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Abstract
Remdesivir was approved by the U.S.A. Food and Drug administration for emergency use to interfere with the replication 
of SARS CoV-2 virus (the agent that causes COVID-19) in adults and children hospitalized with severe disease. The crystal 
structure of the metabolite of remdesivir (Monophosphate of GS-441524) and NSP12-NSP8-NSP7 of SARS CoV-2 virus 
was recently reported. The crystal structures of ADP-Ribose or AMP and NSP3 of SARS CoV-2 virus were also released, 
recently. This study compared their binding sites and suggests the crystal structure of NSP3 of SARS CoV-2 virus as an 
alternative binding site of AMP or ADP-ribose to treat COVID-19. We virtually screened 682 FDA-approved compounds, and 
the top 10 compounds were selected by analysis of docking scores, (G-score, D-score, and Chemscore) and visual analysis 
using a structure-based docking approach of NSP3 of SARS CoV-2 virus. All immunization approaches are based on the 
SARS-CoV-2 virus spike protein. A recent study reported that the D614G mutation in the SARS-CoV-2 virus spike protein 
reduces S1 shedding and increases infectivity of SARS COV-2 virus. Therefore, if there is a severe change in the spike protein 
of a modified Coronavirus, all developed vaccines can lose their efficacy, necessitating the need for an alternative treatment 
method. The top 10 compounds (FDA-approved) in this study are selected based on NSP 3 binding site, and therefore are a 
potential viable treatment because they will show potential activity for all mutations in the SARS-CoV-2 virus spike protein.

Keywords Remdesivir · Non-structural protein 3 (NSP3) of SARS CoV-2 virus · Virtual screening

1 Introduction

Coronaviruses (CoV) were first identified in the 1960s as 
human pathogens [1]. A new virus, known as the severe 
acute respiratory syndrome coronavirus-2 (SARS CoV-2 

virus) arose in China, rapidly instigating the COVID-19 
pandemic. Remdesivir is an antiviral medication developed 
by Gilead Sciences to treat hepatitis C and was also tested 
as a potential treatment for Ebola and Coronavirus [2, 3]. 
Although remdesivir did not originally target SARS CoV-2 
virus, remdesivir began to be tested in laboratory by Gilead 
Sciences in January 2020 and was stated to be active against 
severe acute respiratory syndrome coronavirus (SARS) 
and Middle East respiratory syndrome (MERS) in animal 
models. In 2020, the U.S. Food and Drug Administration 
issued an emergency use authorization for the investigational 
antiviral drug remdesivir for the treatment of suspected or 
laboratory-confirmed SARS CoV-2 virus in adults and chil-
dren hospitalized with severe disease. The binding mode of 
remdesivir in SARS CoV-2 virus is not clear, but structures 
of remdesivir and its parent drug, GS-441524 (Figs. 1 and 
2) help understand how they bind in SARS CoV-2 virus and 
are effective as an antiviral [4]. Recently, Yin reported [5] 
a structural basis for the inhibition of the RNA-dependent 
RNA polymerase from SARS-CoV-2 virus by remdesivir. 
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The actual binding site of the metabolite of remdesivir (the 
complex of diphosphate-Mg- monophosphate of GS-441524) 
is disclosed by Yin, and many crystal structures are released 

for the AMP (Adenosine monophosphate) or ADP-ribose 
(Adenosine-5-diphosphoribose) binding site of NSP3 [6, 7]. 
We observe that the structures of AMP (complex of NSP3) 

Fig. 1  Metabolism of remdesivir (prodrug) into GS-41524 (parent drug) [4]

Fig. 2  Structures of ATP, ADP, and AMP-like (size) compounds; 
(a) Adenosine-5′-triphosphate, (b) Adenosine-5′-diphosphate, (c) 
Adenosine monophosphate, (d) Adenosine-5-Diphosphoribose, (e) 

GS-704277, (f) Monophosphate of GS-441524, (g) Triphosphate of 
GS-441524, and (h) Diphosphate of GS-441524
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and monophosphate of GS-441524 (complex of NSP12) are 
very similar. The size of ADP-ribose (complex of NSP3) 
and the triphosphate of GS-441524 (the active metabolite 
of remdesivir) [4] are also very similar (ATP-like in Fig. 2); 
we hypothesize that remdesivir will potentially bind to NSP3 
and NSP12-NSP8-NSP7.

It was reported that the D614G mutation reduces S1 
shedding and increases infectivity [8]. All immunization 
approaches against SARS CoV-2 virus are currently based 
on this spike protein. Therefore, if there is a severe change 
in the spike protein of a modified Coronavirus, there is a 
possibility that the developed vaccines will lose their effi-
cacy. While there is no direct evidence of the effect of the 
G614 mutant on developing vaccines, this mutation serves 
as an example of possible future mutations that may cause 
developing vaccines to lose their efficacy. Unlike immuniza-
tion approaches, the approach of developing a drug through 
remdesivir with its NSP binding sites is a promising choice 
to treat modified SARS CoV-2 viruses.

Clinical trials of remdesivir are still progress, rendering 
the possible side effects of remdesivir to be unknown. There-
fore, in addition to remdesivir, this study searches for alter-
native treatment against mutations in the spike protein. We 
perform virtual screening of 682 FDA approved compounds 
based off the binding modes of remdesivir with NSP3. The 
top 10 compounds from virtual screening are selected as 
potential treatments for Coronavirus. We search for addi-
tional alternatives in hope that the compounds could poten-
tially test to be more active against Coronavirus in the future.

2  Material and Methods

2.1  General Methods

Visual analysis was performed by observing the hydrogen 
bonding, molecular surface (MOLCAD) of cavity depth, and 
lipophilic and electrostatic potentials. The binding cavity 
was based on each crystal structure (6W6Y, 6WOJ, 6 M71, 
7BV2). Superimposition was calculated in “match” function. 
A commercially available 682 FDA approved data set from 
Enamine was used for virtual screening through the Surflex-
Docking (GEOM) setting. Scoring functions were calculated 
by CSCORE. All calculations and simulations were done 
using SYBYL-X2.1 [9].

2.2  Binding Site of NSP3 and NSP12‑NSP8‑NSP7 
of SARS CoV‑2 Virus

Two crystal structures were selected for NSP3: AMP (PDB: 
6W6Y) and ADP-ribose (PDB: 6WOJ). Using SYBYL-
X2.1 [9], structures of the ligand complex were identified, 
molecular surfaces of ligands were calculated, and H-bonds 

were analyzed. In addition, the lipophilic and electrostatic 
interactions were validated for each complex. Two crystal 
structures (PDB: 6W6Y, 6WOJ) were superimposed and 
analyzed based on the binding site of AMP and ADP-ribose 
[6, 7]. An apo structure [10] and a bound structure with the 
metabolite of remdesivir (monophosphate of GS-441524) 
[5] were available for NSP12-NSP8-NSP7. Both structures 
(PDB: 6 M71, 7BV2) were superimposed and compared in 
the binding site by SYBYL-X2.1.

2.3  Validation of Previously Reported Experimental 
Data for NSP3 or NSP12 of Coronavirus

This study targets ADP-ribose as a potential binding site as 
a result of Frick’s report [7] of the molecular basis ADP-
ribose binding to the Mac1 domain of SARS CoV-2 virus, 
NSP3. It was suggested that NSP3 binds to both SARS-CoV 
virus and SARS-CoV-2 virus, despite the two amino acid 
sequences varying by 26%. When testing the ADP-ribose 
binding in the two Coronaviruses, it binds to SARS-CoV-2 
virus protein more tightly (Kd = 10 μM) than the SARS-
CoV virus protein (Kd = 24 μM). Thus, he encourages the 
use of ADP-ribose to design antiviral drugs targeting this 
NSP3 region in SARS CoV-2 virus. This study superim-
poses the crystal structures of SARS-CoV [11] and SARS 
CoV-2 viruses using SYBYL-X2.1 to explain the different 
binding affinities of ADP-ribose to both Coronaviruses. 
Tchesnokov reported [12] that as shown through stead-state 
kinetic parameters, the efficiency of ATP incorporation 
decreases threefold when with the mutant enzyme. To vali-
date these experimental data, the crystal structure of NSP12 
(wild type) and V557L were generated and superimposed 
by SYBYL-X2.1.

2.4  Selected Binding Sites of Virtual Screening 
in This Study

The crystal structure of NSP3 with ADP-ribose (PDB: 
6WOJ) was selected to search potential inhibitors for SARS 
CoV-2 virus using virtual screening of FDA approved 682 
drugs (commercially available from Enamine).

2.5  Selection of Reference Compounds and Top 10 
Compounds

Reference compounds are needed for post-docking analy-
sis to select potential compounds for alternative treatments 
of COVID-19 (via the etiological SARS CoV-2 virus). The 
reference compounds consisted of structures of ATP, ADP, 
and AMP-like (size) compounds (all ten compounds from 
Figs. 1 and 2), along with remdesivir and GS-441524. 
GS-441524 was added because Eastman and et al. reported 
how remdesivir is metabolized to GS-441524 [4]. 682 
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FDA approved compounds were prepared and minimized 
in MMFF94s (Force Fields) and MMFF94 (Charges) and 
docked to the NSP3 binding site of the SARS CoV-2 virus 
crystal structure (PDB: 6WOJ). Scoring functions have 
been used to estimate and predict which compounds would 
have the best actual binding affinities in an experimen-
tal test. Surflex-score, G-score, D-score, and Chemscore 
were scoring functions used to predict the best compounds 
using virtual screening [13–19]. Although scoring func-
tions are reliable mathematical functions, there is still a 
possibility for a protein and ligand to clash and protrude 
[9]. Therefore, visual analysis is crucial in predicting the 
best potential compounds. Every docked compound was 
visually analyzed, and compounds with protruding ligands 
and proteins were eliminated. The scoring functions in this 
study were compared and analyzed using SYBYL-X2.1 
[9] (Table 1).

3  Results

3.1  Binding Site of NSP3, NSP12‑NSP8‑NSP7

Figures 3 and 4 each display hydrophilic interactions of 
AMP and ADP-ribose with their hydrogen bonds and NSP3 
binding site. Figures 3 and 4 also display that the size of 
the NSP3 binding site cavity fits well with the AMP and 
ADP-ribose complex ligands in each crystal structure. The 
lipophilic and electrostatic molecular surfaces are shown in 
Figs. 5 and 6 for AMP and ADP-ribose with NSP3 of SARS 
CoV-2 virus respectively. Both crystal structures (PDB: 
6W6Y, 6WOJ) were superimposed and the binding cavities 
were compared (Fig. 7). Two crystal structures of NSP12-
NSP8-NSP7 were superimposed and analyzed (Fig. 8); one 
is an apo structure [8] (PDB: 6 M71) and another is a bound 
structure (PDB: 7BV2) with a metabolite of remdesivir 
(monophosphate of GS-441524) [5].

Table 1  Scoring functions to select top 10 compounds in this study [9–15]

Scoring functions Descriptions

General scoring [9] A linear empirical scoring function can be written as a sum of independent terms such as
ΔGbindig = c0 + c1 ΔGvdw + c2 ΔGhbond + c3 ΔGentropy
where ci is the weighting coefficients of the respective ΔGbindig terms, adjusted to reproduce affinity data based on the 

training set. In the example, ΔGvdw is a Van der Waals potential, ΔGhbond is a specific term accounting for hydrogen 
bonds, and ΔGentropy is related to the ligand entropic loss upon binding

Surflex-score [11] Surflex scoring function includes an entropic penalty term that is linear in the number of rotatable bonds in the ligand, 
intended to model the entropic cost of fixation of these bonds, and a term that is linearly related to the log of the molecu-
lar weight of the ligand, intended to generate putative poses of ligand fragments

G-score [12] This scoring function is from GOLD program. It is basically a force field-based scoring function, which consists of terms 
for the hydrogen bonds and van der Waals interactions between protein and ligand and the internal steric energies of the 
ligand

PMF-score [13] This knowledge-based scoring function was developed by Muegge et al. It sums up pairwise knowledge-based interaction 
potentials between protein and ligand

D-score [14] This scoring function is adopted by the DOCK program by Kuntz et al., including Van der Waals and electrostatic interac-
tions between protein and ligand

Chemscore [15] This empirical scoring function is based on the work of Eldridge et al. which includes terms for hydrogen bonds, metal-
ligand interactions, lipophilic contacts, and conformational entropies

Fig. 3  Analysis Molecular Surfaces AMP with crystal structure of NSP3 (PDB: 6W6Y) (a) Hydrogen Bond between NSP3 and AMP, (b) 
Molecular Electrical Potential Surfaces of AMP, and (c) Molecular Surface displayed by Cavity Depth for NSP3
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Fig. 4  Analysis Molecular Surfaces ADP-ribose with crystal structure of NSP3 (PDB: 6WOJ) (a) Hydrogen Bond between NSP3 and ADP-
ribose, (b) Molecular Electrical Potential Surfaces of ADP-ribose, and (c) Molecular Surface displayed by Cavity Depth for NSP3

Fig. 5  Analysis Molecular Sur-
faces AMP with crystal struc-
ture of NSP3 (PDB: 6W6Y) (a) 
Molecular Lipophilic Potential 
Surfaces of NSP3 and AMP, (b) 
Molecular Electrical Potential 
Surfaces of NSP3 and AMP

Fig. 6  Analysis Molecular 
Surfaces ADP-ribose with 
crystal structure of NSP3 (PDB: 
6WOJ) (a) Molecular Lipophilic 
Potential Surfaces of NSP3 
and ADP-ribose, (b) Molecular 
Electrical Potential Surfaces of 
NSP3 and ADP-ribose
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Fig. 7  Superimposed NSP3 of SARS COV-2 with AMP and ADP-
ribose (PDB: 6WOJ) (a) Molecular Surface by Cavity Depth for 
NSP3 with AMP (PDB: 6W6Y), (b) Superimposed NSP3 with AMP 

and ADP-ribose (PDB: 6W6Y, 6WOJ), (c) Molecular Surface by 
Cavity Depth for NSP3 with ADP-ribose (PDB: 6WOJ)

Fig. 8  Superimposed NSP12 of SARS COV-2 with Monophosphate of GS-441524; (a) Molecualr Surface of NSP12 (PDB: 7BV2), (b) Super-
imposed NSP12 (PDB: 7BV2, 6 M71), (c) Molecular Surface of NSP12 (PDB: 6 M71)

Fig. 9  (a) Superimposition, and (b) Sequence Alignment of NSP3 in SARS COV-2 (purple, PDBL 6WOJ) and SARS-CoV (orange, PDB: 
2FAV) (Color figure online)



625Comparison of Binding Site of Remdesivir and Its Metabolites with NSP12-NSP7-NSP8, and NSP3…

1 3

3.2  Validation of Previously Reported Experimental 
Data for NSP3 and NSP12 of Coronavirus

The crystal structures of SARS-CoV [11] and SARS 
CoV-2 viruses were superimposed (PDB id: 6WOJ, 2FAV) 
in Fig. 9; sequence alignment of two crystal structures of 
SARS-CoV and SARS CoV-2 viruses was 73.2% in 168 
residues. However, in active sites, they were nearly identi-
cal, with the exception in only one amino acid of PHE156 

for SARS CoV-2, and ASN157 for SARS-CoV virus. 
Adenosine showed hydrophobic interactions with the phe-
nyl group in PHE156 and had no hydrophobic interactions 
with ASN157 for SARS-CoV (Fig. 9). It explained why the 
SARS CoV-2 virus protein binds to ADP-ribose somewhat 
more tightly (Kd = 10 μM) than the SARS-CoV virus pro-
tein (Kd = 24 μM) [7]. The crystal structure of NSP12 (wild 
type) and its mutation of V557L were generated and super-
imposed in Fig. 10. The complex of NSP12 and metabolite 
of remdesivir displayed that it metabolized in monophos-
phate of GS-441524, bonding with magnesium with diphos-
phate in Fig. 10. Overall, the size of the structure looks like 
the main active metabolite of remdesivir, triphosphate of 
GS-441524, (compound d in Fig. 1) reported by Eastman 
and Gordon [4, 20]. VAL557 is located in between ARG555 
and U10 (Uridine phosphate); the metabolite of remdesi-
vir has H-bonds with ARG555 (NSP12) and U10 (UTP), 
explaining the counteractive nature of the V557L mutation, 
in regard to the inhibitory effects of remdesivir; the threefold 
reduction in the efficiency of ATP incorporation with the 
mutant enzyme [12]. The H-bond interaction was lost due 
the H-bond distance between pyrrolo[2,1-f] [1,2,4]triazine, 
and ARG555 increasing from 2.72 to 3.13 Armstrong (from 
purple 557 Valine to orange 557 Leucine) in Fig. 10.

Fig. 10  Superimposition of the crystal structure of the metabolite of 
Remdesivir (PDB: 7BV2) in wild type (purple) and V557L (orange) 
with UTP (Uridine phosphate, green) (Color figure online)

Table 2  Top 10 candidates 
with selected ten reference 
compounds in different Scoring 
Functions; ID (compounds a–h 
from Fig. 2, remdesivir, and 
GS-441524 from Fig. 1. All 
ID is from Enamine database. 
Surflex (Surflex Score), SO 
(Order of Surflex-score from 
all 692 compounds; references 
compounds a–h in Fig. 2, 
Remdesivir, GS-441524, and 
FDA approved 682 compounds 
from Enamine), GOLD 
(G-Sore), GO (Order of Gold-
score from all 692 compounds), 
PMF (PMF-Score), PO (Order 
of PMF-score from all 692 
compounds), DOCK (D-Score), 
DO (Order of D-score from 
all 692 compounds), CHEMS 
(Chemscore), CO (Order 
of Chemscore from all 692 
compounds), SGPD (Sum of 
SO, GO, PO, and DO)

ID Surflex SO GOLD GO PMF PO DOCK DO CHEMS CO SGPD

compound(d) 15.91 1 −397.75 8 −48.28 15 −198.07 7 −11.26 621 31
remdesivir 11.84 4 −404.94 6 −32.20 49 −236.21 1 −28.58 127 60
compound(a) 12.71 2 −339.33 34 −53.00 9 −164.38 54 −8.37 653 99
compound(g) 8.82 42 −343.20 26 −64.14 4 −173.29 35 −7.18 663 107
compound(h) 8.71 49 −318.54 50 −55.57 7 −169.56 40 −10.25 632 146
compound(b) 10.16 13 −258.21 132 −64.65 3 −136.85 149 −10.21 633 297
compound(e) 8.38 62 −294.63 80 −12.89 204 −156.33 73 −21.83 352 419
compound(c) 8.47 58 −221.29 241 −37.78 34 −117.39 241 −7.81 655 574
compound(f) 6.57 225 −241.91 178 −25.34 86 −133.51 168 −16.52 528 657
GS-441524 7.09 158 −167.95 447 −39.38 30 −114.53 262 −16.58 527 897
BRC1213 (1) 10.63 9 −283.71 99 −38.25 31 −168.14 44 −23.73 282 183
BRC0679 (2) 8.06 81 −330.23 39 −27.13 66 −181.62 25 −38.12 18 211
BRC0089 (3) 9.54 23 −321.76 47 −20.11 119 −161.91 60 −23.73 281 249
BRC0206 (4) 10.31 12 −374.95 15 −3.80 304 −202.36 5 −28.56 128 336
BRC0332 (5) 7.56 126 −295.68 76 −22.78 104 −176.57 30 −34.34 38 336
BRC0205 (6) 8.39 61 −263.83 126 −27.78 59 −147.56 105 −25.65 218 351
BRC0901 (7) 8.65 51 −340.55 32 −8.52 255 −185.98 19 −35.77 25 357
BRC0853 (8) 8.89 38 −249.50 155 −32.91 47 −144.79 120 −35.13 29 360
BRC0377 (9) 7.46 130 −266.64 122 −37.35 35 −155.35 77 −29.57 101 364
BRC1908 (10) 7.62 120 −297.43 74 −25.32 87 −152.27 88 −23.60 287 369
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3.3  Top 10 Compounds from Virtual Screening 
of FDA Approved 682 Drugs to NSP3 Binding 
Site of SARS CoV‑2 Virus

Table 2 shows how reference compounds were listed and 
how the top 10 compounds were selected based on scoring 
functions [13–19]. The top 10 compounds, remdesivir, and 
its parent compound (GS-441524) were each displayed in 
a docking pose in the cavity depth of molecular surfaces 
(Fig. 11) and A zoomed out figures of the top 9 compounds 
were displayed in active sites of amino acids, generating 
H-binds (Fig. 12) to explain where the ligands are binding 
relative to the natural substrate (Table 3).

4  Discussion

From analyzing the crystal structure of NSP12-NSP7-NSP8, 
we discovered that the main interaction of remdesivir’s metab-
olite (monophosphate of GS-441524) was with NSP12. This 
binding site was superimposed using two available NSP12-
NSP7-NSP8 crystal structures. The two structures differ 
greatly, as one is an apo structure and other is a bound struc-
ture, and both are extremely flexible depending on the condi-
tions (Fig. 8). Contrastingly, the superimposed ADP-ribose 
and AMP (NSP3) binding sites (PDB: 6W6Y, 6WOJ) are visu-
ally consistent and stable. Therefore, the NSP3 binding site 

was selected to virtually screen 692 compounds (10 reference 
compounds in Table 2 and FDA approved 682 compounds). 
In this study, the docking scores revealed vitamin B9, Folic 
acid, as the number one candidate to treat COVID-19 (via 
SARS CoV-2 virus replication inhibition). The docking pose 
arranged well with NSP3, and the binding pose looked con-
siderably similar with remdesivir and its metabolite (Fig. 13); 
Both compounds had Hydrogen bonds with ASP22, PHE132 
with NSP3. A strong salt bridge interaction (aspartic acid 
and amine) in ASP22 was formed for both compounds. It 
has been reported that maternal folic acid supplementation 
is commonly used to prevent neural tube defects (NTDs). In 
addition, it may play a role in preventing pregnancy compli-
cations [21–23] and increasing anti-HBs titers in the primary 
response, together with the fact that antibody levels after pri-
mary vaccination are strongly associated with the persistence 
of the protective antibody [24]. Recently Serseg reported that 
Hispidin and Lepidine E: two natural compounds and folic 
acid as potential inhibitors of 2019-novel coronavirus main 
protease (2019-nCoVMpro) using molecular docking and SAR 
study [25]. It was noted that folic acid is able to inhibit furin, 
preventing binding by the SARS-CoV-2 virus spike protein, 
preventing cell entry and virus turnover [26]. In this study by 
the structure- based approach of NSP3 binding domain, folic 
acid is a promising candidate to treat and prevent COVID-19 
infections. Therefore, folic acid may be a potential treatment 
for the management of COVID-19.

Fig. 11  Docking poses in the 
cavity of NSP3 for top 10 com-
pounds and Redesivir and its 
parent compound (GS-441524); 
(a) (top 1) Folic acid, (b) (top 2) 
Telmisartann, (c) (top 3) Metho-
trexate, (d) (top 4) Bosentan, 
(e) (top 5) Lapatinib, (f) (top 6) 
Gefitinib, (g) (top 7) Keto-
conazole, (h) (top 8) Carvedilol, 
(i) (top 9) Glyburide, (j) (top 
10) Avanafil, (k) (refernce) 
Remdesivir, and (l) (reference) 
GS-441524
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Fig. 12  Docking poses in the cavity of NSP3 for top 9 compounds 
with active sites, generating H-bonds; (a) (top 1) Folic acid, (b) (top 
2) Telmisartann, (c) (top 3) Methotrexate, (d) (top 4) Bosentan, (e) 

(top 5) Lapatinib, (f) (top 6) Gefitinib, (g) (top 7) Ketoconazole, (h) 
(top 8) Carvedilol, (i) (top 9) Glyburide
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Table 3  Names, structures and known therapeutics of top 10 candidates in this study

ID Name Therapeutic agent Structures

BRC1213 (top 1) Folic acid (Vit. B9) Dietary supplements
Hematologic, vitamins

BRC0679 (top 2) Telmisartan Antihypertensive

BRC0089 (top 3) Methotrexate Antineoplastic

H

BRC0206 (top 4) Bosentan Antihypertensive

BRC0332 (top 5) Lapatinib Anticancer

BRC0205 (top 6) Gefitinib Antineoplastic
BCRP/ABCG2 inhibitors

BRC0901 (top 7) Ketoconazole Anti-infective
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Table 3  (continued)

ID Name Therapeutic agent Structures

BRC0853 (top 8) Carvedilol Antihypertensive vasodilator agent

BRC0377 (top 9) Glyburide Antihyperglycemic

BRC1908 (top 10) Avanafil Urologicals
Vasodilating

H

H

Fig. 13  Docking poses of Remdesivir and Folic Acid (top 1) with NSP3 of SARS COV-2; (a) H-bonds of NSP3 with Remdesivir (green) and 
Folic acid, (b) The cavity of NSP3 with Remdesivir (green) and Folic acid (Color figure online)
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