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Position of the Alkyl Side Chain on the Structural Requirements for Binding to Cannabinoid
Receptors CB1 and CB2
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DiscoVery, Northeastern UniVersity, 116 Mugar Hall, 360 Huntington AVenue, Boston, Massachusetts 02115

ReceiVed September 11, 2006

A set of 30 novel∆8-tetrahydrocannabinol and cannabidiol analogues were subjected to three-dimensional
quantitative structure-activity relationship studies using the comparative molecular field analysis (CoMFA)
and comparative molecular similarity indices analysis (CoMSIA) approaches. Using a combination of
molecular modeling techniques and NMR spectroscopy, the putative bioactive conformation of the most
potent cannabinoid (CB) ligand in the training set was determined. This conformer was used as the template
and CB1 and CB2 pharmacophore models were developed. These models were fitted with experimental
binding data and gave high correlation coefficients. Contour maps of the CB1 and CB2 models of CoMFA
and CoMSIA approaches show that steric effects dominantly determine the binding affinities. The CoMFA
and CoMSIA analyses based on the binding affinity data of CB ligands at the CB1 and CB2 receptors
allowed us to deduce the possible optimal binding positions. This information can be used for the design of
new CB analogues with enhanced activity and other tailored properties.

Introduction

Cannabis satiVa L. is one of the oldest known medicinal
plants and has been extensively used with respect to its
psychotropic and pharmacological effects.∆9-Tetrahydrocan-
nabinol (∆9-THC; Figure 1a) is the primary psychoactive
constituent of cannabis and it was identified by Gaoni and
Mechoulam in 1964.1

The pharmacological activity of cannabinoids (CBsa) is
mediated by two CB receptors: CB12-5 and CB2.6 Both CB1
and CB2 receptors belong to the Class A, membrane-bound
rhodopsin-like family of G-protein coupled receptors, possessing
seven characteristic transmembrane domains.7-9 The CB1
receptor is abundant especially in the central nervous system10,11

and peripheral tissues12 and is assumed to be involved in the
regulation of cognition, memory, motor activity, and the
inhibition of transmitter release through its coupling to Ca2+

and K+ channels. The CB2 receptor, on the other hand, is
exclusively present in the tonsils and cells of the immune
system,13,14such as B lymphocytes and macrophages. It is also
found in the marginal zone of the spleen. The CB2 receptor is
assumed to participate in the regulation of immune responses
and inflammatory reactions. Pharmacological studies have
shown that CBs possess many potential therapeutic applications
including against cancer, AIDS, stroke, pain, obesity, cachexia,
and neuronal disorders such as multiple sclerosis, Huntington’s
chorea, and Parkinson’s disease, as well as reduction of blood
ocular pressure in glaucomic patients.15-23

CBs can be classified mainly into three categories: natural
(herbal) or classical CBs, endogenous CBs, and synthetic CBs.

Natural CBs occur in the cannabis plant. Tetrahydrocannabinol
(THC), cannabidiol (CBD), and cannabinol are examples of
natural CBs. Endogenous CBs are produced in the bodies of
human and animals. An endogenous CB ligand was isolated
from porcine brain by Mechoulam et al. in 199224 and was
identified as arachidonylethanolamide (anandamide). It binds
to the CB1 and CB2 receptors with modest (Ki ) 61 nM) and
with low (Ki ) 1930 nM) affinities, respectively.24 It behaves
as a partial agonist in the biochemical and pharmacological tests
used to characterize CB activity.15,252-Arachidonyl glycerol (2-
AG) is the second identified endogenous CB and was isolated
from brain and intestinal tissues by the Sugiura and Mechoulam
groups.26,27 It was found to bind weakly to both CB1 (Ki )
472 nM) and CB2 (Ki ) 1400 nM) receptors. In part, because
of its nonsignaling role as an intermediate in several lipid
metabolic pathways, 2-AG is far more abundant than ananda-
mide.7,28,29Prior to the discovery of CB receptors, a number of
independent research laboratories and pharmaceutical industries
developed a large number of synthetic CB ligands as pharma-
cological and biochemical probes for studying CB biology and
also prototypes for developing new medications. HU-210,
CP55,940, and nabilone are examples of such synthetic CB
analogues.30 The discovery of endogenous ligands prompted
further studies aimed at the elucidation of the chemical and
pharmacological behavior of the CB1 and CB2 receptors and
cannabinomimetic ligands. These studies pointed out that, in
addition to classical CBs, other structurally different molecules
may interact with the same receptors, inducing analogous
responses.16,31Both classical and nonclassical CBs possess four
pharmacophores within the CB prototype: a phenolic hydroxyl,
a lipophilic side chain, a northern aliphatic hydroxyl, and a
southern aliphatic hydroxyl. The early structure-activity rela-
tionship (SAR) studies have been reviewed comprehensively
by Thakur et al.,15 by Khanolkar et al.,17 by Razdan,32 and by
Makriyannis and Rapaka.33 Earlier literature reports7,15,32-34
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showed that the lipophilic alkyl side chain plays a crucial role
in determining cannabimimetic activity and selectivity toward
CB receptors, as well as pharmacological potency. The alkyl
side chain fits into a hydrophobic pocket such that the chain is
oriented nearly perpendicular to the aromatic ring A.7,35-38

Analogues with alkyl side chains of less than five carbons have
limited affinity for the CB1 receptor.15,17Extension of the five-
carbon chain by adding one or two carbons improves binding,
while further extension is detrimental to binding due to steric
hindrance. Structural variations within this pharmacophore can
result in analogues varying by up to 3 orders of magnitude in
binding affinity for the CB receptor and in pharmacological
potency. The structural modifications of the side chain produce
high affinity ligands with either antagonist, partial agonist, or
full agonist effects.7

To improve the medicinal properties and eliminate or reduce
untoward effects, medicinal chemists are designing, synthesiz-
ing, and testing additional CB1 and CB2 ligands. The main
effort of our laboratory is to explore the pharmacophoric
requirements of the alkyl side chain within the classical∆8-
THC (Figure 1b) and CBD (Figure 1c) templates.∆8-THC has
a very similar pharmacologic profile as∆9-THC, however, it is
chemically more stable. Several cannabinergic ligands possess-
ing high affinities for both of the CB receptors have been
developed recently. One of the most successful compounds that
resulted from this work was the C1′-dithiolane analogue;
(-)-2-(6a,7,10,10a-tetrahydro-6,6,9-trimethyl-1-hydroxy-6H-
dibenzo[b,d]pyranyl)-2-hexyl-1,3-dithiolane (12 in Table 1),
exerting binding affinity (Ki) values of 0.32 and 0.52 nM for
the CB1 and CB2 receptors, respectively.34

Hitherto, no direct observation of a CB ligand bound to a
CB receptor using X-ray crystallography has been reported.39

Therefore, active sites of these receptors have been postulated
from many approaches, such as receptor binding analyses of a
variety of CB derivatives using wild type and mutated receptor
systems, molecular modeling analysis, and three-dimensional
quantitative SAR (3D-QSAR) studies.39-45 Results of studies
on 3D-QSAR models of novel CBs using comparative molecular
field analysis (CoMFA), developed by R. Cramer et al.,46 and
comparative molecular similarity indices analysis (CoMSIA),
developed by Klebe et al.,47 have been reported. These
techniques have been successfully used previously in 3D-QSAR
studies of CBs and other ligands.21,39,43,48-54 The present study
uses 3D-QSAR CoMFA and CoMSIA analyses on novel CB
analogues (Table 1) with a wide variation of biological activity
(1200- and 4000-fold variances in bioactivity for the CB2 and
CB1 receptors, respectively). These compounds are character-
ized by subtle structural variations and a wide range of biological
activities which constitute an ideal base for 3D-QSAR studies.

The aim of applying 3D-QSAR CoMFA and CoMSIA studies
is to derive indirect binding information from the correlation
between the biological activity of a training set of molecules
and their 3D structure. The importance of steric and electrostatic

characteristics are revealed by aligning structurally similar
analogues using pharmacophoric features as structural super-
imposition guides. CoMFA calculates steric and electrostatic
properties in the space surrounding each of the aligned molecules
in a data set according to Lennard-Jones and Coulomb
potentials, respectively. CoMSIA calculates similarity indices
around the molecules, with the similarity expressed in terms of
different physicochemical properties, such as steric occupancy,
partial atomic charges, local hydrophobicity, and hydrogen bond
donor and acceptor properties.48,55 The use of CoMFA and
CoMSIA approaches together provide better ability of visualiza-
tion and interpretation of the obtained correlations in terms of
field contributions. Using a combination of molecular modeling
techniques and NMR spectroscopy, the putative bioactive
conformation of the most potent ligand in the training set was
determined and was used as a template and CB1 and CB2
pharmacophore models were developed.38 Each generated 3D-
QSAR model allowed us to anticipate the predicted binding
affinity values. To determine the linear correlation coefficients
between actual versus calculated binding affinities, partial least-
square (PLS) statistical analyses of the data were used. CoMFA
and CoMSIA contour plots are used to explain different
structural requirements for CB binding to the CB1 and CB2
receptors. Contour results can be used as pilot models for testing
the designed novel analogues before their synthesis.

Results

For the CoMFA and CoMSIA analyses of CB ligands binding
to the CB1 and CB2 receptors, structural alignment of all
compounds in the training set (Table 1) was performed. Table
1 lists all structures used in the training set and the experimental
binding affinities (Ki) with the CB1 and CB2 receptors.34,56-59

Among the synthesized analogues,12 (Figure 2) was selected
as a template, because (i) there is adequate information
supporting the proposed conformation of12, derived by the
combined application of NMR and molecular modeling studies38

and (ii) it has the highest binding affinity to the CB1 receptor
(Ki ) 0.32 nM) and second highest binding affinity to the CB2
receptor (Ki ) 0.52 nM) in the training set.34 The high binding
affinity of 12can be attributed to two causes. First, its increased
hydrophobicity of the side chain due to the benzylic substitution
may favor interactions with a corresponding hydrophobic subsite
of the receptors, and second, the side chain pharmacophore is
conformationally more defined than the∆8-THC prototype CB.38

The lowest energy conformer of12 and other∆8-THC
derivatives have been obtained and reported using a combination
of NMR spectroscopy and molecular modeling techniques.38,56

In addition, the conformation of the flexible l′,l′-dimethylheptyl
side chain was analyzed using a combination of theoretical and
NMR studies for classical (-)-9-nor-9â-hydroxy(dimethylhep-
tyl)-hexahydrocannabinol and nonclassical CBs CP47,497,
CP55,244, and CP55,940 by Xie et al.35,60,61The obtained results
showed that the C3-alkyl side chain is almost perpendicular to

Figure 1. Chemical structures of (a)∆9-THC, (b) ∆8-THC, (c) CBD.
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the plane of ring A. Molecular docking models of CP47,497,
CP55,244, and CP55,940 have also been examined by Shim et
al.,62 and the authors reported that the C3-alkyl side chain is
oriented perpendicular to the ring A.

Several researchers have argued that conformation, orienta-
tion, and location of the drug molecule in the membrane play
a crucial role in determining the ability of the drug to interact
favorably with its site of action on the receptor.63,64Biophysical
studies by Makriyannis and co-workers have provided detailed
information on the topography, stereochemistry, and dynamic
features of the CB-membrane interactions using neutron
diffraction, solid state2H NMR, small-angle X-ray spectroscopy,
and differential scanning calorimetry.63 In these studies, THC
assumes an “awkward” orientation in the bilayer with the long
axis of its tricyclic system perpendicular to the bilayer chains,
while its aliphatic side chain orients parallel to the chains of
the membrane phospholipids.

The existing experimental evidence combined with performed
ab initio B3LYP/6-31G*65,66level of quantum mechanics (QM)
calculations show undoubtedly that the lowest energy conforma-
tion of 12 (Figure 2) must be used as a suitable template for
superimposition studies in the 3D-QSAR CoMFA and CoMSIA
methods.

Several variations in the alignment schemes by superimposing
the similar pharmacophoric features are considered. C1, C2, C3,
C4, C4a, C6a, C7, C10, C10a, and C10b and the oxygen atoms in
the template ligand12 are selected for the structural superim-
position processes. The alignment of the molecules was based
on atom-by-atom superimposition of selected atoms, which is
common in all compounds. The criteria applied for the selection
were (i) overlap of the putative biologically relevant pharma-
cophore groups (with minimum RMS) and (ii) form of statisti-
cally significant 3D-QSAR CoMFA and CoMSIA models.
Figure 3 illustrates the superimposition of CB analogues used
as the training set to construct CoMFA and CoMSIA models.

To build 3D-QSAR CoMFA and CoMSIA models for the
binding affinity at the CB1 and CB2 receptors, a set of 30 CB
analogues for the CB1 receptor and 29 CB analogues for the
CB2 receptor were subjected to the cross-validated PLS
analyses.

Table 1. Molecular Structures and Binding AffinityKi Values of CB
Analogues Used as the Training Set to Construct CoMFA and CoMSIA
Models34,56-59

Figure 2. Molecular structure of template compound12 (on the top)
and its lowest energy conformer (on the bottom).
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(i) CoMFA Results. Table 2 shows the cross-validatedr2

(rcv
2 ) values using CoMFA analyses at CB receptors. The

CoMFA study, based on the selected lowest energy conformer
of template ligand12, gavercv

2 values of 0.784 and 0.572 for
CB1 and CB2 receptors, respectively. The noncross-validated
PLS analysis yielded anr2 of 0.981 and 0.972, and the estimated
standard errors were 0.173 and 0.187 for CB1 and CB2
receptors, respectively (Table 3). Therefore, the CoMFA-
generated 3D-QSAR models for the binding affinities of CB
analogues to CB1 and CB2 receptors have a very good cross-
validated correlation. Figure 4 shows the relationship between
the CoMFA-predicted and experimental pKi values of the
noncross-validated analyses for CB1 and CB2 receptors. Linear-
ity of the plots show very good correlations for CoMFA models
developed in the study for the binding affinities of CBs at the
CB1 and CB2 receptor sites.

CoMFA Contour Maps. The contour maps are used to create
a “negative” matrix in the place of the unknown active site,
and variations of the used ligands can be generated as long as
they fit better into the “imaginary” active site. Figure 5a,b shows
the steric-electrostatic contour maps of the CoMFA models for
CB1 and CB2 receptors, respectively. The individual contribu-
tions from the steric and electrostatic favored and disfavored
levels are fixed at 80% and 20%, respectively. The CoMFA
contours of the steric maps are shown in yellow and green colors
and those of the electrostatic contour maps are shown in red
and blue colors. Greater values of “bioactive measurement” are
collected, with more bulk near the green-colored contours; less
bulk near the yellow-colored contours; more positive charge
near the blue-colored contours; and more negative charge near
the red-colored contours.

(ii) CoMSIA Results. The CoMSIA study, based on the
selected lowest energy conformer of template ligand12, gave

rcv
2 values of 0.746 and 0.625 for the CB1 and CB2

receptors, respectively (Table 4). The noncross-validated PLS
analysis yielded anr2 of 0.944 and 0.912, and the estimated
standard errors were 0.296 and 0.324 for CB1 and CB2
receptors, respectively (Table 5). Figure 6 shows the relationship
between the CoMSIA predicted and the CoMSIA experimental
pKi values for the noncross-validated analyses of CB1 and CB2
receptors.

CoMSIA Contour Maps. Figure 7a,b shows the steric-
electrostatic contour maps of the CoMSIA models for the CB1
and CB2 receptors, respectively. The individual contributions
from the steric and electrostatic favored and disfavored levels
are fixed at 80% and 20%, respectively. The CoMSIA contours
of the steric maps are shown in yellow and green colors, and
those of the electrostatic contour maps are shown in red and
blue colors. Greater values of “bioactive measurement” are
collected with more bulk near the green-colored contours; less
bulk near the yellow-colored contours; more positive charge
near the blue-colored contours; and more negative charge near
the red-colored contours.

Because the CB analogues used in the training set differ
mainly in the C1′ position and the tricyclic part of∆8-THC or

Figure 3. Structural alignments of the compounds in the training set
for constructing 3D-QSAR CoMFA and CoMSIA models at the CB1
and CB2 receptors.

Table 2. Cross-Validated Analyses for the CB1 and CB2 Receptors
Using the CoMFA Models, Based on the12 as Template

model
template

compound

number of
compounds in the

training set rcv
2

number of
optimal

components

CB1 12 in Table 1 30 0.784 6
CB2 12 in Table 1 29 0.572 6

Table 3. Summary of Experimental (Observed) and CoMFA-Predicted
pKi Results for the Binding Affinity at the CB1 and CB2 Receptors

CB1 CoMFA model CB2 CoMFA model

r2 0.981 0.972
standard error of
estimate

0.173 0.187

probability ofr2 0.000 0.000
F 197.531 127.260
relative contributions
of steric/electrostatic
fields

0.640:0.360 0.632:0.368

rbootsrapping
2 0.990 0.989

standard error
of estimatebootstapping

0.121 0.117

CB1 CoMFA model CB2 CoMFA model

cmpd
pKi

(observed)
pKi

(predicted)
pKi

(observed)
pKi

(predicted)

1 7.02 7.16 7.14 7.25
2 6.20 6.18 6.43 6.50
3 6.92 7.09 7.29 7.19
4 7.24 7.13 6.97 7.13
5 7.93 7.86 8.03 7.98
6 6.12 6.20 6.65 6.64
7 7.55 7.69 7.60 7.87
8 6.59 6.63 6.98 7.03
9 8.08 8.09 8.41 8.27

10 6.50 6.56 6.96 7.03
11 6.77 6.66 6.99 6.95
12 9.49 9.34 9.28 8.96
13 6.87 6.89 7.30 7.39
14 9.28 9.40 9.66 9.68
15 7.24 7.17 6.59 6.62
16 8.74 8.74 8.44 8.44
17 7.49 7.61 7.71 7.68
18 9.35 9.50 8.72 9.05
19 7.32 7.33 7.41 7.51
20 5.90 5.80 6.64 6.43
21 7.66 7.73 - -
22 9.08 8.99 9.31 9.04
23 9.36 9.13 9.07 9.12
24 7.23 6.88 7.00 7.16
25 8.90 9.19 9.54 9.35
26 6.18 6.53 7.48 7.19
27 9.15 9.11 8.99 9.29
28 6.72 6.58 7.20 7.26
29 7.66 7.52 7.08 6.93
30 8.66 8.54 8.48 8.39
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the CBD skeleton, the contour plots place more emphasis to
these regions. The main topographical requirements for the CB1
and CB2 receptors resulting from the CoMFA and CoMSIA
approaches are summarized and presented in the Supporting
Information.

Discussion

The main differences between the 3D-QSAR CoMFA and
the 3D-QSAR CoMSIA approaches concern the type of distance

dependent function used and the form of the defined probe atom.
In CoMFA, the probe atom is a sp3 carbon with a+1.0

Figure 4. Plots of corresponding CoMFA-predicted and experimental values of binding affinity (given as pKi) of CB analogues in the training set
at the CB1 (on the left) and CB2 (on the right) receptors, respectively.

Figure 5. (a) CoMFA contour maps of template compound12 (on the left) and its respective CBD analogue13 (on the right) for the CB1 model.
Sterically favored areas are shown in green (contribution level of 80%). Sterically unfavored areas are shown in yellow (contribution level of 20%).
Positive potential favored areas are shown in blue (contribution level of 80%). Positive potential unfavored areas are shown in red (contribution
level of 20%). (Regions I, II, and III show contour maps around the alkyl side chain, the tricyclic part, and theR-face of C1′ of the ligand,
respectively.) (b) CoMFA contour maps of template compound12 (on the left) and its respective CBD analog13 (on the right) for the CB2 model.
Sterically favored areas are shown in green (contribution level of 80%). Sterically unfavored areas are shown in yellow (contribution level of 20%).
Positive potential favored areas are shown in blue (contribution level of 80%). Positive potential unfavored areas are shown in red (contribution
level of 20%). (Regions I, II, and III show contour maps around alkyl side chain, tricyclic part andR-face of C1′ of the ligand, respectively.)

Table 4. Cross-validated Analyses for the CB1 and CB2 Receptors
Using the CoMSIA Models, Based on the12 as Template

model
template

compound

number of
compounds in

training set rcv
2

number of
optimal

components

CB1 12 in Table 1 30 0.746 6
CB2 12 in Table 1 29 0.625 5
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charge.21,67The steric and electrostatic fields are calculated using
Lennard-Jones and Coulomb’s potentials, respectively. Because
functional forms are hyperbolic, both potentials give very large,
nonsensical values at or beyond the van der Waals surface. To
avoid these values, steric and electrostatic contributions were
truncated at 30 kcal/mol (arbitrarily fixed cutoff). In CoMSIA,
similarity indices are calculated instead of interaction energies.
The functional form in CoMSIA is selected to be Gaussian with
an attenuation factorR ) 0.3. Energy functions typically used
to calculate the field values in CoMFA can give rise to
significant variation in the energy, with very small changes in
position. For example, the Lennard-Jones potential, traditionally
used to calculate the steric field, becomes very steep close to
the van der Waals surface of the molecule and it may show a
singularity at the atomic positions (as does the Coulomb
potential used to calculate the electrostatic field). In CoMFA,
these issues are dealt with by applying arbitrary cutoffs; the
resulting contour plots are thus fragmented and difficult to
interpret. In CoMSIA, these fields are replaced by similarity
values at the various grid positions. The similarities are
calculated using much smoother potentials that are not as steep
as the Lennard-Jones and Coulombic functions and have a finite

value even at the atomic positions. The use of these similarity
indices is considered to lead to superior contour maps that are
much easier to interpret.67

When correlations are sought using reported data, one must
take into account (i) large variability in testing procedures and
(ii) uncertainties related to enantiomeric purities of synthetic
molecules. A careful examination of published data7,33,34identi-
fies essential molecular fragments contributing to “cannabimi-
metic activity”. One of them is the aliphatic C3-side chain; the
role of this pharmacophore is important for hydrophobic
interactions with the site(s) of action. There is an established
SAR that indicates longer side chains are correlated with more
potent CBs.33,68Decreasing the length of then-pentyl side chain
of ∆9-THC by two carbons reduces potency by 75%.32 Extension
of the five carbon atom chain by adding one or two carbons
favors binding, while further extension is detrimental. Interest-
ingly, analogues with substituents, for example, CH3, C2H5, Cl,
or I in the ortho position to the phenolic hydroxyl, retain
substantial biological activity, however, the para substitution
produces inactive analogues.33,68Accordingly, para substituents
prevent the side chain from orienting to a southern direction
with respect to the phenolic hydroxyl group, resulting in
decreased CB activity. On the other hand, ortho substitution
allows such an orientation.33 Thus, the orientation of the alkyl
side chain plays an important role in the determination of
biological activity. A significant degree of conformational
restriction can be imposed upon the alkyl side chain either by
the introduction of a double bond or by the introduction of a
new cyclic ring fused to the aromatic ring A, leading to
variations in biological responses.15 Khanolkar et al.69 presented
a series of∆8-THC analogues in which then-heptyl side chain
was restricted by a C2-C3 cyclohexyl ring and showed that
the side chain pointing downward has an 18-fold higher
binding affinity for the CB1 receptor and a 3-fold higher binding
affinity for the CB2 receptor than the respective analogue in
which the side chain orients laterally. This suggests that the
CB receptor affinity decreases significantly when the side chain
is forced into a lateral orientation and further away from the
ring A.15,69

The CB1 and CB2 receptors belong to the same receptor
family and exhibit a 44% sequence homology, which rises to
68% in the transmembrane domains, an area thought to be
involved in ligand recognition.7 Because of this high degree of
homology, it is not surprising that binding affinities for CB1
and CB2 receptors are correlated. Figures 5a,b and 7a,b show
the field contributions to the binding affinity among the CBs
and provide a visualization of both steric and electrostatic
interactions at the receptor site. The result demonstrates the
importance of the hydrophobic components of the classical CBs
and other CBs with cannabimimetic activity and is consistent
with other studies. The CoMSIA results are in agreement with
the CoMFA results. The contour maps resulted by applying
CoMFA and CoMSIA methodologies demonstrate that there are
similar and different structural requirements for optimum ligand
binding at the CB1 and CB2 receptors.

Derived 3D contour maps of CoMFA and CoMSIA models
are investigated in the following three distinct regions.

Alkyl Side Chain-Molecular Segment I:The green-colored
contours along the left side of the end of the alkyl chain show
that bulky groups enhance the binding affinity for the CB1 and
CB2 receptors in both CoMFA and CoMSIA models (Figures
5a,b and 7a,b). For example, the presence of adamantane,
phenyl,t-butyl, isopropyl, or cyclopentyl groups in this region
is expected to enhance CB1 and CB2 receptor binding affinities.

Table 5. Summary of Experimental (Observed) and CoMSIA-Predicted
pKi Results for the Binding Affinity at the CB1 and CB2 Receptors

CB1 CoMSIA model CB2 CoMSIA model

r2 0.944 0.912
standard error of
estimate

0.296 0.324

probability ofr2 0.000 0.000
F 65.031 47.855
relative contributions
of steric/electrostatic
fields

0.890:0.110 0.918:0.082

rbootsrapping
2 0.971 0.972

standard error
of estimatebootstapping

0.206 0.181

CB1 CoMSIA model CB2 CoMSIA model

cmpd
pKi

(observed)
pKi

(predicted)
pKi

(observed)
pKi

(predicted)

1 7.02 7.19 7.14 7.31
2 6.20 6.12 6.43 6.43
3 6.92 7.03 7.29 7.19
4 7.24 6.98 6.97 7.15
5 7.93 7.54 8.03 7.74
6 6.12 6.40 6.65 6.75
7 7.55 7.63 7.60 7.97
8 6.59 6.51 6.98 7.01
9 8.08 7.83 8.41 8.18

10 6.50 6.51 6.96 7.08
11 6.77 6.91 6.99 7.04
12 9.49 9.00 9.28 8.68
13 6.87 6.89 7.30 6.99
14 9.28 9.20 9.66 9.18
15 7.24 7.15 6.59 6.99
16 8.74 8.45 8.44 8.43
17 7.49 8.03 7.71 8.10
18 9.35 9.82 8.72 9.32
19 7.32 7.33 7.41 7.46
20 5.90 5.98 6.64 6.45
21 7.66 7.95
22 9.08 9.05 9.31 9.24
23 9.36 9.13 9.07 9.18
24 7.23 6.74 7.00 7.15
25 8.90 9.19 9.54 9.35
26 6.18 6.65 7.48 7.37
27 9.15 9.10 8.99 9.33
28 6.72 6.61 7.20 7.38
29 7.66 7.82 7.08 6.78
30 8.66 8.55 8.48 8.26
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There are large yellow-colored contours on the right side of
the end of the alkyl side chain in the CB1 and CB2 CoMSIA
models (Figure 7a,b) and small areas for the corresponding
CB1 and CB2 CoMFA models (Figure 5a,b) showing the
existence of sterically unfavorable fields (the areas in which
steric bulk is predicted to decrease binding). Thus, the orienta-
tion of the alkyl side chain plays an important role in

determining biological activity. This result confirms the previous
published reports.33,56

Compounds12, 14, 16, 18, 22, 23, 25, and 27 show high
activity but low selectivity for the CB1 and CB2 receptors
attributed to their fit in the hydrophobic subsite of both
receptors.17 An optimal interaction is observed when a
lipophilic group is attached to C1′ position. The CB1 receptor

Figure 6. Plots of corresponding CoMSIA-predicted and experimental values of binding affinity (given as pKi) of CB analogues in the training set
at the CB1 (on the left) and CB2 (on the right) receptors, respectively.

Figure 7. (a) CoMSIA contour maps of template compound12 (on the left) and its respective CBD analogue13 (on the right) for the CB1 model.
Sterically favored areas are shown in green (contribution level of 80%). Sterically unfavored areas are shown in yellow (contribution level of 20%).
Positive potential favored areas are shown in blue (contribution level of 80%). Positive potential unfavored areas are shown in red (contribution
level of 20%). (Regions I, II, and III show contour maps around the alkyl side chain, the tricyclic part, and theR-face of C1′ of the ligand,
respectively). (b) CoMSIA contour maps of template compound12 (on the left) and its respective CBD analogue13 (on the right) for the CB2
model. Sterically favored areas are shown in green (contribution level of 80%). Sterically unfavored areas are shown in yellow (contribution level
of 20%). Positive potential favored areas are shown in blue (contribution level of 80%). Positive potential unfavored areas are shown in red (contribution
level of 20%). (Regions I, II, and III show contour maps around the alkyl side chain, the tricyclic part, and theR-face of C1′ of the ligand,
respectively).
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appears insensitive to isosteric groups attached to the
C1′ position whereas the CB2 receptor shows a higher prefer-
ence for the smaller dioxolane five-membered ring rather
than the dithiolane ring or more hydrophobic cyclopentyl
analogues.15

ABC Ring-Molecular Segment II: The yellow-colored
contour at theR-face of the C-ring in the∆8-THC analogues
(Figures 5a,b and 7a,b, on the left) indicates areas in which
steric bulk is predicted to decrease binding. However, in the
case of CBD analogues, this area fits on the C9-methyl group
(Figures 5a,b and 7a,b, on the right). Bulky groups localized
between molecular segments I and II are expected to reduce
the binding affinities of CB analogues to both CB1 and CB2
receptors. In these regions, the steric interactions differently
affect the binding affinities of∆8-THC and CBD analogues for
the CB1 and CB2 receptors in both the CoMFA and the
CoMSIA models. In∆8-THC analogues, a sterically unfavorable
area (yellow-colored contour) is located between the regions I
and II (Figures 5a,b and 7a,b, on the left). In the case of CBD
analogues, because of the different structural orientation of the
bicyclic segment, this area fits on the methyl and propenyl
groups (Figures 5a,b and 7a,b, on the right). If the binding
affinity value of ∆8-THC analogues and their respective CBD
analogues is compared, CBD analogues generally have lower
binding affinities than their corresponding∆8-THC analogues.
For example, the template compound12, has 425-fold and 97-
fold higher binding affinities than its respective CBD analogue
13, for CB1 and CB2 receptors, respectively. This can be
explained by different topographical requirements for the∆8-
THC and CBD derivatives at the cyclic ring segment. The CB1
receptor is more sensitive than the CB2 receptor to this different
structural orientation, because in this region, the sterically
unfavorable area (yellow-colored contour) is larger at the CB1
model (Figures 5a,b and 7a,b).

R-Face of C1′-Molecular Segment III: Sterically unfavor-
able contour (yellow-colored) is localized in the vicinity of ring
A (Figures 5a,b and 7a,b). Therefore, the existence of bulky
groups in this molecular segment results in the decrease of the
binding affinity as it is confirmed by compounds15 and 16.
Figure 8 shows the steric-electrostatic CoMSIA contour maps
of compound15 for CB1 and CB2 receptors, respectively. The
contour maps show that the increased binding affinity and
pharmacological potency are associated with bulky (green-
colored contours) and negatively charged groups (red-colored
contours) in theR-face of C1′ (Figures 5a,b and 7a,b). The
presence of groups such as I-, C6H5OH, C6H5CF3, C6H5CCl3,

C6H5CI3, C6H5NH2, C6H5I, and so on in this region are expected
to enhance CB1 and CB2 receptor binding affinities.

The electrostatic contour maps that were correlated with the
predicted potency were seen in theR-face of C1′ (molecular
segment III) for both of the CoMFA and CoMSIA models and
in the middle of the alkyl side chain (molecular segment I)
predominantly in the CoMFA models. Results show that in the
R-face of C1′ and in the middle of the alkyl side chain, ligands
may interact with corresponding electropositive and electrone-
gative atoms of CB1 and CB2 receptors, respectively (Figures
5a,b and 7a,b).

To test the stability of the obtained PLS models for every
conventional CoMFA and CoMSIA PLS run, bootstrapping was
also performed. Obtained results support the reliability of the
created models.

In addition, to test the predictive ability of the obtained
CoMFA and CoMSIA models, 20 other∆8-THC analogues have
been added to the training set for the CB1 model and 12 other
∆8-THC analogues have been added to the training set for the
CB2 model. (Binding affinities have been taken from reported
values in the literature.15,17 Binding affinities of eight CB
analogues have been measured only for the CB1 receptor.) The
same CoMFA and CoMSIA settings and PLS analyses have
been performed for the reconstructed CoMFA and CoMSIA
models. Compound12has been used as a template and the same
atoms in the CoMFA and CoMSIA models have been selected
for the structural superimposition processes for reconstructed
models. The results did not significantly modify the initially
obtained models. The reconstructed 3D-QSAR CoMFA and
CoMSIA models for the binding affinities to the CB1 and CB2
receptors have a very good cross-validated correlation. Although
there are minor differences between initial and reconstructed
CoMFA and CoMSIA models, the overall emerging picture is
consistent. The main topographical requirements in the recon-
structed CoMFA and CoMSIA models confirm the initially
obtained models for the CB1 and CB2 receptors. The predictive
ability of the initial model has been tested with added
compounds and it was shown that the model is able to accurately
predict them as true unknowns. (This part is included in the
Supporting Information.)

Summary and Conclusions

In summary, the present research work describes a successful
attempt to conduct a molecular modeling and NMR-based 3D-
QSAR CoMFA and CoMSIA studies of the CB1 and CB2
agonist pharmacophore models.

Figure 8. CoMSIA contour maps of15 for the CB1 (on the left) and the CB2 models (on the right). Sterically favored areas are shown in green
(contribution level of 80%). Sterically unfavored areas are shown in yellow (contribution level of 20%). Positive potential favored areas are shown
in blue (contribution level of 80%). Positive potential unfavored areas are shown in red (contribution level of 20%).
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The CoMFA and CoMSIA models provided similar results,
however, the steric interactions in CoMSIA models are more
dominant. It is evident from the contour maps of CB1 and CB2
models of CoMFA and CoMSIA that the steric effects determine
the binding affinity. The relative contributions of steric fields
are larger than electrostatic fields for both CB1 and CB2 models
in both of the CoMFA and CoMSIA analyses. The orientation
of the C3-alkyl side chain plays a crucial role in determining
the biological activity; bulky groups at the end of the left sides
of C3-alkyl side chain (corresponding to shown snapshot contour
plots) of compounds lead to enhancement of the activity,
whereas bulky groups in the right sides of the C3-alkyl side
chain of analogues lead to decreased binding affinity.

Because of the different structural properties of∆8-THC and
CBD derivatives at the cyclic ring segment, these groups have
different pharmacophoric requirements for their receptors in
these regions. While sterically unfavorable areas are located on
the methyl and propenyl groups of CBD analogues, these
unfavorable regions are located at the vicinity of the tricyclic
segment of∆8-THC analogues. Therefore,∆8-THC analogues
have higher binding affinities than their respective CBD
analogues. The partial positive charge in the C1′-C3′ region
of the alkyl side chain and the partial negative charge occupied
in theR-face of C1′ are predicted to interact productively within
the corresponding site(s) of the receptors.

The obtained models will serve as a basis for the design of
novel CB-like prototypes with enhanced activity and other
tailored properties. The information on the receptor binding sites
also provides an opportunity for the design of specific probes
to be used in studies seeking to elucidate the mechanism of
action of these drug molecules.

Computational Methods

(i) Binding Affinities. The binding affinities (Ki) were assessed
by a quantitative assay based on the affinity of CB analogues to
CB1 and CB2 receptors. The logarithmic values of 1/Ki (pKi) were
used in the 3D-QSAR correlations, as they are related to changes
in the free energy of binding. Table 1 lists all the structures used
in the training set and their experimental binding affinities (Ki) at
CB1 and CB2 receptors.34,56-59

(ii) Molecular Modeling. The structures of the studied molecules
were subjected to full geometry optimization using a combination
of the standard Tripos molecular mechanic force field of the Sybyl
molecular modeling package70 (Powel energy minimization algo-
rithm,71 Gasteiger-Huckel charges,72 and 0.001 kcal/mol Å energy
gradient convergence criterion), Monte Carlo analysis with the
CHARMm force field of QUANTA package73 (Powel energy
minimization algorithm, Gasteiger-Huckel charges, and 0.001 kcal/
mol Å energy gradient convergence criterion) as well as the
semiempirical methods of AM174 and PM375 methods (SCF
convergence criterion has been set to 10-6 as energy gradient
convergence limit). For the conformational analysis of template
compound12ab initio B3LYP/6-31G*65,66level quantum mechanics
calculations were also performed.

(iii) CoMFA Settings. CoMFA was performed using the QSAR
option of Sybyl. The steric and electrostatic field energies were
calculated using the Lennard-Jones and the Coulomb potentials,
respectively, with a 1/r distance-dependent dielectric constant in
all intersections of a regularly spaced (0.2 nm) grid.67 A sp3 carbon
atom with a radius of 1.53 Å and a charge of+1.0 was used as a
probe to calculate the steric and electrostatic energies between the
probe and the molecules using the Tripos force field.76 The
truncation for both the steric and the electrostatic energies were
set to 30 kcal/mol. This indicates that any steric or electrostatic
field value that exceeds this value will be replaced with 30 kcal/
mol, thus makes a plateau of the fields close to the center of any
atom.

(iv) CoMSIA Settings.CoMSIA was performed using the QSAR
option of Sybyl. A sp3 carbon atom with a radius of 1.53 Å and a
charge of+1.0 was used as the probe to calculate the CoMSIA
similarity indices. Steric and electrostatic similarity indices were
evaluated at the intersections of a similar grid using the same probe
atom according to the standard implementation of CoMFA in Sybyl.
The similarity indices between the compounds and the probe atom
are calculated according to

whereA is the similarity index at the grid pointq, summed over
all atomsi of the moleculej under investigation;wprobe,k is the probe
atom;wik is the actual value of the physicochemical propertyk of
atom i; riq is the mutual distance between the probe atom at grid
point q and atomi of the test molecule; andR is the attenuation
factor.47

The default value of attenuation factorR was set to 0.3. Larger
values ofR will result in a steeper Gaussian function and increasing
attenuation of the distance-dependent effects of molecular similarity.
On the other hand, reducingR to smaller values will result in a
probe atom detecting molecular similarity of its neighborhood more
globally. The optimal value ofR is between 0.2 and 0.4.77

(v) CoMFA and CoMSIA Partial Least-Squares (PLS)
Analysis and Validations.The initial PLS analysis was performed
using the “leave-one-out” cross-validation method for all 3D-QSAR
analyses. A minimum column filtering value of 2.00 kcal/mol was
set to improve the signal-to-noise ratio by omitting those grid points
whose energy variation was below this threshold. In both CoMFA
and CoMSIA analyses, descriptors were treated as independent
variables, whereas the pKi values were treated as dependent
variables in the PLS regression analyses to derive the 3D-QSAR
models. The final model (noncross-validated conventional analysis)
was developed from the model with the highestrcv

2 , and the
optimum number of components was set to equal that yielding the
highestrcv

2 . The noncross-validated models were assessed by the
conventional correlation coefficientr2, standard error of prediction,
and F values. For the creation of the CoMFA field, “CoMFA
standard” scaling was selected, while in the case of CoMSIA, the
“none” option was selected in the Sybyl.

To obtain confidence limits and test the stability of obtained PLS
models, for every conventional CoMFA and CoMSIA PLS run,
bootstrapping was also performed (100 runs, column filtering: 2.00
kcal/mol). The idea is to simulate a statistical sampling procedure
by assuming that the original data set is the true population and
generating many new data sets from it. These new data sets (called
bootstrap samplings) are of the same size as the original data set
and are obtained by randomly choosing samples (rows) from the
original data, with repeated selection of the same row being allowed.
The statistical calculation is performed on each of these bootstrap
samplings, with new values being calculated for each of the
parameters to be estimated. The difference between the parameters
calculated from the original data set and the average of the
parameters calculated from the many bootstrap samplings is a
measure of the bias of the original calculation.78

The “quality” of a simple or multiple linear regression can be
assessed in a number of ways. The most common of these is to
calculate thesquared correlation coefficient, r2 value. This has a
value between zero and one and indicates the proportion of the
variation in the dependent variable that is explained by the
regression equation. Supposeycalc,i are the values obtained by
feeding the relevant independent variables into the regression
equation andyi are the corresponding measured observations. The
following quantities can then be calculated67

AF,k
q (j) ) -∑

i)1

n

wprobe,kwike
-Rriq

2

total sum of squares (TSS)) ∑
i)1

N

(yi - <y>)2
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Thus, TSS) ESS+ RSS andr2 is given by the following equation

Cross-validated PLS analysis was run to determine the optimal
number of components in the model and to evaluate the robustness
of the model based on quality of predictability. Cross-validation
methods provide a way to try and overcome some of the problems
inherent in the use of ther2 value alone. Cross-validation involves
the removal of some of the values from the training set, the
derivation of a QSAR model using the remaining data, and then
the application of this model to predict the values of the data that
have been removed. One form of cross-validation method is the
leaVe one outapproach, where only one data value is removed from
data set. Repeating this procedure for every value in the data set
leads to arcv

2 . To build a 3D-QSAR model for the CB ligand/CB
receptor complex, the PLS analysis was repeated until the biological
property value has been “predicted” by a model from where these
were derived. There is a generally accepted criterion for statistical
validity of rcv

2 g 0.6.48
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