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ABSTRACT

The emergence of the novel coronavirus (COVID-19) pandemic caused by SARS-CoV-2 has caused worldwide health
emergency. Resulting in millions of deaths and confirmed cases globally, the critical demand for effective remedies remains
paramount. This study explores the molecular biology of SARS-CoV-2, focusing on its structural and accessory proteins,
as well as potential targets for drug intervention. Drug repurposing, an attractive strategy in drug discovery, is extensively
discussed, including drugs targeting various stages of the virus lifecycle and mitigating the after-effects of COVID-19
infection. Additionally, natural phytoconstituents are explored as potential agents against COVID-19. Moreover, a study
on database screening for effective antiviral drug molecules for SARS-CoV-2 through molecular docking techniques is
presented, identifying promising lead molecules. We delve into the virtual screening of antiviral drug databases, prioritizing
the RNA-dependent RNA polymerase (RdRp) enzyme as a promising target. Utilizing molecular docking techniques, we
analyse protein-ligand interactions and assess hit molecules through MM-GBSA binding energy calculations. This
comprehensive approach seeks to advance the development of effective therapies to eradicate this deadly global pandemic.
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INTRODUCTION

The unexpected and unpredictable surge of novel
Coronavirus (COVID-19) disease caused by SARS-CoV-2
(Severe Acute Respiratory Syndrome Coronavirus 2) has
left the entire globe to a halt. COVID-19, first detected in
Wuhan, impacted all age groups globally with significant
fatalities !. As per the W.H.O. statistics, over 7 million
deaths and more than 776.8 million COVID-19 cases
worldwide: the pandemics staggering toll as of November
10, 2024, with the number continuously escalating. The
symptoms embrace fever, breathing difficulty, cough, and
invasive lesions on the lungs in the patient. People are said
to be ‘asymptomatic’ when they test positive for COVID-
19 but no symptoms are generated or rather the symptoms
are not developed to any noticeable extent. The generally
accepted incubation period for COVID-19 is up to 14 days,
representing the interval between initial viral exposure and
symptom onset. Some people can get tested positive for the
virus 1-3 days before symptom onset, and are referred to as
‘pre-symptomatic’. In both asymptomatic and pre-
symptomatic people, onwards transmission of the virus is
believed to be still possible and contagious. Hence, they are
sometimes dubbed as ‘silent-carriers’® 3. The challenges
posed in combating this deadly virus are deficiency of
effective and licensed drugs, vaccines, inadequate hospital
services and medical supplies, logistics, and many more.
that have alleviated with the cohesion worldwide!. SARS-

CoV-2 is a positive-sense single-stranded RNA (order
Nidovirale) belonging to the family Coronaviridae, and
subfamily Coronovirinae. The genomic structure of the
virus is represented * in Fig. 1. Viral entry into the host cell
occurs through a two-step process: first, the spike protein
binds to the ACE2 receptor, tailed by membrane fusion or
endocytic uptake. Following endocytosis into target cell,
pH-dependent cysteine protease cathepsin L causes
cleavage of S protein at an acidic endo-lysosomal pH (3-
6.5) . Host cell protease TMPRSS?2 activates the viral S
protein, enabling direct fusion with the cell membrane. On
the viral RNA is released into the cytoplasm, it is translated
into two precursor polyproteins, ppla and pplab. These
proteins are subsequently processed by viral proteases,
including 3CLpro and PLpro, to generate a variety of nsps
essential for viral replication. The two non-structural
proteins (nsps) consist of two key replicative enzymes: nsp-
12 i.e., RNA-dependent-RNA-polymerase and nspl3 i.e.,
helicase °. The viral replication-transcription complex
(RTC), formed by nsps, enables genomic RNA replication
and subgenomic mRNA transcription. Newly assembled
virion, comprising structural proteins and viral genome, are
released via viroporin-mediated budding 7. Extensive
mutation is commonly observed in RNA viruses during
replication due to the absence of proofreading activity in
most viral RNA-dependent RNA polymerase (RdRp).
Recent investigations indicate the novel corona virus SARS
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Fig. 2. SARS-CoV-2 life cycle depicting the stages and potential targets of inhibition

CoV-2 possess some proofreading activity which reduces
the error rate and pace of mutation #!°, The SARS-CoV-2
viral life cycle depicting the stages and anticipated targets
of inhibition is shown in Fig. 2.

Drug repurposing

Drug repurposing, searching new indications for the
existing drugs, is believed to reduce both the money and
time involved in the prolonged and inflated ADMET
evaluation of candidate molecules, often in case of
developing drugs de novo . Recycling old drugs in the
wake to treat new diseases, salvaging deferred drugs and
intensifying patents’ lives contributes to drug repurposing
(also called drug repositioning) and makes it an attractive
strategy in drug discovery '>!°. The seemingly never-ending
COVID-19 pandemic has caused a rush to repurpose
existing drugs. Constitutively, the drugs that are currently
in testing phase for repurposing in COVID-19 can be
characterized as (1) potential drugs inhibiting one or more
stages of COVID-19 virus lifecycle and (2) potential drugs
countering the after-effects COVID-19 infection like

augmented immune response and immense cytokine
release, posing a risk of both ARDS (Acute Respiratory
Distress Syndrome) and coagulopathy.

Drugs inhibiting stages of COVID-19 lifecycle

Virus attachment and entry

The molecules that are supposed to cause the down-
regulation of ACE-2 receptors along with TMPRSS2
inhibitors have been proposed as potential molecules to be
considered in the treatment for SARS-CoV-2 patients 617,
The drugs under consideration for repurposing against
SARS-CoV-2’s initial stage of infection, specifically viral
attachment and entry (Stage 1), are presented in Fig. 3. The
proposed molecules include estradiol (1), spironolactone
(2), isotretinoin (3) and retinoic acid (4) as down-regulators
of ACE-2; and bicalutamide (5), camostat mesylate (6) and
nafamostat (7) as TMPRSS2 inhibitors. Additionally,
binding of virion to the host cell has been targeted and
attained much attention that has led to two antiviral
molecules considered as potential inhibitors of binding:
umifenovir (8) (blocking the activation of S protein); and
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Fig. 3: Structures of drugs considered for repurposing at stage 1 (viral attachment and entry) of COVID-19 virus life
cycle

nelfinavir (9) (binds to the activated S protein further
inhibiting the membrane fusion process). Furthermore,
drugs inhibiting endocytosis are also considered for drug
repurposing strategy in treatment of COVID-19. These
include antimalarials like chloroquine (10),
hydroxychloroquine (11), amodiaquine (12), artemisin (13)
and artesunate (14), baricitinib (15), imatinib (16),
chlorpromazine (17), amiodarone (18) and niclosamide (19)
18, Out of these, hydroxychloroquine (HCQ) is currently in
Phase III of clinical trials against COVID-19. The proposed
mechanisms of action of HCQ are: (1) raises pH in
endosomes and accumulation in acid vesicles thereby
preventing viral fusion and entry; and (2) inhibits terminal
ACE-2 glycosylation and prevents SARS-CoV-2 S protein
19-21

Viral replication

Drugs that inhibit the viral RdRp, a crucial enzyme in
replication of virus, hold promise for repurposing in the
treating COVID-19 !¢, Drugs considered are remdesivir
(20) (broad-spectrum anti-viral drug) 22, favipiravir (21)
(anti-influenza drug in Japan) 23, sofosbuvir (22) (drug used
in Hepatitis C) 2%, emtricitabine (23) (nucleoside reverse-
transcriptase inhibitor (NRTI) in treatment of HIV/AIDS)
25, galidesivir (24) (broad-spectrum adenosine nucleoside
antiviral drug) ¢ and clevudine (25) (pyrimidine analogue
against Hepatitis B) 2. Remdesivir is currently in the Phase
III trials and is approved as treatment option for COVID-19
in Japan 283! It is a ProTide (Prodrug of nucleoTide) and is

believed to be a chain terminator blocking the transcription
process. Its reactive 3’-hydroxyl group forms a
phosphodiester bond with the next subsequent nucleotide.
Additionally, research demonstrates that cyano group at
position 1 of remdesivir have steric clashes with RdRp
(residue S861) upon chain elongation perturbing the RNA
positioning, ultimately hampering translocation to the
remdesivir >33, Drugs that inhibit proteases, currently used
in HIV/AIDS treatment, are also being investigated for their
ability to combat SARS-CoV-2 such as lopinavir (26),
ritonavir (27), danoprevir (28), atazanavir (29) and
darunavir (30). Metalloproteinases required for cell fusion
and virus replication in coronavirus are also considered as
potential target and thus, tetracycline derivatives such as
doxycycline (31) has been significantly considered as
potential molecules for repurposing in COVID-19 336,
Virion assembly, budding and progeny release

The antiviral drugs used in this step of viral replication
along with immunosuppressants like sirolimus (32) (also
known Rapamycin, macrolide compound) 37 are considered
for drug repurposing proposed for SARS-CoV-2 'S
Oseltamivir (33) (neuraminidase inhibitor anti-influenza
drug inhibiting the release of progeny influenza virus)
and daclatasvir (34) (potent inhibitor of non-structural
protein 5A used in treatment of hepatitis C) 3° are
considered as anti-COVID drugs 43, The drugs considered
for repurposing at stage 2 and stage 3 i.e., viral replication,
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Fig. 4: Structures of drugs considered for repurposing in stage 2 (viral replication) and stage 3 (virion assembly,
budding and progeny release) of COVID-19 virus life cycle

viral assembly, budding and progeny release respectively,
of SARS-CoV-2 life cycle are depicted in Fig. 4.

Drugs countering the after-effects of COVID-19
infection

As discussed above, COVID-19 infection is linked with
augmented immune and inflammatory response thereby
leading to immense cytokine release causing severe
cytokine storm. The implications of cytokine storm such as
ARDS, coagulopathy, lymphopenia represents considerate
targets to develop an efficacious treatment for COVID-19
4_ A lot many anti-inflammatory and immunomodulatory
drugs such as glucocorticoids viz. methylprednisolone (35),
prednisone (36), hydrocortisone (37) and dexamethasone
(38) 4; non-steroid anti-inflammatory drugs (NSAIDs) i.e.,
nonselective cyclooxygenase (COX) inhibitors like
ibuprofen (39), aspirin (40), diclofenac (41), naproxen (42)
along with selective COX2 inhibitors like celecoxib (43),
rofecoxib (44), etoricoxib (45), valecoxib (46) “;
interleukin antagonists viz. tocilizumab (47) (blocks the
interleukin-6 signal transduction pathway) *7; and kinase
inhibitors viz. imatinib (48), abemaciclib (49), gilteritinib
(50) and osimertinib (51) *® are proposed for COVID-19
drug repositioning. Several trials have been carried on the
use of dexamethasone to assess its ability against effects of

SARS-CoV-2 viral infection. In patients with critical
COVID-19 illness, dexamethasone reduced 28-day
mortality ¥, Macrolide antibiotics like azithromycin (52)
and clarithromycin (53) are also being considered against
inflammatory and immunomodulatory effects of SARS-
CoV-2 viral infection . Drugs being explored for
repurposing to treat post-acute sequelae of SARS-CoV-2
are depicted in Fig. 5.

Natural Phytoconstituents in repurposing as potential
agents combating COVID-19

The journey of drug development is expensive and time-
consuming. The similarity between the plant-based anti-
viral screening and synthetic drugs testing procedure
establish a better link between in-vitro & in-vivo findings.
These results might accelerate their approval procedure '
52, 1t has been long known about the plant’s contribution in
healing and in a series of cases, different phytoconstituents
have been identified in past that hamper the replication of
number of viruses *3, still natural phytoconstituents-based
treatment has been largely ignored. This opens up a highly
significant area for exploratory study in development of
potential phyto-anti-COVID drugs. Various natural
phytoconstituents have demonstrated efficacy in
forestalling the entry of SARS-CoV-2 in host cells 7. The
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Fig. 5: Structures of drugs for repurposing countering the after-effects of COVID-19 infection.

development of an anti-SARS-CoV-2 medication requires a
fusion enzyme-based and cell-based in-vitro and in-vivo
studies. Fig. 6 highlights natural phytoconstituents being
considered for repurposing in COVID-19 therapy. Recent
research demonstrated dose-dependent effectiveness of
emodin (54), an anthraquinone derivative, in hampering the
binding of S protein to host receptor ACE2 **, Numerous
Chinese herbal extracts containing small antiviral
molecules exhibit strong S protein binding, disrupting viral
entry >°. Apart from various synthetic drugs, discussed in
the previous sections, inhibiting TMPRSS2 activity, it was
reported that Xanthoangelol G (55) isolated from Angelica
keiskei demonstrated inhibition of TMPRSS2 (IC50 = 51.6
uM) ¢, Next, targeting the proteins involved in endocytic
pathway of virus are considered as encouraging strategy in
inhibiting SARS-CoV-2 entry 3’. Several natural
compounds are reported to act through this strategy viz.
terpenes/terpenoids *3°! and alkaloids ®** via two
pathways: one involving cathepsin inhibition, the other
involving increased lysosomal pH, both resulting in protein
breakdown in endolysosomes, an intracellular vesicles.

The phytoconstituent extracted from liquorice roots
(Glycyrrhiza radix) viz. Glycyrrhizin (56) (triterpene
glycoside glycyrrhizic acid) was proved to be more
efficacious than ribavirin (licensed drug for respiratory
syncytial virus) against SARS-CoV %, It is believed that
glycyrrhizin causes increased production of nitrous oxide

synthase that leads to inhibition of viral replication % %,
After additional studies on glycyrrhizin derivatives and
careful analysis of the obtained results indicated that
incorporation of different functional groups led to 10-70
folds increase in anti-SARS activity; at the same time safety
was compromised due to increased cytotoxicity ©’. These
findings open avenues for glycyrrhizin modification for
enhanced anti-COVID activity, although cytotoxicity needs
to be addressed. Reports suggested various plants and their
extracts showing curative strategy intended for MERS-CoV
and SARS-CoV a consequence of immune response
modulation. Extracts from a range of plants, including
Linder aggregate, Pyrrosia lingua, Artemisia annua, and
Lycoris radiata demonstrated better activity against SARS-
CoV compared to glycyrrhizin, out of which Lycoris
radiata was reported to be the most efficacious medicine
(EC50: 2.4 £ 0.2 mg/L) . Furthermore, extracts of
eucalyptus, Lonicera japonica and Radix ginseng exhibited
anti-SARS-CoV activity, with Radix ginseng specifically
reducing acute lung injury by targeting inflammatory
signaling ®. The proteases, 3CLpro and PLpro have been
considered as the promising targets to develop agents
against SARS and MERS. The tannic acid compounds,
theaflavin-3,3’-digallate (TF3) (57) and 3-isotheaflavin-3-
gallate (TF2B) (58) present abundantly in black tea extracts
were proven to be potent inhibitors of 3CLpro determined
by HPLC proteolytic assay 7°. In addition, Quercetin (59)
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Fig. 6: Natural phytoconstituents: A repurposing strategy for COVID-19.

and its derivative quercetin-3-B-galactoside (60), a plant
flavonoid, also inhibited SARS-CoV 3CLpro replication,
where the inhibitory action was believed to be due to the
sugar moiety 3772, The RdRp was reported to be inhibited
along with 3CLpro of SARS-CoV by an extract of the
traditional Chinese medicine, Houttuynia cordata *. Along
with 3CLpro inhibition, there have been reported extracts
showing greater inhibition of SARS-CoV PLpro 7
Carbinolamide motif present in cinnamic amide extract of
Tribulus terrestris fruit demonstrated IC50 = 15.8 uM
targeting SARS-CoV PLpro .Owing to the significant
protein resemblances amid MERS-CoV, SARS-CoV, and

SARS-CoV-2 7 suggest that plants and their
phytoconstituents effective against first two viruses could
also effective against COVID-19. Evidence suggests that
the 95%-100% homology in SARS-CoV-2 proteins in
comparison to SARS-CoV except two proteins i.e., orf8 and
orfl0 77. There is a 95% similarity found in 3’-5°
exonuclease, nsp7, 8, 9, 10, helicase, 3CLpro and RdRp of

both SARS-CoV-2 and SARS-CoV, 7® a comparison drawn
from Blastp search. The nucleocapsid (N) protein also
exhibits approximately 90% amino acid identity. These
similarities and identities form the basis in utilizing the
above-mentioned phyto-inhibitors, that show anti-SARS-
CoV activity, for COVID-19 too along with various other
phytoconstituents reported in the databases. While it has not
been possible to provide definite clinical data of these
potential phytoconstituents targeting SARS-CoV or MERS-
CoV in past to bring them to an effective antiviral
therapeutic, it poses disadvantage in the existing scenario of
COVID-19. Most of the recent investigations based on
potential plants and their phytoconstituents aimed at
COVID-19 emphasis mainly on two approaches: 1) use of
bioinformatic tools like molecular docking; and 2)
molecular farming i.e., production of vaccines and
antibodies 7® 7. Molecular docking of various molecules of
herbal origin have been reported that shown inhibition of
proteins viz. spike proteins, PLpro, 3CLpro, and viral
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Fig. 7: Structures of Set 1 (77-83) consisting of non-nucleoside analogues from our developed antiviral dataset; Set 2
(84-93) consisting of nucleoside analogues from similarity search datasets; and Quercetin (94) screened from natural

molecules dataset; Remdesivir (95) used as standard.

replication pertaining to SARS-CoV-2 . A recent study
based on molecular docking considering nelfinavir and
lopinavir as standards suggested that certain molecules
extracted from medicinal plants, viz. catechin (61),
epicatechin-gallate (62), curcumin (63),
desmethoxycurcumin (64), naringenin (65), apigenin-7-
glucoside (66), oleuropein (67), luteolin-7-glucoside (68),
kaempferol (69) and quercetin, have strong binding with
main protease of COVID-19. Thus, they have been
proposed as inhibitors targeting main protease %°. Another
study employing molecular docking study revealed that
digitoxigenin (70), crocin (71) and B-Eudesmol (72)
i1solated from Nerium oleander, Crocus sativus L and Lauris
nobilis, has the potential to inhibit the Spike protein 8!,
In-vitro experiments are another key aspect in the search for
therapeutic phyto-inhibitors against SARS-CoV-2. Due to
poor oral bioavailability (as suggested by in-vitro studies),

these phyto-inhibitors are expected to show different
clinical efficacy in-vivo. Emetine extracted from roots of
ipecac (Psychotria ipecacuanha) (73) was shows viral
replication inhibition at 0.5 pM 82, Furthermore, another
reported effective antiviral drug Homoharringtonine (74),
isolated from Cephalotoxus fortunei, against porcine
epidemic diarrthoea coronaviruses and murine hepatitis
demonstrated to inhibit SARS-CoV-2 at EC50 value of 2.10
uM. Interestingly, the therapeutic plasma concentration
(0.066 uM), of a semi-synthetic homoharringtonine,
omacetaxine (75), after 11 days of treatment found to be
significantly lower than its in-vitro EC50 value against
SARS-CoV-2 #. Diammonium glycyrrhizinate (76),
liquorice root extract and Vitamin C tablets were approved
for clinical trials and were prescribed for COVID-19 8.
These significant results confirm the effectiveness of
potential plant-derived therapeutics combating SARS-CoV-
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Fig. 8: (a) 3D crystal structure of RdRp enzyme, PDB ID: 7C2K, RNA complex is depicted

2 and hence, should proximately be taken into consideration
for dose optimization. These exciting outcomes make us
expectant towards the utility of these broad-spectrum Phyto
antivirals against sudden viral outbreaks in future. A
systematic avenue, combining in-silico in-vitro, and in-vivo
procedures, can ease clinical trials of promising plants and
active phytoconstituents.

MATERIALS AND METHODS

Preparation of ligands

Based on the backdrop, we present here a study cantered on
the screening of various databases to gain insight towards
the scaffold generation/selection that could be employed to
generate leads to be developed against COVID-19.

Five databases were selected for virtual screening
comprising of synthetic and natural origin viz. Asinex (6827
molecules), an antiviral database of synthetic small
molecules and macrocycles; Enamine (3200 molecules),
database containing nucleoside mimetics as antiviral
agents; Natural product like similarity search (913
molecules), 2D fingerprint similarity search against
Specnet, Timetek, Selleck, Analyticon, ChemDiv (4000
molecules), database of natural-product-based library. It
was based on similarity search using Remdesivir as
standard with the help of BioSolvelT (for similarity search).
The fifth database was comprised of our lab designed,
synthesized, and evaluated antiviral dataset comprised of
scaffolds derived from natural origin like chalcones,
aurones, indolinones, quinolones and cinnamic acid-
piperazine derivatives. Our developed antiviral dataset was
comprised of sixty non-nucleoside molecules, evaluated
against pandemic HIN1 using in-vitro techniques. the
ligand energy minimization was accomplished using the
MMFF94 force field. The resulting energy-minimized
ligands were then prepared for molecular docking by
converting them to pdb format.

Preparation of Protein
RdRp (RNA-dependent RNA polymerase) 3D crystal
structure (PDB ID: 7C2K) was retrieved from RCSB

protein data bank 8. Biovia Discovery Studio was used for
preparation of protein for molecular docking. The co-
crystallized ligand was detached from the protein structure
followed by addition of polar hydrogens, water molecules,
and charges.

Virtual screening of antiviral drug databases
Molecular docking

Virtual screening of altogether 15,000 molecules was
carried out by molecular docking technique using Maestro
Glide (for HTVS and docking) software with the
enrichment factor calculated from Maestro EF 1% = 11.
Standard Precision Glide was employed on top screened
1103 molecules based on best interactions with important
amino acid residues. Next, Extra Precision Glide docking
was performed on the screened top 100 molecules from
them and the molecules were further screened by rescoring
them with MM-GBSA calculations in Maestro for binding
energy.

An RMSD of 0.46A for co-crystallized ligand’s binding
pose validated the docking protocol. The screened
molecules were then divided into two sets. The first set
comprised of non-nucleoside analogues (7 molecules, 77-
83). The other set composed of nucleoside analogues (10
molecules, 84-93) with structural similarity to Remdesivir
(95), along with quercetin (94) screened form the natural
database as shown in Fig. 7.

RESULTS AND DISCUSSION

The selection of analogues highlights possibility of two
mechanisms. One mechanism similar to Remdesivir, is
proposed for nucleoside analogues dataset while the other
proposed mechanism is for non-nucleoside analogues 33-%7,
We studied the interactions of the screened molecules with
amino acid residues of NSPs (viral proteins) complexed
with RdRp that plays a fundamental role in the
incorporation of RNA into the genome. The standard drug
remdesivir triphosphate 95 showed three hydrogen bond
and a van der Waals interaction with pyrimidine base
U31257, two hydrogen bond interactions with A1261,
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Table 1: The MM-GBSA binding energy (kcal/mol) of screened non-nucleoside and nucleoside analogues

Compound Chemical Name of Compound MM-GBSA
binding
energy
(kcal/mol)

77 (E)-1-(4-aminophenyl)-3-(4-methoxyphenyl) prop-2-en-1-one -37.645

78 (E)-1-(4-aminophenyl)-3-(3-hydroxyphenyl) prop-2-en-1-one -34.838

79 (Z)-2-(4-methoxybenzylidene) benzofuran-3(2H)-one) -33.582

80 (Z)-2-(4-methoxybenzylidene)indolin-3-one) -33.145

81 (E)-3-(3,4-dimethoxyphenyl)-1-(piperazin-1-yl)prop-2-en-1-one -34.249

82 (E)-3-(4-chlorophenyl)-1-(piperazin-1-yl)prop-2-en-1-one -36.334

83 2-(4-methoxyphenyl)quinolin-4(1H)-one -36.325

84 (2R,3R,4S,5R)-2-(6-amino-2-chloro-9 H-purin-9-yl)-tetrahydro- -44.951
5-(hydroxymethyl) furan-3,4-diol

85 6-(4-hydroxy-2,5-dioxo-3-(2-oxopropyl) imidazolidin-1-yl)- 2- 37073
methylpyrazolo[1,5-a] pyrimidine-3-carboxamide ’

86 9-amino-1,2,3,4,6,7-hexahydro-3-(1,2,3,4-tetrahydroxybutyl)-2,6-
dioxo-1-hydroxy-[1,4]diazepino[5,6,7-de][ 1,6]naphthyridine- -43.795
10-carbonitrile

87 4-((1E)-8-amino-6,10-dichloro-2,3-dihydro-2,2-bis(hydroxymethyl)-

3,7 -dioxonaphtho [1,8-ef][1,4]diazepin-4(7H)-yl)-2-oxopropane -43.505
-1-sulphonamide

88 9-amino-3-(aminomethyl)-3,4,6,7-tetrahydro-3-methyl-2,6-dioxo- -40.296
[1,4]diazepino[5,6,7-de][1,6]naphthyridine-1,10(2H)-dicarbonitrile ’

89 (4E)-7-amino-5,9-dichloro-3-(1,2,3,4-tetrahydroxybutyl)-1- 43153
(hydroxymethyl) naphtho[1,8-ef] [1,4]diazepine-2,8(1H,3H)-dione '

90 4-(9-amino-10-cyano-3,4,6,7-tetrahydro-3,3-bis(hydroxymethyl)-2,6-dioxo-

[1,4]diazepino [5,6,7-de][1,6]naphthyridin-1(2H)-yl)- -40.867
2-oxopropane-1-sulphonamide

91 3-(6-(4-amino-5-oxopyrazolidin-3-yl)-3,5a,6,7-tetrahydro- 1 -(hydroxy
methyl)-5-methoxy-2-methyl-3,7-dioxo-2H-cyclopenta[cd] -41.381
indol-5a-yloxy)-2-oxopropanoic acid

92 9-amino-3,4,6,7-tetrahydro-3-(1,2,3,4-tetrahydroxybutyl)-2,6-dioxo- 41,119
[1,4]diazepino [5,6,7-de] [1,6]naphthyridine-1,10(2H)-dicarbonitrile ‘

93 N-(4-(4-(phenylamino)pyrrolo[1,2-f][1,2,4] triazin-6-yl)sulpholan-3-yl) 40 784
ethansulphonamide '

94 2-(3,4-Dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-4-one (Quercetin) -39.381

95 (25)-2-{(2R,3S,4R,5R) [5-(4-Amino pyrrolo [2,1-f] [1,2,4]triazin-7-yl) -5- cyano- -47.224
3,4-dihydroxy-tetrahydro -furan-2-ylmethoxy|phenoxy-

(S)-phosphorylamino} propionic acid 2-ethyl-butyl ester (Remdesivir)
hydrogen bond interactions with Ser683, Thr688 and  Furthermore, Quercetin, a  well-known  natural

Asp761; and phosphate group having salt bridge interaction
with Lys546 and Arg556. All the nucleoside analogues
showed interactions with above-mentioned base pairs and
active amino acid residues of RdRp enzyme. The significant
binding energies, ranging from -37.073 to -47.224 kcal/mol,
suggest that these compounds can effectively mimic the
action of remdesivir. Notably, compounds 84 and 86
exhibited the good binding energy (-44.951 and 43.795
kcal/mol, respectively), indicating its potential as effective
inhibitor of the RdRp enzyme.

Interestingly, the non-nucleoside analogues also showed
interaction with U31257 and above-mentioned important
amino acid residues of the RdRp enzyme, albeit with
slightly lower binding energies compared to nucleoside
analogues (-33.145 to -37.645 kcal/mol). These interactions
suggest a different but potentially effective mechanism of
inhibition, providing an alternative pathway for therapeutic
intervention.

phytoconstituent demonstrated a notable binding energy of
-39.381 kcal/mol. This suggests that it can effectively
interact with RdRp enzyme, albeit not as strongly as the
nucleoside analogues. However, its binding energy is
significantly better than all non-nucleoside analogues
analyzed, indicating its potential utility in drug repurposing
as an antiviral agent. The poses for molecules in RdRp
enzyme of SARS-CoV-2 has been depicted in Fig. 8.

in cyan colour (base pairs in ladder form yellow colour) and
highlighted in a box; (b) remdesivir triphosphate pose
interacting with RNA; (c) pose of quercetin screened from
natural phytoconstituents database; (d) non-nucleoside
analogues 77-83 from our antiviral dataset; (e) nucleoside
analogues 84-88; and (f) nucleoside analogues 89-93 from
screened databases.

The MM-GBSA binding energy analysis provided a
quantitative measure of the binding affinities of the
screened compounds. The MM-GBSA binding energies
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show that nucleoside analogues generally exhibit higher
binding affinities compared to non-nucleoside analogues.
Notably, compounds 84-95 shows significantly lower
binding energies, suggesting stronger interactions with the
enzyme. Table 1 represent the details of the MM-GBSA
binding energies of screened molecules.

The overall study gave us eighteen hit molecules. Our
study underscores the potential of both nucleoside and
non-nucleoside analogues in targeting SARS-CoV-2 RdRp
enzyme. The distinct mechanism of action and strong
binding affinities of these compounds provide a robust
foundation for further experimental validation and
development of effective antiviral therapies. The ability of
nucleoside analogues to closely mimic the interactions of
Remdesivir supports their potential in antiviral therapy.
Additionally, the distinct interaction profile of non-
nucleoside analogues offers a complementary approach
that could be explored further. Computational drug
repurposing thus offers a rapid and efficient approach to
identifying promising candidate for combating COVID-19
pandemic. Further, we can explore these analogues by
appropriate structural modifications to get an exclusive
breakthrough molecule which can be used in combat
strategy against the deadly coronavirus. It is hoped that
this study will stimulate further investigations in this field.

CONCLUSION

The drug development targeting the novel coronavirus is
emphasized in this study. The virus has created havoc in the
globe and it is infamously cited as COVID-19 - a
devastating pandemic 2019. Various targets based on the
stages in lifecycle of coronaviruses were reviewed and
explored for the evaluation of various known drugs from
synthetic as well as phytochemical origins, that have been
considered for repurposing to develop much awaited lead to
combat COVID-19 crisis. In this ocean, we tried to add a
drop by doing virtual screening using molecular docking
technique on reported antiviral (specifically RNA virus)
based drug databases. The primary focus was on the most
promising target viz., RNA-dependent-RNA-polymerase
(RdRp) enzyme. From the computation of protein-ligand
interactions, we arrived at scaffolds 84 (binding energy -
44.951 kcal/mol) and 86 (binding energy - 43.795 kcal/mol)
which showed potential to be lead against this virus similar
to Remdesivir (binding energy - 47.224 kcal/mol). One big
learning of this pandemic was to make use of drug
repurposing strategy which is nothing but like filling old
wine in a new bottle, indeed came to rescue of mankind in
this challenging time.

ACKNOWLEDGEMENTS

The authors thank Drug Discovery Hackathon 2020 for
providing support to carry out the virtual screening
employing molecular docking tool of various databases.
The authors are also grateful to Schrodinger Inc. for
providing license to carry out molecular docking using
Glide and MM-GBSA calculations. Authors extend their
gratitude towards BioSolvelT for providing license for
similarity search using remdesivir as standard. Funding for
infrastructure and computational facilities was provided by

the Department of Science and Technology’s Fund for
Improvement of S & T Infrastructure in Higher Educational
Institutions (DST-FIST), New Delhi (SR/FST/College-
264/2015(C)) at Prin. K. M. Kundnani College of
Pharmacy, Mumbai, India, which the authors gratefully
acknowledge.

REFERENCES

1. Zhu H, Wei L, Niu P. The novel coronavirus outbreak in
Wuhan, China. Glob Health Res Policy. 2020;5:6.

2. Qiu X, Nergiz Al, Maraolo AE, Bogoch II, Low N,
Cevik M. Defining the role of asymptomatic and pre-
symptomatic SARS-CoV-2 transmission — a living
systematic review. medRxiv.
2020:2020.09.01.20135194.

3. Kim GU, Kim MJ, Ra SH, Lee J, Bae S, Jung J, et al.
Clinical  characteristics of asymptomatic and
symptomatic patients with mild COVID-19. Clin
Microbiol Infect. 2020;26(7):948.e1-.e3.

4. Nahar D, Ayare S, Kanyalkar M. Transitioning from
Crisis to Control: Reviewing Antiviral Agents Targeting
Pandemic Viruses. Future Virology. 2024;19(8-9):339-
57.

5. Inoue Y, Tanaka N, Tanaka Y, Inoue S, Morita K,
Zhuang M, et al. Clathrin-dependent entry of severe
acute respiratory syndrome coronavirus into target cells
expressing ACE2 with the cytoplasmic tail deleted. J
Virol. 2007;81(16):8722-9.

6. Morse JS, Lalonde T, Xu S, Liu WR. Learning from the
Past: Possible Urgent Prevention and Treatment Options
for Severe Acute Respiratory Infections Caused by
2019-nCoV. Chembiochem. 2020;21(5):730-8.

7. Prasansuklab A, Theerasri A, Rangsinth P,
Sillapachaiyaporn C, Chuchawankul S, Tencomnao T.
Anti-COVID-19 drug candidates: A review on potential
biological activities of natural products in the
management of new coronavirus infection. J Tradit
Complement Med. 2021;11(2):144-57.

8. Naqvi AAT, Fatima K, Mohammad T, Fatima U, Singh
IK, Singh A, et al. Insights into SARS-CoV-2 genome,
structure, evolution, pathogenesis and therapies:
Structural genomics approach. Biochim Biophys Acta
Mol Basis Dis. 2020;1866(10):165878.

9. Pachetti M, Marini B, Benedetti F, Giudici F, Mauro E,
Storici P, et al. Emerging SARS-CoV-2 mutation hot
spots include a novel RNA-dependent-RNA polymerase
variant. J Transl Med. 2020;18(1):179.

10. Romano M, Ruggiero A, Squeglia F, Maga G, Berisio
R. A Structural View of SARS-CoV-2 RNA Replication
Machinery: RNA Synthesis, Proofreading and Final
Capping. Cells. 2020;9(5).

11. Tobinick EL. The value of drug repositioning in the
current pharmaceutical market. Drug News Perspect.
2009;22(2):119-25.

12.Gns HS, Gr S, Murahari M, Krishnamurthy M. An
update on Drug Repurposing: Re-written saga of the
drug's fate. Biomed Pharmacother. 2019;110:700-16.

13.Sun P, Guo J, Winnenburg R, Baumbach J. Drug
repurposing by integrated literature mining and drug-

IJPQA, Volume 15 Issue 4, October - December 2024

Page 2320



Computational Drug Repurposing for SARS-CoV-2 Targeting RdRp

gene-disease triangulation.
2017;22(4):615-9.

14. Shameer K, Readhead B, Dudley JT. Computational and
experimental advances in drug repositioning for
accelerated therapeutic stratification. Curr Top Med
Chem. 2015;15(1):5-20.

15.Jin G, Wong ST. Toward better drug repositioning:
prioritizing and integrating existing methods into
efficient pipelines. Drug Discov Today. 2014;19(5):637-
44.

16.Fehr AR, Perlman S. Coronaviruses: an overview of
their replication and pathogenesis. Methods Mol Biol.
2015;1282:1-23.

17. Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N,
Herrler T, Erichsen S, et al. SARS-CoV-2 Cell Entry
Depends on ACE2 and TMPRSS2 and Is Blocked by a
Clinically =~ Proven  Protease  Inhibitor.  Cell.
2020;181(2):271-80.e8.

18. Sultana J, Crisafulli S, Gabbay F, Lynn E, Shakir S,
Trifirdo G. Challenges for Drug Repurposing in the
COVID-19 Pandemic Era. Front Pharmacol.
2020;11:588654.

19. Wang M, Cao R, Zhang L, Yang X, Liu J, Xu M, et al.
Remdesivir and chloroquine effectively inhibit the
recently emerged novel coronavirus (2019-nCoV) in
vitro. Cell Res. 2020;30(3):269-71.

20. Vincent MJ, Bergeron E, Benjannet S, Erickson BR,
Rollin PE, Ksiazek TG, et al. Chloroquine is a potent
inhibitor of SARS coronavirus infection and spread.
Virol J. 2005;2:69.

21. Gautret P, Lagier JC, Parola P, Hoang VT, Meddeb L,
Mailhe M, et al. Hydroxychloroquine and azithromycin
as a treatment of COVID-19: results of an open-label
non-randomized clinical trial. Int J Antimicrob Agents.
2020;56(1):105949.

22.Scavone C, Brusco S, Bertini M, Sportiello L,
Rafaniello C, Zoccoli A, et al. Current pharmacological
treatments for COVID-19: What's next? Br J Pharmacol.
2020;177(21):4813-24.

23. Furuta Y, Komeno T, Nakamura T. Favipiravir (T-705),
a broad spectrum inhibitor of viral RNA polymerase.
Proc Jpn Acad Ser B Phys Biol Sci. 2017;93(7):449-63.

24. Desnoyer A, Pospai D, Lé MP, Gervais A, Heurgué-
Berlot A, Laradi A, et al. Pharmacokinetics, safety and
efficacy of a full dose sofosbuvir-based regimen given
daily in hemodialysis patients with chronic hepatitis C.
J Hepatol. 2016;65(1):40-7.

25. Valade E, Tréluyer JM, Bouazza N, Ghosn J, Foissac F,
Benaboud S, et al. Population pharmacokinetics of
emtricitabine in HIV-l-infected adult patients.
Antimicrob Agents Chemother. 2014;58(4):2256-61.

26. Warren TK, Wells J, Panchal RG, Stuthman KS, Garza
NL, Van Tongeren SA, et al. Protection against filovirus
diseases by a novel broad-spectrum nucleoside analogue
BCX4430. Nature. 2014;508(7496):402-5.

27.Korba BE, Furman PA, Otto MJ. Clevudine: a potent
inhibitor of hepatitis B virus in vitro and in vivo. Expert
Rev Anti Infect Ther. 2006;4(4):549-61.

28. Hashemian SM, Farhadi T, Velayati AA. A Review on
Remdesivir: A Possible Promising Agent for the

Drug Discov Today.

Treatment of COVID-19. Drug Des Devel Ther.
2020;14:3215-22.

29.Grein J, Ohmagari N, Shin D, Diaz G, Asperges E,
Castagna A, et al. Compassionate Use of Remdesivir for
Patients with Severe Covid-19. N Engl J Med.
2020;382(24):2327-36.

30.Beigel JH, Tomashek KM, Dodd LE, Mehta AK,
Zingman BS, Kalil AC, et al. Remdesivir for the
Treatment of Covid-19 - Final Report. N Engl J Med.
2020;383(19):1813-26.

31.Hsu J. Covid-19: What now for remdesivir? Bmj.
2020;371:m4457.

32. Gordon CJ, Tchesnokov EP, Woolner E, Perry JK, Feng
JY, Porter DP, et al. Remdesivir is a direct-acting
antiviral that inhibits RNA-dependent RNA polymerase
from severe acute respiratory syndrome coronavirus 2
with high potency. J Biol Chem. 2020;295(20):6785-97.

33. Eastman RT, Roth JS, Brimacombe KR, Simeonov A,
Shen M, Patnaik S, et al. Remdesivir: A Review of Its
Discovery and Development Leading to Emergency Use
Authorization for Treatment of COVID-19. ACS Cent
Sci. 2020;6(5):672-83.

34. Mosquera-Sulbaran  JA, Hernandez-Fonseca H.
Tetracycline and viruses: a possible treatment for
COVID-19? Arch Virol. 2021;166(1):1-7.

35.Sodhi M, Etminan M. Therapeutic Potential for
Tetracyclines in the Treatment of COVID-19.
Pharmacotherapy. 2020;40(5):487-8.

36.Zhao TY, Patankar NA. Tetracycline as an inhibitor to
the SARS-CoV-2. Journal of Cellular Biochemistry.
2021;122(7):752-9.

37.Graziani EI. Recent advances in the chemistry,
biosynthesis and pharmacology of rapamycin analogs.
Nat Prod Rep. 2009;26(5):602-9.

38. Wade KC. Chapter 16 - Antiviral Dosing Considerations
for Term and Preterm Infants. In: Benitz WE, Smith PB,
editors. Infectious Disease and Pharmacology.
Philadelphia: Elsevier; 2019. p. 193-205.

39. Smith MA, Regal RE, Mohammad RA. Daclatasvir: A
NS5A Replication Complex Inhibitor for Hepatitis C
Infection. Ann Pharmacother. 2016;50(1):39-46.

40. Chan HT, Chao CM, Lai CC. Sofosbuvir/daclatasvir in
the treatment of COVID-19 infection: A meta-analysis.
J Infect. 2021;82(4):e34-e5.

41. Drozdzal S, Rosik J, Lechowicz K, Machaj F, Kotfis K,

Ghavami S, et al. FDA approved drugs with
pharmacotherapeutic  potential for SARS-CoV-2
(COVID-19)  therapy. Drug  Resist  Updat.

2020;53:100719.

42. Lythgoe MP, Middleton P. Ongoing Clinical Trials for
the Management of the COVID-19 Pandemic. Trends
Pharmacol Sci. 2020;41(6):363-82.

43.Shah B, Modi P, Sagar SR. In silico studies on
therapeutic agents for COVID-19: Drug repurposing
approach. Life Sci. 2020;252:117652.

44, Crisafulli S, Isgro V, La Corte L, Atzeni F, Trifirdo G.
Potential Role of Anti-interleukin (IL)-6 Drugs in the
Treatment of COVID-19: Rationale, Clinical Evidence
and Risks. BioDrugs. 2020;34(4):415-22.

IJPQA, Volume 15 Issue 4, October - December 2024

Page 2321



Computational Drug Repurposing for SARS-CoV-2 Targeting RdRp

45.van Paassen J, Vos JS, Hoekstra EM, Neumann KMI,
Boot PC, Arbous SM. Corticosteroid use in COVID-19
patients: a systematic review and meta-analysis on
clinical outcomes. Crit Care. 2020;24(1):696.

46.W.H.O. The use of non-steroidal anti-inflammatory
drugs (NSAIDs) in patients with COVID-19: scientific
brief, 19 April 2020. Geneva: World Health
Organization; 2020 2020. Contract No.: WHO/2019-
nCoV/Sci_Brief/NSAIDs/2020.1.

47.Zhang C, Wu Z, Li JW, Zhao H, Wang GQ. Cytokine
release syndrome in severe COVID-19: interleukin-6
receptor antagonist tocilizumab may be the key to
reduce mortality. Int J Antimicrob Agents.
2020;55(5):105954.

48. Weston S, Coleman CM, Haupt R, Logue J, Matthews
K, Li, et al. Broad Anti-coronavirus Activity of Food
and Drug Administration-Approved Drugs against
SARS-CoV-2 In Vitro and SARS-CoV In Vivo. J Virol.
2020;94(21).

49. Sterne JAC, Murthy S, Diaz JV, Slutsky AS, Villar J,
Angus DC, et al. Association Between Administration
of Systemic Corticosteroids and Mortality Among
Critically Il Patients With COVID-19: A Meta-analysis.
Jama. 2020;324(13):1330-41.

50.Sultana J, Cutroneo PM, Crisafulli S, Puglisi G,
Caramori G, Trifiro G. Azithromycin in COVID-19
Patients:  Pharmacological Mechanism, Clinical
Evidence and Prescribing Guidelines. Drug Saf.
2020;43(8):691-8.

51.Babar M, Najam-us-Sahar Sadaf Zaidi MA, Kazi AG.
Antiviral drug therapy-exploiting medicinal plants.
Journal  of  Antivirals and  Antiretrovirals.
2013;5(2):028-36.

52.Bose S, Malik J, Mandal SC. Application of
Phytochemicals in Pharmaceuticals. In: Patra JK,
Shukla AC, Das G, editors. Advances in Pharmaceutical
Biotechnology: Recent Progress and Future
Applications. Singapore: Springer Singapore; 2020. p.
55-68.

53. Chantrill BH, Coulthard CE, Dickinson L, Inkley GW,
Morris W, Pyle AH. The action of plant extracts on a
bacteriophage of Pseudomonas pyocyanea and on
influenza A virus. J Gen Microbiol. 1952;6(1-2):74-84.

54.Ho TY, Wu SL, Chen JC, Li CC, Hsiang CY. Emodin
blocks the SARS coronavirus spike protein and
angiotensin-converting enzyme 2 interaction. Antiviral
Res. 2007;74(2):92-101.

55.YiL, Li Z, Yuan K, Qu X, Chen J, Wang G, et al. Small
molecules blocking the entry of severe acute respiratory
syndrome coronavirus into host cells. J Virol.
2004;78(20):11334-9.

56.Park JY, Ko JA, Kim DW, Kim YM, Kwon HJ, Jeong
HJ, et al. Chalcones isolated from Angelica keiskei
inhibit cysteine proteases of SARS-CoV. J Enzyme
Inhib Med Chem. 2016;31(1):23-30.

57.Yang N, Shen HM. Targeting the Endocytic Pathway
and Autophagy Process as a Novel Therapeutic Strategy
in COVID-19. Int J Biol Sci. 2020;16(10):1724-31.

58. Martins BX, Arruda RF, Costa GA, Jerdy H, de Souza
SB, Santos JM, et al. Myrtenal-induced V-ATPase

inhibition - A toxicity mechanism behind tumor cell
death and suppressed migration and invasion in
melanoma. Biochim Biophys Acta Gen Subj.
2019;1863(1):1-12.

59.Kuzu OF, Gowda R, Sharma A, Robertson GP.
Leelamine mediates cancer cell death through inhibition
of intracellular cholesterol transport. Mol Cancer Ther.
2014;13(7):1690-703.

60. Sun H, Huang M, Yao N, Hu J, Li Y, Chen L, et al. The
cycloartane triterpenoid ADCX impairs autophagic
degradation through Akt overactivation and promotes
apoptotic cell death in multidrug-resistant HepG2/ADM
cells. Biochem Pharmacol. 2017;146:87-100.

61. Barquero AA, Alché LE, Coto CE. Block of vesicular
stomatitis virus endocytic and exocytic pathways by 1-
cinnamoyl-3,11-dihydroxymeliacarpin, a
tetranortriterpenoid of natural origin. J Gen Virol.
2004;85(Pt 2):483-93.

62.Qiu W, Su M, Xie F, Ai J, Ren Y, Zhang J, et al.
Tetrandrine blocks autophagic flux and induces
apoptosis via energetic impairment in cancer cells. Cell
Death & Disease. 2014;5(3):e1123-e.

63. Wang Z, Zhang J, Wang Y, Xing R, Yi C, Zhu H, et al.
Matrine, a novel autophagy inhibitor, blocks trafficking
and the proteolytic activation of lysosomal proteases.
Carcinogenesis. 2013;34(1):128-38.

64. Wu MY, Wang SF, Cai CZ, Tan JQ, Li M, Lu JJ, et al.
Natural autophagy blockers, dauricine (DAC) and
daurisoline  (DAS), sensitize cancer cells to
camptothecin-induced toxicity. Oncotarget.
2017;8(44):77673-84.

65. Cinatl J, Morgenstern B, Bauer G, Chandra P, Rabenau
H, Doerr HW. Glycyrrhizin, an active component of
liquorice roots, and replication of SARS-associated
coronavirus. Lancet. 2003;361(9374):2045-6.

66. Jeong HG, Kim JY. Induction of inducible nitric oxide
synthase expression by 18beta-glycyrrhetinic acid in
macrophages. FEBS Lett. 2002;513(2-3):208-12.

67.Hoever G, Baltina L, Michaelis M, Kondratenko R,
Baltina L, Tolstikov GA, et al. Antiviral activity of
glycyrrhizic  acid  derivatives  against SARS-
coronavirus. J Med Chem. 2005;48(4):1256-9.

68.Li SY, Chen C, Zhang HQ, Guo HY, Wang H, Wang L,
et al. Identification of natural compounds with antiviral
activities against SARS-associated coronavirus.
Antiviral Res. 2005;67(1):18-23.

69.Yuan Q, Jiang YW, Ma TT, Fang QH, Pan L.
Attenuating effect of Ginsenoside Rb1 on LPS-induced
lung injury in rats. J Inflamm (Lond). 2014;11(1):40.

70. Chen CN, Lin CP, Huang KK, Chen WC, Hsich HP,
Liang PH, et al. Inhibition of SARS-CoV 3C-like
Protease Activity by Theaflavin-3,3'-digallate (TF3).
Evid Based Complement Alternat Med. 2005;2(2):209-
15.

71.Lin CW, Tsai FJ, Tsai CH, Lai CC, Wan L, Ho TY, et al.
Anti-SARS coronavirus 3C-like protease effects of
Isatis indigotica root and plant-derived phenolic
compounds. Antiviral Res. 2005;68(1):36-42.

72.Chen L, Li J, Luo C, Liu H, Xu W, Chen G, et al.
Binding interaction of quercetin-3-beta-galactoside and

IJPQA, Volume 15 Issue 4, October - December 2024

Page 2322



Computational Drug Repurposing for SARS-CoV-2 Targeting RdRp

73.

74.

75.

76.

77.

78.

79.

80.

its synthetic derivatives with SARS-CoV 3CL(pro):
structure-activity relationship studies reveal salient
pharmacophore  features. Bioorg Med Chem.
2006;14(24):8295-306.

Lau KM, Lee KM, Koon CM, Cheung CS, Lau CP, Ho
HM, et al. Immunomodulatory and anti-SARS activities
of  Houttuynia  cordata. J  Ethnopharmacol.
2008;118(1):79-85.

Park JY, Yuk HJ, Ryu HW, Lim SH, Kim KS, Park KH,
et al. Evaluation of polyphenols from Broussonetia
papyrifera as coronavirus protease inhibitors. ] Enzyme
Inhib Med Chem. 2017;32(1):504-15.

Song YH, Kim DW, Curtis-Long MJ, Yuk HJ, Wang Y,
Zhuang N, et al. Papain-like protease (PLpro) inhibitory
effects of cinnamic amides from Tribulus terrestris
fruits. Biol Pharm Bull. 2014;37(6):1021-8.

Xu J, Zhao S, Teng T, Abdalla AE, Zhu W, Xie L, et al.
Systematic Comparison of Two Animal-to-Human
Transmitted Human Coronaviruses: SARS-CoV-2 and
SARS-CoV. Viruses. 2020;12(2).

Chan JF, Kok KH, Zhu Z, Chu H, To KK, Yuan S, et al.
Genomic characterization of the 2019 novel human-
pathogenic coronavirus isolated from a patient with
atypical pneumonia after visiting Wuhan. Emerg
Microbes Infect. 2020;9(1):221-36.

Rosales-Mendoza S, Marquez-Escobar VA, Gonzalez-
Ortega O, Nieto-Gomez R, Arévalo-Villalobos JI. What
Does Plant-Based Vaccine Technology Offer to the
Fight against COVID-19? Vaccines (Basel). 2020;8(2).
Islam MT, Sarkar C, El-Kersh DM, Jamaddar S, Uddin
SJ, Shilpi JA, et al. Natural products and their
derivatives against coronavirus: A review of the non-
clinical and pre-clinical data. Phytother Res.
2020;34(10):2471-92.

Khaerunnisa S, Kurniawan H, Awaluddin R, Suhartati
S, Soetjipto S. Potential Inhibitor of COVID-19 Main

Protease (Mpro) From Several Medicinal Plant
Compounds by Molecular Docking Study. 2020.

81. Aanouz I, Belhassan A, El-Khatabi K, Lakhlifi T, El-
Ldrissi M, Bouachrine M. Moroccan Medicinal plants
as inhibitors against SARS-CoV-2 main protease:
Computational investigations. J Biomol Struct Dyn.
2021;39(8):2971-9.

82. Choy KT, Wong AY, Kaewpreedee P, Sia SF, Chen D,
Hui KPY, et al. Remdesivir, lopinavir, emetine, and
homoharringtonine inhibit SARS-CoV-2 replication in
vitro. Antiviral Res. 2020;178:104786.

83.Qiu R, Wei X, Zhao M, Zhong C, Zhao C, Hu J, et al.
Outcome reporting from protocols of clinical trials of
Coronavirus Disease 2019 (COVID-19): a review
medRxiv. 2020.

84.Chen L, Hu C, Hood M, Zhang X, Zhang L, Kan J, et al.
A Novel Combination of Vitamin C, Curcumin and
Glycyrrhizic Acid Potentially Regulates Immune and
Inflammatory Response Associated with Coronavirus
Infections: A Perspective from System Biology
Analysis. Nutrients. 2020;12(4).

85. Wang Q, Wu J, Wang H, Gao Y, Liu Q, Mu A, et al.
Structural Basis for RNA Replication by the SARS-
CoV-2 Polymerase. Cell. 2020;182(2):417-28.e13.

86. Mondal SK, Mukhoty S, Kundu H, Ghosh S, Sen MK,
Das S, et al. In silico analysis of RNA-dependent RNA
polymerase of the SARS-CoV-2 and therapeutic
potential of existing antiviral drugs. Comput Biol Med.
2021;135:104591.

87.Xu T, Zhang L. Current understanding of nucleoside
analogs inhibiting the SARS-CoV-2 RNA-dependent
RNA polymerase. Comput Struct Biotechnol J.
2023;21:4385-94.

88. Denel-Bobrowska M, Olejniczak AB. Non-nucleoside
structured compounds with antiviral activity-past 10
years (2010-2020). Eur J Med Chem. 2022;231:114136.

IJPQA, Volume 15 Issue 4, October - December 2024

Page 2323



