocket of CB1 form specific interaction sites for ami-
noalkylindole agonist (WIN55,212-2) and diaryl pyra-
zole inverse agonist/antagonist (SR141716A) ligands,
but not for endogenous (anandamide) and nonclassical
cannabinoid (CP55,940) agonists.

Importance of CB1 TMH3-4-5-6 Region. Muta-
tion results reported here in Table 3 suggest that
TMH3-4-5-6 aromatic microdomain residues F3.36,
W5.43, and W6.48 are part of the binding pocket for both
SR141716A and WIN55,212-2. One important proviso
associated with any mutation study is the possibility
that a gross structural change has occurred in the ligand
binding pocket as the result of a mutation. In this case,
it is possible that a change in a residue distant from
the ligand binding pocket could have an effect on ligand

Figure 8. Displacement of [3H]CP55,940 by SR141716A (A),
WIN55,212-2 (B), or anandamide (C) in membranes prepared
from HEK 293 cells transfected with wild-type or mutant CB1

receptors. Displacement curves were obtained in stable cell
lines expressing [0] WT CB1, [4] F3.25(190)A, [b] F3.36(201)A,
[*] W5.43(280)A, and [[] W6.48(357)A. Each data point shown
is the mean ( SE of at least three independent experiments
performed in triplicate.
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binding. Such a structural change is unlikely here for
three reasons: (1) the amino acid residue chosen as the
replacement is smaller than the WT residue, as recom-
mended by Ward et al.,35 (2) the replacement residue is
not a helix breaker, such as Pro or Gly,36 and is not a
residue that has been documented to induce helix bends,
such as Ser or Thr,37 and (3) both CP55,940 and
anandamide retain WT affinity for the F3.36A, W5.43A,
and W6.48A mutants, providing strong evidence that a
structural rearrangement in the binding pocket has not
occurred here.35

The identification of the TMH3-4-5-6 region as the
binding region of SR141716A and WIN55,212-2 is
supported by previous mutation/chimera studies. A
recent CB1 mutant cycle study indicated that K3.28 is
a direct interaction site for the C-3 substituent of
SR141716A.6 Shire and co-workers have shown in CB1/
CB2 chimera studies that the TMH4-E2-TMH5 region
of CB1 contains residues critical for the binding of
SR141716A and WIN55,212-2.3 Mutation studies per-
formed by Song and co-workers have supported the
importance of the TMH3-4-5 region of CB1 and CB2
for the binding of WIN55,212-2.5 These studies showed
that the 15-20-fold higher affinity of WIN 55,212-2 for
the CB2 receptor may be due in part to a direct aromatic
stacking interaction with F5.46, a residue that is
aromatic only in CB2.

Aromatic (π-π) Stacking Interactions in CB1
Ligand Recognition. Another hypothesis tested here
is that aromatic stacking interactions are important for
the binding of aminoalkylindole agonists (such as
WIN55,212-2) and diaryl pyrazole inverse agonist/
antagonists (such as SR141716A) at CB1. Attractive
π-π interactions are one of the major noncovalent forces
governing molecular recognition. Burley and Petsko18

have reported that aromatic-aromatic stacking interac-
tions in proteins operate at distances (d) of 4.5-7.0 Å
between ring centroids. The angle (R) between normal
vectors of interacting aromatic rings typically is between
30° and 90°, producing a “tilted-T” or “edge-to-face”
arrangement of interacting rings. Hunter and co-work-
ers38 have reported that π-π parallel stacking interac-
tions (R < 30°) between phenylalanine residues in
proteins are also favorable if the rings are offset from
each other. Recent ab initio calculations on benzene
dimers have estimated that tilted-T and off-set parallel
π-π (aromatic) stacking interactions have stabilization
energies of 2.7 and 2.8 kcal/mol respectively, suggesting
that these may be very important noncovalent interac-
tions.39

In addition to W4.64 and Y5.39, docking studies
reported here identified F3.36, W5.43, and W6.48 as
part of the binding pockets of SR141716A and WIN55,-
212-2 (Table 1, Figures 3 and 5). These docking results
suggest that aromatic stacking interactions may be
important for AAI and diaryl pryrazole ligand binding.
Consistent with the docking results, we have reported
here that mutation of F3.36, W5.43, or W6.48 to a
nonaromatic residue (alanine) results in reduced affinity
for SR141716A and WIN55,212-2. If such an affinity
decrease is the direct result of loss of aromatic stacking
interactions via substitution of a nonaromatic for an
aromatic residue within the ligand binding pocket, then
a comparable change in the ligand should also lead to

a decrease in affinity, i.e., in each ligand structural
class, substitution of nonaromatic for aromatic moieties
of equivalent or smaller size (with no change in the
receptor binding site) should also result in reduced
receptor affinity. Consistent with this premise, SAR
studies of the C-5 substituent of SR141716A (monochlo-
rophenyl (MC) ring) have indicated that loss of aroma-
ticity in the C5 substituent results in ligands with
dramatically reduced CB1 affinities.40,41 Loss of aroma-
ticity in the N1 substituent of SR141716A (the dichlo-
rophenyl (DC) ring) by a change to a cyclohexyl N1
substituent has been reported to result in a significant
loss in CB1 affinity as well.42

The importance of aromaticity for proper AAI interac-
tion with CB1 has been illustrated by Huffman and co-
workers.43 These investigators reported that replace-
ment of the naphthyl (NAP) ring of WIN55,212-2 with
an alkyl (CH3) or alkenyl [(CH3)2CdCH] group resulted
in complete loss of CB1 affinity (Ki > 10 000 nM) in both
cases. Eissenstat and co-workers44 reported that re-
placement of the naphthyl ring of WIN55,212-2 with
a hydrogen resulted in a compound with a very high
IC50 at CB1. These findings are significant because they
underscore that an aromatic system as part of the C-3
substituent of WIN55,212-2 may be important and
because it suggests that the requirement at this position
is not simply a requirement for any hydrophobic moiety.

While recent CB1 K3.28A mutation studies6 have
indicated that SR141716A binding to CB1 involves
a hydrogen bond between the C-3 substituent of
SR141716A and K3.28 (see Figure 3), hydrogen bonding
does not appear to be important for WIN55,212-2
interaction with CB1. Song and Bonner reported that a
CB1 K3.28A mutation had no effect on the affinity of
WIN55,212-2 for CB1.29 The carbonyl oxygen of WIN55,-
212-2 would appear to be a likely hydrogen-bond
acceptor; however, rigid AAI analogues in which the
carbonyl group was replaced with a methylene group,
the E naphthylidene indenes, have been shown to retain
high affinity at both the CB1 and CB2 receptors.45

Huffman and co-workers46 recently synthesized an
indole analogue of WIN55,212-2 for which all hydrogen-
bonding potential was removed. This compound was
found to retain high CB1 affinity. These results support
the modeling reported here that indicates that hydrogen
bonding is not important for interaction of the AAI
WIN55,212-2 with CB1.

C-H‚‚‚π Interactions in CB1/Endocannabinoid
Recognition. C-H‚‚‚π interactions are moderate, but
nevertheless important, interactions that contribute
to protein stability.47 Mutation studies reported here
suggest that F3.25 is part of the binding site of anan-
damide, while modeling studies suggest that F3.25 has
a C-H‚‚‚π interaction with the C5-C6 bond of anan-
damide. This interaction is consistent with the recent
crystal structure of fatty acid amide hydrolase (FAAH)
in which the arachidonyl inhibitor methoxy arachidonyl
phosphonate (MAP) is bound.48 Here several aromatic
amino acids (F194, F244, Y335, F381, F432, and W531)
line the substrate binding pocket surrounding the
arachidonyl chain and F194, F381, and F432 are
engaged in C-H‚‚‚π interactions with the first through
third double bonds, respectively, of the MAP arachidonyl
acyl chain. Binding-site interactions identified here for
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anandamide also agree with the recent crystal structure
of arachidonic acid bound to prostaglandin synthase.49

This crystal structure shows C-H‚‚‚π interactions
between arachidonic acid acyl chain double bonds and
aromatic residues.

Conclusions

Modeling and mutation studies reported here suggest
that the aromatic microdomain in the TMH3-4-5-6
region comprised of F3.36, W4.64, Y5.39, W5.43, and
W6.48 is the binding-site region for both SR141716A
and WIN55,212-2, but not for anandamide. Only F3.25
was found to be important for the binding of anand-
amide at CB1. These results indicate that the endocan-
nabinoid binding pocket at CB1 may only partially
overlap the binding pockets of SR141716A and WIN55,-
212-2.

Results reported here also suggest that the set of key
noncovalent forces governing molecular recognition of
the aminoalkylindoles (WIN55,212-2), diaryl pryrazoles
(SR141716A), and the endocannabinoids (anandamide)
at CB1 may be different. For the antagonist/inverse
agonist, SR141716A, a combination of aromatic stacking
interactions and hydrogen bonding6 are key, while
aromatic stacking interactions alone appear to be the
principal intermolecular forces governing the binding
of the aminoalkylindole WIN55,212-2 at CB1. For the
endocannabinoid anandamide, C-H‚‚‚π and hydrogen-
bonding interactions appear to be key intermolecular
forces for CB1 recognition.

Experimental Section

Receptor Model Construction. Amino Acid Number-
ing System. In the discussion of receptor residues that follows,
the amino acid numbering scheme proposed by Ballesteros and
Weinstein50 is used. In this numbering system, the most highly
conserved residue in each transmembrane helix (TMH) is
assigned a locant of 0.50. This number is preceded by the TMH
number and followed in parentheses by the sequence number.
All other residues in a TMH are numbered relative to this
residue. In this numbering system, for example, the most
highly conserved residue in TMH2 of the mouse CB1 receptor
is D2.50(164). The residue that immediately precedes it is
A2.49(163). Figure 1 serves as a reference for this numbering
system in CB1.

Definition of the Rotameric State of ø1. Different
nomenclatures have been used to define the rotameric state
of side chain torsion angles. The nomenclature employed here
for the ø1 (chi 1) torsion angle is that described by Shi and
co-workers.8 When the heavy atom at the γ position is at a
position opposite to the backbone nitrogen when viewed from
the â-carbon to the R-carbon, the ø1 is defined to be trans.
When the heavy atom at the γ position is at a position opposite
to the backbone carbon when viewed from the â-carbon to the
R-carbon, the ø1 is defined to be gauche+ (g+). When the heavy
atom at the γ position is at a position opposite to the
R-hydrogen when viewed from the â-carbon to the R-carbon,
the ø1 is defined to be gauche- (g-). Using this nomenclature
system, the side chain conformations were categorized into g-
(0° <ø1 < 120 °), trans (120° < ø1 < 240°), or g+ (240° < ø1 <
360°).

R to R* Transition in GPCRs. Because agonists are
thought to have higher affinity for the activated form of
GPCRs,16 agonist ligands in the work reported here were
docked in a model of the activated state (R*) of CB1 (see below).
This R* CB1 model was created by modification of our
rhodopsin (Rho)-based model of the inactive (R) form of CB1

(see below) and guided by the biophysical literature on the R
to R* transition. It has now been well-established in the

Biophysical literature that the R to R* transition in GPCRs is
accompanied by significant changes in the transmembrane
helix bundle (see refs 15 and 36 for reviews). These studies
have indicated that activation of Rho is accompanied by a rigid
domain motion of TMH6 relative to TMH3.10 Javitch and co-
workers14 documented that Cys 6.47 becomes available to the
binding pocket only in a constitutively active â-2 mutant. The
acquired accessibility of Cys 6.47 in the mutant was hypoth-
esized to result from a counterclockwise rotation (from an
extracellular view) and/or tilting of the sixth membrane
spanning segment associated with activation of the receptor.
Lin and Sakmar51 reported that perturbations in the environ-
ment of W3.41 (along with W6.48) of Rho occur during the
conformational change concomitant with receptor activation.
W3.41(126) faces lipid in the inactive state of Rho.26 Lin and
Sakmar51 attributed the observed differential shift of the Lb
absorption of the indole side chain of Trp126(W3.41) in Rho
during activation to the decreased hydrophobicity of its
environment. This has been interpreted as originating from a
counterclockwise rotation of TMH3 (from an extracellular
view),15 which would move this residue into the more polar
environment of the TMH3-TMH4 interface. A ∼20° rotation
of TMH3 would be required to rotate this residue in the Rho
crystal structure out of lipid and into the TMH3-TMH4
interface.

Jensen and co-workers13 recently demonstrated through
fluorescence studies of the â-2-adrenergic receptor that P6.50
in the highly conserved CWXP motif of TMH6 can act as a
flexible hinge that mediates the transition from R to R*. In
the R state, these investigators propose that TMH6 is kinked
at P6.50 such that its cytoplasmic end is nearly perpendicular
to the membrane and close to the cytoplasmic end of TMH3.
The transition to the R* state is accomplished by the straight-
ening of TMH6 such that the cytoplasmic part of TMH6 moves
away from the receptor core and upward toward the lipid
bilayer.13 Ballesteros and co-workers52 recently proposed that
a salt bridge between R3.50 and E6.30 at the intracellular end
of the â-2-adrenergic receptor stabilizes this receptor in its
inactive state.

In the present study, the literature on GPCR activation
discussed above was used to generate an R* CB1 TMH bundle
from a model of the inactive (R) CB1 receptor based on the 2.8
Å crystal structure of rhodopsin.26 The creation of these two
forms of CB1 is described below.

Model of Inactive State (R) Form of CB1. A model of
the R form of CB1 was created using the 2.8 Å crystal structure
of bovine Rho.26 First, the sequence of the mouse CB1 receptor53

(see Figure 1) was aligned with the sequence of bovine Rho
using the same highly conserved residues as alignment guides
that were used initially to generate our first model of CB1.54

TMH5 in CB1 lacks the highly conserved proline in TMH5 of
Rho. Therefore, the sequence of CB1 in the TMH5 region was
aligned with that of Rho as described previously using its
hydrophobicity profile.54 The mouse CB1 sequence53 is 97.7%
identical to the human CB1 sequence55 overall and 100%
identical within the transmembrane regions. The mouse
sequence is one residue longer (473 residues) than the human
sequence (472 residues) due to an additional residue in the N
terminus.

Initial helix ends for mouse CB1 were chosen in analogy with
those of Rho:26 TMH1, N1.28(113)-R1.61(146); TMH2, R2.37-
(151)-H2.68(182); TMH3, S3.21(186)-R3.56(221); TMH4,
T4.38(230)-C4.66(258); TMH5, H5.34(271)-K5.64(301); TMH6,
R6.28(337)-K6.62(371); TMH7, K7.32(377)-S7.57(402); in-
tracellular extension of TMH7, D7.59(404)-C7.71(416). With
the exception of TMH1, these helix ends were found to be
within one turn of the helix ends originally calculated by us
and reported in 1995.54 Two changes dictated by the CB1

sequence were made in the helix ends. The shortness of the
E1 loop region in CB1 necessitated starting TMH3 at 3.23
[N3.23(188)-R3.56(221)]. The break in helicity caused by the
GWNC sequence motif on the extracellular end of TMH4
necessitated that TMH4 end at 4.62 instead of 4.66 (as is found
in Rho). Changes to the general Rho structure that were
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necessitated by sequence divergences included the absence of
helix-kinking proline residues in TMH1 and TMH5, the lack
of a GG motif in TMH2, as well as, the presence of extra
flexibility in TMH6.9

Because TMH6 figures prominently in the R to R* transi-
tion,13 we have studied the conformations accessible to TMH6
in CB1 and CB2 using conformational memories (CM).9 These
studies revealed that TMH6 in CB1 (but not CB2) has high
flexibility due to the small size of residue 6.49 (a glycine)
immediately preceding Pro 6.50. Two families of conformers
were identified by CM for TMH6 in CB1. Cluster 1 showed a
pronounced proline kink (40 members out of 100, 71.2° average
kink angle). Cluster 2 contained helices with less pronounced
kinks (51 members out of 100, 30.1° average kink angle). A
conformer from the more kinked CM family of CB1 TMH6s
(cluster 1) was used in our model of the R state of CB1. This
conformer was selected (Pro kink angle ) 53.1°) so that R3.50-
(215) and D6.30(339) could form a salt bridge at the intracel-
lular ends of TMHs 3 and 6 in the CB1 TMH bundle. An
analogous salt bridge has been shown to be an important
stabilizer of the inactive state of the â2 adrenergic receptor52

and to be present in Rho.26 Because of the extreme flexibility
of TMH6 in CB1, we have proposed that an additional
TMH3-6 salt bridge, K3.28(193)-D6.58(367), stabilizes the
inactive state on the extracellular side of the TMH bundle.6

Model of Active (R*) Form of CB1. On the basis of
experimental results for rhodopsin and the â-2-adrenergic
receptor,10,13,14,51,52 the R* (active) CB1 bundle was created from
the inactive (R) model of CB1 by rotating TMH3 so that residue
3.41 moves into the less hydrophobic environment of the
TMH3-4 interface.51 This was accomplished by a 20° coun-
terclockwise (extracellular view) rotation of TMH3 from its
orientation in the inactive (R) bundle. In the R* bundle, a
TMH6 conformer from the second major conformational family
(less kinked: 21.8° kink angle) identified by CM9 was substi-
tuted for the TMH6 conformer used in the inactive model of
CB1. This conformer was chosen so that the salt bridge in the
inactive state between R3.50(214) and D6.30(338) would be
broken due to the movement of the intracellular end of TMH6
away from that of TMH3 and out into lipid.52 TMH6 was also
rotated (counterclockwise from extracellular view) so that Cys
6.47 became accessible from inside the binding site crevice.14

Preparation of Helices. Each helix of the model was
capped as the acetamide at its N-terminus and as the N-
methyl amide at its C-terminus. Ionizable residues in the first
turn of either end of the helix were neutralized, as were any
lipid facing charged residues. Ionizable residues were consid-
ered charged if they appeared anywhere else in the helix.

Ligand Conformations and Docking Positions. The
binding-site conformations and anchoring interactions inside
the receptor used for each ligand were based on our published
computational and experimental work and that of others as
detailed below.

SR141716A. We have recently shown in a mutant cycle
study that the C3 substituent of SR141716A has a direct
interaction with K3.28,6 so K3.28 was used as the anchor point
for docking. Since chimera studies have identified that the
TMH4-TMH5 region of CB1 is involved in SR141716A binding,3
the ligand was docked in the TMH3-4-5 region of CB1. Our
SR141716A conformational analysis studies identified two
principal conformers (of the C3 substituent),6 one of which was
identified as the bioactive conformer based on our mutant cycle
experimental results.6 This conformer produces the highest
negative electrostatic potential in the C-3 substituent region
(0.92 kcal/mol above global minimum as indicated by ab initio
Hartree-Fock 6-31G* calculations). In this conformation, the
piperidine ring is in a chair conformation with the nitrogen
lone pair of electrons pointing in the same direction as the
carboxamide oxygen. The carboxamide of the C3 substituent
of SR141716A is in a trans geometry. A recent crystal structure
of SR141716A confirms this carboxamide trans geometry (C.
George, Laboratory for the Structure of Matter, Naval Re-
search Laboratory, personal communication). This bioactive

conformer of SR141716A was docked such that its carboxamide
oxygen formed a hydrogen bond with K3.28 and the ligand
occupied the TMH3-4-5 region of CB1 without van der Waals
overlaps. The resultant ligand/CB1 complex was energy mini-
mized as described below.

WIN55,212-2. CB1/CB2 chimera studies have suggested
that WIN55,212-2 binds in the TMH4-TMH5 region of CB1.3
In agreement with these results, we have shown that the CB1

affinity of WIN55,212-2 increases in a V5.46F mutant,
suggesting that TMH5 is part of the WIN55,212-2 binding
pocket.5 WIN55212-2 was therefore docked in the TMH4-5
region of CB1. Our synthesis of rigid indene analogues that
mimic the s-cis and s-trans conformers of WIN55,212-2
suggested that the s-trans conformation of WIN55,212-2 is
its bioactive conformation.45 WIN55,212-2, in its s-trans
conformation, was docked in the TM4-5 region of CB1 using
interactive computer graphics with the naphthoyl group
oriented either extracellularly or intracellularly and each
ligand/CB1 complex was energy minimized. These calculations
suggested that a naphthoyl intracellular orientation resulted
in the lower energy complex.

Anandamide. CB1 human K3.28(192)A mutation binding
results for the endogenous agonist anandamide have suggested
that K3.28 is a primary interaction site.29 SAR studies reported
by Pinto and co-workers have suggested that the carboxamide
group, rather than the hydroxyl group of anandamide, is
important for high CB1 affinity.30 We therefore used an
interaction between the caboxamide oxygen and K3.28 as an
anchor point for docking anandamide at CB1. We have used
the CM method, a Monte Carlo/simulated annealing method,
to identify low free energy conformations of anandamide.25,27

In contrast to SR141716A and WIN55,212-2, which have
relatively few low-energy conformers, anandamide was found
to have many low-energy conformations. The CM method
identified two major conformational families for anandamide,
a U-shaped cluster (49/100 structures) and an extended-shape
cluster (29/100 structures).25 These results combined with CM
results for several acyl chain congeners of anandamide sug-
gested that anandamide analogues (from the U-shaped cluster)
that can form tightly curved structures should have the
highest affinity for CB1.25 These results led us to select
structures from the anandamide U-shaped cluster25 for dock-
ing. A representative structure from the U-shaped cluster was
selected such that when docked in our CB1 R* model, the
carboxamide oxygen of this conformer could form a hydrogen
bond with K3.28 but create no van der Waals overlaps with
other residues in the binding site crevice. The ligand/CB1

complex was then energy minimized as described below.
Energy Minimization: Ligand-Receptor Complexes

and Unoccupied Receptor States. Each ligand was docked
using interactive computer graphics. SR141716A was docked
in the inactive state (R) model of CB1, because inverse agonists
have higher affinity for this state,6 while WIN55,212-2 and
anandamide were docked in the model of the CB1 active R*
state, because agonists have higher affinity for this state. The
energy of the ligand/CB1 R or ligand/CB1 R* TMH bundle
complex was minimized using the AMBER* united atom force
field in Macromodel 6.5 (Schrödinger Inc., Portland, OR). A
distance dependent dielectric, 8.0 Å extended nonbonded cutoff
(updated every 10 steps), 20.0 Å electrostatic cutoff, 4.0 Å
hydrogen bond cutoff, and explicit hydrogens on sp2 carbons
were used. The first stage of the calculation consisted of 2000
steps of Polak-Ribier conjugate gradient (CG) minimization
in which a force constant of 225 kJ/mol was used on the helix
backbone atoms in order to hold the TMH backbones fixed,
while the side chains were permitted to relax. The second stage
of the calculation consisted of 100 steps of CG in which the
force constant on the helix backbone atoms was reduced to 50
kJ/mol in order to allow the helix backbones to adjust. Stages
one and two were repeated with the number of CG steps in
stage two incremented from 100 to 500 steps until a gradient
of 0.001 kJ/(mol‚Å 2) was reached. This same minimization
protocol was followed for the unoccupied receptor R and R*
models.
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Assessment of Aromatic Stacking Interactions. Resi-
dues and/or ligand regions were designated here as participat-
ing in an aromatic stacking interaction if subject rings had
centroid to centroid distances (d) between 4.5 and 7.0 Å. These
interactions were further classified as “tilted-T” arrangements
if 30° e R e 90° and as parallel arrangements for R < 30°
(where R is the angle between normal vectors of interacting
rings). Parallel arrangements were considered favorable only
if the interacting rings were offset from each other.38 All
measurements were made using Macromodel 6.5 (Schrödinger
Inc.).

Mutation Studies. Materials. [3H]CP55,940, SR141716A,
and CP55,940 were obtained from the National Institutes on
Drug Abuse. WIN55,212-2 was purchased from RBI (Natick,
MA) and anandamide was purchased from Tocris. The mouse
CB1 cDNA was cloned in our lab.53

Mutagenesis. Mutations were introduced with the Quik-
Change site-directed mutagenesis kit (Stratagene) as previ-
ously described.56 This method allows mutagenesis to be
performed in any vector, hence we used mouse CB1 subcloned
into pcDNA3 (Invitrogen). The DNAs were sequenced to
confirm mutation in the desired regions only. The mutations
were made with the following primer sets: (forward) F3.25A-
(190) CAA AGA TAG TCC CAA TGT GGC TCT GTT CAA ACT
GGG TGG, F3.36A(201) GTG GGG TTA CCG CCT CCG CCA
CAG CAT CTG TG, W4.64A(256) CTC TCC TGG GCG CGA
ACT GCA AGA AGC TGC, W5.43A(280) GAA ACC TAC CTG
ATG TTC GCG ATC GGA GTC ACC AGT G, W6.48A(357)
TGT TGA TCA TCT GCG CGG GCC CTC TGC TTG CGA TC.
The reverse primers were the reverse complement of the
forward primer sequences.

Cell Culture and Transfection. Cell lines were created
by transfection of wild type or mutant CB1pcDNA3 into HEK
293 cells by the Lipofectamine reagent (Invitrogen) and
cultured as previously described.56 Cell lines containing mod-
erate to high levels of receptor mRNA, assessed by Northern
analysis, were tested for receptor binding and signal trans-
duction properties. Cell lines with the most similar receptor
expression profile, as ascertained by Bmax values, were chosen
for further analysis (Table 2).

Cannabinoid Receptor Radioligand Binding Deter-
minations. The current assay has been previously de-
scribed.56,57 Briefly, cells were harvested in phosphate-buffered
saline containing 1 mM EDTA and centrifuged at 500g for 5
min. The cell pellet was homogenized and centrifuged three
times at 1600g (10 min). The combined supernatants were
centrifuged at 100 000g (60 min). The pellet (P2 membrane)
was resuspended in 3 mL of buffer B (50 mM Tris-HCl, 1 mM
EDTA, 3 mM MgCl2, pH 7.4) to yield a protein concentration
of approximately 1 mg/mL. Binding was initiated by the
addition of 25-75 µg of P2 membrane protein to silanized
tubes containing [3H]CP55,940 (102.9 Ci/mmol) and a suf-
ficient volume of buffer C [50 mM Tris-HCl, 1 mM EDTA, 3
mM MgCl2, and 5 mg/mL fatty acid free bovine serum albumin
(BSA), pH 7.4] to bring the total volume to 0.5 mL. The
addition of 1 µM of unlabeled CP55,940 was used to assess
nonspecific binding. Specific binding averaged >50% of total
binding in all cell lines used in the analysis. Following
incubation (30 °C for 1 h), binding was terminated by the
addition of 2 mL of ice cold buffer D (50 mM Tris-HCl, pH 7.4,
plus 1 mg/mL BSA) and rapid vacuum filtration through
Whatman GF/C filters (pretreated with 0.1% polyethylene-
imine for at least 2 h). CP55,940 and all cannabinoid analogues
were prepared by suspension in assay buffer from a 1 mg/mL
ethanolic stock without evaporation of the ethanol (final
concentration of no more than 0.4%). When anandamide was
used as a displacing ligand, experiments were performed in
the presence of phenylmethylsulfonyl fluoride to inhibit the
break down of the ligand by endogenous esterases (50 µM).
Saturation experiments were conducted with six concentra-
tions of [3H]CP55,940 ranging from 250 pM to 10 nM.
Competition assays were conducted with 1 nM [3H]CP55,940
and six concentrations (0.001 nM to 10 µM) displacing ligands.
Bmax and Kd values were calculated by unweighted least-

squares nonlinear regression of log concentration values versus
binding of pmol/mg protein. These data was fit to a one-site
binding model using GraphPad Prism (GraphPad). Displace-
ment IC50 values were determined by unweighted least-
squares nonlinear regression of log concentration-percent
displacement data and then converted to Ki values using the
method of Cheng and Prusoff58 and analyzed with GraphPad
Prism.

Immunocytochemistry. Cells were plated onto cover slips
that had been pretreated for 1 h with poly D-lysine (0.02 mg/
mL; Sigma) and maintained in a humidified atmosphere of
5% CO2 in air at 37 °C. Cells were washed with 10 mM
HEPES-buffered saline (comprising in mM: NaCl 130, D-
glucose 25, HEPES 10, KCl 5.4, CaCl2 1.8, MgCl2 1) at room
temperature and incubated for 1 h with a polyclonal rabbit
anti-CB1 receptor antibody (Cayman Chemical) at a final
concentration of 8 µg/mL. Cells were washed three times with
HEPES-buffered saline and fixed with 4% paraformaldehyde
for 10 min at room temperature. CB1 receptor antibody was
labeled for 40 min at room temperature with Alexa Fluor 488
goat anti-rabbit secondary antibody (1:500; Molecular Probes)
followed by three washes in buffer. Cover slips were mounted
on slides in Vectashield (Vector Laboratories) and cell surface
labeling was visualized with a fluorescence microscope (Nikon).
Wild-type CB1 expressing cells or transient cells that were
transfected with W4.64A mutant CB1 receptors were labeled.
Time after transfection did not alter the labeling as a similar
pattern of labeling was observed when stable or transient cells
transfected with wild-type mouse CB1 receptor were labeled.
In control experiments, no labeling was observed with the
secondary antibody alone or when the primary antibody was
incubated with CB1 receptor blocking peptide at 100 µg/mL
(Cayman Chemical).

Statistical Analyses. The Ki and Kd values in the mutant
versus wild-type cell lines were compared by analysis of logged
data (GraphPad Prism) using analysis of variance (ANOVA)
or the unpaired Student’s t-test, where suitable. Bonferroni-
Dunn post-hoc analyses were conducted when appropriate. P
values <0.05 defined statistical significance.
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