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Abstract

The proliferation of severe acute respiratory syndrome corona-virus 2 (SARS-CoV-2) and the persistent corona-virus disease
2019 (COVID-19) pandemic emphasize the necessity for novel treatments. Among the diverse pharmacological agents under
scrutiny, cannabinoids have garnered attention for their potential antiviral properties. This study utilizes molecular docking and
simulation techniques to explore the interaction between cannabinoids drugs and essential SARS-CoV-2 viral proteins, aiming to
identify potential therapeutic effects. The results suggest favorable binding energies between certain cannabinoids drugs and viral
proteins, especially at the active sites of the spike protein. Our computational findings reveal that the ligands Cannabiscitrin and
Cannabisin D exhibit the highest binding affinity (approximately -9.11 and —8.84 kcal/mol, respectively) toward the SARS-CoV-2
receptor, while Alacepril displays the lowest affinity (—6.32 kcal/mol) for the SARS-CoV-2 receptor. The findings suggest a potential
inhibitory effect of cannabinoid drugs on both viral entry and replication. Furthermore, simulations demonstrate cannabinoid
binding to the CB2 receptor, suggesting potential immunomodulatory roles in SARS-CoV-2 infection. This research underscores

the promise of cannabinoids as SARS-CoV-2 therapeutic agents, necessitating further validation and clinical exploration.
Keywords

Docking, antiviral cannabinoid drugs; Sars-CoV-2; Molecular Dynamics.

1 Introduction

The world stood witness to an unprecedented and deadly outbreak of COVID-19, a disease caused by the severe acute respiratory
syndrome corona-virus 2 (SARS-CoV-2) [11, Originating in Wuhan City, Hubei, China, this virulent virus quickly traversed borders and
infected populations worldwide >3], COVID-19 is characterized by a spectrum of symptoms, ranging from respiratory distress, fever,
and pneumonia to sore throats and lung infections [+, Recognizing the gravity of the situation, WHO declared the COVID-19 outbreak
a Public Health Emergency of International Concern on January 30th, 2020 (6], As of June 22, 2020, the WHO had documented a
staggering 8,860,331 confirmed cases and 465,740 deaths worldwide, underscoring the magnitude of the pandemic[7]. Globally, as of
8 November 2023, there have been 772,166,517 (about 45,001,575 in India) confirmed cases of COVID-19, including 6,981,263 (about
533,295 in India) deaths, reported to WHO 8], Even with the recent availability of vaccines, SARS-CoV-2 continues to spread rapidly (],
emphasizing the necessity for alternative treatments, particularly for populations with limited inclination or access to vaccines. To date,
only a limited number of therapies have been identified that can effectively block SARS-CoV-2 replication and viral production 0],
The search for effective antiviral agents against SARS-CoV-2 has become an urgent priority, necessitating the exploration of diverse
pharmacological compounds'!. Cannabinoids, a class of compounds primarily derived from the Cannabis sativa plant, have gar-
nered substantial attention due to their broad pharmacological effects, including anti-inflammatory, immunomodulatory, and potential
antiviral properties (12131, In cannabinoids, the Cannabinoid type 2 (CB2) ligands, a class of compounds that interact with the CB2
receptors in the endocannabinoid system, have shown promising antiviral activity [1416], These ligands exhibit a potential inhibitory
impact on viral entry and replication, suggesting a role in impeding the spread of viruses [17-20], Particularly relevant to the ongoing
challenges posed by SARS-CoV-2, simulations have revealed the binding of cannabinoids to the CB2 receptor, indicating their potential
immunomodulatory roles in combating viral infections[21-241, The exploration of CB2 ligands as antiviral agents represents a novel
avenue in the quest for effective treatments against viral pathogens[?>]. Recent research has suggested that cannabinoids may hold
promise as agents capable of mitigating viral infections 26271, Despite multiple studies and various unverified claims regarding CBD-
containing products, the biological actions of CBD itself remain unclear, and specific targets are largely unknown 28], While limited,
certain studies have reported that particular cannabinoids demonstrate antiviral effects against viruses such as the hepatitis C virus and
others[29], The cannabis plant contains over 550 chemical constituents, with approximately 150 being cannabinoids and more than
400 non-cannabinoids %1, The primary pharmacologically active compounds include the psychoactive tetrahydrocannabinols (THC),
such as A8-THC and A°-THC, along with non-psychoactive cannabinoids like cannabinol (CBN), cannabidiol (CBD), and cannabigerol
(CBG), among others [31-34]

This paper presents a comprehensive investigation into the potential of certain cannabinoid compounds as antiviral agents against SARS-
CoV-2 through a combination of screening and simulation techniques. The favorable binding interactions observed between selected
cannabinoids and viral proteins suggest their ability to interfere with critical viral processes. Moreover, the binding of cannabinoids
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Fig. 1 SARS-CoV-2 protein structure (PDB ID: 3E9S) (a) without and (b) with binding site, respectively.

to the CB2 receptor highlights their potential immunomodulatory properties, which may play a crucial role in regulating the immune
response during SARS-CoV-2 infection. Further experimental studies are warranted to validate these findings and explore the clinical
implications of cannabinoid-based therapies in combating COVID-19. Finally, we conclude with a succinct summary of our significant
findings obtained throughout this study.

2 Methodology

2.1 Preparation of Protein and selection of ligands

The 3D crystal structure of the SARS-CoV-2 receptor binding domain (RBD) of the spike protein complexed with the human ACE2
receptor (PDB ID: 3E9S) and Cannabinoid type-2 receptor (PDB ID: 2YDO), were downloaded from thOe RCSB Protein Data Bank
(PDB) [35], To get pure protein, all ligands attached are removed using PyMOL software and saved the processed file in PDB format [361,
To avoid the interference of water molecules in the pocket region, we used auto-dock tools 371 that deleted water molecules from 3D
structure of nucleoprotein. Then polar hydrogen atoms are added in the protein. Further, the protein structure was prepared for drug
docking using AutoDockTools software 371, Hydrogen atoms were added to the protein, and non-polar hydrogens were merged. The
polar hydrogen charges were then assigned using the Gasteiger method. The protein was then saved in the PDBQT format, which is
compatible with the AutoDockVina software used for molecular docking simulations. The cannabinoid ligands selected for this study
were Cannabis. These compounds were chosen because they have been previously reported to have antiviral properties and are easily
accessible for experimental studies[1>16], The 3D structure of the eight compounds was downloaded in SDF format via the ZINC
database 8] and details are reported in Table 1. Choose ligand and then select molecule for auto-dock. Next step is to save as pdbqt
file. Now we have the files Cannabinol.pdbqt and Cannabiscitrin.pdbqt. In this way, second step of docking is completed. Fig. 2
shows the prepared view of ligand Alacepril, Myricetin, Cannabidiol Acid, Cannabigerol,Cannabigerolic Acid, and Cannabisin D are also
prepared using the same procedure.

2.2 Molecular docking methodology

Molecular docking were performed using the Auto-Dock Vina software [3%1. The protein structure of the SARS-CoV-2 RBD and Cannabi-
noid type-2 receptor were used as the target proteins, while the cannabinoid drugs were used as the ligands. For 3E9S, the grid box was
defined to encompass the entire RBD protein with a size of 60 x 60 x 60 A3 a grid spacing of 0.5 A, and x, y, z center grid box (-31.02,
21.89, 30.09). For 2YDO the grid box was defined to encompass the entire RBD protein with a size of 60 x 60 x 60 A3, a grid spacing
of 0.572 A% and x, y, z center grid box (-35.02, 6.109, -21.757). The exhaustiveness parameter was set to 50, which is the maximum
number of binding modes to be searched. The binding energies of the docked complexes were calculated and ranked according to
their binding affinity, expressed in kcal/mol. The lowest binding energy (more negative energy) conformation was considered the most
energetically favorable and was selected for further analysis. The interactions between the cannabinoids and the amino acid residues
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Fig. 2 2D structure of the eight Cannabinoid ligands
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S.No. Compound ZINC ID Molecular for- | Mole. Wt. HBD HBA Antiviral activity
mula (Study)

1 Cannabinol 1530833 C21H2602 310.437 1 2 Yes (In vitro)

2 Alacepril 3775143 C20H26N205S 406.504 1 6 Yes (In vitro)

3 Myricetin 3874317 C15H1008 318.237 4 8 Yes (In vitro)

4 Cannabidiol 4098864 C22H3004 358.478 2 4 Yes (In vitro)
Acid

5 Cannabigerol 4217650 C21H3202 316.485 2 2 Yes (In vitro)

6 Cannabigerolic | 8773249 C22H3204 360.494 2 4 Yes (In vitro)
Acid

7 Cannabiscitrin | 14436714 C21H20013 480.378 Yes (In vitro)

8 Cannabisin D 44307185 C36H36N08 624.69 6 8 Yes (In vitro)

Table 1 The molecular formula, molecular weight, hydrogen bond donor, hydrogen bond acceptor, rotatable bonds, and ZINC ID of eight compounds.

of the SARS-CoV-2 RBD and cannabinoid type-2 were analyzed, and the binding modes were compared to identify the most favorable
binding mode. The binding affinity of each ligand was calculated and compared.

2.3 Molecular dynamics simulation methodology

After the molecular docking, the SARS-CoV-2 RBD and cannabinoid type-2 complexed with the best docked ligands was subjected
to molecular dynamics (MD) simulation using the GROMACS software [401, The system was first energy minimized using the steepest
descent algorithm with a maximum of 5000 steps or until a convergence threshold of 1000 kJ/mol was reached. The MD simulation was
carried out using the CHARMMS36 force field [41lwith the Particle Mesh Ewald (PME) method for long-range electrostatic interactions.
The time step was set to 2 fs, and the temperature and pressure were maintained at 300 K and 1 bar, respectively, using the Nose-Hoover
thermostat and the Parrinello-Rahman barostat 142441, The system was simulated for 50 ns, and the trajectories were saved every 10 ps
for analysis. The stability and convergence of the MD simulations were assessed by monitoring the root mean square deviation (RMSD)
of the protein-ligand complex and the root mean square fluctuation (RMSF) of the protein backbone residues. The equations are as
follows:

1Y 2
RMSDy = | ¥ (ri(ts) = riltrey))
i=1
(€D}
RMSF; = li (ri(6) = riltrey))?
i T i i\lref

t=1

where In RMSD equation, N is the number of chosen atoms, #,, is correspond to reference time and generally set to O for first frame, r;
is the position of the selected atoms belong to the frame x recorded at time 7,. To calculated RMSD this procedure is repeated for every
frame along the simulation trajectory. In RMSF equation, t is termed as trajectory time over which RMSF is calculated, reference time is
denoted by t,., r; is position of residue I, and angular bracket denotes the average over the selection of atoms in the residue. The MD
trajectories were analyzed using GROMACS tools and visualized using PyMOL 261 and VMD [43]. The ligand-protein interactions and
the conformational changes of the protein-ligand complex over the simulation time were analyzed and compared between the different
cannabinoid compounds.

3 Results and discussion

3.1 Docking Analysis

The molecular docking of all eight cannabinoid drugs with the 3E9S and 2YDO receptors has been performed. Several cannabinoid
compounds exhibited favorable binding affinities to the SARS-CoV-2 RBD, suggesting their potential as inhibitors of the virus. The
binding energies of the top-performing cannabinoid compounds, such as Cannabiscitrin and Cannabisin D, are -9.11 to -8.84 kcal/mol,
respectively, indicating strong and favorable binding affinity. These two compounds also demonstrate a stronger binding affinity with
the cannabinoid type 2 receptor, with binding energies of -10.26 and -11.22 kcal/mol. Our results for all ligands with 3E9S and 2YDO
proteins show a similar binding trend. If a ligand displays a weaker interaction with 2YDOQ, it also exhibits a weaker interaction with
3E9S, and vice versa. The binding modes analysis revealed that both Cannabiscitrin and Cannabisin D compounds interact efficiently
with the 3E9S and 2YDO with multiple interacting site with in the binding pocket. In Figure 4(a,b), the ligand Cannabiscitrin shows
hydrophobic interaction with the residues 62PRO, 68ARG, 71ALA, and 82PHE inside the binding pocket of 3E9S. Whereas the residues
77THR and 83LEU displays the H-bonding with the ligand. The residue n-Cation Interactions was found between 68ARG and the
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Cannabiscitrin ligand. For the case of Cannabisin D as shown in Figure 4(c,d), the residues 249PRO, 250PRO, 266TYR, 270TYR,
271GLN, and 275TYR grabs the ligand by hydrophobic interaction. The ligand also gets stabilized inside the binding pocket with direct
hydrogen bonding with 164LEU, 169GLU, and 270TYR. This Cannabisin D ligand also shows n-Cation Interactions with the 168ARG
residue of 3E9S protein. Similar binding mode analysis has been performed to elucidate the behavior of Cannabiscitrin and Cannabisin
D inside the binding site of the cannabinoid type 2 receptor (See Figure SI2). It was found that the Cannabiscitrin shows hydrophobic
interactions mainly with 168PHE, 246TRP, 249LEU, and 274ILE residues of the target protein. The ligand also shows H-bond interaction
with 66ILE, 169GLU, and 253ASN whereas the 168PHE displays the = — & interaction with the Cannabiscitrin ligand. Similarly, for the
case of Cannabisin D inside the binding pocket, the residues 66ILE, 84VAL, 167LEU, 168PHE, 169GLU, 249LEU, 267LEU,and 274ILE
shows hydrophobic interaction with docked ligand. The ligand also makes six H-bond with 150LYS, 153LYS, 168PHE, 169GLU, 253ASN,
and 278HIS residues of the receptors which plays a vital role in stabilizing the ligand inside the binding pocket of 2YDO. Apart form
this, the ligand also shows n — & interaction with the 168PHE residue of target protein (See Figure SI2). We performed the similar
analysis for all the ligand used in the present study and the details of the interaction with both the proteins are presented in SI (See
Ligand Interaction Diagrams and Table for residue details). Overall, these results suggest that Cannabiscitrin and Cannabisin D have
the potential to be inhibitors of the SARS-CoV-2 virus by binding to the RBD of the virus, and further studies are needed to validate
these findings and evaluate their efficacy as COVID-19 therapeutics.

3.2 Dynamical Analysis

MD simulations are performed on best-docked Cannabiscitrin ligand with receptors "3E9S," and "2YDO," and the temperature, pressure,
and energy are monitored throughout the 50ns of simulation trajectory (Figure SI 5). It is essential that these quantities should remain
constant throughout the simulations which is the key requirement for the stability of the simulations. It is clearly shown in Figure SI
5 that the simulation is stable and not deviating from the initial structure as all the above-mentioned quantities are fluctuating around
the mean initial value. The energy plotted in this figure is the sum of the both kinetic and potential energy of the system. The energy
is plotted in arbitrary units (a.u.), the temperature in Kelvin (K), and pressure in atm. The results for 3E9S and 2YDO are shown for
50 ns which is stable and good enough to compute the various dynamical properties. We can conclude from the Figure that, when the
temperature is on the higher side then the energy of the system also shoots towards the larger values and vice-versa.

RMSD (Root Mean Square Deviation) analysis is a widely used method to measure the structural similarity between two protein struc-
tures. It quantifies the average displacement between corresponding atoms in two protein conformations or between a reference
structure and a set of structures. The RMSD for ligand inside the protein 2YDO as represented by black line demonstrates that after
some initial conformational change (adjustment of ligand in the presence of water) becomes stable and remains at the same comfort
zone throughout the simulations. For the cases of 3E9S protein-ligand systems, there is also small fluctuation in RMSD as the ligands
in the 3E9S is more exposed to surrounding water compared to 2YDO where the ligands are sitting well inside the binding pocket of
protein as shown in figure 5a. We conclude from this RMSD result that all the ligands get stable after some initial conformation change
and remain near the binding site throughout the course of simulations as predicted from the molecular docking.
An area of the structure with high RMSF (Figure 5b) values frequently diverges from the average, indicating high mobility. When
RMSF analysis is carried out on proteins, it is typically restricted to backbone or alpha-carbon atoms; these are more characteristic of
conformational changes than the more flexible side chains. The RMSF for the Ca atoms during MD simulation for all the proteins 3E9S,
and 2YDO are shown in Figure 5 along with RMSD plot.

A hydrogen bond is formed by the interaction of a hydrogen atom that is covalently bonded to an electro-negative atom (donor) with
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Fig. 4 (a),(c) are 2D Ligand interaction diagram and (b),(d) are 3D Protein ligand interaction of Cannabiscitrin and Cannabisin D with 3E9S,
respectively.
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Fig. 5 (a) RMSD values of Ca atoms of native structures of both the proteins. y-axis is RMSD (nm), and the x-axis is time (ns) (b) RMSF values of the
carbon alpha over the entire simulation. y-axis is RMSF (nm), and the x-axis is residue.
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Fig. 6 (a) Total number of H-bond count throughout the simulation, (b) Solvent accessibility of native proteins. y-axis is SASA (nm2), and the x-axis is
time (ns), and (c) Rg of both the protein backbone over the entire simulation. y-axis is Rg (nm), and the x-axis is time (ps).

another electro-negative atom (acceptor). Hydrogen bonding confers rigidity to the protein structure and specificity to intermolecular
interactions. Hydrogen bonds are crucial in molecular interactions, particularly in biological systems, as they play a significant role in
stabilizing protein structures. We analyze the hydrogen bonds (H-bonds) between all possible donors (D) and acceptors (A) using the
gmxhbond program of GROMACS. To determine, if an H-bond exists, a geometrical criterion of r =< rHB = 0.35 nm and an angle cut
off of 30° is used. The receptors 3E9S, and 2YDO exhibit a consistent range of hydrogen bonds between 0 to 3 throughout the entire
simulation. It is clear from the simulation that the ligand-protein docked structure shows stability during the course of simulation by
retaining the similar number of hydrogen bonds with minor fluctuation.

Solvent-accessible surface area (SASA) is another crucial property that provides information about the overall protein conformation
in an aqueous environment. Proteins consist of hydrophobic and hydrophilic residues and tend to adopt structures that minimize the
exposure of hydrophobic residues to the aqueous solvent. Increases in SASA from a stable state can indicate protein instability, such as
unfolding that exposes hydrophobic residues to the solvent, leading to undesirable changes like irreversible aggregation. The substitu-
tion of amino acids, whether through mutational or chemical means, can also disrupt the native conformation of a protein, resulting in
partial unfolding and leading to increases in SASA. The SASA value between for our work are ranges between 6.5-10.5 nm? as shown
in Figure 6 explains that the binding of ligands does not affect the folding of the proteins.

Radius of gyration was determined to determine the system’s compactness over time. Higher Rg values indicate less compactness (more
unfolded) and conformational entropy, whereas low Rg values indicate excellent compactness and structure stability (more folded). The
radius of the gyration plot for both docked proteins after running molecular dynamics simulation were shown in Figure 6. The proteins
3E9S, and 2YDO in the complex were stable, with fewer fluctuations in the Rg value ranging from 2.2-2.5 nm, indicating less variation.
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The radius of gyration results revealed that the binding of these molecules does not induce structural changes. The plots also show
the least fluctuation for 2YDO compared to 3E9S. Overall, these results suggest that Cannabiscitrin can form stable complexes with the
SARS-CoV-2 RBD and induce conformational changes that lead to a reduction in the distance between key amino acid residues involved
in the binding site.

4 Conclusions

The objective of this study was to identify antiviral cannabinoid type 2 drugs capable of targeting the main protease (Mpro) of SARS-
CoV-2. We utilized standard molecular modeling techniques, including molecular docking and molecular dynamics studies. Cannabis
sativa is considered one of the most controversial plants in our society; however, at the same time, it has been used worldwide for
medicinal purposes for centuries. In this study, we explored the effects of antiviral cannabinoid type-2 drugs on the recent SARS-COV-2
pandemic. We found that Cannabiscitrin is the best-suited lead drug candidate against the nucleoprotein (PDB ID: 3E9S) of Covid-19.
This protein is a viral protein. Furthermore, through a comparative study, we found that this drug is the most suitable candidate among
other existing lead candidates such as Cannabisin D, Cannabinol, Myricetin, etc. We identified the best molecular docking parameter
with a binding affinity value of -9.11, which is higher than that of other leading candidates. The therapeutic potential of Cannabiscitrin
as an antiviral agent has been more critical in combating COVID-19, caused by the severe acute respiratory syndrome corona-virus-2.
Based on a computational study, we concluded that the Cannabiscitrin drug can better combat the SARS-COV-2 nucleoprotein.
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Docking, antiviral cannabinoid drugs; Sars-CoV-2; Molecular Dynamics.

6 Supplementary Information

See the supplementary material for details on the Cannabinoid Type-2 receptor, ligand interaction diagrams, and a table containing
both the residues of the protein and their ligands.
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