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To identify novel selective CB2 lead compounds, a comparative model of the CB2 receptor was
constructed using the high-resolution bovine rhodopsin X-ray structure as a template. The
CB2 model was utilized both in building the database queries and in filtering the hit compounds
by a docking and scoring method. In G-protein activation assays, 1-isoquinolyl[3-(trifluoro-
methyl)phenyllmethanone (40, NRB 04079) was found to act as a selective agonist at the human

CB2 receptor.

Introduction

The cannabinoid CB2 receptor is a G-protein-coupled
receptor (GPCR) located mainly in immune tissues.!2
It is part of the endogenous cannabinoid system (ECS)
that includes the endocannabinoids (e.g., 2-arachi-
donoylglycerol [2-AG]), their receptors (CB1 and CB2),
metabolizing enzymes (fatty-acid amide hydrolase
[FAAH] and monoglyceride lipase [MGL]), and a specific
cellular uptake system.?® The ECS is an attractive
target for drug development, and various cannabinergic
ligands that act on one or more ECS target proteins
have been developed during recent years.?” The CB2
receptor ligands possess potential in alleviating pain®
and inflammation,? as well as in treatment of chronic
cough,!® gliomas,!! lymphomas,!? and osteoporosis.!?
Many cannabinoid receptor ligands are nonselective in
that they bind both to the central CB1 receptor as well
as the peripheral CB2 receptor. It is claimed that
selective CB2 ligands should be devoid of the unwanted
central nervous system (CNS) effects typical of A°-
tetrahydrocannabinol (A%-THC), the major psychoactive
component of Cannabis sativa L.1* Many of the CB2
selective agonists currently under study are based on
the classical cannabinoid structure (e.g., 14, JWH-13315
and 17, HU-30816) or cannabimimetic indoles (e.g., 26,
AM1241'7 and 27, GW405833'8), whereas the CB2
antagonists or inverse agonists can have, for example,
a pyrazole- or an oxoquinoline-based scaffold (20,
SR14452819 and 28, JTE—907,° respectively). See Sup-
porting Information (Section A) for the chemical struc-
tures of these and other CB2 ligands utilized in our
study.

In the present study, we have employed a structure-
based virtual screening procedure to search for novel
CB2 selective lead compounds with alternative molec-
ular scaffolds. In the absence of an experimental struc-
ture of the individual GPCRs, rhodopsin crystal struc-
ture2’-based comparative models have been shown to
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be useful for structure-based virtual screening and lead
optimization.21-23 Recently, Xie et al.2* and Montero et
al.?> have generated rhodopsin-based comparative mod-
els of CB2, but neither study employed the models in
virtual screening. In this study, the constructed com-
parative model of the CB2 receptor was utilized both
in building the database queries as well as in filtering
the hit molecules by docking and scoring.

Results and Discussion

Comparative Model of CB2. In the present study,
the comparative model of CB2 was constructed in a
similar fashion as previously described for the CB1
receptor.6 In addition to ignoring the coordinates of the
highly conserved proline P5.50(215) at the rhodopsin
template, also the coordinates of G2.56(89) were omitted
from the CB2 model without extensively disturbing the
o-helical structure (Figure 1A). Due to the latter dele-
tion, the TM2 (transmembrane helix 2) kink introduced
by the GG motive in rhodopsin was straightened at CB2,
and F2.57(87) of CB2 was aligned with F2.58(91) of
rhodopsin thus becoming a part of the putative binding
site. Furthermore, C2.59(89) of CB2 that has been
suggested to reside at the margin of the binding site?’
was now located in the TM2-3 interface instead of facing
out to lipid as the corresponding residue in rhodopsin
(see Supporting Information, Sections B and C). The
molecular dynamics simulation for the refinement of the
CB2 model gave comparable results with the CB1 model
(see Supporting Information, Sections D—F). The final
structure from the MD simulation (model 1) and four
other CB2 receptor conformers created by the simulated
annealing procedure (models 2—5) were compared with
each other by generating crude CoMFA models for the
CB2 ligands docked at these receptor conformers (see
Supporting Information, Sections G and H for detailed
ligand—receptor interactions and figures of docking
alignments). Due to the differences between the affinity
measurements of different laboratories, the biological
data used in the CoMFA models was not consistent.
Also, for some racemic molecules we did not know which
enantiomer (R or S) was the active form, and therefore
we used both of them in our assessment. Consequently,
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Figure 1. (A) CB2 model compared with the rhodopsin crystal structure (Rho). Secondary structure coding; a-helix — purple
(CB2)/red (Rho), 3-sheet — yellow, other — cyan (CB2)/white (Rho). (B) Docking orientation of 7 at the CB2 receptor model. H-bond
between the phenolic hydroxyl of 7 and the backbone oxygen of 13.29(110) is indicated with a yellow dashed line. Atom color code:
green, protein backbone and side chain carbon/hydrogen atoms; blue, nitrogen; red, oxygen; gray, carbon; cyan, hydrogen. (C)
Molecular graphics of query 1; pharmacophoric query features were based on the docked conformation of 7; AS — acceptor site;
DS — donor site; HB — hydrophobic feature. Multiple volume surface of six docked CB2 ligands was used as a volume constraint

(yellow).

the CoMFA models in general were neither excellently
robust nor predictive. Receptor model 1, however,
resulted in the best cross-validation and progressive
scrambling values (Supporting Information, Sections I
and J) and thus was chosen to be utilized in the
database screening.

Although our main aim was not to create an exact
docking model for the CB2 ligands, examining molecular
interactions of representative compounds at receptor
model 1 let us suggest that hydrophobic contacts and
aromatic stacking interactions, rather than hydrogen
bonding, are of great importance at the putative CB2
binding site. Several groups have studied the impor-
tance of different receptor residues for the ligand
binding or signal transduction at CB2. The present
model is in agreement with the results of Tao et al.28
who reported that K3.28(109) in CB2 is not important
for ligand binding, contrary to the corresponding lysine
in CB1. In our model, the studied compounds did not
have any H-bonds with this residue. Furthermore,
S7.39(285) that has been suggested to be a site of
interaction for the cannabinoid agonist HU-24329 is part
of the putative binding pocket in the present model.
Among the aromatic microdomain residues®’ (F3.25,
F3.36, W4.64, Y5.39, F5.43, W6.48), W4.64(172), and
Y5.39(190) have been shown to be critical for ligand
binding.31:32 However, instead of being in direct interac-
tion with the ligands, it has been suggested that these
residues are important for the arrangement of the other
aromatic residues in the receptor binding pocket. This
is in agreement with our docking model as in most of
the cases there are no direct stacking interactions with
these aromatic residues (Supporting Information, Sec-
tion G).

It is worth mentioning that similarly with our CB1

model, the side chain chil rotamer of W6.48(258)
changed from gauche+ to trans during the MD simula-
tion (see ref 26). This rotamer change has been sug-
gested to be a “toggle switch” for the CB1 receptor
activation.?334 In addition to the conformational changes
of single amino acid side chains, it is evident that the
GPCR activation is accompanied by rigid domain mo-
tions and rotations of TM helices. However, we did not
apply such rotations on our model. Due to the confor-
mational changes during the MD simulation, the present
model may, nonetheless, represent an intermediate
state (neither active, nor inactive) of the receptor even
though the original rhodopsin template used for the
comparative modeling was in its inactive state.

Database Searches. Both the docked CB2 ligand
structures and the model 1 receptor binding site were
employed in building the three-dimensional (3D) data-
base queries. Query 1 (Q1) was based on the pharma-
cophoric points of the nonselective cannabinoid receptor
agonist 7 (HU-210) and the multiple volume surface of
six CB2 agonists (7, 11 [L759633], 12 [L759656], 16
[CP55940], 17, 26), all in their docking conformations
(Figures 1B and 1C). The second query (Q2) was based
on the binding cavity of the docked CB2 ligands,
whereas the third query (Q3) was based on the combi-
nation of features taken from both the receptor and
bound ligands. The overall screening and filtering
process is presented in Figure 2. Finally, 86 hit mol-
ecules (0.15% of the whole database) were ordered from
Maybridge to be tested for their in vitro activity at the
CB2 receptor.

Biological Evaluation of the Hits. All hit mol-
ecules were screened for their G-protein activation of
the human CB2 receptor. The preliminary screening in
cell lysates identified a compound that stimulated
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Maybridge Database
~55,600 compounds = 100%

Q1: 5.6%

Dock&Score: 0.05%

Q2-1: 0.4%

Dock&Score: 0.09%

Q31 10.0%:
DockéScore: 0.04%
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Figure 2. Overview of the database screening procedure. The percentages represent the number of compounds from the Maybridge
database. Q1 = hits found with query 1; Q3 = hits found with query 3; Q2—1 = hits found with query 2 from the results of Q1;

Q2—3 = hits found with query 2 from the results of Q3.
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Figure 3. The dose—response curves for the CB2 receptor
agonists 7 and 40. The data are expressed as mean + SEM of
at least three independent experiments performed in duplicate.
Chemical structure of 40 is shown next to its curve.

G-protein activity, while a few others inhibited G-
protein activation (data not shown). Further character-
ization in CHO-hCB2 cell (and control CHO cell) mem-
branes confirmed that 40 (NRB 04079) (Figure 3)
behaves as a true CB2 agonist, whereas the compounds
with inhibitory effects were found not to act via CB2. A
more detailed dose—response study revealed that 40 is
a low-potency partial agonist at the CB2 receptor
(—1logECs0 = 5.3 £ 0.2; Epnax = 53 £ 4 %) when compared
with the potent full agonist 7 (—logECsp = 9.6 £ 0.0;
Enax = 103 £+ 1%; Figure 3). Compound 40, therefore,
can serve as a lead structure for designing selective CB2
agonists that are useful, for example, in the manage-
ment of pain. Compound 40 was found with query 1,
and it is rather suitable for lead optimization, as it is
relatively small and has a definite scaffold to modify.
According to the docking results, aromatic stacking
interactions, rather than hydrogen bonding, seem to be
important also for this ligand at the CB2 receptor (see
Supporting Information, Section G for detailed descrip-
tion of ligand—receptor interactions).

Since the cannabinergic compounds usually act un-
selectively on one or more target proteins of the ECS,
the lead compound was tested also for the G-protein
activation at the CB1 receptor as well as for the
inhibition of the FAAH and MGL enzymes (for MGL
assay method, see ref 35; FAAH assay, unpublished
results of Saario et al.; data not shown). Confirming its

CB2 selectivity, 40 did not possess any CB1 activity,
nor did it inhibit either of the enzymes.

Conclusions

The present study demonstrates that combined ligand-
and structure-based virtual screening is a useful tool
for detecting novel lead compounds for the GPCRs such
as the CB2 receptor. Here, we describe the discovery of
a selective CB2 agonist with the help of a comparative
model for the CB2 receptor. In particular, the docking
of known CB2 ligands at the receptor binding site played
an important role in the virtual screening process. The
hit molecule serves as a lead structure for novel CB2
agonists that are intended for therapeutic use.

Experimental Section

Computational Methods. HOMOLOGY module of In-
sightlIl v.2000% modeling software was utilized to construct
the CB2 receptor model, whereas structure optimization,
visualization, and ligand structure construction were carried
out using the SYBYL 6.9%7 modeling package. Molecular
dynamics (MD) simulations were performed with GROMACS
v.3.1.4,383 and the stereochemical quality of the protein
structures was checked with PROCHECK.#° GOLD 2.0*! was
used for ligand docking, and both CScore*? and X-Score v1.14344
for ranking the docking results. COMFA,*> as implemented in
SYBYL, was used for generating 3D-QSAR models. Lead
structure searches in the Maybridge*® molecular database were
carried out with UNITY 4.4%7 module of SYBYL. Default
options were used in the programs if not otherwise specified.

Amino Acid Numbering. CB2 residues mentioned in the
text are referred to by using the amino acid numbering scheme
of Ballesteros and Weinstein;*® for example, K3.28(109).
Number of the transmembrane helix (TM) follows the one-
letter amino acid code, and the sequence number is at the end
in the brackets. The digit in the middle reveals the relative
location of the residue in regard with the most highly con-
served (0.50) residue of the TM domain.

Comparative Model of CB2. We used the same procedure
and methods to model the CB2 receptor as previously described
for the CB1 receptor.?6 See Supporting Information for the
multiple sequence alignment of the CB2 sequence with other
homologous GPCR sequences (Section K), prediction of the TM
residues with different secondary structure prediction
methods*?~%* (Section L), and the final modeling alignment of
the human CB2 sequence with the bovine rhodopsin template
(PDB code 1hzx; Section C). Furthermore, Domain Fishing®
server was used to provide additional assistance in the
modeling alignment (Supporting Information, Section B).
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Coordinates for the first and third extracellular loop (E1 and
E3) were extracted directly from the rhodopsin template, while
the InsightII loop search procedure was used for the generation
of the other loops. The optimized receptor structure was
subjected to a 500-ps constrained MD simulation in a TIP4P56
water box as previously described for the CB1 model and the
rhodopsin crystal structure?® (see Supporting Information,
Section M for the detailed MD parameters). Similarly to CB1,
100 different conformations of the CB2 model were created in
a simulated annealing procedure to explore the positions of
the protein side chains in the receptor binding site (see ref
26). The final frame (500 ps; model 1) from the MD run was
used as the starting structure. Only the residues within a 20-
A-radius sphere surrounding the phenylalanine F3.36(117)
were allowed to move during the process. Out of these 100
conformations, four distinct receptor conformers (models 2—5)
were chosen for the subsequent analysis using the same SOM
(self-organizing map)-based procedure as described for the CB1
model.?¢

Choice for the Receptor Conformer. Five different
receptor conformers (models 1—5; see above) were used for
docking 39 CB2 ligands at the putative binding site of the
receptor (See Supporting Information, Section A for the
structures of 1—39). The ligands were automatically docked
within an 18-A distance from the backbone oxygen of lysine
K3.28(109). Maximally 25 different conformations were pro-
duced for each ligand. All docking conformations were ranked
according to the CScore consensus scoring value. To evaluate
which receptor conformer would be the ‘best’ choice to utilize
in the database searches, we built crude CoMFA% models
using the best-ranked ligand conformations at each different
receptor binding site. Gasteiger—Hiickel charges®’%® were
applied on the ligand structures. Both electrostatic and steric
interaction fields were calculated using the SYBYL default
settings. Column filtering was set to 2.0 kcal/mol to improve
the signal-noise ratio. Ligand binding affinities (pK;) at CB2
were collected from literature®151659-73 and used as dependent
variables (Supporting Information, Section A). After an initial
random group cross-validation (leave-10%-out) and removal
of outliers, a recently introduced validation method, progres-
sive scrambling”™7 was applied on the resulting PLS models.
Evaluation of ry? (correlation between the original and
scrambled responses) was conducted at the critical threshold
level of perturbation s = 0.85. These validation results guided
the choice of the receptor conformer to be used in the database
searches.

Database Searches. We built three different database
queries utilizing the docked CB2 ligands and the structure of
the receptor binding site. The first query (Q1) was based on
six ligand structures in their docking positions; the potent
nonselective cannabinoid agonists 7 and 16, and the selective
CB2 agonists 11, 12, 17, and 26 (see Supporting Information,
Section A for the structures). Structure of 7 was used to define
the query features: oxygen atom of the C11 hydroxyl (northern
aliphatic hydroxyl, NAH) as a H-bond acceptor site (tolerance
0.8 A); C1 hydroxyl (phenolic hydroxyl) as a donor site
(tolerance 1.0 A), carbons C7 and C7' as hydrophobic sites
(tolerance 1.0 A). The multiple volume surface of all six ligands
was calculated and used as a surface volume constraint
(tolerance 1.0 A). Additionally, a partial match constraint was
applied on the hydrophobic sites so that at least one of them
had to match with the hit molecules. The second query (Q2)
was created from the receptor binding cavity surrounding the
docked molecules. The side chain nitrogen of K3.28(109) and
the hydroxy oxygen of S2.60(90) were defined as H-bond donors
and the hydroxy oxygen of T3.33(114) as an acceptor (tolerance
0.75 A). A Connolly’ surface was calculated for the receptor
residues within a 3-A shell around 7 and used as a surface
volume constraint (tolerance 1.5 A) to exclude the region
occupied by the receptor. At least one acceptor/donor or
maximally two such features were required from the hit
molecules by using the partial match constraint. Features from
both the receptor binding site and the docked ligands (7, 16,
and 17) were combined in the third query (Q3). NAH oxygen
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of 16 (C1 hydroxyl) and 17 (C1 hydroxymethyl) as well as
pyranyl oxygen of 7 were defined as acceptor atoms. The
corresponding donor sites at the protein were S7.39(285) for
16 and S2.60(90) for 17. The phenolic hydroxyl of 7 was defined
as a donor atom and the backbone oxygen of K3.28(109)
represented the corresponding acceptor site at the receptor.
Also, the side chain nitrogen of K3.28(109) and the hydroxy
oxygen of T3.33(114) were defined as H-bond donors. The
tolerance of all the acceptor/donor features was set to 0.75 A.
A hydrophobic feature was placed near the last carbons of the
ligand aliphatic side chainﬁ (tolerance 1.0 A). A surface volume
constraint (tolerance 1.5 A) was created using a MOLCAD""-
separated surface that was calculated between the three
ligands and the receptor residues within a 3-A shell around
7. Moreover, partial match constraint was applied on all the
ligand acceptor/donor atoms and the donor features of K3.28-
(109) and T3.33(114); hit molecules had to match at least two
and at most three of these features. Q1 and Q3 were used to
search through the Maybridge database (April 2003) and Q2
was used to further filter the hits obtained with Q1 and Q3.
In all searches, the query type was set to Flex Search, time
limit to 10 s/molecule, and maximum molecular weight to 400
g/mol.

Filtering the Hit Molecules for Biological Evaluation.
The hit molecules obtained with all queries were docked at
the CB2 receptor (model 1) in the same way as previously
described for the 39 CB2 ligands. Due to the great number of
molecules, the program was allowed to produce only up to 10
conformations for each hit. The resulting docking conforma-
tions were ranked with CScore and the Q1 and Q3 hits also
with X-Score. All molecules from the Q2 results that had a
conformer with a CScore value of 4—5 were chosen for further
analysis. From the Q1 and Q3 results, we chose the molecules
which had a conformer with both good CScore and X-Score
values: a CScore value of 3—5 and an X-Score rank position
of 1-75 or 1—25, respectively. Finally, the chosen hits were
visually checked by the synthetic chemists of our laboratory
to decide which of them should be ordered and tested for
biological activity at CB2.

Biological Evaluation of Hits. CB2 receptor-dependent
G-protein activities of the hit molecules were determined using
the [**S]GTPyS binding assay. Ligand activities at the human
CB2 receptor were first screened in lysates prepared from
stably transfected CHO-hCB2 cells, and full dose—responses
were determined in CHO-hCB2 cell membranes as previously
described.”® Active compounds were tested also in nontrans-
fected CHO cells to confirm their CB2 receptor-dependent
activity. Ligand activities at the CB1 receptor were tested in
optimized [**S]GTPyS binding conditions using rat cerebellar
membranes as previously described.” Results are presented
as mean + SEM of at least three independent experiments
performed in duplicate. Data-analysis was calculated as
nonlinear regressions by GraphPad Prism 4.0.
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