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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 has triggered a major epidemic among people around the world, and it is the newest in the sequence
SARS-CoV-2 to become prevalent among other infectious diseases. The drug repurposing concept has been utilized effectively
Covid-19

for numerous viral infections. Considering the situation and the urgency, the idea of drug repurposing for
coronavirus infection (COVID-19) is also being studied. The molecular docking method was used for the
screening of 29 antiviral drugs against primary protease proteins (MPP) of SARS-CoV-2, spike ecto-domain, spike
receptor binding domain, Nsp9 RNA binding protein, and HR2 domain. Among these drugs, in terms of least
binding energy, Indinavir, Sorivudine, Cidofovir, and Darunavir showed minimum docking scores with all the
key proteins. For ADMET (Absorption, Distribution, Metabolism, Excretion and Toxicity) analysis, the ADMET
properties of the top 4 drug candidates were retrieved through literature study. This analysis revealed that these
drug candidates are well metabolized, distributed, and bioavailable, but have some undesirable effects.
Furthermore, some approved structural analogues, such as Telbivudine, Tenofovir, Amprenavir, Fosamprenavir,
etc., were predicted as similar drugs which may also be used for treating viral infections. We highly recommend
these drug candidates as potential fighters against the deadly SARS-CoV-2 virus, and suggest in vivo trials for

Molecular docking
Drug repurposing
Antivirals

experimental validation of our findings.

1. Introduction

The Health Authority of China notified the World Health Organiza-
tion (WHO) about severe pneumonia cases in Wuhan City of Hubei
Province in central China on December 31, 2019 [1,2]. Later, this
emerging infectious disease was named novel coronavirus disease 2019
(COVID-19), and the causative agent was determined to be severe acute
respiratory syndrome coronavirus 2 (SARSCoV-2) [3]. A well-known
scientist in the field of SARS, Dr. Zhengli Shi, suggested the bats as the
origin of SARS-CoV-2 [4], and other researchers in China also narrated
that Middle East Respiratory Syndrome (MERS) and Severe Acute Res-
piratory Syndrome (SARS) like coronaviruses are likely to originate from
bats in China [5,6]. This SARS-CoV-2 is an envelope and positive-sense
single-stranded RNA (+ssRNA) virus [7]. It belongs to the genus Beta-
coronavirus, and shares about 79% and 50% genetic similarity with
SARS-CoV and MERS-CoV, respectively [8]. The virus has become more
perilous because of human-to-human transmission via respiratory

droplets, especially when people are closely contacted (within 1-2 m)
[9-11]. The disease may be symptomatic, paucisymptomatic, and
asymptomatic [12]. Commonly appeared respiratory symptoms of this
disease include fever, dry cough, dyspnoea, chest pain, fatigue, and
myalgia. Besides, headache, dizziness, abdominal pain, diarrhea, nausea
and vomiting are the less common symptoms of the disease [13,14].
After the emergence, the disease has spread so fast and extensively
around the world that WHO announced it as a pandemic on March 11,
2020.

The pandemic stymied the strong health sectors of the leading
countries, namely China, the UK, the United States, Russia, Germany,
Canada, Italy, Spain, France, and others. As of 2 July 2020, a total of
10,694,288 people were infected with COVID-19, and 516,210 deaths
were calculated worldwide [15]. Researchers from different countries
are making every attempt to develop new vaccines and anti-illness
medications. Many research and pharmaceutical companies are trying
to develop new medicines and vaccines using their sophisticated and
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advanced laboratories [16,17]. However, it takes around a year before
the drugs and/or vaccines to be available for patients because of the
time-consuming process. In that case, repurposing of existing drugs can
play a momentous role in reducing symptoms or treating the disease. In
many studies, some drugs, such as antimalarial drugs (e.g. chloroquine,
hydroxychloroquine) or anti-HIV drugs (e.g. lopinavir, ritonavir, sa-
quinavir), showed positive results against COVID-19 [18-20].

Drug repurposing, alternatively known as repositioning, is consid-
ered as an important approach for speedy identification of the thera-
peutic drugs with proven safety profiles to fight novel infectious diseases
[21-23]. This repurposing strategy was effective in identifying potential
drugs that combat diseases such as hepatitis C virus infection, Zika virus
infection, and Ebola disease [24,25,26,and27]]. Moreover, in-silico
based screening has become a felicitous method for mitigating the
drawbacks of antiviral drug discovery. This computational methods of
drug screening, including molecular docking, save both money and time
[28,29,30,31,and32]]. On the other hand, current licensed medicines of
certain diseases, which are safe for human use, need to be proved as
effective drugs against the target diseases [22,33]. Therefore, in silico
repurposing can be a great way to identify suitable drugs which target
essential proteins of SARS-CoV-2, such as proteins required for viral
replication or proteins that bind to the human receptors (ACE2:
angiotensin-converting enzyme 2). Our present research focused on
virtual screening of a variety of antiviral drugs approved by the Food
and Drug Administration (FDA). These drugs were screened against the
promising targets, namely SARS-CoV-2 main protease (Mpro, PDB
ID-6W63), which is very necessary for viral replication, and spike re-
ceptor binding domain (PDB ID-6MOJ), which is needed to bind to
human receptor ACE2. Other drug targets include Nsp9 (Nonstructural
protein-9) RNA binding protein, Spike Ectodomain and HR2 domain,
which are involved in viral replication, receptor binding and fusion, and
viral fusion with cell membrane, respectively. The studied FDA
approved antiviral drugs such as Sorivudine, Tipranavir, Zalcitabine,
Zidovudine, Indinavir, Nelfinavir, Nevirapine, etc. show efficacy against
human immunodeficiency virus (HIV). Other screened drugs like Tri-
fluridine, Valganciclovir, Vidarabine, Pritelivir, etc. are used for the
treatment of human herpes virus disease. Along with these drugs, we
also tested drugs that are workable against Influenza A virus, Influenza B
virus, Hepatitis B virus, Hepatitis C virus, Respiratory Syncytial Virus
(RSV), and other RNA/DNA viruses in order to detect their effectiveness
against SARS-CoV-2.

2. Materials and methods

2.1. Retrieval of SARS-CoV-2 proteins/protein-domains and antiviral
drugs

The 3D structures of SARS-CoV-2 main protease (PDB ID: 6W63),
Nsp9 RNA binding protein (PDB ID: 6W4B), Spike receptor binding
domain (PDB ID: 6MO0J), spike ecto-domain (PDB ID: 6VYB), and HR2
Domain (PDB ID: 6LVN) were retrieved from the RCSB Protein Data
Bank [34]. A total of 29 antiviral drugs previously used against various
viruses (e.g., HIV, HSV, etc.) were collected in SDS (3D) format from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) [35] (Sup-
plementary file 1). These drugs were also crosschecked in DrugBank
database (https://www.drugbank.ca/) [36] (Supplementary file 2).
Then, OpenBabel v2.3 program was used to transform the retrieved SDS
structures in PDB format for further analysis [37].

2.2. Molecular docking of antiviral drugs against SARS-CoV-2 proteins/
protein-domains and dynamics simulation

Molecular docking is an efficient method that ranks docked com-
pounds by the binding affinity of ligand-receptor complexes [38-40].
PatchDock server was used to measure the binding affinity of 29 anti-
viral drugs with different SARS-CoV-2 proteins/protein domains (drug
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targets/macromolecules) [41,42]. The docking was performed with the
help of shape based complementary principal of docking alghorithm
(provided by the patchdock server). The Crystal PDB structure of protein
molecules were prepared for docking by removing all water molecules
and hetatms [41-44]. The spike glycans were excluded from this model
because spike protein N-glycosylation occurs regularly at each site
which made them more diverse and heterogeneous [45]. To refine the
docked complexes, FireDock refinement tool [46] was employed. An
experimental study claimed alpha-ketoamide (CID 6482451) as a pri-
mary protease inhibitor for SARS-CoV-2 [47]. Thus, it was docked
against all five macromolecules being used as a positive control in this
study. Finally, Discovery Studio v3.1 and PyMOL v2.0 were utilized to
visualize the ligand receptor complexes [48,49]. Next, stabilization of
the structure was determined through deformability analysis and
calculation of Eigen value of the complexes. The deformability and
Eigen value were predicted through iMOD server [50]. Molecular dy-
namics of the complexes were studied in water explicit model for 4ns
using LARMD server, and from which RMSD and RMSF values were
determined [51].

2.3. Analyzing drug profiles of active antiviral drugs

A typical drug candidate should have proper properties of absorp-
tion, distribution, metabolism, excretion, and toxicity (ADMET) along
with sufficient efficacy against the therapeutic targets [52]. As the
studied drugs are approved, the ADMET properties of these drugs were
retrieved from the literature study, and then were analyzed.

2.4. Prediction of drug targets and available structural analogs

Screening of the top drugs was performed to find similar potential
drugs that could be used for SARSCoV-2 therapy. To predict the probable
macromolecular targets of the top drugs, Swiss Target Prediction tool
was utilized [53]. Furthermore, the Swiss-Similarity web tool was used
to evaluate the potential drug molecules that fight against SARS-CoV-2
by screening homology of the predicted top drugs [54]. The server uses
several strategies, such as FP2 fingerprints, spectrophores, electroshape,
and align-IT to predict approved drugs from DrugBank, which are
commercially available, via virtual screening of numerous repositories
of small molecules [54].

3. Results

3.1. Molecular docking of antiviral drugs against SARS-CoV-2 proteins/
protein-domains and dynamics simulation

The retrieved structures of five SARS-CoV-2 proteins/protein-do-
mains (macromolecules) and antiviral drugs (ligands) were optimized
and executed for molecular docking to compute the binding affinity
between the selected macromolecules and ligands. Based on binding
energy, the antiviral drugs were ranked, and the drugs showing mini-
mum binding energy were selected as top scorers (Supplementary File
3). In this way, four top scorers, Indinavir, Sorivudine, Cidofovir, and
Darunavir, were chosen for further analysis (Table 1, Fig. 1). Sorivudine,
Darunavir, and Cidofovir showed the highest binding affinity with spike
receptor binding domain (—52.99 kcal/mol), spike ecto-domain
(—68.01 kcal/mol), and Nsp9 RNA binding protein (—52.74 kcal/
mol), respectively, while Indinavir showed the best binding affinity with
both HR2 Domain (—37.42 kcal/mol) and main protease (—69.23 kcal/
mol) (Table 1 and Figs. 2 and 3). Besides, Sorivudine also experienced
excellent binding interactions with spike ecto-domain (—52.28 kcal/
mol) and main protease (—59.62 kcal/mol), while Darunavir showed
considerable interactions with spike receptor binding domain (—46.88
kcal/mol), Nsp9 RNA binding protein (—47.62 kcal/mol), and main
protease (—55.06 kcal/mol). The observations of our analyzed com-
plexes showed that each of them has a low propensity for flexibility, and


https://pubchem.ncbi.nlm.nih.gov/
https://www.drugbank.ca/

M.R. Rahman et al.

Table 1
Analysis of binding energy of top five screened drugs (ligands).
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Macromolecules Ligands Global ACE Score  Area Binding sites
Energy
HR2 Domain (6LVN) Indinavir —37.42 —2.33 5148 630.20 GInl3, Lys14, Ile1l6, Aspl7, Argl8, Asn20, Glu21, Lys24
Sorivudine -29.12 -1.81 4782 592.80 GInl3, Lys14, Aspl7, Argl8, Asn20, Glu21, Lys24
Cidofovir —28.02 —2.75 5082 568.60  Lys14, Aspl7, Argl8, Asn20, Glu21, Lys24
Darunavir —26.27 —0.43 5102 592.10 Lys14, Aspl7, Argl8, Asn20, Glu21, Ala23, Lys24, Asn27
Spike receptor binding Indinavir —49.51 —13.44 6372 765.30 Leu95, Leu97, GIn98, Ala99, GIn101, Tyr196,
domain (6M0J) Tyr202, Trp203, Gly205, Asp206, Glu208, Val209, Asn210, Ala396, Lys562, Glu564,
Pro565, Trp566
Sorivudine —52.99 —10.46 6254 787.40 Leu95, GIn98, Ala99, GIn102, Tyr196, Gly205, Asp206, Glu208, Val209, Asn210, Ala396,
Glu398, Lys562, Glu564, Pro565, Trp566
Cidofovir —49.19 —-13.26 6206 795.80 Lys94, Leu95, GIn98, Ala99, GIn102, Tyr196, Tyr202, Gly205, Asp206, Tyr207, Glu208,
Val209, Asn210, Ala396, Lys562, Glu564, Pro565, Trp566
Darunavir —46.88 —14.07 5456 667.50 Leu95, GIn102, Asn103, Asn194, Tyr196, Tyr202, Trp203, Gly205, Asp206, Tyr207,
Glu208, Val209, Ala396, Lys562, Glu564, Pro565, Trp566
Spike ecto-domain (6VYB) Indinavir —37.29 —4.09 7150 854.60 Arg765, Ala766, Thr768, Gly769, 11e770, Val772, Glu773, Lys776, Glu780, Lys947,
Asp950, GIn954, GIn957, GIn1010, Leul012, 1le1013, Arg1014, Glu1017, Arg1019
Sorivudine ~ —52.28 -14.36 6848 824.30  Arg319, Phe541, Thr547, Gly548, Thr549, Asp571, Thr572, Thr573, Pro589, Cys590,
Phe593, Met740, Cys743, Gly744, Asp745, Ser746, Asn856, Leu966, Ser975, Val976,
Leu977, Asn978, Arg1000
Cidofovir —42.21 -9.27 6714 774.20  Leu368, Tyr369, Asn370, Ser371, Ala372, Ser373, Phe374, Ser375, Thr376, Phe377,
Arg403, Asp405, Glu406, Arg408, GIn409, Thr415, Gly416, Lys417, Asn437, Tyr453
Darunavir —68.01 —25.44 6174 845.70 Ser349, Val350, Tyr351, Ala352, Trp353, Asn354, Arg355, Asp398, 1le410, Ala411,
Asn422, Tyr423, Lys424, Leu425, Pro426, Phe429, Thr430, Gly431, Cys432, Val433,
Pro463, Phe464, Arg466, Val512, Ser514, Phe515
Nsp9 RNA binding protein Indinavir —43.27 —13.58 5908 755.00 Met13, Ser14, Thr36, Lys37, Gly38, Gly39, Arg40, Phe41, Val42, Phe57, Pro58, Lys59,
(6W4B) Ser60, Asp61, 1le66, Thr68
Sorivudine —25.09 -10.17 5506 643.50 Met13, Gly38, Gly39, Arg40, Phe41, Val42, Phe57, Pro58, Lys59, Ser60, Asp61, Thr63,
1le66
Cidofovir —52.74 -18.32 5456 683.20 Met13, Tyr33, Gly39, Arg40, Phe41, Val42, Phe57, Pro58, Lys59, Ser60, Asp61, Ile66,
Thr68
Darunavir —47.62 —17.90 5350 640.90 Met13, Serl4, Gly39, Arg40, Phe41, Val42, Phe57, Pro58, Lys59, Ser60, Asp61, Ile66,
Thr68
Main protease (6W63) Indinavir —69.23 -21.97 5584 695.70 Thr25, Leu27, His41, Val42, Cys44, Thr45, Ser46, Met49, Phel40, Leul41, Asn142,
Gly143, Ser144, Cys145, His163, His164, Met165, Glu166, Leul67, Pro168, His172,
Val186, Asp187, Argl88, GIn189, GIn192
Sorivudine —59.62 -19.53 5816 704.90 Thr25, Leu27, His41, Cys44, Thr45, Ser46, Met49, Tyr54, Phel40, Leul41, Asn142,
Gly143, Ser144, Cys145, His163, His164, Met165, Glul66, Leul67, Pro168, His172,
Asp187, Argl88, GIn189,
Cidofovir —56.49 —18.88 6074 720.90 Thr24, Thr25, Thr26, Leu27, His41, Val42, Cys44, Ser46, Met49, Phel40, Leul41,
Asnl42, Gly143, Ser144, Cys145, His163, His164, Met165, Glu166, His172, Val186,
Asp187, Argl88, GIn189, GIn192
Darunavir —55.06 —19.64 5240 670.40 Thr25, Leu27, His41, Val42, Cys44, Thr45, Ser46, Met49, Phel40, Leul41, Asn142,

Ser144, Cys145, His163, His164, Met165, Glu166, His172, Val186, Asp187, Arg188,
GIn189, Thr190

exhibited resistance to deformation (Fig. 4: A-i, B-i, C-i,D-i). Darunavir-
spike ectodomain complex was only exceptional which showed a bit
flexibility, and also had lower mobility (Fig. 4: E-i). The eigen value was
found 2.707260 x 10- 05, 1.080318 x 10-04, 2.243535 x 10-05,
2.116669 x 10-04, and 6.432246 x 10-07 for Sorivudine-spike recep-
tor-binding domain, Indinavir-main protease, Indinavir-HR2 Domain,
Cidofovir-Nsp9 RNA binding protein, and Darunavir with spike ecto-
domain, respectively (Fig. 4: A-ii, B-ii, C-ii, Dii and E-ii). The lower eigen
value displayed by the Darunavir-spike ectodomain complex made it’s
deformability easier than others (Fig. 4: E-ii). The RMSD plot of
Sorivudine-spike receptor binding domain, Indinavir-main protease,
and Cidofovir-Nsp9 RNA binding protein complex showed an equilib-
rium after 1ns (Fig. 4: A-iii, B-iii, D-iii) that justified the true binding
pose, whereas the Indinavir-HR2 Domain and Darunavir-spike ectodo-
main complexes showed a bit fluctuation probably due to the presence of
a loop region (Fig. 4: C-iii, E-iii). The RMSF plot revealed regular atomic
fluctuation for complexes (Fig. 4: A-iv, B-iv, C-iv, D-iv), except
Darunavir-spike ectodomain complex (Fig. 4: E-iv).

3.2. ADMET analysis of selected top drugs

All the top drug candidates except cidofovir show good bioavail-
ability. Darunavir and Indinavir are extensively metabolized by CYP3A4
enzymes, while Cidofovir is converted via cellular enzymes, and

Sorivudine metabolism is found higher in animals. These drugs show
binding capacity with plasma proteins. In healthy people, approximately
79.5% and 13.9% of the administered dose of radiolabeled darunavir
was obtained in the feces and the urine, respectively, whereas the pro-
portion of eliminated unchanged indinavir in the urine was found
approximately 11%, and >47% in the feces. Cidofovir and Sorivudine
are excreted greatly by the kidneys, and are eliminated as almost un-
changed in the urine. These drugs have some toxic effects. Limited
cytotoxicity and drug-induced hepatitis (e.g. acute hepatitis, cytolytic
hepatitis) have been reported with darunavir. No cytotoxicity was
detected for indinavir, but it can cause transient and usually asymp-
tomatic elevations in serum aminotransferase levels. Moreover, it can
cause mild elevations in indirect bilirubin concentration that creates a
risk of acute renal failure. Cidofovir creates a risk of nephrotoxicity, and
it has carcinogenic potential based on animal studies, while there is
absence of hepatotoxicity. Lastly, Sorivudine shows a lethal effect when
co-administrated with 5-fluorouracil anti-cancer drugs (Table 2).

3.3. Prediction of effective drug targets and structural drug analogs from
DrugBank

Prediction of effective drug targets against the top drugs revealed
some other similar drugs that may be potential against SARS CoV2.
Maximum targets belong to protease, transferase and enzyme class.
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Fig. 1. Chemical structures of Indinavir (A), Sorivudine (B), Cidofovir (C) and Darunavir (D).

-69.23 kcal/mol

Fig. 2. Molecular interaction of Sorivudine with spike receptor-binding domain (A), Indinavir with main protease(B), Indinavir with HR2 Domain (C), Cidofovir with

Nsp9 RNA binding protein (D) and (E) Darunavir with spike ectodomain.

Other target class includes electrochemical transporter, cytochrome
p450, family A G protein-coupled receptor, phosphodiesterase, oxido-
reductase, transferase DNA polymerase alpha subunit transferase, etc.
(Table 3, Fig. 5). One of the most significant concepts in chemo-
informatics, particularly for drug design, is chemical similarity [73].
This concept has been successful and widely applied for the identifica-
tion of novel inhibitors of various targets of biological importance
[74-79]. To predict structural similar bioactive small compounds from

DrugBank that act against SARS-CoV-2, a ligand-based screening strat-
egy was employed (Table 4). Quinapril (DB00881) and Sirolimus
(DB00877), two approved drugs along with an experimental drug,
L-756,423 (DB02009), were found as analogous to Indinavir with a score
of 0.048, 0.014, and 0.906, respectively. Sorivudine predicted two
similar approved drugs, Telbivudine (DB01265) and Idoxuridine
(DB00249), while Cidofovir predicted Tenofovir (DB00300) and Ribo-
flavin (DB00140) as similar approved drugs. Besides, Darunavir also
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B)

D)

Fig. 3. Ligand binding site of Sorivudine with spike receptor-binding domain (A), Indinavir with main protease(B), Indinavir with HR2 Domain (C), Cidofovir with

Nsp9 RNA binding protein (D) and (E) Darunavir with spike ectodomain.

predicted two similar approved drugs, Amprenavir (DB00701) and
Fosamprenavir (DB01319). These similarity findings indicate the effi-
cacy of these related drugs against SARS-CoV-2, and suggest further
experimental studies.

4. Discussion

SARS-CoV-2 belongs to a group of viruses that can contaminate
humans as well as vertebrate animals. There has no recorded or
approved potent drug or vaccine for treating the patient infected with
SARS-CoV-2. However, there are a few candidates within the investi-
gational stages, but many of them raised controversial issues [4,80]. In
this study, attempts were taken to screen and suggest some FDA
approved antiviral drugs as inhibitory agents of SARS-CoV-2 using
molecular docking strategy. The study suggested that Indinavir, Sor-
ivudine, Cidofovir, and Darunavir along with their top derivatives may
be effective against SARS-CoV-2. The drug repurposing is one of the
exciting applications of computational pharmacology for finding new
uses of existing drugs. Computer-based analysis can speed up the iden-
tification of drug targets, and facilitate the screening and refinement of
drug candidates. It also simplifies the detection of side effects, and for-
sees the patterns of drug resistance. Antiviral drugs such as Ledipasvir,
Elbasvir, Nelfinavir, Danoprevir, Darunavir, lopinavir, and ritonavir
were previously used as the inhibiting agents for HCV and HIV [81].
Lopinavir, Ritonavir, and Nelfinavir have been reported as potential
drug candidates in earlier studies, which used repurposing strategies
targeting Main protease protein (Mpro) of SARS-CoV-2 [82]. Besides, a
recent study focused on alpha-ketoamide as a Mpro inhibitor to deter-
mine it’s efficacy against SARS-Cov-2 [47]. Main protease proteins
(Mpro) or RNAdependent RNA polymerase of SARS-CoV-2 were used as
possible drug targets in almost all previous experiments. In this study,
we assessed the potency of 29 FDA approved commercially available
antiviral drugs against SARS-Cov-2 main protease (6W63), spike
ecto-domain (6VYB), spike receptor binding domain (6MO0J), Nsp9
(Non-structural protein-9) RNA binding protein (6W4B), and HR2
domain (6LVN) using molecular docking approach [83]. SARS-CoV-2

Mpro is a desirable pharmacological target for designing covid-19
drugs because the cleavage of Mpro polyprotein facilitates the forma-
tion of helicase and RNA-dependent RNA polymerase (RdRp), which are
the prerequisites for the initiation of viral replication [84,85]. Besides,
human proteases have no cleavage specificity that resembles coronavi-
rus proteases, which is why the inhibitors of these proteins are consid-
ered safe [47]. ORFla encodes Nsp9 RNA binding protein that is
involved in the synthesis of viral RNA. Nsp9 has evolved, possibly, from
a protease, and it is a dimeric protein. This Nsp9 communicates with
nsp8 that may be crucial for its function. Viral replication complexes are
also connected with membranes, and in this case, Nsp9 aids. In the
replication Complex, Nsp9 may have the RNA binding activity as a pu-
tative component. In this way, it makes a difference in viral replication
by binding with single stranded RNA. SARS-Cov-2, moreover, has a
surface structural spike glycoprotein (S) which plays a crucial role in
association with the cell receptor, and subsequent viral passage into the
cell. The S protein is composed of two subunits, the S1 (receptor-bind-
ing) and the S2 (membrane fusion) domain [40]. Interaction between
the HR1 and HR2 domains in the membrane fusion subunit is enabled
via the attachment of the receptor-binding subunit to the receptor, and
forms a six-helix bundle. This conformational shift results in a close
apposition of the fusion peptide that leads to virus-cell membrane fusion
[86]. Hence, spike protein binds to human ACE2 and CLEC4M/DC-
SIGNR receptors, and the internalization of the virus into the host cell
endosomes results in the conformational changes in the S glycoprotein
[87]. Therefore, all these macromolecules are the potential targets for
repurposing study.

Based on global energy, four drugs among our studied 29 drugs
showed comparatively well binding affinity against our targeted mac-
romolecules. Indinavir had highest binding affinity with SARS-CoV-2
main protease (—69.23 kcal/mol) and HR2 domain (—37.42 kcal/
mol). The remaining three drug candidates, i.e. Sorivudine, Cidofovir
and Darunavir, had the highest binding affinity with Spike receptor
binding domain (—52.99 kcal/mol), Nsp9 RNA binding protein (—52.74
kcal/mol) and Spike ecto-domain(-68.01 kcal/mol), respectively. The
ligands showed the highest binding interaction in 38-68 regions of Nsp9



M.R. Rahman et al.

Informatics in Medicine Unlocked 23 (2021) 100531

et

ii)

il

i)

A)

The RMSF Value of Each Aesidus

- -“—\\‘J\"\\ ) n “V‘
AL vf" W

The RMSD of Backbone and Ligand

3 .
P -‘«v/u\ I N
\/g,v.i \-.1/ Ul

ANSFIA

s

iv)

it

i)

| ]

il

E)

The RMSD of Backbane and Ligand

MMNM

Fig. 4. Molecular Dynamics: Deformability analysis: A-i) Sorivudine with spike

receptor-binding domain, B-i) Indinavir with main protease, C-i) Indinavir with

HR2 Domain, D-i) Cidofovir with Nsp9 RNA binding protein and (E) Darunavir with spike ectodomain;Eigen value: A-ii) Sorivudine with spike receptor-binding
domain, B-ii) Indinavir with main protease, C-ii) Indinavir with HR2 Domain, D-ii) Cidofovir with Nsp9 RNA binding protein and E-ii) Darunavir with spike
ectodomain;RMSD plot: A-iii) Sorivudine with spike receptor-binding domain, B-iii) Indinavir with main protease, C-iii) Indinavir with HR2 Domain, D-iii) Cidofovir

with Nsp9 RNA binding protein and E-iii) Darunavir with spike ectodomain;RMSF

plot: A-iv) Sorivudine with spike receptor-binding domain, B-iv) Indinavir with

main protease, C-iv) Indinavir with HR2 Domain, D-iv) Cidofovir with Nsp9 RNA binding protein and E-iv) Darunavir with spike ectodomain.

RNA binding protein (6W4B) where Gly38, Gly39, Phe41, Val42, Phe57,
Pro58, Ile66, and Thr68 were most dominant. Again, the residues from
94 to 99 and from 563 to 566 regions were identified as top surface
hotspots for spike receptor binding domain (6M0J) where the position
Lys94, Leu95, Tyr196, Asp 206, Lys562, Pro565, and Trp566 were most
dominant (Table 1). The top candidates were well fitted into the active
pocket of MPP, in which several hydrophobic amino acid residues,
including Met49, Gly143, Cys145, and Metl65, compose a relatively
hydrophobic environment that may help to stabilize it’s conformation
[7]. In the present study, we revealed the molecular interactions of top
drug candidates with SARS-CoV-2 key proteins (Figs. 2 and 3; Table 1).
The binding sites for each ligand occupied at the catalytic domain of
SARS-CoV-2 main protease protein [88]. Among the common binding
residues, His41 and Cys145 form the catalytic dyad which act as sub-
strate recognition sites [7,88]. The crucial binding sites of Nsp9 protein
(39-73 region) are characterized by positively charged, glycine rich
B-loops, which were proposed to be involved in RNA binding [89].
Moreover, we targeted three distinct domains of SARS-CoV-2 spike
protein, all of which play essential roles in the mechanism of viral entry
into the host cell [90]. To unravel the drug surface hotspots of the
studied SARS-CoV-2 proteins, the structural conformation of the docked
complexes was analyzed. The pattern of ligand binding residues inter-
acting with their respective positions had been studied (Table 1). Results
showed that the amino acids from 41 to 54 and from 142 to 190 posi-
tions were significant for the binding interactions of SARS CoV-2 main
protease protein (6W63). Besides, the docked complexes were formed in

His41, Cys44, Met49, Glyl43, Asnl42, Cysl45, and Metl65 in
maximum cases. Indinavir, an alpha-amino acid amide protease inhib-
itor, is used in the treatment of Human immunodeficiency virus (HIV)
infection. Indinavir inhibits enzyme activity by binding to the active site
of the protease. This inhibition facilitates the formation of immature
non-infectious viral particles by preventing cleavage of the viral poly-
proteins [91]. Sorivudine is an antimetabolite and synthetic analogue of
thymidine Kinase activity of thymidine induces sorivudine phosphory-
lation in the body, and is absorbed into the viral DNA instead of the
correct nucleoside [92]. Thus, the viral DNA cannot be replicated, and
the virus cannot grow because sorivudine is a competitive inhibitor of
DNA polymerase. Cidofovir, a nucleotide analogue, is active against
chronic hepatitis B and herpes cytomegalovirus (CMV) retinitis infec-
tion. It works selectively by inhibiting viral DNA polymerase. As a result,
Cidofovir reduces the synthesis of viral DNA. Darunavir is a non-peptide
protease inhibitor, with a distinct chemical structure that enhances the
binding affinity of the drug [93]. This antiviral drug prevents HIV
replication by binding to the enzyme that leads to the cessation of the
catalytic activity, and dimerization of HIV-1 protease. Specifically, it
inhibits the cleavage of HIV encoded Gag-Pol proteins in virus infected
cells, by blocking the formation of mature virus particles that are
required to spread the infection [94]. The molecular dynamics study
showed that the complexes were resistant to deform with higher eigen
value, and were fluctuated almost regularly in RMSD and RMSF plots
(Fig. 4). ADMET data is crucial in drug development projects whether it
is determined by in vitro, in vivo, or computational approaches because
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Table 2
ADMET properties of these approved drugs.

Properties Darunavir Indinavir Cidofovir Sorivudine

Bioavailability = The absolute oral bioavailability of one After oral administration, indinavir is Cidofovir has poor oral bioavailability = BV-araU shows good
single 600 mg dose of darunavir alone rapidly absorbed in the fasting state (70%) (<5%) and is therefore administered bioavailability [58].
and with 100 mg of ritonavir twice aday  [56]. intravenously [57].
was 37% and 82%, respectively. The
bioavailability of oral darunavir is
increased by about 30% when taken with
food [55].

Distribution Darunavir appears to bind to serum Plasma protein binding of indinavir is Binding of cidofovir to plasma Found in plasma after oral
proteins, particularly al-acid approximately 60% [56]. proteins is negligible (<7%) [57]. administration [61].
glycoprotein [59], 95% binding to plasma
proteins [60].

Metabolism Darunavir is extensively metabolized by Indinavir undergoes extensive metabolism Cidofovir is converted via cellular Their metabolism in
CYP3A4 enzymes [60]. by cytochrome P-450-CYP3A4 isoenzymes enzymes to the pharmacologically animals were higher [58].

[62,63]. active cidofovir diphosphate [64].

Excretion In healthy people, approximately 79.5% In healthy people, the proportion of Cidofovir is excreted extensively by Higher Urinary excretion
and 13.9% of the administered dose of eliminated unchanged indinavir in the urine  the kidneys and is eliminated almost [58].
radiolabeled darunavir was obtained in was approximately 11% [65] and indinavir entirely as unchanged drug in the
the feces and urine, respectively, when metabolites in the feces accounted for >47% urine (>90% within 24 h) [66].
ritonavir was also added with it [55]. [56].

Toxicity e Limited cytotoxicity [55]. o No cytotoxicity was detected for indinavir e Risk of nephrotoxicity [66]. Shows lethal effect when
e Drug-induced hepatitis (e.g. acute prodrugs [67]. e Has carcinogenic potential basedon  co-administrated with 5-

hepatitis, cytolytic hepatitis) has been o Indinavir can cause transient and usually animal studies [70]. fluorouracil anti-cancer
reported with darunavir [55]. asymptomatic elevations in serum e Absence of hepatotoxicity [71]. drugs [72].
e Darunavir has not been studied in aminotransferase levels and mild
patients with renal impairment [55]. elevations in indirect bilirubin
concentration [68].
o Risk of acute renal failure [69].
Table 3
Predicted drug targets for Indinavir, Sorivudine Cidofovir and Darunavir.
Drugs Drug Targets Common Uniprot ChEMBL ID Target Class Probability*
Name D
Indinavir Multidrug and toxin extrusion protein 1 SLC47A1 Q96FL8 CHEMBL1743126  Electrochemical transporter -
Multidrug and toxin extrusion protein 2 SLC47A2 Q86VL8 CHEMBL1743127  Electrochemical transporter -
Neurokinin 2 receptor TACR2 P21452 CHEMBL2327 Family A G protein-coupled
receptor
Renin REN P00797 CHEMBL286 Protease -
Sorivudine  Thymidine kinase, cytosolic TK1 P04183 CHEMBL2883 Transferase -
Cytidine deaminase CDA P32320 CHEMBL4502 Enzyme -
Thymidine kinase, mitochondrial TK2 000142 CHEMBL4580 Enzyme I
Cidofovir Thymidine phosphorylase TYMP P19971 CHEMBL3106 Enzyme I
Hypoxanthine-guanine HPRT1 P00492 CHEMBL2360 Enzyme
phosphoribosyltransferase
Purine nucleoside phosphorylase PNP P00491 CHEMBL4338 Enzyme I
Darunavir Cathepsin D CTSD P07339 CHEMBL2581 Protease l
Cytochrome P450 3A4 CYP3A4 P08684 CHEMBL340 Cytochrome P450 .
Complement factor D CFD P00746 CHEMBL2176771 Protease l
many drug development projects previously failed during clinical trials drug candidates fall into the enzyme categories such as electrochemical
due to poor ADMET data [95]. The ADMET analysis of these drugs transporter, protease, transferase, Family A G protein-coupled receptor,
showed that these are well metabolized, distributed, and bioavailable, etc., (Table 3).
but have some undesirable effects. Most of the target class for the top Ligand based drug similarity analysis identified three structural



M.R. Rahman et al.

0,
13.3% 13.3%
13.3%
6.7%
33.3%
20.0%
M Electrochemical transporter I Cytochrome P450 B Family A G protein-coupled receptor
I Protease [] Enzyme I Kinase
A)
33.3%
20.0%

6.7%

6.7%

26.7% 6.7%

W Enzyme
[l Transferase

I Oxidoreductase M Lyase
[0 Phosphatase

0

[ Protease

Informatics in Medicine Unlocked 23 (2021) 100531

33.3%
13.3%
13.3% 6.7%
6.7%
26.7%
W Transferase W Enzyme M Hydrolase

[l Family A G protein-coupled receptor | Lyase [l Kinase

24.0%

28.0% 8.0%
4.0%
4.0%
12.0%
12.0%
4.0%4.0%
W Cytochrome P450 W Protease W Kinase
B Other cytosolic protein [l Phosphodiesterase [ Other ion channel
I Family AG protein-coupled receptor Il Enzyme [T Eraser

Fig. 5. Prediction of drug targets for Indinavir (A), Sorivudine (B), Cidofovir (C) and Darunavir (D).

Table 4
Structural similar bioactive molecules from drug bank.
Drugs Similar structure Drug bankid ~ Name Score  Status
Indinavir Quinapril DB00881  0.048  Approved
Sirolimus DB00877  0.014  Approved
L-756,423 DB02009 0.906 Experimental
Sorivudin Telbivudine DB01265 0.933  Approved
Idoxuridine DB00249  0.863  Approved
Cidofovir Tenofovir DB00300  0.811  Approved
Riboflavin DB00140 0.127  Approved
Darunavir ~ Amprenavir DB00701 0.983  Approved
Fosamprenavir DB01319  0.503  Approved

analogs of Indinavir where two (Quinapril, Sirolimus) are approved, and
another one (L-756,423) is in the experimental stage. Quinapril, an ACE
(angiotensin converting enzyme) inhibitor, is used for treating heart
failure and hypertension [96]. As we know that, SARS-CoV-2 enters the
host cell by interacting with ACE-2 receptor, thus this analog could be a
drug of choice to treat Covid-19. Besides, drug similarity analysis
revealed two (Telbivudine & Idoxuridine) approved analogs for Sor-
ivudine, and both of them act by incorporating into viral DNA in place of
thymidine resulting in the termination of replication process. Telbivu-
dine and Idoxuridine are used to treat hepatitis B virus (HBV) and
Herpes simplex virus, respectively [97,98]. Amprenavir and Fosampre-
navir are two approved analogs of Darunavir, and both of them are
protease inhibitors. These analogs prevent the processing of viral Gag
and Gag- Pol polyprotein, and produce noninfectious and immature viral
particles that are harmless to host cell [99,100]. The findings suggest
that all these compounds may be used against SARS-CoV-2 as potential
drug candidates.

5. Conclusion

The results indicate that it may be possible for Indinavir, Sorivudine,
Cidofovir, and Darunavir to fight SARS-CoV-2 infection. Furthermore,
several biologically active structural analogs from DrugBank, i.e. Tel-
bivudine, Tenofovir, Fosamprenavir, Tenofovir, etc., may also be suc-
cessful against the viral pathogen. We strongly recommend these drug
candidates as potential warriors because of promising results, and refer
to in vivo trials for experimental confirmation of our findings.
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