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Abstract

Corona virus disease 2019 (COVID-19) is an infectious disease caused by SARS-CoV-2, a newly
discovered pathogenic corona virus that causes respiratory illness in humans and has now become a major
challenge for the entire world. Although several vaccines for COVID-19 have been approved to date, lead
compounds are still in high demand for the development of more promising or effective drugs and
vaccines. According to the literature, antiviral drugs are used to treat COVID-19; thus, the current study is
an attempt to screen lead molecules from plant-derived antiviral compounds. In this study, 33 plant-
derived compounds with antiviral properties against corona viruses were used as ligand molecules, with
Favilavir, Remdesivir, Ivermectin, and Dexamethasone serving as reference drugs. Molecular docking
was performed between the selected ligands and the four main drug targets of SARS-CoV-2,
Nucleocapsid Protein, Spike Glycoprotein, Proteases 3CLpro, and Helicase, and ADMET properties of
screened compounds were observed. Docking results revealed that Reserpine, Tetrandrine, and
Xanthoangelol F had a high Moldock score with each target, just like the current COVID-19 medications,
Ivermectin and Remdesivir. Docking and ADMET studies indicate that Reserpine, Tetrandrine, and
Xanthoangelol F may be potent lead compounds for the treatment of COVID-19 and should be
investigated further.
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Introduction

COVID-19 is caused by Severe Acute Respiratory Syndrome corona virus 2 (SARS-CoV-2), a
newly discovered highly pathogenic human corona virus (CoV). This was first reported in Wuhan, China,
in December 2019 and quickly became a global pandemic [1,2].

According to the WHO COVID-19 Weekly Epidemiological Update- 19 - 31 August 2022, over
598 million confirmed cases and over 6.4 million deaths have been reported globally [3]. COVID-19 has
become the greatest threat to humanity due to its epidemic nature and a lack of appropriate and effective
drugs.

SARS-CoV-2, like SARS-CoV and the Middle East respiratory disease corona virus (MERSCoV),
is a member of the Coronaviridae family. These three viruses are zoonotic, meaning they can cause
serious infection in humans, as opposed to other human CoVs (HCoV-NL63, HCoV-229E, CoV-0OC43,
and HCoVHKU), which are only responsible for minor respiratory infections [4]. The genomic sequence
of SARS-CoV-2 revealed that it shares 82 percent sequence identity with SARS-CoV and, to a lesser
extent, MERSCoV [5,6]. The pharmacological target of SARS-CoV-2 can be recognized from the life
cycle of CoVs due to sequence similarity [7].

In the search for SARS-CoV-2 therapeutic options, all CoV enzymes and proteins involved in viral
replication and control of host cellular machinery are potentially druggable targets. The Nucleocapsid
Protein of Corona virus is an interesting therapeutic target since it plays a vital function in viral RNA
transcription and replication [8]. Kang et al.[9] crystallized the SARS-CoV-2 nucleocapsid N-terminal
domain, which has been structured and relocated in the Protein Data Bank (PDB ID: 6M3M) and is
publicly available. Spike (S) Glycoprotein in CoVs mediates virus entry by contacting specific host-
receptors on the cell's surface and is an intriguing pharmacological target [10]. Wrapp et al. crystallized
SARS-CoV-2 spike glycoprotein and repositioned it in the Protein Data Bank (PDB ID: 6VSB) [11].
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Proteases 3CLpro (3C-like protease or main protease) are crucial for virus replication and controlling the
host cell response; therefore, they stand as key targets in the development of antiviral drugs [12,13]. Liu
et al. [14] determined the crystal structure of COVID-19 main protease protein from COVID-19(PDB
code: 6LU7). Helicase in CoVs catalyzes the separation of duplex oligonucleotides into single strands in a
nucleotide triphosphate (NTP) hydrolysis-dependent manner. This protein is essential for RNA viral
synthesis and considered an interesting target for drug development [15]. At the time of this in-
silicostudy, no structural information on the SARS-CoV-2 helicase was available, but structural
information on SARS-CoV was available (PDB code: 6JYT) [16]. The availability of the SARS-CoV
structure, which has a high sequence similarity (99.8 percent), significantly encourages the search for
drugs to treat COVID-19.

Even though many drugs have been tried for COVID-19, none have been approved. As a result,
drug repurposing has emerged as a new hope for combating the COVID-19 pandemic. Drug repositioning
is a strategy for accelerating drug discovery by repurposing existing pharmaceuticals for diseases other
than their primary indications [17]. Following the emergence of the COVID-19 pandemic, several drug
candidates from the existing drug repository were assessed for activity against SARS-CoV-2.
Identification of drugs with high target specificity, as well as the discovery of existing drugs that could be
repurposed to treat SARS-CoV-2 infection, is critical for this purpose [18]. Favilavir, an anti-viral drug,
has been shown to be effective in treating the symptoms of COVID-19 in a clinical trial of more than 70
patients with minimal side effects [19]. Remdesivir demonstrated efficacy in animals by resisting two
viruses like Covid-19, SARS-CoV and MERS-CoV. One 35-year-old man recovered from COVID-19 in
a clinical trial of Remdesivir [20,21]. Remdesivir, a SARS-CoV-2 treatment approved by the FDA for
emergency use, targets the RNA-dependent RNA polymerase (RdRp) enzyme of SARS-CoV-2 [22]. In
an in-vitro study conducted in Australia [23], an anti-parasitic drug known as ivermectin was shown to be
effective against the SARS-CoV-2 virus. Dexamethasone, a corticosteroid, can save the lives of COVID-
19 patients who are critically ill [24]. These current medications of COVID-19 were taken in this in-silico
study as reference.

Plant-derived compounds are known to be a rich source of lead compounds for drug discovery. A
review conducted by Ebob et al. [25] suggested that compounds from the alkaloid, flavonoid, terpenoid,
phenolic, xanthone, and saponin classes could be lead compounds against SARS-COV-2, as they
demonstrated activities at less than 10 pM against the coronaviruses. Several natural products have
demonstrated potent antiviral activity against SARS-CoV [26-28], MERS-CoV [29], HCoV-229E [30],
and HCoV-OC43 [31]. The study of these natural compounds in-silico, in-vitro, and in vivo will aid in the
discovery of a drug for SARS-COV-2.Taking these perspectives into account, we chose Favilavir,
Remdesivir, Ivermectin, Dexamethasone, and 33 plant-derived antiviral compounds with good ICsg
values against CoVs for our study of SARS-CoV-2 inhibitors.

Materials and methods

Compound selection

We chose 33 plant-derived compounds with antiviral activity against CoVs as ligands from various
research articles [32-43]. As reference drugs, we chose the antiviral drugs Favilavir and Remdesivir, as
well as the antiparasitic drug Ivermectin and the steroid Dexamethasone. The selected antiviral
compounds with ICso against CoVs are in Table 1.
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Table 1 Plant-derived antiviral compounds with ICso value against SARS-CoV and references.
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Molecular docking

The crystal structures of CoV-2 nucleocapsid N-terminal domain (6M3M), COVID-19 main
protease (6LU7), nucleocapsid N-terminal domain(6M3M), and helicase of SARS-CoV (6JYT) were
downloaded from PDB. ChemDraw Ultra 12.0.2.1076 (Cambridge Soft, UK) was used for ligand
preparation. 2D structures of the ligands were drawn and then converted into 3D. ChemDraw 3D was
used for 3D chemical structure optimization and energy minimization of the selected compounds and
reference drug compounds, with 0.1 RMS gradient for geometry optimization. The protein preparation tab
of Molegro Virtual Docker (MVD) was evoked for removing attached ligand, water and co-factors.
Hybridization state, bond order and explicit hydrogen were assigned in the automatic preparation mode

and charges were assigned according to the scoring function used (MolDock Scoring Function).
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Grid-based cavity prediction algorithm of MVD was used for predicting the binding sites of the
protein where grid resolution was kept at 0.8 A covering the protein. Accessibility of the grid points was
checked with the placement of spheres of radius 1.4 A determined by the Van der Waals for overlap
analysis and random directions were chosen from the accessible grid point to survey if any inaccessible
grid point hits on the way which was repeated for 16 different directions giving its accessibility if 12 or
more of these lines hit an inaccessible volume. Volumes below 10.0 A3 were discarded as irrelevant after
connecting the neighboring grid points [44]. Predicted active site cavities were scored and ranked
according to their volumes and the highest-scoring ones were selected for each protein. The properties of
the selected cavities of each target can be seen in (Table S1 of supplementary material).

Selected ligands and four current COVID-19 medications were allowed to dock with the residues of
each protein’s detected cavity separately using MolDock Score (GRID) as the docking algorithm in
Molegro virtual docker (MVD) and energy potential evaluation were done for the grid points based on tri-
linear interpolation. The scoring function MolDock SE (Simplex Evolution) was used, with a maximum
iteration of 1500 for a population size of 50 and 5 runs. Poses were generated from the initial population
size, and different torsion angles (sp2-sp2, sp2-sp3, or sp3-sp3), translation, and rotation were considered
for evaluating the most affected part of the molecule and rewarding the lowest conformation. For pose
generation, the energy threshold was set to 100, and the poses were clustered using the Tabu clustering
technique of MVD with an RMSD threshold of 2.00, taking into account the intrinsic ligand symmetries.
Following docking, the best poses were chosen for further analysis based on docking scores (MolDock
Score), which is a statistical scoring function that converts interacting energy into numerical values
[45,46]. The top 10 repeated poses in each target were then converted to the ligand, and H-bond
interactions between the ligand and the selected targets were investigated.

ADME and toxicity prediction

In admetSARI, the ADME properties and toxicity characteristics of three best results ligands and
two reference drugs were investigated. In admetSARI1, 27 quantitative structure-activity relationships
(QSAR) models are compiled from the scientific literature for ADMET prediction, including 22
qualitative classification and 5 quantitative regression models of over 2 lakhs ADMET annotated data
points for over 96 thousand unique compounds [47].

Results and discussion

Molecular docking

In this study, we used 37 compounds as ligands, including the antiviral drugs Favilavir and
Remdesivir, as well as the anti-parasitic drug Ivermectin, the steroid Dexamethasone, and 33 plant-
derived antiviral compounds with high IC50. MVD was used to perform molecular docking between the
selected ligands and SARS-CoV-2 target proteins.

The antiviral potential of selected ligands was assessed by analyzing their post docking interactions
and scores with four SARS-CoV-2 pharmacological targets. The MolDock Score (kcal/mol) was used to
evaluate the docking results. The docking results for the selected ligands and four targets are shown in
Table S2of supplementarymaterial. For each target, we chose the top ten ligands based on MolDock Score
for further investigation in Table 2.

Table 2 Top 10 docking result in 4 selected targets.

Nucleocapsid N-terminal domain COVID-19 main protease protein

Spike Glycoprotein (6VSB ) (6M3M) (6LU7) Helicase (6JYT)
Ligand MolDock Score Ligand MolDock Score Ligand MolDock Score Ligand MolDock Score
(kcal/mol) (kcal/mol) (kcal/mol) (kcal/mol)
*Ivermectin —146.91 *Ivermectin —159.38 *Remdesivir —162.52 *vermectin —183.22
*Remdesivir -127.12 *Remdesivir ~153.99 Quercetin-3-b- -162.24 Reserpine ~147.82
galactoside
Reserpine -115.02 Aescin.MOL —153.16 Reserpine -162.22 *Remdesivir —140.83
Xanthoangelol F —-110.86 Glycyrrhizin —139.98 *Ivermectin —159.15 Glycyrrhizin —139.65
Aescin —-107.61 Reserpine —139.45 Xanthoangelol F —158.30 Aescin —139.44
Tetrandrine —106.95 Xanthoangelol —137.81 Tetrandrine —156.93 Tetrandrine —137.68
Xanthoangelol —106.04 Tetrandrine —133.52 Xanthoangelol -151.89 xanthoangelol G —130.40
Xanthoangelol G —-105.20 Xanthoangelol G -125.77 Xanthoangelol B —147.84 Xanthokeistal A —130.35
Xanthoangelol B —99.10 Xanthoangelol F —122.77 Xanthoangelol D —147.16 Xanthoangelol B —128.03
Isobavachalcon —98.56 4-hydroxyderricin -121.17 Xanthokeistal A —144.28 Xanthoangelol F —128.03

*Drug compound
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We observed that three antiviral compounds, namely Reserpine (IC50 value 6.0 mol/L against
SARS-CoV) 26, Tetrandrine (IC50 value 0.330.03 mol/L against HCoV-OC43) 36, and Xanthoangelol F
(IC50 value 34.1 4.8 mol/L against SARS-CoV) 43, had good docking scores with each of the 4 selected
target proteins of SARS-CoV-2 in Table 2. The H-Bond interaction between the best ligand and each of
the selected target proteins was then investigated.

H-Bond interaction

H-Bond interactions are weak and easily broken, but they play a key role in protein-ligand
interactions as well as in ligand-protein interaction stabilization [48,49]. In this context, the best-
performing ligands in each protein were chosen to observe H-Bond interactions concerning to the
residues involved (Figures 1 - 3 and S1 - S2 of supplementary material).

Reserpine, Tetrandrine, and Xanthoangelol F, as well as the drugs Remdesivir and Ivermectin,
demonstrated good H-bonding with each protein. Remdesivir, an antiviral drug, had the best H-bond
interaction with each target, followed by Xanthoangelol F, Ivermectin, Reserpine, and Tetrandrine in

Table 3.

Table 3 Hydrogen bonding pattern at the binding sites of the targets.

H-bond with Spike H-bond with H-bond with
. COVID-19 main Nucleocapsid N- H-bond with Helicase
Compound Glycoprotein . .
(6VSB) protease terminal domain 6JYT)
(6LU7) (6M3M)

*[vermectin O (Tyr 313)-H-O O (Thr 24)-H-O N (Arg 150)-H-O O (Thr 199)-H-O
O (Lys 310)-H-O O (Thr 25)-H-O O (Tyr 124)-H-O P (Phe 200)-H-O
N (Arg 1014)-H-O S (Cys 145_-H-O O (Trp 133)-H-O N(Arg 178)-H-O
O (Glu 166)-H-O N (Lys 66)-H-O N(Ala 379)-H-O
O (GIn 192)-H-O O(Pro 406)-H-O
Reserpine O (Leu 303)-H-O N (His 163-H-O O (Tyr 112)-H-O O (Thr 410)-H-O
O (GIn 957)-H-O S (Cys 145)-H-O O (Phe 67)-H-O N (His 311)-H-O
N (Gln 957)-H-O N (Gly 143)-H-O O (Trp 133)-H-O N (Arg 339)-H-O
N (Gln 314)-H-O O (Ser 46)-H-O N (Arg 178)-H-O
*Remdesivir N(Asn 960)-H-O O (Thr 26)-H-O O(Thr 149)-H-N O(Leu 176)-H-O
O(GlIn 957)-H-O N (Thr 26)-H-O O(Lys 128)-H-N O(Thr 410)-H-N
O(Asp 950)-H-O O (GIn 189)-H-O N (Lys 128)-H-O N(Arg 409)-H-N
O (His 164)-H-O O(Ala 126)-H-O N(Asn 179)-H-N
O (His 41)-H-N N(Trp 133)-H-O N(Asn 177)-H-O
N (Gly 143)-H-O O(lle 131)-H-O O(Asp 534)-H-O
N(Asn 519)-H-O
Tetrandrine N(Leu 945)-H-O O(Ser 144)-H-O Nil N(Arg 178)-H-O
N (Arg 339-H-O
O(Ser 310)-H-O
N(His 311)-H-O
Xanthoangelol F O(Asp 950)-H-O S(Cys 145)-H-O O(Thr 167-H-O O(GlIn 537)-H-O

N(Asn 953)-H-O
N(lle 312)-H-O
O(lle 312)-H-0

O (Asn 142)-H-O
N (Gln 192)-H-O
N (Thr 190)-H-O
O (Ser 144)-H-O

N(Lys 66)-H-O
O(Glu 63)-H-O

O(Asp 534)-H-0
N(Ala 379)-H-O

*Drug compound

Binding mode of Reserpine
Reserpine had an interacting energy of —115.02 kcal/mol with Spike Glycoprotein, -139.45 kcal/mol

with Nucleocapsid N-terminal domain, -162.22 kcal/mol with COVID-19 main protease protein, and -
147.82 kecal/mol with Helicase. It also showed inhibition potential by showing four H-Bond interacting
with Leu 303, Gln 957, Gln 314 of Spike Glycoprotein, four H-Bond interacting with His 163, Cys 145,
Gly 143, Ser 46 of COVID-19 main protease protein, three H-Bond interacting with Tyr 112, Phe 67, Trp
133 of Nucleocapsid N-terminal domain and four H-Bond interacting with Thr 410, His 311, Arg 339,
Arg 178 of Helicase in Figure 1.
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(© )
Figure 1 Residues interacting with Reserpine forming Hydrogen bonds (black dash lines) in (a) spike
glycoprotein of SARS-CoV-; (b) COVID-19 main protease protein; ¢) SARS-CoV-2 nucleocapsid N-
terminal domain;(d) helicase of CoV.

Binding mode of Tetrandrine

Tetrandrine had an interacting energy of -106.95 kcal/mol with Spike Glycoprotein, —133.52
kcal/mol with Nucleocapsid N-terminal domain, —156.93 kcal/mol with COVID-19 main protease protein,
and -137.68 kcal/mol with Helicase. Figure 2 also showed inhibition potential by displaying one H-Bond
interacting with Spike Glycoprotein Leu 945, 1 H-Bond interacting with COVID-19 main protease
protein Ser 144, and four H-Bond interacting with Helicase Arg 178, Arg 339, Ser 310, and His 311 but
no H-Bond interacting with Nucleocapsid N-terminal domain.

(©)

Figure 2 Residues interacting with Tetrandrine forming Hydrogen bonds (black dash lines) in (a) spike
glycoprotein of SARS-CoV-; (b) COVID-19 main protease protein; ¢) helicase of CoV.
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Binding mode of Xanthoangelol F

XanthoangelolF had an interacting energy of -110.86 kcal/mol with Spike Glycoprotein, -122.77
kcal/mol with Nucleocapsid N-terminal domain, -158.30 kcal/mol with COVID-19 main protease protein,
and -128.03 kcal/mol with Helicase. It also showed inhibition potential by showing four H-Bond
interacting with Asp 950, Asn 953, lle 312 of Spike Glycoprotein, 5 H-Bond interacting with Cys 145,
Asn 142, Gln 192, Thr 190, Ser 144 of COVID-19 main protease protein, three H-Bond interacting with
Thr 167, Lys 66, Glu 63 of Nucleocapsid N-terminal domain and three H-Bond interacting with Gln 537,
Asp 534, Ala 379 of Helicase in Figure 3.

a/(‘iif\
-

1
=

e | Asn 953
4.'\3;:?5'9‘\\]«"‘

~

(©) (D)

Figure 3 Residues interacting with Xanthoangelol F forming Hydrogen bonds (black dash lines) in (a)
spike glycoprotein of SARS-CoV-; (b) COVID-19 main protease protein; (c) SARS-CoV-2 nucleocapsid
N-terminal domain;(d) helicase of CoV.

We discovered that the ligands Reserpine, Tetrandrine, and Xanthoangelol F had good docking
results and H-bond interation with different essential proteins of SARS-CoV-2, such as Nucleocapsid
Protein, Spike Glycoprotein, Proteases 3CLpro, and Helicase, which play critical roles in viral RNA
transcription and replication [8]. Because the compound has a high interacting energy and has formed H-
Bonds with the essential proteins of SARS-CoV-2, it may be able to suppress SARS-CoV-2 replication.

ADME and toxicity study

Absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties play key roles in
the discovery or development of drug candidates. We predicted various ADMET properties in
admetSAR1, including Blood-Brain Barrier (BBB) penetration, Human Intestinal Absorption (HIA),
Caco-2 Permeability (Caco-2) CYP metabolism, AMES toxicity, and Carcinogens in Table 4.
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Table 4 ADMET properties of the best results compounds.

Absorption Metabolism Toxicity
Comp d Blood- Human Caco-2 CYP450 CYP450 CYP450 CYP450 CYP450 CYP450 AMES Carcinoge
Brain Intestinal Permeabilit 2C9 2D6 3A4 1A2 2C19 2D6 Toxici ns s
Barrier Absorption Y Substrate Substrate Substrate Inhibitor Inhibit Inhibitor ty

*Ivermectin BBB+ HIA+ CaCO2- “n.s n.s bs dn.i In.i dn.i Non AMES Non
Carcinogenes

Reserpine BBB+ HIA+ CaCO2+ n.s n.s bs dn.i dn.i dn.i Non AMES Non
Carcinogens

*Remdesivir BBB- HIA- CaCO2- “n.s n.s bs dn.i In.i dn.i Non AMES Non
Carcinogens

Tetrandrine BBB+ HIA+ CaCO2+ n.s bs bg dn.i In.i dn.i AMES toxic Non
Carcinogens

Xanthoangelol F BBB+ HIA+ CaCO2+ n.s n.s bs ‘i < dn.i Non AMES Non

Carcinogens

n.s. = non substrate, °s= substrate, “i= inhibitor, n.i.=non inhibitor
*Drug compound

We observed that the three plant-derived antiviral compounds with a high MolDock score in each
target showed positive Blood-Brain Barrier (BBB) penetration, Human Intestinal Absorption (HIA), and
Caco-2 Permeability (Caco-2) while the antiviral drug Remdesivir showed negative, indicating that these
compounds are more active than the drug. Human cytochrome P450s (CYPs), a superfamily of heme-
containing enzymes with approximately 57 isoforms, catalyze the metabolism of a diverse range of
endogenous and xenobiotic compounds [50]. Among the various types of metabolic reactions, oxidative
reactions are the most important and prevalent; all drugs for phase I biotransformation undergo oxidation
at some point, and CYP enzymes, specifically 1A2, 2C9, 2C19, 2D6 and 3A4 are responsible for
approximately 90 % of oxidative metabolic reactions [51].

In the last several decades, several commercial drugs were withdrawn from the market due to
adverse CYP enzyme drug interactions [52,53]. In our study, we used admetSARI1 to predict the possible
metabolic pathways of the screened compounds, and we observed that all of them were CYP450 3A4
substrates (Table 4). We observed that the selected ligands were noncarcinogenic in the toxicity study
performed in admetSAR. However, lead Tetrandrine exhibited AMES Toxicity (Table 4).

Conclusions

This in-silico study revealed that plant-derived antiviral compounds are effective inhibitors of
multiple targets, including Nucleocapsid Protein, Spike Glycoprotein, Proteases 3CLpro, and SARS-
CoV-2 Helicase.

In terms of docking scores and H-Bond interaction, three ligands, Reserpine, Tetrandrine, and
Xanthoangelol F, outperformed the reference drug Remdesivir. The interaction energy and H-Bond
interaction profile indicated that they had the potential to inhibit SARS-CoV-2 replication.

Various pharmacokinetic parameters such as oral absorption, plasma protein binding, possible
metabolic pathway by different CYP enzymes, and possible CYP inhibition, as well as toxicity
characteristics such as carcinogenicity and AMES Toxicity, were evaluated, indicating that the three
compounds are pharmacologically active. As a result, Reserpine, Tetrandrine, and Xanthoangelol F have
a high potential for use in the treatment of SARS-CoV-2. It should be noted that the study's limitation is
related to the reality of in-silico studies. It could be concluded that it requires verification through in-vitro
and in-vivo studies, as well as clinical trials, which could support our investigations.
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