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Cannabinoid (CB) receptors belong to the G protein-
coupled receptor (GPCR) family and were activated
by endogenous, phytogenic and synthetic modulators.
The CB receptors are involved in a variety of physio-
logical processes, including appetite, pain sensation,
mood, memory, etc. The potency of ligands with recep-
tors provides the path through which the latter show
agonist, antagonist, or inverse agonist behaviour. Due
to the unavailability of crystal structure of CB type-2
(CB2) receptor, we used multiple template compara-
tive homology modelling algorithms to construct 3D
models for the same. We performed docking and mo-
lecular dynamics simulation study of four synthetic
drugs in both cannabinoid type-1 (CB1) and CB2 re-
ceptors. These ligands show agonist activity with the
CB2 receptor and activates it completely. The results
are compared with the CB1 receptor. Molecular prop-
erties of the ligands, including molecular, polar and
solvent-accessible surface areas, and intramolecular
hydrogen bonds were evaluated using molecular dyna-
mics simulations. Our finding demonstrates that the
ligand AM-1221 shows the highest binding affinity
(-12.73 k cal/mol), whereas UR-144 shows the lowest
(-9.83 k cal/mol) towards the CB2 receptor. These
findings should stimulate the design of ligands with dis-
tinct pharmacological properties associated with the
CB?2 receptor.

Keywords: Agonist activity, cannabinoid receptors, indu-
ced fit docking, ligands, molecular dynamics simulations.

OWING to their unique behaviour, cannabinoids (CBs)
have been the focus of extensive chemical and biological
research'. CB receptors in mammalian tissues are expressed
as either CB type-1 (CB1) or CB type-2 (CB2), as both
belong to the G-protein-coupled receptor (GPCR) family.
These receptors also behave as inverse agonist, which
indicates that CB1 and CB2 receptors can exist in a con-
stitutively active state. In the early 1970s, research ex-
ploring the psychotropic effects of cannabis comprised
primarily of trans-A-9-tetrahydrocannabinol (A-9-THC)
and in the 1980s it reached the clinics for trials. In general,
CB receptors belong to the class of receptors which
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respond to CB drugs. Cannabis sativa (also known as
marijuana) and its biologically active synthetic analogues
such as THC belong to this class' . The significant role of
CB receptors is to repress neurotransmitter release in the
brain. THC is the primary psychoactive compound found
in cannabis and some other plants*’. Another major con-
stituent from plants is cannabidiol (CBD), which is a non-
psychoactive CB. Like tranquilizers, CBs also affect a
person directly by interacting with specific receptors
which are located within the central nervous system. CB1
is the central cannabinoid receptor (brain receptor), while
CB2 is the peripheral cannabinoid receptor (body/immune
system receptor). CB1 receptors are expressed predomi-
nantly at nerve terminals where they mediate inhibition of
transmitter release, whereas CB2 receptors are found
mainly on immune cells. The major difference between
CB1 and CB2 receptors is in their amino acid sequence,
signalling mechanism and in tissue distribution.

The structure of CB1 and CB2 consists of seven trans-
membrane-spanning domains, as commonly seen in
GPCRs®. Class A GPCRs have a common topology which
includes an extracellular N-terminus with a transmem-
brane core that is formed by a bundle of seven transmem-
brane o-helices (TMH1-7), three extracellular (EC) and
three intracellular (IC) loops that connect these helices,
and an intracellular C-terminus’ '°. CB2 has a glycosy-
lated N-terminus and an intracellular C-terminus which
plays a critical role inducing the receptor to become less
responsive to certain ligands. Human CB2 receptor con-
sists of approximately 360 amino acids, about 25% less
compared with the CB1 receptor. The CB2 receptor is lia-
ble for anti-inflammatory and other therapeutic effects of
cannabis detected in animal models''. Initially, it was
believed that CB2 receptor was present primarily in the
immune cells, but later it has been reported that the CB2
receptor is localized neuronally in distinct species. Dif-
ferent types of compounds mainly targeting CB2 have
been discovered and show selective CB2 agonist acti-
vity'>"*. The CB2 receptor plays a vital therapeutic role
specifically with agonist JWH-015 in neurodegenerative
disorders like Alzheimer’s disease'*'®, as this combina-
tion debars beta-amyloid protein from human tissues'®.

Some CB ligands that show agonist activity with CB1
and CB2 receptors can interact with them with similar
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strength. The ligand-protein binding affinity studies also
suggest that CB2 agonist ligands interact with the recep-
tor site (inside binding pocket) differently, supporting the
pharmacodynamics concepts'’2°. CB2 receptors are found
in various types of inflammatory cells and immunocom-
petent cells. An antinocceptive response is generated in
the position of inflammatory hyperalgesia and neuropathic
pain due to activation of peripheral CB2 receptors'**.
The mechanism which governs this CB2-mediated effect
is the generation of inflammatory hyperalgesia®. In gen-
eral, it is considered that the activation of CB1 receptors
is related to the central side effects, which include ataxia
and catalepsy, whereas selective CB2 receptor agonist
potentially treats the pain without causing side effects. In
addition, CB2 receptors have novel pain-control actions.
A CB2-induced cannabinoid compound can inflict hyper-
algesia of diversified origins and play a vital role even in
neuropathic pain®, which are conditions often refractory
to therapy.

In this study, we exclusively focus on the interaction of
four synthetic illicit drugs with CB1 and CB2 receptors.
According to the US Department of Health and Human
Services, by grade 12, about half of the adolescents have
used an illicit drug like ‘marijuana’ at least once. On the
other hand, these drugs in combination with CB receptors
are effective against various immune systems and play a
vital role in pain transmission and neurodegenerative dis-
orders®®. The four ligands used in the present study are
AM-1221, AM-2232, UR-144 and JWH-015 (refs 27-30).

All of them are agonist and show higher binding affini-
ty towards CB2 than CBIl. Among these four ligands,
AM-1221 has greater affinity towards CB2 due to the
presence of 2-methyl and 6-nitro groups on the indole
ring which makes it highly CB2-selective. Figure 1 shows
the structures of these ligands along with CB2 receptor.

Methods
Homology modelling and sequence alignment

The UniProt database (http://www.uniprot.org) was used
to retrieve the amino acid sequences of CB1 and CB2 re-
ceptors.

CB1 sequence (UniProt accession code: P21554):
MKSILDGLADTTFRTITTDLLYVGSNDIQYEDIKGDM-
ASKLGYFPQKFPL TSFRGSPFQEKMTAGDNPQLVPA-
DQVNITEFYNKSLSSFKENEENIQCGE NFMDIECFM-
VLNPSQQLAIAVLSLTLGTFTVLENLLVLCVILHSRSL-
RCRP SYHFIGSLAVADLLGSVIFVYSFIDFHVFHRK-
DSRNVFLFKLGGVTASFTA SVGSLFLTAIDRYISIH-
RPLAYKRIVTRPKAVVAFCLMWTIAIVIAVLPLLGW-
NCEKLQSVCSDIFPHIDETYLMFWIGVTSVLLLFIVY-
AYMYILWKAHSH AVRMIQRGTQKSIITHTSEDGKV-
QVTRPDQARMDIRLAKTLVLILVVLIIC WGPLLAI-
MVYDVFGKMNKLIKTVFAFCSMLCLLNSTVNPITY A-
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LRSKDLR HAFRSMFPSCEGTAQPLDNSMGDSDCLH-
KHANNAASVHRAAESCIKSTV KIAKVTMSVSTDT-
SAEAL.

CB2 sequence (UniProt accession code: P34972):
MEECWVTEIANGSKDGLDSNPMKDYMILSGPQKTAV-
AVLCTLLGLLSAL ENVAVLYLILSSHLRRKPSYLF-
IGSLAGADFLASVVFACSFVNFHVFHGVD SKAVEF-
LLKIGSVTMTFTASVGSLLLTAIDRYLCLRYPPSYKA-
LLTRGRALV TLGIMWVLSALVSYLPLMGWTCCPR-
PCSELFPLIPNDYLLSWLLFIAFLF SGHYTYGHVLW-
KAHQHVASLSGHQDRQVPGMARMRLDVRLAKTL-
GLV LAVLLICWFPVLALMAHSLATTLSDQVKKAF-
AFCSMLCLINSMVNPVIYA LRSGEIRSSAHHCLAH-
WKKCVRGLGSEAKEEAPRSSVTETEADGKITPW PDS-
RDLDLSDC.

Due to lack of experimentally crystallized structure of
the protein of interest, homology modelling provides a
robust path to predict the correct 3D structure of proteins.
Till date, there is no experimental crystal structure avail-
able for the CB receptor. Therefore we developed a homo-
logy model for CB2.

CB1 and CB2 show nearly 44% match in the entire
protein sequence as well as almost 75% in the seven
transmembrane regions. The homology modelling begins
with template identification, alignment and model build-
ing till refinement. Once the 3D model was developed, it
was rigorously validated by studying the various structural
parameters and related structural quality assessment.

We used Prime’' ™ for development of the 3D model
for protein and refinement followed by their validation
using BioLuminate suite®*>’. BLAST homology search
which fetches the regions of local similarity between bio-
logical sequences was used to identify the best homologous

Figure 1.

Chemical structures of small-molecule ligands. (a) AM-
1221, (b) AM-2232, (¢) JIWH-015, (d) UR-144. (e) Induced fit docking
ligand AM-1221 (surface mesh) in the binding pocket of cannabinoid
type-2 (CB2) receptor.
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experimental protein structure from the Protein Data
Bank (PDB) repository’®. BLOSUM62 similarity matrix
was used to calculate the alignment score. A database
protein must have at least 40% sequence identity, high
resolution and the most appropriate cofactors for it to be
considered as a template sequence.

We used the gap-opening penalty cost of 11.0 for the
gap in sequence alignment and a 1.0 penalty score for
each gap extension. BLAST homology search with an in-
clusion threshold of 0.005 was used for maximum of
three iterations. We used the thermo-stabilized human
A2A receptor (PDB code: 2YDO) as a base template for
the active state of CB2 (ref. 39). The crystal structure of
the human CB1 receptor has been recently reported®.
SSPro was used for prediction of secondary structure,
whereas Prime STA GPCR-specific alignment was used
for sequence alignment. We employed knowledge-based
model building method, to construct 10 models in each
run. We also used a VSGB solvation model to refine the
loops with OPLS 2005 force field and their respective
charges. After construction of the main chain atoms, the
next target was to assign their positions accurately. This
is important to identify protein—ligand interactions at the
active sites and the protein—protein interactions at their
contact interfaces. The in-home built 3D model was then
energy-minimized to remove the atomic clashes. The final
refined model was evaluated for checking the angles, chi-
rality, bond lengths, close contacts, etc. using the BioLu-
minate suite. One can develop a successful model based
on correct template selection, the algorithm used and vali-
dation of the model.

Protein preparation

We prepared the protein in the protein preparation wizard
of Schrodinger before kickoff ligand-docking®*'***. In pro-
tein preparation, the structure is typically imported from
PDB and the unwanted water molecules are removed. In
this wizard, the original hydrogen atoms are replaced by
new ones and the bond order is adjusted to rectify the errors
in the proteins. Structures with missing residues near the
active site must be repaired. By adjusting the orientations
and relative state of the interacting groups like ASN,
GLN, TYR, THR, SER and HIS, the hydrogen bonding
network was corrected. Finally, the protein structure was
refined by restrained energy minimization employing
OPLS 2005 force field. Figure 1 e shows the structure of
CB2 receptor with ligand AM-1221 after docking. The
crystal structure of CB1 (PDB accession code: 5XRS)
was used as the template for modelling studies®.

Ligand preparation

Appropriate preparation of ligand structures is necessary
for modelling/docking task. This can be achieved using
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the LigPrep module of Schrodinger to prepare the 3D
ligands®. Maestro 2D sketcher was used to prepare the
initial ligand structures and further converted into 3D
structures to produce corresponding low-energy 3D out-
put. We did not perform any pre-docking filtering and
included all the structures. We prepared ligands with the
OPLS 2005 force field and charges, and only conserved
those ligands which had low-energy conformers.

Induced fit docking

The receptors are not rigid in nature, whereas the standard
virtual docking studies assume them to be rigid. To over-
come this problem, we employed the induced fit docking
method using the induced fit docking (IFD) protocol of
Schrodinger for ligand docking to predict their binding
mode and impact on structural changes of the receptor**.
We prepared a docking receptor grid using cavities
THR97, PHE100, TRP179, THR183, and MET263 for the
CBI receptor and PHE87, THR116, PHE117, ILE198 and
TRP258 for the CB2 receptor®. Constrained minimiza-
tion of the receptors was done with a root mean square
deviation (RMSD) cut-off of 0.18 A using a softened poten-
tial glide docking for each ligand. A maximum of 20 poses
for each ligand was retained which needed to satisfy the
criteria of Coulomb-vdW score below 100 and H-bond
score less than 0.05. To get the best protein/ligand flexible
binding domain, the Prime Molecular Dynamics module
was used for those amino residues which fell within 5 A
of each pose. Glide redocking of each set of the protein/
ligand complex was performed using GlideSP (ref. 47),
with the best 20 poses within 30 kcal/mol.

Molecular dynamics simulations

The final coordinates of the best-docked ligands into CB1
and CB2 receptors were selected and used in the input file
for molecular dynamics simulation employing DESMOND
software and using OPLS2005 force field**”'. We used
the system-builder module of DESMOND to set-up the
system and immersed the complex into the POPC mem-
brane with neutralizing counter ions with per-equilibrated
TIP3P water bath at 303 K, such that the prepared system
was surrounded by a periodic box of water and extended
approximately 10 A in each direction. The RESPA inte-
grator algorithm was employed in the numerical integration
with a bonded time step of 2 ps (ref. 52). The Nose—Hoover
chain thermostat method was used to control the thermo-
stat with a relaxation time step of 1.0 ps (ref. 53). The
Barostat method proposed by Martyna et al.>* was em-
ployed with a relaxation time step of 2.0 ps, with isotropic
molecule-based scaling to maintain constant pressure dur-
ing simulation. For Lennard—Jones interactions, a cut-off
of 9.0 A was applied for the short-range Coulombic inte-
ractions and smooth particle mesh Ewald method was
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Table 1. Details of protein family and globally conserved residue for the cannabinoid type-2 (CB2) receptor
Query  Template PDB ID % Identity % Similarity ~ Family E-value
CB2 2YDO 26 46 7TM 1-7 Transmembrane receptor (rhodopsin family) 1.2e-44

Figure 2.
inside the binding pocket of the CB2 receptor. The 7 interaction between the ligand and residues
of the CB2 receptor is shown in dashed line.

used with tolerance of le-09 for long-range forces. The
generated system was then energy-minimized for 5000
iterations. After minimization of the structure, the system
underwent six relaxation steps before the molecular dyna-
mics production step. After initial equilibration, the
100 ns production trajectories were generated using NPT
ensemble for various structural and dynamical analyses.
RMSD, root mean square fluctuation (RMSF) and other
structural features were computed using the in-built simu-
lation interaction method of DESMOND.

Results and discussion

Homology modelling is a unique and transparent way to
generate 3D models of proteins having significant impor-
tance in science/nature because of the large ratio between
the number of known protein sequences and the number
of solved proteins structure™. In this study, we developed
ten 3D models of CB2 receptor and conserved the best
residue for docking and simulations. It is recommended
to check the structural closeness in the protein family and
general behaviour in their structural and biological prop-
erties. Table 1 provides details of the protein family and
the globally conserved residue. By defining the protein
family and globally conserved residue, one gets the pre-
cise idea about the experimental 3D feature of the protein
of interest. We used the template with the highest match-
ing sequence identity with our target sequence. The IFD
module of Schrodinger was used for docking of the ligands
in CB receptors. We chose this module over other dock-
ing modules because in IFD, ligands induce conforma-
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3D structure of the ligands: (a) AM-1221, (b) AM-2232, (¢) JWHO15 and (d) UR-144

tional changes in the active site of proteins upon binding.
Standard docking modules such as SP and XP assumes
that receptors are rigid in nature but this is not the case as
receptors/proteins show flexible behaviour in their shapes
and binding modes while interacting with the ligands.

Docking results

Figure 2 shows the docking results for all the four ligands
into the CB2 receptor. In this figure the docking/binding
sites are zoomed in order to explore the type the interac-
tion that the ligands make with the surrounding residues
of CB2. IFD of ligand AM-1221 into CB1 and CB2 recep-
tors show a docking score of —13.48 and —12.729 k cal/
mol respectively. For CB1 (Figure 3 a), residue THR201
shows direct side-chain hydrogen bonding with the ligand
inside the binding pocket and makes it stable (Figure 3 a).
The residues VAL291, PHE278, ILE290, TRP279, LEU360,
LEU359, MET363, ILE362, PHE379, PHE177, CYS382,
CYS386, LEU387, VAL 96 and PHE174 show hydro-
phobic interaction with the AM-1221 ligand inside the
pocket, within the 4 A cut-off. The residues THR197,
SER199, SER 383 and SER390 also show polar inter-
action with the ligand. The pi—cation interaction is also found
between the ligand and residues PHE200 and PHE170.
For IFD of ligand AM-1221 in the CB2 receptor, the
residue VAL113 shows direct hydrogen bonding with the
ligand, which makes it stable in the binding pocket. Other
residues like PHE 197 and PHE 87 show 7 interaction
and 7= stacking respectively. The ligand experiences
hydrophobic interactions with nearby residue such as
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Ligand interaction diagram of (@) AM-1221, (b) AM-2232, (¢) JWH-015 and (d) UR-144

with cannabinoid type-1 (CB1) receptor. The hydrophobic interaction within the 4 A region of the ligand
with the residues is shown, whereas the 77 interaction is shown by solid line.

ALAS83, PHE117, PRO178, TYR190, LEU191, TRP194
and ILE198 within the 4 A cut-off (Figure 4 ). Residue
ASP189 shows positive charged interaction towards the
ligand. The ligand shows polar interaction with THR114,
THR116, ASN188, SER193 and SER285 within the same
range of cut-off. Figures 3 and 4 are ligand interaction
diagrams describing the various interactions.

We performed a similar docking protocol for the AM-
2232 ligand in the CB1 and CB2 receptors. The docking
score was found to be —12.38 and —11.048 k cal/mol re-
spectively. The residue TRP279 makes direct hydrogen
bonding with the ligand inside the binding pocket with
the oxygen atom. The residues PHE278, ILE290, VAL204,
VAL291, TRP356, LEU360, LEU359, CYS386, PHE200,
PHE170, PHE174, LEU387 and VALI171 show hydro-
phobic interaction with the ligand within the 4 A cut-off
(Figure 3b). Residues SER383, ASN389, THR201,
THR197, THR130 and SER390 influence polar interaction
with the ligand. Residue PHE177 shows 77 stacking
with the ligand inside the binding pocket of the CB1 re-
ceptor.

This ligand also shows a stronger affinity towards the
CB2 receptor, and its binding energy with the CB2 recep-
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tor is comparable with the CB1 receptor. In Figure 4 b,
residue TRP258 shows direct hydrogen bonding with the
terminal nitrogen atom of the ligand and PHE117 shows
77 stacking with the two nearby rings of the ligand with
equal strength. In the binding capsule, the ligand is well
trapped with the residues PHE87, VALI121, PRO178,
TYR190, TRP194, ILE198, LEU262 and MET265 with
hydrophobic interaction within the 4 A region. Some polar
residues like THR114, THR116, THR118, ASNI88,
SER165 and SER286 help stabilize the ligand in the
pocket. The ligand is approached by the negatively
charged moiety ASP189. The literature and experimental
results also confirm the same behaviour of the ligand
with the receptor’®’.

Another agonist subtype-selective CB ligand of interest
is JWH-015. Like the other two ligands, this also helps
stabilize the binding pocket of the CB2 receptor. The
docking score of this ligand in the CB1 and CB2 receptor
pockets is —11.86 and —10.745 k cal/mol respectively. For
the CB1-JWH-015 system, the docked ligand shows direct
hydrogen bonding interaction with residue TRP279 of the
receptor (Figure 3c¢). Whereas residues like ILE290,
PHE278, LEU287, VAL291, MET363, TRP356, LEU359,
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Ligand interaction diagram of (a) AM-1221, (b) AM-2232, (¢) JWH-015 and (d) UR-144

with CB2 receptor. The hydrophobic interaction within the 4 A region of the ligand with the residues are
shown, whereas the 7 interaction is shown by solid line.

CYS386, PHE174, PHE177, LEU387, VAL196 and
LEU193 show hydrophobic interaction with the docked
ligand. Few residues such as SER390, THR197, THR201
and SER383 show polar interaction with the ligand. Resi-
due PHE170 shows 77 stacking with the docked ligand.
Figure 4 ¢ reveals that the CB2 protein does not show
any direct hydrogen bonding feature with the polar groups
of ligands, but shows 77 stacking with residues PHE117
and TRP258. The residues PHE87, VAL113, ILE110,
MET265, VLA121 and TYR190 show hydrophobic inter-
action with JWH-015 ligand inside the binding pocket.
Residue ASP189 shows negatively charged interaction
towards the ligand. This ligand is also stabilized by the
polar group present in the binding pocket of residues like
as SER193, THR118, THR114, ASN188, SER285 within
the cut-off range of 4 A. This ligand binds to the CB2 re-
ceptor roughly 30 times more strongly when compared
with the CB1 receptor (ref. 58). The synthetic drug we
docked in the CB receptors was UR-114. This ligand also
shows interactive behaviour and is stabilized when perfectly
docked in the binding pocket of the CB1 and CB2 recep-
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tors. The docking score was —10.63 and —9.384 k cal/mol
respectively for CB1 and CB2 receptor. This reduction in
the docking score compared to the earlier three ligands is
due to the structure of the drug as it contains a substituted
cyclopropane ring. In CB1, this ligand shows direct hy-
drogen-bond interaction with the side chain of the TRP279
residue of the receptor (Figure 3d). The ligand expe-
riences hydrophobic interactions with residues PHE278,
ILE290, LEU286, PHE200, PHE174, PHE177, CYS386,
VALI196, ALA162 and VAL291. There is also a charged
interaction between the ligand and residue ASP163. The
77z stacking is shown by residue PHE170 with the docked
ligand. Residues THR197, THR201, SER199 and SER383
show polar interaction with the docked ligand. They show
higher affinity towards CB2, but roughly 85 times weaker
affinity towards receptor’’.

Figure 4 d reveals that UR-144 shows only 77 inter-
action with the nearby residues like PHES7 and TRP 258.
There is a signature of hydrophobic interaction with the
surrounding residues like ILE 110, PRO, 178, PHES&7,
ALAS88, PHE117, VAL113 and VALS6. This ligand also
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shows polar interaction with residues THR114, THR116,
SER285 and ASN188 within the range of 4 A. Negatively
and positively charged residues like ASP189 and LYS109
also play key role in stabilizing this ligand into the bind-
ing pocket of the CB2 receptor.

Table 2 shows the docking results and glide e-model.
To strengthen our results from IFD, we also performed
molecular dynamics simulation using DESMOND’.

Simulation results

We performed molecular dynamics simulations using
DESMOND module of Schrodinger, which initiates with
the best-docked ligand into the protein. The stability of
the docked ligand inside the protein has been verified by
the simulation. We computed the protein-ligand RMSD
to measure the average fluctuation in the selection of
atoms for a frame with respect to the first frame (refer-
ence frame).
RMSD can be formulated for frame x as follows

N
RMSD, = \/%Z(n(rx )= (5 ter))’ (1)
i=1

where N is the number of chosen atoms, #.s corresponds
to the reference time and is generally set to O for the first
frame and 7; is the position of the selected atoms belong-
ing to frame x recorded at time ¢.. To calculate RMSD,
this procedure was repeated for every frame along the
simulation trajectory.

Figure 5 shows the protein—ligand RMSD for all the
four ligands with both the CB1 and CB2 receptors. Walking
along the x-axis gives us an indication about the stability
of the ligand with respect to the protein in its binding
pocket. The figure shows that the ligand which binds to
the protein first aligns along the protein backbone and
remains there for rest of the time. Here we present results
based on 100 ns simulation trajectory. This simulation
length is good enough to explain the stability of the ligand
inside the binding pocket of the protein. We can conclude
from Figure 5 that the observed values for the ligands are
lower than those of the protein that makes the ligand sta-
ble inside the pocket; otherwise larger RMSD values for

Table 2. Induced fit docking (IFD) results (k cal/mol) and glide-
emodel of the four ligands with cannabinoid type-1 (CB1) and CB2
receptors

Docking score (kcal/mol) Glide e-model

Ligands CB1 CB2 CBl1 CB2
AM-1221 —13.48 -12.73 -112.02 -102.36
AM-2232 -12.38 —-11.05 -101.22 -91.37
JWH-015 —-11.86 -10.75 -89.35 -80.61
UR-144 -10.63 —09.38 -77.21 —66.10
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ligand will allow it to diffuse from its initial binding site.
For AM-1221 with CB1 and CB2 receptors (Figure 5a
and D), the average fluctuation in RMSD of protein and
ligand averaged between 4.0-5.0 A and 2.6-3.6 A (Figure
5a and b respectively). Fluctuations within the range 1—
3 A are acceptable for a considerable number of small
and globular proteins.

The above results show that the simulation is well-con-
verged and fluctuating along the average value for both
protein and ligands. The results of protein—ligand RMSD
for ligand AM-2232 with CB1 and CB2 receptors demon-
strate the well-converged structure of the ligand inside
the binding pocket of protein docked initially along the
100 ns simulation trajectory (Figure 5 ¢ and d respectively).
The average fluctuation of protein and ligand is 4.25-
4.75 A and 1.0-2.0 A respectively. The overall simula-
tion results show that the ligand is stable at the same
place where it was initially docked at the beginning of the
simulation. We also examined the protein—ligand RMSD
data for ligands JWH-015 and UR-144. Figure 5e—h
represents the ligand—protein RMSD plot of JWH-015
and UR-144 into CB1 and CB2. Here too we observed sim-
ilar trend in the behaviour of deviation as for the other
two cases. The average fluctuation of protein and ligand
was 4.0-5.0 A and 4.6-5.6 A respectively for UR-144.
The average fluctuation of protein and ligand was 4.0—
5.0 A and 2.7-4.2 A respectively for IWHO1S5.

Another important property that deals with the struc-
tural stability of the protein is RMSF. This is useful in
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Figure 5. Protein-ligand root mean square deviation (RMSD) for
ligands (a) AM-1221, (¢) AM-2232, (e) JWH-015 and (g) UR-144 with
CBl, and ligands (b) AM-1221, (d) AM-2232, (f) JWH-015 and (h)
UR-144 with CB2. The protein curve is marked as P, and ligand curve is
marked with L.
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characterizing the local structural changes that occur in
the protein during simulation. It is formulated as

T
RMSF, = \/%Z«n ()= (3t ) ©)
t=1

where ¢ is the trajectory time over which RMSF is calcula-
ted, t.r the time, r; the position of residue i and the angu-
lar bracket denotes the average over the selection of
atoms in the residue.

In the RMSF plot, the peak indicates those proteins
that fluctuate during the simulations. Lower fluctuation
can be directly correlated with the ligand-binding site
inside the binding pocket. Figure 6 a and b shows that the
tails of the protein fluctuates more than any other part of
the protein (CB1 and CB2 receptors). Usually rigid ele-
ments like alpha helix and beta strands fluctuate less as
they are more structured compared with the loop regions.
The ligand which interacts with the protein makes it stable
and does not allow it to fluctuate much when compared
with the free moiety. We can also explain the fluctuation
in ligand and protein by computing the ligand-RMSF and
protein-RMSF respectively. It is also an important quantity
which gives a clear view of how individual ligand frag-
ments interact with the receptor protein. This fluctuation
shows the entropic role of binding between the ligand and
the receptor. The function comes into play once the protein—
ligand complex is aligned on the protein backbone and
then the ligand RMSF is measured on the ligand heavy
atoms (figure not shown). We found that ligands AM-
1221 and AM-2232 are more flexible when compared to
UR-144 and JWH-015. It explains how the ligand interacts
inside the binding pocket of receptor. AM-1221 interacts
with more strength with the CB2 receptor and shows greater
stability over the other ligands. This can also be explained
based on their CB2 activity and corresponding docking
scores.

Furthermore, the contacts between ligand and protein
can be more specifically explored on the basis of their
interactions or contacts as these interactions fluctuate
during the course of simulations. The interactions are
subdivided into four categories, namely hydrogen bond,
hydrophobic, ionic and water bridge. Hydrogen bonding
plays a significant role in drug design as it has a strong
impact on drug specificity, metabolization and adsorp-
tion. The geometric criteria for protein—ligand hydrogen
bonds are a distance of 2.5 A between donor and acceptor
atoms (D-H-A), a donor angle of > 120° between the
donor hydrogen—acceptor atoms (D—H---A), and an acceptor
angle of >90° between the acceptor hydrogen-bonded
donor atoms (H---A—X). Hydrogen bonding is further sub-
categorized into backbone acceptor; backbone donor,
side-chain acceptor and side-chain donor. The ligand
experiences hydrophobic interactions with nearby protein
residues, mainly by z-cation, 777 stacking or other inte-
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ractions. The geometric criterion for hydrophobic inter-
actions for sz-cation—aromatic and charged groups falls
within 4.5 A; for 77 interaction, two aromatic groups
must be stacked face-to-face or face-to-edge. Other inter-
actions between ligands aromatic/aliphatic carbons with
nearby residues are primarily due to hydrophobic side
chain interaction within 3.6 A. Figure 7 shows the inte-
raction diagram of the ligands with CB2 along the simu-
lation trajectory. For ligand AM-1221 in CB2, ASN188
makes a H-bond through the side chain with 7.0% proba-
bility. Residues ALAS83, PHE87, PHE94, VALI113,
PHE117, PRO178, TRP258, VAL261, MET265, PHE281,
CYS288 and LEU289 show hydrophobic interaction with
strength ranging from 5% to 75%. Residues (% strength)
PHE281 (32%), TRP258 (4%), PHE97 (7%), PHE%4 (7%)
and PHE91 (12%) show profound 77 stacking. LYC103
(4%) and PHE117 (2%) show some signature of 7-cation
interaction. LYC103 is also involved in the ionic inter-
action with the ligand. Water molecules present in the sys-
tem make ‘bridge’ between the ligand and amino acids,
either through donor or acceptor mechanism. THR114,
VAL164 and SER193 act as hydrogen-bond acceptors
while LYS103 acts as a hydrogen-bond donor. Amino acids
ASN188 and ASP189 are categorized as both acceptor
and donor moieties. For the AM-2232 ligand, ASN188
forms a H-bond through the side chain with 9.0% prob-
ability. Amino acids PHE87, ILE110, VAL113, PHE117,
TYR190, TRP 194, ILE198, VAL261, MET265 and
CYS288 show hydrophobic interaction and amino acids
(% strength) PHE87 (44%), PHE117(37%) and TYR190
(6%) are involved in 77— stacking with the ligand.

No ionic interaction was detected throughout the simu-
lation. The only interaction present is the acceptor type
water bridge among amino acids ASN188, SER193 and
SER285 with ligand. Only residue ASN188 showed donor
behaviour. For ligand JWH-015, amino acids THR114,
TRP194 and CYS284 formed weak side chain hydrogen

10 o s B

@  CBI

- AM-2232

RMSF (A)

RMSF (A)

‘.."-'l.‘
LY AM-1221

0 50 100 150 200 250 300 350
Residue index

Figure 6. Protein—ligand root mean square fluctuation (RMSF) of
AM-1221, AM-2232, JWH-015, and UR-144 with («) CB1 and (b) CB2
receptors respectively.

CURRENT SCIENCE, VOL. 122, NO. 2, 25 JANUARY 2022



RESEARCH ARTICLES

Water bridges

-
(2}

Hydrophobic

il

Interactions fraction

Figure 7.

bonds of strength less than 2%. The amino acid residues
PHES7, ILE110, VAL113, PHE117, TRP194, ILE198,
TRP258, VAL261, PHE281 and CYS284 show only hydro-
phobic interactions with the ligand present inside the
binding pocket of the protein. Residues PHE87, PHE117,
TRP194, TRP258 and PHE281 showed 77 stacking with
strength 2—37%. There was no ionic or water-bridge con-
tact between the ligand and amino acid residues. Amino
acid THR114 formed side-chain hydrogen bond with ligand
UR-144, with 21% in strength. The interaction types and
fractions are shown for the interacting amino acids
throughout the course of the molecular dynamics simula-
tions. Residues ALA83 PHE87, VAL113, PHE117, TRP194,
ILE198 and TRP258 showed hydrophobic contact, whereas
residues PHE117 and TRP258 showed 77 stacking with
percentage strength of 18% and 54% respectively. No ionic
interaction was reported in this case. Residues ASN188,
ASP189 and LEU254 showed acceptor behaviour in the
water bridge whereas THR114 and TRP194 showed donor
behaviour. In the present study, we restrict our explanation
only to CB2, although Figure 8 shows the protein—ligand
RMSD for all the four ligands with the CB1 receptor.

The stability of the ligands inside the protein binding
pocket can also be explained based on the interaction
energy between the ligands and the protein. The potential
energy of the system (protein + ligand + water) is given by

Etotal = ECol +EvdW +Ebond +E,

angle + Et

3)

orsion *

Electrostatic interactions are mainly classified into
charge—charge, charge—dipole and dipole—dipole inter-
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Interaction diagram of CB2 with (a) AM-1221, (b) AM-2232, (¢) JWH-015 and (d) UR-144.

actions between the ligand and protein binding site. The
charge—charge interactions arise between oppositely posi-
tively or negatively charged atoms, ligand functional
groups or protein side chains. The interactions between
ionized amino acid side chains and the dipole of the ligand
moiety also contribute towards the enthalpy change asso-
ciated with binding due to charge—dipole interaction.
Dipole moment from the polar side chain of amino acids
influences the ligand—protein interaction. Binding is also
influenced by the van der Waals interaction and is impor-
tant to elucidate the structure and interaction of biological
species. We used the simulation event analysis tool from
DESMOND to estimate the binding energy due to non-
bonded interaction between a ligand and binding site of
the protein. Based on the calculated binding energy, ligand
AM-1221 shows total interaction energy of —58.64 kcal/
mol, which makes it quite stable in the pocket. Ligands
AM-2232, UR-144 and JWH-015 show binding energy of
—55.77,-48.53 and —48.25 k cal/mol respectively.

Conclusion

We used multiple template comparative homology model-
ling algorithm to construct a 3D model for the CB2 recep-
tor. We performed docking and molecular dynamics
simulation study of four synthetic drugs in both the CB1
and CB2 receptors. Our docking and simulation results
show better affinity of the ligands towards CB receptors,
and they are reasonably stable inside the binding pocket.
Ligand AM-1221 shows the highest binding affinity
(-12.73 k cal/mol), whereas UR-144 shows the lowest
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Figure 8.

(-9.83 k cal/mol) towards the CB2 receptor. Molecular
properties of the ligands, including molecular, polar and
solvent accessible surface areas and intramolecular hydro-
gen bonds were evaluated throughout the course of mole-
cular dynamics simulations, which also support the agonist
activity of the ligands towards the CB2 receptor. The
computed results should be helpful to design the ligands
with distinct pharmacological properties associated with
the CB2 receptor.
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