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Abstract
SARS-CoV-2 is the betacoronavirus responsible for the COVID-19 pandemic. It was listed as a
potential global health threat by WHO due to high mortality, high basic reproduction number and
lack of clinically approved drugs and vaccines for COVID-19. The genomic sequence of the virus
responsible for COVID-19, as well as the experimentally determined three dimensional structure of
the Main protease (Mpro) are available. The reported structure of the target Mpro was utilized in
this study to identify potential drugs for COVID-19 using molecular docking based virtual
screening of all approved drugs. The results of this study confirm preliminary reports that some of
the drugs approved for treatment of other viral infections have the potential for treatment of
COVID-19. Selected antiviral drugs, approved for human therapeutic applications, were ranked for
potential effectiveness against COVID-19, based on predicted binding energy to the target Mpro of
SARS-CoV-2, and novel candidates for drug repurposing were identified in this study. In addition,
potential mechanisms for beneficial off target effects of some drugs in clinical trials were identified
by using molecular docking.
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1. Introduction
COVID-19 is a highly infectious disease associated with high mortality [1, 2], and there are no
approved drugs or vaccines for this disease, although chloroquine and hydroxychlroquine have been
authorized for emergency use [3]. World Health Organization has declared COVID-19 to be a
public health emergency of international concern [4]. SARS-CoV-2, the betacoronavirus responsible
for COVID-19, is a positive single-stranded RNA virus belonging to the coronoviridae family [1,
5]. The previous name for this virus was 2019-nCoV [6]. The genome of SARS-CoV-2 has been
sequenced [7]. The availability of the genome sequence and the subsequent phylogenetic studies
revealed that the genomic sequence of SARS-CoV-2 has 96% identity to the bat-coronavirus and
79.6% sequence identity to SARS-CoV [8]. Although there are no approved drugs or vaccines for
COVID-19, a number of clinical trials are in progress [3, 9] and a variety of potential therapeutic
strategies are under investigation [10, 11].
Computational methods can be utilized for design and engineering of drugs [12, 13, 14, 15]. The
low time requirements of computational methods are conducive for high throughput screening of
available drugs to identify potential drugs for novel diseases as well as to predict the adverse effects
of novel drugs [16, 17]. Development of novel drugs is a time consuming process and generally
several years of work are required for clinical approval [18]. Drug repositioning, also known as
repurposing, is an effective strategy to combat novel diseases caused by infectious agents that
spread rapidly [19, 20]. Drugs that have been approved for some disease, are safe for human use at
approved dosage levels [21]. However, clinical trials are necessary to ensure that such treatment is
better than a placebo [22].
Several anti-viral agents exhibit in-vitro and in-vivo anti-SARS-CoV-2 activity and have potential
for drug repurposing, e.g., Hydroxychloroquine, Chloroquine, Remdesivir,
Favipiravir,
Nitazoxanide [23, 24, 25]. It has been reported that Chloroquine phosphate shows anti COVID-19
activity in clinical studies [26]. A small clinical trial has concluded that Hydroxychloroquine and
Azithromycin are effective for treatment of COVID-19 [27]. Large scale clinical trials are under
progress and additional clinical trials are being planned to confirm the effectiveness of some
proposed drugs [28].
The similarity of SARS-CoV-2 to other coronaviruses enabled rapid identification of targets for
drug design because of substantial earlier work on development of drugs for other coronaviruses
such as SARS-CoV and MERS-CoV [29]. The main protease of SARS-CoV-2 has been identified
as an attractive target for drug design and development because it plays an essential role in viral
replication [30]. It is a Cys-His protease and its Cysteine can be targeted by covalent drugs [31].
The viral RNA is expressed as a polyprotein and the main protease of SARS-CoV-2 is required for
cleavage of this polyprotein at multiple cleavage sites [32]. The main protease of SARS-CoV-2 has
a high degree of specificity and yet its specificity does not match that of human proteases [33].
Therefore, we may expect that it should be possible to design or identify inhibitors of this viral
protease that do not inhibit essential human protease activity.
Several clinical trials are assessing the potential of protease inhibitors approved for treatment of
other viral infections, such as Lopinavir and Ritonavir. Lopinavir and Ritonavir were used in
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clinical studies for treatment of COVID-19 [34, 35]. Lopinavir and Ritonavir target the main
protease (Mpro) of SARS coronavirus [36]. Several studies have utilized homology based models
of SARS-CoV-2 Mpro to screen libraries of compounds for prediction of potential drugs for
COVID-19 [37]. However, the predictions of virtual screening studies and binding energy
calculations are generally more accurate if a high resolution experimental structure of the target is
available [38]. Therefore, the recently available experimental structures of the Main protease, Mpro
of SARS-CoV-2 [39], were utilized in the current study as the target for molecular docking based
virtual screening.
Large scale docking studies for rapid identification of potential inhibitors of
SARS-CoV-2 Mpro have been reported earlier [40, 41]. However, in the study reported here, the
focus is on repurposing of drugs approved for clinical applications. In addition, in the studies
reported here, high resolution information regarding the target structures was utilized to investigate
the effects of binding site flexibility on the predicted binding affinities. The predictions of this study
will provide information that can be utilized for choice of candidate drugs for in vitro studies, in
vivo studies and clinical trials and to obtain mechanistic insights regarding the results of such
experimental studies.
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2. Methods
2.1 Target preparation
The structures of the target protein SARS-CoV-2 Mpro were obtained from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) [42]. The first
structure of the target with a covalent inhibitor, N3, was available from 5 th February, 2020 in the
RCSB PDB and the second version of this structure, 6LU7 (2.16Å Resolution) [39, 43], was utilized
in this study for screening of SuperDRUG2 database. A newer version of the complex with N3, with
higher resolution (1.7Å Resolution) has been deposited in RCSB but has not yet been released.
Higher resolution structures of the target complex with other ligands, as well as in the apo form are
also available [40]. The target structure having highest resolution for Apo form (6YB7, 1.25Å
Resolution) and the target structure having highest resolution with a bound ligand (5R82, 1.31Å
Resolution) were selected for docking studies. Hydrogens for pH 7.0 and charges were added to
the protein and a pdbqt format file was generated by using Open Babel (Obabel) [44] . Autodock
Vina requires receptor structure in pdbqt format. SMINA can utilize input receptor files in both pdb
and pdbqt formats. Avogadro [45], Pymol (DeLano, 2002) and Rasmol [46] were used for
visualization.

2.2 Target active site analysis
Active site residues were identified by their proximity to the N3 ligand in 6lu7 by using Rasmol.
Pymol and TMalign [47] were used for superposition of the target structures in 6lu7, 5r82 and 6yb7.
Custom scripts and LibreOffice were used for calculation of residue wise RMSD.

2.3 Ligand preparation
The list and structures of approved drugs were obtained from SuperDRUG2 database.
SuperDRUG2 maintains a database of drugs approved for clinical use [48, 49]. The version of the
database downloaded on 18 February, 2020 contained 3639 approved drugs. For the purpose of this
study, the term 'approved drug' is used for drugs in this list. For each molecule in the 3D conformer
list obtained from SuperDrug2, the first conformer was utilized in this study. Gasteiger charges
were added, and structural optimization was carried out with MMFF94 forcefield using steepest
descents followed by conjugate gradient minimization. Subsequently, the structures were converted
into pdbqt format, for use in docking calculations with Vina. These structures were further
converted to mol2 format for calculations with SMINA. Avogadro and Pymol were utilized for
visualization of the ligands.

2.4 Clinical Trials Data
Data related to Clinical Trials were downloaded from clinicaltrials.gov on 6 th March, 2020 and
WHO clinical trials index on 3rd April, 2020. Drug like small molecules in interventional category
were selected for drugs in Phase 1,2,3 and 4 clinical trials. Clinical trials listed with unspecified
Phase or Phase 0 were not included in this study. Some of these investigational molecules in these
clinical trials have been approved for other indications, whereas others are not. The investigational
molecules that were approved for other indications were listed in SuperDRUG2, whereas others
were downloaded from Pubchem [50] or Drugbank [51] or ZINC 15 [52]. Low energy
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conformations were generated and then hydrogens and gasteiger charges were added using Obabel.
Obabel was used for geometry optimization with MMFF94 forcefield. Computational studies were
not undertaken for Carrimycin, currently in Phase 4 of clinical trials, due to lack of structural data.

2.5 Docking
Autodock Vina [53] and SMINA [54] were utilized for molecular docking studies, because they are
freely available and the scores and ranking of these tools have been validated in independent studies
[55]. Virtual Screening workflow was implemented using Obabel, Autodock Vina, SMINA and
customized Python and shell scripts. Pymol and Rasmol were utilized for visualization of the
docked results.
Autodock Vina was used for docking calculations that did not involve flexible active sites residues
(rigid receptor docking). The exhaustiveness parameter that controls the extent of the search was
chosen as 8, and 9 modes were generated for each ligand.
SMINA, a derivative of Vina, was used for docking calculations using both rigid and flexible active
site residues. The flex_hydrogens option was used in SMINA to enable comparability of Vina and
SMINA results. The same set of parameters were utilized for Vina and SMINA, with the following
exceptions. The exhaustiveness parameter was set to 16 for docking calculations involving flexible
residues in the active site. Active site residues H41 and C145 were chosen for flexible docking with
SMINA because these two residues are highly conserved. In addition, residues M49 and Q189 were
chosen for SMINA flexible docking studies because these two residues had the highest RMSD
among the active site residues, when residues 1-195 of 6lu7 and 5r82, comprising the active site
domains of the two complexes of SARS-CoV-2 Mpro, were superposed.
Dissociation constants were calculated from Vina scores with 6lu7 as the target for docking partly
because the structure of the N3 ligand in 6lu7 has a higher degree of structural similarity to the most
promising candidate drugs. SMINA predicted binding affinities are higher in most cases because of
the use of flexible residues at the active site. Hence the rigid body docking scores for Vina are
conservative estimates for binding affinity.
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3. Results
The inhibitor N3 was bound to Mpro in the structure of the complex (6lu7.pdb) determined from Xray crystallographic data. The binding energy and binding modes of N3 were predicted with
Autodock Vina and SMINA to validate the docking protocol used in this study. The lowest energy
binding mode predicted by Vina and the lowest energy binding mode predicted by SMINA were
found to match the experimental binding mode of the inhibitor N3. However, there were minor
differences in the binding energies and binding modes determined by the two methods, due to small
differences in conformational search algorithms and inherent randomness of conformational search.
The superposition of the predicted binding modes and the experimental results are displayed in
Figure 1. These two methods may be deemed to yield similar results for the purpose of this study.
The energies of the first two binding modes of N3 reported by Vina were identical (-8.1 kcal/mol),
but the first one was significantly different from the native binding mode (conformational rmsd of
4.8Å for non-hydrogen atoms), while the second had an excellent match with the native binding
mode (conformational rmsd of 2.2Å for non-hydrogen atoms; Figure 1a). The conformation of the
configuration ranked fourth by Vina (-7.8 kcal/mol) was closest to the experimental structure
(conformational rmsd of 1.6Å for non-hydrogen atoms).
The configuration ranked first by SMINA (-8.1 kcal/mol) exhibited a better match to the
experimentally determined binding conformation of the inhibitor N3 (conformational rmsd of 1.9Å
for non-hydrogen atoms; Figure 1b) than the lowest energy configuration reported by Vina
(conformational rmsd of 2.2Å for non-hydrogen atoms). However, the SMINA configuration with
the best match to the experimental binding conformation (conformational rmsd of 1.7Å for nonhydrogen atoms) corresponded to weaker binding (-7.3 kcal/mol). Such minor differences are not
unexpected, since these docking studies did not consider the covalent bonding between the ligand
and the receptor which was present in the experimental structure.
The list of approved drugs listed in SuperDrug2 database was used to identify drugs that have the
potential to bind to Mpro of SARS-CoV-2 by using Vina. For most drugs the difference between the
binding energy calculated with Vina and with flexible docking with SMINA were less than 0.5
kcal/mol for the target structure 6lu7. The drug with the best binding in the database was
Beclabuvir, with a predicted binding energy of -10.4 kcal/mol (Vina) and a predicted binding energy
of -10.0 kcal/mol for flexible docking with SMINA for the target structure 6lu7. Although the
binding mode of Beclabuvir is similar to that of N3 in the experimentally determined structure of
the complex of SARS-CoV-2 Mpro and N3, there are some significant differences in the sites of
interaction (Figure 2). 56 close contacts (< 3Å) were observed between the bound conformation of
Beclabuvir and the target, at subsite S1' (T25), subsite S1 (L141, N142, E166), subsite S2 (H41,
M49, Y54, M165, D187), subsite S4 (Q189) and residues P52, G143, H164, R188 and T190. The
key differences are that Beclabuvir has fewer interactions with the residues at the hydrophobic S4
subsite than the N3 ligand in the experimental structure of the complex.
Saquinavir, an antiviral protease inhibitor, was predicted to have a binding energy of -9.3 kcal/mol
with Vina and -9.2 kcal/mol with SMINA for the target structure 6lu7. The predicted binding mode
of Saquinavir displays a high degree of similarity to that of the ligand N3 in the experimentally
determined structure of the complex of SARS-CoV-2 Mpro and N3 (Figure 3). 52 close contacts
(< 3Å) were observed between the bound conformation of Saquinavir and the target, at subsite S1'
(T25), subsite S1 (F140, L141, N142, H163, E166), subsite S2 (H41, M49, M165, D187), subsite
S4 (L167, Q189) and residues T26, G143, S144, P168, R188, T190 and A191. Therefore, the
predicted binding of Saquinavir is very similar to the observed binding of the N3 ligand.
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The predicted binding energies for selected antiviral drugs that have potential for therapy of
COVID-19 are displayed in Table 1. The docking scores are sensitive to the choice of target
structure as well as the choice of the residue designated as flexible. The maximum difference
between the scores is 2.4 kcal/mol, with a mean difference of 1.1 kcal/mol between the best score
and the worst score, for the drugs in Table 1. The largest differences were observed for Beclabuvir,
Darunavir and Ritonavir. The better scores for SMINA are likely to be due to the increased
flexibility in the active site, which may permit certain binding modes that are forbidden in the rigid
model of the target used in these Vina calculations. However, there are substantial differences in
the structure of the Apo form of SARS-CoV-2 Mpro obtained from X-ray diffraction data and the
structures of SARS-CoV-2 Mpro–ligand complexes obtained from X-ray diffraction data. As a
consequence, docking score predicted affinities were much lower for most ligands if the structure of
Apo form of SARS-CoV-2 Mpro was used as a target, even after taking into account the flexibility
of some of the residues at the active site. According to Table 1, Indinavir is the only drug that has a
better score if the structure of the Apo form of SARS-CoV-2 Mpro is used as a target.
The list of highest ranked approved drugs, based on Vina scores, are displayed in Table 2. The
corresponding binding energies for flexible docking, estimated by using SMINA are also shown in
Table 2. The data in Table 2 indicates that there are many potential inhibitors other than the
recognized antiviral protease inhibitors. It is likely that some of these are false positives. However,
in vivo results show that Digitoxin and Digoxin, the compounds having the best SMINA scores in
this list, are effective inhibitors of SARS-CoV-2 and MERS-CoV in Vero cells with a high
therapeutic index (unpublished data, [56, 57]). The reported values of IC50 for SARS-CoV-2,
determined from immunofluorescence data, were 0.19 M for Digoxin, and 0.23 M for Digitoxin,
which are comparable to the dissociation constants estimated from Vina scores (-9.2 kcal/mol, 0.18
M). Digoxin is a cardiac glycoside and can be used for treatment of chronic atrial fibrillation, a
particular type of cardiac arrythmia.
For people with this type of cardiac arrythmia,
Digoxin/Digitoxin, may provide a dual function as anti-viral and anti-arrythmic drug. This
hypothesis needs to be investigated immediately because a high proportion of patients admitted into
hospitals with COVID-19 have cardiac arrythmia [58].
Several small molecule drugs are under investigation in Clinical trials for therapy of COVID-19.
The small molecule drugs in Phase 1, 2, 3 or 4 of clinical trials were investigated for potential
interactions with SARS-CoV-2 Mpro by using Vina and SMINA. The drugs with highest Vina
scores are displayed in Table 3. The Status column of Table 3 indicates the highest phase clinical
trial in which the drug of interest was included, either individually or in combination. Many clinical
trials involve drug combinations. In addition, the same drug may be under investigation in more
than one clinical trial. The SMINA scores reported in Table 3 are the best scores obtained from
docking to the receptor structures obtained from 6lu7 (flexible residues 41, 145), 6lu7 (flexible
residues 49, 189), 5r82 (flexible residues 49, 189) and 6yb7 (flexible residues 49, 189). The
individual SMINA scores reported in Appendix 1 indicate that there is substantial receptor structure
based variation in the SMINA scores with an average difference of 1.0 kcal/mol between the best
and worst SMINA score, and a maximum difference of 1.9 kcal/mol. Most of the variation is due to
the difference in the SMINA scores for binding to the structure obtained from the Apo form of the
receptor. According to Table 3, the difference between the estimated binding energies is less than
1.2 kcal/mol for binding energies estimated with a rigid receptor (Vina) and for those estimated with
limited flexibility at the active site (SMINA), with a mean difference of 0.5 kcal/mol. The highest
difference between Vina and SMINA scores was observed for Lopinavir (1.1 kcal/mol). Although
the Vina score for Lopinavir (-7.4 kcal/mol) corresponding to an estimated dissociation constant of
3.7 M is consistent with the experimental IC50 for Lopinavir which is also in the single digit
micromolar range, its rank compared to other drugs is not very high based on Vina score.
Lopinavir's rank improves substantially if SMINA scores for flexible docking are used. The
improvement in SMINA scores for Lopinavir is due to the changes in the receptor conformation at
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the active site for residues Met49 and Gln189 (Table 3). The improvement in the SMINA scores (8.5 kcal/mol) is observed for the 2.16 Å structure (6lu7) as well as for the higher resolution 1.31 Å
structure (5r82), but not for the Apo form (6yb7, 1.25 Å). SMINA scores indicate that the
interaction of other protease inhibitors is also weaker if the Apo is used as the target structure.
These data indicate that movements at the residues Met49 and Gln49, as well as minor movements
of other residues at the binding site are important for the interaction of Lopinavir with the main
protease of SARS-CoV-2. Conformational flexibility has also been observed in X-ray diffraction
based structures of main protease of SARS-CoV [59].
All protease inhibitors listed in clinical trials have predicted dissociation constants that are equal to
or better than 4 M and SMINA scores  8.0 kcal/mol. The four drugs that have the highest
SMINA scores are: Danoprevir, Darunavir, Lopinavir and Methylprednisolone. The drugs that have
the best SMINA scores also are the ones that have the biggest differences from Vina scores,
indicating that changes in receptor conformation play an important role in the binding of these
drugs. In addition to the protease inhibitors, four drugs have high predicted binding affinities for the
main protease of SARS-CoV-2, Sildenafil, Itraconazole, Sofosbuvir and Methylprednisolone.
These may represent false positives or potential for dual roles for these drugs. The large volume of
the binding site of SARS-CoV-2 enables binding of molecules which may not inhibit its activity.
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4. Discussion
The primary limitations of the docking based virtual screening strategy are the high false positive
rates and low correlation coefficients between estimated binding energy and experimental measures
of activity reported in some earlier studies [60, 61]. Even if the same scoring function and target
receptor structure are used, differences in predicted binding constants can arise due to differences in
charges assigned to the receptor, the method used for relaxation of the receptor, flexibility of the
receptor, charge type added to the ligand, differences in use of united atoms, size and centering of
the grid used to calculate the molecular potential, the exhaustiveness of the search as well as due to
the randomness of the search procedure [62, 63]. Therefore, it is not surprising that there are
differences in the potential drugs identified by molecular docking based virtual screens reported by
different groups [64]. Despite these limitations, the estimates of binding energy provide valuable
information that can be used to guide and analyze the results of complimentary studies [65, 66],
such as, Molecular Dynamics based estimates of free energies, in vitro studies, in vivo studies and
clinical studies. The limitations of docking have been mitigated in this study by use of high
resolution experimental structures of the target, utilization of precise knowledge of the location of
binding site, availability of structural information regarding the Apo as well as complex, and
structural information regarding multiple ligands in complex with the target.
Lopinavir, Ritonavir and Nelfinavir have been reported in earlier studies as potential drug
candidates that target Mpro of SARS-CoV-2. The results of this virtual high throughput screening
study, based on the reported structure of Mpro obtained from X-ray crystallographic data, are
consonant with the earlier predictions. The binding energies for Lopinavir and Ritonavir (Vina score
of -7.4 to -7.7 kcal/mol), predicted in this study, are consistent with preliminary clinical data
indicating effectiveness for these drugs [34]. Potentially more effective drugs, with higher affinity,
have been identified in this study. Beclabuvir, with a predicted binding energy of -10.4 kcal/mol
(Vina), was identified as the drug with the best binding energy (Table 2). However, based on
approval status and similarity of binding mode, Saquinavir with a predicted binding energy of -9.3
kcal/mol (Vina) is the best novel candidate drug (Table 1 and Figure 3).
Darunavir, an HIV protease inhibitor, is predicted to have the best binding energy (-7.8 kcal/mol,
Vina; -8.8 kcal/mol SMINA) among the class of protease inhibitors that have been approved for
human clinical indications and are currently in clinical trials for treatment of COVID-19 (Table 3).
The Virtual Screening of all drugs approved for clinical use identified Saquinavir, also an HIV
protease inhibitor, with a predicted binding energy of -9.3 kcal/mol (Vina), indicating a potential for
increased efficacy (Table 1).
Many drugs that are under consideration for treatment of COVID-19 were chosen based on the
similarity of the protein sequences of SARS-CoV-2 to the drug targets of other coronaviruses [67].
However, for many drugs, similarity of sequence does not guarantee that a drug developed for a
similar virus will be effective for the virus of interest. Even a single mutation is sufficient to cause
substantial changes in the binding affinity. Docking studies, are more sensitive to changes in the
structure of the target and provide a more reliable guide to identify drugs that have the potential to
be repurposed for treatment of COVID-19. The results of Molecular Docking for compounds
currently in clinical trials predicted that Danoprevir, currently in Phase 4 clinical trials for treatment
of COVID-19, has the best binding energy for inhibition of Mpro of SARS-CoV-2 (-9.3 kcal/mol,
Vina, Table 3). Danoprevir is an inhibitor of NS3 protease used for treatment of Hepatitis C.
Danoprevir (included in Ganovo) has been approved by China's FDA for treatment of Hepatitis C
[68]. The screening of all drugs in the approved category list in SuperDRUG2 database identified
Beclabuvir, an inhibitor of Hepatitis C NS5B protease, as the drug having the best binding energy
(-10.4 kcal/mol, Vina) for interaction with Mpro of SARS-CoV-2, indicating a potential for higher
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efficacy. Beclabuvir has been approved as part of a fixed dose combination in Japan for treatment of
Hepatitis C virus genotype 1 [69]. However, at present, neither Beclabuvir nor Danoprevir are listed
at the FDA server at fda.gov for list of approved drugs.
Methyprednisolone, currently in Phase 4 clinical trials for therapy of COVID-19, is a glucocorticoid
that is approved for disorders that require inhibition of pro-inflammatory signals. Thalidomide, an
immunomodulatory and anti-inflammatory agent has been used with Methylprednisolone for
successful treatment of one case of COVID-19 (unpublished data, [70]). One of the causes of the
COVID-19 associated mortality is that high viral loads cause severe inflammation and the body
responds with a cytokine storm [71]. Overreaction of the human immune system to such a cytokine
storm can result in multiple organ failures and production of large amounts of mucous in the lungs
[72]. The presence of large amount of mucous in the lungs is a major contributor towards the acute
respiratory distress syndrome (ARDS). Short term, low to moderate doses of methylprednisolone
or equivalent corticosteroids have been recommended for critically ill COVID-19 patients to
mitigate these effects [73]. Molecular Docking based binding energy (Table 3) indicates that
Methylprednisolone may have an unexpected ability to bind and inhibit Mpro of COVID-19.
Surprisingly, Methylprednisolone, whose mode of action is not recognized as protease inhibition, is
predicted to be an inhibitor of SARS-CoV-2 Mpro, with a calculated dissociation constant in the
M range (Table 3). Therefore, Methylprednisolone may assist in inhibition of viral replication, in
addition to its primary role of immunosuppression. This prediction, if confirmed, indicates that
Methylprednisolone has multiple modes of action, and that the off target effects are beneficial for
therapeutic applications. The potential advantages of drugs for COVID-19 with antiviral and antiinflammatory actvities have been described earlier [74]. Baricitinib an anti-inflammatory drug for
rheumatoid arthritis was identified as a potential antiviral using an information graph approach [74],
and it is being investigated in Phase 3 clinical trials for treatment of COVID-19. The data in Table
3 suggests its antiviral activity may involve protease inhibition of SARS-CoV-2 Mpro.
Although the Mpro of SARS-CoV-2 is a cysteine protease and its active site is devoid of the C2
symmetry of the aspartic protease of HIV, the molecular docking based binding energies reported in
this study, as well as unpublished reports of binding free energy calculations, predict that several
HIV-protease inhibitors that are currently approved for treatment of AIDS, such as Saquinavir,
Darunavir, Indinavir, Nelfinavir, Tipranavir, Lopinavir and Ritonavir, have the potential to be
repurposed for treatment of COVID-19. In addition, the results of this study indicate that protease
inhibitors of Hepatitis C virus, Beclabuvir and Danoprevir, have stronger binding affinity for Mpro
of SARS-CoV-2, than the strongest binding HIV-protease inhibitors.
A clinical trial of Lopinavir-Ritonavir for treatment of severe COVID-19 has yielded negative
results [35]. Although, it is possible that Lopinavir-Ritonavir may be useful for less severe cases
and in combination with other drugs [75], it would be worthwhile to investigate the repurposing of
the approved drugs identified in this study which are predicted to have higher affinity for SARSCoV-2 Mpro.

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 March 2020

doi:10.20944/preprints202002.0418.v2

Peer-reviewed version available at Combinatorial Chemistry & High Throughput Screening 2020, 23; doi:10.2174/1386207323666200814132149

5. Conclusions
Drug repurposing is one of the most attractive options for life threatening pandemics that propagate
rapidly, such as COVID-19, especially when there is no alternative medicine or vaccine.
Computational studies can be used for rapid identification of potential therapeutics for drug
repurposing [76]. The results of this virtual screening predict that the cardiac glycosides, Digoxin
and Digitoxin, which are used to manage atrial fibrillation, are inhibitors of the main protease of
SARS-CoV-2. Patients with cardiovascular disorders are at higher risk from COVID-19 [77].
Therefore, observational studies on patients using Digoxin may be used to assess the potential
utility of these cardiac glycosides for prevention or alleviation of COVID-19.
Saquinavir and Beclabuvir were identified as the best novel protease inhibitor candidates for
COVID-19 therapy by using Virtual Screening of clinically approved drugs and the structure of
SARS-CoV-2 Mpro determined from X-ray diffraction data. The results of this study also
rationalize the limited data regarding effectiveness of drugs for COVID-19 therapy, and provide
information that can be utilized for choice of candidate drugs for in vitro studies and in vivo studies.
The predicted binding and ranking of drugs will also be useful to interpret the results of ongoing
clinical trials that are testing small molecule drugs for effectiveness against COVID-19.
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Tables
Table 1. Predicted binding energies of selected approved antiviral drugs (kcal/mol). The target
protease, Mpro of SARS-CoV-2, was rigid for Vina calculations and SMINA calculations were
carried out with flexible residues at the active site. The resolution of the target structure is given in
brackets (Å). The ligands (RZS or N3) were removed from the structure of the complex before
docking with the ligand of interest.

Vina
SMINA
SMINA
SMINA
SMINA
6lu7 (2.16)
6lu7 (2.16)
6lu7 (2.16)
5r82 (1.31) 6yb7 (1.25)
Complex with Complex with Complex with Complex with
Apo
N3
N3
N3
RZS
Rigid
Flex 41,145
Flex 49,189
Flex 49,189 Flex 49,189
Beclabuvir
-10.4
-10.0
-10.5
-8.5
-8.1
Saquinavir
-9.3
-9.2
-8.9
-9.2
-8.3
Indinavir
-8.5
-8.5
-8.1
-8.0
-8.7
Nelfinavir
-8.0
-7.8
-8.3
-8.5
-7.8
Amprenavir
-7.9
-7.7
-7.9
-7.9
-7.2
Tipranavir
-7.9
-7.7
-8.8
-8.0
-8.2
Darunavir
-7.8
-8.7
-7.8
-7.1
-7.8
Ritonavir
-7.5
-7.7
-8.0
-7.2
-6.8
Lopinavir
-7.4
-7.5
-8.5
-8.5
-7.6
Fosamprenavir
-7.3
-8.1
-8.0
-8.4
-7.3
Atazanavir
-7.2
-7.2
-7.5
-8.0
-7.5
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Table 2. Highest scoring approved drugs from SuperDrug2 database (kcal/mol). The target
protease, Mpro of SARS-CoV-2, was rigid for Vina calculations and SMINA calculations were
carried out with flexible residues at the active site. The resolution of the target structure is given in
brackets (Å). The ligands (RZS or N3) were removed from the structure of the complex before
docking with the ligand of interest.

Beclabuvir
Nilotinib
Lifitegrast
Tadalafil
Saquinavir
Venetoclax
Casopitant
Digitoxin
Digoxin
Dihydroergocornine
Ledipasvir
Tirilazad
Bisantrene
Elbasvir
Trametinib

Vina
SMINA
SMINA
SMINA
SMINA
6lu7 (2.16) 6lu7 (2.16) 6lu7 (2.16) 5r82 (1.31) 6yb7 (1.25)
Complex
Complex
Complex
Complex
Apo
with N3
with N3
with N3
with RZS
Rigid
Flex 41,145 Flex 49,189 Flex 49,189 Flex 49,189
-10.4
-10.0
-10.5
-8.5
-8.1
-9.7
-9.5
-10.3
-9.1
-8.5
-9.4
-9.4
-8.8
-9.2
-8.5
-9.4
-9.2
-9.9
-9.4
-8.2
-9.3
-9.2
-8.9
-9.2
-8.3
-9.3
-9.4
-10.6
-9.7
-9.0
-9.2
-8.8
-9.1
-8.7
-8.8
-9.2
-10.2
-10.4
-9.3
-9.5
-9.2
-10.2
-10.0
-9.5
-9.6
-9.2
-9.3
-9.7
-9.5
-9.3
-9.2
-8.4
-9.5
-8.7
-9.1
-9.2
-9.8
-10.1
-9.4
-9.6
-9.1
-8.6
-9.0
-9.1
-8.9
-9.1
-8.8
-9.2
-8.3
-8.1
-9.1
-8.5
-9.1
-8.3
-8.6

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 9 March 2020

doi:10.20944/preprints202002.0418.v2

Peer-reviewed version available at Combinatorial Chemistry & High Throughput Screening 2020, 23; doi:10.2174/1386207323666200814132149

Table 3. Estimated binding energies (kcal/mol) and dissociation constants (M), for docking of Main
protease of SARS-CoV-2 with small molecule drugs in clinical trials for therapy of COVID-19. All
drug categories in this Table, other than Direct Acting Antiviral (DAA) Protease Inhibitors (PI),
represent potential off-target interactions.

Potential Drug

Status

Vina
score

SMINA Dissociation
Category
score
Constant

Danoprevir

Phase 4

-9.3

-10.0

1.5E-07

DAA
PI

( Hepatitis C )

Asc09f

Phase 3

-8.1

-8.0

1.1E-06

DAA
PI

( HIV/AIDS )

Darunavir

Phase 3

-7.8

-8.8

1.9E-06

DAA
PI

HIV/AIDS

Ritonavir

Phase 4

-7.5

-8.0

3.2E-06

DAA
PI

HIV/AIDS

Lopinavir

Phase 4

-7.4

-8.5

3.7E-06

DAA
PI

HIV/AIDS

Sildenafil

Phase 3

-8.2

-8.4

9.7E-07

Pulmonary arterial
hypertension

Itraconazole

Phase 2

-8.1

-8.1

1.1E-06

Pulmonary
aspergillosis

Sofosbuvir

Phase 3

-8.0

-8.4

1.4E-06

Methylprednisolone

Phase 4

-7.8

-8.6

1.9E-06

Rheumatism /
Allergy

Baricitinib

Phase 3

-7.5

-7.9

3.2E-06

Rheumatoid
arthritis

Remdesivir

Phase 3

-7.5

-7.8

3.2E-06

Ebastine

Phase 4

-7.5

-7.0

3.2E-06

DAA

DAA

Approved for /
(Experimental)

Hepatitis C

( Ebola and
Marburg )
Allergic rhinitis
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Figures
Figure 1a : Comparison of experimentally determined binding mode of ligand N3 (6lu7) and the
binding mode predicted with Vina. Experimentally determined ligand is green and predicted bound
conformation of N3 is blue.
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Figure 1b : Comparison of experimentally determined binding mode of ligand N3 (6lu7) and
binding mode predicted with SMINA. Experimentally determined ligand is green and predicted
bound conformation of N3 is blue.
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Figure 2 : Experimentally determined binding mode of ligand N3 (6lu7) and binding mode of
Beclabuvir predicted with SMINA. Surface of target, SARS-CoV-2 Mpro, is green. N3 is green
and Beclabuvir is blue.
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Figure 3 : Experimentally determined binding mode of ligand N3 (6lu7) and binding mode of
Saquinavir predicted with SMINA. Surface of target, SARS-CoV-2 Mpro, is green. N3 is green
and Saquinavir is blue.
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Appendix-1
SMINA scores for docking of drugs in clinical trials with Main protease of SARS-CoV-2.

6lu7 (2.16) 6lu7 (2.16) 5r82 (1.31)
6yb7 (1.25)
Complex
Complex
Complex
Apo
(N3)
(N3)
(RZS)
Flex 41,145 Flex 49,189 Flex 49,189 Flex 49,189
Danoprevir

-8.9

-10.0

-8.4

-8.2

Asc09f

-8.0

-7.3

-7.5

-7.5

Darunavir

-8.8

-7.8

-7.1

-7.8

Ritonavir

-7.8

-8.0

-7.2

-6.8

Lopinavir

-7.5

-8.5

-8.5

-7.6

Sildenafil

-8.2

-8.4

-8.2

-7.5

Itraconazole

-8.0

-8.1

-7.7

-7.1

Sofosbuvir

-8.0

-8.4

-8.4

-7.7

Methylprednisolone

-7.6

-8.6

-7.6

-8.2

Baricitinib

-7.2

-7.9

-7.4

-7.3

Remdesivir

-7.8

-7.1

-7.5

-7.1

Ebastine

-6.8

-6.7

-7.0

-6.5

