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ABSTRACT
The spread of severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) caused a worldwide out-
break of coronavirus disease 19 (COVID-19), which rapidly evolved as a global concern. The efforts of
the scientific community are pointed towards the identification of promptly available therapeutic
options. RNA-dependent RNA polymerase (RdRp) is a promising target for developing small molecules
to contrast SARS-CoV-2 replication. Modern computational tools can boost identification and repurpos-
ing of known drugs targeting RdRp. We here report the results regarding the screening of a database
containing more than 8800 molecules, including approved, experimental, nutraceutical, illicit, with-
drawn and investigational compounds. The molecules were docked against the cryo-electron micros-
copy structure of SARS-CoV-2 RdRp, optimized by means of molecular dynamics (MD) simulations. The
adopted three-stage ensemble docking study underline that compounds formerly developed as kinase
inhibitors may interact with RdRp.
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Introduction

In December 2019, an outbreak of a novel coronavirus-
related pneumonia was reported. The pandemic agent lead-
ing to this disease, named severe acute respiratory syndrome
coronavirus-2 (SARS-CoV-2), spreads from human to human
causing life-threatening coronavirus disease 19 (COVID-19)
(Park et al., 2020; Spellberg et al., 2020). Epidemiological
studies on the escalation of this pneumonia highlighted that
human sneeze droplets are primarily involved in virus trans-
mission. Most patients, lacking other risk factors, showed
mild influenza-like disease symptoms and their social activity
during infection lead to a high rate of community spread,
which was proved to be especially threatening for weak eld-
erly. In particular, severe pneumonia, secondary infections
and cardiovascular events were the major reason for death
due to SARS-CoV-2 (Chen et al., 2020; Li et al., 2020).

Global concern raised after COVID-19 and scientists world-
wide focused their efforts in identifying new tools for accur-
ate and timely diagnosis of infection and in promptly
providing valid therapeutic options (Huang et al., 2020; Wu
et al., 2020). Sequencing of SARS-CoV-2 genome showed
that the virus exhibits 80% sequence identity to SARS-CoV
and 96% to a bat coronavirus (Lu et al., 2020; Zhou et al.,
2020). On the side of possible treatments, early reports high-
lighted that chloroquine and remdesivir inhibit viral replica-
tion (Fantini et al., 2020; Wang et al., 2020). Vaccines are also

being studied, but mutations that may affect efficacy,
immune complications and unavoidable development time
cannot be ruled out (Tai et al., 2020).

During the past weeks, literature has been very prolific and
several contributions reporting the identification of novel
pharmacological targets to contrast SARS-CoV-2 spread
appeared (Huang et al., 2020). One of the early studied targets
is represented by the spike protein (S protein) of the corona-
virus, which interacts with the alveolar epithelial cells express-
ing angiotensin-converting enzyme 2 (ACE2) (Xia et al., 2020).
Main protease and papain-like protease inhibitors are also
being studied in silico, in vitro and in vivo (Bhardwaj, Singh,
Sharma, Rajendran, et al., 2020; Calligari et al., 2020; Huang
et al., 2020; Li & De Clercq, 2020; Zhang et al., 2020).

In this work, we will focus our attention on RNA-dependent
RNA polymerase (RdRp). This crucial enzyme is a replicase that
operates the synthesis of a complementary RNA strand using
viral RNA (Hillen et al., 2020; Yin et al., 2020). This machinery is
targeted by remdesivir (GS-5734, Gilead), a compound that
was formerly developed to contrast Ebola virus (EBOV) replica-
tion. Remdesivir acts as a non-functioning ATP mimic within
RdRp, thus stopping genome transcription (Tchesnokov et al.,
2019). Very recently, Gordon and colleagues investigated the
mechanism of action, at the molecular level, of remdesivir
against SARS-CoV-2 RdRp. The results of this study confirmed
that RdRp efficiently incorporates remdesivir triphosphate, the
active form of the drug, into RNA and, consequently, RNA
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synthesis is terminated (Gordon et al., 2020). Besides its potent
antiviral activity in vitro, remdesivir efficiently contrasted SARS-
CoV-2 replication in animal models. Ongoing clinical studies
suggest that this compound improves recovery time, although
further results from placebo-controlled trials are needed
(Beigel et al., 2020; Goldman et al., 2020). Thus, SARS-CoV-2
RdRp represent an attractive and promising therapeutic target
(Lung et al., 2020).

With the current study, we aim at identifying a set of
compounds, by means of computational tools, that bear the
potential of interacting with SARS-CoV-2 RdRp. In our com-
prehensive investigation, we screened the molecules present
in the DrugBank database, containing more than 8800
molecular structures of drugs (Wishart et al., 2006). The data-
base includes the 3D coordinates of compounds, which were
docked against the cryo-electron microscopy structure of
SARS-CoV-2 RdRp, optimized by means of molecular dynam-
ics (MD) simulations (Gao et al., 2020). This approach is par-
ticularly attractive for medicinal chemists in the context of
“drug repurposing”, which consists in the identification of
novel therapeutic applications for known and promptly avail-
able compounds against COVID-19 (Pushpakom et al., 2019).

Material and methods

Database collection and refinement

The database of molecules used for this study was obtained
from DrugBank (Wishart et al., 2006) and it is composed by
8815 drugs, comprehending approved, experimental, nutra-
ceutical, illicit, withdrawn and investigational compounds. The
database was downloaded in SDF format with 3D coordinates
and was directly loaded on Schr€odinger Maestro (Schr€odinger,
2020d). All the structures were analysed with the QikProp tool
(Schr€odinger, 2020g) present in Schr€odinger, obtaining an esti-
mation of several pharmacokinetic properties. The molecules
having one or more violations to the Lipinski’s rules (Lipinski
et al., 1997) were discarded. Thus, the initial number of struc-
tures decreased to 6756 and it was further reduced to 6601
after the elimination of the molecules with a molecular weight
lower than 100 g/mol.

Macromolecules preparation

A 10 ms MD trajectory (DESRES-ANTON-10917618) was obtained
from DESHAW research website (https://www.deshawresearch.
com). This model represents the SARS-CoV-2 nsp7-nsp8-nsp12
RNA polymerase complex determined in the absence of reduc-
ing agent (PDB id: 6M71) (D. E. Shaw Research, 2020). The simu-
lation performed by DESRES research team with the Anton 2
supercomputer (Shaw et al., 2014) was based on the Amber
ff99SB-ILDN force field (Lindorff-Larsen et al., 2010) for proteins
and on the TIP3P model for water. The C- and N-peptide termini
were capped with amide and acetyl groups respectively. The
missing loops in the available structural models were manually
built as extended peptide conformation. The missing part of
chain D was built through homology modelling using the struc-
ture of SARS-CoV polymerase complex (PDB id: 6NUR). The

system was neutralized and a 0.15M concentration of NaCl was
set. The simulation was conducted at 310K in the NPT ensem-
ble. The long trajectory was analysed with VMD (Humphrey
et al., 1996) plotting the protein backbone RMSD (Root Mean
Square Deviation) over the simulation time, as the system
reached the stability after 5 ms (see Figure S1 in the
Supplemental material file). One frame every 5 ns was extracted
from 6.65 to 10.00 ms. The frames were then clustered basing on
their RMSD in 10 different clusters, for each of which a represen-
tative frame was saved. Prior their use as targets for the ensem-
ble docking, the obtained 10 frames were prepared with the
Protein Preparation Wizard (Gupta et al., 2019; Schr€odinger,
2020f) included in the Schr€odinger suite using default settings,
i.e. adding hydrogens, assigning disulphide bonds, removing
surrounding waters, adjusting charges, capping termini, adding
missing side-chains using Prime (Schr€odinger, 2020e), optimiz-
ing hydrogen bonds and a with a final minimization under the
OPLS3e force field (Roos et al., 2019).

Ligands preparation

Every ligand was prepared for docking with LigPrep applica-
tion (Schr€odinger, 2020c) included in the Schr€odinger suite
under the OPLS3e force field. Using Epik ioinizer
(Schr€odinger, 2020a), all the ionization states were generated
in the 7 ± 2 pH range, and a final number of 10244 molecular
structures to be used in the docking stage was obtained.

Molecular docking

The docking protocol consisted in a multiple-frame ensemble
docking performed with Glide (Schr€odinger, 2020b), under
the OPLS3e force field, using in sequence the high through-
put virtual screening, the standard and the extra precision
docking protocols (respectively HTVS, SP and XP) with
default settings. Starting from the 10244 structures initially
prepared, after each docking step the 10% best scoring mol-
ecules were identified and used for the next higher precision
screening (1020 for SP and 102 for XP docking). The dock-
ings were performed manually to each different frame and
then the results were merged considering the best scoring
pose for each ligand. All the frames were obtained and pre-
pared as previously described, and were analysed with
SiteMap tool (Schr€odinger, 2020h) included in the
Schr€odinger suite identifying the best putative receptor bind-
ing site that often corresponded to extended areas of the
macromolecule. For each considered frame, a docking grid
was prepared with Receptor Grid Generation tool included in
the Schr€odinger suite with custom settings. A cubic grid was
generated setting the centre in the centroid of the potential
receptor binding sites previously generated with SiteMap.
The dimensions of the grids is related to the dimensions of
the putative receptor binding sites, while the ligand diameter
midpoint box was set at the maximum size of 40� 40� 40Å.

Pose rescoring with MM-GBSA

The poses obtained with the last XP docking stage were re-
scored with Prime Molecular Mechanical/Generalized Born
Surface Area (MM-GBSA) tool included in the Schr€odinger
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suite. The complexes were refined with Prime under the
OPLS3e force field with the VSGB continuum solvation model
(Variable Dielectric Surface Generalized Born model) (J. Li
et al., 2011), the protein flexibility was enabled for the resi-
dues in the 12Å range from the ligand position. The ener-
gies obtained from the complexes were automatically
calculated with the five following energy terms and the
equation systems reported in the following.

Optimized free receptor¼ Receptor, optimized free ligand¼ Ligand,
optimized complex¼Complex, receptor from minimized/optimized
complex, ligand from minimized/optimized complex

Receptor Strain¼ Receptor (from optimized complex) – Receptor

Lig Strain¼ Ligand (from optimized complex) – Ligand

MM-GBSA dG Bind (NS) ¼ Complex – Receptor (from optimized
complex) – Ligand (from optimized complex) ¼ MM-GBSA dG Bind
– Rec Strain – Lig Strain

Results and discussion

Experimental design

Previous computational and experimental contribution in
the literature were focused on the investigation of the inter-
action of drug-like small molecules with RdRp models (Elfiky,
2020b). Nevertheless, to the best of our knowledge, available
in silico studies are based on homology models (Elfiky,
2020b, 2020a) and/or have been carried out using very lim-
ited pools of compound, such as know antivirals like riba-
virin, sofosbuvir, favipiravir, galidesivir and tenofovir,
hydroxychloroquine (Elfiky, 2020c) or natural compounds
from folk medicine (Lung et al., 2020). Moreover, computa-
tional studies that follow the in silico-aided repurposing
approach reported to date focus on small, pre-selected libra-
ries and generally consist in preliminary, multi-target docking
studies that lack of MD optimization and MM-GBSA stage
(Shah et al., 2020). With this contribution, we aimed at pro-
viding a comprehensive screening of a database of more
than 8800 drugs against the optimized structure of SARS-
CoV-2 RdRp solved by cryo-electron microscopy.

Database collection and refinement

The first part of the work consisted in the preparation of a
large library of molecules to be screened in silico for their
ability to target SARS-CoV-2 RdRp and potentially inhibit this
enzyme. With the intent of obtaining a set of hits that could
ideally be easily repurposed against COVID-19 through the
docking study, it was chosen to use the DrugBank database.
This was imported in Schr€odinger Maestro and analysed with
the embedded QikProp application generating pharmacoki-
netic properties for all the molecules of the set. To assess
the drug likeness of the considered compounds, the
Lipinkski’s rule of five was adopted using the following crite-
ria: molecular weight < 500 g/mol, logP < 5, number of
hydrogen bond donors � 5 and of hydrogen bond acceptors
� 10. As a result, 2059 molecules were not admitted to the
following step, bringing the total number to 6756. This was

further reduced to 6601 after the elimination of other 155
molecules having a molecular weight lower than 100 g/mol
that, upon manual database inspection, corresponded to
gases, solvents, salts and, in general, very low molecular
weight compounds. These molecules, due to their simple
chemical structure and to the lack of polar groups or aro-
matic rings, do not meet drug likeness criteria and are likely
not able to establish the multiple interactions required for a
site-specific binding motif.

Docking study

The docking study was designed as a three-stage ensemble
docking using different frames of a long MD trajectory that
are representative of several conformations of SARS-CoV-2
RdRp in. A 10 ms MD trajectory (DESRES-ANTON-10917618)
was obtained from DESHAW research website (https://www.
deshawresearch.com), representing the SARS-CoV-2 nsp7-
nsp8-nsp12 RNA polymerase complex (PDB id: 6M71), par-
ticularly refined as described in the Material and Methods
section. The simulation was conducted at 310 K in the NPT
ensemble neutralizing the system and using a 0.15M con-
centration of NaCl. The trajectory was analysed plotting its
backbone RMSD over the simulation time and one frame
every 5 ns was extracted from 6.65 to 10.00 ms. 10 represen-
tative frames were selected, which were finally prepared with
Schr€odinger as described previously to be used as targets for
the docking stage. To focus the docking experiments
towards the most promising binding sites, each one of the
selected frames was inspected with SiteMap tool from
Schr€odinger suite obtaining extended areas that were then
enclosed in grids with the Receptor Grid Generation tool.
Lastly, the ligands were prepared as previously described
obtaining 10244 molecular structures comprehending differ-
ent protonation states. The three-stage ensemble docking
was then performed starting from a low precision/high
speed HTVS screening, followed by a medium precision/
medium speed SP screening and, eventually, by the high
precision/low speed XP screening. At the end of each dock-
ing stage, with the intent of gradually enriching of potential
hits the compound library and at the same time of facilitat-
ing the following higher precision screening, the 10% of best
scoring ligands was maintained in the set and carried to the

Figure 1. Gaussian plot representing the distribution of the docking values
obtained with the MM-GBSA protocol applied to the poses resulting from the
XP docking stage.
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subsequent stage. Consequently, starting from 10244 mole-
cules, the number was reduced to 1020 after the first step
and then to 102 molecules, that were analysed in the last XP
docking stage. As a reference, even if the molecule is known
to act through a covalent-binding inhibition mechanism, the
active compound remdesivir triphosphate was docked using
the described protocol showing a binding energy value of
�9.244 kcal/mol.

In order to increase simulation accuracy, the poses obtained
from the final XP screening were also re-scored with the Prime
MM-GBSA method from Schr€odinger suite. The combined
Molecular Mechanical/Generalized Born Surface Area (MM-
GBSA) approach is a force-field based protocol that computes
the free energy of binding from the difference between the
free energies of the ligand, of the protein, and of the complex
in solution. Moreover, the MM-GBSA method is based on the
concept that the free energy of binding of a ligand to a recep-

tor can be approximated by the combination of molecular
mechanics (MM) energies, polar and nonpolar solvation terms,
and an entropy term. The computed energies usually show
good correlation with the experimental binding energy values,
with correlation coefficients in the 0.4-0.7 range. In this work,
the MM-GBSA calculations were performed allowing the pro-
tein flexibility for the residues in the 12Å range from the ligand
position and using VSGB as a continuum solvation model. The
obtained values range from a minimum of þ22.9 kcal/mol to a
maximum of �84.6 kcal/mol, with an average value of
�48.0 kcal/mol. More in detail, the gaussian plot reported in
Figure 1 demonstrates that the scores are majorly concen-
trated in proximity of �50 kcal/mol value (Greenidge
et al., 2013).

The 10 compounds showing the most promising energy
values, based on the results of the MM-GBSA re-scoring, are
reported in Figure 2. Remdesivir was not highlighted among

Figure 2. Best scoring compounds according to MM-GBSA screening.

Figure 3. Docked pose of the ligands bedoradrine (a, b) and palbociclib (c, d) in RdRp showing the main interactions of the complex and two-dimensional inter-
action maps.
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this group of best scoring compounds, according to the
MM-GBSA procedure.

For such molecules, docking results obtained with the XP
docking and the MM-GBSA re-scoring, alongside the phar-
macokinetic properties calculated with the QikProp are
reported in Table 1. Concerning the results of this proced-
ure, it must be pointed out that some of the compounds
highlighted by the screening correspond to experimental
drugs. Two of them are in clinical use as anti-cancer drugs,
namely binimetinib, a MEK inhibitor (Queirolo & Spagnolo,
2017), and palbociclib, a CDK4 and CDK6 inhibitor (Turner
et al., 2015). MEK is a serine/tyrosine/threonine kinase while
CDK4 and CDK6 are serine/threonine kinases. Palomid 529 is
a tyrosine kinase inhibitor acting on the PI3K/Akt/mTOR
pathway that was investigated as an antiproliferative agent
(Xue et al., 2008), while netoglitazone is an antidiabetic drug
interacting with peroxisome proliferator-activated receptor
(PPAR) alpha (Khatik et al., 2018). Bedoradrine and bitolterol
are beta-2-adrenergic receptor agonists, the first one
remained investigational while the second reached the clin-
ical use but was withdrawn from the market in 2001
(Cazzola et al., 2012; Tee et al., 2007). Moreover, according
to the information retrieved from DrugBank (Wishart et al.,
2006), experimental compound DB03337 is reported to tar-
get human trypsin-1, DB07861 N-acetylglucosamine deace-
tylase from Pseudomonas aeruginosa, DB08553 human
serine/threonine-protein kinase B-raf, and DB03949 thermo-
lysin from Geobacillus stearothermophilus.

Considering the overall results of the study, and in par-
ticular the values reported in Table 1, it is not trivial to
identify a direct correlation between docking and MM-
GBSA scores. Nevertheless, if the results from MM-GBSA
experiment are considered, it must be pointed out that 4
of the 10 highlighted compounds were previously devel-
oped as kinase inhibitors. This is an aspect of primary rele-
vance, since such results shed new light on previous
findings suggesting that tyrosine kinase inhibitors could
play a role against SARS-CoV and Middle East respiratory
syndrome coronavirus (MERS-CoV) replication, although
multiple mechanisms may be involved (Coleman et al.,
2016; Dong et al., 2020). Several previous contributions
investigated kinase inhibitors in silico and (Bhardwaj,
Singh, Sharma, Das, et al., 2020), in particular, as antiviral
agents (Perwitasari et al., 2015; Schor & Einav, 2018).
Moreover, growing pieces of evidence supporting the
potential of tyrosine kinase (BTK and AXL) (Encinar &
Menendez, 2020; Roschewski et al., 2020) and serine/
threonine kinase (Rho) (Abedi et al., 2020) inhibitors
against COVID-19 are recently emerging in the literature.
Nevertheless, as in every repurposing study, main indica-
tions, contraindications, interactions, adverse effects and
toxicity in general must be taken into account (Cha et al.,
2018; Oprea et al., 2011). This especially holds true when
the investigation focuses on a class of drugs for which the
use of medication is often accompanied by intolerance
and adverse effects (Bettiol et al., 2018; Fachi et al., 2018).

According to the results of the Prime MM-GBSA proto-
col, the docking poses corresponding to the best scoring Ta
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compound bedoradrine and to the best scoring kinase
inhibitor palbociclib are reported in Figure 3(a–d) as repre-
sentative examples of the final screening results. Other
depictive 2D and 3D interaction patterns for the selected
compounds are shown in the Supplemental material file
(Figures S2–S9).

Conclusions

Computational tools can aid and boost the development or
the repurposing of small molecules to contrast SARS-CoV-2
replication and spread. In this contribution, we screened a
database of more than 8800 drugs against a MD-refined
structure of RdRp using a three-stage ensemble docking
approach. The results of the overall experimental workflow
suggest that potential RdRp inhibitors should have very pre-
cise structural requirements, such as the presence of multiple
rings and of highly polar moieties like secondary amines,
alcohols and guanidine/urea groups. Very interestingly, the
screening highlighted that some compounds belonging to
the classes of kinase inhibitors are potential RdRp interactors.
Thus, this study aims at prompting the scientific community
to pursue the validation of this insight by in vitro and
in vivo studies.
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