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Abstract

The 3D models of both CB1 and CB2 human receptors have been established by homology modeling using as template the X-ray structure
of bovine Rhodopsin (code pdb: 1F88) a G-protein-coupled receptor (GPCR). A recursive approach comprising sequence alignment and
model building was used to build both models, followed by the refinement of non-conserved regions. The cannabinoid system has been
studied by means of docking techniques, using the 3D models of both CB1 and CB2 and well known reference inverse agonist/antagonist
compounds. An approach based on the flexibility of the structures has been used to model the receptor—ligand complexes. The structural
effects of ligand binding were studied and analyzed on the basis of hydrogen bond interactions, and binding energy calculations. Potential
interaction sites of the receptor were determined from analysis of the difference accessible surface area (DASA) study of the protein with and

without ligand.
© 2004 Elsevier SAS. All rights reserved.
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1. Introduction

Cannabinoid receptors interact with cannabinoid drugs
including the classical cannabinoids such as A°-
tetrahydrocannabinol (A°-THC) that is the main psychotro-
pic constituent of cannabis, their synthetic analogs and with
the endogenous cannabinoids [1-4]. The potential therapeu-
tic applications claimed for cannabinoid receptor agonists
include attenuation of nausea and vomiting in cancer chemo-
therapy, management of glaucoma, the suppression of muscle
spasticity/spasm associated with multiple sclerosis and spi-
nal cord injury, disorders associated with Alzheimer’s dis-
ease [5,6] and therapeutical effects of analgesia [7-11].
CBI1 receptor antagonists/inverse agonists have potential
therapeutic application as appetite suppressants [12—14] and
in the management of schizophrenia [15]. The side effects
accompanying these therapeutic responses include alter-
ations in cognition and memory, dysphoria, euphoria, and
sedation [16].
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There are two types of cannabinoid receptors that have so
far been identified, CB1 cloned in 1990 [17], and CB2 cloned
in 1993 [18]. The CB1 cannabinoid receptor has been cloned
from rat [17], mouse [19], and human [20,21] tissues and
shows 97-99% amino acid sequence identity across species
and it is found primarily in brain and neuronal tissue, whereas
CB2 is found mainly in immune cells where they may medi-
ate an immunosuppresant effect. The CB2 cannabinoid recep-
tor shows 44% identity with the CB1 cannabinoid receptor
[18]. At present, there is some preliminary pharmacological
evidence that supports the existence of additional types or
subtypes of cannabinoid receptors [22-24].

Both cannabinoid receptor types belong to the large fam-
ily of G-protein-coupled receptors (GPCRs) [25] controlling
a wide variety of signal transduction. In addition, CB1 recep-
tors are also coupled through G-proteins to several types of
calcium and potassium channels. GPCRs are a large super-
family, which are integral membrane proteins that are char-
acterized by seven hydrophobic transmembrane helices
(TMH). Therefore, the knowledge of the structural features
of cannabinoid receptors is of the utmost importance for the
understanding of their function and for their use for drug
design. For theses purposes, in the last decade, the structures
used as template in the molecular modeling studies of
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GPCRs have been based on the structure of bacteriorhodop-
sine (BR) [26] or in low-resolution crystal structures of
GPCRs. The ground state of Rhodopsin was determined at
2.8 A resolution by X-ray crystallography [27] and NMR
[28,29]. This experimental result has allowed to undertake
the modeling of the GPCRs with greater reliability. There-
fore, we have used this structure as suitable template to build
by homology modeling 3D models of both CB1 and CB2 re-
ceptors.

Identification of the binding site and binding conforma-
tions of cannabinoid ligands within the CB receptors is of
great interest for the understanding of principles that account
for the interactions between the ligand and the amino acid
residues and for the design of new ligands. Site-specific
mutation studies on the Rhodopsin subfamily of receptors
suggest that the ligand binding site is localized within the TM
core region in the crevice formed by TM3, TMS5, TM6, and
T™M7 [27,30].

Ligand design represents an integral approach useful to
provide structural information not available from the experi-
ment methods. Docking studies have been used to study the
binding orientations and prediction of binding affinities.

Classical cannabinoids are tricyclic terpenoid derivatives
bearing a benzopyran moiety. This class includes the natural
product (-)A’-THC and other pharmacologically active con-
stituents of the plant Cannabis sativa. A second class of
cannabimimetics was developed at Pfizer which includes
bicyclic (e.g. CP55940) and tricyclic (e.g. CP55244) analogs
lacking the pyran rings of classical cannabinoids (Fig. 1).
The diarylpyrazoles are another type of cannabinoid analogs,
one of them is SR141716A developed by Sanofi which is
currently in clinical phase for the treatment of obesity and
addictions. The other diarylpyrazol is SR144528 developed
by Sanofi which is a potent and selective CB2 receptor
ligand. A second chemical class of cannabinergics are the
aminoalkylindoles that were developed at Sterling Winthrop
as potential non-steroidal anti-inflamamatory agents.
WINS55212-2 is a potent CB1 and CB2 agonist with high
stereoselectivity and a slight preference for CB2. AM-630 is
the first CB2-selective antagonist derived from this class of
compounds [1] (Fig. 2).
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Fig. 1. Cannabinoid CB1 and CB2 receptor ligands analog of A°>~THC.
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Fig. 2. Cannabinoid receptor ligands analog of WIN55212-2 and SR-
141716 A.

In the present study, a homology model of the CB1 and
CB2 receptor was constructed using the X-ray crystal struc-
ture of bovine Rhodopsin as the structural template. A mo-
lecular docking approach with FlexiDock [31] was employed
to identify the binding site in CB1 and CB2 receptors from
representative inverse agonist or antagonist ligands (Fig. 2).

2. Computational methods
2.1. Homology model of the CBI and CB2 receptor

The modeling process by homology consists in several
steps essential for obtaining a correct sequence alignment of
the target sequences CB1 and CB2 with the homologous
visual Rhodopsin (Rho) in the inactivated state (code PDB:
1F88) used as basic structure. The approach followed was
developed and improved by Burke et al. [32]. The sequential
alignment of Rhodopsin and the cannabinoid receptor
CB1 and CB2 was performed using the sequence alignment
program CLUSTALW [33] followed by a manual adjustment
of the multiple alignment sequence with the program SEA-
VIEW [34] and formatted using the program JOY [35].

From the best alignment, 3D models containing all non-
hydrogen atoms were obtained automatically using the
method implemented in MODELLER [36,37]. Based on the
sequence alignments, MODELLER extracts a large number
of spatial restraints from the template structures and builds a
molecular model of the query protein. The restraints are
generally obtained by assuming that the corresponding dis-
tances and angles between aligned residues in the template
and the target structures are similar. A 3D model is obtained
by optimization of a molecular probability density function
(pdf). Minimization of the models was performed automati-
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cally by the program using the Charmm force field, using the
conjugate gradient method with a convergence gradient of
0.01. The models had to satisfy most restraints used to calcu-
late them, particularly those concerning their stereochemis-
try. Of the 15 models generated with MODELLER, the one
corresponding to the lowest value of the pdf and fewest
restraints violations was used for further analysis. The result-
ing molecular models were validated and the cycle of re-
alignment, modeling and structure validation was repeated
until no further improvement on the structure was observed.
The structurally variable regions (SVRs) as loops were
built with the standard procedure in MODELLER and after-
wards they were refined. For short loops the MODELLER
procedure gives good results and in this case, the loops
available from the parent structure were selected. Long loops
were refined using the Search-Loop option in the SYBYL
program [31] software suite coupled database. This database
has been built from a large set of high-resolution protein
structural fragments. The 25 loops found by SYBYL were
clustered in families. Each family was analyzed in order to
identify sequence and number of the Van der Waals contacts ;
thus, for each receptor the fragment that was located between
two anti-parallel helical elements and which showed an iden-
tity sequence over 25 % and with the lower number of the Van
der Waals contacts was chosen. Both final models were
minimized with the minimizing option of SYBYL using the
Kollman All atom force field and Kollman charges in order to
avoid the unfavored possible contacts. After the refinement
process the models were validated using the VERIFY [38],
PROCHECK [39] and COMPARER [40,41] programs.’

2.2. Molecular docking of cannabinoid compounds

The structures of the ligands were built with standard
bond lengths and angles using the molecular modeling pack-
age SYBYL and their energies were minimized using the
Powel method with a conjugated gradient of <0.001 kcal/mol
convergent criteria provided by the Tripos force field [42]
and electrostatic charges based on the method of Gasteiger-
Hiickel.

Conformational studies for the considered ligands were
carried out taking into account the studies published and the
minimized structures were initially placed in the inactivated
state of the cannabinoid receptors CB1 and CB2 according to
literature data [43-48]. SR141716A was manually posi-
tioned within the TMH 3-4-5-6 aromatic microdomain of
cannabinoid receptor. This region includes the aromatic resi-
due F3.25, F3.36, W4.64,Y5.39, W5.43 and W6.48. Three of
these amino acids, F3.36, W5.43 and W6.48 were found in a
recent mutation and computational study of the CB1 receptor
[49] to form a triad of interacting aromatic residues in the
CB1 receptor which would be available for ligand binding.
The aminoalkylindoles bind in the same aromatic micro-
domain. It has been hypothesized that aromatic stacking,
rather than hydrogen bonding interactions, is the primary
interaction for the AAIs at CB1 [48,50].

This binding pocket was the starting point to calculate
with ligand protein contact (LPC) server [51] additional
interactions available between the ligand and the receptor.
The ligand—receptor complex was subjected to energy mini-
mization using the Tripos force field and electrostatic charges
of Gasteiger-Hiickel and their energies were minimized us-
ing the protocol previously indicated.

These complexes were the input structure for docking
using Flexidock command in the Biopolymer module. Flexi-
Dock software performs flexible docking of conformation-
ally flexible ligands into receptor binding sites and provides
control of ligand binding characteristics, taking into account
rigid, partially flexible, or fully flexible receptor side chains.
FlexiDock incorporates the Van der Waals, electrostatic, tor-
sional and constraint energy terms of the Tripos force field,
and it uses a genetic algorithm (GA) to determine the opti-
mum ligand geometry. GA borrow methodology and termi-
nology from biological (or Darwinian) evolution, in that they
are an iterative process in which the most-fit members of a
population will have the best chance of propagating them-
selves into future generations [52].

During the flexible docking analysis, the protein was con-
sidered rigid except the residues involved in the binding site
and the ligands were considered flexible. The default
SYBYL FlexiDock parameters were utilized in all cases,
with iterations set to 30,000 obtaining a series of model
complexes.

After visual examination of the output complexes of
Flexidock, the complexes were analyzed on the basis of the
score provided by Flexidock and the interaction between
ligand—receptor with LPC. We have chosen the conformation
with the lowest score and fulfilling the experimental require-
ments.

The docking study of the CB2 receptor with different
ligands was performed in analogous way to the CB1 receptor.

3. Results and discussion
3.1. Homology modeling

Multiple Sequence Alignment. Sequentially, CB1 and
CB2 share 21% and 20% of identity with visual Rhodopsin
(code pdb: 1F88) and only 44% between CB1 and CB2.
Fig. 3 shows a schematic representation of the cannabinoid
receptors. Residues highly conserved in the GPCR family are
shown in Table 1.

The sequential alignment of Rhodopsin and cannabinoid
receptors is shown in Fig. 4. Most of the key residues char-
acteristic of GPCRs are conserved in CB1 and CB2. The
major sequence differences between 1F88 and the cannab-
inoid receptors lie in the transmembrane region TM5. The
GPCR family has a highly conserved proline in TM5 (215,
1F88 numbering) whereas it is not present in the cannabinoid
receptor and additionally, two tyrosine residues (207 and
208, CB2 numbering) are present in CB1 and CB2 in aregion
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Fig. 3. Two-dimensional model of CB1 and CB2 receptor. The conserved patterns in the GPCR family are shown as color cycles. The red lines show the different

length in these three areas.

Table 1
Key residues conserved in the GPCR family
™ Pattern Rhodopsin CB1 CB2
T™MI Gx*(3)N + Gx(2)Tx(3)N Gx(2)Sx(3)N
T™2 Lx(3)Dx(7)P Lx(3)D Lx(3)D Lx(3)D
T™M3 Sx(3)Lx(2)Ix(2)DRY + Sx(3)Tx(2)Ix(2)DRY Sx(3)Tx(2)Ix(2)DRY
T™M4 Wx(7,8)P + + +
TMS5 Fx(2)Px(7)Y + - -
TM6 Fx(2)CWxP + Lx(2)CWxP Lx(2)CWxP
™7 Lx(5NPx(2)Y Kx(5)YNPx(2)Y + +

#x, any residue.

normally containing a single tyrosine. In addition, this region
shows in CB1 and CB2 a strong aromatic environment, more
remarkable in CB2. Another important difference is the ab-
sence in CB1 and CB2 of the cysteines involved in a disulfide
bridge present in all members of the GPCRs family. Never-
theless, there are two other cysteines conserved in both can-
nabinoid receptors that could be involved in a disulfide
bridge [53].

On the other hand, the most important differences be-
tween CB1 and CB2 are located in the N-terminal, extracel-
ullar loop II (EL2), C-terminal of transmembrane helix VII
(TM7) and the C-terminal. Only CB1 of all members of the
class I of GPCR family has a long N-terminal, approximately
of 70 residues and a search in PSI-BLAST [54] did not give
any significant hit on this region. While the cannabinoid
receptor CB2 shows a rich proline region in EL2, another
feature of CB2 is the aromatic environment of TM5. CB1 has
a serine (at position 317) located in the intracellular loop III
(IL3) that is a phosphorylate site of protein kinase C (PKC)

[55] whereas in CB2, this serine is not present. CB1 shows a
region (RXAFRS) (Fig. 4) that is well conserved in cation
channel receptors such as the vanilloid receptor VR1 [56].

3.1.1. Modeling of the core of the CB1 and CB2 receptors

The amino acids terminal domain of the CB1 receptor is
uncommonly long among the various members of the class I
GPCRs and it is crucial in the early steps in the biosynthesis
of the receptor and may play a role in regulating the stability
and surface expression of CB1 but seems to play no role in
ligand recognition [57]; therefore, we modeled CB1 without
the first 70 amino acids. The structurally conserved regions
(SCRs) were modeled using the target sequence to structural
template alignment (Fig. 4) as input to the program MOD-
ELLER using bovine Rhodopsine as template. The resulting
output was a comparative model of CB1 and CB2. Evalua-
tion of the stereochemical quality of the model with
PROCHECK showed that only a few residues are in disal-
lowed regions in the Ramachandran plot and most of them
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Fig. 4. (a) Sequence alignment of 1F88 (chain a) with the sequences of the CB1 and CB2. The conserved patterns are boxed. (b) Key to JOY alignment.

correspond to the structurally non-conserved regions. On the
other hand, in all members of the GPCR family there is a
disulfide bridge. As mentioned above, the cysteines involved
in this disulfide bridge are not conserved in cannabinoid
receptors, however, there are two other cysteines
(Cys175 and Cys179; CB2 numbering) that could be in-
volved in the formation of a disulfide bridge [53]. Thus, we
studied on these theoretical models the possibility of the
formation of a disulfide bridge. Of all the extracellular cys-
teines, only the formation of the disulfide bridge between the
cysteines located in EL2 is possible due to the distances, in
agreement with the published data [53]. Therefore, the mod-
els were built again with the extra restraints based on the

formation of the disulfide bridge between the corresponding
cysteines. These models show an improved Ramachandran
plot and energy profile with respect to the initial models.

To examine the orientation of the helixes of CB1 and CB2,
we superposed the transmembrane regions of the models
with the template. From the root-mean-square (RMS) values
for CB1 (0.65 A) and CB2 (0.68 A) we can conclude that
there is a good agreement between the helices. The lengths of
the seven TMH are nearly the same as it was expected for all
members of this family.

Table 2 shows the sequence identity percentage of the
TMH. Except for TM1 from CB2 and TMS5 from CB1 and
CB2, the percentage of identity with bovine Rhodopsin (pdb
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Table 2
Identity percentage of TM (Rhodopsin, CB1 and CB2)
™ Rhodopsin CBI (%CB2)
(%CB1/%CB2)
™1 25.8/45.2 25.8
T™2 23.3/16.7 70.0
TM3 22.6/25.8 71.0
T™M4 21.1/15.8 26.3
TM5 9.1/4.5 273
T™6 17.4/121.7 69.6
T™7 17.6/17.6 61.8

entry 1F88) is around 20%. TM1 from CB2 shows the high-
est value (45.2%) while TM5 of both cannabinoid receptors
show the lower values. On the other hand, the percentage of
identity between CB1 and CB2 is around 70% except TM1,
TM4 and TMS. This is in agreement with the fact that the
selectivity of the substrates is located in these regions.

3.1.2. Modeling of the non-conserved regions

Once the models of the TM region of CB1 and CB2 were
obtained, the next step was refining the non-conserved re-
gions. Most of the loops are short and they matched well with
the template (Fig. 4), because short loops generally have
severe spatial restrictions due to their length.

C. Montero et al. / European Journal of Medicinal Chemistry 40 (2005) 75-83

There are only two SVRs with large insertion and dele-
tion, EL2 and IL3. EL2 is involved in the binding of the
substrates. The modelization of the EL2 was performed dur-
ing the process of modeling of the backbone of CB1 and
CB2. We defined disulfide bonds between Cys 187-194
(CB1) and Cys 174-179 (CB2).

It is worth mentioning that in EL2 from CB1 receptor
there are two B-strands building up a -sheet with the other
two B-strands located in the N-terminal region.

Finally the loops IL3 of both receptors were refined using
the Search-Loop option. IL3 plays an important role in the
binding of G-proteins [58].

The IL3 in CB2 receptor is featured by well-defined heli-
ces forming the intracellular end of TM5 and TM6, whereas
the central region is mostly unstructured, according to the
prediction of secondary structure carried out with the pro-
gram PREDATOR [59,60] and PHD [61]. Besides, the struc-
ture of the IL3 of CB1 was determined with NMR by Ulfers
et al. [62], being consistent with our prediction.

About CB2, the region IL3 was modeled as extension of
both helices, TMH5 and TMH®6. This is in agreement with
the prediction of secondary structure of this region.
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Fig. 6. The models of CB1 (A) and CB2 (B) receptors drawn as ribbon diagram. The conserved patterns are shown as ball-and-sticks models. Figure generated

with Molscript [66] and Raster3D [67,68].

Both loop models were modeled as an extension of the
helices into the cytoplasmatic face, this fact being in agree-
ment with the data published by Yeagle et al. [30] who
determined an experimental three-dimensional structure for
Rhodopsin in the inactivated state for the IL3.

After the refinement process the models were validated
using the VERIFY 3D and PROCHECK programs. The Ra-
machandran plot shows that only a few residues (3.8% in
CB1 and 2.0% CB?2) are in disallowed regions. The average
score obtained with VERIFY 3D is 0.65 and 0.67 for
CB1 and CB2, respectively, comparable with 0.70 of visual
Rhodopsin. The JOY output and the final models are shown
in Fig. 5 and Fig. 6, respectively.

3.2. Docking of the cannabinoid ligands

In order to investigate the predictivity as well as the
characteristics of the binding site of our models and to facili-
tate the rational design of novel and more selective cannab-
inoid receptor ligands, docking analysis was performed on a
set of well known ligands, inverse agonist and/or antagonist
compounds with different selectivities towards CB1 and
CB2 receptors (Fig. 2). Analysis of the receptor-ligand com-
plex models generated after successful docking of the inhibi-
tors was based on the hydrogen bond interactions, aromatic
and hydrophobic interactions, energy of binding and the
difference accessible surface area (DASA).

As a general rule, the interaction of the ligand with the
cannabinoid receptor is mediated by specific hydrogen bond
and aromatic interactions between the ligand main chain and
the active site of the receptor [43,44,63]. Taking these facts
into account, we have used hydrogen bond and aromatic

interactions as the major criterion for analysis. Energy of
binding was calculated for each receptor—ligand complex
with DOCK program. Finally, the DASA study of a protein
with and without ligand reveals the potential interaction sites
of the protein to estimate the fit of contact between the
protein and the ligand [64] (Table 4).

3.3. Docking of the cannabinoid ligands
in CB1 and CB2 receptor

In Table 3 are gathered the residues involved in the first
and second sphere of the binding site resulting of ligand—
receptor CB1 and CB2 complexes studied.

Table 4 illustrates the key predicted LPC data for ligands
besides the binding energy and the k; values. Docking analy-
sis reveal that the antagonist/inverse agonist SR141716A
binds in the TM4-E2-TMS5 region of the CB1 receptor
(Table 4).

The interactions that account for the docking are a combi-
nation of hydrogen bonding and aromatic interactions pre-
dicted by LPC and DASA (Tables 3 and 4). SR141716A
shows HB with K122 and aromatic interaction with
W209 according to mutagenesis studies [65] that have shown
the influence of this residue in the ; value. Thus, the docking
results show that SR141716A interact with residue in the
TM4-E2-TMS5 of CB1 through a combination of HBs and
aromatic interactions.

A similar study has been performed in the CB2 cannab-
inoid receptor with AM-630, and SR-144528. Table 4 illus-
trates the residues predicted LPC data for CB2 complex.

The DASA studies are in agreement with the docking
results (Table 4). As can be seen, there is a significant change
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Table 3
Residues involved in binding sites of CB1 and CB2 receptors

Receptor  Residues first sphere (binding site) *

Residues first-second sphere °

CB1 Phel19, Lys122, Leul23, Val126, Phe130 , Prol81, Trp185,
Asp196, Phe198, Trp209 ¢, 11e210, Trp 286, Leu 289, Leu 290,
Met 293

CB2 Thr114, Met 115, Phe117 ©, Thr118, Ala 119, Val 121, Met157,

Leul60, Ser161, Trp194 ¢, Phe197, Phe 202

His73, Leu 95, Phe100, Phe 121, Lys122, Leul23, Gly125, Val 126,
Alal28, Tyrl154, Trp171, Phe198, Tyr205, Trp209, Val212, Leu218,
Trp229, Val276, Lys300, Lys303, Asn319

Leu39, Arg66, Phe91, Ser112, Vall14, Thr 118, Leul60, Ser 161, Leul63,
Prol176, Phe197, Phe202, His217, Lys279, Met293, Arg 302

“Residues involved in binding site (>3.6 A), calculated with LPC program.

" Residues involved in first and second sphere of binding, calculated with DASA results.

“Phe 130 in CBI1 corresponding to Phe 117 in CB2.
4Trp 209 in Cb1 corresponding to Trp 194 in CB2.

Table 4
Data of the docking study of CB1 and CB2 receptor
Ligand HB* Arom ° Epinding © k¢
SR141716A ¢ O(CO)-Lys122 Phel30, Phe198 —64, 00 2.2 [53]
N(2)-Trp209 Trp209, Trp286 5.9 [69]
AM-630 ° O-Thrl14 Phel97 -39,72 31.2 [54]
SR144528 ¢ N(1)-Serl65 Trp172, Tyr190 —67,23 1.99 [70]
N(2)-Serl65 Trp194, Phel197 5.6 [54]

0(CO)-Ser161
N(NH)-Val164

Underlined residues have been mutated.
#Hydrophilic-hydrophilic contact (hydrogen bond).
® Aromatic—aromatic contact.
¢ Energy of binding calculated with DOCK program (Sybyl).
4 Human/cloned (CHO cells) *H-CP55940.
¢ Complex with CB1 receptor.
fComplex with CB2 receptor.

in the residues involved in the binding site. In addition, there
are other residues which show an important change, suggest-
ing that they may be involved the second sphere of interac-
tion. Regarding to the interactions the results of the docking
show that the antagonist AM630 and SR144528 interacts
with CB2 receptor through a combination of HBs and aro-
matic interactions.

4. Conclusion

In conclusion, we have provided, the 3D models of the
cannabinoid receptors CB1 and CB2 based on the highest
resolution structure of a GPCR (1F88). The differences and
analogies of both receptors have also been studied.

A model of the ligand—protein complexes are described by
means of docking studies. The structural effects of ligand
binding have been analyzed on the basis of hydrogen bond
interactions, aromatic interactions and binding energy inter-
actions in final complexes from manual docking and the
FlexiDock program.

Docking studies reported here suggest that the binding
process is governed through a combination of hydrogen
bonding and aromatic interactions in both cannabinoid re-
ceptor CB1 and CB2.

Since the cannabinoid receptors CB1 and CB2 are inter-
esting therapeutic targets, these studies of protein—ligand
complexes can be very useful for the search of new com-
pounds with cannabinoid properties. The design of novel

ligands based on this cannabinoid receptor models are in
progress.
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