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A 3D-QSAR study was carried out on 20 cannabinoids for which the binding affinities (Ki)
with respect to CB1 and CB2 receptors, determined in the same cell line, were available. For
the first time three series of significantly different chemical structures such as ∆9-THC
analogues, anandamides, and indoles were included in a single 3D-QSAR model, to obtain
information on the interactions of all ligands with both CB1 and CB2 receptors and on their
receptor selectivity. ∆9-THC was chosen as the structural template for alignment. The 3D-
structure-activity correlation obtained by the GOLPE procedure provided a partial least
squares (PLS) model with a very good predictive ability for the CB1 receptor affinity of all
compounds. The model allowed us to identify seven different regions in the space that contribute
to explain the above binding affinities. External validation of the interpretation of the 3D-
QSAR model was derived from a response-independent procedure such as principal components
analysis (PCA). The CB2 receptor model evidenced, besides the seven regions found for the
CB1 receptor, a new characteristic region for the CB2 receptor. Another PCA, using 10 GRID
probes, provided further evidence of receptor selectivity regions. One region opposite to the
amidic NH of CB1 selective O585 appears to be responsible for the CB1 selectivity, while an
interaction region opposite to the carbonyl of CB2 selective JWH-015 appears to be involved in
the CB2 binding selectivity.

Introduction

Indian hemp, Cannabis sativa, has long been used for
both its psychotropic and pharmacological effects. ∆9-
THC (∆9-tethrahydrocannabinol), isolated and charac-
terized in 1964,1 was identified as the principal psycho-
active component of marijuana.

∆9-THC belongs to a family of about 60 bi- and
tricyclic compounds named cannabinoids. Most of these
natural products have a 6,6′-dimethylpyrane ring (the
B ring, which sometimes is present in an open form), a
variously substituted aromatic ring (A ring), and a vari-
ously unsaturated cyclohexyl ring (C ring). They include
nonpsychoactive cannabidiol and cannabinolic acid.

The structure elucidation of ∆9-THC allowed the
design of synthetic strategies: in 1986 over 300 com-
pounds, reviewed by Razdan,2 were already available
for studying their pharmacological properties and the
structural features required for their biological activity.
A wide range of pharmacological effects was described
for ∆9-THC:3 analgesic, antiemetic, antiinflammatory,
bronchodilatory, and anticonvulsant effects already
known for cannabis preparations, as well as reduction
of blood ocular pressure in glaucomic patients and

alleviation of neurological disorders in multiple sclerosis
and Huntington’s chorea.

The pharmacological activity of cannabinoids is medi-
ated by two recently identified cannabinoid receptors,
CB1

4 and CB2
5. The CB1 receptor is localized in specific

brain areas6,7 (cerebral cortex, hippocampus, basal
ganglia, cerebellum), while the peripheral receptor CB2
is localized in the spleen, monocytes, macrophages and
lymphocytes,6,7 so it appears to be involved in antiin-
flammatory and immunosuppressive activities. Both the
central and the peripheral cannabinoid receptors belong
to the seven trans-membrane (7TM) spanning receptor
family and contain the domains necessary for coupling
to G-proteins.

In 1992 anandamide was identified as an endogenous
ligand for cannabinoid receptors8 and was shown to
share with ∆9-THC and other cannabinoids most phar-
macological and biochemical properties. The discovery
of endogenous ligands prompted further studies aimed
at the elucidation of the chemical, pharmacological, and
pharmacodynamic behavior of CB1 and CB2 receptors
and of cannabinoid and cannabinomimetic ligands.
These studies pointed out that, in addition to classical
cannabinoids, other structurally different molecules
may interact with the same receptors, inducing analo-
gous responses. At present, cannabinoid agonists can
be classified into at least four groups: classic cannab-
inoids, bicyclic cannabinoids, aminoalkylindoles, and
anandamide analogues.9

* To whom correspondence should be addressed. Tel: +39 095 334
175. Fax: +39 095 580 138. E-mail: gmusumarra@dipchi.unict.it.

† Dipartimento di Chimica.
‡ Universitá di Perugia.
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Traditional SAR studies on cannabinoids indicated
the structural requirements for the biological activity
of ∆9-THC and its analogues: (1) the free phenolic
hydroxyl group;10 (2) the extension and branching of the
pentyl side chain responsible for the greatly increased
affinity of the dimethylheptyl (DMH) derivative;2,11 and
(3) the orientation and the chemical nature of the C9

substituent.12,13 Reggio et al.14 also described a region
of steric interaction, located near the top of the carbocy-
clic ring in the bottom face of the molecule, that is a
region occupied by atoms in inactive analogues and not
occupied by atoms in active analogues.

Further SAR studies suggested that anandamide and
its analogues, although belonging to a class of com-
pounds different than bi- and tricyclic cannabinoids, do
contain specific structural features necessary for binding
to CB1 cannabinoid receptor and for biological
activity.15-18

Thomas et al.,19 employing molecular dynamics, se-
lected a pharmacophoric conformation of anandamide
and predicted its potency by a quantitative model of
cannabinoid structure-activity relationships based only
on classical and nonclassical cannabinoids.20

Recently, a different conformation of anandamide,
exhibiting a different alignment of pharmacophoric
groups with respect to those of ∆9-THC, was reported.21

Also in this case the potency of anandamide was
predicted from a 3D-QSAR model obtained using Co-
MFA for a training set of 29 classical and nonclassical
cannabinoid analogues.

All 3D-QSAR studies reported so far are based on
analogue structures and consider only the CB1

receptor.20-23 To our knowledge, no 3D-QSAR model is
available for the CB2 receptor or for the binding of
structurally different ligands to the CB1 receptor. Since
the three-dimensional structure of cannabinoid recep-
tors is still unknown and little knowledge is available
on the nature of the ligand-receptor interaction, this
work is aimed to study by 3D-QSAR a set of molecules
belonging to structurally different series, including
noncyclic compounds such as anandamide and its
derivatives. To obtain general structural information
about the CB1 and CB2 receptors and to derive a model
able to predict the potency of compounds not included
in the data set as well as their selectivity, receptor
affinity was chosen as the dependent variable. Indeed,
SAR studies already revealed a high degree of correla-
tion between receptor affinity and pharmacological
potency, which implies the involvement of these recep-
tors in most behavioral effects of cannabinoids.24-26

The modeled molecules were selected from literature
data27 reporting the binding affinities (Ki) with respect
to CB1 and CB2 receptors for three series of significantly
different structures: (i) THC and derivatives, (ii) anand-
amide and derivatives, and (iii) indole derivatives or
azoles. The selected set of molecules, exhibiting a wide
variation of both structure and activity, appears to be
suitable for the present investigation due to the homo-
geneity of the biological response, as all the binding
affinities were determined in the same cell line. Table
1 reports the structures of compounds 1-20, belonging
to all three series, and their CB1 and CB2 receptor
affinities, expressed as log Ki.

Methods
Molecular Structures and Energy Minimization. The

structures of all molecules were generated using the Sybyl 6.4
molecular modeling package28 and their energies were mini-
mized using the Powell method with a conjugated gradient of
0.05 kcal/Å convergent criterion provided by the Tripos force
field. All molecules were considered in their neutral form
without taking into account electrostatic interactions.

The structure of ∆9-THC was built in agreement with the
structure of ∆9-tetrahydrocannabinolic acid B as determined
by X-ray crystallography.29 THC analogues were modeled by
modifying this basic structure. In molecules showing rotational
freedom (especially bicyclic cannabinoids), rotatable bonds
were sampled in order to determine minimum energy confor-
mations.

An initial structure of anandamide was generated from the
molecular fragments provided within Sybyl for arachidonic
acid and ethanolamine. The conformation of anandamide, due
to its extreme mobility, was minimized by constraining the
appropriate pharmacophore atoms to maintain the distance
found for the corresponding atoms in ∆9-THC, according to the
conformation proposed by Thomas et al.19 In particular, the
distance between the carbamido and the hydroxyl oxygens in
anandamide was assumed to be equal to that between the
pyran and the phenolic oxygens in ∆9-THC (4.8 Å), the distance
between the carbamido oxygen and the terminal linear chain
carbon (C20) in anandamide was assumed to be equal to that
between the pyran oxygen and the terminal alkyl chain carbon
in ∆9-THC (9.33 Å), the distance between the hydroxyl oxygen
and C20 in anandamide was assumed to be equal to that
between the phenolic oxygen and the terminal alkyl chain
carbon in ∆9-THC (9.27 Å), and the distance between the C5

ethylenic arachidonyl carbon of anandamide and the hydroxyl
oxygen was assumed to be equal to that between the C7 ring
carbon and the phenolic oxygen in ∆9-THC (5.24 Å). Finally,
the molecule was energy minimized with no constraints and
a looped conformation was obtained.

Anandamide analogues were modeled by modifying this
basic structure. Energy minimization on fully constrained
molecules was followed by further minimization after removing
constraints. Aminoalkylindoles and azoles were subjected to
conformational analysis using the systematic search methodol-
ogy. The torsion angle window for systematic conformational
perturbation was 30° and a few different low-energy conforma-
tions were selected for all molecules to be superimposed to ∆9-
THC.

Alignment of the Molecules. ∆9-THC was chosen as the
structural template for the alignment process. THC analogues
possessing the aromatic ring and the aliphatic side chain were
aligned to ∆9-THC by superimposing the above common
groups, while for indole derivatives different alignments were
considered. In particular, the indole ring nitrogen was aligned
with the ∆9-THC C3 aromatic carbon where the side chain is
attached, the N-linked chain was aligned with the ∆9-THC side
chain, the naphthalene moiety was superimposed to the ∆9-
THC nonaromatic carbocyclic C ring (with different orientation
from perpendicular to skewed with respect to the above ring),
and finally the 3-keto group was aligned with the ∆9-THC
hydroxyl group or, alternatively, with the pyran oxygen,
depending on steric hindrance. The pyrazole antagonist 19
exhibits a peculiar alignment due to the presence of the amido
carbonyl and of the piperidine and N-2 pyrazole nitrogens. The
alignments with respect to ∆9-THC of typical derivatives 8,
16, 18, and 19 are shown in stereoview in Figure 1.

For anandamide and its analogues, the alignment was
performed as suggested by Thomas et al.19 by superposing the
carboxyamide oxygen with the pyran oxygen in ∆9-THC, the
hydroxyl group of ethanol with the phenolic hydroxyl group,
the five terminal carbons with the pentyl side chain, and the
polyolefin loop with the cannabinoid tricyclic ring.

Molecular Description: GRID Force Field. The GRID
program30-32 was used to describe the previously superposed
molecular structures. GRID is a computational procedure for
detecting energetically favorable binding sites of molecules.
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The program calculates the interactions between the molecule
and a probe group which is moved through a regular grid of
points in a region of interest around the target molecule, and
at each point, the interaction energy between the probe and
the target molecule is calculated as the sum of Lennard-Jones
(ELJ), hydrogen bond (EHB), and electrostatic interactions (EEL):

GRID contains a table of parameters to describe each type
of atom occurring in each of the ligand molecules. These
parameters define the strength of the Lennard-Jones, hydro-

Table 1. Receptor Affinities of Modeled Moleculesa

a Data from ref 27. b (1S,3S,4S)-3-[2′-Hydroxy-4′-(1,1-dimethylheptyl)-phenyl]-4-(3-hydroxypropyl)cyclohexan-1-ol. c R ) Arachidonyl.
d (1R,3R,4R)-3-[2′-Hydroxy-4′-(1,1-dimethylheptyl)phenyl]-4-(3-hydroxypropyl)cyclohexan-1-ol.

Ex,y,z ) ∑
i)1

N

ELJ + ∑
i)1

N

EHB + ∑
i)1

N

EEL
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gen bond, and electrostatic interactions made by an atom and
are used in order to evaluate the energy functions. GRID
probes are very specific. They give precise spatial information,
and their specificity and sensitivity are an advantage since
the probes may be representative of the important chemical
groups present in the active site, provided that the statistical
method used for the analysis can distinguish between different
types of interactions.

A CB1 pseudoreceptor model reported in the literature22

suggests that aspartic acid and histidine residues are involved
in the interactions with cannabinoids. Therefore, in the present
work, for both CB1 and CB2 receptors, the multiatom carboxy
anion (COO-) was chosen to mimic the aspartic acid probe.
GRID analysis using the N-sp2 probe, typical of histidine,
showed no significant differences with those using carboxylate.
In the selectivity study, different probes were used: O (sp2

carbonyl oxygen), O- (sp2 phenolate oxygen), Od (O of sulfate/
sulfonamide), O:: (sp2 carboxy oxygen atom), OH (sp2 hydroxy
group), O1 (sp3 hydroxy group), N1: (sp3 NH with lone pair),
N1+ (sp3 amine NH cation), N3+ (NH3

+ amine cation), and
DRY (a hydrophobic probe).

The energy calculations were performed using 1.0 Å spacing
between the grid points. Each set of calculated interaction
energies contained in the resulting three-dimensional matrix,
arranged as a one-dimensional vector, was used as input for
the program GOLPE.33

QSAR Analysis. The GRID variables matrix for the COO-

probe was correlated with the CB1 receptor affinities by a PLS
model using the GOLPE procedure.

To obtain a model with better predictive capability, variable
selection was operated by zeroing values with absolute values

smaller than 0.06 kcal/mol and removing variables with
standard deviation below 0.1. In addition, variables which
exhibited only two values and had a skewed distribution were
also removed in order to avoid their high leverage, so that a
set of 4346 variables was eventually used from the original
17 550 grid variables.

The smart region definition (SRD) algorithm34 was applied
on this matrix with the following parameters: (a) 410 seeds
(10% active variables) selected in the PLS weights space, (b)
critical distance cutoff of 2.5 Å, and (c) collapsing distance
cutoff of 4 Å. The regions found (390) were used in a fractional
factorial design (FFD)33,35 variable selection procedure, using
a leave-one-out (LOO) cross-validation methodology. The model
dimensionality chosen was that showing the best predictive
ability, and the active variables remaining after applying the
FFD variable selection procedure33-35 were 1295. Finally, new
PLS and PCA models were derived only on the basis of the
active variables/regions.

The PLS model for the CB2 receptor was obtained on the
set of the selected 20 molecules maintaining the same confor-
mation of all molecules. Again, variable selection was per-
formed on the same 4346 variables and the SRD algorithm
was applied with the same parameters; 1556 active variables
were obtained. A new PLS model based only on these active
variables/regions was finally carried out.

Results and Discussion

The present work represents the first attempt to
include three different structural classes of compounds
in a single 3D-QSAR model for CB1 and CB2 receptors
with the aim to obtain wider general information on the
interactions of ligands with both receptors and on their
selectivity.

The examined classes of compounds are structurally
very different. Cannabinoids represent a class of bicyclic
(nonclassical cannabinoids) or tricyclic (classical can-
nabinoids) compounds showing at least an aromatic ring
and a side chain attached to the C3 carbon of the
aromatic ring. Other rings may be aromatic or nonaro-
matic and variously substituted. In general, cannab-
inoids are rigid molecules which can be easily super-
imposed. On the other hand, anandamide and its
analogues are very flexible molecules which can assume
both linear and nonlinear conformations, although
biologically active molecules rarely assume linear con-
formations.

Aminoalkylindoles and azoles studied in the present
work (15-17) possess a 3-keto naphthyl substituent and
include the 3-substituted monocyclic N-alkyl derivative
(18). Finally the pyrazole derivative SR-141716A (19),
an antagonist to the CB1 receptor, was also included in
the model.

The choice to include three different classes of com-
pounds in the same model implies difficulties in the
selection of the right conformation and in the alignment
of the molecules to a template. ∆9-THC was chosen as
template because of a wider availability of biological,
pharmacological, and structural data.

The alignment of cannabinoids to ∆9-THC was
straightforward by superimposing common groups. For
anandamide, the conformation proposed by Thomas et
al.19 was adopted, because a looped conformation of
anandamide is energetically favorable and a structural
correlation between this structure and classical can-
nabinoids can be obtained by superimposing the fea-
tures described in a previous section. In fact, in this
conformation, electronegative regions associated with
the hydroxyl and carbonyl oxygen can be superimposed

Figure 1. Alignment of ∆9-THC 1 with anandamide 8 (a),
with JWH-015 16 (b), with JWH-30 18, and with the antago-
nist 19 (d).
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to similar electronegative regions in ∆9-THC, as well
as the linear carbon side chain and π-electron rich
regions can be superimposed to the corresponding
regions in ∆9-THC. Moreover, the proposed conforma-
tion of anandamide is supported by previous conforma-
tional studies on arachidonic acid, indicating the ability
of the acid to form packed structures36 as well as by
evidence that arachidonic acid adopts a similar confor-
mation during self-epoxidation reactions.37

Following the above criterion of alignment, the pyran
ring was considered in the matching scheme, although
it does not appear to be responsible for biological
activity, as it can be eliminated or its oxygen can be
replaced by a carbon or a nitrogen without significant
loss of potency.38-40 Nevertheless, the pyran ring ap-
pears to be important for the structural and electronic
alignment, regardless of its contribution to the overall
binding activity. The suitability of the selected align-
ment criterion, however, will be confirmed by evaluating
the prediction ability of the resulting models.

General guidelines for the alignment of derivatives
15-18 were already reported in the Methods section.
However, it is worth mentioning here that the carbonyl
oxygen was aligned with the phenolic oxygen of ∆9-THC
for 16 and 17, while for 15 and 18 the selected active
conformations involved alignment with the ∆9-THC
pyran oxygen. Each of the above alignments was the
only one consistent with a satisfactory statistical model.

CB1 Receptor Model. The structure-activity cor-
relation was obtained by using the GOLPE procedure.
The GOLPE analysis, using the SRD algorithm and the
FFD variable selection procedure, identified the signifi-
cant GRID variables corresponding to the regions of the
molecules involved in the binding to the CB1 receptor.
The PLS model, derived on the 1295 variables selected
from the starting 17 550, is optimal with only two PLS
components.

As shown in Table 2, the first PLS component already
explains 94% of variance in the CB1 receptor binding
affinity and is highly predictive (Q2 ) 0.81). The second
PLS component still improves both the fitting and the
predictive abilities of the model, while the third PLS
component has no further predictivity improvement.
Therefore, the model’s optimal dimensionality is given
by two PLS components. Parts a and b of Figure 2
report, respectively, a graphical representation of the
model fitting and prediction abilities.

The model is therefore successful in explaining a set
of 20 molecules belonging to completely different struc-
tural classes, with a good prediction ability. Hence, it
provides, for the first time, safe grounds for a unique
pharmacophoric interpretation of the regions respon-
sible for the CB1 receptor affinity of all compounds.

Because satisfactory statistical parameters were
achieved with only two PLS components, a very effective
modeling and variable selection procedure was adopted.

In addition, the interpretation is much easier with
respect to that of previously reported PLS models based
only on homogeneous series of bicyclic and tricyclic
derivatives, requiring up to eight PLS components to
achieve a model21 comparable in fitting (rconv

2 ) 0.992)
but much less effective in prediction (rcv

2 ) 0.598).
The statistical significance and the sound interpreta-

tion of the CB1 receptor model derived therefore pro-
vides strong evidence that the conformation of anand-
amide adopted by Thomas19 and used in the present
work is the most favorable one for interaction with
cannabinoid receptors.

The GRID plot of the partial weights (Figure 3)
identifies areas in space that contribute most to the CB1

receptor binding affinity model. Figure 3 highlights
seven areas representing the regions of interaction
between the target molecules and the receptor and it
includes, as an example, the structure of ∆9-THC. Light
gray regions highlight areas where a polar group (e.g.
an H bond donor in the ligand structure) causes an
increase in the binding affinity, while dark gray regions
highlight areas where interactions result in an overall
binding affinity decrease. Conversely, an apolar group
(e.g. a methyl in the ligand structure) interacting with

Table 2. Fitting and Prediction Capabilities of CB1 and CB2
Receptor Models Obtained by GOLPE Variable Selection

CB1 receptor model CB2 receptor model

PLS components R2 Q2 R2 Q2

1 0.94 0.81 0.95 0.66
2 0.98 0.85 0.98 0.78
3 0.99 0.84 0.99 0.78

Figure 2. (a) Experimental vs calculated inhibition constant
(log Ki) from the CB1 receptor model; (b) experimental vs
predicted inhibition constant (log Ki) from the CB1 receptor
model.
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light gray or dark gray regions respectively causes a
decrease or an increase in the binding affinity.

The methyl group attached to C9 of ∆9-THC interacts
with region 1 with a positive binding contribution. A
bulky substituent at C9 would protrude more deeply into
the above interaction region with an expected activity
increase.

The methyl groups at C6 of ∆9-THC interact respec-
tively with region 4 and with region 2, providing a
negative contribution for the binding affinity. Therefore,
removal of these methyls would favor binding to the CB1
receptor while their substitution with polar groups
(NH2, OH), giving a positive binding contribution, would
result in a further affinity increase. Region 3 is very
close to region 2 and exhibits the same characteristics.

The well-known high activity of 9-nor-9â-OH-hexahy-
drocannabinol (HHC),21,23 where the C9-hydroxy sub-
stituent, if interacting with region 1, would produce a
negative contribution for binding, could be due to the
interaction of OH with region 3. The above interaction
would, in that particular case, be possible due to the
absence of the C9-C10 double bond, which makes
possible an arrangement of the OH group closer to
region 3.

Interaction of the carbamido nitrogen of anandamide
and derivatives with region 4 provides a relevant
modulation of the binding affinities. The lack of the
above interaction for derivatives 9, 11, and 14, the
conformation of which is such that the amido nitrogen
lies away from region 4, results in a great affinity
decrease (see Table 1).

Region 5 exhibits only a minor effect on the THC
binding. Branching of the alkyl chain terminal carbons
could decrease the binding affinity. Accordingly, the
morpholine moiety of WIN-55,212 (15) interacting with
region 5 contributes negatively to the CB1 binding.

The presence of region 6 is consistent with the
pharmacophoric relevance of the C3 alkyl chain contrib-
uting positively to the CB1 receptor binding. Extension
of the five carbon chain by adding one or two carbons
would favor the binding, while further extension would
be detrimental to the binding due to steric hindrance.

The presence of region 7, where alkyl groups would
improve the binding with the receptor, confirms litera-
ture data2,11 that point out that branching at the first
atom of the alkyl chain increases the binding affinity.
Consistently, the highly active ∆9-THC derivative 6
exhibits both branching methyls (attached at C1 of the
linear chain) interacting with region 7 and a chain
extension (7 carbon atoms) which is optimal for interac-
tion with region 6.

The CB1 affinities of indoles 15-17 depend mainly
on favorable interactions of naphthyl and indole rings
with regions 1 and 7, respectively; the above interactions
are weaker for 16 and 17. Compound 17, however,
benefits also from the interaction of a longer N-alkyl
chain with region 6, resulting in affinity increase with
respect to 16.

The antagonist 19 exhibits favorable binding interac-
tions of three chlorine atoms with regions 2, 3, and 4,
respectively, as well as that of the piperidine ring with
region 7.

The relative importance of the reported regions can
be obtained from the numerical inspection and com-
parison of the partial weight PLS coefficients. Thus,
regions 2, 4, and 7 are the most important for the
binding affinity; therefore, changes in the groups inter-
acting with the above regions are predicted to affect
ligand affinity dramatically. Region 1 immediately
follows in order of ranking, while regions 3, 5, and 6
are very similar to each other.

Principal Component Analysis. External valida-
tion to the interpretation of the 3D-QSAR PLS model
for the CB1 receptor might be derived from an inde-
pendent procedure such as PCA on selected GRID
variables.

Indeed, PCA extracts the most relevant statistical
“factors” from a data matrix where a number of “objects”
(i.e. 20 compounds) are characterized by a number of
variables (i.e. 1295 GRID variables) without assuming
any relationship with a “response” (in the present case
the binding affinity). Therefore, the first and second
principal components “scores” plot, opening a two-
dimensional window into the multidimensional matrix
space, will provide a very simple and “response unbi-
ased” classification of the compounds. Inspection of the
above plot may allow an interpretation of the signifi-
cance of the factors responsible for compound classifica-
tion based on GRID variables. The PCA score plot for
compounds 1-20 is reported in Figure 4.

Figure 4 shows clearly that the first principal com-
ponent (PC) score (t1) characterizes compounds 1-20
in order of decreasing binding affinities (i.e. activities),
regardless of their structures (see also Table 1). Highly
active compounds (e.g. 6, 15, and 20) are located in the
left part of the plot, while those with low activity (e.g.
3, 9, 11, and 14) are in the right part. This finding,
achieved by a statistical method such as PCA, which
ignores any “response” (i.e. binding or activity) data,
provides strong evidence for the robustness of the model
in selecting suitable GRID variables in relation to the
CB1 binding affinity. Moreover, the PC score plot
contributes to classify compounds 1-20 according to
their chemical structure. ∆9-THC derivatives are in fact
in the lower region of the plot (i.e. they exhibit highly
negative t2 values), anandamides in the upright region

Figure 3. Grid plot of PLS partial weights for the CB1

receptor model (see the text for discussion).

3D-QSAR Study of Cannabinoid Receptors Journal of Medicinal Chemistry, 2000, Vol. 43, No. 12 2305



(i.e. exhibit positive t2 and t1 values), and indoles
somewhat in middle.

CB2 Receptor Model. The CB1 and CB2 receptors
belong to the same family of receptors and exhibit 44%
sequence homology, rising to 68% in the transmembrane
domains,6,7 an area thought to be involved in ligand
recognition. As a consequence of this high degree of
homology, it is not surprising that the binding affinities
for CB1 and CB2 receptors are correlated. Figure 5,
plotting the logarithms of the binding affinities for the
CB1 receptor reported in Table 1 vs those for the CB2
receptor shows the correlation for compounds 1-20 (r2

) 0.57). Indeed, the correlation is highly significant (r2

) 0.88) with 16 compounds, when three compounds
showing selectivity toward the CB1 receptor (10, 13 and
19) and the only CB2 selective one (16) are excluded.
The above correlation is consistent with the hypothesis
that all compounds keep the same conformation in both
CB1 and CB2 receptor models.

In the case of the CB2 receptor model, the GOLPE
procedure allowed selection of 1556 active variables
starting from 17 550. A good PLS model derived on
these active variables was achieved again with only two
PLS components, as shown by the statistical parameters
reported in Table 2. Parts a and b of Figure 6 report,
respectively, a graphical representation of the CB2
model fitting and prediction abilities.

The GRID plot of the partial weights (Figure 7) allows

us to identify regions of the CB2 receptor space involved
in the interaction with the examined molecules 1-20.
In Figure 7 a new area with respect to Figure 3 of the

Figure 4. PCA score plot for compounds 1-20. t1 values
characterize the compounds in order of decreasing affinity
(Table 1). Compounds are colored according to their affinity
value, i.e., light gray for high affinity compounds and dark
gray for low affinity compounds.

Figure 5. Plot of log Ki for the CB2 receptor vs those for the
CB1 receptor. Figure 6. (a) Experimental vs calculated inhibition constant

(log Ki) from the CB2 receptor model; (b) experimental vs
predicted inhibition constant (log Ki) from the CB2 receptor
model.

Figure 7. Grid plot of PLS partial weights for the CB2

receptor model (see text for discussion).
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CB1 model, region 8, appears in front of the aromatic
ring of ∆9-THC. Carbons 11-13 of anandamide and its
derivatives interact with region 8, and the resulting
steric hindrance is negative for the binding. Similarly,
a methyl substituent attached at the sp3 carbon adjacent
to the pyrroline ring nitrogen in 18 could be detrimental
for binding. When compared with the analogous region
in the CB1 model (Figure 3), region 7 appears fraction-
ated but extended closer to the phenolic OH of ∆9-THC.
This OH group interacts with region 7, providing a
negative contribution, and therefore, its removal would
favor binding to the CB2 receptor. This finding is
consistent with literature data, demonstrating that the
lack of the phenolic hydroxyl increases the selectivity
toward the CB2 receptor.41

Interactions with region 7 have a great impact on the
CB2 affinity of indoles 15-17 and of azoles 18 and 19.
The highly favorable interaction of morpholine meth-
ylenes with region 7 accounts both for the increased
affinity of 15 with respect to the CB1 receptor and for
its CB2 affinity, which is the highest among the indole
analogues. Indoles 16 and 17, exhibiting a C2 indole
methyl interacting with region 7, have appreciable CB2
affinities, while 18 and 19, where negligible interactions
with region 7 exist, are of much lower affinity. Regions
3 and 4 of the CB1 model merge in the CB2 model
(Figure 7).

Interaction of region 4 with the carbamido nitrogen
of anandamides improves their binding affinities also
in the CB2 model, although the lack of the above
interaction appears to be less relevant than in the CB1
model. Table 1 shows a slightly lower CB2 affinity of
compounds 9 and 11 (having the amido nitrogen further
away from region 4) with respect to anandamide 8. The
decreased affinity of compound 14 toward the CB2
receptor is possibly due to the presence of an isopropyl
group, which could interact with region 4, an interaction
that could be associated with a decreased predicted
affinity.

Selectivity Model. The correlation shown in Figure
5 and the high correlation coefficient demonstrate that
the ligand affinity for the two receptors is very similar.
To study selective regions for the interaction with CB1
and CB2 receptors, a specific methodology will be
adopted. The method used is similar to that reported
by Pastor et al.,42 but in the present case the comparison
is made between two ligand molecules rather than
between two protein structures. Two compounds, one
selective for the CB1 receptor (anandamide derivative
10) and the second for the CB2 receptor (indole deriva-
tive 16), were selected for comparison. The same super-
position used in previous calculations was used as a
reference.

Ten different GRID probes, reported in Table 3, were
used in the GRID map calculation on both structures.
The GRID maps were then unfolded in such a way that
a 20-row matrix was obtained, 10 rows for the probe-
16 interactions and 10 for the probe-10 ones.

PCA performed on the above matrix provided a two-
component model explaining 90% of total variance.
Figure 8 represents the score plot obtained from PCA.
The horizontal axis discriminates between the two
ligands, thus the first PC scores are proportional to the
selective interactions of the two ligands with the dif-

ferent receptors. The vertical axis, discriminating be-
tween the different chemical probes, is proportional to
the interaction power of each probe with respect to the
two target structures. The latter differentiation is not
interesting for our study and will be neglected in the
present discussion.

When the probes are close in the score plot, their
interactions are similar with both structures (see, for
example, the hydrophobic probe DRY or the carbonyl
oxygen O). These probes are not able to differentiate
between the two selective ligands 10 and 16, which
probably do not interact with these residues in the
receptors. On the contrary, when the probes are distant
in the PC space, they are able to differentiate between
the target molecules (see, for example, the charged H
donor probe NH3

+ or H donor probes such as R-OH and
Ar-OH). As a consequence, amino acids such as Arg,
Lys, His, Tyr, and Ser can be postulated as those
providing selective interactions. When the selective
regions extracted from the chemometric analysis42 are
reported in the 3D space (see Figure 9), the identifica-
tion of selective regions becomes clear. Figure 9 reports
the selective regions highlighted by the nitrogen H
donor that could be representative of an histidine
moiety. In the CB2 selective compounds only one region,
located opposite to the carbonyl group, is found. In this
region histidine would be able to interact, giving an H
bond with the carbonyl oxygen. It is important to stress
that this region, corresponding to region 7 in Figures 3

Table 3. GRID Probes Used in the Selectivity Model

GRID probesa symbol as in Figure 7 description

O R2-CdO sp2 carbonyl oxygen
O- Ar-O(-) sp2 phenolate oxygen
Od R2-SdO O of sulfate/sulfonamide
O:: RCOO(-) sp2 carboxy oxygen atom
OH Ar-OH sp2 hydroxy group
O1 R-OH sp3 hydroxy group
N1: NH(sp3) sp3 NH with lone pair
N1+ R3NH(+) sp3 amine NH cation
N3+ RNH3(+) NH3

+ amine cation
DRY DRY hydrophobic probe

a Full probe details are defined in the GRID program.30,31

Figure 8. PCA score plot for the selectivity model. The first
PC scores (t1) represent selectivity, while the second PC scores
(t2) represent affinity. The GRID probes interacting with the
two most selective compounds (anandamide derivative 10 and
indole derivative 16) belong to two separated ellipses.
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and 7, was found to be closer to the phenolic hydroxy
group in the CB2 model. However, the above region
appears more clearly evidenced by this methodology,
confirming its importance in modulating the selectivity
toward CB2, as recently pointed out in the literature.41

This region is less pronounced (and is weaker if the
absolute values of the interaction energies are consid-
ered) in the CB1 selective compound 10, where a fluorine
atom accepts the hydrogen of histidine. The geometry
and the property of the accepting atoms in the two
selective ligands make the difference in the interaction
pattern.

The region opposite to the amidic NH of CB1 selective
compounds 10, 13, and 19 corresponds to region number
4 in the previous CB1 receptor model. This region is not
present at all in the CB2 selective compound 16. In this
case an amino acid residue of the receptor is able to
accept a hydrogen from the target NH. Visual inspection
reveals another small region close to the carbonyl of the
CB1 selective compounds which is not present in the CB2
selective compound. Again, the ligand carbonyl acts as
H bond acceptor, but in this case it can accept only an
H bond due to sterical hindrance. It is important to
stress here that this region was not evidenced by the
PLS model for the CB1 receptor.

Conclusions

The present work represents the first successful
attempt to study by unique 3D-QSAR models the
interactions of three structurally different classes of
compounds with CB1 and CB2 receptors, respectively.

The high generality of the CB1 and CB2 PLS models
is accompanied by a high statistical significance both
in fitting and prediction achieved with only two PLS
components. An independent procedure such as PCA,
characterizing the compounds in order of binding affin-
ity regardless of their structures, supported the selection
of binding interaction regions.

A further PCA, using ten GRID probes, allowed us to
compare quantitatively compounds selective for CB1 and
CB2 receptors, respectively, as well as to identify the
receptor selectivity regions. The CB2 selectivity appears
to be mainly due to the presence of a 3D interaction
region located opposite to the carbonyl of the CB2

selective indole 16, where an H-donor group of the
receptor can interact with the ligand carbonyl. On the
other hand, a region opposite to the amidic NH of the
CB1 selective anandamide 10 (where the receptor can
accept H from the above NH) absent in the CB2 selective
compound appears to be responsible for the CB1 selec-
tivity.
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