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Abstract

Ž wŽ .We have investigated the binding site of the subtype specific antagonist SR 144528, N- 1S -endo-1,3,3-trimethyl bicyclo
w x x Ž . Ž . .2.2.1 heptan-2-yl -5- 4-chloro-3-methylphenyl -1- 4-methoxybenzyl -pyrazole-3-carboxamide on the human cannabinoid CB receptor2

based on functional studies with mutated receptors. Two serine residues in the fourth transmembrane region, Ser161 and Ser165, were
singly mutated to the cognate cannabinoid CB receptor residue, alanine, and each gave receptors with wild-type properties for the1

Ž . w Ž . x Ž . .cannabinoid agonists CP 55,940 1R,3R,4R -3- 2-hydroxy-4- 1,1-dimethylheptyl phenyl -4- 3-hydroxypropyl cyclohexan-1-ol and WIN
Ž . Ž .w wŽ . x w x xŽ .55212-2 R - q 2,3-dihydro-5-methyl-3- 4-morpholinyl methyl pyrrolo 1,2,3-de -1,4-benzoxazin-6-yl 1-naphthalenyl methanone,

which SR 144528 completely failed to antagonise. Molecular modelling studies show that SR 144528 interacts with residues in
transmembrane domains 3, 4, and 5 of the cannabinoid CB receptor through a combination of hydrogen bonds and aromatic and2

hydrophobic interactions. In addition, the replacement by serine of a nearby cannabinoid CB receptor-specific residue, Cys175 resulted in2

wild-type receptor properties with CP 55,940, loss of SR 144528 binding and eight-fold reduced binding and activity of WIN 55212-2, a
result compatible with a recently-proposed binding site model for WIN 55212-2. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The active constituent in Cannabis satiÕa, D
9-tetra-

hydrocannabinol, the endogenous cannabinoids N-
Ž . Žarachidonoylethanolamine anandamide Devane et al.,

. Ž .1992 and 2-arachidonylglycerol Mechoulam et al., 1995
together with numerous synthetic cannabinoid agonists
Ž .Pertwee, 1997 exert their effect through the mediation of
two 7-transmembrane domain G protein-coupled receptors.

ŽThe cannabinoid CB receptor Gerard et al., 1991; Mat-´1
.suda et al., 1990 is expressed principally in the brain, but

is also found in peripheral tissues, whereas the cannabinoid
Ž .CB receptor Munro et al., 1993 , absent from the brain,2

Žis found predominantly in blood cells Galiegue et al.,`
.1995 . The two subtypes share only 44% homology, which

has facilitated the development of the highly-specific and

) Corresponding author. Tel.: q33-5-61-00-4054; fax: q33-5-61-00-
4001.

Ž .E-mail address: david.shire@sanofi-synthelabo.com D. Shire .

Ž Ž . Žpotent antagonists, SR 141716A N- piperidin-1-yl -5- 4-
. Ž .chlorophenyl - 1 - 2,4-dichlorophenyl -4-methyl-1H-pyra-

. Žzole-3-carboxamidehydrochloride Rinaldi-Carmona et al.,
. Ž wŽ .1994 and SR 144528 N- 1S -endo-1,3,3-trimethyl bicy-
w x x Ž .clo 2.2.1 heptan-2-yl -5- 4-chloro-3-methylphenyl -1-

Ž . . Ž4-methoxybenzyl -pyrazole-3-carboxamide Rinaldi-
.Carmona et al., 1998 for the cannabinoid CB and1

Ž .cannabinoid CB receptor, respectively Fig. 1 . SR 1445282

has a 700-fold higher affinity for the cannabinoid CB2
Žreceptor than for the cannabinoid CB receptor Rinaldi-1

.Carmona et al., 1998 . Through competition binding exper-
iments, we recently showed that residues important for the
subtype specificity of SR 144528 for the cannabinoid CB2

receptor were located somewhere within the transmem-
brane domain 4–extracellular loop 2–transmembrane do-

Ž .main 5 region Shire et al., 1999 , in the same region
previously found to be important for binding of SR

Ž141716A to the cannabinoid CB receptor Shire et al.,1
.1996a . That report was mainly based on competition

binding experiments with the tritiated bicyclic cannabinoid
Ž . w Žagonist CP 55,940, 1R,3R,4R -3- 2-hydroxy-4- 1,1-di-

0014-2999r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
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Fig. 1. Structure of cannabinoid ligands used in the present work.

. x Ž . .methylheptyl phenyl -4- 3-hydroxypropyl cyclohexan-1-ol
Ž .Fig. 1 which has comparable binding affinities for the
cannabinoid CB and cannabinoid CB receptors and, as1 2

we found, for hybrid constructs of the two receptors.
Ž .Another powerful cannabinoid agonist, WIN 55212-2, R -

Ž .w wŽ . xq 2,3 - dihydro - 5 - methyl - 3 - 4 - morpholinyl methyl -
w x xŽ .pyrrolo 1,2,3-de -1,4-benzoxazin-6-yl 1-naphthalenyl

Ž .methanone Fig. 1 has a ;20-fold higher binding affinity
for the human cannabinoid CB receptor than for the2

Žhuman cannabinoid CB receptor Shire et al., 1996b;1
.Showalter et al., 1996 . The binding site for WIN 55212-2

appeared to be in the same region of the human cannabi-
Žnoid CB receptor as that of the SR compounds Shire et2

.al., 1999 and this was recently confirmed by the discovery
that Phe197 in transmembrane region 5 was crucial for the

Ž .subtype specificity of WIN 55212-2 Song et al., 1999 .
Here, we describe experiments with monkey kidney

COS-7 cells expressing point mutated cannabinoid CB2

receptors that led to the discovery of two residues in
transmembrane domain 4, Ser161 and Ser165 that are impli-
cated in the binding of SR 144528, but not in that of either
CP 55,940 or WIN 55212-2, confirmed by both binding
and activity analysis. Mutation of a third residue, Cys175

also eliminated SR 144528 binding, diminished WIN
55212-2 binding and activity, but had no effect on CP
55,940 binding affinity or activity. From the results ob-
tained and using molecular modelling techniques, we pro-
pose a model for SR 144528 docked in the cannabinoid
CB receptor.2

2. Materials and methods

2.1. Drugs and chemicals

ŽWIN 55212-2 was purchased from Sigma Saint-Quen-
.tin-Fallavier, France . CP 55,940, SR 141716A, and SR

144528 were synthesised in the Chemistry Department of
Ž .Sanofi Montpellier, France . Drugs were dissolved in

dimethyl sulfoxide, the final solvent concentration in as-
Ž .says never exceeding 0.1% vrv , an amount without

effect on ligand binding. Bifluor liquid scintillant and
w3 x Ž .H CP 55,940 111.9 Cirmmol were from New England

Ž .Nuclear Paris, France . Lipofectamine was from
Ž .GibcorBRL Life Technologies Paisley, UK . Luciferase

activities were determined using the Luciferase Assay
Ž .System Promega . Monkey kidney COS-7 cells were from

Žthe American Tissue Culture Collection Reference CRL-
.1651 and were cycled twice weekly.

2.2. Site-directed mutagenesis

Site-directed mutagenesis was carried out using the
ŽSculptor in vitro mutagenesis system Amersham Life

.Science, Bucks, UK according to the manufacturer’s rec-
ommendations. All constructions were fused to an NH -2

terminal c-myc epitope for immunofluorescence detection,
inserted into the p658 expression vector, sequenced and
transfected into COS-7 cells by a modified DEAE-dextran

Ž .method as described previously Shire et al., 1996a .

2.3. Radioligand binding on COS-7 membranes

Membranes from COS-7 cells transiently expressing the
wild-type or modified cannabinoid receptors were isolated
56 h after transfection and competition binding assays

w3 xwere carried out with H CP 55,940 as previously de-
Ž .scribed Rinaldi-Carmona et al., 1996 .

2.4. Firefly luciferase assay

Ž 4 .COS-7 cells 3=10 cellsrwell were seeded into
Žopaque 96-well plates Packard Instruments, Rungis,

.France , and co-transfected with expression vectors for the
Žwild-type cannabinoid CB or mutated receptors 102

.mgrplate , a cAMP response element–luciferase construct
Ž .5 mgrplate; Bouaboula et al., 1997 and corticotrophin

Ž .releasing factor subtype 1 receptor 1 mgrplate using
lipofectamine according to manufacturer’s instructions. Af-
ter 24 h, the cells were incubated with varying concentra-
tions of cold ligand. To assay the cAMP inhibitory agonist
effects of CP 55,940 and WIN 55212-2 cells were incu-

Ž y11 .bated with corticotrophin releasing factor 10 M and
varying concentrations of CP 55,940 or WIN 55212-2. To
assay the antagonist activity of SR 144528, cells were

Ž y11 .incubated with corticotrophin releasing factor 10 M ,
Ž y8 . Ž y8 .CP 55,940 10 M or WIN 55212-2 10 M and

varying concentrations of SR 144528. Four hours after the
addition of the ligands, the cells were washed once with
100 ml phosphate-buffered saline before adding luciferin
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Ž .buffer Promega, 25 ml, 1% Triton 1000 . After 3–5 min
incubation, light emission was measured for 30 s in a
Hamamatsu MTP Reader.

2.5. Data analysis

Curves were fit to the data with the Prism non-linear
Žleast squares curve-fitting program GraphPad Software,

.San Diego, CA . For binding data analyses, one- and
two-site fits were tested. For all experiments, a two-site fit
was considered better at P-0.05. The values given in
Tables 1 and 2 and in the figures are the means"S.E.M.
from three to four experiments. The significance of the
values obtained was analysed using a one-way ANOVA
test.

2.6. Molecular modelling of the human cannabinoid CB2

receptor and of SR 144528

To compare amino acid positions in class 1 G-protein-
coupled receptors, we have used the global amino acid

Ž . Ž .numbering scheme gn of Oliveira et al. 1993 . A
profile-based multiple sequence alignment of currently
known cannabinoid receptor sequences with those of the
b-adrenoceptor family was performed to identify the posi-

Žtions in the rat b -adrenoceptor model Gouldson et al.,2
.1997 that required mutation to generate the cannabinoid

CB receptor model. The alignment of six of the trans-2

membrane domain regions of the cannabinoid receptors
with the transmembrane domain regions from other class
one 7-transmembrane domain receptors can be readily
performed since they contain many of the conserved mo-

Ž .tifs associated with this class Strader et al., 1994 , i.e. a
Ž .conserved asparagine gn130 in transmembrane domain 1,

Ž .an aspartic acid gn224 in transmembrane domain 2, the
Ž .DRY motif in transmembrane domain 3 gn339–341 ,

Table 1
Competition binding of CP 55,940, SR 144528, and WIN 55212-2 with
w3 xH CP 55,940 on membranes from COS-7 cells transiently expressing
mutant human cannabinoid CB receptors. The data are expressed as2

means"S.E.M. of two to three independent experiments performed in
duplicate

Mutant CP 55,940 SR 144528 WIN 55212-2
Ž . Ž . Ž .IC nM IC nM IC nM50 50 50

Wild-type 1.1"0.2 0.67"0.09 2.8"0.42
receptor
S161A 0.38"0.2 )1000 1.26"0.1
V164I 0.58"0.03 1.0"0.4 1.6"0.5
S165A 0.55"0.3 )1000 3.0"1.5
C174S )1000 )1000 )1000
C175S 0.20"0.1 )1000 23.4"11.8
R177S 0.8"0.13 0.98"0.18 1.6"0.5
C179S )1000 )1000 )1000
S193G 1.01"0.05 1.8"1.33 2.2"0.3

Table 2
Parameters of the effect of CP 55,940, WIN 55212-2, and SR 144528 on

Ž y1 1 .the luminescence induced by corticotrophin releasing factor 10 M in
COS-7 cells expressing wild-type and mutant cannabinoid CB receptors.2

IC values for CP 55,940 and WIN 55212-2 are for the inhibition of50

luminescence as described in the Materials and methods. The EC50

values for SR 144528 are for the inhibition of the inhibitory activity of
Ž y8 .CP 55,940 10 M . The data are expressed as means"S.E.M. of three

independent experiments performed in sextuplicate. Results were sub-
jected to a one-way ANOVA test to estimate the significance of the
results compared to wild type values

Mutant CP 55,940 WIN 55212-2 SR 144528
Ž . Ž . Ž .IC nM IC nM EC nM50 50 50

Wild-type 6.4"4 12.3"4 3.3"0.9
receptor

y5 aS161A 18"6 11.6"1.9 )10 M
y5 aS165A 16"2 8.4"3.1 )10 M

b a y5 aC175S 23"8 98"11.8 )10 M

aSignificantly different from wild type, P -0.001.
bSignificantly different from wild type, P -0.01.

Ž .tryptophan in transmembrane domain 4 gn420 , a CWXP
Ž .motif in transmembrane domain 6 gn617–620 , and a

Ž .NPXXY motif in transmembrane domain 7 gn729–733 .
However, the alignment of transmembrane domain 5 poses
a problem because, unlike the majority of class one recep-

Ž .tors, a highly conserved proline gn520 is absent and
207 Ž .additionally, two tyrosine residues, Tyr gn528 and

209 Ž .Tyr gn530 , are present in the region normally contain-
Ž .ing a single tyrosine gn528 . With no conserved proline to

extrapolate from, there are two positions that transmem-
brane domain 5 can adopt, giving the choice of placing
either Tyr 207 or Tyr 209 on the internal face. In the model
presented here, based on hydrophobicity considerations
Tyr 207 is situated on the internal face of transmembrane
domain 5.

The initial cannabinoid CB receptor transmembrane2

domain model was energy minimised using 1000 steps of
conjugate gradient minimisation followed by 10 ps molec-

Ž .ular dynamics backbone atoms constrained again fol-
lowed by 1000 steps of conjugate gradient minimisation to
relieve any steric clashes that had arisen from the sequence
changes. After this initial energy minimisation, SR 144528
was docked into the receptor model based on the experi-
mentally-derived mutagenesis data using interactive graph-
ics. After docking, the ligand–receptor complex was en-
ergy minimised with 1000 steps of conjugate gradient
minimisation followed by 200 ps molecular dynamics
Ž .backbone atoms constrained . After the constrained
molecular dynamics simulations, the model was subjected
to conjugate gradient minimisation until the RMS of the

˚energy was less than 0.05 kcalrmol A. The sequence
manipulations and model energy refinement were per-

Ž .formed using the WHATIF Vriend, 1990 and SYBYL
Ž .Tripos, St. Louis, MO63144 modelling packages. The

Ž .AMBER 4.1 all atom force field implemented in SYBYL
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was used for all energy minimisation and molecular dy-
namics calculations. Additional force field parameters for
SR 144528 were derived from existing parameters. The
molecular dynamics calculations were carried out in vacuo
in a distance-dependent dielectric with a time step of 0.001

Žps at 298 K. The initial 3D structure of SR 144528 S
.isomer was constructed using SYBYL. A copy of the

model co-ordinates has been deposited at GPCRDB.

3. Results

3.1. Binding characteristics of the wild-type and mutated
CB receptors and effect on luciferase stimulation by CP2

55,940, WIN 55212-2, and SR 144528

We previously reported that the mutation of each of the
conserved cannabinoid CB receptor extracellular loop 22

174 179 Ž .cysteines Cys and Cys Fig. 2 to serine resulted in
w3 x Žreceptors that failed to bind H CP 55,940 Shire et al.,

.1996a . However, immunofluorescence examination of in-
tact cells by means of the amino terminal c-myc epitope
confirmed that the receptors were present on the cell

Ž .surface Shire et al., 1996a . In the present study, we found
that the C174S and C179S mutants also failed to bind
radiolabeled WIN 55212-2, D

9-tetrahydrocannabinol and
Žthe endogenous cannabinoid, anandamide results not

.shown . Rather than conclude that they directly participate
in ligand binding, elimination of these conserved cysteine
residues may have resulted in an important structural
perturbation, perhaps the elimination of a disulfide bridge.
It can be noted that mutations of the conserved extracellu-
lar loop 2 cysteines in the cannabinoid CB receptor1

Fig. 2. The transmembrane domain 4–transmembrane domain 5 regions
of the wild-type human cannabinoid CB receptor. Black circles are2

cannabinoid CB receptor-specific residues, gray circles are residues2

conserved in both cannabinoid CB and CB receptors.2 1

Fig. 3. Competition binding of SR 144528 and WIN 55212-2 with
w3 xH CP 55,940 on membranes from COS-7 cells transiently expressing
point-mutated cannabinoid CB receptors. The results shown are from2

three separate experiments carried out in duplicate.

resulted in failure of the mutated receptors to reach the cell
Ž .surface Shire et al., 1996a . To see whether mutation of

175 Ž .the cannabinoid CB receptor-specific Cys Fig. 22

would have the same adverse effect on ligand binding as
the mutations of the neighbouring Cys174 and Cys179, we
replaced it by serine. In a homologous competition binding

w3 xassay with H CP 55,940, the C175S receptor bound CP
55,940 with comparable affinity to the wild-type receptor
Ž .Table 1 , showing that the CP 55,940 binding site was
largely unaffected by the replacement. In contrast, in com-

w3 x y6petition with H CP 55,940 SR 144528 at 10 M com-
pletely failed to compete with the radioligand for the
C175S receptor and WIN 55212-2 had an eight-fold re-

Ž .duced affinity Fig. 3 and Table 1 . We tested the mutated
receptor using a convenient functional assay we have
developed that avoids the use of radioelements. COS-7
cells were co-transfected with expression vectors for the
receptor, corticotrophin releasing factor receptor and a
reporter gene system comprised of a minimal promoter
containing cAMP response element binding protein se-

Žquences fused to a luciferase gene coding region Boua-
.boula et al., 1997 . Activation of the corticotrophin releas-

ing factor receptor by corticotrophin releasing factor very
efficiently stimulates cAMP accumulation with down-
stream initiation of luciferase production, measurable by

Ž .fluorescence Calandra et al., 1999 . A functional cannabi-
noid receptor can inhibit the fluorescence. Comparison of
the fluorescence obtained with CP 55,940 or WIN 55212-2
activation of the C175S-mutated cannabinoid CB receptor2

and the wild-type receptor showed a diminution of the
fluorescence with WIN 55212-2 in line with the drop in

Ž .binding affinity Table 2 . SR 144528 failed to affect the
Ž .inhibitory activity of either CP 55,940 Table 2 or WIN

55212-2.
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Fig. 4. Possible hydrogen bond interactions between SR 144528 and
Ser161 and Ser165 in transmembrane domain 4 of the cannabinoid CB2

receptor.

According to a structural model of the cannabinoid CB2

receptor, the two transmembrane domain 4 serines specific
161 Ž . 165 Ž .to this subtype, Ser gn423 and S gn427 , are on the

internal polar face of the helix, separated by one helical
turn. Their separate mutation to alanine, the cognate
cannabinoid CB receptor residues, resulted in receptors1

Ž .having wild-type affinity for CP 55,940 Table 1 . From
Fig. 3, it can be seen that WIN 55212-2 competed with CP
55,940 with characteristics similar to that of the wild-type
cannabinoid CB receptor, but SR 144528 at 10y6 M2

failed to compete with CP 55,940. SR 144528 at 10y6 M
w3 xalso failed to compete with H WIN 55212-2 for binding

Žto the S161A and S165A mutated receptors results not
. 161 165shown . Since the mutation of either Ser or Ser to

alanine resulted in retention of wild-type affinity for both
CP 55,940 and WIN 55212-2, it can be assumed that the
mutated receptors were correctly folded. This is further
supported by the fact that these receptors responded with
wild-type potency and efficacy to CP 55,940 and WIN

Ž .55212-2 in the functional assay Table 2 . As with the

C175S mutation, SR 144528 at 10y5 M failed to modify
Ž .the inhibitory action of CP 55,940 Table 2 or of WIN

Ž .55212-2 not shown . The drastic loss of affinity of SR
144528 for the S161A and S165A mutants strongly sug-
gested that the two serines are contact points for SR
144528 with the cannabinoid CB receptor.2

WIN 55212-2 has about a 10-fold higher affinity for the
human than for the mouse cannabinoid CB receptor and2

19-fold higher affinity for the human CB receptor than2

for the human CB receptor. A recent mutational study has1
197 Ž .identified Phe gn518 in transmembrane domain 5 of

the human cannabinoid CB receptor as being crucial for2
Žthe subtype selectivity of WIN 55212-2 Song et al.,

. 1971999 . Phe is common to human and mouse CB recep-2

tors, but three residues in the human receptor situated in
the transmembrane domain 4–transmembrane domain 5

164 Ž . 177 Ž .region, Val gn426 , Arg extracellular loop 2 and
193 Ž . Ž .Ser gn514 Fig. 2 are not found in the mouse recep-

tor. We singly mutated them to the corresponding mouse
receptor residues, isoleucine, serine and glycine, respec-
tively, to see whether the 10-fold difference was at-
tributable to any of these residues. The competition bind-
ing results for WIN 55212-2 were similar to those of

Ž .wild-type human cannabinoid CB receptor Table 1 ,2

showing that the 10-fold difference was not due to any
single one of those residues. None of the three mutations

Ž .affected SR 144528 affinity Table 1 .

3.2. Model of SR 144528 bound to the human cannabinoid
CB receptor2

Since Ser161 and Ser165 probably form hydrogen bonds
with the ligand, we considered which of the groups on SR

Fig. 5. Stereo diagram of SR 144528 docked in an energy minimised representation of the human cannabinoid CB receptor. Transmembrane domains 3–62

are shown in cyan, red, purple and green, respectively.
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Fig. 6. Residues involved in the SR 144528 binding site in the cannabinoid CB receptor. Left, serpentine representation of the human cannabinoid CB2 2

receptor. White circles, cannabinoid CB -specific residues; gray circles, conserved residues; black circles, residues contacting SR 144528. C represents2

the potential glycosylation site. Right, schematic representation of the SR 144528 binding site in the cannabinoid CB receptor. According to the model SR2

144528 contacts residues in transmembrane domain 3, transmembrane domain 4, and transmembrane domain 5.

144528 could potentially participate in hydrogen bonding.
Three potential hydrogen bonding groups exist in the
structure of SR 144528, one hydrogen bond donor, the
amide nitrogen hydrogen and two hydrogen bond accep-
tors, the free pyrazole nitrogen and the carboxyl oxygen
Ž .Fig. 1 . Through the rotation of the pyrazole ring–amide
bond two conformers that maintain the planarity of the
molecule are observed. In the first, the free pyrazole
nitrogen is on the same face of the molecule as the

Ž .carboxyl oxygen Fig. 4a and in the second, the amide
Žhydrogen is on the same face as the pyrazole nitrogen Fig.

.4c . We hypothesised that the most energetically favourable
orientation would be with SR 144528 forming a hydrogen

161 165 Ž .bond with both Ser and Ser Fig. 4a since the
alternative conformations of SR 144528 result in the inter-
action with one hydrogen bonding group of SR 144528 or

Ž .only one hydrogen bond Fig. 4b and c . Serine has three
major groups of preferred side chain rotamers when situ-
ated in an a-helix. Of the three rotamer groups available,
the pairing of rotamer 1 and rotamer 2, for Ser161 and
Ser165, respectively, gave acceptable hydrogen bond inter-
actions with the most likely conformation of SR 144528
Ž .Fig. 4a . Other pairings either allowed for good interac-
tion with only one of the hydrogen bonding groups of SR

Ž .144528 Fig. 4b and c or generated steric clashes with
other residues in transmembrane domain 4. Because of the
inherent structural flexibility of the receptor, it is possible
that SR 144528 interacts with the receptor through an

Ž .ensemble of hydrogen bonding arrangements Fig. 4a–c
with Ser161 and Ser165, but this does not change the overall
position of SR 144528 drastically.

The next question concerned the orientation of SR
144528. Clearly, the most energetically favoured interac-

tions for the phenyl groups in the molecule are those
implicating an aromatic stacking arrangement. The region

Table 3
Contacts of SR 144528 with the human cannabinoid CB receptor in the2

model shown in Fig. 5. The table gives the residue position, type of
contact, and the cognate residue in the CB receptor subtype. The global1

Ž .number is according to that described by Oliveira et al. 1993

Contact Type of contact made Residue in the
Ž .global number with SR 144528 cannabinoid

CB receptor1

115 Ž .Met 324 Hydrophobicrsulfur– p alanine
118 Ž .Thr 327 HydrophobicrH-bond threonine
119 Ž .Ala 328 Hydrophobic alanine
122 Ž .Gly 331 Hydrophobic glycine
125 Ž .Leu 334 Hydrophobic phenylalanine
126 Ž .Leu 335 Hydrophobic leucine
157 Ž .Met 419 Hydrophobic methionine

161 Ž .Ser 423 H-bond alanine
164 Ž .Val 426 Hydrophobic isoleucine

Žalso in mouse and
rat cannabinoid

.CB receptors2
165 Ž .Ser 427 H-bond alanine
168 Ž .Pro 430 Hydrophobic proline
169 Ž .Leu 431 Hydrophobic leucine
172 Ž .Trp 434 Aromaticrhydrophobic tryptophan
193 Ž .Ser 514 Undefined contact phenylalanine

Žglycine in
mouse and rat
cannabinoid

.CB receptors2
194 Ž .Trp 515 Aromaticrhydrophobic tryptophan
197 Ž .Phe 518 Aromaticrhydrophobic valine
201 Ž .Leu 522 Hydrophobic leucine
204 Ž .Gly 525 Hydrophobic phenylalanine

205 Ž .Ile 526 Hydrophobic isoleucine
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encompassed by transmembrane regions 3 to 5 is relatively
rich in aromatic residues, particularly near the extracellular
side of the cannabinoid receptors. Two tryptophan residues
at the extracellular extremities of transmembrane domain 4

172 Ž . 194and transmembrane domain 5, Trp gn434 and Trp
Ž . Ž .gn515 Fig. 2 are well situated to form aromatic interac-
tions with SR 144528. The molecule was therefore orien-
tated with the phenolic side chains at the extracellular side
of the receptor to facilitate potential p–p interactions with
aromatic residues. This placed the hydrophobic fenchyl
group near hydrophobic residues in transmembrane do-

122 Ž . 125 Ž . 126 Ž .main 3, Gly gn331 , Leu gn334 , Leu gn335 in
157 Ž .transmembrane domain 4, Met gn419 and in trans-

201 Ž . 204 Ž .membrane domain 5, Leu gn522 , Gly gn525 and
205 Ž .Ile gn526 . The overall position of SR 144528 with

respect to transmembrane domains 3, 4, and 5 after energy
minimisation is shown in Fig. 5. The positions of the
contacts with respect to the entire cannabinoid CB recep-2

tor sequence together with a schematic representation of
the binding site are shown in Fig. 6, showing a penetration
of the antagonist deep into the helix bundle. A comprehen-
sive list of the contacts made by SR 144528 with the
cannabinoid CB receptor in the final energy minimised2

model structure are listed in Table 3. We note that it is
likely that water molecules are present in the binding site.
These water molecules may act as bridges replacing the
direct interactions between the receptor and ligand.

4. Discussion

In the model for SR 144528 docked into the cannabi-
noid CB receptor presented here, we propose that the2

specificity of the molecule relies on crucial contacts with
subtype specific residues in transmembrane domain 4.
Other contacts are with mainly conserved residues in
transmembrane domains 3 and 5. This corroborates previ-
ous work in which we used chimeric cannabinoid
CB rCB receptor to show that an important contribution1 2

to the high affinity binding sites for SR 144528 and SR
141716A was situated somewhere in the transmembrane
domain 4–transmembrane domain 5 region of their respec-

Ž .tive receptors Shire et al., 1996a, 1999 . At the same time,
we found that the same cannabinoid CB receptor region2

appeared to contain residues necessary for the subtype and
species specificity for WIN 55212-2. This agonist has an
affinity for the human cannabinoid CB receptor)mouse2

cannabinoid CB receptor)human cannabinoid CB re-2 1

ceptor. In the present work, we showed that none of
several non-conserved residues in transmembrane domains
4 and 5 were accountable for the selectivity of WIN
55212-2 for the human over the mouse cannabinoid CB2

receptor. However, following the results obtained with the
Ž .chimeric receptors Shire et al., 1999 , the Reggio labora-

197 Ž .tory recently identified Phe gn518 in transmembrane
domain 5 of the human receptor as being important for the

specificity of WIN 55212-2 for the cannabinoid CB re-2
Ž . 197ceptor subtype Song et al., 1999 . Phe , in concert with

an extensive aromatic cluster in the transmembrane 3–5
region of the cannabinoid CB receptor, provided the2

principal contacts for WIN 55212-2 in a docking model for
Ž .the interaction Song et al., 1999 .

The docking model we present here for SR 144528 in
the cannabinoid CB receptor has several features in com-2

mon with the WIN 55212-2 docking model. In the model,
Phe197 is also implicated in an interaction with SR 144528,

172 Ž . 194 Ž .together with Trp gn434 and Trp gn515 , two
residues also present in the WIN 55212-2 docking model
Ž .Song et al., 1999 . However, the SR 144528–receptor
interaction differs from that of WIN 55212-2 in that

161 Ž . 165 Ž .hydrogen bonds with Ser gn423 or Ser gn427 in
transmembrane domain 4 are important, since replacement
by alanine of either of the serine residues eliminates both
the binding and the activity of SR 144528, while not
affecting those of WIN 55212-2. This is the first report of
the role played by the transmembrane domain 4 serines in
a ligand–receptor interaction. Interestingly, they are partic-
ularly well conserved in the class 1 heptahelical receptor

Ž .superfamily ;65% , with the alanine residues found in
the cannabinoid CB receptor being the usual alternatives1
Ž .;30% .

ŽThe overall position of SR 144528 and of WIN 55212-
.2 in the receptor is different from the ligand binding sites

normally found for small nonpeptide molecules. Many
models place the ligand in the general binding site de-
scribed for the rhodopsin and monoamine receptors, i.e.

Žbetween transmembrane domains 3, 5, 6 and 7 Gouldson
.et al., 1997 . The model for SR 144528 bound to the

cannabinoid CB receptor presented here differs in that the2

majority of the interactions are with transmembrane do-
mains 3, 4, and 5, and none with transmembrane domains

Ž .6 or 7 Fig. 6 . Up to now, the few studies that have
implicated transmembrane domain 4 in ligand–receptor
interactions have all concerned neuropeptide receptors. All
these interactions involve residues on the same face of the

208 Ž .helix: Met gn434 in the neurotensin type 1 receptor
Žwith another diarylpyrazole, SR 48692 Labbe-Jullie et al.,´ ´

. 1731998 ; Phe in the same position in the neuropeptide Y
Ž .subtype 1 receptor gn434 with a small molecule antago-

166 Ž .nist; in the substance P receptor, Gly gn431 was found
to modulate the affinity for the natural peptide agonist
Ž .Ciucci et al., 1997 .

The general topology of the CB receptor we have2

adopted in the present work is based on the refined crystal
Ž .structure of bovine rhodopsin Krebs et al., 1998 . How-

ever, it cannot be excluded that the cannabinoid receptors
have a somewhat different topology to other class 1 hepta-
helical G protein-coupled receptors. Unexpected structures
are coming to light, as exemplified by an unusual tertiary
structure recently suggested for the bradykinin B2 receptor
in which the loop region joining transmembrane domain 1
and transmembrane domain 2 was situated extracellularly,
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Ž .not intracellularly Quiza et al., 1999 . In particular, the
role of cysteine residues in the cannabinoid receptors
remains to be clarified. A pair of cysteine residues in
extracellular regions 1 and 2 has been shown in several G
protein-coupled receptors to be linked by a disulfide bridge,
which would clearly impose a certain structural constraint
on the receptors. Both cannabinoid receptors lack a cys-
teine in extracellular loop 1, but extracellular loop 2
contains two and three cysteines in the cannabinoid CB1

Ž .and CB receptors, respectively Fig. 2 . In common with2
Žseveral other class 1 G protein-coupled receptors Zeng et

.al., 1999 , replacement of the extracellular loop 2 cysteines
in the cannabinoid CB receptor prevented translocation of1

Žthe mutated receptors to the plasma membrane Shire et
.al., 1996a . Although cannabinoid CB receptors carrying2

mutations in the conserved extracellular loop 2 cysteines
are translocated, they fail to bind ligands, for reasons that
remain unclear. Cysteine residues in extracellular loops

Žhave also been implicated in receptor dimerisation Zeng
.and Wess, 1999 , but we have no evidence at present that

the cannabinoid receptors dimerise.
The role played by the non-conserved Cys175 in the

cannabinoid CB receptor is also unclear. The inability of2

SR 144528 to displace CP 55,940 in the C175S mutant or
to inhibit its activity would at first suggest that Cys175 is a
contact residue for SR 144528. It is possible that the
extracellular loop 2 dips back down towards the binding
site of SR 144528 to form a sulfur–p interaction with the
pyrazole group of SR 144528. The wild-type binding value
for CP 55,940 with the C175S mutant and the relatively
moderate reduction in WIN 55212-2 binding to the mutant
would imply that the binding sites of these ligands were
not drastically affected by the replacement. The effects of
the mutation on SR 144258 binding may also be at-
tributable to an alternative disulfide bridge formation, but
further work is required in order to clarify this interaction.

Given the high level of structural similarity of SR
144528 to SR 141716A, it is conceivable that hydrogen
bonding is also important for the binding of the latter to
the cannabinoid CB receptor subtype. Potential hydrogen1

bonding partners for the amide group in SR 141716A have
to be found elsewhere in this subtype. Two possible alter-
native hydrogen bonding partners are available on trans-
membrane domain 3 of the cannabinoid CB receptor,1

114 Ž . 118namely, the conserved residues Thr gn323 and Thr
Ž .gn327 . Although we have no data that support their
implication in SR 141716A binding to the CB receptor,1

molecular modelling shows that hydrogen bond interac-
tions with both residues could be accomplished by turning
the molecule through 1808 from the position occupied by
SR 144528. This orientation would maintain the aromatic
interaction with Trp172 and Trp194 and also the hydropho-
bic interactions of the pyrazole ring with hydrophobic
residues in transmembrane domains 4 and 5.

It is clear from the present study and others carried out
Želsewhere Abood et al., 1998; Song and Bonner, 1996;

.Tao et al., 1999 , that the binding sites of ligands of
different chemical structure on the cannabinoid receptors,
if overlapping, are not identical. It is hoped that by estab-
lishing the exact architecture of agonists and antagonists
docked into the cannabinoid receptors, we can develop
ligands of higher specificity and potency for each subtype.
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