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ARTICLE INFO ABSTRACT

Article history:

CB2 receptor belongs to the large family of G-protein coupled receptors (GPCRs) controlling a wide
variety of signal transduction. The recent crystallographic determination of human B2 adrenoreceptor
and its high sequence similarity with human CB2 receptor (hCB2) prompted us to compute a theoretical
model of hCB2 based also on 2 adrenoreceptor coordinates. This model has been employed to perform
docking and molecular dynamic simulations on WIN-55,212-2 (CB2 agonist commonly used in binding
experiments), in order to identify the putative CB2 receptor agonist binding site, followed by molecular
docking studies on a series of indol-3-yl-tetramethylcyclopropyl ketone derivatives, a novel class of
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gg;:::g?iéid receptor potent CB2 agonists. Successively, docking-based Comparative Molecular Fields Analysis (CoMFA) and
CB2 agonist Comparative Molecular Similarity Indices Analysis (COMSIA) studies were also performed. The CoMSIA
Homology modeling model resulted to be the more predictive, showing 2oy = 0.96, 2, = 0.713, SEE = 0.193, F = 125.223, and
3D-QSAR rzpred = 0.78. The obtained 3D-QSAR models allowed us to derive more complete guidelines for the
CoMSIA design of new analogues with improved potency so as to synthesize new indoles showing high CB2

MD simulations affinity.

© 2011 Elsevier Masson SAS. All rights reserved.

1. Introduction

Cannabinoid receptors interact with cannabinoid drugs
including the classical cannabinoids, such as A%- tetrahydrocan-
nabinol (A°-THC), their synthetic analogues and the endogenous
cannabinoids [1—4]. Currently, two subtypes of cannabinoid
receptors have been cloned and pharmacologically characterized,
the cannabinoid 1 receptor (CB1) and the cannabinoid 2 receptor
(CB2), even if at present their is some experimental evidence that
supports the existence of additional types of cannabinoid receptors
[5—7]. CB1 is mainly located within the central nervous system
(CNS) at presynaptic nerve terminals, while CB2 is mainly associ-
ated with immune system cells. Thus, CB2 selective compounds
had been described in the literature to be active in different
neuropathic and inflammatory pain models [8—12]. Since CB2
receptors had been found recently in CNS tissues showing some
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neuroprotective roles, CB2 agents could also be applied in the
prevention of some neurodegenerative disorders, such as Hun-
tington and Alzheimer’s diseases [13—15]. Other studies have also
highlighted potential roles for CB2 in cancer [16,17], multiple
sclerosis [18] and bone regeneration [19,20]. Since CB2 is expressed
mainly on immune tissues, selective CB2 agonists appear to be
devoid of central effects attributable to CB1 activation.

Both CB1 and CB2 belong to the large family of G-protein
coupled receptors (GPCRs) [21] controlling a wide variety of signal
transduction. Since GPCR are membrane proteins, their expression,
purification, crystallization and structure determination present
major challenges to the discovery of new drugs. In the absence of
experimental data about human cannabinoid receptor 3D struc-
tures, computer—aided GPCR-targeted drug design can be per-
formed on the basis of homology modeling techniques in tandem
with ligand-based modeling strategies, such as 3D-QSAR analyses.

Up to now, various computer generated molecular models of
ligand-CB2 complexes have been built and evaluated, some of the
latest being those developed by Salo, Tuccinardi and, more recently
by Durdagi [22]. In the present work, with the aim of gaining a better
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understanding of the agonist-CB2 receptor interactions and in
particular to outline specific CB2 agonists binding mode, a theoret-
ical model of the human CB2 receptor (hCB2) has been built taking
into account the human B2 adrenoreceptor [23], human A2A
adenosine receptor [24] and rhodopsin bovine coordinates [25].

This model has been refined by docking and molecular dynamic
simulations on WIN-55,212-2 (CB2 agonist commonly used in
binding experiments; pK; = 8.89) in order to identify the putative
CB2 receptor agonist binding site.

Successively, in order to assess the reliability of the protein
model built as a tool for virtual screening procedures, we per-
formed docking simulations on a series of indol-3-yl-tetrame-
thylcyclopropyl ketone derivatives, a novel class of potent CB2
agonists [26] (in Fig. 1, compound 17 as representative indol-3-yl-
tetramethylcyclopropyl ketone and WIN-55,212-2 are depicted).
Furthermore, docking-based Comparative Molecular Fields Anal-
ysis (CoMFA) and Comparative Molecular Similarity Indices Anal-
ysis (CoMSIA) studies could provide a complementary tool for drug
design. Thus, on the same set of indol-3-yl-tetramethylcyclopropyl
ketone derivatives, 3D-QSAR studies were also performed. The
obtained CoOMFA and CoMSIA maps, offered useful suggestions for
the design of new indol-3-yl-tetramethylcyclopropyl ketones with
improved potency and also allowed us to synthesize four new
indoles showing high CB2 affinity.

2. Materials and methods
2.1. Data set

A dataset of forty-six indol-3-yl-tetramethylcyclopropyl ketones
derivatives, screened according to the same pharmacological
protocol, were selected from literature [26]. Compounds 146
(Table 1) and WIN-55,212-2 have been built, parameterized (Gas-
teiger-Hiickel method) and energy minimized within MOE using
MMFF94 force field (the root mean square gradient has been set to
0.00001) [27].

2.2. Human CB2 receptor homology modeling

Since most of the key residues characteristic of GPCRs are
conserved in CB2 receptor, a hCB2 receptor homology model has
been generated, starting from the X-ray structures of human f;
adrenoreceptor (PDB code: 2RH1; resolution = 2.40 A), human A2A
adenosine receptor (PDB code: 3EML; resolution = 2.60 A) and
rhodopsin bovine (PDB: 1F88, resolution = 2.80 A), as GPCR
templates.

The amino acid sequence of hCB2 was retrieved from the
SWISSPROT database [28] while the three-dimensional structure
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WIN-55,212-2 (pKi=8.89)

17 (pKi=29.90)

Fig. 1. Chemical structure and pK; value of CB2 agonists WIN-55,212-2 and 17.

coordinates file of the GPCR templates were obtained from the
Protein Data Bank [29].

Since CB2 receptor contains many of the conserved motifs
associated with GPCRs, the amino acid sequences of CB2 TM helices
were aligned with the corresponding residues of 2RH1, 3EML and
1F88. Due to the lack of the conserved proline in CB2 trans-
membrane domain 5, the length of this portion has been deter-
mined on the base of hydrophobicity similarity criteria, using the
sequence editor tool in MOE software [27].

The connecting loops were constructed by the loop search
method implemented in MOE. The protein structure was mini-
mized with MOE using the AMBER94 force field [30]. The energy
minimization was carried out by the 1000 steps of steepest descent
followed by conjugate gradient minimization until the rms gradient
of the potential energy was less than 0.1 kcal mol~' A~

2.3. Molecular docking of WIN-55,212-2

With the aim of outline specific CB2 agonists binding mode,
docking studies had been performed according to the following
protocol. Initially, WIN-55,212-2 (ligand commonly used in binding
experiments) was submitted to docking calculation. The ligand was
docked into the putative ligand binding site using the flexible
docking module implemented in MOE. According to the studies
performed by Tuccinardi and co-workers [31], for the hCB2
receptor agonist activity, formation of H-bond contacts and m—m
interactions with S112 and F197, are necessary. Thus, WIN-55,212-2
was docked into the putative CB2 binding site, including the resi-
dues cited above, as identified by the MOE tool SiteFinder. The
compound best-docked pose, evaluated in terms of "London dG",
has been refined by energy minimization (MMFF94) and rescored
according to "Affinity dG" (kcal/mol of total estimated binding
energy). Following this procedure, on the basis of the final docking
scoring function (S), we identify the most probable WIN-55,212-2
confomer interacting with CB2 (lowest mean S value).

To better refine the derived WIN-55,212-2/receptor complex,
a rotamer exploration of all side chains involved in the agonist
binding was carried out, by rotamer explorer module of MOE.

The derived hCB2/WIN-55,212-2 complex model was mini-
mized by CHARMM?27 and submitted to molecular dynamics
simulations.

2.4. Molecular dynamics simulations

The human CB2 receptor in complex with WIN-55,212-2
obtained from docking studies has been investigated by means of
MD simulations in lipid bilayer formed by POPC molecules to
simulate the physiological context of the protein. The starting POPC
lipid bilayer system was obtained from Dr. Tieleman’s web page
http://moose.bio.ucalgary.ca/index.php?page=Structures_and_
Topologies and is formed by 128 lipids and 2460 water, equilibrated
with 1 ns MD at 300 K [32—34]. It was extended by 2 x 2 x 1 in Xyz
directions, in order to have a bilayer large enough to ensure that the
protein was completely and homogeneously surrounded by lipids.

Molecular dynamic (MD) simulations were performed using
GROMACS package version 4.5.3 [35,36], simulations were per-
formed in parallel (MPI) on a Linux Cluster of 32 nodes, each
SuperMicro equipped of two processors: the 2.50 Ghz INTEL(R)
Quad-core and the 16 GB Xeon(R), for a 256 total processors
interconnected with the Infiniband 4x network and 512 GB of
RAM. The GROMOS96 43al force field [37] modified in order to
include Berger's parameters for lipids [38] was used throughout
the simulations. The topology for the ligand was created
employing the server PRODRG 2.5 Beta [39], but following
suggestions of literature data [40], charges were checked and
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Table 1
Molecular structure of CB2 ligands 1-46.
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Table 1 (continued )
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reassigned using Antechamber program [41] and applying the
semiempirical AM1 — bond charge correction (AM1 — BCC)
method [42,43]. The CB2 receptor—ligand complex was mildly
minimized in vacuo in order to reduce steric hindrance, using
a Steepest Descent algorithm. The orientation of CB2 recep-
tor—ligand complex regarding to the lipid membrane was checked
based on available information in literature [44], and inserted into
POPC bilayer using the molecular graphic program VMD [45]. After
then, further 19701 water molecules were added to the system, to
cover completely the protein by the solvent, and 12 chloride ions
were added for neutralization. The coordinates of this system were
used as a starting point to insert the protein into the lipid bilayer,
with the aid of the newly developed g_membed computational tool
[46]. G_membed first decreases the width of the protein in the x—y
plane and remove all molecules (lipids and water) that overlap
with the narrowed protein. In our case, only 22 POPC molecules

were removed. After that, 1000 MD steps were applied to re-
growth the protein to its original size. In order to perform this
process, the position of protein + ligand group in the membrane
was blocked and the internal protein + ligand interactions were
excluded. A cut-off of 1.4 nm was applied to van der Waals
interactions and the electrostatic interactions were treated using
PME [47] with a real space cut-off of 1.0 nm. All bonds were
constraint using the LINCS algorithm [48] allowing a time step of
2 fs. The temperature and pressure were kept constant at 310 K
and 1 bar using velocity rescaling [49] and Berendsen semi-
isotropic pressure coupling [50]. Periodic boundary conditions
were used to exclude surface effects. All these parameters for
g membed protocol were kindly provided by Dr. M.G. Wolf
(personal communication). After that, the protein + ligand
complex embedded in the membrane was submitted to 1 ns MD
simulation to equilibrate the system. The settings of these MD
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simulations were the same as previously, with the exception that
the protein was allowed to move and that the internal
protein + ligand interactions were restored. To check for the
correct equilibration of the system, we followed the stabilization
of the energy of the system, and of the box vectors to ensure that
the membrane has a stable lateral area. Finally, the production MD
simulation was carried out with the same settings as the equili-
bration MD, for further 20 ns.

Next, several analyses were conducted using programs built
within the GROMACS package, and results were visualized and
elaborated with the aid of the freeware program Grace (http://
plasmagate.weizmann.ac.il/Grace). The energy components,
temperature and pressure, and the box vectors were analyzed to
confirm the stabilization of the system. The equilibration of the
system was reached after 5 ns of simulation, therefore all analyses
were made starting from 5 ns. Visualization and analysis of model
features was carried out using VMD [45] and Pymol [51] programs.

To obtain a representative structure for the trajectory, we per-
formed a cluster analysis using GROMACS utilities, with a cut-off of
0.1 nm for RMSD calculation after partial least-square fitting. A
single cluster was obtained for the whole trajectory. An average
structure was then calculated and minimized using the same
protocol described above. The resulting minimized structure of the
complex between protein and WIN-55,212-2 was used as repre-
sentative structure for the following docking study.

The stereochemistry of the model has been validated through
the analysis of Ramachandran plot, by means of Procheck. In order
to verify the reliability of the derived receptor model, it has been
superimposed and compared to the 2RH1 coordinates (being the
template with the higher sequence similarity).

2.5. Molecular docking of compounds 146

The final hCB2/WIN-55,212-2 model (obtained by the MD
simulations) has been used as starting point for the automatic
docking analysis of compounds 1—46. Thus, each compound was
docked into the putative CB2 binding site using the flexible docking
module implemented in MOE, and refined by minimization with
CHARMM?27, following the same procedure used for WIN-55,212-2
docking analysis, as described above. Since both the protein model
built and the docking protocol applied proved to be reliable (by
properly explaining why compounds 1—46 are more or less active
as hCB2agonists), we performed the following 3D-QSAR analyses
on the basis of the compound selected docking poses, which
resulted to be aligned into the hCB2 putative binding site.

2.6. 3D-QSAR analyses

In tandem with structure-based drug design, the docking-based
3D-QSAR approach of CoMFA [52] and CoMSIA analyses [53] by
SybyX 1.0 software [54], could provide a complementary tool for
drug design. Thus, the compound selected docking poses, aligned
into the hCB2 putative binding site, were submitted to 3D-QSAR
studies.

2.6.1. Training set and test set

All the compounds were grouped into a training set, for model
generation, and a test set, for model validation, containing 37 and 9
compounds respectively. The molecules of the test set represent the
24% (estimated as a good percentage to validate a molecular model)
of the training set. Both the training and the test set were divided
manually according to a representative range of biological activities
and structural variations. For QSAR analysis, Kj values have been
transformed into pK; values and then used as response variables.
Compounds receptor affinity covered 4 log orders.

2.6.2. CoMFA and CoMSIA interaction energies

CoMFA method [52] is a widely used 3D-QSAR technique to relate
the biological activity of a series of molecules to their steric and
electrostatic fields, which are calculated placing the aligned mole-
cules, one by one, into a 3D cubic lattice with a 2 A grid spacing. The
van der Waals potential and Coulombic terms, which represent steric
and electrostatic fields, respectively, were calculated using the stan-
dard Tripos force field method. The column-filtering threshold value
was set to 2.0 kcal/mol to improve the signal-noise ratio. A methyl
probe with a +1 charge was used to calculate the CoMFA steric and
electrostatic fields. A 30 kcal/mol energy cut-off was applied to avoid
infinity of energy values inside the molecule. The CoMSIA method
[53] calculates five descriptors, namely steric, electrostatic and
hydrophobic parameters, and the H-bond donor and H-bond
acceptor properties. The similarity index descriptors were calculated
using the same lattice box employed for the COMFA calculations and
a sp® carbon as probe atom with a +1 charge, +1 hydrophobicity
and +1 H-bond donor and +1 H-bond acceptor properties.

2.6.3. Partial least-square (PLS) analysis and models validation

The partial least-squares (PLS) approach, an extension of the
multiple regression analysis, was used to derive the 3D-QSAR
models. COMFA and CoMSIA descriptors were used as independent
variables and pECsg values were used as dependent variables. Prior
to the PLS analysis, COMFA and CoMSIA columns with a variance of
less than 2.0 kcal mol~! were filtered by using column-filtering to
improve the signal-to-noise ratio.

The leave one out (LOO) cross-validation method was used to
check the predictivity of the derived model and to identify the
optimal number of components (ONC) leading to the highest cross-
validated 2 (°). In the LOO methodology, one molecule is omitted
from the dataset and a model is derived involving the rest of the
compounds. Employing this model, the activity of the omitted
molecule is then predicted.

The ONC obtained from cross-validation methodology was used
in the subsequent regression model. Final COMFA and CoMSIA
models were generated using non-cross-validated PLS analysis. To
further assess the statistical confidence and robustness of the
derived models, a 100-cycle bootstrap analysis was performed. This
is a procedure in which n random selections out of the original set
of n objects are performed several times (100-times were required
to obtain a good statistical information). In each run, some objects
may not be included in the PLS analysis, whereas some others
might be included more then once. The mean correlation coeffi-
cient is represented as bootstrap r(peot)-

2.6.4. Predictive correlation coefficient ( rZPred)

To further validate the COMFA and CoMSIA derived model, the
predictive ability for the test set of compounds (expressed as rzpred)
was determined by using the following equation:

Toed = (SD— PRESS)/SD

SD is the sum of the squared deviations between the biological
activities of the test set molecules and the mean activity of the
training set compounds and PRESS is the sum of the squared
deviation between the observed and the predicted activities of the
test set compounds.

All calculations were carried out using a PC running the
Windows XP operating system and an SGI 02 Silicon Graphics.

2.7. Chemistry

The newly synthesized compounds 48a—d (Table 2) were
obtained starting from indoles 47a-b by alkylation, employing KOH
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Table 2
Newly synthesized indoles 48a—48d.
Y
X
Nk
N
\
Ry
X Y R R1 Yield
48a CN SO,CeHs H /\/N 55
48b COPh COOEt H 57
N
(o]
48c CN S0,CeHs H /\/N\) 40
(e]
48d COPh COOEt H

N N\) 0

as base, Aliquat as phase transfer catalyst and chloroalkylamines as
alkylating agents (Scheme 1). The synthesis of compounds 47a-
b was performed starting from indole via iminium salt formation
and condensation according to the procedure already described
[55].

2.7.1. (2E)-3-(1H-indol-3-yl)-2-(phenylsulfonyl) acrylonitrile (47a)

Yield: 71%; m.p.: 214—216 °C (ethyl acetate). IR (KBr): 3352 (NH),
2210 (CN), 1567 (C=C) 1305 (SO, ), 1140 (SO,) cm . "H NMR (CDCl5)
3: 7.26—7.30 (m, 2H, Ar—H), 7.40—7.60 (m, 4H, Ar—H), 7.78—7.83 (m,
1H, Ar—H) 7.94—7.99 (m, 2H, Ar—H), 8.41 (d, J = 3.0 Hz, 1H, indole
H-2), 8.47 (s, 1H, CH=C), 9.67 (br s, 1H, NH). Anal. Calcd for
C17H12N205S: C, 66.22; H, 3.92; N, 9.08; S, 10.40. Found: C, 65.95; H,
3.67; N, 9.07; S, 10.02.

2.7.2. Ethyl (2E)-2-benzoyl-3-(1H-indol-3-yl)acrylate (47b)

Yield: 38%; m.p.: 160—163 °C (diethyl ether); IR (CHCl3): 3465
(NH), 2939 (CH,CHj3), 1705 (COOEt), 1667 (COPh); 1609 (C=C)
cm~L 'H NMR (CDCl3) &: 1.09 (tJ = 7.1 Hz, 3H, CHs), 415 (q,
J = 71 Hz, 2H, CHy), 7.15—7.38 (m, 6H, Ar—H), 7.42—7.52 (m, 1H,
Ar—H), 7.75—7.80 (m, 1H, Ar—H) 7.89—7.94 (m, 2H, A—H), 8.26 (s,
1H, CH=C), 8.71 (br s, 1H, NH). Anal. Calcd for C;gH{7NOs3: C, 75.22;
H, 5.37; N, 4.39. Found: C, 75.07; H, 5.69; N, 4.35.

2.7.3. (E)-2-(phenylsulfonyl)-3-(1-(2-(piperidin-1-yl)ethyl)-1H-
indol-3-yl)prop-2-enenitrile(48a)

Yield: 55%; m.p.: 155—156 °C (ethanol); IR (KBr): 2932—2770
(CHa,CH3), 2202 (CN), 1566 (C=C), 1340 (SO5), 1153 (S03) cm™ . 'H
NMR (DMSO-dg) 3: 1.28—1.55 (m, 6H, 3 x CHa), 2.30—2.48 (m, 4H,

Y Y
T X KOH Tx
DCM
\ R2 L» \ R2
N R1-Cl Aliquat N
47a 48apb R
47b 48c.d

Scheme 1. Synthesis of the compounds 48a—d.

2 x N—CH,), 2.63 (t, ] = 6.9 Hz, 2H, N—CH,), 4.45 (t, ] = 6.9 Hz, 2H,
N—CH,), 7.30—-7.42 (m, 2H, Ar—H), 7.67—7.84 (m, 4H, Ar—H),
8.03—8.15 (m, 3H, Ar—H), 8.57 (s, 1H, indole H-2), 8.67 (s, 1H, CH=
C). Anal. Calcd for Co4H»5N30,S: C, 68.71; H, 6.01; N, 10.02; S, 7.64.
Found: C, 68.92; H, 5.97; N, 9.97; S, 7.74.

2.74. (E)-ethyl 2-(phenylcarbonyl)-3-(1-(2-(piperidin-1-yl)ethyl)-
1H-indol-3-yl)prop-2-enoate (48b)

Yield: 57%; m.p.: 135—138 °C (acetone); IR (KBr): 2943—2762
(CH,, CH3), 1705 (COOEt), 1667 (COPh); 1605 (C=C) cm~'. 'TH NMR
(DMSO-dg) d: 1.12 (t] = 7.3 Hz, 3H, CH3), 1.20—1.34 (m, 6H, 3 x CH>),
2.10—2.29 (m, 4H, 2 x N—CH,), 2.41 (t,] = 7.0 Hz, 2H,N—CH,), 4.15(q,
J=7.3Hz, 2H, CH),4.35(t,] = 7.0 Hz, 2H, N—CH,), 7.18—7.32 (m, 3H,
Ar—H), 7.42—7.60 (m, 4H, Ar—H), 7.82—7.90 (m, 1H, Ar—H) 7.91-7.99
(m, 2H, Ar—H), 8.19 (s, 1H, CH=C), Anal. Calcd for C;7H30N203: C,
75.32; H, 7.02; N, 6.51. Found: C, 75.64; H, 7.11; N, 6.11.

2.7.5. (E)-3-(1-(2-morpholinoethyl)-1H-indol-3-yl)-2-
(phenylsulfonyl))prop-2-enenitrile (48c)

Yield: 40%; m.p.: 143—145 °C (ethyl acetate); IR (KBr):
2970-2800 (CH;,CH3), 2199 (CN), 1561 (C=C), 1332 (S03), 1145
(SO,) cm™%. "H NMR (DMSO-dg) 8: 2.37—2.47 (m, 4H, 2 x N—CH>),
2.68 (t,] = 6.9 Hz, 2H, N—CH>), 3.50—3.60 (m, 4H, 2 x O—CH,), 4.47
(t,] = 6.9 Hz, 2H, N—CH,), 7.31-7.42 (m, 2H, Ar—H), 7.68—7.83 (m,
4H, Ar—H), 8.00—8.11 (m, 3H, Ar—H), 8.57 (s, 1H, indole H-2), 8.70
(s, TH, CH=C). Anal. Calcd for C3H»3N30s3S: C, 65.54; H, 5.50; N,
9.97; S, 7.61. Found: C, 65.36; H, 5.70; N, 10.06; S, 7.32.

2.7.6. (E)-ethyl 3-(1-(2-morpholinoethyl)-1H-indol-3-yl)-2-(phen-
ylcarbonyl)prop-2-enoate (48d)

Yield: 40%; m.p.: 145—147 °C (ethyl acetate); IR (KBr):
2970—2795 (CHy, CH3), 1704 (COOEt), 1667 (COPh); 1616 (C=C)
cm~L TH NMR (DMSO-de) 8: 112 (tJ = 7.0 Hz, 3H, CH3), 2.46 (t,
J = 71 Hz, 2H, N—CHy), 3.26—3.35 (m, 4H, 2 x O—CH,;), 4.14 (q,
J=7.0Hz, 2H, CHy), 4.25 (t,] = 7.1 Hz, 2H, N—CH>), 7.17—7.30 (m, 2H,
Ar—H), 7.40—7.69 (m, 5H, Ar—H), 7.76—7.83 (m, 1H, Ar—H) 7.88—7.95
(m, 2H, Ar—H), 8.19 (s, 1H, CH=C), Anal. Calcd for CygH2gN>04: C,
72.20; H, 6.53; N, 6.48. Found: C, 71.85; H, 6.90; N, 6.35.

2.8. Compound 48a—d biological activity evaluation

Biological activity of aminoalkylindoles was evaluated in terms
of percentage inhibition and K;. In both cases, competitive binding
assays were performed using membranes from HEK-293 cells
transfected with the human recombinant CB; receptor
(Bmax = 2.5 pmol/mg protein) and human recombinant CB;
receptor (Bmax = 4.7 pmol/mg protein). Receptors were incubated
with [*H]-CP-55,940 (0.14 nM/kd = 018 nM and 0.084 nM/
kd = 0.31 nM respectively for CB; and CB; receptor) as the high
affinity ligand and displaced with 10 uM WIN 55212-2 as the
heterologous competitor for non specific binding (K; values 9.2 nM
and 2.1 nM respectively for CB; and CB; receptor). All compounds
were tested following the procedure described by the manufacturer
(Perkin Elmer, Italia). Displacement curves were generated by
incubating drugs with [*H]-CP-55,940 for 90 min at 30 °C. K; values
were calculated by applying the Cheng—Prusoff equation to the ICsg
values (obtained by GraphPad) for the displacement of the bound
radioligand by increasing concentrations of the test compound.

3. Results and discussion
3.1. Human CB2 receptor homology modeling

Since most of the key residues characteristic of GPCRs are
conserved in CB2 receptor, a hCB2 receptor homology model has
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pro_Align: pairwise percentage residue identity

Chains 1 2 3 4
1:P34972 24.6 16.3 20.1
2:ZPH1L.A 18.9 l6.1 17.2
3:3EML.A 20.3 26.1 16.0
4:1F88.4 18.9 21.0 12.1

Fig. 2. Pairwise percentage residues identity values calculated evaluated between the
four GPCRs.

been generated, starting from the X-ray structures of human 3
adrenoreceptor (PDB code: 2RH1), human A2A adenosine receptor
(PDB code: 3EML) and rhodopsin bovine (PDB: 1F88), as GPCR
templates.

The alignment of the CB2 (P34972) fasta sequence on the X-ray
coordinates of human B, adrenoreceptor [23], human A2A adeno-
sine receptor [24] and rhodopsin bovine [25] was performed on the
basis of the Blosum62 matrix (MOE software). The reliability of the
four GPCRs alignment can be verified by high values of the pairwise
percentage residue identity (PPRI) reported in Fig. 2.

As concern the alignment of the hCB2 (P34972) amino acidic
sequence on the X-ray coordinates of 2RH1, 3EML and 1F88, the
higher PPRI values were the one towards 2RH1 (24.6) and towards
1F88 (20.1), in comparison with that on 3EML (16.3). Thus, the hCB2
model was derived by means of the X-ray coordinates of 2RH1
(used as template for hCB2 sequence residues 29—227 and
237-316) and 1F88 (used as template for hCB2 sequence residues
228—236), aligned together on the basis of the GPCRs conserved
residues. The hCB2 fragments corresponding to the sequence resi-
dues 1—28 and 317—360 were not taken into account, since they are
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As shown in Fig. 3, the following CB2 residues are conserved
among the three GPCRs: (i) L42, N51 and L64 residues in TM1, (ii)
Y70, L76, A79, D80, L82 in TM2, (iii) L124, A128, the (E/D)RY motif
(130—133) in TM3, (iv) the A150, W158 and W172 residues in TM4,
(v) L213 in TM5, (vi) the CWXP motif (257-260 amino acids) in
TMS6, (vii) the NPXIY sequence (295—299 residues) and R307 in
TM7. In addition, between the target protein and the B, adrenor-
eceptor (which is the most similar template to the hCB2 receptor
sequence) the following residues are also conserved : (i) the L45,
V52, V54 and 158 residues in TM1, (ii) F72, 173, S75 and A77 in
TM2, (iii) F106, V113, T118, A119 and S120 in TM3, (iv) V152, 5161,
L163, S165 and L167 in TM4, (v) S193, F197 and L201 in TM5, (vi)
K245, T246, 1247 and G220 in TMBS, (vii) N291, S292 and R302 in
T™M7.

3.2. Molecular docking of WIN-55,212-2

The obtained CB2 receptor model has been employed to
perform a docking procedure on WIN-55,212-2 (CB2 agonist
commonly used in binding experiments) in order to analyse the
putative CB2 receptor agonist binding site. In agreement with
site-directed mutagenesis data and with the computational
results available in literature [31], the agonist selected docking
pose occupies a lipophilic pocket delimited by TM3, TM5 and
TM6.

In detail (Fig. 4), the oxygen atom of the morpholinic group
displays a H-bond interaction with the S112 side chain while the
oxygen at the position 7 of the indole moiety shows a H-bond with
the N188 backbone. The 1-naphthyl substituent establishes Van der
Waals interactions and ©w—m stacking with W194, L196, F197, 1198

not involved in the agonist—receptor interactions. and [262.
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Fig. 3. Sequence alignment of the human CB2 receptor on the basis of the human B, adrenoreceptor (2RH1) and the bovine rhodopsin (1F88) coordinates.
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Fig. 4. Selected docking pose of WIN-55,212-2 into the putative CB2 (obtained by site-
directed docking procedure, followed by complex refinement) agonist binding site. H-
bond interactions are depicted in green. Residues involved in hydrophobic contacts are
labelled. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

The derived hCB2/agonist complex model has been refined by
molecular dynamic simulations.

3.3. Molecular dynamic simulations

In order to analyse how the motion of the protein (especially of
the side chains in the binding pocket) can influence the binding of
the ligand, molecular dynamic (MD) simulations in explicit POPC
membrane at physiological temperature (310 K) were performed
on the complex between hCB2 and agonist WIN-55,212-2 starting
from the conformation obtained by docking simulations. The final
trajectory of the complex was energetically stable, with average
temperature and pressure close to values of 310 K and 1 bar. The
RMSD analysis confirms that the complex reaches an equilibrium
after about 5 ns of simulation (see Supplementary Material).

The analysis of root mean square fluctuations (RMSF) can be
used as a reference to evaluate motility of the residues of the
protein. Here we found that the main fluctuations (>0.2 nm) are
present on residues belonging to mobile loops of the protein and on
the N-and C-terminal part of the protein, far from the ligand
binding pocket. Notably, residues that were found to interact with
the agonist in docking simulations, are among the most stable
residues of the protein (RMSF < 0.15 nm) (Fig. 5). Also, the ligand
shows only limited fluctuations (<0.1 nm) during the simulation.
This is crucial, because several important interactions between the
protein and the ligand are made via H-bonds, and the strength of
this kind of bond is determined by the geometry of the interaction,
which is strongly affected by mobility of the interactors. In this case,
the fluctuations are very low, and it is possible to hypothesize that
the interactions between protein and ligand are very stable during
the time.

To support this hypothesis, we analyzed the presence and
persistence of H-bonds between WIN- 55,212-2 and hCB2 using
Gromacs tools. We detected the presence of a maximum of 3 H-
bonds with an average number of H-bonds per frame equal to 1.28.

The residues mainly involved in these bonds are S112, which
interacts with the oxygen of the morpholine ring moiety (atom
OBE) and S285, bound to the methyl morpholine ring moiety (atom
NAB). We also measured the variation of the distances between
these atoms during the simulation (Fig. 6), and found that the
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Fig. 5. Graphic of RMS fluctuation of residues in hCB2 during the MD simulation
(excluding the first 5 ns of equilibration). Residues involved in interactions with the
ligand WIN-55,212-2 are indicated and labelled.

distances between S112 and atom OBE and between S285 and NAB
are stable around 3 A from 6 to 20 ns. Instead, from MD data, the H-
bond between N188 residue with the oxygen of the naphthyl
methanone moiety (atom NAB) seems to be less stable since the
distance between the donor and the acceptor atom is variable
between 2.5 and 11.5 A during the simulation.

In order to analyse the variability among different frames of the
simulation, we carried out a cluster analysis on the trajectory. The
calculation using a cut-off of 0.1 nm for the RMSD after partial least-
square fit, calculated on the structure of the protein, produced only
a single cluster for the whole trajectory. The same result was
obtained using as a reference the structure of the ligand.

These results indicate the high similarity between the structures
in the simulation and suggest that no important differences are
present among the several structures in terms of ligand motility, as
it was also suggested by the low RMSF value.

Finally, we compared the representative structure of the
complex obtained from the trajectory with the one derived from
docking simulation.

The comparison between the docking and molecular dynamics
studies shows a different binding mode of the agonist in the
putative pocket. The hydrogen bonded pattern is conserved for
residues S112 and N188 in both simulations; molecular dynamics
shows an additional hydrogen bond involving the S285 (Fig. 7).

Therefore, the molecular portrait obtained by MD simulation is
that of a protein in which the ligand is bound with a high confor-
mational stability, and in which H-bonds and hydrophobic inter-
actions keep the molecule strictly associated to the protein,
confirming the hypotheses made on the basis of docking
experiments.

The final model backbone conformation was inspected by
Ramachandran plot, showing absence of outliers among the resi-
dues belonging to the putative binding site (see Fig. S1 in the
supplementary data). As depicted in Fig. 8, the derived hCB2 model
was superimposed to the coordinates of the human B, adrenor-
eceptor, which is the template showing the higher similarity to the
target protein [compare the hCB2 PPRI value towards 2RH1 (24.6)
with those on 1F88 (20.1)], displaying a quite positive root mean
square deviation value (RMSD = 1.113 A, calculated on the carbon
atom alignment).
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Fig. 6. Variation of distances of heavy atoms (donor and acceptor) involved in H-bonds between hCB2 and WIN-55,212-2 (excluding the first 5 ns of equilibration). Distance
between side chain oxygen of S112 and morpholine ring moiety (atom OBE) (a); distance between side chain oxygen of S285 and the methyl morpholine ring moiety (atom NAB)
(b); distance between amide nitrogen of N188 and oxygen of the naphthyl methanone moiety (atom NAB) (c).

As shown in Fig. 9, the agonist WIN-55,212 is surrounded by the
following conserved residues: (i) V113 in TM3, (ii) S193 and F197 in
TMB5, (iii) W258 in TM6.

Notably, the F197 and W258 side chain are the only conserved
residues which resulted to be rotated, in comparison with those of
the B, adrenoreceptor, being more in proximity and slightly far
from the agonist, respectively. Consequently, according to our
studies, the geometry of the derived hCB2 model binding pocket
seems to be particularly affected by the establishment of hydro-
phobic contacts, such as those with F197.

3.4. Molecular docking of compounds 1—46

In order to verify if the protein model built (and the docking
protocol previously applied) could be employed as a reliable tool for
virtual screening procedures (by explaining why a compound could

Fig. 7. The WIN-55,212-2 poses (green) and (cyan) obtained by docking and molecular
dynamics simulations respectively. Only residues involved in the hydrogen bond-
interactions are depicted in stick and labelled. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article).

be a more or less active hCB2agonist), we performed docking
simulations on a series of known potent hCB2 agonists.

Thus, the derived WIN-55,212-2/receptor complex has been
used as starting point for the automatic docking simulation on
a series of indol-3-yl-tetramethylcyclopropyl ketone derivatives.

According to our calculations all the indol-3-yl-tetramethylcy-
clopropyl ketone derivatives display a H-bond interaction with S112
side chain by the oxygen atom of the carbonyl group and share the
following Van der Waals contacts between: (i) the R1 substituent
and L108, V113, L169, (ii) the tetramethylcyclopropyl ketone
portion and the F87, F117 and C288 side chain, (iii) the agonist
indole moiety and L108, and M265.

More in details, as shown in Fig. 10, 17 (the most active
compound of the series) is engaged in two additional H-bond
contacts between the methoxy group at the indole position 7 and
the N188 side chain, and between the pyrane oxygen atom and the
T114 nitrogen atom.

On the contrary, compound 13, bearing a hydroxyl group at the
indole position 7, displays H-bond contact between the R7
substituent and the P184 carbonyl oxygen atom, while any inter-
actions concerning the pyrane oxygen atom are missing.

Similarly, compounds 14, 15, 16, bearing the methoxy group at
the indole position 4, 5 and 6, respectively, are also unable to
display H-bonds with T114. On the other hand, the compound 14,15
methoxy groups, and the one of compound 16, are involved in H-
bond interactions with the L182 and the L185 nitrogen atom,
respectively.

Accordingly, compound 13 (pICsp = 8.50) and compound 14—16
(pICsp = 8.34—9.29) show lower pICsq values in comparison with
that of compound 17 (pICs9 = 9.90).

Compounds 10 (pICsp = 8.41), 11 (pIC5p = 8.72), 12
(pICsp = 8.07), bearing the hydroxyl moiety at the indole position 4,
5 and 6, miss any contacts between the pyrane ring and T114, but
compound 10 and 11 seem to be engaged in H-bonds with the S285
side chain, being more potent than compound 12.

Compound 41 (indole 15 analogue) and compound 42 (indole 16
analogue), bearing an ethyl-morpholine substituent at the indole
position 1 (instead of a methyl-pyrane one), are not able to properly
interact with the L182 and L185 nitrogen atom, respectively.
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Fig. 8. The superimposition of the final hCB2 model on the 2RH1 coordinates is depicted as side-view (a) and as top-view (b). The WIN-55,212-2 pose is depicted by space filling

curve.

In fact, compound 41 misses any H-bond interaction with L182
while, as shown in Fig. 11, 42 displays an H-bond contact with the
N188 backbone nitrogen atom.

Accordingly, compounds 41 (pICsg = 6.63) and 42 (pICso = 8.80)
show lower pICsg values in comparison with those of compound 15
(pICs0 = 8.34) and compound 16 (pICsp = 9.29).

For the indole selected docking poses, scoring function values
have been reported in Table S2 (supplementary data).

3.5. CoMFA and CoMSIA analyses

The compound selected docking poses, aligned into the hCB2
putative binding site, were submitted to 3D-QSAR studies.

CoMFA and CoMSIA analyses were performed dividing
compounds 146 into a training set (2—14, 16—23, 2531, 33, 34,
36, 38, 40, 42, 43, 45, 46) for model generation and into a test set (1,
15, 24, 32, 35, 37, 39, 41, 44) for model validation. COMFA and
CoMSIA studies were developed using, respectively, COMFA steric
and electrostatic fields and CoMSIA steric, electrostatic, hydro-
phobic, H-bond acceptor and H-bond donor properties, as inde-
pendent variables, and the ligand pK; as dependent variable.

The final COMFA model was generated employing non-cross-
validated PLS analysis with the optimum number of components

(ONC = 6) to give a non-cross validated 12 (%) = 0.94, a test set 12
(rzpred) = 0.71, Standard Error of Estimate (SEE) = 0.245, steric
contribution = 0.461 and electrostatic contribution = 0.539. The
model reliability thus generated was supported by bootstrapping
results. All statistical parameters supporting CoMFA model are
reported in Table 3.

The final CoMSIA model consisting of steric, electrostatic,
hydrophobic, H-bond acceptor and H-bond donor fields with
ahe = 0.96, Ppred = 0.78, SEE = 0.193, steric contribution = 0.110,
electrostatic contribution = 0.231, hydrophobic contribution = 0.159,
H-bond acceptor contribution = 0.241 and H-bond donor
contribution = 0.259 was derived. All statistical parameters sup-
porting CoMSIA model are reported in Table 3.

Experimental and predicted binding affinities values for the
training set and test set are reported in Table 4, while distribution of
experimental and predicted pK; values for training set according to
the final COMFA and CoMSIA models are represented in Fig. S3
(supplementary data).

On the basis that CoOMFA and CoMSIA field effects on the target
properties can be viewed as 3D coefficient contour plots, identi-
fying important regions where any change in these fields may affect
the compound affinity, they could be helpful to optimize indol-3-
yl-tetramethylcyclopropyl ketones as CB2 agonists. The 3D-QSAR

Fig. 9. The superimposition of the final hCB2 model on the 2RH1 coordinates is depicted: (a) the two proteins are shown as side-view and the WIN-55,212-2 pose is depicted by
space filling curve. (b) the two proteins are shown as top-view and the WIN-55,212-2 pose is depicted by ball and stick. The conserved residues located 5 A from the agonist are

shown and labelled.
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Table 3
Summary of COMFA and CoMSIA results.
CoMFA Model CoMSIA Model

No. compounds 37 37

Optimal number of components 6 6

(ONC)

Leave one out 2 (2140) 0.562 0.602

Cross-validated 12 (%) 0.678 0.713

Std. error of estimate (SEE) 0.245 0.193

Non cross-validated 12 (%nev) 0.94 0.96

F value 76.178 125.223

Steric contribution 0.461 0.110

Electrostatic contribution 0.539 0.231

Hydrophobic contribution - 0.159

H-bond acceptor contribution - 0.241

H-bond donor contribution - 0.259

/ !{ # es gfotstrap 12 (Pboot) A 0.97 0.98

F183 andard error of estimate Ppoot 0.169 0.149
"192 \-L s (SEE poor)
N1eE - Test set 2 (Ppred) 0.71 0.78
v |

Fig. 10. The compound 17 selected docking into the hCB2 putative binding site is
depicted. The agonist is reported in ball and stick, C atom in dark green. Residues
located 5 A from the agonist are shown and labelled. H-bond are coloured in cyano.
(For interpretation of the references to colour in this figure legend, the reader is Table 4
referred to the web version of this article.) Experimental and predicted pK; values of compounds 1—46.

Compound CoMFA Model CoMSIA Model
analysis maps are described and discussed in the following Exp.pKi  Pred.pKi  Pred. pKi  Pred. pK;  Residual
sections. 1? 8.31 8.41 -0.10 7.93 0.38

2 8.80 8.61 0.19 8.57 0.23

. . . 3 8.52 8.46 0.06 8.46 0.06

3.5.1. CoMFA steric and electrostatic regions a 8.18 8.32 _014 8.60 _0.42
As shown in Fig. 12a (for simplicity, only the structure of 5 8.60 8.52 0.08 8.90 -0.30
compound 17, showing the highest pK; value in the dataset, is 6 9.19 8.79 0.40 8.97 0.22
depicted and used as a model) the steric contour map predicts ; g'ié g'ég g'fé g'ég g‘;g
favourable interaction polyhedra (green) for positions 4, 6 and 7 of 9 853 859 _0.06 873 020
the indole moiety, around the tetramethylcyclopropyl group and in 10 8.41 8.91 —0.49 8.68 —027
proximity of the pyrane ring. The introduction of bulky group 11 8.72 8.46 0.26 8.87 -0.15
around position 5 of the indole scaffold is disfavoured (yellow). The 12 8.07 7.81 0.26 7.97 0.10
reliability of the steric map calculations is verified by the higher pKi 3 g'i’g 27421431 g'gz g'gg _8'23
value of 17 (R7 = OCHjs, pK; = 9.90) in comparison with that of 13 15 334 3.04 0.30 363 _029
(R7 = OH, pK; = 8.50) and by the higher affinity of 6 (R6 = bromo, 16 9.29 9.67 -0.38 931 -0.02
pPKj = 9.19), 16 (R6 = OCH3, pK; = 9.29), 35 (R5 = OH, R6 = OCH3, 17 9.90 9.86 0.04 9.51 0.39

18 8.03 8.08 -0.04 8.09 —-0.06

19 8.90 8.69 0.21 8.62 0.28

20 9.05 9.27 —0.22 9.16 -0.11

21 8.52 8.44 0.08 8.99 —0.47

22 8.03 8.16 -0.13 8.05 —-0.02

23 6.58 6.62 —0.04 6.38 0.21

24 7.14 7.37 -0.23 7.59 —0.45

25 7.52 7.73 -0.21 7.46 0.06

26 6.95 7.04 —0.09 7.02 —0.07

27 7.59 7.55 0.04 7.68 —0.09

28 6.62 6.56 0.06 6.47 0.15

29 7.23 7.14 0.09 7.39 —0.16

30 8.30 8.45 -0.15 8.52 -0.22

31 7.21 7.53 -0.32 6.93 0.28

322 8.86 7.81 1.05 8.21 0.65

33 9.39 9.32 0.07 9.41 —0.02

34 8.75 8.81 —0.06 8.84 —0.09

357 9.16 8.77 0.39 8.87 0.30

36 7.67 7.94 —0.27 7.56 0.11

377 8.99 8.36 0.64 8.67 0.33

38 8.36 8.53 -0.17 8.40 —-0.04

39° 7.04 7.29 —0.25 7.50 —0.46

40 6.96 6.85 0.11 7.20 -0.24

7 41° 6.63 7.09 —0.46 7.15 —-0.52

42 8.80 8.72 0.08 8.54 0.26

43 8.53 8.51 0.02 8.39 0.14
Fig. 11. The compound 41 selected docking into the hCB2 putative binding site is 44° 757 7.72 ~0.15 7.87 ~0.30
depicted. The agonist is reported in ball and stick, C atom in orange. Residues located 45 6.53 6.49 0.04 6.74 —021
5 A from the agonist are shown and labelled. H-bond are coloured in red. (For inter- 46 7.49 7.46 0.03 733 0.16

pretation of the references to colour in this figure legend, the reader is referred to the ;
web version of this article.) Test set compounds.
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Fig. 12. Contour maps of CoMFA steric regions (green, favoured; yellow, disfavoured) are displayed around compound 17, depicted in stick mode and coloured by atom type (a).
Contour maps of COMFA electrostatic regions are shown around compound 17. Blue regions are favourable for more positively charged groups; red regions are favourable for less
positively charged groups (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

pKi = 9.16) and 42 (R6 = OCH3, pK; = 8.80) compared to those of 5
(R6 = chloro, pK; = 8.60), 12 (R6 = OH, pK; = 8.07), 36 (R5 = OH,
R6 = OH, pK; = 7.67) and 40 (R6 = OH, pK; = 6.96), respectively.
Moreover, the results are in agreement with the high binding
affinity of 33 (R6 = phenyl, pK; = 9.39), with the higher pK; of 10
(R4 = OH, pK; = 8.41) and 14 (R4 = OCH3, pK; = 8.48) compared to
that of 18 (R4 = OCH,Ph, pK; = 8.03), and with the following affinity
trends: 2 (R5 = fluoro, pK; = 8.80) > 3 (R5 = chlorine,
pK; = 852) > 4 (R5 = bromo, pKi = 8.18); 11 (R5 = OH,
pKj = 8.72) > 15 (R5 = OCH3, pK; = 8.34) > 27 (R6 = CH,0CH3,
pKj = 7.59); 38 (R5 = H, pKj = 8.36) > 39 (R5 = OH, pK; = 7.04) > 41
(R5 = OCH3, pK; = 6.63). Accordingly, compound 35 (R5 = OH,
R6 = OCH3, pK; = 9.16) shows higher binding affinity value than 34
(R5 = OCH,Ph, R6 = OCH3, pK; = 8.75).

According to the electrostatic field contour maps of the CoMFA
analysis plotted in Fig. 12b, less positive moieties are predicted to be
favoured (red areas) around the pyrane oxygen atom and the indole
positions 6 and 7. On the other side, more electropositive substit-
uents are predicted to be beneficial (blue polyhedra) in the vicinity
of the indole positions 4 and 5. These results are in agreement with
the higher pK; values of 5 (R6 = chlorine), 6 (R6 = bromo), 9
(R6 = S0,CH3),16 (R6 = OCH3), 30 (R6 = CN), 32 (R6 = CO,CH3) and

Fig. 13. Contour maps of CoMSIA hydrophobic regions (yellow, favoured; white, dis-
favoured) are shown around compounds 17, shown in stick mode and coloured by
atom type. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

33 (R6 = phenyl) (pK; = 8.30—9.39) in comparison with that of 31
(R6 = CH3NHy, pKi = 7.21) and are also supported by the evidence
of the higher affinity levels of 17 (R7 = OCHjs, pK; = 9.90), 42
(R6 = OCH3, pK; = 8.80) and 35 (R5 = OH, R6 = OCH3, pK; = 9.16) in
comparison to those of 13 (R7 = OH, pK; = 8.50), 40 (R6 = OH,
pKj=6.96) and 36 (R5 = OH, R6 = OH, pK; = 7.67), respectively. The
results are also in accordance with the higher pK; values of 11
(R5 = OH, pK; = 8.72) and 39 (R5 = OH, pK; = 7.04) compared to
those of 15 (R5 = OCH3, pK; = 8.34) and 41 (R5 = OCH3, pK; = 6.63),
respectively, and with the following affinity trend: 2 (R5 = fluoro,
pK; = 8.80) > 3 (R5 = chloro, pK; = 8.52) > 4 (R5 = bromo,
pKi = 8.18). Finally, compounds 11 (R5 = OH, pK; = 8.72) and 39
(R5 = OH, pK; = 7.04) display higher binding affinity than 15
(R5 = OCH3, pK; = 8.34) and 41 (R5 = OCHs, pK; = 6.63),
respectively.

The CoMSIA steric and electrostatic regions are in agreement
with the CoMFA steric and electrostatic areas.

3.5.2. CoMSIA hydrophobic, H-bond acceptor and H-bond donor
regions

The calculated CoMSIA hydrophobic contours (Fig. 13) predict
favourable hydrophobic substituents (yellow areas) around the
tetramethylcyclopropil group, the positions 4 and 5 of the indole
moiety and in proximity of positions 5 and 6 of the pyrane ring. On
the contrary, lipophilic substituents around the 6 and 7 positions of
indole moiety result to be disfavoured (white polyhedra). The
reliability of the hydrophobic map calculations is verified by higher
affinity of 19 (R5 = OCH,Ph, pK; = 8.90), 24 (R5 = O(CH;)4Br,
pKj = 7.14), and 27 (R5 = CH,0CHj3, pK; = 7.59) compared to those of
15 (R5 = OCH3, pK; = 8.34), 23 (R5 = O(CH3)40H, pK; = 6.58), and 26
(R5 = CH0H, pK; = 6.95), respectively. These results are in
agreement with the difference in pKi levels between: (i) 7
(R6 = CH3, pK; = 9.83) and 8 (R6 = CF3, pK; = 8.46); (ii) 16
(R6 = OCH3, pKi = 9.29) and 20 (R6 = OCH,Ph, pK; = 9.05); (iii) 32
(R6 = CO,CH3, pK; = 8.86) and 9 (R6 = SO,CH3, pK; = 8.53); (iv) 42
(R6 = OCH3, pK; = 8.80) and 43 (R6 = OCH,Ph, pK; = 8.53); (v) 17
(R7 = OCH3, pK; = 9.90) and 21 (R7 = OCH,Ph, pK; = 8.52).

To take into account the role of H-bond acceptor and H-bond
donor groups for the affinity towards the human CB2 receptor, the
corresponding CoMSIA contours were calculated. As shown in
Fig. 14a, H-bond acceptor groups are predicted to be favoured
(magenta regions) around the oxygen atom of pyrane ring, the
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Fig. 14. CoMSIA hydrogen bond acceptor polyhedra are shown around compounds 17, depicted in stick mode and coloured by atom type. H-bond acceptor groups: magenta,
favoured; green, disfavoured (a). COMSIA hydrogen bond donor polyhedra are shown around compounds 17, depicted in stick mode and coloured by atom type. H-bond donor
groups: purple, disfavoured; cyan, favoured (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

oxygen atom of carbonyl function and in proximity of the indole
position 7. Besides, H-bond donors (Fig. 14b) are predicted to be
beneficial (cyan areas) in the vicinity of the indole position 4, while
the introduction of a H-donor group seems to be disfavoured
(purple) in a small area close to the R7 methoxy group in compound
17. The reliability of these calculations is verified by the higher
affinity of 46 (R4 = NHy, pKi = 7.49) in comparison to that of 45
(R4 = NOy, pKi = 6.53).

3.5.3. A comparison between the COMFA and CoMSIA analyses and
the hCB2/17 docking model

In order to verify the reliability of the 3D-QSAR model, COMFA
and CoMSIA maps have been compared with the docking analysis
results. For simplicity, in Figs. S4—S7 (supplementary data) we have
reported only the CoMFA steric, electrostatic and the CoMSIA
hydrophobic and the H-bond acceptor maps, superimposed to the
docking model of compound 17 into the putative receptor binding
site.

The CoMFA steric model proves to match with the hCB2 putative
binding site 3D topology, suggesting bulky substitution in prox-
imity of three deep receptor pockets (Fig. S4). The first cavity (P1),
including F87, S112, F117, L182 and (288, surrounds the tetrame-
thylcyclopropyl group, while the second pocket (P2, delimited by
L108, V113, T114, S165 and L169) is occupied by the substituent at
the indole position 1. Finally, the substituents located at the indole
position 6 and 7 are oriented towards a third receptor pocket (P3),
including residues N188, L192, L196 and F197. As shown in Fig. S5,

i
SO,CH(CH,),

I

the CoMFA electrostatic map highlights the importance of elec-
tronegative groups at the indole position 1 and 7, which could be
involved in H-bond interactions with the key residues T114 and
N188. The CoMSIA hydrophobic (Fig. S6) map points out the
beneficial presence of hydrophobic substituents at the following
positions: (i) at the indole position 5, establishing hydrophobic
contacts with M265, €288, (ii) in proximity of the tetramethylcy-
clopropyl group, enhancing interactions with F87, L182 and L289,
(iii) and around the methylene located between the indole position
1 and the pyrane ring, being probably involved in contacts with the
residues L108 and L192. The CoMSIA H-bond donor and H-bond
acceptor maps (Fig. S7) confirm the importance of the formation of
the hydrogen bond between the indole derivative carbonyl group
and S112, and between the pyrane ring oxygen atom and N188.
Furthermore, the introduction of H-donor groups onto the indole
position 4 can allow the establishment of H-bond contacts with
S285.

The information obtained by the 3D-QSAR contour maps and
the molecular docking studies provide useful suggestions for the
synthesis of new indol-3-yl-tetramethylcyclopropyl ketone deriv-
atives with possible improved potency. In detail, a 2- methyl, 6-
methyl or 2,6-dimethylpyrane ring would seem particularly
favourable as substituent R1, detecting hydrophobic contacts with
L108, V113, T114, and L169. Regarding the indole moiety, an alkyl
amine group at position 4 could enhance the ligand potency by H-
bond interactions with S285 (when R7 is a methoxy group, being H-
bonded to N188). On the other hand (when R4 is a hydroxyl group,

)
—

1}

Fig. 15. Chemical structure of selective CB2 agonists I and II (showing the highest pKi values in the 1,2,3,4-tetrahydropyrrolo[3,4-blindole series and in the benzimidazole series,
respectively). The common 1,5-disubstituted-indole or —benzimidazole scaffold is depicted in blue. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Table 5
Binding affinities of compounds 48a—48d towards hCB; and hCB, receptors.
Compound CoMFA Model mmmmodelModel CoMSIA Model
Pred. pK; Pred. pK;
48a 8.68 8.43
48b 7.01 6.34
48c 8.32 8.27
48d 6.83 6.28
Table 6

Binding affinities of compounds 48a—48d towards hCB; and hCB; receptors.

representative compounds I and II are depicted) have shown high
binding affinity toward CB2 receptor and good selectivity over CB1
receptor.

Thus, in order to identify the key structural features impacting
the binding affinity, a computational study of 3D-QSAR was per-
formed. Initially, the two classes of selective CB2 agonists were
studied separately (one CoMFA and one CoMSIA model for each
series was derived), subsequently, all compounds together were

Compd Displacement% on CB1? ICs0 on CB1 pM Ki on CB1 uM Displacement$% on CB2P° IC50 on CB2 pM Ki on CB2 pM Exp. pK; on CB2
48a at 10 pM (83.00) 163.4 at 10 M (101.00) 0.0075 8.12
48b at 10 M (25.08) >10 >10 at 10 pM (70.75) 5.48 1.39 5.86
48c at 1 uM (85.01) 0.155 0.062 at 1 uM (95.93) 0.0401 0.0102 7.99
48d at 10 uM (43.22) >10 >10 at 10 pM (66.04) 6.22 1.58 5.80

2 Data reported as percent of displacement of [*H]-CP 55,940 (0.5 nM) from hCB; receptor, at an inhibitor concentration of 10 or 1 pM.
b Data reported as percent of displacement of [>H]-WIN 55,212-2 (0.8 nM) from hCB, receptor, at an inhibitor concentration of 10 or 1 pM.

being H-bonded to S285), an aminomethyl- or aminomethyl group
(NH2CH2- or NH2CH2CH2-) could be introduced at the indole
position 7, being engaged in H-bond with N188. In addition, the
indole position 6 could be exploited to establish hydrophobic
contacts with L196 and F197 by introducing a small alkyl group.

3.6. Newly synthesized compounds 48a—d

On the basis of the 3D-QSAR analyses previously discussed,
several favourable structural modifications on the indole moiety
have been identified. Among them, the introduction of H-bond
acceptor groups around the indole position 1 and 3 (see Fig. 14a)
emerged to be particularly interesting. In order to verify the reli-
ability of these results, we compared the CoMSIA maps obtained on
compounds 1-47 with those derived from CoMFA and CoMSIA
studies, already performed by us, on other two series of CB2
agonists, structurally related to indole derivatives [56]. Briefly,
novel classes of CB2 agonists based on 1,2,3,4-tetrahydropyrrolo
[3,4-blindole and benzimidazole scaffolds [57,58] (in Fig. 15,

& \

Fig.16. Compound 48a (green) selected docking pose into the MD hCB2/WIN-55,212-2
complex. Only residues involved in ligand/receptor interactions are depicted in stick
and labelled. H-bond are depicted in cyano. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

aligned (on the basis of the common scaffold depicted in blue in
Fig. 15), and the final CoMFA and CoMSIA models were calculated.

As concern the indole positions 1 and 3 discussed above, 3D-
QSAR studies performed on 1,2,3,4-tetrahydropyrrolo[3,4-b]indole
and benzimidazole derivatives point out that the following key
features could enhance the ligand hCB2 agonist activity: (i) bulky
substituents bearing electronegative (and H-bond acceptor) groups
at the indole position 1 (see Fig. 15), (ii) electronegative (and H-
bond acceptor) groups located between the indole position 3 and
a bulky hydrophobic substituent (see Fig. 15).

Accordingly, four aminoalkylindoles have been designed and
synthesized, bearing an aminoalkyl group and a vinyl moiety
(disubstituted by polar groups) at the indole position 1 and 3,
respectively. For these compounds, the predicted pK; values (by
means of the CoMSIA model calculated on indoles 1-47), have been
listed in Table 5.

As reported in Table 6, compounds 48a and 48c show high K;
values towards the human CB2 receptor, within a nanomolar range
while compounds 48b and 48d show binding affinities in the
micromolar range. Notably, compound 48a proves to be a CB2
selective ligand.

The MD CB2/agonist complex previously discussed has been
employed to perform molecular docking studies on indoles
48a—48d, in order to rationalize the biological data and to inves-
tigate their binding mode within the molecular target. The most
interesting compound, 48a (Fig. 16), displays H-bond contacts
between the sulphonyl and the N188 side chain, and between the
pyperidine protonated nitrogen atom and the key residue S112. The
indole moiety is engaged in 7—m with F117 and F197, and in Van der
Waals contacts with V261. The Y cyano and phenyl group are
properly oriented towards residues T114 and T118, and towards
L182 and L185, respectively.

4. Conclusions

In this work, with the aim of gaining a better understanding of
the agonist-CB2 receptor interactions, a theoretical model of the
human CB2 receptor (hCB2) developed by homology modeling and
molecular dynamic techniques has been discussed. The model and
docking protocol reliability has been verified by docking studies on
a series of potent CB2 agonists (indol-3-yl-tetramethylcyclopropyl
ketone derivatives). Successively, the docking-based CoMFA and
CoMSIA analyses, performed on the same series of compounds,
allowed us to derive more complete guidelines for the design of
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new analogues with improved potency so as to synthesize new
indoles showing high CB2 affinity.
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