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Abstract: Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a coronavirus that
causes the pandemic Coronavirus Disease 2019 (COVID-19). There is no current specific treatment for
this new coronavirus. In this study, we employed a virtual screening repurposing strategy to search
for potential SARS-CoV-2 Mpro inhibitors. The databases PDB, ChEMBL, BindingDB and DrugBank
were queried with several filtering steps based on ligand-based and structure-based approaches.
As a result, we obtained 58 molecules (37 from ChEMBL and 21 from DrugBank) that potentially
inhibit SARS-CoV-2 Mpro. These molecules have on their chemical structure functional groups
that favor stronger docking scores than the inhibitor N3. Several of these molecules are reported
experimentally as SARS-CoV Mpro inhibitors. Hence, a combined virtual screening strategy allowed
finding chemical compounds with a high potential for the inhibition of SARS-CoV-2 Mpro.
Keywords: SARS-CoV-2; docking; virtual screening; repurposing

1. Introduction
Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) is a coronavirus that has
caused a pandemic designated Coronavirus Disease 2019 (COVID-19) [1]. This virus is transmitted
byrespiratory secretions between humans by direct contact or respiratory droplets. Most infected
individuals suffer a mild disease or are asymptomatic. However, elderly people with comorbidities,
such as diabetes, hypertension, and obesity, are prone to severe pulmonary disease that can cause
death. The numbers of cases with severe disease complications are surpassing the capacity of health
services around the world. This makes the disease a worrisome threat for public health services
worldwide. Due to its recent origin related to bats [2], there is no specific treatment to combat the
SARS-CoV-2 virus.
The SARS-CoV-2 genome produces 16 non-structural proteins and four structural proteins: spike
(S), nucleocapsid (N), membrane (M) and envelope (E). These structural proteins are involved in
virus survival within host cells [3]. Due to their evident importance, these proteins are suitable
targets to develop new drugs for a pharmacological treatment. Several studies have used drug
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repurposing strategies that focus on the mechanism of entry, replication, and other viral targets to
rapidly identify potential therapeutics [4]. The study by Kumar and Singh, using a small subset
of 75 FDA antiviral drugs, found that the antivirals, lopinavir-ritonavir, tipranavir and raltegravir,
could bind to SARS-Cov-2 Mpro with similar binding affinity to the inhibitor N3 [5]. Attempts to
identify potential scaffolds were made with a pharmacophore model and Activity Cliff Analysis [6].
Thirty-eight structurally diverse compounds were analyzed using a nuclear magnetic resonance
(NMR) fragment-based approach, which identified triclabendazole, emedastine and omeprazole as
potential Mpro inhibitors. Oxytetracycline and other twelve structurally potential inhibitors were
also identified with a virtual screening approach using 7 million drug-like compounds from the
ZINC15 database [7]. Additionally, 23 drugs from 12 different groups were evaluated using an infected
cell-based assay, where hydroxychloroquine and azithromycin were the most promising compounds [8].
Another study found withaferin A and artesunate as promising SARS-CoV-2 Mpro inhibitors [9].
Moreover, other compounds have been tested for inhibition using computational models. For example,
the interface of S protein in its human receptor ACE2 was used as a target to repurpose 47 compounds,
applying an in silico docking protocol [10]. The same approach was applied to the prediction of
SARS-CoV-2 main protease (Mpro) inhibitors that are also involved in the replication and transcription
of the virus [11,12]. Some methodologies are based on a consensus score strategy using two different
docking tools [13,14] or molecular dynamics (MD) simulation [15,16]. The use of molecular dynamics is
useful for binding the free energy calculations and have been used to identify key interacting residues
of Mpro in protein-ligand complex analysis [15].
Although SARS-CoV-2 Mpro has been previously analyzed in silico, pre-print studies already
mentioned did not explore the wide chemical space available for testing repurposing computational
protocols. Hence, in this study, we expand the drug predictions to inhibit SARS-CoV-2 Mpro by mining
the PDB, ChEMBL, BindingDB and DrugBank databases through a virtual screening protocol with a
combination of ligand-based and structure-based approaches. To this end, different cheminformatics
and molecular modeling techniques were applied according to the information retrieved from each
database. As a result, we obtained potential drug candidates different from previous reports that could
inhibit the SARS-CoV-2 Mpro protein.
2. Experimental Section
2.1. Data Preparation
The crystallized structure of SARS-CoV-2 Mpro in complex with the inhibitor N3 (PDB ID: 6LU7)
was downloaded from the protein data bank (PDB). The DoGSiteScorer tool [17] from the Proteins Plus
server was used to identify the residues corresponding to the N3 binding site on 6LU7. This binding site
was structurally aligned against 157,521 protein structures obtained from the PDB using the TM-align
tool [18]. The alignment score can have any value from 0 to 1, where structures with a score higher
than 0.5 assume the same fold. Therefore, proteins with structures scored above 0.5 were searched on
ChEMBL and BindingDB to retrieve compounds with known inhibition activity.
On the other hand, 1,940,733 compounds were analyzed from the ChEMBL database. Lipinski’s
rule of five was applied to these compounds, to obtain potential orally administered drugs. Additionally,
10,695 approved and experimental drugs retrieved from DrugBank were analyzed.
All compounds were downloaded in SDF format. Then, MACCS key fingerprint was calculated
for each compound. MACCS key is a set of 166 binary values that characterize all the molecular
properties of a two-dimensional (2D) chemical structure. The fingerprints were used to calculate
compound similarity with the inhibitor N3 using the Tanimoto coefficient. Those compounds with
Tanimoto below 0.75 were discarded. Later, the remaining compounds were minimized and converted
to mol2 using the pybel library in Python. The prepare_ligand4.py script from MGLTools 1.5.6 [19]
was used to add Autodock atom types and Gasteiger charges to each compound.
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2.2. Molecular Docking
Autodock vina 1.1.2 software [20] was employed to perform the docking calculations. The structure
of the SARS-CoV-2 Mpro in complex with the inhibitor N3 (PDB ID: 6LU7) was used as the receptor.
The structure was prepared for docking using the Dock Prep tool from UCSF Chimera 1.14.1 [21].
This tool helps remove water molecules, ions, and unwanted ligands from the crystal. Additionally,
it helps to repair the missing side, add hydrogens, and charge. Furthermore, the prepare_receptor4.py
script from MGLTools 1.5.6 was used to add Autodock atom types and Gasteiger charges to the protein
structure. The receptor was treated as rigid. The conformational search space was determined by
settling the coordinates to the center of the inhibitor N3. Like other authors, this was covalently bound
to Cys145 in the PDB 6LU7 [15,22]. Therefore, before docking, the unbounded N3 structure with a
proper valence was downloaded from the PDB ligand record (http://www.rcsb.org/ligand/PRD_002214).
Autodock atom types and charges were added with MGLTools. The docking pose of N3 had a vina
score of −7.6 Kcal/mol. This value was used as a cut-off in the structure-based virtual screening.
2.3. Interaction Pattern Calculation
The crystallographic structures of SARS-CoV-2 Mpro with 22 non-covalent ligands on the active
site were retrieved from Diamond Light Source (www.diamond.ac.uk/). Protein-ligand Interaction
Profiler (PLIP) [23] was used to calculate interactions occurring with each ligand.
3. Results and Discussion
To identify potential inhibitors of SARS-CoV-2 Mpro four databases (PDB, ChEMBL,
BindingDB and DrugBank) were virtually screened.
3.1. Screening of Known CoV Inhibitors
The diagram in Figure 1 shows the sequential step followed in this section. First, to identify
protein structures with a similar binding site to the SARS-CoV-2 MPro, a set of 157,521 proteins
contained in the PDB were compared by TMalign. Based on the alignment score, there is a clear
difference between the number of structures before and after the value of 0.5. Therefore, a total of 128
crystal structures above this value were selected as similar to the Mpro structure. These structures
correspond to 22 unique proteins from 10 different viral species. Once these proteins were identified,
a search of active compounds against them was performed at the BindingDB and ChEMBL databases.
A total of 328 unique active compounds against SARS-CoV (n = 319), MERS-CoV (n = 3) and 3C-like
protease from human-CoV-NL63 (n = 6) were found. Therefore, these compounds were docked on the
SARS-CoV-2 Mpro binding site as potential inhibitors. Based on the cut-off of −7.6 Kcal/mol (vina score
for inhibitor N3), 144 compounds (Table S1) were selected as potential Mpro binders. The majority
of the compounds retrieved from the databases were considered potential binders to SARS-CoV-2
Mpro, due to the high similarity among the proteases mentioned above, especially SARS-CoV and
SARS-CoV-2 Mpro, which showed 96% similarity [24]. The potential binders were clustered in six
groups using MACCS key fingerprints and the Tanimoto distance. This helped us to analyze diverse
structural binders, highlighting those that could have some advantages on their functional groups for
the binding.
The compounds with the highest vina score in each cluster were considered lead drugs.
Their structures are shown in Figure 2 along with the IC50 values for SARS-CoV Mpro and the
vina score obtained for SARS-CoV-2 Mpro.
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Figure 1. The selection process of compounds from BindingDB and ChEMBL. Selected compounds
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The compounds with the highest vina score in each cluster were considered lead drugs. Their
structures are shown in Figure 2 along with the IC50 values for SARS-CoV Mpro and the vina score
obtained for SARS-CoV-2 Mpro.

Figure 2. Potential lead inhibitors of SARS-CoV-2 Mpro obtained by comparison with others similar
proteins. (A) N3 Structure. (B) CHEMBL63354 (D.S.: −10.2 kcal/mol, IC50 = 8.3 µM against 3CL-PRO
SARS-CoV). (C) CHEMBL3808795 (D.S.: −9.7 kcal/mol, IC50 = 44.7 µM against 3CL-PRO SARS-CoV).
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(D) CHEMBL3099535 (D. S: −9.3 kcal/mol, IC50= 100.0 μM against 3CL-PRO SARS-CoV). (E) 50176857
(D.S.: −8.9 kcal/mol, IC50= 11.7 μM against 3CL-PRO SARS-CoV). (F) 503435553 (D.S.: −8.2 kcal/mol,
IC50= 101.0 μM against 3CL-PRO SARS-CoV. (G) 11243 (D.S.: −8.0 kcal/mol, IC50= 100.0 μM against
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Figure 4. Top 10 potential inhibitors of SARS-CoV-2 Mpro from the ChEMBL database obtained by
fingerprints and molecular docking. (A) CHEMBL2047043 (D.S.: −9.6 kcal/mol). (B) CHEMBL1940937
(D.S.: −9.1 kcal/mol). (C) CHEMBL3666013 (D.S.: −8.8 kcal/mol). (D) CHEMBL562054 (D.S.: −8.3 kcal/mol).
(E) CHEMBL2047043 (D.S.: −8.3 kcal/mol). (F) CHEMBL3900791 (D.S.: −8.3 kcal/mol). (G) CHEMBL469898
(D.S.: −8.3 kcal/mol). (H) CHEMBL4300783 (D.S.: −8.3 kcal/mol). (I) CHEMBL3233752 (D.S.: −8.3 Kcal/mol).
(J) CHEMBL1437444 (D.S.: −8.2 kcal/mol). D.S.: Docking score.

The four leading compounds (CHEMBL1940937, CHEMBL3900791, CHEMBL4300783,
and CHEMBL3233752) of this top 10 share a 4-isopropyl-1,3-benzodiol moiety and an isoxazole
group. Previous studies against SARS-CoV indicated that compounds with a bulky phenyl group
2
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Figure 8. Top 10 compounds obtained by analyzing the interactions with key residues. The
of interest (I. I.) indicate a binding mode similar to the known inhibitors of SARS-CoV-2.
interactions of interest (I. I.) indicate a binding mode similar to the known inhibitors of SARS-CoV-2.
(A) CHEMBL562054 (D.S.: −8.4 kcal/mol, 9 I. I.). (B) CHEMBL4300783 (D.S.: −8.3 kcal/mol, 9 I.
(A) CHEMBL562054 (D.S.: −8.4 kcal/mol, 9 I. I.). (B) CHEMBL4300783 (D.S.: −8.3 kcal/mol, 9 I. I.). (C)
I.). (C) CHEMBL20247011 (D.S.: −8.1 kcal/mol, 9 I. I.). (D) CHEMBL1940937 (D.S.: −9.1 kcal/mol,
CHEMBL20247011 (D.S.: −8.1 kcal/mol, 9 I. I.). (D) CHEMBL1940937 (D.S.: −9.1 kcal/mol, 8 I. I.). (E)
8 I. I.). (E) CHEMBL64623 (D.S.: −8.3 kcal/mol, 8 I. I.). (F) DB07816 (D.S.: −8.5 kcal/mol, 8 I. I.).
CHEMBL64623 (D.S.: −8.3 kcal/mol, 8 I. I.). (F) DB07816 (D.S.: −8.5 kcal/mol, 8 I. I.). (G)
(G) CHEMBL1383217 (D.S.: −8.1 kcal/mol, 8 I. I.). (H) CHEMBL1866805 (D.S.: −8.0 kcal/mol, 8 I. I.).
CHEMBL1383217 (D.S.: −8.1 kcal/mol, 8 I. I.). (H) CHEMBL1866805 (D.S.: −8.0 kcal/mol, 8 I. I.). (I)
(I) CHEMBL1392860 (D.S.: −7.7 kcal/mol, 8 I. I.). (J) CHEMBL1740647 (D.S.: −7.7 Kcal/mol, 7 I. I.). D.S.:
CHEMBL1392860 (D.S.: −7.7 kcal/mol, 8 I. I.). (J) CHEMBL1740647 (D.S.: −7.7 Kcal/mol, 7 I. I.). D.S.:
Docking score.
Docking score.
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The top compound was CHEMBL562054, which interacts with three key residues in the binding
site. CHEMBL562054 forms hydrogen bonds with Gly143, Ser144, and Cys145. These residues form
the oxyanion hole which stabilizes the transition state of Mpro, and they are a common target to
achieve its inhibition [2,36]. These interactions also affect the catalytic dyad formed by His41 and
Cys145 [18]. The residues Glu166 and Gln189 are at the entrance of the pocket [12], which is blocked
through H-bonding. The isoxazole moiety of CHEMBL4300783 binds by H-bond with Gly143, Ser144,
and Cys145. In addition, the resorcinol ring destabilizes the catalytic dyad through hydrogen bonding
with His41, and Thr26. The rest of the structure interacts hydrophobically with Asn142, Glu166,
and Gln189. The next compound CHEMBL2047011 is an α-ketoamide proposed as a potential norovirus
3CL protease inhibitor [1]. This type of inhibitor has already been evaluated against SARS-CoV-2
Mpro showing favorable results [24]. The main features of the docked pose of CHEMBL2047011 are
the hydrogen bonds with the oxyanion hole and the catalytic dyad as well as Glu166. The compound
DB07816 shows a higher score than the previous compounds. It interacts mainly with its carboxylate
group, which forms H-bonds with Leu141, Gly143, Ser144, and Cys145. Additionally, it creates a salt
bridge with His163. Apart from these, there are some hydrophobic interactions with His41, Met165,
Glu166 and Gln189. Although it seems that the isoxazole moiety could play an important role in Moro
inhibition, the docked pose of CHEMBL64623 did not show any interaction of this group with the
binding site. The majority of the hydrogen bonding occurs with carbamate atoms.
On the other hand, the compound with the highest score, CHEMBL1940937, forms seven
hydrogen bonds. Three of these bonds occur by the isoxazole group. Therefore, although different
ligands could have the same interactions, isoxazole favors the docking score. Three compounds,
CHEMBL1866805, CHEMBL1392860 and CHEMBL1383217, have similar docked poses, where most of
the interactions are hydrogen bonds which occur through the isoxazole and the acetamide moieties.
Finally, CHEMBL1740647 is the only compound that forms a π-stacking interaction with His41. It does
not have any interaction with the oxyanion hole, but interacts through hydrogen bonding with Glu166
and Gln189.
4. Conclusions
In this study, virtual screening of four chemical databases helped to identify potential SARS-CoV-2
Mpro inhibitors. Using a docking approach, several structurally diverse compounds were bound to the
Mpro binding site with a score higher than the N3 inhibitor. These compounds were clustered based
on their structural difference to identify the structural features of potential SARS-CoV-2 inhibitors.
An analysis of known CoV-inhibitors showed that amentoflavone could be a potent SARS-CoV-2
inhibitor. This compound has several hydroxyl groups that could be related to its high docking
score. The ligand-based approaches from the CHEMBL database indicates that Hsp90 inhibitors,
such as CHEMBL1940937, CHEMBL3900791, CHEMBL4300783 and CHEMBL3233752, could be other
SARS-CoV-2 inhibitors. They highlight the importance of the isoxazoline and morpholine group on the
structure of the potential inhibitor Mpro. The molecular docking of the DrugBank database suggests that
DB07458 exhibits better interactions than the inhibitor N3 on the active site. Considering this, the indole
group seems to play a key role in the binding to Mpro. Finally, a confrontation of protein-ligand
interactions from known SARS-CoV-2 inhibitors versus previous compound screening suggests that the
best potential lead drug could be CHEMBL562054. This analysis suggested that π-stacking interaction
with His41 and hydrogen bonding with Glu166 are the main interactions involved in the ligand binding
to Mpro.
Supplementary Materials: The following are available online at http://www.mdpi.com/2218-0532/88/4/54/s1,
Table S1: Results from molecular docking of known CoV inhibitors on SARS-CoV-2 Mpro; Table S2: Compounds
obtained from screening the ChEMBL database; Table S3: Leaders from ChEMBL clusters; Table S4: Compounds
obtained from screening the DrugBank database; Table S5: Leaders from DrugBank clusters; Table S6: List of
non-covalent bindings of SARS-CoV2; Table S7: 2D structure of the predict inhibitors of SARS-CoV-2 Mpro protein.
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