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Abstract In order to elucidate the structural requirements
for human CB1 receptor antagonism, 78 antagonists
belonging to five different chemical classes were selected
from the literature and docked into the receptor binding
site, built by homology modeling techniques. To further
explore the structure-activity relationships within the
considered chemical classes, a pharmacophore model and
a QSAR analysis were developed. In a first step five
alignments, one for each group of compounds were
generated. All of them were then submitted to a MOE
pharmacophore search in order to obtain a final pharmaco-
phore model representative of the whole dataset which was
used to elaborate the following 3D-QSAR analysis, by
means of the CoMFA methodology. The results of these
investigations are expected to be useful in the process of
design and development of new potent CB1 antagonists.
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Introduction

The recent discovery of the endogenous cannabinoid
system (ECS) comprising the cannabinoid receptors (name-
ly, CB1 and CB2) [1], endogenous ligands, and enzymes for

ligands metabolism has fostered new targeted studies into
the therapeutic potential of human CB1 and CB2 receptors
agonists and antagonists. A number of pharmacological
studies have shown that CB1 agonists can be potentially
useful in the treatment of nausea, glaucoma, cancer, stroke,
pain, immune suppression and neuronal disorders such as
multiple sclerosis and Parkinson’s disease [2, 3] whereas
CB1 antagonism could be involved in the management of
obesity, detoxification from drug abuse or nicotine depen-
dence, and, more in general, in the regulation of different
relapsing phenomena [4].

Rimonabant (SR141716, Acomplia) is a 1,5-diaryl pyr-
azole derivative which represents the prototype of the
selective human CB1 antagonist to date. Molecular variations
of rimonabant pyrazole substituents and nucleus led to a
number of (poly)cyclic and linear derivatives, as described in
the literature [5–10]. With the aim at identifying the
structural basis for human CB1 receptor antagonism and
the molecular properties able to modulate the affinity for the
receptor, a dataset of 78 CB1 antagonists showing different
scaffolds (i.e. pyrazoles, tetrahydropyrrolo-pyridines, 1,4-
dihydroindeno[1,2-c]pyrazoles, pyrazolo-pyrimidines and
acyclic sulphonamide derivatives) has been selected form
literature and submitted to a docking study. In order to
overcome the limitations derived from the absence of a
reliable X ray target structure, in tandem with a homology
modelling based procedure, a ligand-based molecular mod-
elling tool has been applied. Thus, we generated common
features pharmacophore hypothesis in order to identify the
most relevant chemical requirements for receptor antago-
nism. Furthermore, quantitative structure–activity relation-
ships (QSAR) studies were performed on the same
compound set to derive more complete guidelines for the
synthesis of new compounds.
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Materials and methods

Data set

The molecular structures of 1–78 (Table 1) were built,
parameterized (Gasteiger-Huckel method) and energy min-
imized within MOE using MMFF94 force field [11]. In
order to ensure comparable values for biological activity,
only compounds screened by the same pharmacological

protocol (binding affinity derived from inhibition of
binding of [3H]CP-55940 to recombinant human CB1
receptors expressed on Chinese hamster ovary cells) were
included in the set. The enzyme inhibitory activity of all
molecules covered 5 log orders. For QSAR analysis, Ki

values have been transformed into pKi, and then used as the
response variable. Compounds 1–78 were grouped into five
groups, according to their chemical structures and Gasteiger
Huckel atomic charges were calculated. Then they were
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manually divided into a training set (1–6, 8–13, 15–23, 25–
31, 33–44, 46–57, 59–61, 63–69, 71–78) and a test set (7,
14, 24, 32, 45, 58, 62, 70) in such a way that, for each group,
both the training and the test sets contained a representative
range of biological activities and structural variations.

Docking studies

A 3-D model of the human CB1 receptor was built by
means of homology modelling techniques, starting from the
three-dimensional structure co-ordinate file of bovine
rhodopsin (PDB entry 1F88) according to the procedure

described by us in [12]. Each antagonist was docked into
the putative binding site of the CB1 receptor using the
flexible docking module implemented in MOE. For all
compounds the best-docked geometries, evaluated in terms
of “Affinity dG” (kcal mol−1 of total estimated binding
energy), were employed in order to identify the most
probable ligand bioactive conformation.

Pharmacophore search

Even though a structure-based approach is possible with
CB1 receptor model built by homology modelling techni-
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ques, a ligand based approach like pharmacophore analysis
followed by CoMFA studies [13, 14] may provide a
complementary tool for drug design.

Starting from the best geometries obtained by confor-
mational analysis, five alignments were derived, one for
each chemical group of compounds (Table 1) using the
MOE pharmacophore search module, setting tolerance to
1.20 and threshold to 98%. Only those features showing a
score > 90% were retained for each alignment. Subsequent-
ly, the five pharmacophoric hypothesis were merged
together and their common features, identified in the first
step, were used as reference points for superimposing all
compounds.

Thus, on the base of these requirements, a final alignment
was obtained for the following CoMFA calculations.

3D-QSAR analysis

CoMFA procedure

CoMFA method is a widely used 3D-QSAR technique to
relate the biological activity of a series of molecules with
their steric and electrostatic fields which are calculated
placing the aligned molecules, one by one, in a 3D cubic
lattice with 2 Å grid spacing. The column-filtering
threshold value in this study was set to 2.0 kcal mol−1, to
improve the signal-noise ratio. A methyl probe with a + 1
charge is used to calculate steric and electrostatic fields,
represented by van der Waals potential and columbic term,
respectively. A 30 kcal mol−1 energy cut-off was applied to
avoid infinity of energy values inside the molecule.

Table 1 (continued)
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Regression analyses were performed applying the partial
least squares (PLS) algorithm in Sybyl; the steric field
alone and the combination of the steric and electrostatic
fields were used as structural descriptors to evaluate their
correlation with the inhibitory activity (expressed as pKi)
data. PLS with cross-validation, performed using ten
cancellation groups was used to identify the optimal
number of components to be used in the subsequent
analyses. The final CoMFA model was generated using

non-cross-validated PLS analysis. To further assess the
statistical confidence and robustness of derived model, a
100-cycle bootstrap analysis was performed.

Conformational analysis, docking studies and the align-
ment procedure were performed using the Molecular Operat-
ing Environment (MOE; version 2008.08) suite. CoMFAwas
performed using Sybyl (Tripos, version 7.2) [14]. All
calculations were carried out using a PC, with operative
system windows XP and an SGI O2 Silicon Graphics.
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Results and discussion

Docking poses

According to docking studies carried out on rimonabant
and other CB1 antagonists [15, 16], three different
receptor sub cavities (namely P1, P2 and P3) would be
involved in receptor-ligand interaction. In particular, P1
(formed by Lys192, Thr197 and Ser383) is an hydrogen
bond site deemed to be crucial for the receptor antago-
nism; P2 hosts residues (e.g. Phe174, Phe177, Val196,
Ala380, Met384 and Leu387) capable of Van der Waals
interaction with the ligand; P3 (formed by Phe200,
Tyr275, Trp279, Trp356, Met363 and Phe379) is an
hydrophobic region where π−π stacking or Van der Waals
interactions can occur.

Docking poses calculated for antagonists 1–78 are
consistent with the occupation of P1-P3 sub cavities and
structurally rationalize the differences in hCB1 binding
affinities as detailed below.

Group 1, Compounds 1–24

Group 1 compounds and rimonabant display similar
binding poses with the R substituent located in the P2 sub
cavity and R2-R3 substituents inserted in P3 (Fig. 1).

Interestingly, the most active compounds (6–10) estab-
lish two hydrogen bonds with the ɛ amino group of
Lys192 (P1 region), involving the first the oxygen atom
of the carbonylic group in position 3 and the second
the nitrogen atom of the amide/hydrazide function in
position 3.
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Group 2, Compounds 25–39

25–39, being bulkier than their pyrazole analogues, are
not able to properly occupy the P1 and P2 binding
pockets and show only a hydrogen bond between the
carbonylic oxygen at position 3 and the ɛ amino group of
Lys192. This observation could rationalize the decrease in
binding affinity for these compounds in comparison with
rimonabant analogues (group 1) (Fig. 2a). The aromatic
portions of these ligands display the same hydrophobic
interactions of rimonabant phenyl rings within the P3
pocket.

Group 3, Compounds 40–47

In compounds 40–47, the amidic function at position 3 (1,5
diaryl pyrazole derivatives numbering) is incorporated in a
pyrazolopyrimidinone scaffold with a reduction of the
conformational flexibility. The most active compounds of this
series (42, 45, 46, pKi greater than 8) are hydrogen bonded
to Lys192 and to Thr197 that contact the carbonyl oxygen
and the pyrazole nitrogen at position 2, respectively.
Aromatic rings are properly located into P3 pocket,
performing π−π interactions with hydrophobic residues
Tyr275, Trp279 and Trp 356 (Fig. 2b).
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Group 4, Compounds 48–65

46–65 are characterized by high pKi values and all display
two hydrogen bonds with the receptor binding site. The
first one is formed between the pyridonic nitrogen atom
and the ɛ amino group of Lys192; the second is es-
tablished between the carbonylic oxygen and the hydroxyl
group of Ser383 side chain. As above noted, the aromatic
rings are properly located in P3 pocket performing π−π
stacking interactions with Tyr275, Trp279 and Trp 356
(Fig. 2c).

Group 5, Compounds 66–78

According to the calculated binding mode, 66–78 share the
following interactions with the human CB1 receptor: i) a
hydrogen bond between the Lys192 ɛ amino group and the
oxygen of the sulphonic moiety; ii) a H-bond between the
second oxygen of the sulphonic moiety and the OH group

of Ser383, iii) cation-π interactions between the Lys192 ɛ

amino group and R substituent Ph portion (Fig. 2d).
According to our docking calculations, all the com-

pounds display the same common interactions: i) a single or
double hydrogen bond with the ɛ amino group of Lys192,
ii) one or more π−π stackings with aromatic residues
Tyr275, Trp279, Trp356 and Phe379. These amino acids
appear to be key residues for the CB1 antagonism.
However, up to date, only the importance of the interaction
with Lys 192 has been highlighted by site-directed
mutagenesis experiments. Comparing the binding modes
of groups 1–5, we can conclude that the replacement of the
pyrazole ring with a bicyclic one or with a linear moiety
(see groups 3–6) increase the binding affinities for those
compounds which are able to display additional interac-
tions. Among these, the most recurring are: i) an additional
hydrogen bond with Thr197 (group 3) or with Ser383
(groups 4–5), ii) a second hydrogen bond with Lys192
(group 5), iii) a cation-π interaction between Lys192 ɛ
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amino group and an aromatic portion of the molecule
(group 5).

On the contrary, compounds 25–39 (group 2) which
display only a single hydrogen bond interaction with
Lys192, do not present an optimal binding affinity. In
addition, they do not properly occupy P1 and P2 pockets.

Pharmacophore search

Five different pharmacophore searches were developed in
order to highlight the most important key features showed
by each group of compounds belonging to the dataset
(Figs. 3, 4, 5, 6 and 7). All of them share the following
requirements: two hydrophobic-aromatic features (HY1 and
HY2) and one hydrogen bond acceptor function (HA). For
all the compounds, these three pharmacophoric elements
are spatially oriented so as to form a triangle were the
distance between HY1 and HY2 ranges from 4.70 to 5.45 Å
(mean value 4.94 Å); the distance between HY1 and HA
ranges from 5.75 to 6.90 Å (mean value 6.49 Å); the
distance between HY2 and HA ranges from 6.20 to 7.57 Å
(mean value 7.14 Å).

This triangular disposition of the three pharmacophoric
elements suggests the importance of a specific Y shape the
CB1 antagonist should assume into the receptor binding site.

The pharmacophore hypothesis is in good agreement
with the homology modelling structure-based studies. In
fact, in the final pharmacophore model, for all compounds
the hydrogen bond acceptor (HA) feature identifies that
portion of the ligand which docking studies describe as
involved in a H-bond with Lys192 ɛ amino group.
Moreover, the hydrophobic or π−π stacking interactions
between ligands and receptor equally play a crucial role, in
fact the other two pharmacophore features of our map have
hydrophobic nature (Fig. 8). These three common features
were used to align compounds 1–78 prior to develop the
CoMFA analysis.

Fig. 1 Docking pose of rimonabant, 1 (stick, coloured by atom type,
C atoms in grey) into the CB1 receptor binding site. P1, P2 and P3
pockets residues are reported respectively in white, dark pink and pink
sticks. The most important residues are labelled, hydrogen bonds are
coloured in pink

Fig. 2 Docking analysis into hCB1 receptor model: (a) docking pose
of 30 (stick model, colour code: C, magenta; N, blue; O, red; Cl,
green); (b) docking pose of 46 (stick, colour code: C, green; N, blue;

O, red; Cl, green), (c) docking pose of 48 (stick, C carbon: gold); (d)
docking pose of 77 (C carbon: pink). The most important residues are
labelled, hydrogen bonds are coloured in black

J Mol Model (2008) 14:1131–1145 1139



Fig. 2 (continued)

Fig. 3 (a) Pharmacophore features shared by compounds 1–24:
Hydrophobic/phenyl centre coloured by purple spheres, hydrophobic
centres coloured by red spheres, acceptor functions coloured by blue

spheres, hydrophobic nucleus with acceptor function depicted as dark
pink spheres. (b) Distances among the three key chemical require-
ments identified by pharmacophore analysis are reported

1140 J Mol Model (2008) 14:1131–1145



Fig. 4 (a) Pharmacophore features shared by compounds 25–39:
Hydrophobic/phenyl centre coloured by purple spheres, hydrophobic
centres coloured by red spheres, acceptor functions coloured by blue
spheres, hydrophobic nucleus with acceptor function depicted as dark

pink spheres, hydrophobic centres are depicted as green spheres. (b)
Distances among the three key chemical requirements identified by
pharmacophore analysis are reported

Fig. 5 (a) Pharmacophore features shared by compounds 40–47:
Hydrophobic/phenyl centre coloured by purple spheres, hydrophobic
centres coloured by red spheres, acceptor functions coloured by blue

spheres, hydrophobic centres are depicted as green spheres. (b)
Distances among the three key chemical requirements identified by
pharmacophore analysis are reported

J Mol Model (2008) 14:1131–1145 1141



Fig. 6 (a) Pharmacophore features shared by compounds 48–65:
Hydrophobic/phenyl centre coloured by purple spheres, hydrophobic
centres coloured by red spheres, acceptor functions coloured by blue

spheres, hydrophobic nucleus with acceptor function depicted as dark
pink spheres. (b) Distances among the three key chemical require-
ments identified by pharmacophore analysis are reported

Fig. 7 (a) Pharmacophore features shared by compounds 66–78:
Hydrophobic/phenyl centre coloured by purple spheres, hydrophobic
centres coloured by red spheres, acceptor functions coloured by blue

spheres, hydrophobic centres are depicted as green spheres. (b)
Distances among the three key chemical requirements identified by
pharmacophore analysis are reported

1142 J Mol Model (2008) 14:1131–1145



3D- QSAR analysis

Besides these docking studies, a quantitative evaluation of
the structure-activity relationships study inside the class of
the CB1 antagonists has been performed. Compounds 1–78
were manually divided into a training set (1–6, 8–13, 15–
23, 25–31, 33–44, 46–57, 59–61, 63–69, 71–78) for model
generation and into a test set (7, 14, 24, 32, 45, 58, 62, 70)
for model validation. The analysis was developed using
CoMFA steric and electrostatic fields as independent

variables and activity (expressed as pKi) as the dependent
one.

CoMFA steric and electrostatic fields effect on the target
property can be viewed as 3D coefficient contour plots, thus
they could be helpful to identify important regions where any
change in these fields may affect the biological activity.

Final CoMFA model was generated using non-cross-
validated PLS analysis with the optimum number of compo-
nents (4) to give an r2ncv 0.89, Standard Error of Estimate,
SEE=0.314, steric contribution=0.369 and electrostatic
contribution=0.631. Correlation coefficient for the test set,
r2pred was 0.89.

The results of the CoMFA approach qualitatively points
out that the activity of 1–78 is mainly affected by the
electrostatic properties of the ligands. The steric and
electrostatic fields contour maps of this CoMFA analysis

Fig. 8 Compounds 1–78 are aligned into the putative CB1 receptor
binding site. The three key features shared by all of them are reported
in coloured spheres. The hydrophobic/aromatic ones are depicted in
purple while the acceptor functions are coloured in blue

Fig. 9 Steric (a) and electrostatic (b) CoMFA polyhedra are reported around compound 42 depicted in stick, coloured by atom type

Table 2 Summary of CoMFA results

No. of compounds 70

Opt. No. components 4
Cross-validated r2 0.710
Std. error of estimate 0.314
Non cross-validated r2ncv 0.890
F values 138.773
Steric contribution 0.369
Electrostatic contribution 0.631
Bootstrap r2 0.931
Std. Error of estimate (bootstrap r2) 0.251
r2pred

a 0.893

a Correlation coefficient for the test set

J Mol Model (2008) 14:1131–1145 1143



are plotted in Fig. 9. Taking rimonabant as template for the
discussion, the steric contour map shows favourable
interaction polyhedra (green region) in the area surrounding
bonds 2–3 and 3–4 of the pyrazole ring, thus justifying the
positive effects obtained by the substitution of this ring with
a bicyclic nucleus such as the pyrazolo-pyrimidinic one
(compounds group 3) or the tetrahydropyrrolo-pyridinic
one (compounds group 4). On the contrary, the fusion of a
ring on bond 4–5 of the pyrazole (compounds group 2)
seems to be detrimental for the activity, since the new
insertion extends towards a yellow CoMFA region. More-
over, favourable steric interactions are observed in the area
corresponding to the o-m substituents on the 1-phenyl
and in the area corresponding to the p-substituent on the
5-phenyl. The same conclusions may be extended to the
other compounds of the data-set, aligned together on
the basis of their common pharmacophoric features.

As concern the electrostatic maps, all the compounds
display those polar moieties involved in hydrogen bonds
with Lys192 (described in detail in the Docking poses-
Results Session), inside a red region, decoding for a
favourable electrostatic interaction.

Finally, according to our CoMFA study, it seems that the
m-substituent on the 1-phenyl ring of rimonabant could have
polar features, optimally an hydrogen acceptor group, to
interact with the counter-part. This consideration is supported
by the analysis of CoMFA results for compounds 66–78,
which show a cyano function on this position and have the
higher biological activity in the data set considered by us.

All statistical parameters supporting CoMFA model are
reported in Table 2.

The experimental and predicted binding affinities for test set
compounds are reported in Table 3, plot of pKi experimental
versus pKi predicted for the test set is reported in Fig. 10.

Conclusions

Our docking analysis puts in evidence the importance of
hydrophilic interactions, especially with Lys192 ɛ amino
group, for achieving CB1 antagonism. In agreement with
these results, the CoMFA variable showing the higher value
of relevance in the model is the electrostatic component.
Moreover, pharmacophore search analysis suggests the
existence of some shape and conformational constraints in
the compounds of our data set. In order to act as a CB1

antagonist in fact, the ligand should probably possess a
suitable “Y” shape which allows it to fit properly into the
three binding pockets (P1, P2, P3) as it is in the case of other
GPCRs ligands [17].

The computational strategy here presented will be used
as a tool for the screening of virtual libraries with the aim of
identifying new CB1 antagonists.
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