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A B S T R A C T   

Corona Virus 2019 Disease (COVID-19) is a rapidly emerging pandemic caused by a newly discovered beta 
coronavirus, called Sever Acute Respiratory Syndrome Coronavirus 2 (SARS CoV-2). SARS CoV-2 is an envel
oped, single stranded RNA virus that depends on RNA-dependent RNA polymerase (RdRp) to replicate. There
fore, SARS CoV-2 RdRp is considered as a promising target to cease virus replication. SARS CoV-2 polymerase 
shows high structural similarity to Hepatitis C Virus-1b genotype (HCV-1b) polymerase. 

Arising from the high similarity between SARS CoV-2 RdRp and HCV NS5B, we utilized the reported small- 
molecule binders to the palm subdomain of HCV NS5B (genotype 1b) to generate a high-quality DEKOIS 2.0 
benchmark set and conducted a benchmarking analysis against HCV NS5B. The three highly cited and publicly 
available docking tools AutoDock Vina, FRED and PLANTS were benchmarked. Based on the benchmarking 
results and analysis via pROC-Chemotype plot, PLANTS showed the best screening performance and can 
recognize potent binders at the early enrichment. Accordingly, we used PLANTS in a prospective virtual 
screening to repurpose both the FDA-approved drugs (DrugBank) and the HCV-NS5B palm subdomain binders 
(BindingDB) for SARS CoV-2 RdRp palm subdomain. Further assessment by molecular dynamics simulations for 
50 ns recommended diosmin (from DrugBank) and compound 3 (from BindingDB) to be the best potential 
binders to SARS CoV-2 RdRp palm subdomain. The best predicted compounds are recommended to be biolog
ically investigated against COVID-19. In conclusion, this work provides in-silico analysis to propose possible SARS 
CoV-2 RdRp palm subdomain binders recommended as a remedy for COVID-19. Up-to-our knowledge, this study 
is the first to propose binders at the palm subdomain of SARS CoV2 RdRp. Furthermore, this study delivers an 
example of how to make use of a high quality custom-made DEKOIS 2.0 benchmark set as a procedure to elevate 
the virtual screening success rate against a vital target of the rapidly emerging pandemic.   

1. Introduction 

A pandemic coronavirus had arisen at the end of 2019 resulting in a 
worldwide crisis. This novel coronavirus is known as Sever Acute Res
piratory Syndrome Coronavirus 2 (SARS CoV-2) that causes a pulmo
nary disease with pneumonia-like symptoms called Corona Virus 2019 
Disease (COVID-19). On the November 14, 2020, the World Health 
Organization (WHO) Coronavirus Disease (COVID-19) Dashboard re
ported that there have been 53,164,803 confirmed cases of COVID-19, 

including 1,300,576 deaths, worldwide. This raises the attention to 
essentially develop a valid cure for this global pandemic. Coronaviruses 
(CoVs) are positive sense, single stranded RNA viruses that belong to 
Coronaviridae family (order Nidovirales, family Coronaviridae, and sub
family Orthocoronavirinae) [1,2]. The Coronaviridae family is further 
classified to alpha, beta, gamma and delta genera [1,2]. SARS CoV-2 is 
the new beta human coronavirus [3–5]. 

The SARS CoV-2 viral genome is around 30 kb in length encoding to 
14 open reading frames (ORFs) at the N-terminal and 4 structural 
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proteins at the C-terminal [6–9]. The open reading frames, ORF 1a and 
ORF 1b encode two polyproteins (pp. 1a and pp. 1 ab) [8,9]. These 
precursor polyproteins will be cleaved into 16 non-structural proteins 
(nsp), which are essential for viral replication as well as the host im
munity replication [6–9]. SARS CoV-2 RdRp, or nsp12, is the enzyme 
responsible for CoV-2 replication by catalyzing the synthesis of RNA 
from RNA template [6,10]. Nsp12 is not active on its own, it needs the 
assistance of two accessory units nsp7 and nsp8 [6,7,10,11]. The nsp12 
is composed of a canonical cupped right-handed RdRp domain 
(S367–F920) at the C-terminal, a nidovirus specific N-terminal exten
sion domain (D60-R249) that adopts a nidovirus RdRp-associated 
nucleotidyltransferase (NiRAN) and an interface (A250-R365) linking 
the previous two domains together [6]. Additionally, CoV-2 RdRp is 
uniquely characterized by a β-hairpin (D29-K50) at the N-terminus [6]. 
The RdRp domain is consisted of three conserved subdomains; finger 
(L366 to A581 and K621 to G679), palm (T582 to P620 and T680 to 
Q815) and thumb (H816 to E920), which further contains seven 
invariant motifs (A to G) [6]. Motifs A to E are located in the palm, while 
F (L544 to V557) and G (D499 to L514) motifs are in the finger sub
domain [6]. Motif A (611-TPHLMGWDYPKCDRAM-626) and Motif C 
(753-FSMMILSDDAVVCFN-767) form the active site of the nsp12 by 
containing the classical catalytic residues that are essential for the 
divalent cation binding. These residues are D618 in A motif and 
(759-SDD-761) in C motif [6]. Interestingly, based on a structural 
comparison study, these catalytic residues are invariant among most 
viral polymerases, such as (D220) and (317-GDD-319) in hepatitis C 
virus (HCV) NS5B [6]. 

An alignment study of a huge data set of RdRps, including nsp12, 
shows the extreme similarity between the secondary structure of the 
polymerases, from different RNA viruses, especially at the catalytic 
binding domains [5]. According to the previous study, the top three 
similar viruses to SARS CoV-2 are poliovirus type 1, HCV genotype 2a, 
and HCV genotype 1b [5]. Due to the lack of poliovirus inhibitors and 
the limited NS5B-2a non-nucleoside inhibitors, HCV NS5B-1b inhibitors 
were chosen to generate DEKOIS 2.0 benchmark set and conduct a 
benchmarking analysis. 

Structure based virtual screening (SBVS) is a computational tech
nique that is widely used during the early stages of drug discovery. It is 
based on the molecular docking of a novel group of bioactive com
pounds against the binding site of the 3D structure of the target protein. 
It aims at predicting the binding poses of the new candidates and un
derstanding the structural aspects of the targets binding sites. Com
pounds that show high predicted binding scores will be selected for 
further biological investigations [12–15]. To guarantee more successful 
VS efforts, the docking tool needs to be assessed by the aid of bench
marking molecular sets [16,17]. 

The objective of the present study is to provide basis on how to 
repurpose FDA-approved drugs (from DrugBank database) and HCV- 
NS5B (1b genotype) palm inhibitors (from BindingDB repository) 
against the palm pocket of SARS CoV-2 RdRp. Up-to-our knowledge, this 
study is the first to propose binders at the palm subdomain of SARS CoV2 
RdRp. Based on the high similarity between the both polymerases of 
HCV-1b and SARS CoV-2, we hypothesized that a benchmarking inves
tigation against the HCV-NS5B palm subdomain will be useful in rec
ommending a docking workflow for targeting the palm subdomain of 
SARS CoV-2, especially due to the lack of known binders for the later. 
For this, we carried out benchmarking analysis for the highly cited and 
publicly available docking tools, AutoDock Vina, PLANTS and FRED. 

2. Results and discussions 

2.1. Selection of HCV-NS5B actives for decoys generation 

The active set to be used in the decoy generation for benchmarking 
study needs to include a high variety of chemotypes with potent re
ported activity. As mentioned earlier, polymerase sites for inhibition are 

either the active site or the allosteric sites in thumb and palm sub
domains [18]. The active site is targeted by nucleotide inhibitors that act 
as alternative substrates for polymerases [18]. Upon the incorporation 
of such inhibitors into the growing RNA chain, elongation step will be 
terminated. Since they are nucleotide analogues, they are very limited in 
terms of diversity. Modifications are only concerned with Ribose sugar 
substitutions and/or modifications at the base part [18]. On the con
trary, non-nucleoside inhibitors possess highly diverse scaffolds that 
inhibit polymerases through blocking the nucleotide entry, hence, 
interfere with the RNA initiation and elongation steps [18]. Here we 
selected our active set to be composed of NS5B-1b allosteric palm in
hibitors based on the following justifications: the palm site is the most 
conservative subdomain with 15 Å in width and 20 Å in depth [18]. 
Consequently, a wide range of inhibitors targeting palm subdomain is 
available which will enrich the active set. Additionally, this subdomain 
encompasses the active site so targeting it will lead to blocking the 
nucleotide entry, hence, interfering with the RNA initiation and elon
gation steps [18]. Moreover, literature is mainly focusing on nucleotide 
analogues and lacks investigation about palm subdomain especially for 
the COVID-19. 

The palm allosteric pocket is known to be the interface between palm 
and thumb subdomains. In addition, palm residues from 363 to 369 are 
forming a deep hydrophobic pocket called primer grip. The primer grip 
region is formed from one wall of the palm and the opposite wall of a 
β-hairpin loop from the thumb [18]. This justifies why palm inhibitors 
may go through interactions with residues from the thumb site like 
Tyr448 (Fig. 1). 

To build our active set (Table S1 in the Supplementary Material), we 
downloaded around 2800 compounds from BindingDB database acting 
on HCV polymerase (NS5B). Of these compounds, 233 specifically 
inhibit 1b genotype, and 140 target the palm subdomain. In addition to 
the compounds reported in BindingDB [19], we manually compiled 
scaffolds from literature [18] to achieve the best diversity in the che
motypes. As representatives for each scaffold, we selected two to four 
molecules, with the lowest IC50 values. The activity is ranging from IC50 
values from 5 nM to 470 nM. It is important to mention that irreversible 
inhibitors were excluded from the set. Collectively, these compounds 
represent the following scaffold classes: Benzothiadiazine, benzothia
zine, 1,1-dioxoisothiazole, 5,6-dihydro-1H-pyridin-2-one, proline sul
fonamide, acrylic acid, N-acyl pyrrolidine, benzamide, nicotinamide, 
anthranilic acid, benzodiazepine, sulphone and benzofuran [18,20–32]. 

2.2. Selection of representative PDB structure(s) for HCV NS5B-1b 

For selecting a protein structure for the benchmarking study, we 
downloaded the NS5B structures from the PDB (Table S2 in SM). A 
special focus was dedicated for protein structures co-crystallized with a 
ligand in the palm subdomain to consider any structural changes that 
may happen during ligand-protein binding event, and for PDB structures 
of the genotype 1b. Based on the superposition of five of these high- 
resolution structures, we did not observe a significant difference in 
their backbone or side chain conformations as indicated by the low 
values of their pairwise RMSD (Fig. S1 in SM). Accordingly, we selected 
the HCV-NS5B (PDB ID: 3HHK) to be used for the benchmarking study. 

2.3. Benchmarking 

There are certain requirements for providing meaningful molecular 
benchmarking sets for structure-based VS. First, a well curated and 
characterized set of ligands, also often referred to as actives, must be 
compiled. Second, decoy structures must be selected based on the high- 
quality criteria (e.g., DEKOIS 2.0 protocol [33–35]). And finally, a 
well-suited 3D structure is needed to model the ligand binding site. 
These essential requirements confine the eligible targets for benchmark 
set generation. 

Generally, benchmarking performance is a target dependent. 
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However, highly similar, and conserved binding sites usually show 
comparable performances by a docking tool. For instance, GLIDE 
appeared to be the best performing docking tool in recognizing the 
active molecules in a pool of their decoys indicated by the best pROC- 
AUC value, compared to other docking tools for the closely related ki
nases in a reported study [16]. Likewise, AutoDock Vina appeared to be 
the best performing docking tool for the closely related COX-1 and 
COX-2 enzymes. Inspired by these observations, and due to the lack of 
known binders to palm subdomain of SARS CoV-2 RdRp, we compiled an 
active set for its closely related target, HCV-NS5B (palm subdomain). We 
evaluated the screening performance of some publicly available and 
highly cited docking programs FRED, AutoDock Vina and PLANTS 
against HCV-NS5B (palm subdomain). The outcome of this bench
marking efforts is certainly useful to gain insights and decide which 
docking tool can be used for VS campaigns against the closely related 
SARS CoV-2 RdRp palm subdomain. 

The benchmarking against the HCV-NS5B (palm subdomain) showed 
that PLANTS is the best performing tool for both cases when excluding 
and including the key water molecules in the proximity of the co-crystal 
ligand, as shown in Fig. 2. The screening performance indicated by 
pROC-AUC values are 0.97, 0.66 and 0.36 for PLANTS, AutoDock Vina 
and FRED, respectively, when including the key water molecules 
(Fig. 2A). Also, the pROC-AUC values are 0.81, 0.47 and 0.34 for 

PLANTS, AutoDock Vina and FRED when excluding the key water 
molecules (Fig. 2B). Unlike FRED, PLANTS and AutoDock Vina docking 
tools exhibited better-than-random performance, i.e., pROC-AUC value 
> 0.43, in both cases. 

We examined the scaffold clusters enrichment with the “pROC- 
Chemotype” [36,37] plot (see Fig. 3) for the benchmarking of 
HCV-NS5B (palm subdomain) using PLANTS docking tool. The diversity 
of the established chemotypes (13 scaffolds) highlights the challenging 
nature of the benchmarking against the employed docking tools. The 
bioactivity data of the active set are symbolized by level of activity (LOA), 
extending from 10− 7 to 10− 9 M, and reported as IC50 as a type of data 
(TOD), as seen in Fig. 3A. The pROC-Chemotype plot visualized that 
PLANTS is able to enrich high affinity binders at early enrichment 
(Fig. 3A). Elucidating the docking poses of the best scored actives un
derlines that they reproduced the key interactions of the co-crystal 
ligand in the palm subdomain, as shown in Fig. 3. Moreover, at 1% of 
the score-ordered library, only two decoys were enriched, and many 
bioactive molecules were recognized, leading to an Enrichment Factor 
(EF 1%) of 20.0. Interestingly, this indicates a promising predictive 
power of PLANTS since it can recognize active molecules 20 times more 
than the random performance at early enrichment (e.g., library cutoff 
1%). This encourages us to employ PLANTS in prospective VS against 
the closely related SARS CoV-2 RdRp (palm subdomain). 

Fig. 1. 3D representation of SARS COV-2 RdRp (PDB ID: 7BV1) and HCV-1b NS5B (PDB ID: 3HHK): A is the ribbon diagram of RdRp in red. The yellow part is the 
palm, while the grey part is the thumb subdomain. B is the NS5B in green. The cyan part is the thumb and the purple region is for the palm site. 

Fig. 2. pROC plots of benchmarking exper
iments against HCV-NS5B (palm subdomain 
- PDB ID: 3HHK) when including and 
excluding key water molecules in the palm 
binding site for (A) and (B), respectively. 
The curves of PLANTS, AutoDock Vina and 
FRED are presented by blue, orange, and 
green lines, respectively. The random 
screening performance is shown as a grey 
line. The Y-axis is the true positive rate 
(TPR), which reflects the fraction of detected 
bioactives. While the X-axis shows the de
coys retrieved fraction that is known as false 
positive rate (FPR).   
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Fig. 3B demonstrates the docking fitness (fitness = docking score 
multiplied by − 1) distribution of the bioactive molecules. The docking 
score is varying from − 113.87 (best score) to − 58.09 (worst score) and 
presented as fitness values of 113.87 to 58.09. Additionally, molecules 
representing cluster 1 lie in a superior region of fitness (i.e., fitness > 90) 
compared to other scaffolds (Fig. 3B). The two-best scored molecules 
(with docking rank 1 and 2 in Fig. 3A), demonstrate interactions with 
the following key residues; Asp318, Tyr448 and Cys366, in addition to 
water mediated interactions with; Ser288, Ser556, Gly449 and Gln446, 
as shown in Fig. 4. These interactions are in coherence with the reported 

ligand-protein interactions of palm binders for HCV-NS5B. 

2.4. Prospective VS based on benchmarking 

Based on the promising results of the benchmarking analysis, we 
used PLANTS to screen the FDA-drugs from the DrugBank database 
(2470 molecules) as well as HCV-NS5B inhibitors available in the 
BindingDB database (2855 molecules) [19]. 

To select an appropriate protein structure for SARS CoV2 RdRp from 
the PDB, there is no available ligand-protein complexed structure in the 

Fig. 3. (A) pROC-Chemotype plot of the HCV-NS5B (in the palm subdomain – PDB ID: 3HHK, including key water molecules) using PLANTS docking tool. PLANTS 
docking information is paired with the cluster number (scaffold) and the ligand bioactivity rank. The bioactivity rank is shown as a color scale from red to yellow. The 
reddish the bioactivity scale the higher the potency. The 1% bioactive enrichment is shown as a red-dashed line. (B) The distribution of the bioactive molecules of 
each scaffold (cluster) in correlation to PLANTS score presented by fitness values. 
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palm subdomain to consider the conformational changes upon ligand 
binding. We did not observe significant changes in the palm backbone 
and side chains between the apo and the complexed structures with 
nucleotide inhibitors in the active site (data not shown). Accordingly, 
we selected the apo structure (PDB ID: 7BV1) for the prospective VS on 
the palm subdomain. This would block the nucleotide entry, and 
therefore, disturb the RNA initiation and elongation steps for the virus 
replication. 

The VS outcome of the best 1% of the score-ordered list of the 
DrugBank database and HCV-NS5B inhibitors of BindingDB are shown in 
Table 1 and Table 2, respectively. Analyzing the binding poses of all 
molecules, we noticed that they mainly occupy one of the four sites 
shown in (Fig. 5). Inspired by HCV-NS5B palm inhibitors, it emerged 
that the inhibition occurs when the inhibitor resides in the palm pocket 
in front of the F motif (region d for SARS CoV2 RdRp) in the finger 
subdomain (Fig. S2 in SM). The F motif is responsible for directing the 
incoming NTPs into the active site. Consequently, the entry path to the 
active site will be blocked, leading to the inhibition of initiation and 
elongation steps during the viral replication [6]. Accordingly, we 

dedicate focus on molecules that reside at site d of the RdRp palm 
subdomain from the best ranked 1%, as illustrated in Fig. 6 and Fig. 7. 

The five top scored compounds that showed better localization of the 
palm pocket were chosen to elucidate their poses and binding in
teractions. Starting with the DrugBank results, Quinupristin, Acetyldi
gitoxin, Diosmin, Hesperidin and Voxilaprevir are the ones that met the 
previous criteria. 

Fig. 6 illustrates the docking pose of Quinupristin in the palm pocket 
of SARS-CoV-2 RdRP (PDB ID: 7BV1). Quinupristin is an anti-bacterial 
agent that is used mainly in combination with Dalfopristin to treat 
bacterial infections. It binds near the 50S ribosomal subunit, therefore 
inhibits the late phase of protein synthesis [38]. Its postulated binding 
pose in the RdRp (Fig. 6) exhibited hydrogen bonding interactions with 
the side chains of Asp865, Gl590 and Asn496. 

Acetyldigitoxin is a cardioactive derivative of digitoxin that is used 
in different types of arrhythmia and congestive heart failure [39]. Its 
docking pose (Fig. S3 in SM) reveals H-bond interactions with Ala685, 
Lys577 and Asn496 residues. Diosmin and Hesperidin are bioflavonoids, 
found in some plants, such as citrus fruits. Diosmin is available as 

Fig. 4. Docking poses of the best two ranked compounds (docking rank 1 and 2) from the active set in the palm subdomain of HCV-NS5B-1b (PDB ID: 3HHK), for (A, 
B) and (C, D), respectively. Dashed lines indicate favorable interactions. Non-polar hydrogens are omitted for clarification. 
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nutritional supplements in the United States. Both Diosmin and Hes
peridin are used in the treatment of several venous diseases, like hem
orrhoids, varicose veins, and venous stasis [40]. Diosmin docking pose 
appeared to participate in several H-bonds with Ser682, Asp684, 
Asp760, Gly590 and Ala688 (Fig. S4 in SM). While Hesperidin docking 
pose displayed H-bond interactions with Ser592, Val588 and Gly590 
residues (Fig. S5 in SM). Interestingly, Voxilaprevir is a NS3/4A serine 
protease HCV inhibitor that is used against hepatitis C virus, especially 
with genotype 1 [41]. Its docking pose shows H-bond interactions with 
Ala685, Asn496, Thr687 and Ala688, as shown in Fig. S6 (SM). 

Regarding the VS of HCV-NS5B inhibitors from BindingDB database 
[19], compounds numbers 1, 2, 3, 4 and 5 exhibited the best localization 
of the palm pocket (PDB ID: 7BV1) by occupying site d effectively. 
Compounds 1, 3 and 5 contain benzothiadiazine scaffold, whereas 
compounds 2 and 4 possess benzimidazole ring system. The docking 
pose of compound 1 exhibited in Fig. 7, while the docking poses 2, 3, 4 
and 5 are displayed in Fig. S7, S8, S9 and S10 in SM, respectively. 
Compounds number 1 and 3 show H-bond interactions with Gly590 via 
the benzothiadiazine ring, and another H-bond interaction with Lys577 
via the carbonyl oxygen of the terminal amide group. However, Lys577 
displays H-bond interaction with the carbonyl oxygen of the carboxylic 
group of compound number 2. Uniquely, compound 4, possessing an 
indole ring, facilitates two interactions; one with Ala685 as a H-bond 
donor, and the other one is a pi interaction between the pyrrole ring and 
Tyr689 residue. 

2.5. Molecular dynamics simulations 

The three top-enriched ligands in both BindingDB and DrugBank 
databases were subjected to 50 ns molecular dynamics (MD) simulations 
for testing the docked-pose time-stability in the binding sites. An addi
tional run was conducted for the apo protein to account for its dynamics 
as a reference, resulting in a total of 7 MD runs. Analysis of radius of 
gyration (rgyr), root mean square deviation (RMSD), and root mean 
square fluctuation (RMSF) for the protein are shown in Fig. 8. Radius of 
gyration is a measure of protein structure compactness during the 
simulation time. As shown in Fig. 8, there is no great fluctuation in the 
rgyr of the 6 protein complexes compared to the apo structure. This gives 
an indication of the low conformational changes of the protein 
throughout the simulation, and hence, its stability [53]. RMSD is a 
measure of protein stability during the simulation time. RMSD is 
measured for the alpha carbon atoms. RMSD of the 6 protein complexes 
are comparable to that of the apo protein which means the stability of 

the protein structure during the simulations. Per residue RMSF measures 
the conformational changes that happen to each protein residue. The 
terminal amino acids show the highest RMSF reflected by the high free 
movement of their free loops. However, the binding site amino acids 
show low RMSF (<2 Å) indicating the relative strong binding of the 
complexed ligands and minimal conformational changes in these 
residues. 

Analysis of ligand RMSD of heavy atoms and hydrogen bonds of li
gands in the binding site are shown in Fig. 9. RMSD measurements show 
diosmin to have the least RMSD indicating its highest stability inside the 
binding site. Compound 3 also showed RMSD comparable to that of 
diosmin indicating its relative strong binding. Both compounds showed 
low fluctuation in their RMSD throughout the simulation time. The 
dynamics of these complexes converged after 10 ns of simulation, 
implying the idea that the structural changes present in these complexes 
with RdRp (palm subdomain) converged to a stable structure. On the 
other hand, compound 1 showed the highest RMSD indicating its highest 
deviation from its original docked pose. It also shows high fluctuation in 
its RMSD indicating its instability of the binding pose throughout the 
simulation time. 

Concerning the number of hydrogen bonds formed between each 
ligand and its respective protein (Fig. 9), diosmin showed the highest 
number of hydrogen bonds indicating its strong binding relative to other 
ligands, followed by compound 3 which showed the second-highest 
hydrogen bonds formed with the protein showing its relatively strong 
binding. Quinupristin comes in third place followed by the other three 
ligands, acetyldigitoxin, compound 1, and compound 2. 

Generally, the results of RMSD and hydrogen bonds analysis show 
diosmin to have the best binding in the DrugBank series and compound 3 
in the BindingDB series. 

3. Conclusion 

To conclude, we relied on the high similarity between SARS CoV-2 
RdRp and HCV-NS5B (genotype 1b) to compile a diverse active set 
from the reported HCV-NS5B palm inhibitors from both the BindingDB 
repository and literature. The highly diverse active set contains 13 
different scaffolds, namely: Benzothiadiazine, benzothiazine, 1,1-diox
oisothiazole, 5,6-dihydro-1H-pyridin-2-one, proline sulfonamide, 
acrylic acid, N-acyl pyrrolidine, benzamide, nicotinamide, anthranilic 
acid, benzodiazepine, sulphone and benzofuran. Consequently, we 
generated high-quality decoy set using DEKOIS 2.0 protocol and per
formed benchmarking against HCV-NS5B-1b palm subdomain (PDB ID: 

Table 1 
The best ranked 1% of the VS efforts for FDA-approved drugs against the SARS CoV-2 RdRp Apo form (PDB ID: 7BV1).  

Docking rank Drug Docking score Mwt DrugBank ID Status 

1 Bromperidol − 96.03 420.3 DB12401 approved; investigational 
2 Haloperidol − 95.18 375.9 DB00502 Approved 
3 Bisoctrizole − 94.74 658.9 DB11262 Approved 
4 Quinupristin − 93.99 1022.2 DB01369 Approved 
5 Panobinostat − 93.31 349.4 DB06603 approved; investigational 
6 Ceforanide − 91.87 519.6 DB00923 Approved 
7 Acetyldigitoxin − 91.87 806.9 DB00511 Approved 
8 Diosmin − 91.55 608.5 DB08995 approved; investigational 
9 Hesperidin − 91.44 610.6 DB04703 approved; investigational 
10 Voxilaprevir − 91.39 868.9 DB12026 approved; investigational 
11 Nandrolone decanoate − 91.31 428.6 DB08804 approved; illicit 
12 Delamanid − 90.85 534.5 DB11637 approved; investigational 
13 Hexafluronium − 90.75 502.7 DB00941 Approved 
14 Vilazodone − 90.41 441.5 DB06684 Approved 
15 Ticagrelor − 89.17 522.6 DB08816 Approved 
16 Flibanserin − 88.88 390.4 DB04908 approved; investigational 
17 Quinapril − 88.71 438.5 DB00881 approved; investigational 
18 Digoxin − 88.44 780.9 DB00390 Approved 
19 Lymecycline − 88.41 602.6 DB00256 approved; investigational 
20 Antrafenine − 88.25 588.5 DB01419 Approved 
21 Fosaprepitant − 88.23 614.4 DB06717 Approved  
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Table 2 
The best ranked 1% of the VS efforts for the BindingDB database HCV-NS5B inhibitors against the SARS CoV-2 RdRp (PDB ID: 7BV1). The ligand name and InChI key 
can be found in Table S3 in SM.  

No. Structure Best score Binding DB Monomer ID Reference  

− 91.84 50186172 [42]  

− 91.33 50191537 [43]  

− 90.49 50186142 [42]  

− 90.44 50142043 [42]  

− 89.71 50186161 [42]  

− 89.59 50186160 [42]   

(continued on next page) 
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Table 2 (continued ) 

No. Structure Best score Binding DB Monomer ID Reference  

− 89.43 50186165 [42]  

− 88.65 50186141 [42]  

− 88.50 50137476 [44]  

− 88.35 50174478 [45]  

− 87.99 50174454 [45]  

− 87.88 50160864 [46]  

− 87.83 50186148 [42] 

(continued on next page) 
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Table 2 (continued ) 

No. Structure Best score Binding DB Monomer ID Reference  

− 87.13 50186163 [42]  

− 86.66 50181932 [43]  

− 86.59 50222336 [42]  

− 86.23 50157198 [47]  

− 86.03 50191548 [43]  

− 85.53 50181927 [43] 

(continued on next page) 
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Table 2 (continued ) 

No. Structure Best score Binding DB Monomer ID Reference  

− 85.52 50186208 [48]  

− 85.49 50186139 [42]  

− 85.47 50186143 [42]  

− 85.45 50197038 [49]  

− 85.27 50181668 [50]  

− 85.04 50186159 [42]  

− 84.82 50115572 [51] 

(continued on next page) 
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3HHK). Three highly cited docking tools, FRED, PLANTS and AutoDock 
Vina, were benchmarked against HCV NS5B palm subdomain. The 
benchmarking outcome suggested that PLANTS is the best performing 

docking tool. The chemotype analysis via pROC-Chemotype plot for 
PLANTS showed that it can retrieve potent palm binders at the early 
enrichment. Based on the high similarity between HCV NS5B and SARS 

Table 2 (continued ) 

No. Structure Best score Binding DB Monomer ID Reference  

− 84.82 50081636 [52]  

− 84.54 50137868 [51]  

− 84.53 50181922 [43]  

Fig. 5. The binding pockets occupied by the best ranked 1% of the VS efforts against SARS CoV-2 RdRp palm subdomain (PDB ID: 7BV1). The palm subdomain of 
RdRp is represented by a green surface and the grayish blue part of the ribbon refers to the F-motif. Ligands from the virtual screening efforts are occupying one of the 
four sites, a, b, c or d. 
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CoV2 RdRp, it is expected that PLANTS would show promising VS per
formance against the SARS CoV 2. Accordingly, PLANTS was selected to 
perform prospective virtual screening using both FDA-approved drugs 
(from DrugBank) and HCV NS5B-1b palm inhibitors (from BindingDB) 
against SARS CoV-2 RdRp (PDB ID: 7BV1). Inspection of the VS results 
recommended quinpristin, acetyldigitoxin and diosmin (from Drug
Bank) and compounds 1–3 (from BindingDB) to be potential binders to 

SARS CoV-2 RdRp palm subdomain. Further stability evaluations by 
molecular dynamics simulations for 50 ns endorsed diosmin (from 
DrugBank) and compound 3 (from BindingDB) to be best potential 
binders to SARS CoV-2 RdRp palm subdomain. 

This study displays a clear example of how to implement a DEKOIS 
2.0 benchmark set against a crucial SARS CoV-2 target. This aids in 
enhancing the success rate of VS campaigns against SARS CoV-2 

Fig. 6. Docking pose of Quinupristin (DrugBank - cyan sticks) in the palm pocket of SARS CoV-2 polymerase (PDB ID: 7BV1), as 3D and 2D representations as (A) and 
(B), respectively. The hydrophilic and hydrophobic regions are in red and green colored molecular surfaces, respectively. The green ribbon part refers to the palm 
subdomain. The grayish blue part is for the F-motif. Dashed lines indicate favorable interactions. Non-polar hydrogens are omitted for clarification. 

L.K. Elghoneimy et al.                                                                                                                                                                                                                          



Computers in Biology and Medicine 134 (2021) 104468

13

resolved targets. The identified top ranked, compounds form DrugBank 
and BindingDB databases are recommended to be subjected for further 
in vitro and in vivo investigations and repurposing against COVID-19. 

4. Methods 

4.1. Preparation of protein macromolecules 

Molecular Operating Environment (MOE) [54], Chemical Computing 
Group Inc.: Montreal, http://www.chemcomp/com, was employed 
prior to the docking experiments to prepare the protein structures, 

including: (i) HCV-NS5B structures (PDB ID: 3HHK), (ii) the SARS-CoV-2 
RdRp (PDB ID: 7BV1). After eliminating the unessential ions, redundant 
chains, molecules of crystallization and unessential solvent molecules (if 
any), “Quickprep” Function of MOE was applied at default settings. Such 
parameters incorporate using “Protonate 3D” function to enhance 
H-bonding network and permit ASN/GLN/HIS to flip for optimum 
protonation and H-bonding networking. Additionally, the ligand and 
binding site atoms were refined through minimizing the energy to an 
RMS gradient of 0.1 kcal/mol/A, while a force constant (strength = 10) 
was applied for the restraints of the binding site atoms. The remaining 
receptor atoms, which lie outside the binding pocket were kept the 

Fig. 7. Docking pose of compound number 2 (BindingDB) in the palm pocket of SARS CoV-2 polymerase (PDB ID: 7BV1) as 3D and 2D representations as (A) and (B), 
respectively. The color scheme is same as Fig. 6. 
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same. The outcome of these parameters showed no significant difference 
concerning the binding site/ligand coordinates [55]. We conducted the 
benchmarking experiment on HCV-NS5B twice, including and excluding 
key water molecules in the palm subdomain, while the SARS-CoV-2 
RdRp protein structure was used for the VS of DrugBank and 
HCV-NS5B palm inhibitors of BindingDB repository. 

All protein superpositions were conducted using MOE. 

4.2. Preparation of small molecules including: DEKOIS 2.0 benchmark 
set, DrugBank database and BindingDB ligands 

DEKOIS 2.0 [33] protocol was applied on 40 HCV-NS5B (genotype 
1b) bioactives, which were extracted from BindingDB [19] and litera
ture [18], to produce 1200 challenging decoys (1:30 ratio). All small 
molecules were prepared by MOE. ‘Molecule wash’ module was 
employed to create reliable protonation states via strong bases proton
ation and strong acids deprotonation (if required). The energy of the 
compounds was minimized using the Amber: 10EHT force field at a 
gradient of 0.01 RMSD. The rest options were kept at default settings. 
For each compound, one conformer was saved, and one protonation 
state was produced at pH 7.0. The stereo configuration of all molecules 
[19] was reserved [55]. The prepared compounds were kept as SD files 

and used for FRED docking experiments. For docking experiments using 
AutoDock Vina, the SD files were transformed and split into individual 
PDBQT files by OpenBabel [56]. For PLANTS docking, the SDF files were 
converted into mol2 format and the correct atom types were set via 
SPORES software [57,58]. 

4.3. Docking experiments 

4.3.1. For benchmarking 
For docking using AutoDock Vina (version 1.1.2) [59], Python script 

(prepare_receptor4.py) provided by the MGLTools package (version 1.5.4) 
was employed to convert protein files to PDBQT format [60]. The search 
algorithm efficiency was retained at a default level. However, to 
consider all the possible conformations of the docked molecules, the grid 
box docking dimensions were 28 Å × 28 Å × 28 Å, with a spacing of 1 Å. 

For docking using PLANTS [61], “ChemPLP” was employed as the 
scoring function, with the “screen” mode selected. The binding site was 
set to include the receptor atoms around the coordinates of the co-crystal 
ligand by 5 Å, in the palm subdomain of HCV-NS5B (PDB ID: 3HHK). 

FRED docking [62,63] was set at default levels. OMEGA [64,65]. was 
used for generating different conformations of the ligands, actives and 
decoys. MakeReceptor GUI of OpenEye was utilized to describe the 

Fig. 8. Top: Radius of gyration (rgyr) of the protein during the simulation time. Middle: root mean square deviation (RMSD) of the protein alpha carbons during the 
simulation. Bottom: per residue root mean square fluctuation (RMSF). (red: compound 1, orange: compound 2, yellow: compound 3, purple: quinupristin, blue: 
acetyldigitoxin, cyan: diosmin, black: apo protein). The binding site amino acid residues are shown with red background. 
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binding pocket as a search box in the vicinity of the co-crystal ligand 
with dimensions of 28.21 Å × 28 Å × 28.01 Å. Three water molecules 
were marked as a part of the protein since they are essential for medi
ating certain interactions between the protein amino acid residues and 
the ligand. 

4.3.2. For virtual screening of DrugBank and BindingDB ligands 
Based on the superior performance of PLANTS in the benchmarking 

study, we selected it for virtual screening efforts against the SARS CoV-2 
RdRp (PDB ID: 7BV1). The protein is an apo form and no PDB structure is 
available yet for a co-crystallized complex in the palm subdomain. 
Therefore, the palm binding site was defined via docking the co-crystal 
ligand of HCV-NS5B (PDB ID: 3HHK) into the palm subdomain of the 
apo structure of SARS CoV-2 RdRp (PDB ID: 7BV1). Then the docking 
search volume was defined based on 5 Å around of the coordinates of the 
docked molecule. 

4.4. pROC and pROC-Chemotype calculations 

The score-based docking order was utilized in calculating the pROC- 
AUC using “R-Snippet” component of KNIME [66], based on the sub
sequent equation [67]. 

pROCAUC =
1
n

∑n

i
[ − log10(Di)] =

1
n

∑n

i
log10

(
1
Di

)

The bioactives number is given by n, while Di is the decoys fraction 
that is ordered higher than ith bioactive detected. Where ith is the 
number of the bioactive in the rank. 

The pROC-Chemotype plots were created by the “pROC-Chemotype 
plot” tool accessible in http://www.dekois.com/, [36,37]. 

To assess the ability of the docking tool to recognize true positives, 
from the active set, in the score-ordered list compared to the random 
collection, enrichment factor (EF) was computed based on the following 

Fig. 9. Ligand RMSD and hydrogen bond analysis. (red: compound 1, orange: compound 2, yellow: compound 3, purple: quinupristin, blue: acetyldigitoxin, cyan: 
diosmin, black: apo protein). 
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equation [68].:

EF =
Bioactivessubset

Nsubset

/
Bioactivestotal

Ntotal 

Chemical structures were drawn using ACD/ChemSketch Freeware 
(https://www.acdlabs.com/resources/freeware/chemsketch/). 

4.5. Molecular dynamics simulations 

The molecular dynamics simulations were carried out as reported in 
this work [69]. Molecular dynamics simulations and systems build up 
were carried out using GROMACS 2020.3 [70]. Each protein-ligand 
complex was solvated in a dodecahedron box of TIP3P explicit water 
model [71]. System was then neutralized by NaCl molecules at 0.1 M 
concentration. Steepest descent minimization algorithm was used for 
system energy minimization setting 10 kJ/mol and 50,000 steps as 
convergence criteria. NVT followed by NPT equilibration were per
formed for 500 ps each at 300 K temperature and 1 atm pressure. Then, a 
production run was carried out for 50 ns at NPT ensemble. The V-rescale 
modified Berendsen thermostat [72] was used for temperature coupling 
for each equilibration run, while Berendsen coupling [73] was used for 
pressure coupling with 2 ps time constant for equilibration and pro
duction runs. On the other hand, Parrinello-Rahman pressure coupling 
scheme [74] was used for pressure coupling for the production runs. A 
Verlet cutoff-scheme was used for searching neighboring atoms and Van 
Der Waals calculations with cutoff and switch list distances of 1.2 and 
1.0 nm, respectively. Particle Mesh Ewald method [75] was used for the 
calculations long-range electrostatics within 1.2 nm. Bond lengths were 
constrained using the LINear Constraint Solver (LINCS) algorithm [76]. 
CHARMM36 all-atom force field [77] was used for topology and 
parameter generation of the protein molecules, and SwissParam server 
[78] was used for ligand parameterization. For all simulations, a 
leap-frog integrator was used with a steps size of 2 fs. Protein RMSD, 
RMSF and radius of gyration was calculated out using ProDy python 
library [79,80], while ligand RMSD and hydrogen bonds were calcu
lated using VMD rmsd trajectory analysis tool [81]. All analysis charts 
were constructed using Matplotlib python plotting library [82]. 
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