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The C-1'-dithiolane A3-tetrahydrocannabinol (A8-THC) amphiphilic analogue (—)-2-(6a,7,10,10a-tetrahy-
dro-6,6,9-trimethylhydroxy-6H-dibenzo[b,d|pyranyl)-2-hexyl-1,3-dithiolane (AMG3) is considered as
one of the most potent synthetic analgesic cannabinoid (CB) ligands. Its structure is characterized by rigid
tricyclic and flexible alkyl chain segments. Its conformational properties have not been fully explored.
Structure-activity relationship (SAR) studies on classical CBs showed that the alkyl side chain is the most
critical structural part for the receptor activation. However, reported low energy conformers of classical
CB analogues vary mainly in the conformation of their alkyl side chain segment. Therefore, comparative
molecular dynamics (MD) simulations of low energy conformers of AMG3 were performed in order to
investigate its structural and dynamical properties in two different systems. System-I includes ligand
and amphoteric solvent DMSO, simulating the biological environment and system-II includes ligand at
active site of the homology models of CB1 and CB2 receptors in the solvent. The trajectory analysis results
are compared for the systems I and II In system-I, the dihedral angle defined between aromatic ring and
dithiolane ring of AMG3 shows more resistance to be transformed into another torsional angle and the
dihedral angle adjacent to dithiolane ring belonging in the alkyl chain has flexibility to adopt gauche+
and trans dihedral angles. The rest of the dihedral angles within the alkyl chain are all trans. These results
point out that wrapped conformations are dynamically less favored in solution than linear conformations.
Two possible plane angles defined between the rigid and flexible segments are found to be the most
favored and adopting values of ~90° and ~140°. In system-II, these values are ~90° and ~120°. Conform-
ers of AMG3 at the CB1 receptor favor to establish a cis conformation defined between aromatic and
dithiolane ring and a trans conformation in the CB2 receptor. These different orientations of ligand inside
the binding pocket of CB1 and CB2 receptors may explain its different binding affinity in the two recep-
tors. The results of this study can be applied to other synthetic classical CB ligands to produce low energy
conformations and can be of general use for the molecules possessing flexible alkyl chain(s). In addition,
this study can be useful when restraint of the alkyl chain is sought for optimizing drug design.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

chain. Alkyl chain constitutes a pharmacophore segment since its
structural variations cause tremendous effects on the pharmacolog-

Classical and synthetic cannabinoids (CBs) are amphipathic anal-
gesic drugs that contain a rigid segment and a flexible alkyl side

Abbreviations: CB, Cannabinoid receptor; CB1, first cannabinoid receptor; CB2,
second cannabinoid receptor; GPCR, G-protein coupled receptors; MD, molecular
dynamics; PME, Particle mesh Ewald; DFT, Density functional theory; 3D QSAR,
three-dimensional quantitative structure-activity relationships; CoMFA, compara-
tive molecular field analysis; CoMSIA, comparative molecular similarity indices
analysis; RMSD, root mean square deviation; A®-THC, A8-tetrahydrocannabinol;
AMG3, (—)-2-(6a,7,10,10a-tetrahydro-6,6,9-trimethylhydroxy-6H-dibenzo[b,d]pyr-
anyl)-2-hexyl-1,3-dithiolane.
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ical affinity and selectivity for the CB receptors CB1 and CB2.!~> More
specifically, classical CB analogues with alkyl side chains of less than
five carbon atoms have limited affinity for the CB1 receptor.?> Exten-
sion of the five carbon atom chain by adding one or two carbons fa-
vors binding, while further extension is detrimental.>>

Among the synthetic analogues of A3-tetrahydrocannabinol
(A8-THC); (-)-2-(6a,7,10,10a-tetrahydro-6,6,9-trimethylhydroxy-
6H-dibenzo[b,d]pyranyl)-2-hexyl-1,3-dithiolane (AMG3) (Fig. 1)
is considered as one of the most potent synthetic CB ligands (K;
for CB1 and CB2 receptors are 0.32 and 0.52 nM, respectively).*
Its conformational properties have not been fully explored yet.
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Structure-activity relationships (SAR)*-® and three-dimensional
quantitative structure-activity relationships (3D QSAR)” studies on
classical CBs have revealed that the alkyl side chain is the most
critical structural segment for receptor activation. However, the re-
ported low energy conformers of classical CB analogues vary
mainly in the conformation of their alkyl side chain segment.
Manipulation of the flexible alkyl side chain can produce high-
affinity analogues with antagonist, partial agonist, or full agonist
effects.! Thus, information of structural and dynamical properties
of alkyl side chain segment will be useful for the design of new
synthetic CB analogues with enhanced activity. Moreover, a variety
of classes of drug molecules contain an alkyl chain which is neces-
sary for the drug activity (i.e., losartan, bumetanide, cannabidiol,
fluvoxamine, serotonin, tianeptine, etc.; Fig. 2).

Reported drug design studies in the literature show the
importance of studying the conformational analysis when re-
straint of the alkyl chain is sought.®° This triggered our interest
to study low energy conformers of AMG3 produced using
Monte Carlo (MC) simulations. Subsequently molecular dynam-
ics (MD) simulations were performed for the selected low en-
ergy conformers of AMG3 in order to investigate its structural
and dynamical properties in amphiphilic environment, because
the most popular application of MD simulations is the confor-
mational sampling, especially if experimental constrains are ta-
ken into account.!® In a drug design protocol, this method may

be very powerful tool to propose reliable conformations of
small molecules in their free state and even to avoid conforma-
tional artifacts given by X-ray diffraction.!°

In addition, using CB1 and CB2 receptor homology models,'! the
interactions of the ligand at active site of the receptor have been
analyzed. Therefore, two systems have been used in MD simula-
tions: System-I includes ligand and solvent molecules and sys-
tem-II includes ligand at the binding site of the CB1 and CB2
receptors surrounded by solvent molecules. Trajectory analysis re-
sults are compared and discussed for both systems.

The selection of the lowest energy conformation of the bio-
active conformation of the template molecule and the superim-
position of all molecules on template compound are the two
most critical steps in the 3D QSAR studies, especially for com-
parative molecular field analysis (CoMFA)!? and comparative
molecular similarity indices analysis (CoMSIA)'> methodologies.
Comparative MD simulations of ligand in solution and at bind-
ing site of the receptor lead to understand its favored confor-
mation inside the receptor and may help to improve the
alignment procedure. Thus, applications of MD simulations in
solution and at binding site of the receptor can provide statis-
tically more reliable models.'#"'® Furthermore, since trajectory
analysis has been performed for both CB1 and CB2 receptors,
results can be useful for synthetic chemists to produce more
selective CB compounds.

Figure 1. (i) Molecular structure of AMG3 and its derived 3D low energy conformers A-H. Dihedral angles of the alkyl side chain are assigned on the top structure (7, C2-C3-
C1'-C2’; 15, C3-C1'-C2'-C3’; 13, C1'-C2'-C3'-C4’; 14, C2'-C3'-C4'-C5’; 75, C3'-C4'-C5'-C6'; 16, C4'-C5'-C6'-C7").
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Figure 2. The following drug molecules containing an alkyl chain are necessary for the drug activity: (i) losartan; (ii) bumetanide; (iii) cannabidiol; (iv) fluvoxamine; (v)

serotonin; and (vi) tianeptine.

2. Methods
2.1. MC simulations

MC simulations using random sampling search method were
performed with QUANTA/CHARMmM software!” in order to investi-
gate a complete conformational space for the AMG3. The MC sim-
ulations created 1000 conformers, and these conformers are
grouped into eight clusters based on torsional angle values. From
each cluster, the lowest-energy conformer was selected for further
analyses.

2.2. Geometry optimization of conformations in gas phase

Selected conformers from MC simulations were subjected to full
geometry optimization in gas phase using a combination of the
standard Tripos molecular mechanic (MM) force field of the Sybyl
molecular modeling package'® with Powell energy minimization
algorithm,!® Gasteiger-Hiickel charges2® and 0.001 kcal/mol A en-
ergy gradient convergence criterion. Ab initio calculations were ap-
plied with Gaussian 982 and for all calculations B3LYP/6-31G ‘2223
level of density functional theory (DFT) was used.

2.3. Topologies of AMG3 conformers

The coordinates of AMG3 conformers were submitted to PROD-
RG?* algorithm to obtain Gromacs topologies. No new atom types
are included, thus the atom charges and force constants for AMG3
conformers are all defined in gmx force field.?

2.4. Simulation details

(i) System-I (ligand in a solvent environment): The MD simula-
tions were performed with GROMACS 3.3.1 software package®®
using gmx force field. Canonical NVT ensemble at 300 K was used
with periodic boundary conditions, and the temperature was kept
constant by the Berendsen thermostat.?” Electrostatic interactions
were calculated using the particle mesh Ewald method.?® Cutoff

distances for the calculation of Coulomb and van der Waals inter-
actions were 1.0 and 1.4 nm, respectively. The cubic elementary
box contained AMG3 ligand and DMSO molecules corresponding
to the range of density of 0.8-1.05 g/cm>. The size of the cubic
box which corresponds to each conformer, the number of DMSO
molecules and the resulted densities are presented in Table 1. Prior
to the dynamics simulation, energy minimization was applied to
the full system (AMG3 molecule and solvent DMSO molecules)
without constraints using the steepest descent integrator for
5000 steps with the initial step size of 0.01 A (the minimization
tolerance was set to 100 kJ/(mol.nm)). The system was then equil-
ibrated via a 20 ps MD simulations at 300 K. Finally, a 1 ns simula-
tions was performed at 300 K with a time step of 0.5 fs. (ii) System-
II (ligand localized at the active site of the receptors in a solvent envi-
ronment): The cubic box (83.7 A%) including total of 18,884 atoms
was used for MD simulations of ligand at the binding site of the
CB1 receptor and a cubic box (81.5 A?) including total of 17,345
atoms was used for the MD simulations of ligand at the binding
site of the CB2 receptor. Same parameters for MD simulations of
system-I have been kept identical except the time step, equilibra-
tion, and simulation time. Due to complexity of the system, 50 ps
equilibration and 2.5 ns simulation time have been applied with
2 fs time step. Effect of solvent on conformations was also exam-
ined changing the solvent from DMSO to water environment.
Visualization of the dynamics trajectories was performed with

Table 1
Size of cubic boxes, number of used DMSO molecules, and resulted densities for each
conformer at system-I

Conformer No. of DMSO molecules Size of cubic box (A) Density (g/ml)
A 194 29.30 1.03
B 217 33.21 0.80
C 197 29.19 1.05
D 193 29.21 1.03
E 188 31.62 0.80
F 205 32.30 0.95
G 191 31.74 0.80
H 194 29.72 0.99
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the VMD software package.?® Origin 6.0 program®® was used for
dihedral angles versus time plots and statistical calculations.
Parameters used in the GROMACS program are reported in the Sup-
porting Information.

3. Results
3.1. MD simulations on system-I

The application of MC analysis, which allows full angular win-
dow specification and random change of all flexible dihedral angles
responsible for the flexibility, generated 1000 conformers of AMG3.
These conformers are grouped within the eight families based on
torsional angles of conformers, and from each family a lowest en-
ergy conformer is selected. Selected conformers are further opti-
mized using Tripos MM force field. Optimized conformers are
shown in Figure 1. Their dihedral angle values of rotatable bonds
at the alkyl chain and standard deviation values for each dihedral
angle are summarized in Table 2.

MD simulations were performed with the GROMACS 3.3.1 soft-
ware package to all presented conformers using amphoteric sol-
vent DMSO. DMSO is selected as solvent because it provides an
amphiphilic environment, which mimics physicological conditions
and therefore it is appropriate for investigating biological
structures.>!

MD simulations have shown that, 73-76 have optimal dihedral
angle value at ~180° for all of the presented conformers. Thus,
even some perturbation around this angle was observed at certain
intervals, the dihedral angle of ~180° finally preserved.

During the simulation, all dihedral angle values kept their initial
values for the conformers A, B, and E except the 7,. It has dynamic
equilibrium structures with gauchet and trans conformations.
Changes of the dihedral angles in the alkyl chain during the simu-
lation for the conformers A, B, and E are shown in Figure 3. Tor-
sional angle of 7, adopts mainly gauchet and trans dihedral
angles for conformer A; gauche— and trans dihedral angles for con-
former B; and gauche+ and trans dihedral angles for conformer E.
Thus, for these conformers, different geometries are in dynamic
equilibrium during the simulation. For example, (i) conformer A
can keep its initial conformation; (ii) it can be transformed to con-
former B; and (iii) it can be transformed to a new conformation
which has same dihedral angle values of conformer A, except 7,
which has a gauche— conformation (it is called conformer A’ and
it is shown in Fig. 4 (on the left)). Conformer B can keep its initial
state or it can change its conformation to conformer A’ during the
simulation. Conformer E can keep its initial conformation or it can
be transformed to a new conformation which has same dihedral
angle values of conformer E, except 7, which has a gauche— confor-
mation (it is called conformer E’ and it is shown in Figure 4 (on the
middle).

Table 2

Values of dihedral angles corresponding to the alkyl chain part for the selected low
energy conformers of AMG3 derived by MC and further optimization with Tripos MM
force field

Conformer 1 Ty T3 T4 Ts Tg
(degree) (degree) (degree) (degree) (degree) (degree)

A 73.2 57.8 1789 179.7 180.0 180.0
B 81.9 181.0 179.8 180.0 180.0 180.0
C 54.8 65.2 294.3 191.3 181.8 180.2
D 55.2 69.1 301.2 190.9 176.4 63.7
E 257.6 58.0 178.6 179.7 180.0 180.0
F 187.0 1771 176.6 179.5 179.9 180.0
G 82.2 181.0 179.9 180.5 185.7 296.4
H 103.4 302.9 182.5 186.5 302.0 302.3
Std. Dev. 724 88.9 54.9 5.2 43.0 77.7

Wrapped conformations of alkyl chain in conformers C and D
were quickly lost and are transformed to linear conformers, where
they remained intact during the simulation. Torsional angle of 1,
kept its initial value during simulation for the conformers C and
D; however, 7, populated mainly at gauche+ and trans for con-
former C; gauche+ and trans for conformer D. Change of the 1, val-
ues versus time throughout simulations have been shown for
conformers C and D in Figure 5. Last four rotatable bonds in alkyl
chain (73 — 7¢) of conformers C and D were populated dominantly
at trans conformation, thus they were transformed to conformers
A, A, and B.

Both 7, and 7, values of the alkyl chain changed during the sim-
ulation for conformer F.Trans conformation of 7, is converted to
gauche— conformation, and 7, is populated dominantly at trans
and at gauche— for conformer F (Fig. 6). Thus, it is transformed to
conformer E’ or a new conformation which is called conformer F
(its 71 and 7, dihedral angles adopt gauche— and trans conforma-
tions, respectively, and the rest of the four rotatable bonds
(13 — 16) in alkyl chain have trans conformation). Conformer F
has been shown in Figure 4 (on the right).

Conformer G kept its initial dihedral conformations except 7,
and tg; 7, populated mainly at the trans and gauche— conforma-
tions and tg is transformed from gauche— to trans conformation.
Thus, conformer G is transformed to conformers A’ and B. Torsional
angles 7, and 7, of conformer H are populated mainly at gauchet
and at trans, gauche— conformations, respectively. Thus, conformer
H can be transformed to conformers A’, B, E’ and F' throughout the
simulation.

Therefore, our MD results for system-I showed that there are six
favored interconvertible conformations: A, A’, B, E, E’ and F. Novel
conformers (A, E/, and F’) which are derived from MD simulations
of system-I were superimposed with their corresponding confor-
mations (A, E, and F) in Figure 7. Dihedral angle values of the alkyl
chain of favored conformations derived from MD after geometry
optimization using MM and QM methods in gas phase and root
mean square deviation (RMSD) values between MM and QM re-
sults for each conformer are summarized in Table 3. These con-
formers form two favored plane angles defined between rigid
and flexible segments, and adopt values of ~90° and ~140°. Planes
for the rigid and flexible segments of AMG3 are defined by the four
atoms (C1, C2, C4, and C4a) in ring A and by the four atoms (C1’,
C7’, and sulfur atoms) of alkyl side chain (Fig. 8). Formed plane an-
gles of favored conformations after MM and QM geometry optimi-
zations and their relative energies are compared in Table 4.
Relative energy differences are used for clarity and are defined
on lowest total energy of conformers calculated by MM and QM
methods. The lowest energy conformers (A’ for QM and E’ for
MM methods) are arbitrarily assigned with zero potential energy
and relative energies of other conformers are calculated. Both
MM and QM calculations showed that, all favored conformations
derived from MD have similar relative energies; however conform-
ers which form perpendicular plane angle between rigid and flex-
ible segments have slightly lower energy (~1 kcal/mol) than
corresponding plane angle of ~140°.

3.2. MD simulations on system-II

In order to analyze the effects of critical amino acid residues at
the active site of CB receptors to the conformational properties of
ligand, MD simulations of AMG3 in the homology models of CB1
and CB2 receptors have been carried out. Three-dimensional (3D)
models of the CB receptors were constructed by several groups
(Tuccinardi et al."' and Shim et al.3?) with a molecular modeling
procedure using the X-ray structure of bovine rhodopsin®? as the
initial template structure and taking into account the available
site-directed mutagenesis data. These research groups studied dif-



S. Durdagi et al./Bioorg. Med. Chem. 16 (2008) 7377-7387

>

cvessdisssNBNRNENLY

Oihedral Angle

f3533§§$§i§§!3!l§XI
Dihedral Angle

s iiiiiiiiiiilit

T

Dihedral Angle

7381

T2

rise

T T T
90 01 02 03 04 05 06 07 0B 09 10
Time (ns)

e 01

T4

!
:

360
240
320
200
280
200
240
20
200
180
400
140
120
400
L]
L
@0
»n
o

02 03 o4
Time (ns)

.

T J
o0 l‘| 03 ﬂ! Dl 05 ﬂi 01' ﬂl 0! 10

i

08 08 o7 o8 o0 10

380
340
o
300
200
200
240
0
200
"o
%00
140
120
00
80
L]
0
20
°

!
!

T
oo o1

T T T T J
086 07 o8 09 10

™ TT
00 01 02 03 04 05
Time (ns)

T

(o))

Dihednal Angle

oNaasEUREEYNENNELEY

5

Dshedral Angle

T T T T T T
02 03 ©4 05 06 07 08 09 10
Time (ns)

60 01 02 03 04 05 08 07 08 09
Time (ns)

-

T2

Oihedral Angle

o¥snnEEERENUENNEEEY

00 01 ©2 ©) 04 0% 08 0T OF 09 10

60 01 02 03 04 05 06 OF o8 oF 10 80 61 62 63 62 &5 88 &F o3 3 1
Time (ns) Time ins)
0 1" 80 1"5 - 16

40 0 4 ot
20 2 e
00 ™ =
m 4 poed
0 20 4 e
0 29 J e
mw m ™
!u !" !m
w » ey
o " -
E = :
b L] w
L] " a0
" [ ] [ ]
® [ ]
© ® -
» » »

§ Jrry———————————————— ° T T T T T ° —

80 @1 02 ©) 04 05 08 07 ob 0% 10 80 01 02 03 04 05 06 o7 08 0% 10 01 02 03 04 0% O8 oF o8 0% 10

Time (ns) Time (ns) Time (ns)

Figure 3. Changes of dihedral angle values in the alkyl chain of AMG3 throughout the MD simulations of system-I for conformers A, B, and E.

ferent ligands of CB classes; however, they found that all CBs stud-
ied interact at an active site with similar homologies.'®

Prior to the MD simulations, molecular docking studies have
been applied using FlexX docking algorithm of SYBYL molecular
modeling package'® to the obtained stable conformations of
AMG3 (A, A, B, E, E, and F') derived from MD simulations of sys-
tem-I. FlexX is a computational docking program that uses an effi-
cient incremental construction algorithm in order to optimize the
interaction between a flexible ligand and rigid binding site resi-

dues of a receptor. The more recent 3D models of the CB receptor
were used for the molecular docking studies; however, the binding
site residues are determined considering both models mentioned
above. Figure 9 illustrates the docked conformers of AMG3 inside
the CB1 and CB2 receptors. Docking solutions of each conformer
were settled to produce maximum of 30 different binding modes.
Population analysis of docking modes for both of CB1 and CB2
receptors showed that the conformer B has the highest propensity
at the binding site. The coordinates of best docked (best binding
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Figure. 3 (continued)

Figure 4. MD simulations of AMG3 in system-I derived new conformations: conformers A’ (on the left), E’ (on the middle) and F' (on the right).
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Figure 7. Superimposition of conformers A and A’ (on the left), E and E’ (on the middle), F and F' (on the right) (initial and derived structures from MD simulations are

showed with red and blue colors in figure, respectively).

Table 3

Values of dihedral angles corresponding to the alkyl chain part for favored low energy conformers of AMG3 derived by applying MD and further optimization with Tripos MM

force field and QM method with DFT/B3LYP/6-31G level

Conformer

7, (degree) T, (degree) 73 (degree) 74 (degree) 75 (degree) 7 (degree) RMSD

MM QM MM QM MM QM MM QM MM QM MM QM
A 73.2 63.3 57.8 61.1 178.9 181.1 179.7 180.5 180.0 180.2 180.0 180.1 4.37
A 103.9 125.6 302.1 297.3 181.2 178.5 180.2 179.2 180.0 1794 180.0 179.6 9.15
E 257.6 250.5 58.0 60.9 178.6 180.8 179.7 180.1 180.0 180.1 180.0 180.0 3.26
E' 282.8 299.2 302.2 298.3 1814 178.7 180.3 179.9 180.0 179.9 180.0 180.0 6.97
F 187.0 187.2 1771 175.6 176.6 177.8 179.5 179.6 179.9 179.5 180.0 180.1 0.81
F 274.6 272.8 179.3 184.1 180.2 186.7 180.0 180.9 180.0 180.7 180.0 180.0 3.41

RMSD values between MM and QM results are also shown in table.

score) mode of conformer of AMG3 at the CB1 and CB2 receptors
have been used for MD simulations. Because of consistency in com-
parison of system-I and system-II, we used the same polar aprotic
solvent, DMSO. The effect of solvent was also examined by apply-
ing simulations in water. The results showed that the more polar
solvent water did not exert considerable differential effect on the
conformation.

Changes of the dihedral angles that define the alkyl chain of
AMGS3 at the CB1 receptor during the simulation are shown in Fig-
ure 10. MD simulations have shown that 7; has been decreased
gradually from gauche+ to cis conformation for the AMG3 ligand.
Dihedral angle 7, has dynamic equilibrium conformers with two
possible values at gauche+ and trans. Differently from MD simula-

tions results of system-I, 7, of AMG3 at the active site of the CB1
receptor model adopts two values of torsional angle: trans and
gauche—. Dihedral angle values of 73, 75, and tg adopt trans confor-
mations for the AMG3 at the CB1 receptor model. The obtained
conformers are called as I, J, K, and L and are shown in Figure 11
(adopted values of their dihedral angles 7, — 7 are provided in fig-
ure legend, correspondingly).

Changes of the dihedral angles in the alkyl chain of AMG3 at the
CB2 receptor during the simulations are shown in Figure 12. MD
simulations have shown that 73 — 75 dihedral angles adopt optimal
value of all trans. Torsional angle 7, shows a gradual increase from
gauche+ to trans and 7, has dynamic equilibrium conformers with
two possible trans and gauche— conformations. Thus, two different
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Figure 8. Two possible plane angles between rigid and flexible segments of AMG3; ~90° (on the left) and ~140° (on the right). Planes for the rigid and flexible segments of
AMGS3 are defined with four atoms (C1, C2, C4, and C4a) in ring A and with four atoms (C1’, C7’, and sulfur atoms) in alkyl side chain.

Table 4

Plane angles between rigid and flexible segments and relative energies of favored conformations in system-I

Conformer MM-plane angle (degree) QM-plane angle (degree) MM-relative energy (kcal/mol) QM-relative energy (kcal/mol)
A 87.0 89.04 0.16 0.16
A 87.5 87.51 0.23 0.00
E 88.8 86.58 0.09 0.15
E' 89.4 91.35 0.00 0.60
B 137.9 135.49 1.03 1.40
F 1414 137.86 0.81 1.30

In table, relative energies (differences of total energies based on lowest total energy of conformers calculated by MM and QM methods; the lowest energy conformer of AMG3
with MM and QM methods is found to be E’ and A, respectively) have been used instead at total energies for clarity.

Figure 9. Docked conformers of AMG3 inside the CB1 (on the left) and CB2 receptors (on the right).

conformations of AMG3 can be adopted at the binding site of the
CB2 receptor. One of them (all trans dihedral angles for alkyl chain)
has same dihedral angle values with conformer F and other con-
former is a novel one and has gauche— dihedral angle for 7, and
rest of the dihedral angles in alkyl chain are trans. This conformer
called conformer M and is shown together with conformer F in Fig-
ure 13.

Conformers J, K, and M form a perpendicular plane angle be-
tween flexible and rigid segments of AMG3, whereas, conformers
F, I, and L form a plane angle value of ~120°.

Although the CB1 and CB2 receptors exhibit a very high se-
quence homology which rises to 68% in the transmembrane
(TM) regions, there are certain behavior differences of AMG3
conformers at the binding sites of receptors. One of the main dif-
ferences between the MD simulations of ligand at the CB1 recep-
tor and at the CB2 receptor is the different behavior of the
dihedral angle of 7;. In the CB1 receptor, there is a high propen-
sity of 7, to establish a cis conformation, however, in the CB2
receptor, it prefers to have a trans conformation. Figure 14

shows the superimposition of conformer I, which prefers a cis
dihedral angle for t; at CB1 receptor; and conformer F which
prefers a trans dihedral angle for 7, at CB2 receptor. As clearly
shown in Figure 14, the orientation of the alkyl chain due to
7, of AMG3 inside the CB1 and CB2 receptors differs. The dihe-
dral angle values of 73 — 75 adopt an optimal value at all trans,
even some perturbation around this angle is observed at certain
intervals, at the CB2 receptor. The same value was observed for
73 — T¢ when MD simulations are applied to receptor-free simu-
lations. However, MD simulations for the AMG3 at the CB1
receptor showed that torsional angle value for the 74 populated
dominantly at trans and gauche— conformations, therefore both
linear and wrapped conformations of alkyl side chain of AMG3
can be obtained in the CB1 receptor.

It is well-known that, different conformational rearrangements
of third and sixth TMs of G protein coupled receptors (GPCR) deter-
mine the activation of CBs. In CB2 receptor, alkyl side chain of
AMG3 conformers align parallel in the ligand recognition part of
TM3, while in the CB1 receptor they align almost perpendicular.



S. Durdagi et al./Bioorg. Med. Chem. 16 (2008) 7377-7387

7385

AMGS3 in CB1 Receptor

360 4 T T2
340 1 a 300
320 4 320 g
300 4 300 300
280 280 2%
260 4 260 200
® 240 4 280 240
220 4 220 220
g 200 4 200 200
< 1804 < 180 180
160 4 160 B 10
140 4 140 140
g 120 4 2‘20 g 120
100 4 100 100
80 4 r 80 80
604 80 &0
40 40 40
20 20 20
o4 - T v T J 04 g T T T Y 04 - - T - 5
0.0 05 10 15 20 25 00 05 10 15 20 28 00 0% 10 15 20 28
Time (ns) Time (ns) Time (ns)
2] T4 w0, Ts
o 20
300
g 280
1 260
240 4 240 ]
?m- %m-
200 4 200
L 180
5 160 B 160
140 140
120 4 120
5 1004 g 100
80 4 80 4
80 4 804
404 40
20 4 20
0 T T T T g 0 v v v T J L N T T T g
[ 0s 10 15 20 25 00 0s 10 15 20 25 00 0s 10 15 20 28
Time (ns) Time (ns) Time (ns)

Figure 10. Dihedral angle flexibility of the alkyl chain of AMG3 when binds at the active site of CB1 receptor throughout the simulation of molecular motion.
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Figure 11. Conformers L, J, K, and L derived throughout the simulations of AMG3 at the binding site of the CB1 receptor model. Their adopted dihedral angles for 7; — 7¢ at the
alkyl chain have following values, respectively, conformer I: cis/trans/trans/trans/trans/trans; conformer J: cis/gauche+/trans/trans/trans/trans; conformer K: cis/trans/trans/

gauche—/trans/trans; and conformer L: cis/gauche+/trans/gauche—/trans/trans.

This observation may help to understand the selectivity of CB li-
gands for the CB1 and CB2 receptors.

4. Conclusions

In this study, the conformational properties of the highly active
CB analogue AMGS3 ‘in solution’ and ‘at the active site of CB1 and
CB2 receptors’ have been explored. The MD simulations of ‘in solu-
tion’ trajectory analysis showed that the dihedral angle defined be-
tween aromatic and dithiolane ring of the alkyl side chain of AMG3
shows more resistance to be transformed to another torsional an-
gle because the heterocyclic part interacts with the ring A of the ri-
gid segment and leads to restriction of the rotation. The 73 — ¢
dihedral angles are transformed to optimal dihedral angle value
of all trans conformations. Thus, the wrapped conformations (i.e.,
conformers C and D) are dynamically less probable in solution than
the linear conformations. The 7, dihedral angle belonging to the al-

kyl chain has dynamic equilibrium structures with three possible
interconvertible dihedral angle of gauchet and trans conforma-
tions. Therefore, it appears that the second dihedral angle is the
most critical dihedral angle in solution for producing different
low energy conformations. Possible of these conformations are A,
A, B, E, E or F and their formed plane angles between rigid and
flexible segments are ~90° and ~140°.

Both of MM and QM geometry optimization calculations
showed that favored conformations of AMG3 derived from MD
have similar relative energies; however, conformers which have
perpendicular plane angle (between rigid and flexible segments)
have slightly lower relative energies than those that adopt a plane
angle of ~140°.

The obtained results suggest that synthetic analogs incorporat-
ing restraints (multiple bonds or rings) at different positions of al-
kyl chain may be of importance to be synthesized. Especially, such
synthetic analogs are important if they restrict the favorable angles
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Figure 12. Dihedral angle flexibility of the alkyl chain of AMG3 when binds at the CB2 receptor throughout the simulation of molecular motion.

Figure 13. Conformers F and M derived throughout the simulations of AMG3 at the binding site of the CB2 receptor model. Their adopted dihedral angles for 7; — 7¢ at the
alkyl chain have following values, respectively, conformer F: trans/trans/trans/trans/trans/trans; and conformer M: trans/gauche—/trans/trans/trans/trans.

and avoid the perturbation effects around the favorable dihedral
angle.

The MD simulations ‘at active site of the receptor’ trajectory
analysis results showed that, conformers form perpendicular and
~120° plane angles between flexible and rigid segments. In the
CB1 receptor, ligand can adopt both cis and trans conformations;
however, in CB2 receptors, conformers prefer to adopt only trans
conformations for 73 — 7. Conformers of AMG3 at the active site
of the CB1 receptor prefer to establish a cis conformation for the
T4, but trans conformation at the active site of the CB2 receptor.

This leads to different orientations of conformers of CB ligands in-
side the receptor and may explain their differences in activity and
may trigger the interest to the synthetic chemists to produce more
selective compounds.

Moreover, our detailed MD analysis of selected AMG3 conform-
ers clarified the controversial results in literature for the proposed
low energy conformations of classical CBs in solution. Up to date,
only perpendicular and wrapped conformations are thought as
the lowest energy conformations of classical CBs. However, our
MD results showed that wrapped conformations are not stable
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Figure 14. Superimpositions of derived conformers I and F show clearly the
different orientations of ligand at the active site of the CB1 and CB2 receptors.

during the simulation, in solution. In addition, to our knowledge, it
is the first time that a linear-like (~140° between flexible alkyl
chain and rigid segments) conformation of CBs is showed to pos-
sess low energy conformation in solution. The results of this study
are not limited to CB ligands but it can be of general use in drug de-
sign. Moreover, several ideas can be generated through this analy-
sis aiming in the optimization of the drug design (i.e. consideration
of a synthetic effort in which other positions of alkyl chain are
substituted or restrained which avoid perturbations on the optimal
dihedral angle).
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