10

11

12

13

14

15

16

17

18

19

20

21

22

23

In Silico ADME, binding affinities, and properties of synthetic and natural cannabinoid

analogs

Maite L. Docampo-Palacios*”, Giovanni A. Ramirez’, Tesfay T. Tesfatsion, Monica K. Pittiglio,
Kyle P. Ray, Westley Cruces*

" Both authors contributed equally. *Corresponding author

Colorado Chromatography Labs, 10505 S. Progress Way Unit 105, Parker CO 80134

Email: wes@coloradochromatography.com, Maite@coloradochromatography.com

Abstract

In recent years, a new set of compounds identified as semi-synthetic cannabinoids have arisen in
the market as an alternative to prohibited marijuana or its major natural cannabinoids. These
compounds, which are active on the same G protein-coupled receptors (GPCRs) as cannabinoids
persist to gain acceptance due to the same cannabinoid-like effects they generate. A dataset of 44
semi-synthetic and natural cannabinoids and their diastereomers were docked using Schrodinger
computational software, demonstrating their binding interactions within known binding pockets
and domains, predicting their ADME characteristics, p450 estimated sites of metabolism, and

hypothesized metabolites.

Keywords: /n silico, Computational Chemistry, GPCR, Cannabinoids, ADME

1. Introduction
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Cannabidiol (CBD) and tetrahydrocannabinol (THC) are the major cannabinoids biosynthesized
by Cannabis sativa, yet there are cannabinoids to be elucidated within the hundreds of
compounds that are naturally biosynthesized. The elucidation of these cannabinoid compounds
also promotes the creation of semi- to fully synthetic cannabinoids, to mimic the natural
scaffolds and their effects. Recently, a wave of semi-synthetic cannabinoids are beginning to
appear in smoke shops and dispensaries both nationally and internationally [1-3]. A growing
trend of unqualified personnel performing synthetic chemistry is of concern due to the potential
for hazardous byproducts that might remain despite purification [4]. Since their identification in
the 1940s [5,6] (Figure 1 and 2), hydrogenated cannabinoids have reappeared within consumer
and retail markets as alternative solutions to overtightening regulations and bills in place to limit
and restrict cannabinoids derived from hemp or marijuana. Cannabigerol (CBG) and
Cannabichromene (CBC), are considered minor constituents within the cannabinoid biome
produced by C. sativa. CBG is also considered an important precursor to the transformation to
CBC, the formation of CBD and THC, through a known biosynthetic pathway (Scheme 1).
Harvey et al reported metabolites of tetrahydrocannabigerol (THCBG) and
tetrahydrocannabichromene (THCBC) using TMSCI derivatization and GC-MS [14,15]. ElSohly
et al tested the saturated cannabinoids identifying antimicrobial and antifungal properties [16]
which demonstrate that the saturation of CBG and CBC olefins led to an increase in the anti-

microbial and anti-fungal characteristics.
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44 Figure 1: CBD, THC, and their hydrogenated counterparts.
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47 Figure 2: CBG, CBC, and their hydrogenated counterparts.
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Scheme 1: Biosynthesis of Cannabinoids [17]

Tesfatsion ef al. demonstrated that saturation of tetrahydrocannabivarin (THCV) to yield
hexahydrocannabivarin (HHCV), as shown in Scheme 2, improved ICso values in PANC-1 MTT

assays [18].

CBDV D9 THCV HHCV (racemate)

Scheme 2: Synthetic pathway to accomplish HHCV via hydrogenation protocol. Reagents and conditions: (a) DCM, Argon purge

0°C, TIBAL, 0°C-rt, 20 hr.; (1b) EtOH, argon purge, lhr, rt., Pd/C, 1-5 bar, H2, 50°C, 24 hr.
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Novel Hexahydrocannabinol (HHC) analogs have also shown promise as anticancer agents from
cell studies to xenograft models [8, 19-23]. Saturated cannabinoids in the literature have shown
promise with medicinal properties [6] compared to their unsaturated counterparts. Lovering ef al.
discussed an increase in saturation or fraction sp>, and the presence of chiral centers within
molecules leads to an increase in the ability for discovery drugs to reach commercialization [24].
The question of where these hydrogenated compounds bind, how they are metabolized, and the
nature of their toxicity profiles remains unreported. Using Schrodinger, our group has performed
in-silico experiments using QikProp, LigPrep, Jaguar, ADMET, Glide, Epik, Desmond, Phase,
Protein Preparation Wizard, and sitemap to identify binding interactions and predicted binding
scores, predicted ADME, predicted p450 metabolism and metabolites for a series of saturated
and non-saturated cannabinoids to compare the difference among these two groups of
cannabinoids.
In literature, cannabinoid receptor 1 (CB1) and cannabinoid receptor 2 (CB2) belong within the
family of GPCRs [25] and are known to bind with cannabinoids enacting physiological and
psychological effects [26]. The use of these receptors focuses on treating diseases, using
cannabinoids and similar cannabimimetic compounds, enact agonistic or antagonistic effects,
such as anticancer or anti-inflammatory responses when the bound receptors are activated or
deactivated [26]. Other receptors were selected due to the similarity of the GPCR family or in
relation to the diseases the receptors are implicated in to determine the effects of whether
classical cannabinoids or hydrogenated analogs bind within their domains.

Shown below in Figure 3, the protein on the left is Peroxisome proliferator-activated

receptor gamma (PPAR-y) complexed with an indole-based modulator (CID: 11757843). PPAR-y
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is a type Il nuclear receptor that functions as a transcription factor [27]. Many agents directly
bind and activate PPAR-y, some include fatty acids and cannabinoids. Activation of PPAR-y
might be responsible in the inhibition of breast, gastric, lung, and prostate cancer cell lines
[27,28].

The protein on the right as shown in Figure 3 below is Serine/Threonine-protein kinase
(PAK1), a group 1 kinase. PAK1 regulates cytoskeleton remodeling, phenotypic signaling,
andgene expression. PAK1 is associated with a wide variety of cellular processes such as,
directional motility, invasion, metastasis, growth, cell cycle progression, and angiogenesis [29].
PAK1-signaling-dependent cellular functions regulate both physiologic and disease processes,
including cancer, due to overexpression in human cancer [29]. Nikfarjam et.al. demonstrated
CBD and THC practice their inhibitory effects on pancreatic cancer via a PAK1-dependent

pathway, indicating that CBD and THC cancel the Kras protein-activated pathway by affecting

PAK1 [30].

Figure 3: The left protein is the 2P4Y (PPAR-y complexed with an indole-based modulator). The protein on the right is the SDFP

(PAK1 complexed with inhibitor FRAX1036). Structures were generated from PDB database within Schrodinger maestro.

https://doi.org/10.26434/chemrxiv-2023-7jxvh ORCID: https://orcid.org/0000-0003-3023-7626 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-7jxvh
https://orcid.org/0000-0003-3023-7626
https://creativecommons.org/licenses/by-nc-nd/4.0/

96 Several CB1 receptors were chosen as our in-silico targets, include SU09 (Figure 4 left
97  side protein), 6KQI (Figure 5 right side protein), and 7V3Z (Figure 6 right side protein). A
98  protein with no conformational changes was used to dock the ligands compared to a protein with
99  a Negative allosteric modulator (NAM) bound to it enacting conformational change. Bound
100  ligands to a conformational changed protein may enact different effects [31].
101  CB2 receptors 5ZTY (Figure 4 the right-side), 6PTO (Figure 5 left side), and 6KPC (Figure 6 left
102  side) were selected with the similarity of CB2 bound agonists, conformation modulated
103  receptors, and a receptor complex.Figure 7 left side displays the GPR119 complex in the GPCR
104  family is thought to be a part of the mechanism in which cannabinoids express their effects.
105  TRPV2 was chosen as a target as well for screening due to the implication in cancer shown in

106  Figure 7 on the right side.

107
108 Figure 4: The protein on the left is SU09 (crystal structure of CB1 Receptor bound to antagonist Rimonabant). The protein on the

109 right is 5ZTY (CB2 receptor bound with an antagonist AM10257).
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110

111 Figure 5: The protein on the left is 6KPC (CB1-CB2-Gi complex with CB2 bound agonist E3R). The protein on the right is

112 6KQI (CBI1 receptor with an agonist CP55940).

113

114 Figure 6: The protein on the left is 6PTO (CB2-Gi signaling complex bound with an agonist WIN 55,212-2). The protein on the

115 right is 7V3Z (CBI receptor with a negative allosteric modulator ORG27569 bound).

116

117 Figure 7: The protein on the left is 7WCM (GPR119-Gs complex with small molecule agonist MBX-2982 bound). The protein

118 on the right is 8SLX (Rat TRPV2 channel with agonist CBD bound in nanodiscs).
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The compounds that were bound within the receptors exhibited primarily Cation- n stacking, n-nt
stacking, and H-bonding. The interactions that were seen are highly important biological
connections that strengthen ligand binding energies within the receptors. As displayed below in
Figure 8, the cation- & interaction is shown to increase binding energy by ~2.6 kcal/mol [32], and
n-1 stacking additionally is seen to contribute to ligand stability within the receptor binding
pocket [33]. Some of the n -stacking conformations include sandwich, T-shaped, and parallel
displaced, due to the ligand conformation. H-bonding was also seen, with the solvent effect, and
interaction with various water molecules, amino acid residues, and intercalation of water

molecules to amino acids, the bonding kcal can vary from 1-40 kcal/mol.

DR N
__I_ . N
[} | !
/
| H
! i O/
| |
[}
| / | \
X
</ X \> < >
Cation-Pi Pi-Pi Stacking H-Bonding
~(+2.6 kcal/mol) ~(+2 kcal/mol) ~(+1-40 kcal/mol)

Figure 8: Common interactions found within cannabinoid receptor binding. Values are estimates based off conformation and

amino acid interactions [35].

Cannabinoid agonists that activate the cannabinoid receptors (CBR) initiate pathways that can
lead to inhibition or activation ultimately leading to the blocking of cell cycle, proliferation, cell

death, angiogenesis, metastases, and cellular transition. Derived proteins as mentioned were
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135  pulled from the activated/deactivated pathways which have a correlation to disease genesis or

136  progression (Figure 9). [34,35]
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140 Figure 9: Cannabinoid signaling pathway [34]

141 In some cancer cell lines, CBD acts as a NAM of receptors CB1 and CB2; and not only blocks
142 the cell cycle but also intensifies the ataxia protein and p53 expression levels. In addition, CBD
143 decreases p21, CDK2, and Cyclin E protein levels (Figure 10, [36]). THC has shown to trigger
144  cancer cell death via activation of the CB2 receptor, decrease of Cdc2, and production of ROS
145  synthesis (Figure 10, [36]). The autophagy mechanism is induced by a combination of THC-
146  CBD which activates the LC3-II levels or mediates the activation of TRIB3 or CaCMKKf

147  followed by the inactivation of mMTORC2 or mTORCI respectively (Figure 10, [36]).

https://doi.org/10.26434/chemrxiv-2023-7jxvh ORCID: https://orcid.org/0000-0003-3023-7626 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-7jxvh
https://orcid.org/0000-0003-3023-7626
https://creativecommons.org/licenses/by-nc-nd/4.0/

148

149

150

151

152

153

154

155

156

157

158

159

D
a . cad O g WIN. AEA.& - @
AEA THcO &
vi cs . csz . O @cet or cB2

o 1 i\mﬁi\

ARARARARMARAARARA R EMVMMMM MhHMMMMhMMM fAh
\NUMHWWWWWU NWWJUWU\, HWHUUUWHUWNW byl
/ |

2o

%ﬁ
)

GPR55

AARAARAAR EBBBRNAA A A AN ARAARAA DA
ARELARRER It AAREEER RN

AS

RECEPTOR-INDEPEND!

PATHWAY

ACTIVATION—» % %

AUTOPHAGY .

Figure 10: CBD and THC effects on signaling pathway of cell cycle, apoptosis, and autophagy [34].

INHIBITION _l_

i

2. Methods

2.1 Proteins and Ligands Preparation

All Molecular docking experiments were achieved on CybertronPC CLX 13th Gen Intel(R)
Core(TM) 19-13900KF @ 3.00 GHz comprising 24 computing cores. Schrodinger Release 2023-
3: Glide software was used as the docking program [31]. Crystal structures of CB1, CB>,
GPR119, TRPVI, PAK1, and PPAR-y were retrieved from the RCSB Protein Data Bank. CB;
[(PDB: 7V3Z), (PDB: 5U09), (PDB: 6KQI)]. CB: [(PDB: 5Z2TY), (PDB:6PT0), (PDB: 6KPC)].
GPRI119 [(PDB: 7TWCM)]. TRPV1 [(PDB: 8SLX)]. PAK1 [(PDB: 5DFP)]. PPAR-y [(PDB:

2P4Y)].
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The proteins were prepared using a protein preparation workflow tool on Schrédinger Protein
Preparation Wizard [31]. The external water molecules and ions were removed. Polar Hydrogens
were added. Missing side chains were filled using Epic and PROPKA. Het states were generated
at pH 7.4 (+/- 2.0). Heavy atoms converged to RMSD 0.30A. 3D structures of cannabinoids and
hydrogenated cannabinoids were established in 2D sketcher which was then exported as a SDF
file and imported and prepared using LigPrep, to form 3D conformers, including the various 3D
chiral conformations. All structures underwent geometrical optimization using Release 2023-3:
Jaguar software using density functional theory (DFT) calculation with B3LYP/6-31G as the
basis set for the calculation to afford the minimized energy chemical structures. The structures
were then docked using Release 2023-3: Glide software from Schrodinger.

2.2 In Silico Molecular Docking

The grid parameter was generated covering the CB1 pockets for (PDB:7V3Z) [-42.91, -163.58,
306.7], (PDB:5U09) [126.7,118.85,147.7], (PDB:6KQI) [-25.98, -8.77, 40.11] for x,y,z
coordinates. The ligand diameter midpoint box follows a 10A x 10A x 10A x,y,z dimension. The
grid parameter was generated covering the CB2 pockets for (PDB:5ZTY) [9.09, -0.17, -55.72],
(PDB:6PTO0) [98.38, 109.56, 123.8], (PDB:6KPC) [10.52, 1.26, -45.17] for x,y,z coordinates. The
Ligand diameter midpoint box follows a 10A x 10A x 10A x,y,z dimension. The grid parameter
was generated covering the TRPV1 pocket (PDB:8SLX) [111.36, 131.77, 133.37] for x,y,z
coordinates. The ligand diameter midpoint box follows a 10A x 10A x 10A x,y,z dimension. The
grid parameter was generated covering the GPR119 pocket (PDB:7WCM) [126.7, 118.85,
147.7] for x,y,z coordinates. The ligand diameter midpoint box follows a 10A x 10A x 10A x,y,z
dimension. The grid parameter was generated covering the PAK1 pocket (PDB:5DFP) [13.58,

34.37, -15.61] for x,y,z coordinates. The ligand diameter midpoint box follows a 10A x 10A x
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10A x,y,z dimension. The grid parameter was generated covering the PPAR-y pocket
(PDB:2P4Y) *[35.4, -21.89, 39.56 B] for x,y,z coordinates. The ligand diameter midpoint box
follows a 10A x 10A x 10A x,y,z dimension.

2.3. Molecular Dynamics Simulations

Molecular mechanics with generalized born and surface area solvation (MM-GBSA) using
Release 2023-3: Prime software from Schrédinger. The minimized energy structures were
received using Jaguar software, density functional theory (DFT) calculation with B3LYP/6-31G
as the basis set for the calculation, and prepared proteins using the protein preparation workflow
tool on the Maestro 12.5 interface of Schrodinger Protein Preparation Wizard [31]. Prime MM—
GBSA (MMGBSA dG Bind (NS) and MMGBSA dG Bind) energy was calculated and displayed
in Table 4-SI. MM/GBSA calculations were accomplished to esteem the relative binding energies
of cannabinoids to the receptors. PDB: 8SLX could not undergo minimization and MM-GBSA
due to the tetrameric crystal structure of the protein. Schrodinger has a limit of restable type
residues of 500, with the protein far exceeding the limit.

2.4. Prediction of ADMET Properties

The absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties

of the 44 cannabinoids were performed using QikProp version 4.4 integrated into Maestro (Schro
dinger, LLC, New York, 2015) which predicts the widest variety of pharmaceutically relevant
properties: QPlogS (predicted aqueous solubility), QPlogHERG (Predicted I1Cso value for
blockage of HERG K+ channels), QPPCaco (predicted apparent Caco-2 cell permeability. Caco2
cells are a model for the gut-blood barrier), QPlogBB (predicted brain/blood partition
coefficient), and % Human Oral Absorption (Predicted human oral absorption in gastrointestinal

tract on 0 to 100% scale). The calculated physicochemical descriptors are displayed in Table 4-
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SI. QikProp bases its predictions on the full 3D molecular structure and the global minimum
energy conformer of each compound was used as input for ADMET properties.

2.5. Hypothesized P450 sites of metabolism

Schrodinger P450 site of metabolism software was used to perform calculations. CYP isoform-

(intrinsic reactivity) function was used to determine possible sites of metabolism (SOM).

3. Results and Discussion

3.1. Molecular Docking of Cannabinoids

We used a virtual screen of 44 identified natural and synthetic cannabinoids and their
diastereomers to explore the binding interaction between cannabinoids and PPAR-y (2P4Y),
PAK1 (5DFP), CB1 receptors (5U09, 6KQI, and 7V3Z), CB2 receptors (5ZTY, 6PT0, and
6KPC), GPR119 complex (7TWCM), and TRPV2 (8SLX). We selected the cannabinoids to be
docked considering three main structural components: the aliphatic side chain (C1-C7 and
adamantyl) at the meta-position of the phenol in the aromatic ring, saturated or not saturated ring
of the terpene moiety, and monocyclic, bicyclic, or tricyclic cannabinoids. The compounds that
were screened included CBD, THC, CBC, CBG, and CBN with different substituents in the side
chain and their hydrogenated analogs: H«CBD, HHC, THCBC, and THCBG (Figure 11-14).
Using Jaguar to perform minimizations and calculate DFT for given scaffolds, the then
minimized scaffolds were docked within the various proteins that were prepared using the
Schrédinger protein preparation workflow. The relative binding energy of all docked

cannabinoids was calculated to classify the intensity of protein-ligand interactions (Table 4-SI).
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235 Figure 13: HHC, D°THC, and D3THC derivatives comprising their diastereomers that were screened.
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atives that were screened.

The docking results showed that compounds 3, 9, 12, 29, 32, 34, 35, 38, 40-43 were not

successfully docked into the CB1, CB2, GPR119, TRPV1, PAK1, and PPAR-y models. The

most favorable pose for each cannabinoid was chosen and analyzed. The docking scores ranged

from -3.031 to -10.949. The docking scores of the cannabinoids are recorded in Table 3-SI.

Compound 17_1 presented the most promising docking score of -10.949 with 6KPC protein

(CB2 receptor), and compound 8 showed the least promising docking score of -3.031 with SDFP

(PAKI1 receptor). The relative binding energies were determined by the Prime MM-GBSA

module and extended from -86.054 kcal/mol (16:7V3Z complex) to -7.915 kcal/mol (15_1:5U009

complex) for cannabinoids (Table 4-SI).

Next, Table 1 shows the cannabinoids that were coupled, which are colored with the type of

interaction associated with the corresponding color. The common motifs of the docked

cannabinoids were n-Cation, H-bonding, and n-r stacking. All the residues were within 4A of the

interacting moiety.

Protein interaction characteristics:
2P4Y, SDFP, 5U09, 57TY, , 6KQI, 6PTO0, 7V3Z, TWCM, 8SL.X

Cannabinoid | Protein (PDB) Interaction Type

la 5DFP, 5U09, 572TY, , | m-Cation, , -1 stacking, H-bonding
6KQI, 8SLX

1b 5DFP, 5U09, 572TY, 6KQI | n-Cation, H-bonding, n-7 stacking, n-m stacking

1d 6PTO, 7V3Z H-bonding, n-n stacking

2a 6PTO H-bonding, n-x stacking, n-n stacking
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2b 2P4Y, 57TY, , 6KQI | 7-7 stacking, ,

2¢ , 6PTO , H-bonding

2d 2P4Y, n-Cation, ,

3 No Docking affinity No interaction Type

4a 2P4Y, 57TY, 6KQI, 6PTO | H-bonding, H-bonding

4b 5009, 6KQI, 6PTO, n-n stacking, H-bonding
TWCM

4c SDFP, 7V3Z n-Cation, -r stacking, H-bonding

4d 5SDFP, n-Cation, H-bonding,

5b SDFP, 5U09 n-Cation

5c SZTY, , 8SLX n-m stacking, , H-bonding

6 57TY, 7V3Z, 8SLX n-1 stacking,H-bonding,n-n stacking,H-bonding

6b 5ZTY, 7V3Z, 8SLX n-n stacking, -7 stacking, H-bonding, H-

bonding

7a 2P4Y, 5U09, 57TY, , | m-Cation, m-7 stacking, R R
6PTO0, 8SLX H-bonding, n-7 stacking

7b 5DFP, 5U09, , 6KQI, | m-7 stacking, , H-bonding, n-7t
6PTO, 7V3Z, TWCM stacking, m-m stacking, H-bonding

Tc 2P4Y, SDFP H-bonding, H-bonding

8¢ SDFP, 7V3Z n-1 stacking, H-bonding

8d , 6PTO , , T-1 stacking

9 No Docking affinity No interaction Type

10a 2P4Y, SDFP, 5U09, 5ZTY, | n-Cation, n-Cation, n-n stacking, H-bonding, n-n
6KQI, 6PTO stacking

10b 5009, 57TY, , 6KQI, , , -1 stacking, m-n
6PTO stacking

10c 2P4Y, SDFP, 7V3Z n-Cation, H-bonding, n-n stacking, H-bonding

10d 6PTO H-bonding

10e 2P4Y, 5U09, 6PTO0, 7V3Z | n-n stacking, H-bonding, n-n stacking, H-

bonding

10f , 6KQI , -7 stacking

11a 2P4Y, SDFP, 5U09, , | m-Cation, m-Cation,
6K QI

11b 2P4Y, 5009, 57TY, , | m-m stacking, , m-1 stacking
6KQI

llc 6PTO, 7V3Z n-n stacking, H-bonding

11d 6PTO

lle 6KQI

11f 2P4Y, 5U09, n-Cation, H-bonding, ,

12 No Docking affinity No interaction Type

13a 5DFP, 5U09, 57TY, 6KQI, | n-Cation, n-7 stacking, n-n stacking, H-bonding,
6PTO, 7V3Z n-n stacking, H-bonding

13b , 8SLX , , -1 stacking
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14a 6KQI, 6PT0, 7V3Z, n-1 stacking
TWCM
14b 57TY, ,
15a 2P4Y, 5DFP, 5U09, 5ZTY, | H-bonding, n-n stacking, n-rt stacking, H-
, 6PTO, 7V3Z, bonding, n-w stacking
TWCM
15 la 5DFP, 5U09, 5ZTY, , | H-bonding, n-7 stacking, , T-TC
6KQI, 6PT0, 7V3Z, stacking, n-m stacking, H-bonding, n-7 stacking,
TWCM H-bonding
16a 2P4Y, SDFP, , 6KQI, , T-7 stacking, m-n stacking, H-
6PTO, 7V3Z bonding
17 2P4Y, 5SDFP, 5U09, 5ZTY, | H-bonding, H-bonding, ,
, 6KQI, 6PTO0, 7V3Z, | n-n stacking, H-bonding, -1t stacklng, -7
TWCM stacking, H-bonding
17 1 2P4Y, SDFP, 5U09, 5ZTY, | H-bonding, H-bonding, H-bonding, n-r stacking,
, 6KQI, 6PTO0, 7V3Z, | H-bonding, , , T-TC
TWCM, 8SLX stacking, H-bonding, n-n stacking, H-bonding,
n-1 stacking, H-bonding, n-x stacking, H-
bonding, H-bonding
18 5ZTY, , 6KQI, 6PTO | n-7 stacking, , H-bonding, nt-n
stacking, m-m stacking
19a 2P4Y, 5SDFP, 5U09, 5ZTY, | n-Cation, H-bonding, n-7 stacking, ,
, 6KQI, 7V3Z, n-n stacking, H-bonding, n-7 stacking, H-
TWCM, 8SLX bonding
20a SDFP, 57TY, 6KQI, 6PTO, | H-bonding, n-r stacking, n-n stacking
7V3Z
2la 2PA4Y, 5DFP, 5ZTY, 6KQI, | H-bonding, H-bonding, H-bonding, n-r stacking
6PTO0
21b 2P4Y, 5U09, 57TY, , | H-bonding, n-m stacking, , T-TC
6KQI, 6PTO, 7WCM stacking
21c 2P4Y, 5SDFP, 57TY, , | m-Cation, H-bonding, H-bonding, n-r stacking,
6KQI, 6PT0, 7V3Z, , H-bonding, nt-7t
TWCM stacking, H- bondlng, n-n stacking, H-bonding
21d 2P4Y, SDFP, 5U09, , | m-Cation, H-bonding, , -7 stacking
6PTO, 8SLX
2le 2P4Y, SDFP, 5U09, 5ZTY, | n-Cation, H-bonding, H-bonding, n-n stacking,
, 6KQI, 6PTO, , -1 stacking, H-bonding, n-nt
TWCM stacking, m-m stacking, H-bonding
21f 57ZTY n-1 stacking
22¢ 5ZTY, , 6KQI, 6PTO, | -7 stacking, , T-TC
TV3Z stacking, -7 stacking, H- bondlng
23c 57TY, 6PTO n-1 stacking
23d TV3Z n-n stacking, H-bonding
24a 2P4Y, 5U09, 57TY, , | H-bonding, n-m stacking, , T-TC
6KQI, 6PTO stacking, -7 stacking
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24b 2P4Y, 5009, 57TY, , | m-m stacking, H-bonding, , T-TC
6PTO0, 7TWCM stacking
24c 5ZTY n-m stacking
24d 2P4Y, 5DFP, 5U09, 5ZTY, | H-bonding, n-7t stacking, , T-T
, 6PTO stacking
24e 2P4Y, SDFP, 5U09, 57ZTY, | n-Cation, H-bonding, n-n stacking, n-r stacking,
6PTO0, 7TWCM H-bonding
24f 2P4Y, SDFP, , n-Cation, H-bonding, H-bonding, ,
TWCM , H-bonding
24g S5DFP, 5U09, 57TY, , | m-Cation, 7-7 stacking, , TT-TC
6KQIL, 6PT0, 7WCM stacking, n-m stacking, n-m stacking, H-bonding
25¢ 2P4Y, 5U09, , 6KQI, | n-Cation, H-Bonding, , H-bonding,
7V3Z, TWCM n-n stacking, n-m stacking, H-bonding
25f 2P4Y, 5U09, , 6KQI, | n-Cation, , , T-1 stacking,
6PTO, 8SLX n-1 stacking
25g 2PAY, 5DFP, 57TY, 6KQI, | n-Cation, H-bonding, n-n stacking, m-n stacking
6PTO0
26¢ 2P4Y, 5U09, 57TY, , | m-Cation, H-bonding, n-7 stacking, ,
6KQI, 6PTO0, 7V3Z, n-n stacking, H-bonding, H-bonding, n-n
TWCM stacking, H-bonding, n-n stacking, H-bonding
27a 2P4Y, 5DFP, 5U09, 5ZTY, | H-bonding, n-n stacking, ,
, 6KQI, 6PTO, , T-T stacking
TWCM
27b 2P4Y, SDFP, 5U09, 5ZTY, | H-bonding, n-n stacking, , T-TC
, 6KQI, 6PTO0, 7V3Z | stacking, n-x stacking, H-bonding
27¢ 2P4Y, , 6KQI, 6PTO , , m-1t stacking, H-
bonding, n-n stacking
27d 5DFP, 5U09, 5ZTY n-w stacking
28b SDFP, 57TY, , 6KQI, | 7-7 stacking, ,
6PTO0
29 No Docking affinity No interaction Type
30a 2P4Y, 5DFP, 5U09, 5ZTY, | n-Cation, -7 stacking, , -1 stacking
, 6KQI, 6PT0, 7V3Z
30b 5DFP, 5U09, 57TY, , | H-bonding, n-n stacking, n-7 stacking,
6KQI, 6PTO0, 7V3Z, 8SL.X , T-1 stacking, m-7 stacking
31b 2P4Y, 5DFP, 5U09, 5ZTY, | n-Cation, H-bonding, H-Bonding, ,
, 6KQI, 6PTO0, 7V3Z , m- stacking, H-bonding, -1t
stacking, H-bonding
3lc 2P4Y, 5U09, 57TY, , | m-Cation, , , T-T stacking,
6KQI, 6PTO, 7WCM H-bonding, n-x stacking
31d 2P4Y, SDFP, 5U09, 5ZTY, | H-Bonding, n-n stacking, n-m stacking, H-
6KQI, 6PT0, 7V3Z bonding, n-m stacking
32 No Docking affinity No interaction Type
33a 2P4Y, 5U09, 57TY, , | m-Cation, 7-7 stacking, , T-T stacking,
6PTO, 7V3Z, 8SLX n-n stacking, -7 stacking
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252
253

254

255

256

257

258

259

260

261

262

33c 2P4Y, SDFP, 5U09, 57ZTY, | H-bonding, n-n stacking, n-n stacking,
, 6KQI, 6PTO, , , -1 stacking, H-bonding,
TWCM n-1 stacking
33d 5DFP, 5U09, 5ZTY, , | H-bonding, n-7 stacking, , T-TC
6KQI, 6PT0, 7TWCM stacking, H-bonding
34 No Docking affinity No interaction Type
35 No Docking affinity No interaction Type
36b S5DFP, 5U09, 57TY, , | H-bonding, 7-7 stacking, , T-TC
6PTO, 7V3Z stacking, m-m stacking
36¢ 2P4Y, 5SDFP, 5U09, 5ZTY, | n-Cation, n-7 stacking, , ,
, 6KQI, 6PTO, n-n stacking, H-bonding
TWCM
36d 2P4Y, 5DFP, 5U09, 5ZTY, | H-bonding, n-7 stacking, ,

, 6KQI, 6PTO , m-1 stacking, m-m stacking, H-bonding
37c¢ 2P4Y, SDFP, 6KQI n-Cation, m-Cation, H-bonding, n-n stacking
37d 5009, 7V3Z H-bonding, n-m stacking
38 No Docking affinity No interaction Type
39 2P4Y, SDFP, 5U09, 5ZTY, | n-Cation, n-r stacking, n-n stacking,

, 6KQI, 6PTO0, 7V3Z, , m-1 stacking, -7 stacking, H-bonding

TWCM
40 No Docking affinity No interaction Type
41 No Docking affinity No interaction Type
42 No Docking affinity No interaction Type
43 No Docking affinity No interaction Type
44 2P4Y, SDFP, 5U09, 5ZTY, | n-Cation, H-bonding, n-n stacking, -7 stacking,

, 6KQI, 7V3Z , -1 stacking, n-m stacking, H-

bonding

Table 1: The table represents according to color the association of the protein and type of interactions. Some of the compounds

have no binding affinity information and are described. Some compounds docked with the protein but showed no interaction.

PPAR-y (2P4Y)

Figure 1-SI and Table 2-SI show the cannabinoids and their interactions with the PPAR-y
(2P4Y) model. CBG-5C (17_1) was demonstrated to exhibit the greatest favorable docking score
of -8.241 and CBG-3C (17) was proven to display the least promising docking score of -4.772
(Table 3-SI). CBG-5C (17_1) has H-bonding with Leu340 residue and CBG-3C (17) has H-
bonding with H2O. Cannabinoids (CBD-5C:11f, HHC-1C:21¢, HHC-3C:24f) that resulted in
high docking scores and relative binding energies ranged between -42.402 kcal/mol and -50.369

kcla/mol (Table 4-SI) presented multiple interactions with the 2P4Y protein: H-bond interaction
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280

between phenolic hydroxyl groups (from resorcinol moiety) and Leu340, Cys285, and H,O
residues. Also, the resorcinol ring exhibited m-cation interaction with Arg288 residue. It is
interesting to note that compound 27b (D*THC-1C) exhibited the strongest relative binding
energy complex D°THC-1C:2P4Y (MMGBSA dG Bind(NS)= 59.605kcal/mol: Table 4-SI) with
a very good docking score (-7.553) and was the only cannabinoid that displayed H-bonding
interaction with Ser289, which is the major interaction presented by the indole reference ligand
(Figure 15). Brunsveld [37] proved that indazole MRL-871 interacts with PPARy Ser289 residue
via hydrogen bond and plays a key role in the stabilization of the beta-sheet region of PPARYy

receptor.

( LEU
340
MET = LEU
364 ovs 330
285 %
. Gl ILE
2 V]
\ SER
42
o) Charged (negative) Polar - Distance —=e Pi-cation
) Charged (positive) o) Unspecified residue —»  H-bond — Salt bridge
Glycine Water Halogen bond Solvent exposure
Hydrophobic Hydration site — Metal coordination
) Metal X Hydration site (displaced) @—e Pi-Pi stacking

Figure 15: 3D and 2D diagrams of interactions of compound 27b with 2P4Y where yellow dotted line represents the H-bond in
the 3D diagram.

PAK1 (5DFP)

Figure 2-SI and Table 2-SI indicate the interactions of docked cannabinoids with the PAK1
(5DFP) model and the FRAX1036 as inhibitor ligand. The docking results showed that 25
cannabinoids out of 44 were successfully docked into the SDFP protein. The highest docking

score corresponds to CBN-7C (44) with -6.309 and the lowest is -3.031 for CBD-Adamantyl (8)
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as shown in Table 3-SI. CBN-7C (44) interacted with Asp393, and H,O forming a conventional
hydrogen bond with each of these two residues. Interaction of CBN-7C (44) with SDFP, both 3D
and 2D diagrams are shown in Figure 16. The complex of CBN-7C (44) :5DFP was found to

exhibit the strongest MMGBSA dG Bind (NS) energy with -57.664 kcal/mol (Table 4-SI).

o) Charged (negative) polar e Distance —=e Pi-cation

) Charged (positive) ) Unspecified residue —# H-bond — Salt bridge
Glycine Water Halogen bond Solvent exposure
Hydrophobic Hydration site — Metal coordination

) Metal X Hydration site (clisplaced) ®—e Pi-Pistacking

Figure 16: 3D and 2D diagrams of interactions of compound 44 with SDFP where yellow dotted line represents the H-bond in
the 3D diagram.

The frequent interaction pattern that was observed among the cannabinoids and the residues
includes m-cation (Arg299 with phenyl ring from resorcinol moiety) and aromatic hydrogen bond
(Thr406, Leu347, Gluc345, Gluc315, Asp393, H>0). The interaction pattern was compared with
the inhibitor FRAX1036 of the PAKI1 crystal structure which showed hydrogen bond interactions

with Glu 67, Gluc315, H>O, Arg51, Leu 99, Asp 106, Asp393, and Thr406.
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294  Compounds H4CBD-3 (4d), CBD-3C (10¢), HHC-1C (21¢), HHC-3C (24f), HHC-5C (25g),
295  DgTHC-3C (36d), and DsTHC-5C (37¢) revealed two interactions with the amino acid residues
296  showing -5.333, -5.288, -5.249, -5.909, -5.162, -5.846, and -5.604 as docking scores,

297  respectively (Table 3-SI). Prime MM-GBSA analysis disclosed the relative binding energies of
298  these cannabinoids to SDFP as -45.361 kcal/mol, -45.093 kcal/mol, -46.470 kcal/mol, -44.633
299  kcal/mol, -47.970 kcal/mol, -40.275 kcal/mol, and -48.539 kcal/mol, correspondingly (Table 4-
300  SI).

301  Nikfarjam [38] demonstrated that CBD and THC inhibited pancreatic cancer progression

302  moderately through inhibition of PAK1. Considering this preliminary in silico study of different
303  cannabinoids we suggest that compounds H4CBD-3C (4d), CBD-3C (10¢), HHC-1C (21¢),

304 HHC-3C (24f), HHC-5C (25g), DsTHC-3C (36d), and DsTHC-5C (37¢) and CBN-7C (44)

305 could be good inhibitors of PAK1 and therefore could be used in the treatment of pancreatic
306  cancer.

307 CB1 (5U09, 6KQI, 7V3Z) and CB2 (5ZTY, 6KPC, 6PT0,)

308 Since CB1 and CB2 receptors have been discovered as meaningful molecule targets for some
309 common disorders, the identification and design of new modulators for CB1 and CB2 are crucial.
310  The in-silico study of the interactions of cannabinoids with CB1 and CB2 receptors occupies a
311  prominent place in the discussion of the agonist, antagonist, and positive or negative allosteric
312  modulator activity of these ligands on the receptors.

313  Allosteric ligands have been studied in the last 20 years because they present better receptor
314  selectivity and potency than orthosteric ligands due to allosteric positions are less preserved

315  across proteins and the opposition with endogenous is eliminated [39-41]. Allosteric modulators

316  can be positive allosteric modulators (PAM) or NAM [42]. A PAM improves the affinity,
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potency, and/or efficacy of the ligand whereas a NAM decreases the affinity, potency, and/or
efficacy of the ligand [43].

In this work, we selected Rimonabant and AM 10257 as antagonist ligands of 5U09 (CB1
receptor) and SZTY (CB2 receptor) respectively. CP55940, E3R, and WIN 55,212-2 as agonist
ligands of 6KQI (CBI1 receptor), 6KPC (CB2 receptor), and 6PTO (CB2 receptor) respectively.
ORG27569b as a negative allosteric modulator of 7V3Z (CBI1 receptor).

Figure 3-8-SI and Table 2-SI show the interactions between amino acids on the protein
mentioned above and functional groups on tested cannabinoids, Table 3-SI displays the docking
scores, and Table 4-SI exhibits the Prime MM—-GBSA energies.

For protein 5U09, which is bound to the antagonist rimonabant of CB1 receptor, the highest
docking score is -10.321 corresponding to CBG-5C (17_1) and the lowest is -4.770 for CBG-3C
(17) as shown in Table 3-SI. CBG-5C (17_1) exhibited multiple interactions type H-bond with
the residues Ser383 and Met 103 via OH groups in the aromatic ring. Also showed n- © stacking
interaction between aromatic ring-A and Phe268 amino acid residue (Figure 17). These residues
are fragments of the deep binding pocket crucial for effective ligand binding. These interactions
are similar to those shown by Rimonabant, a known CBI1 receptor antagonist. In addition, the
CBG-5C: 5U09 complex was found with -52.341 kcal/ mol MM-GBSA: MMGBSA dG Bind

(NS) being the best relative binding energy complex (Table 4-SI).
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Figure 17: 3D and 2D diagrams of interactions of compound 17_1 with SUO9 where yellow dotted lines represent the H-bond
and blue dotted line represents the n- 7 stacking interaction in the 3D diagram.

For protein 5ZTY, which is bound with AM10257 an antagonist of the CB2 receptor, the results
show that twenty-five cannabinoids of forty-four docked cannabinoids interacted with the amino
acid residues of this protein (Figure 4-SI). The best docking score is -10.009 which corresponds
to CBG-5C (17_1) and the worst is -4.770 for CBG-3C (17) (Table 3-SI). However, CBG-5C
(17_1) only displayed an H-bond interaction with Leul82, which is not a key residue in the
binding pocket of the CB2 receptor. The cannabinoids:5ZTY complexes that presented the
stronger relative binding energies, good docking scores and multiple interaction types n-
stacking and H-bond with the residues are H4CBD-7C (6b), CBD-1C (7a, 7b), THCBC-5C
(15_1a), CBC-5C (19a), HHC-1C (21b, 21c¢, 21e, 21f), HHC-C3 (24d, 24g), HHC-C5 (25g) p°
THC-3C (30a), p°THC (31b), CBN-1C (39), and CBN-7C (44). Phe87, Phe183, and Trp194
were the most relevant amino acids in the binding pocket. The residues implied in these

cannabinoid bindings match those identified in the AM 10257 antagonist-binding motif. The
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interactions took place in the resorcinol moiety and phenolic groups. Interestingly, HHC-1C
(21e) is the only ligand that interacts via n- 7 stacking and H-bond as shown in the 2D and 3D
diagrams in Figure 18.

These in silico results demonstrate that THCBC (15_1a), CBC (19a), HHCs, and D°THCs have
the most promising interactions with 5ZTY and could be possible antagonists of the CB2

receptor.
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Figure 18: 3D and 2D diagrams of interactions of compound 21e with 5ZTY where yellow dotted lines represent the H-bond and
blue dotted line represents the n- © stacking interaction in the 3D diagram.

The results from our docking study with protein 6KQI with bound CP55940 ligand as an
orthosteric agonist of CB1 receptor established that 30 cannabinoids successfully docked into the
binding pocket of this protein (Figure 5-SI, Table 2-SI, Table 3-SI, Table 4-SI). The
cannabinoids that exhibited multiple interactions with amino acid residues of 6KQI, greater
binding energy for 6KQI protein, and a docking score higher than -7 were THCBG-5C (13a),
THCBC-5C (15_1a), CBG-5C(17_1), CBC-5C (19a), HHC-3C (24a), p°THC-1C (27b), p*THC-
adamantyl (28b) D*TH-3C (30b), °THC-5C (31b, 31c¢, 31d), D! THC-5C (36¢, 36d) and CBN-C7

(44). These cannabinoids interacted with Phe170, and Phe268 forming a n- & stacking bond, and
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with Ser383 forming an H-bond in similar patterns to CP55940. CBC-5C (19a) displayed the
highest docking score with -10.003 (Table 3-SI), the strongest relative binding energy complex
CBC-5C (192a):6KQI (MMGBSA dG Bind (NS)=-75.939 kcal/mol: Table 4-SI) and four
interactions with the amino acid residues of 6KQI protein in the binding pocket as shown in the

2D and 3D diagrams of Figure 19.
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Figure 19: 3D and 2D diagrams of interactions of compound 19 with 6KQI where yellow dotted lines represent the H-bond and
blue dotted line represents the n- © stacking interaction in the 3D diagram.

Previous mutagenesis studies have established Phe170, Phe268, Leul93, and Ser383 as essential
amino acids for the binding of THC analogs or related agonists such as CP55940. These amino
acids interact or are close to the preferred docking pose of the ligand [44].

The results of the docking with 6KPC protein which E3R agonist bound CB2 receptor displayed
that 29 of the 44 docked cannabinoids showed good docking affinity in the binding pocket of
6KPC protein having a docking score in the range of -6.912 (compound 21) to -10.557

(compound 28). The most relevant amino acids in the binding pocket that interact with the
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aromatic ring and phenolic groups of cannabinoids are Phe87, Phel183, Thr194 via n- & stacking
bond and Ser285, Ile110, Thr114 via H-bond.

H4sCBD-adamantyl (2b, 2¢, 2d), H4CBD-3C (4d), CBD- adamantyl (8b), CBD-3C (10b, 10f),
CBD-5C (11b), THCBG (13b), THCBG -adamantyl (14b), THCBC -5C (15_1a), CBG-3C (17),
CBG-5C (17_1), CBG-adamantyl (18), HHC-1C (21¢, 21d), HHC-adamantyl (22¢), HHC-3C
(24d, 24f, 24g), HHC-5C (25c¢, 25f), p*THC-adamantyl (28f), DTHC-3C (30a, 30b), D°THC-5C
(31b, 31c), D*THC-1C (33a, 33c¢, 33d), D*THC-3C (36b, 36¢, 36d), and CBN-7C (40) exhibited
multiple interactions with the residues of 6KPC protein and good relative binding energies
ligand: 6KPC (in the range of -52.082 kcal/mol to -79.316 kcal/mol). The most promising
cannabinoids to bind with 6KPC protein are H4CBD-adamantyl (2), and D*THC-adamantyl (28)
for presenting the best docking scores (-9.331, -10.557: Table 3-SI), the strongest relative
binding energies (MMGBSA dG Bind (NS): 79.316 kcal/mol, -79.147 kcal/mol, respectively:
Table 4-SI), and interacting with Phe 183, Phe 87 and Ser 285 amino acids in the binding pocket

of the 6KPC protein via n- w stacking bond and H-bond (Figure 20).
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Figure 20: 3D and 2D diagrams of interactions of compounds 2 (A) and 28 (B) with 6KPC where yellow dotted lines represent
the H-bond and blue dotted line represents the n-  stacking interaction in the 3D diagram.

The docking studies of 44 cannabinoids with 6PTO, a Gi signaling complex bound with an
agonist WIN 55,212-2 of the CB2 receptor revealed that 17 of the docked cannabinoids interact
with Phel83 and Trp194 through hydrophobic interaction. In addition, they exhibited
interactions through hydrogen bonds with Thr114, Ser285, and Ile110. These interactions are
similar to those shown by the well-known WIN 55,212-2-CB2 agonist. The compounds that
stood out with more interacting groups and stronger included H4CBD-adamantyl (2a, 2b, 2g),
CBG-3C (17), CBG-5C (17_1), HHC-1C (21a,21b,21d, 21e), HHC-3C (24a, 24d, 24e¢), D°THC-
1C (27¢), D*THC-5C (31¢), D*THC-1C (33¢), and D’THC-3C (36d) (Figure 6-SI, Table 2-SI,
Table 4-SI). These cannabinoids presented a docking score ranging between -5.033 (CBG-C3)

and -9.529 (CBG-C5) (Table 3-SI). p*THC-3C: 6PTO complex presented -77.056 kcal/mol, the
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strongest MMGBSA dG Bind (NS) among the docked cannabinoids and interact with three
residues of 6PTO protein: Trp194, Phel83 through n- & stacking bond and Ile110 via and H-bond
as shown 2d and 3D diagrams of Figure 21.
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Figure 21: 3D and 2D diagrams of interactions of compound 36d with 6PTO where yellow dotted lines represent the H-bond and
blue dotted line represents the - m stacking interaction in the 3D diagram.

Ross and et. al. [45] reported Org27569 as the first negative allosteric modulator of CBI1.
Although this compound was not approved by the FDA as a drug, has been used as a model to
distinguish the allosteric site showing an uncommon complex allosteric profile at CB1. We
carried out the docking study of cannabinoids using the protein 7V3Z as a CBI1 receptor with a
negative allosteric modulator ORG27569 bound. The specific interactions among the docked
cannabinoids and 7V3Z residues are disclosed in Figure 8-SI and Table 2-SI. The cannabinoids:
7V3Z complexes that presented good affinity in the binding pocket with relative binding energies
higher than 60 kcal/mol and the highest docking score (-6.981 to -10.821) involve H4CBD-7C
(6b), CBD-adamantyl (8c), CBD-3C (10c¢, 10e), CBD-5C (11¢), THCBG -5C (13a), THCBC -3C

(15a). THCBC -5C (15_1a), THCBC -adamantyl (16a), CBG_5C (17_1), CBC-5C (19), HHC-
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431  adamantyl (22¢), HHC-7C (26c¢), P THC-5C (31b, 31d), and CBN-7C (44). In addition, the most
432  important amino acids found in the binding pocket that interact with cannabinoids include

433  Phel70, Phe268 via n- & stacking, and Ser505 via H-bond (Figure 22). It is interesting to note
434  that THCBC -adamantyl (16) was the ligand with the strongest relative binding energy at -86.054

435  kcal/mol (Table 4-SI).
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437 Figure 22: 3D and 2D diagrams of interactions of compound 16 with 7V3Z where yellow dotted lines represent the H-bond and
438  blue dotted line represents the n- & stacking interaction in the 3D diagram.

439
440  Considering the docking study carried out using different models of CB1 and CB2 receptors, we
441  demonstrated that the aromaticity of resorcinol moiety is essential for robust hydrophobic n—n

442  stacking with amino acid residues establishing the deep binding pocket of the CB1 and CB2

443  receptors. For the three models of CB1 receptor, these residues are Phel70, Phe 268, and Trp279,
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which are stationed neighboring the resorcinol ring of the tested compounds. However, Phe87,
Phel83, and Trp194 of the CB2 receptor bend to and make stable the ligand binding through n—n
stacking interactions with the phenolic ring-A of cannabinoids. In both CB receptors, the
hydrophobic interactions principally contribute to the good docking affinity.

The aromatic hydroxyl groups at the resorcinol ring have an essential function for the CB1 and
CB2 receptor activity. Huffman and et. al. [46] reported that the substitute of the phenolic
hydroxyl group in THC derivatives drastically reduces the CB1 activity. Our docking
experiments exposed the role of the hydroxyl groups in the interactions with the amino acids in
the binding pocket. For CB1 most of the cannabinoids presented hydrogen bonds between OH
groups in ring A with Ser383, or Ser505, which are key interacting residues for the CB1 affinity
[47, 48]. For CB2, the cannabinoids that were docked presented phenolic group interactions with
Ser285, Ile110, and/or Thr114 via hydrogen bonds. These bindings may stabilize the n-n stacking
interaction with Trp194 (Figures 4-, 6-, 7-SI) [49].

GPR119 (TWCM)

MBX-2982 is bound to 7WCM as an agonist of GPR119. Agonists that selectively activate
GPR119 can be used for the treatment of metabolic disorders [50,51]. In this work, we docked 44
cannabinoids into 7WCM protein to investigate the effectiveness of the binding of cannabinoids
with GPR119. Figure 9-SI and Table 2-SI display that CBD-1C (7b), THCBC -5C (15_1a),

CBG _3C (17), CBG_5C (17_1), HHC-1C (21¢, 21e) HHC-4C (24g), HHC-5C (25¢), HHC-7C
(26¢) have multiple interactions with the amino acids of 7WCM protein, the docking scores for
these cannabinoids are highest than -7.233 (Table 3-SI), and the relative binding energies of the
complexes ranging between -44.477 kcal/mol (HHC-1C (21): 7TWCM) and -68.485 kcal/mol

(THCBC -5C (15_1a): 7TWCM) as displayed Table 4-SI. The most typical interactions are n-
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467  stacking with Trp265 and Phe241 and hydrogen bonds with Val85 and Gluc261. Figure 23

468  exhibits the 2D (A, C) and 3D (B, C) ligand interaction diagram of THCBC -5C (15_1a) and

469  HHC-7C (26¢). Considering this study, THCBC and HHC analogs presented strong relative

470  binding energies as well as multiple interactions in the binding pocket and hence may be possible

471  candidates to treat diabetes.
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Figure 23: 3D and 2D diagrams of interactions of compounds 15 _1 (A) and 26¢ (B) with 7WCM where yellow dotted lines
represent the H-bond and blue dotted line represents the n- 7 stacking interaction in the 3D diagram.

TRPV2 (8SLX)

Cannabinoids have been reported for the treatment of pain, but their mechanism has not been
described yet. The inhibition of the TRPV1 and TRPV1 receptors is one of the possible targets
for some of the biological activity of CBD and its analogs [52-54]. We reported a docking study
with different types of cannabinoids with 8SLX protein (Rat TRPV2 bound with CBD ligand in
nanodiscs). H{CBD-1C (1a), H4«CBD-5C (5¢), H«CBD-7C (6b), CBD-7C (7a), THCBG -5C
(13b), CBG-5C (17_1), and D’THC-1C (33a) were the cannabinoids that exhibited good affinity
in the binding pocket as shown in Figure 10-SI and Table 2-SI. Hydrophobic interactions type m-
n stacking are the most relevant interactions with Phe540, and Tyr544 residues. Also, hydrogen

bond interactions were found with Leu537 and Leu631 amino acids.
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3.2. In Silico ADME Properties of Cannabinoids

Since lack of efficacy and safety are some of the most frequent causes of why a compound does
not become an approved drug, the absorption, distribution, metabolism, and excretion (ADME)
properties should be evaluated in the early stage of drug development. The drug-likeness and
physiochemical properties of cannabinoids with docking affinity were analyzed via Maestro’s
QikProp Schrodinger software [55]. The predicted ADMET properties and descriptors for the
compounds are presented in Table 5-SI. Some cannabinoids have solubility values out of the
recommended range (compounds 2, 6, 8, 13, 14, 16, 19, 20, 22, 23, 25, 26, 28, 31, 37, 38, 40,
44). The solubility of cannabinoids is a challenge due to their lipophilic character. Cannabinoids
with longer alkyl chains displayed poor solubility. Most other descriptors are within the
recommended range by QikProp for 95% of known oral drugs. These results suggest that some

of the tested cannabinoids exhibited acceptable physiochemical properties.

3.3 Insilico identification of metabolic sites of cannabinoids using cytochrome P450
Herein, we report in silico study of cytochrome P450 (CYP-enzymes)-mediated metabolic of 44
cannabinoids that were docked previously. CYPs are one the most critical enzymes in drug
metabolism and therefore of importance in clinical pharmacokinetics.

In the drug discovery process, an early estimate of potential metabolites allows time and
resources to be reduced by removing drug candidates that present toxic metabolites.

Using Schrodinger software, we determined the possible sites of interactions between
cannabinoids and P-450 to estimate the most likely metabolites, therefore supporting the
comprehension of the structural changes needed to achieve ideal metabolic stability. The results

are shown in Figure 11-SI.
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Considering the oxidative metabolism of natural cannabinoids by cytochrome P450, we only
found data for HHC, p>-THC, CBD, CBC, CBG, and CBN [56]. Watanabe [57] and later
Anderson [58] and Sarlah [59] determined the major oxidized metabolites of these cannabinoids
(Figure 15). Hydroxylation, epoxidation, and quinone formation were the most typical reactions
catalyzed by the P450 enzyme. The identified metabolites coincide with the oxidation active sites
that were determined in the in-silico study. The hydroxylation of tricyclic cannabinoids (HHC,
THC, and CBN) is carried out on the C-11 and C8. Also, it occurs at the first carbon of the
lipophilic chain except for CBN. The hydroxylation of bicyclic cannabinoids (H4CBD and CBD)
was accomplished at C6 on the terpene moiety, C10 on the propenyl group, and C1 of the
aliphatic chain of resorcinol ring. Finally, in the CBG and CBC analogs hydroxylation occurs in
some CH; carbons at the allylic chain of the molecule and the epoxidation takes place at the
double bond of the allylic chain. In the case of CBG, Sarlah [59] demonstrated that after the [2,3]
epoxidation, undergo the intramolecular cyclization to obtain the tetrahydrofuran ring attached to

the resorcinol core (62). The quinone formation is achieved in the resorcinol ring.
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The complex of 9L: SU6B was found with -63.302 prime/mmgbsa dg bind energy and was good

than complexes with standards

Conclusion

The virtual screening residue-ligand interaction studies of saturated and unsaturated
cannabinoids using different types of CB1 and CB2 receptors PPAR-y, GPR119, and TRPV2
models showed the relevance of some amino acids in the binding pocket as well as the
importance of the hydrogen bond, and hydrophobic interactions among cannabinoids and the
residues. The most promising cannabinoids considering docking scores, relative binding
energies, and multiple interactions with the protein in the binding pocket are D*THC-1C (27b)
with 2P4Y, CBN-7C (44) with SDFP, CBG-5C (17_1) with 5U09, HHC-1C (21e) with 5ZTY,
CBC-5C (19) with 6KQI, H4CBD-adamantyl (2) and *THC-adamantyl (28) with 6KPC, p*THC-
3C (36d) with 6PTO, THCBC -adamantyl (16) with 7V3Z, THCBC -3C (15_1) and HHC-7C
(26¢) with 7TWCM. The physiochemical properties of each cannabinoid were also measured,
demonstrating that almost all the calculated properties of the compounds are within the ranges
projected except those cannabinoids with more than 3 carbons in the lipophilic chain present
poor aqueous solubility. Related to the in-silico study of the oxidative metabolism of
cannabinoids by cytochrome P450, we conclude that all cannabinoids displayed similar sites of

reported interactions with CYP enzymes.
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