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A B S T R A C T   

The nucleotide-binding pockets (NBPs) in virus-specific proteins have proven to be the most successful antiviral 
targets for several viral diseases. Functionally important NBPs are found in various structural and non-structural 
proteins of SARS-CoV-2. In this study, the first successful multi-targeting attempt to identify effective antivirals 
has been made against NBPs in nsp12, nsp13, nsp14, nsp15, nsp16, and nucleocapsid (N) proteins of SARS-CoV- 
2. A structure-based drug repurposing in silico screening approach with ADME analysis identified small molecules 
targeting NBPs in SARS-CoV-2 proteins. Further, isothermal titration calorimetry (ITC) experiments validated the 
binding of top hit molecules to the purified N-protein. Importantly, cell-based antiviral assays revealed antiviral 
potency for INCB28060, darglitazone, and columbianadin with EC50 values 15.71 μM, 5.36 μM, and 22.52 μM, 
respectively. These effective antivirals targeting multiple proteins are envisioned to direct the development of 
antiviral therapy against SARS-CoV-2 and its emerging variants.   

1. Introduction 

The emergence of SARS-like respiratory illness in the Wuhan prov-
ince of China in December 2019, resulted in the identification of a novel 
strain of coronavirus (CoV) named as SARS-CoV-2. The World Health 
Organization (WHO) declared coronavirus disease 2019 (COVID-19) 
pandemic on March 11, 2020, because of its high transmission dynamics 
and high infection rate. Despite of its rapid global spread, the assessed 
fatality rate of SARS-CoV-2 is 6.6% that is lower than SARS-CoV (9.6%) 
and Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 34.3% 
(Wang et al., 2020). 

Coronaviruses belong to the family Coronaviridae in the order Nido-
virales infecting humans, birds, and livestock (Drexler et al., 2014). They 
are further classified into four subgroups namely alpha (α), beta (β), 
gamma (γ), and delta (δ) CoVs. Human CoV (hCoV-HKU1 and 
hCoV-OC43), Middle East Respiratory Syndrome (MERS) (de Groot 
et al., 2013; Zaki et al., 2012) SARS (Ksiazek et al., 2003; Kuiken et al., 
2003) and, SARS-CoV-2 belong to β-CoV while the other hCoV strains 
229E and NL63 belong to α-CoV (Hui et al., 2020; Ju et al., 2020a). 
α-CoV and β-CoV infect mammalian species, while γ-CoV and δ-CoV 
infect avian species. Among these strains, SARS-CoV, MERS-CoV, and 

SARS-CoV-2 are associated with acute human respiratory disease, while 
the other strains (229E, OC43, NL63, and HKU1) exhibit moderate 
clinical signs such as nasal discharge, fever, sore throat, and cough 
(Zhou et al., 2020). 

SARS-CoV-2 is a non-segmented, enveloped, positive-sense single- 
stranded RNA (+ ss RNA) virus that has a large genome of ~30 kb 
containing 14 open reading frames (ORFs) (Gordon et al., 2020; Wu 
et al., 2020). The 5′ end of the genome has two ORFs 1a and 1b that 
covers two-third of genome and encodes two polyproteins; pp1a and 
pp1ab. These polyproteins are auto-proteolytically processed into 
nsp1-nsp16 and form different virus replicase complexes (Chan et al., 
2020). The remaining 3′ one-third genome encodes four structural 
proteins: spike (S), membrane (M), envelope (E), and nucleocapsid (N) 
(Wu et al., 2020). SARS-CoV-2 has evolved over time with more than 40, 
000 genomic variants and 353,341 mutation events compared to the 
Wuhan reference genome since its emergence in 2019 (Mercatelli and 
Giorgi, 2020). Most of the mutations are neutral, meaning that they do 
not affect the properties of virus while some have raised concerns 
because they allow the virus to bypass host immune responses (Sette and 
Crotty, 2021). Whereas, some of these mutations in the spike protein 
have strengthened the affinity between the S-protein and its receptor, 
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the human angiotensin-converting enzyme 2 (ACE2) (Ali et al., 2021), 
some have enhanced viral pathogenesis and increased the transmission 
rate of SARS-CoV-2 (Huang et al., 2020; Singhal, 2020; Zhang et al., 
2020). Although the virus transmission has been confined due to 
continued monitoring, awareness, preparedness and vaccination, 
SARS-CoV-2 antiviral medications are required to combat recurrence 
and emergence of new variants of concern. 

Over the past two decades of pharmaceutical research and devel-
opment, atomic structures of proteins and structure-assisted drug dis-
covery have directly contributed to the identification and optimization 
of lead drug molecules. In response to the pandemic, structural bi-
ologists around the world in a short time period have determined 3D 
structures of almost all the SARS-CoV-2 proteins, and those structures 
are being exploited for structure-based drug discovery. The Protein Data 
Bank (PDB) identification numbers of SARS-CoV-2 structural and non- 
structural proteins, along with their roles in virus life cycle are listed 
in Supplementary Table 1. 

Generally, the nucleotide binding pockets (NBPs) in viral proteins 
form essential molecular interactions with nucleotide triphosphates 
(NTPs) during viral replication. These NBPs are conserved within a viral 
family, and are thus attractive targets for identification, design and 
development of antivirals (Ju et al., 2020b). Atomic structures of virus 
proteins in complex with nucleotides as well as nucleotide analog drugs 
are available for different viruses such as dengue virus (PDB ID: 4HDG), 
enterovirus (PDB ID: 3N6M), Bombyx mori cypovirus 1 (PDB ID: 3JB6) 
and others. In these structures mostly the NBPs of essential viral proteins 
such as RNA-dependent RNA polymerase (RdRp), helicase, methyl-
transferase (MTase) or nucleocapsid (N) have been targeted. The US 
Food and Drug Administration (FDA) has authorized antiviral drug 
molecules against different viruses, such as azidothymidine (AZT), the 
first anti-HIV/AIDS drug against HIV’s reverse transcriptase (RT) 
(Árquez et al., 2020; Parker and Masters, 1990). Tenofovir has replaced 
AZT for HIV/AIDS and hepatitis B virus (HBV) (Masho et al., 2007). 
Sofosbuvir (anti-hepatitis C directed against hepatitis C virus (HCV) 
RdRp) (Temesgen et al., 2014), acyclovir (anti-herpes simplex viruses 
(HSV) family against viral DNA polymerase) (Kimberlin and Whitley, 
2007), entecavir (anti-HBV viral polymerase) (Dimou et al., 2007), 
lamivudine (anti-HBV and anti-HIV by targeting RT enzyme) (Anderson 
and Rower, 2010) and various other antiviral drugs. These medications 
are nucleotide derivatives that compete with the physiological nucleo-
tides for binding to the NBPs of the viral proteins. 

For multi-targeticity and rapid identification of efficacious antivirals 
against SARS-CoV-2, we envisioned a strategy to repurpose pharmaco-
logically active compounds that bind to the NBPs of several SARS-CoV-2 
proteins. NBPs of six different SARS-CoV-2 proteins-nsp12 (Gao et al., 
2020), nsp13 (Mirza and Froeyen, 2020), nsp14 C-terminal domain 
(CTD) and N-terminal domain (NTD) (Ma et al., 2015), nsp15 (Kim et al., 
2020), nsp16 (Rosas-Lemus et al., 2020), and N protein (Chang et al., 
2014) were targeted. 

NBPs in these viral proteins have been identified and characterized 
by determining the atomic structures, which are available in the PDB 
database. A structure-assisted in silico virtual screening of three different 
libraries: Selleckchem FDA approved drug library, Selleckchem natural 
product library (NPL) and Library of Pharmacologically Active Com-
pound - Sigma (LOPAC) was performed for identification of potential 
small molecules with multi-target characteristics. Computer-aided 
screening of compound libraries using single molecule multi-target 
(SMMT) approach identified number of promising hits. Furthermore, 
the identified molecules were analysed using isothermal titration calo-
rimetry (ITC) to measure binding parameters such as affinity and ki-
netics of the antiviral compounds. Finally, cell-based SARS-CoV-2 assays 
confirmed antiviral activity of a subset of these compounds. This report 
is the first study of effective and promising repurposed drug molecules 
with multi-targeticity against SARS-CoV-2. 

2. Materials and methods 

2.1. Computer-aided structure-based virtual screening 

All structure related information for SARS-CoV-2 proteins were ob-
tained from the Research Collaboratory for Structural Bioinformatics 
(RCSB) PDB data base (Berman et al., 2000). SwissADME online tool was 
used for in silico drug-likeness analysis (Daina et al., 2017). A 
BOILED-Egg to predict gastrointestinal absorption and brain penetra-
tion of small molecules (Daina and Zoete, 2016). 

The coordinates of the three-dimensional structure of six proteins of 
SARS-CoV-2 (nsp12, nsp13, nsp14, ns15, nsp16, and N) were down-
loaded in.pdb format from RCSB PDB. The downloaded files with.pdb 
format were converted to.pdbqt format by removing water molecules, 
adding hydrogen and gasteiger charges using AutoDock MGL tools 1.5.6 
(Morris et al., 2009). To identify potential antiviral compounds, three 
drug libraries i.e. FDA-approved drug library and NPL from Selleckchem 
(2747 and 2370 compounds respectively) and LOPAC1280 from Sigma 
(1280 compounds) were retrieved in.sdf format and converted to 
AutoDock ligand (.pdbqt) format after energy minimization using open 
Babel in PyRx 0.8 algorithm (Dallakyan and Olson, 2015; O’Boyle et al., 
2011). The virtual screening was performed using PyRx 0.8 algorithm in 
the macOS Mojave workstation. The NBP residues of different proteins 
with grid box parameters for screening are mentioned in Table 1. 

2.2. Molecular docking of compounds 

Molecular docking was performed for the nucleotide monophosphate 
(NMPs) (AMP, CMP, GMP, and UMP), NTPs (ATP, CTP, GTP, and UTP), 
and remdesivir. Remdesivir, a nucleotide prodrug of an adenosine 
analog along with NMPs and NTPs were used as positive controls. The 
binding energies (BE) of virtually screened ligand molecules were 
compared with the positive controls and molecules with BE ≥ 6 kcal/ 
mol were selected. Further, the selected ligand molecules were subjected 
to molecular docking using the AutoDock Vina algorithm (Trott and 
Olson, 2010) for detail analysis. The grid box parameters for molecular 
docking are given in Table 1. 

2.3. In silico analysis for drug-likeness 

Molecule toxicity range and pharmacokinetic properties are two 
important criteria required for the acceptance of any molecule as a drug 
candidate. Using SwissADME online tool (Daina et al., 2017), these 
properties were characterized for the selected molecules. The canonical 
simplified molecular input line entry system (SMILES) string of selected 
ligands was retrieved from PubChem and submitted into the SwissADME 
online server tool. The output result was depicted as bioavailability 
radar, which follows the selection of the desirable compounds in the 
early phases of the drug discovery. The different physicochemical 
properties SIZE (in kDa), POLAR {polarity as topological polar surface 
area (TPSA)}, FLEX (flexibility by the number of rotatable bonds), 
INSAT (saturation), and LIPO (lipophilicity) have been studied. Along 
with the six sets of parameters, it includes other parameters like Lip-
inski’s rule of five for the betterment of the drug-likeness studies (Lip-
inski et al., 1997). Similarly, the prediction of compounds for the 
gastrointestinal (GI) absorption or blood-brain barrier (BBB) perme-
ation, as well as P-glycoprotein (Pgp) substrate/non-substrate analysis, 
was done using the BOILED-Egg (Brain Or IntestinaL EstimateD 
permeation) model (Daina and Zoete, 2016). 

2.4. Ligand-target interaction analysis and visualization 

The molecular interaction of ligands with the SARS-CoV-2 target 
proteins was visualized and analysed using PyMOL 2.3.4 and LIGPLOT+

for two-dimensional graphical representation of protein-ligand in-
teractions (Wallace et al., 1995). A comparative study of the molecular 
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interaction pattern of hydrogen bond acceptor (HBA) and hydrogen 
bond donor (HBD) moieties of positive control (i.e., GMP) with ligands 
were done. 

2.5. Isothermal titration calorimetry (ITC) 

Expression and purification for SARS-CoV-2 N-protein (residues 1- 
174, the N-terminal domain/NTD) was done using the protocol re-
ported by (Dhaka et al., 2022). In brief, the N-protein was cloned in 
pET28c vector and was over-expressed using E. coli expression system, 
and purified by Ni-NTA affinity chromatography. Purified proteins were 
concentrated to ~3.6 mg/mL and used in the ITC experiments. The 
thermodynamic binding titration experiments were carried out to 
evaluate binding of selected molecules to purified N-protein of 
SARS-CoV-2 using MicroCal ITC200 micro calorimeter (Malvern, 
Northampton, MA). The titrations of ligands and protein were per-
formed at 25 ◦C using buffer containing 20 mM Tris (pH 8.0) and 20 mM 
NaCl. All ligand molecules used in this study were purchased from 
Cayman (Olaparib (10621); VX-809 (22196); INCB28060 (20056); 
Paliperidone (15556); Flibanserin (19203); SN 38 (15632); Bicuculline 
(11727); Columbianadin (27661)) except for darglitazone sodium, 
which was procured from Sigma (Catalogue no. SML0977). Table 2 lists 
the various set parameters and all selected ligands and protein concen-
trations used in the ITC experiment by keeping all other parameters 
equal. The data of binding isotherms (ΔH, ΔS, and KD values) were fitted 
by single-site binding model and processed using MicroCal Analysis 
Software, Malvern in association with commercially available Origin 7.0 
program. 

2.6. Cell lines and virus 

Vero-E6 cells (ATCC-CRL-1586) were maintained in Dulbecco’s 
Modified Eagle Medium (DMEM) (Sigma) supplemented with 10% fetal 
bovine serum (Sigma), 1% penicillin–streptomycin (Sigma) and 1% L- 
glutamine (Gibco). Cells were cultured at 37 ◦C in a humidified incu-
bator with 5% CO2. SARS-CoV-2, isolated from the first Swedish patient, 
was received from the Public Health Agency of Sweden. All work with 
infectious virus was performed in the Biomedicum Biosafety Level 3 core 
facility, Karolinska Institutet. 

2.7. Drug testing 

Drug stocks were prepared in DMSO and diluted through an 8-point, 
1:2 dilution series ranging from 50 μM to 0.39 μM. Vero-E6 cells were 
plated in 96-well plates one day prior to infection. Then cells were pre- 
treated with drug at a range of concentrations for 2 h and infected at 
multiplicity of infection (MOI) 0.05 for 1h. DMSO controls were used on 
every plate. In parallel, plates with only DMSO or drug (uninfected cells) 
were used to monitor the cytotoxicity of all the drugs. Cells were incu-
bated with drugs at 37◦C/5% CO2 for 3 days before performing Sul-
phorhodamine B (SRB) assay. All treatments were performed in 
triplicate in each independent screen. 

2.8. Plaque reduction assay 

Vero-E6 cells were seeded in 24-well plates one day prior to infec-
tion. Cells were pre-treated with drug at a range of concentrations for 2 h 
and then infected with SARS-CoV-2 at MOI 0.1 for 24 h. Supernatant was 

Table 1 
Nucleotide-binding site residues of SARS-CoV-2 protein and grid box parameters for virtual screening and molecular docking.  

Proteins (PDB ID) Residues Center (Å) 
(X, Y, Z) 

Dimensions for screening 
(Å) (X, Y, Z) 

Dimensions for 
Vina (Å) 
(X, Y, Z) 

nsp12 (6M71) Asp760, Asp761, Asn691, Ser682, Thr680, Asp623, Asp618, Val557, Arg555 116.7604 19.6447, 64, 
116.5054 23.5576, 70, 
128.0258 27.8883 74 

nsp13 (6ZSL) Lys288, Ser289, Asp374, Glu375, Gln404, Arg567 − 14.6949 13.4579, 40, 
14.1970 17.5720, 47, 
− 75.2021 18.5686 52 

nsp14 
(5C8S) 

NTD Asp27, Asp90, Glu92, Glu191, His268, 1.0235, 21.2173, 62, 
− 1.0583, 13.6721, 35, 
28.0886 12.9231 36 

CTD Trp292, Asn306, Arg310, Asp331, Gly333, Pro335, Lys336, Asp352, Trp385, Asn386, 
Val389, Phe401, Tyr420, Asn422, Phe426, Thr428, Phe506 

6.0228, 20.8847, 60, 
− 28.8145, 26.5642, 69, 
6.9992 24.5406 66 

nsp15 (6VWW) His235, His250, Lys290, Thr341, Tyr343, Ser294 − 92.0340, 13.7609, 34, 
20.9831, 17.4511, 48, 
− 30.7497 19.5213 46 

nsp16 (6W4H) Lys6844, Asp6928, Lys6968, Glu7001, Asn6841, Tyr6845, Gly6869, Ala6870, Ser6872, 
Gly6879, Asp6897, Asn6899, Leu6898, Asp6912, Met6929 

83.3018, 17.3564, 50, 
17.3976, 25.2003, 72, 
26.0466 17.6516 50 

N (6VYO) Ser51, Phe53, Ala55, Ala90, Arg107, Tyr109, Tyr111, Arg149 − 12.1982, 16.3450, 40, 
11.5831, 21.5780, 48, 
19.5713 19.1638 48  

Table 2 
Different parameters and concentrations of protein and ligands used to perform 
the ITC experiments. All experiments were run in duplicate.  

Parameters  

Total number of injections 20 
Cell temperature 25 ◦C 
Reference power 9 
Initial delay 100 s 
Stirring speed 850 rpm 
Volume of Ist Injection 0.4 μL 
Volume after Ist injection 2 μl 
Injection spacing 220 s 
Ligands syringe 

against protein 
(cell) 

VX-809 against N-protein 100 μM 
against 10 
μM 

Capatinib and SN 38 against N-protein 200 μM 
against 20 
μM 

Olaparib and Paliperidine against N-protein 300 μM 
against 30 
μM 

Darglitazone Sodium, Flibaserine, 
Bicuculline, and Columbianadin against N- 
protein 

400 μM 
against 40 
μM  
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collected and clarified by centrifugation prior to storage at − 80 ◦C 
before virus titration by plaque assay. 

Confluent Vero-E6 cells in 24-well plates were washed with PBS and 
infected with diluted virus for 1 h. Then supernatants were removed and 
cells were washed with PBS before addition of 1 mL of prewarmed 
overlay (2% methylcellulose: propagation media containing 2% FBS =
1:2). At 48–72 h post infection, cells were fixed with 4% formaldehyde 
and stained with crystal violet solution after removal of the overlay, and 
plaques were manually quantified. The determination of all virus titers 
was performed in triplicate. 

3. Results 

3.1. Identification of multi-targeticity molecules 

The identification of cost-effective multitarget SARS-CoV-2 antivirals 
was accomplished by structure-based virtual screening of three drug 
libraries: the FDA-approved drug library (Selleckchem), the NPL library 
(Selleckchem), and the LOPAC library (Sigma) against the following six 
SARS-CoV-2 target proteins: nsp12, nsp13, nsp14 CTD, nsp14 NTD, 
nsp15, nsp16, and N-protein. The atomic structures of all these six SARS- 
CoV-2 proteins contain NBPs. The top 100 compounds from each of the 
three libraries were selected by virtual screening. Using a SMMT 
approach, the binding energy for each of the molecules against all the six 
SARS-CoV-2 protein targets was examined. Subsequently, 30 molecules 

that showed binding energy equivalent or greater than the positive 
controls i.e., NMPs (AMP, CMP, GMP, and UMP), NTPs (ATP, CTP, GTP, 
and UTP), and remdesivir were selected. The molecules were then 
graded according to the increasing binding energies and only the top 10 
compounds from the each set of library were subjected to molecular 
docking using the AutoDock Vina algorithm. Molecular docking binding 
energies of all 10 selected compounds from each of the library sets along 
with controls against the NBPs of SARS-CoV-2 proteins are listed in 
Table 3. 

3.2. Computational pharmacokinetics and interaction analysis 

For all the selected ligand molecules, the noted binding score was in 
the range of − 6 kcal/mol to − 12 kcal/mol. Using the bioavailability 
radar analysis, we further selected three drug candidates from each li-
brary using the Swiss ADME analysis tool (Daina et al., 2017). The 
compounds olaparib, INCB28060, and VX-809 from the FDA drug li-
brary; darglitazone sodium, paliperidone, and flibanserin from LOPAC 
library, and SN38, bicuculline, and columbianadin from NPL fulfilled 
the criteria as well as Lipinski’s rule (Lipinski et al., 1997). The detailed 
physicochemical properties of the selected compounds are shown in 
Supplementary figure 1 and Supplementary Table 2. The BOILED Egg 
analysis has depicted the passive absorption of olaparib, INCB28060, 
VX-809, darglitazone sodium, paliperidone, and SN38 in the GI tract 
whereas bicuculline, columbianadin, and flibanserin were capable of 

Table 3 
Binding energies (kcal/mol) of selected ligands with SARS-CoV-2 proteins.  

S.No. Ligands nsp12 nsp13 nsp14 NTD nsp14 CTD nsp15 nsp16 N 

Positive Control 
1. AMP − 6.8 − 7.6 − 6.4 − 7.5 − 6.5 − 7.7 − 5.9 
2. CMP − 6.0 − 7.7 − 5.9 − 7.3 − 6.3 − 6.9 − 5.6 
3. GMP − 6.8 − 8.1 − 6.9 − 7.8 − 6.7 − 8.5 − 6.1 
4. UMP − 6.2 − 8.1 − 6.3 − 7.2 − 6.3 − 6.9 − 5.2 
5. ATP − 7.3 − 8.4 − 6.6 − 8.1 − 6.1 − 8.6 − 6.3 
6. CTP − 6.4 − 8.2 − 6.8 − 7.3 − 6.2 − 8.1 − 5.9 
7. GTP − 7.2 − 7.5 − 7.5 − 7.5 − 6.4 − 9.4 − 6.5 
8. UTP − 7.3 − 8.6 − 6.8 − 7.2 − 6.5 − 8.1 − 5.9 
9. Remdesivir − 7.4 − 7.3 − 2.8 − 9.2 − 7.8 − 8.0 − 6.3 
FDA 
1. Olaparib − 8.6 − 8.5 − 8.7 − 11.9 − 8.4 − 10.5 − 7.7 
2. INCB28060 − 8.6 − 8.7 − 8.6 − 11.7 − 9.3 − 10.1 − 7.7 
3. VX-809 − 8.4 − 8.6 − 8.4 − 11.2 − 8.7 − 10.3 − 7.8 
4. Risperidone − 8.1 − 7.8 − 7.9 − 9.7 − 8.2 − 9.9 − 6.9 
5. Ketanserin − 8.0 − 8.1 − 7.1 − 9.9 − 7.9 − 8.6 − 7.3 
6. Canagliflozin − 8.3 − 8.0 − 7.4 − 10.3 − 7.2 − 9.3 − 7.3 
7. Candesartan − 8.1 − 7.6 − 7.3 − 10.1 − 7.6 − 9.7 − 6.6 
8. PLX-4032 − 7.2 − 8.4 − 7.5 − 11.0 − 7.4 − 8.9 − 7.1 
9. PLX3397 − 8.5 − 7.8 − 8.1 − 10.2 − 7.4 − 9.0 − 7.8 
10. Ramatroban − 7.3 − 8.2 − 7.2 − 10.2 − 7.9 − 8.5 − 6.7 
LOPAC 
1. Darglitazone Sodium − 8.4 − 7.9 − 7.6 − 10.5 − 8.4 − 9.0 − 7.0 
2. Paliperidone − 8.4 − 8.0 − 7.7 − 10.8 − 8.6 − 10 − 6.9 
3. Flibanserin − 7.9 − 8.0 − 8.2 − 10.2 − 8.2 − 9.3 − 6.9 
4. L798106 − 7.2 − 8.6 − 6.2 ¡10.4 − 7.1 − 9.3 − 7.5 
5. Hydrastine − 7.1 − 7.6 ¡6.9 − 9.7 − 6.9 − 9.2 − 7.1 
6. Talnetant − 7.6 − 8.0 − 8.0 − 9.9 − 7.3 − 8.2 − 7.0 
7. Droperidol − 7.3 − 7.8 − 7.9 − 9.3 − 7.8 − 8.4 − 6.3 
8. KU55933 − 7.4 − 7.9 − 7.8 − 10.0 − 7.6 − 8.6 − 6.0 
9. Rutaecarpine − 7.1 − 7.9 − 7.7 − 9.6 − 7.6 − 8.4 − 6.5 
10. Psoralidin − 7.3 − 7.5 − 7.5 − 9.7 − 8.2 − 8.5 − 6.5 
Natural Product 
1. SN 38 − 8.2 − 6.5 − 8.6 − 10.5 − 8.5 − 9.3 − 6.8 
2. Bicuculline − 7.5 − 9.2 − 9 − 10.1 − 8.3 − 9.7 − 7.1 
3. Columbianadin − 7.0 − 9.0 − 7.5 − 9.2 − 7.4 − 7.8 − 6.8 
4. Trilobatin − 7.1 − 7.0 − 6.8 − 9.4 − 7.4 − 8.3 − 7.4 
5. SP-146 − 9.1 − 8.6 − 7.2 − 12.3 − 9.1 − 10.4 − 7.3 
6. Taxifolin-7-rhamnoside − 8.2 − 7.2 − 8.4 − 9.8 − 7.4 − 9.7 − 7.0 
7. Apigetrin − 7.9 − 7.6 − 8.0 − 9.9 − 7.3 − 8.9 − 7.0 
8. Naringin − 9.2 − 7.6 − 8.3 − 9.8 − 7.6 − 8.7 − 7.1 
9. VU6015929 − 8.1 − 8.4 − 6.4 − 11.0 − 7.5 − 9.4 − 6.2 
10. Linarin − 9.1 − 7.8 − 8.5 ¡10.7 − 7.0 − 9.6 − 7.3  
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BBB penetration. In the case of effective central nervous system (CNS) 
acting compounds, knowledge of the drug penetration through the BBB 
is crucial for screening and selecting of the compounds for further 
assessment. 

Similarly, out of nine molecules, bicuculline, columbianadin, and 
darglitazone sodium were predicted as Pgp− (Supplementary figure 1). 

The hydrogen bonds (H-bond) and hydrophobic interactions 

between the potential inhibitor molecules and the NBP residues of SARS- 
CoV-2 proteins were analysed by LIGPLOT analysis (Figs. 1–3 and 
Tables 4–6). The HBA and HBD interaction analysis for the protein- 
ligand complexes was performed, taking GMP as a reference. Based on 
the interaction of NMPs with the different SARS-CoV-2 proteins, GMP 
shows the highest binding energy (kcal/mol) as compared to other NMPs 
(Table 4). The comparative analysis of GMP shows that it forms the 

Fig. 1. Schematic presentation of selected molecules from the FDA approved drug library (Selleckchem) using the LIGPLOT+ analysis tool.  
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highest number of hydrogen and hydrophobic bonds with different 
target proteins by its HBA (N2, N5, O1, O2, O3, O4, O5, O6, O7, and O8) 
and HBD (N3, N4, O3, and O8) atoms. The –OH groups of the GMP have 
dual roles i.e., act as H-donor as well as H-acceptor (Fig. 4a). Moreover, 
the complete analysis of hydrogen bond and hydrophobic bond in-
teractions in the GMP with different proteins of SARS-CoV-2 are pre-
sented in Fig. 4b. Similarly, the comparative study with inhibitor 
molecules has also shown the HBA and HBD groups tend to form more H- 
bond and hydrophobic interactions with the functional groups of the 

protein. 

3.3. Biophysical analysis 

The thermodynamic binding titration experiments were performed 
using ITC to validate the binding of selected compounds against the N- 
protein of SARS-CoV-2. The equilibrium dissociation constant (KD), 
enthalpy (ΔH) and entropy (− ΔS) resulting from the ITC measurements 
for all nine compounds are summarized in Table 7. One-site fitting 

Fig. 2. Schematic presentation of selected molecules from the LOPAC drug library (Sigma) using the LIGPLOT+ analysis tool.  
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curves for all the selected nine compounds are shown in Fig. 5. 

3.4. Antiviral assays 

The antiviral activity of the top 9 screened compounds were tested 
against SARS-CoV-2. For each compound, the percentage cytotoxicity 
and inhibition were plotted and are shown in Fig. 6a and Supplementary 
figure 2. The three compounds: INCB28060, darglitazone sodium and 

columbianadin showed best antiviral activity (Fig. 6a). To validate the 
results, plaque reduction assays were performed. Briefly, Vero-E6 cells 
were pre-treated with drugs at different concentrations, followed by 
infection with SARS-CoV-2 at MOI 0.1 for 24 h. Supernatant was 
collected, clarified by centrifugation and analysed by plaque assay to 
determine the amount of infectious virus released. The data (Fig. 6b) 
show that pre-treatment of Vero-E6 cells with 50 μM INCB28060 or 
darglitazone sodium led to a reduction of infectious virus production of 

Fig. 3. Schematic presentation of selected molecules from the natural product library (Selleckchem) using the LIGPLOT+ analysis tool.  
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Table 4 
The H-bonds and hydrophobic interactions of selected three compounds from the FDA-drug library with the NBP of SARS-CoV-2 proteins.  

Protein Olaparib INCB28060 VX-809 

H bond (Å) Hydrophobic H bond (Å) Hydrophobic H bond (Å) Hydrophobic 

nsp12 Cys813 3.06 Arg553, Asp618, Tyr619, 
Lys621, Asp623, Asp760, 
Asp761, Lys798, Trp800, 
Glu811, Phe812 

Thr680 3.02 Trp617, Asp618, Tyr619, 
Cys622, Asp623, Ser682, 
Asn691, Asp761 

Tyr619 3.24 Arg553, Trp617, Asp618, Pro620, 
Lys621, Asp760, Asp761, Glu811 Thr687 3.14 Lys798 2.99 Ser814 3.17 

Asp760 2.95 Trp800 3.05 

nsp13 Ser289 3.01 Lys288, Ala312, Ala313, 
Ala316, Asp374, Glu375, 
Arg443, Gln537, Gly538, 
Glu540 

- Lys288, Ser289, Ala312, 
Ala313, Ala316, Glu319, 
Asp374, Glu375, Gln537, 
Gly538 

Lys288 3.18 Pro284, Ser289, Ala312, Glu319, 
Arg443, Gln537, Glu540 Gln404 2.71 

Ser539 3.06 Gly538 2.99 
3.24 

Arg567 2.96 
3.13 

nsp14 
NTD 

Asn266 3.31 Asp90, Glu92, Gly93, Asn104, 
Gln145, Phe146, Ala187, 
Phe190, Glu191, Leu253, 
His268, Asp273 

Gly93 2.98 Val91, Glu92, Gln145, 
Phe146, His148, Leu149, 
Phe190, Leu253, Asn266, 
His268, Val269, Asp273 

Glu92 2.77 Asp90, Val91, Gln145, Phe146, 
Ala187, Phe190, Glu191, Leu253, 
Asn266, His268 

Gly93 2.81 
His148 2.84 
Asp273 2.82 

nsp14 
CTD 

Asn386 2.90 Val290, Trp292, Gly333, 
Pro335, Phe367, Tyr368, 
Cys387, Asn388, Tyr420, 
Phe426, Thr428 

Gly333 3.10 Val290, Trp385, Asn386, 
Cys387, Tyr420, Phe426, 
His427, Thr428, Phe506 

Phe286 3.14 Val287, Arg289, Trp292, Asn306, 
Cys309, Asn386, Tyr420, Phe426, 
Thr428, Phe506 

3.14 Lys288 3.13 
Val287 3.03 Val290 3.17 

His427 2.80 
nsp15 His235 3.32 His250, Lys290, Val292, 

Ser294, Trp333, Thr341, 
Tyr343, Pro344, Lys345 

Ser294 3.24 His235, His250, Lys290, 
Val292, Trp333, Glu340, 
Thr341, Tyr343, Lys345, 
Leu346 

His235 3.11 Glu234, Asp240, Trp333, Tyr343 
Leu346 3.34 Gly248 3.21 

His250 3.06 
3.15 

Lys290 2.80 
Glu340 3.32 
Thr341 2.73 

nsp16 Asn6841 2.75 Gly6871, Ser6872, Asp6897, 
Cys6913, Met6929, Tyr6930, 
Gly6946, Phe6947 

Asn6841 3.31 Asp6897, Leu6898, Asp6928, 
Met6929, Tyr6930, Phe6947, 
Lys6968 

Tyr6930 2.94 Gly6869, Gly6871, Ser6872, 
Asp6873, Asp6897, Leu6898, 
Asn6899, Cys6913, Asp6928, 
Met6929, Asp6931, Gly6946, 
Phe6947 

Leu6898 3.02 Lys6844 3.03 
Gly6869 2.80 

2.82 Asp6912 3.27 
Asp6928 2.93 

3.30 
N Arg88 3.05 Ala50, Thr54, Ala55, Thr57, 

Ala90, Arg107, Tyr109, 
Arg149 

Tyr111 2.81 Ala50, Ser51, Thr54, Ala55, 
Thr57, Ala90, Arg107, 
Tyr109, Arg149, Ala156 

Tyr111 3.19 Ala50, 
Ser51, Thr54, 
Ala55, Tyr109, Ala155 

Arg149 2.95 Tyr111 2.76 
Ala156 2.95 

2.78 3.05  

Table 5 
The H-bonds and hydrophobic interactions of selected three compounds from the LOPAC library with the NBP of SARS-CoV-2 proteins.  

Protein Darglitazone Sodium Paliperidone Flibanserin 

H bond (Å) Hydrophobic H bond (Å) Hydrophobic H bond (Å) Hydrophobic 

nsp12 Gly413 3.30 Tyr455, Arg553, Trp617, Asp618, 
Tyr619, Lys621, Cys622, Asp623, 
Arg624, Asp760, Asp761, Glu811 

Asp761 3.07 Arg553, Tyr619, Lys621, 
Cys622, Asp623, Arg624, 
Asp760, Glu811, Phe812, 
Cys813 

Asp623 2.96 Trp617, Asp618, Tyr619, 
Lys621, Cys622, Asp760, 
Asp761, Lys798 

3.34 
Trp800 3.12 Ser814 3.12 Trp800 3.15 

nsp13 Gly285 3.14 Pro284, Gly287, Glu375, Ala312, 
Ala313, Ala316, Gln537, Gly538 

Gly285 3.03 Pro284, Lys288, Ser289, 
Ala312, Ala313, Ala316, 
Ser310, Glu375, Met378, 
Asp534, Ser535, Gln537, 
Gly538 

Gly287 3.23 Gly285, Ala312, Ala313, 
Ala316, Glu375, Arg443, 
Gln537, Gly538, Glu540 

Arg443 2.97 Lys288 2.91 Lys288 2.87 
3.25 Ser289 2.95 

Arg443 3.13 
Ser539 3.21 

nsp14 
NTD 

Gly93 3.17 Asp90, Val91, Glu92, Gln145, 
Phe146, His148, Trp186, Phe190, 
Leu253, Asn266, His268, Val269, 
Ala270, Asp273 

Gln145 3.18 Asp90, Glu92, Gly93, Asn104, 
Phe146, Phe190, Glu191, 
Leu253, Asn266, Asp273 

His148 3.33 Asp90, Glu92, Gln145, 
Phe146, Trp186, Phe190, 
Asn266, His268, Asp273 

Ala187 2.92 
3.14 Asn104 2.97 His268 2.93 

Glu191 2.81 
nsp14 

CTD 
Gln313 2.96 Val290, Trp292, Gly333, Pro335, 

Trp385, Asn386, Cys387, Asn388, 
Arg400, Tyr420, Phe426, His427, 
Thr428, Pro429, Phe506 

- Arg289, Val290, Trp292, 
Gly333, Pro335, Asp352, 
Ala353, Trp385, Asn386, 
Tyr420, Phe426, Phe506, 

Lys336 2.99 Gln313, Asp331, Asn334, 
Ile338, Cys340, Trp385, 
Asn386, Tyr420, Phe426 

Lys336 2.94 

nsp15 – Met219, Ala232, Glu234, His235, 
Tyr238, Gly239, Asp240, Phe241, 
Arg258, Lys257, Glu261, Glu340 

Glu245 2.93 His235, Asp240, Leu246, 
Gly247, His243, His250, 
Lys290, Ser294, Tyr343, 
Lys345, Leu346 

Ser294 2.81 His235, His250, Val292, 
Trp333, Thr341, Tyr343, 
Lys345, Leu346 

Val292 3.04 3.06 

nsp16 Asp6873 3.08 Asn6841, Lys6844, Gly6871, 
Ser6872, Asp6897, Leu6898, 
Asp6928, Met6929, Phe6947, 
Glu7001 

Asp6912 2.70 Gly6869, Asp6897, Leu6898, 
Met6929, Tyr6930, Cys6913, 
Tyr6930, Asp6931, Phe6947 

Lys6968 3.05 Gly6869, Gly6871, Asp6897, 
Leu6898, Asp6912, Cys6913, 
Asp6928, Met6929, Tyr6930, 
Pro6932, Phe6947 

Tyr6930 2.93 
Lys6968 3.06 Asp6928 2.85 
Asn6996 3.09 

N Arg107 3.23 Thr54, Ala55, Thr57, Tyr109, 
Tyr111, Ala156 

Tyr111 2.71 Ala50, Thr54, Ala55, Ala90, 
Arg107, Tyr109, Arg149, 
Ala156 

Ser51 2.89 Thr54, Tyr109, Tyr111, 
Arg149, Ala173 Arg149 3.20 Ala55 3.08  
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over 3 orders of magnitude, confirming antiviral efficiency of these 
compounds. 

4. Discussion 

SARS-CoV-2, the etiological agent of COVID-19, has caused a global 
pandemic that has hugely disrupted social and economic life. The ever- 
increasing number of SARS-CoV-2 variants have raised serious health 
concerns for humans. Its high transmission, recombination and mor-
tality rates have had tragic consequences around the world. Genetic 
variability in SARS-CoV-2 genome is a result of random mutations and/ 
or recombination that can alter amino acids and viral phenotype. Few 
mutants gets naturally selected due to its increased fitness for viral 
replication, transmission and/or ability to evade the host immunity, 
leading to the emergence of new strains (Gribble et al., 2021; Safari and 

Elahi, 2022). The emergence of new strains of SARS-CoV-2 are pres-
surizing the scientific community to investigate small molecule-based 
therapeutics to combat the emerging viral pathogens. 

In this regard, the NBPs of viral enzymes and proteins are promising 
targets in the quest for effective antiviral molecules. Because nucleo-
sides/nucleotides are the building blocks of RNA and DNA, slight vari-
ations to the nucleoside scaffold can have perilous implications. Many 
virus-specific proteins contain these NBPs such as RdRp, helicase, 
MTase, nucleocapsid, etc., and these have been targeted in this study. 
The FDA has authorized several antiviral nucleoside/nucleotide analog 
drugs targeting different viruses, such as idoxuridine, which was 
approved by the FDA in 1962 against HSV. It mimics thymidine and, 
once incorporated into the nascent viral genome during replication, 
blocks chain elongation (Wilhelmus, 2015). Ribavirin was approved for 
the treatment of severe respiratory syncytial virus (RSV) infection 

Table 6 
The H-bonds and hydrophobic interactions of selected three compounds from the Natural Product library with the NBP of SARS-CoV-2 proteins.  

Protein SN 38 Bicuculline Columbianadin 

H bond (Å) Hydrophobic H bond (Å) Hydrophobic H bond (Å) Hydrophobic 

nsp12 Asp618 2.99 Arg553, Tyr619, Pro620, Lys621, 
Asp623, Lys798 

Asn691 2.91 Arg553, Tyr619, Lys621, 
Cys622, Asp623, Arg624, 
Ser759, Asp760 

Thr556 3.21 Tyr455, Arg553, Arg555, 
Tyr619, Lys621, Asp623, 
Ser682 

Arg624 3.08 Arg624 3.08 
3.22 

nsp13 Glu375 3.21 Lys288, Ser289, Ala316, Asp374, 
Gly538 

Gln404 2.93 Lys288, Ser289, Ala316, 
Asp374, Glu375, Gln537, 
Gly538 

Thr286 2.95 Gly285, Ser289, Ala313, 
Ala316, Glu375, Ser377, 
Gly400, Asp401, Gln404, 
Gln537, Gly538 

Arg443 2.74 Gly287 2.94 
Lys288 3.17 Arg567 3.07 

3.19 
nsp14 

NTD 
Gly93 2.62 Asp90, Glu92, Asn104, Pro141, 

Gln145, Phe146, Trp186, 
Phe190, Leu253, Gln254, Asp273 

Asp90 3.16 Val91, Glu92, Asn104, Gln145, 
Trp186, Ala187, Phe190, 
Glu191, Leu253, Asp273 

Asn266 2.94 Asp90, Val91, Glu92, Gln145, 
Phe146, Phe190, Glu191, 
Leu253, His268, Val269, 
Asp273 

Gly93 3.07 

nsp14 
CTD 

Asp352 2.89 Trp292, Asn306, Cys309, 
Gly333, Asn334, Pro335, Lys336, 
Asn386, Tyr420, Phe426, Phe506 

Trp292 3.03 Asn306, Asn334, Pro335, 
Trp385, Asn386, Tyr420, 
Phe426 

Trp292 3.18 Gly333, Pro335, Asp386, 
Tyr420, Phe426, Thr428 Lys336 3.02 Lys336 3.19 

3.22 
nsp15 His250 3.16 His235, Gln245, Leu246, Gly247, 

Gly248, Lys290, Val292, Ser294, 
Tyr343, Leu346 

Lys290 3.17 His235, Gln245, His250, 
Val292, Cys293, Tyr343, 
Lys345, Leu346 

His235 3.17 Val292, Ser294, Thr341 
Gly248 3.12 
His250 3.07 Ser294 2.88 
Lys290 2.98 
Tyr343 3.11 

nsp16 Cys6913 2.87 Gly6871, Ser6872, Asp6873, 
Asp6897, Leu6898, Asp6912, 
Met6929, Tyr6930, Asp6931, 
Pro6932, 

Asn6899 2.99 Asp6897, Leu6898, Asp6912, 
Cys6913, Asp6928, Met6929, 
Tyr6930, Asp6931, Phe6947 

Asn6899 2.90 Gly6869, Asp6897, Leu6898, 
Asp6912, Asp6928, Met6929, 
Tyr6930, Asp6931, Phe6947 

3.32 Phe6947 3.12 

N Thr57 2.91 Thr54, Ala55, Tyr109, Ala155, 
Ala156 

Ser51 2.80 Ala50, Thr54, 
Ala55, Arg107, Tyr109, 
Tyr111, Pro151 

Arg107 3.15 Ala50, Ser51, Phe53, Thr54, 
Ala90, Tyr109, Tyr111, Pro151, 
Ala156 

Arg107 3.03 Arg149 3.09 Arg149 2.96 
Arg149 3.31 Asn75 2.81 
Ala173 2.96  

Fig. 4. (a) Representation of H-bond acceptor (HBA; shown in the red box) and H-bond donor (HBD; shown in the green box) in the GMP molecule. (b) Repre-
sentation of H bond and hydrophobic interactions of HBA and HBD of GMP molecule with different SARS-CoV-2 proteins. The green box shows both hydrogen and 
hydrophobic interactions, the yellow box shows only hydrophobic interactions, and the blue box shows only hydrogen bonds. 
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(Pelaez et al., 2009), Lassa fever virus infection (Eberhardt et al., 2019), 
and influenza A and B virus infections (Smee et al., 2006). But now, it 
has been approved for use against HBV and HCV (Liu et al., 2003) and 
also for many other viruses including coronaviruses (Eslami et al., 2020; 
Simonis et al., 2021). These medications are nucleotide derivatives that 
compete with the physiological nucleotides for binding to the NBPs of 
the viral proteins. 

The use of in silico methods in drug discovery has increased 
dramatically in recent years. Such methods can provide firm evidence 
for the evaluation of any drug molecule by its interaction with the target 
protein and its bioavailability inside the host organism. The multi- 
proteins targeting approach in this study has identified drug molecules 
that could be tested in vivo for efficacy and further drug development. 
Furthermore, considering the high likelihood that this will not be the 
last pandemic we face, as the other infectious viral diseases are circu-
lating worldwide. It is critical that we develop these strategies to combat 
the other viral diseases such as chikungunya and dengue fevers, for 
which till date there are no antivirals available in the market (Aggarwal 
et al., 2017; Mudgal et al., 2020; Pareek et al., 2022; Sharma et al., 2018, 
2016; Singh et al., 2018). 

The aim of these computational studies was two-fold. First, a more 
precise assessment of the Vina scores (binding energy in kcal/mol) 
against the NBPs and another is the quest for the single ligand aimed at 
targeting the multi-protein of SARS-CoV-2. Although the identification 
of drug molecules from in silico methods have been proved as a beneficial 
practice, studies of the in vivo behaviour of those compounds have been a 
bottleneck. The drug-likeness of any compound can be proven when it 
possesses the right balance between its molecular properties and struc-
tural features. The SwissADME online server estimates the drug-likeness 
of compounds by predicting their Absorption, Distribution, Metabolism, 
and Excretion (ADME) properties. This method is an efficient alternative 
approach to evade the time wastage by drug molecules due to their 
toxicity and cell membrane permeability. 

The virtual screening of three different libraries with different pro-
teins of SARS-CoV-2 has resulted in the top 100 potential antiviral 
compounds. For many compounds, the binding energy was very high i. 
e., in the range of − 6 kcal/mol to − 12 kcal/mol. Further, we have 
selected the top 30 compounds whose binding energy was equal or 
greater than positive control in the selected set of the SARS-CoV-2 
proteins. Out of 30 compounds, we further shortlisted the best 10 
compounds from each set of the library. NMPs, NTPs, and remdesivir 
were used as a positive control, as NMPs is the one that generally binds 

to the nucleotide binding site, while remdesivir is already a well- 
established drug compound in the research area against many RNA vi-
ruses like SARS-CoV-2, MERS-CoV, SARS-CoV, Ebola virus, and others 
(Malin et al., 2021; Simonis et al., 2021). The final binding energy was 
obtained after molecular docking of all the compounds. The antiviral 
potency of a drug candidate is rather incomplete until it is unable to act 
well in in vivo conditions. 

Further, the drug-likeness of the top 10 compounds from each 
compound library were predicted. These compounds had high binding 
energies for the viral targets but the physicochemical parameters for the 
drug-likeness of most of these molecules did not show acceptable 
properties. The physiochemical properties of compounds define the ki-
netics of drug exposure to the tissue and thus affect their pharmaco-
logical activities. After the molecular docking of the selected 
compounds, these were further evaluated using the thermodynamic 
criteria. Supplementary Table 2 shows the performance and the phar-
macological activity of the best-selected compounds in each set of the 
library. A compound usually follows the Lipinski rule of five for the 
better efficacy of the therapeutic molecules. The bioavailability radar of 
SwissADME also follows other metric algorithms for the calculation of 
the pharmacological kinetics of the compounds. A compound is ex-
pected to have high absorption when the size of the compound is < 500 
kDa, the n-octanol to water partition coefficient (log P) is < 5, the 
number of H bond donor and acceptor is < 5 and < 10 respectively, and 
the molar refractivity index is in the range of 40–130. Based on these 
pharmacological properties of compounds, only top 3 best compounds 
were obtained from each set of the library (olaparib, INCB28060, and 
VX-809 from FDA; darglitazone sodium, paliperidone, and flibanserin 
from LOPAC; SN 38, bicuculline, and columbianadin from Natural 
Product libraries) that show the antiviral potential against this 
pandemic virus. These compounds are already has been used as anti- 
cancer and anti-inflammatory agents, among other uses (Table 8). 

Bioavailability radar including the BOILED egg pictorial represen-
tation is provided in the Supplementary figures 1. The best nine selected 
compounds were shortlisted as potential drug molecules. The molecules 
which have been depicted as Pgp + can be engineered by increasing 
steric hindrance to HBD, decreasing the HBA potential, impeding Pgp 
binding, and decreasing bilayer penetration for their better absorption 
and effectivity. Afterward, the LIGPLOT analysis of these compounds 
has been studied for the schematic presentation of the interaction be-
tween the ligand-protein complexes. (Tables 4–6, Figs. 1–3). Interest-
ingly, among the H-bond and hydrophobic interactions of all the 
proteins, we have found that all nine promising compounds (three from 
each library) mostly share similar interacting amino acids (Table 9). 

In the HBD, a hydrogen atom is bonded to nitrogen, oxygen, and 
sulfur (strong electronegative atoms) while in HBA, the nitrogen and 
oxygen atoms are in double and triple bonds, which contains lone pair. 
The HBA and HBD of protein-ligand complexes only form when the 
interaction between ligand and water molecule dissociates (Wilkinson 
et al., 1984). The comparative LIGPLOT analysis shows the importance 
of both HBA and HBD in the molecules to qualify as a drug. More HBA 
and HBD in the protein-ligand complexes can lead to better interaction 
during the administration and can have a prolonged drug effect in in 
vitro and in vivo studies (Zheng et al., 2017). For the improved 
drug-target interactions, either the modifications are made in the drug 
or target molecule, or their interaction interface is engineered (Varma 
et al., 2010). So here, we predicted that probable modification by 
conformational favorable functional groups in identified molecules 
could lead to enhanced stability and binding affinity of protein-ligand 
complexes. 

The thermodynamic parameter and binding affinities of the most 
promising compounds were further experimentally assessed using ITC. 
ITC analysis yielded KD values in the range of 40–854 μM that positively 
shows the molecular interaction with the compounds (Table 7). The 
strength of the binding affinities between the protein and a compound 
can be assessed by the KD value (Krainer et al., 2012). Thus, the 

Table 7 
The thermodynamic analysis of top hit compounds with N-protein of SARS-CoV- 
2 protein as obtained from ITC. n = stoichiometry, KA = association constant, 
KD= equilibrium dissociation constant, ΔH= enthalpy, ΔS= entropy.  

Ligands n KD 

(μM) 
KA(M− 1) ΔH (cal/mol) ΔS (cal/ 

mol/ 
degree) 

Olaparib 1 66.2 (1.51)104 ±

905 
(-1.68)105 ±

6083 
− 545 

INCB28060 1 331 (3.02)103 ±

132 
(-4.015)106 

± (1.7)105 
(-1.34)104 

VX-809 1 54.3 (1.84)104 ±

507 
(-7.71)106 ±

(1.6)105 
(-2.58)104 

Darglitazone 
Sodium 

1 72 (1.38)104 ±

635 
(-1.487)105 

± 3840 
− 480 

Paliperidone 1 234 (4.26)103 ±

110 
(-2.55)105 ±

4873 
− 838 

Flibaserine 1 352 (2.84)103 ±

216 
(-2.47)105 ±

(1.5)104 
− 815 

SN 38 1 40 (2.46)104 ±

(4.33)103 
(-1.38)105 ±

(1.43)104 
− 444 

Bicuculline 1 92 (1.08)104 ±

414 
(-1.667)105 

± 3874 
− 540 

Columbianadin 1 854 (1.17)104 ±

112 
(-1.851)105 

± (1.51)104 
− 607  
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Fig. 5. Binding isotherms of identified compounds using ITC: Thermodynamic profiles of ligands (a) Olaparib, (b) INCB28060, (c) VX-809, (d) Darglitazone Sodium, 
(e) Paliperidone, (f) Flibaserine, (g) SN 38, (h) Bicuculline, (i) Columbianadin, against the purified SARS-CoV-2 N-protein. 
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biophysical characterization of these selected molecules confirmed the 
binding to the N-protein. 

While, in in vitro assays, we found that 3 of 9 potential compounds 
(INCB28060, Darglitazone Sodium and Columbianadin) display sub-
stantial antiviral activity in different in vitro assays (Fig. 6 and Supple-
mentary figure 2). Darglitazone Sodium, the most effective compound, 

has an EC50 value under 10 μM (Supplementary Table 3). The three drug 
candidates were further tested for antiviral activity at the level of 
inhibiting viral particle production. All three drugs showed inhibitory 
properties, but INCB28060 and Darglitazone Sodium had greater anti- 
SARS-CoV-2 activity (Fig. 6). Interestingly, Columbianadin identified 
as potential antiviral molecule against SARS-CoV-2, is reported as a 
bioactive compound that has analgesic, anti-inflammatory, antitumor 
property, and inhibitor of voltage-gated Ca2+ channels (Chen et al., 
1995; Kang et al., 2016; Su et al., 2019). The ion channels are being 
investigated as therapeutic targets for various viral diseases including 
SARS-CoV-2 (Charlton et al., 2020; Navarese et al., 2020; Ou et al., 
2020). Therefore, the antiviral effect of Columbianadin against 
SARS-CoV-2 may also be due to the modulation of the ion channel ac-
tivity, and requires further detailed experimental investigations. 

5. Conclusions 

In summary, structure-based virtual screening, molecular docking, 
molecular repurposing, ADME analysis, biophysical studies and in vitro 
cell-based testing have fulfilled the main objective of the approach to 
finding a potential single drug molecule that targets multiple proteins of 
SARS-CoV-2. These identified drug molecules have already undergone 
clinical and research stages for other medical interventions, and there-
fore, repurposing of these compounds for antiviral therapy against 
SARS-CoV-2 is anticipated. 
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Fig. 6. Antiviral screening for drugs targeting SARS- 
CoV-2 (a) Percent cytotoxicity and percent inhibition 
graphs from drug screens. Triplicate wells of Vero-E6 
cells were pre-treated with the indicated drugs for 2 h 
prior to infection with SARS-CoV-2 at MOI 0.05. Cells 
were incubated for 72 h prior to performing SRB 
assay. Cytotoxicity data was normalized according to 
cell only (DMSO) controls and DMEM media only 
(blank) controls. Inhibition data was normalized to 
the cell only (DMSO) controls and the infected con-
trols (DMSO treated and infected cells). (b) 
INCB28060, darglitazone sodium and columbiandin 
inhibit production of SARS-CoV-2. Vero-E6 cells were 
pre-treated with indicated concentrations of drugs for 
2 h prior to infection with SARS-CoV-2 at MOI 0.1 
and harvested supernatant at 24 h post-infection (hpi) 
for plaque assay.   

Table 8 
Functions of identified potential drug compounds.  

Ligands Functions Reference 

FDA 
Olaparib Inhibits poly (ADP-ribose) 

polymerase (PARP) and antitumor 
effects with BRCA1 or BRCA2 
mutations against breast cancer 
and ovarian cancer. 

(Fong et al., 2009; Moore 
et al., 2018; Robson et al., 
2017) 

VX-809 In phase 3 trial with ivacaftor, 
which contains corrector and 
potentiator for treatment of cystic 
fibrosis. 

(Deeks, 2016; Ratjen 
et al., 2017) 

INCB28060 Anti-neoplastic and anti- 
cancerous actions. It is orally 
available as a mesenchymal- 
epithelial transition (MET) 
inhibitor for the treatment of lung 
cancer. 

(Dhillon, 2020; 
Vansteenkiste et al., 2019) 

LOPAC 
Darglitazone 

Sodium 
Increases CD36 mRNA levels and 
protein expression in human 
macrophage cells. Controls blood 
glucose levels in the treatment of 
non-insulin-dependent diabetes 
mellitus (NIDDM). 

(Chaiken et al., 1995; 
Svensson et al., 2003) 

Flibanserin Clinically approved drug for 
hypoactive sexual desire disorder 
(HSDD) in women by modifying 
neurotransmitters. 

(Shapiro et al., 2017; 
Vallejos and Wu, 2017) 

Paliperidone For the treatment of 
schizoaffective disorder (SCA) and 
works as a mood stabilizer by 
acting at the prefrontal cortex. 

(Alphs et al., 2016; 
Corena-McLeod, 2015) 

Natural Product 
SN 38 Anti-proliferative and anti-tumor 

roles by activating MAPK 
pathways and boosting IL-8 
expression. 

(Bi et al., 2018; Zhang 
et al., 2017) 

Bicuculline The antagonist of receptors of 
inhibitory neurotransmitter GABA 
and enhances calcium secretion. 

(Johnston, 2013; 
Mestdagh and Wülfert, 
1999) 

Columbianadin Anti-cancerous and anti- 
inflammatory effects by inducing 
necroptosis and apoptosis. 
Inhibits nociceptive pain 
behaviours by inhibiting calcium 
channels in neurons. 

(Kang et al., 2016; Su 
et al., 2019)  
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Manuguerra, J.C., Stöhr, K., Peiris, J.S.M., Osterhaus, A.D.M.E., 2003. Newly 
discovered coronavirus as the primary cause of severe acute respiratory syndrome. 
Lancet 362, 263–270. https://doi.org/10.1016/S0140-6736(03)13967-0. 

Lipinski, C.A., Lombardo, F., Dominy, B.W., Feeney, P.J., 1997. Experimental and 
computational approaches to estimate solubility and permeability in drug discovery 
and development settings. Adv. Drug Deliv. Rev. https://doi.org/10.1016/S0169- 
409X(96)00423-1. 

Liu, C.J., Chen, P.J., Lai, M.Y., Kao, J.H., Jeng, Y.M., Chen, D.S., 2003. Ribavirin and 
interferon is effective for hepatitis C virus clearance in hepatitis B and C dually 
infected patients. Hepatology 37, 568–576. https://doi.org/10.1053/ 
jhep.2003.50096. 

Ma, Y., Wu, L., Shaw, N., Gao, Y., Wang, J., Sun, Y., Lou, Z., Yan, L., Zhang, R., Rao, Z., 
2015. Structural basis and functional analysis of the SARS coronavirus nsp14-nsp10 
complex. Proc. Natl. Acad. Sci. U. S. A. 112, 9436–9441. https://doi.org/10.1073/ 
pnas.1508686112. 
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