
Page 1/35

Drug Design and Repurposing with DockThor-VS
Web Server: Virtual Screening focusing on SARS-
CoV-2 Therapeutic Targets and their Non-Synonym
Variants
Isabella A. Guedes  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Leon S. C. Costa  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Karina B. dos Santos  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Ana L. M. Karl  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Gregório K. Rocha  

Instituto Federal Fluminense - IFF, Macaé - RJ, Brazil
Iury M. Teixeira  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Marcelo M. Galheigo  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Vivian Medeiros  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Eduardo Krempser  

Fundação Oswaldo Cruz - Fiocruz, Rio de Janeiro - RJ, Brazil
Fábio L. Custódio  

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Helio J. C. Barbosa 

https://doi.org/10.21203/rs.3.rs-96789/v1


Page 2/35

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil
Marisa F. Nicolás   (  marisa@lncc.br )

Laboratório de Bioinformática (Labinfo), National Laboratory for Scienti�c Computing - LNCC,
Petrópolis - RJ, Brazil
Laurent E. Dardenne   (  dardenne@lncc.br )

Grupo de Modelagem Molecular em Sistemas Biológicos (GMMSB), National Laboratory for Scienti�c
Computing - LNCC, Petrópolis - RJ, Brazil https://orcid.org/0000-0001-8518-8062

Research Article

Keywords: Virtual Screening, DockThor, Docking, Molecular Targets, SARS-Cov-2, Drug Repurposing

Posted Date: October 23rd, 2020

DOI: https://doi.org/10.21203/rs.3.rs-96789/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

Version of Record: A version of this preprint was published at Scienti�c Reports on October 23rd, 2020.
See the published version at https://doi.org/10.1038/s41598-021-84700-0.

mailto:marisa@lncc.br
mailto:dardenne@lncc.br
https://orcid.org/0000-0001-8518-8062
https://doi.org/10.21203/rs.3.rs-96789/v1
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41598-021-84700-0


Page 3/35

Abstract
The COVID-19 caused by the SARS-CoV-2 virus was declared as a pandemic disease in March 2020 by
the World Health Organization (WHO). Structure-Based Drug Design strategies based on docking
methodologies have been widely used for both new drug development and drug repurposing to �nd
effective treatments against this disease. In this work, we present the developments implemented in the
DockThor-VS web server to provide a virtual screening (VS) platform with curated structures of potential
therapeutic targets from SARS-CoV-2 incorporating genetic information regarding relevant non-
synonymous variations. The web server facilitates repurposing VS experiments providing curated libraries
of currently available drugs on the market. Currently, DockThor-VS provides ready-for-docking 3D
structures for wild type and selected mutations for Nsp3 (papain-like, PLpro domain), Nsp5 (Mpro,
3CLpro), Nsp12 (RdRp), Nsp15 (NendoU), N protein and Spike. We performed VS experiments of FDA-
approved drugs considering the therapeutic targets available at the web server to assess the impact of
considering different structures and mutations in the identi�cation of possible new treatments of SARS-
CoV-2 infections. The DockThor-VS is freely available at www.dockthor.lncc.br.

Introduction
Pandemic COVID-19 caused by the infection of severe acute respiratory syndrome (SARS) coronavirus 2
(SARS-CoV-2), initially described near the end of 2019 1, left the world in lockdown and reached almost
35.6 millions of con�rmed cases including  1,042,798 deaths by September 2020 (WHO Coronavirus
Disease (COVID-19) Dashboard, 06 September 2020 https://covid19.who.int). SARS-CoV-2 belongs to the
genus Betacoronavirus of the subfamily Coronavirinae, which includes other coronaviruses (CoVs), such
as those responsible for the outbreaks of the severe acute respiratory syndrome (SARS-CoV) in
2002/2003 and the Middle East respiratory syndrome (MERS-CoV) in 2012 1,2. The emergence of these
CoVs, including SARS-CoV-2, demonstrated versatile host ranges and tissue tropism of these pathogens
that can infect the respiratory, gastrointestinal, hepatic, and central nervous systems of humans, birds,
bats, pangolins and many other wild animals 3. 

The CoVs genome is a single-stranded positive-sense RNA (+ssRNA) of approximately 30 Kb with 5'-cap
and 3'-poly-A tail 4. The SARS-CoV-2 genomic sequence is more similar (96.2%) to bat SARS (SARSr-CoV;
RaTG13) 5 than to human SARS-CoV (about 79%) or MERS-CoV (about 50%) 6. However, SARS-CoV-2
uses the same receptor on the eukaryotic membrane surface as SARS-CoV, the angiotensin II-converting
enzyme (ACE2) 7 Although a new Spike-mediated CD147 receptor viral invasion route has recently been
demonstrated for SARS-CoV-2, mediating viral invasion and dissemination of virus among other cells 8,9.

Structurally, the SARS-CoV-2 genome is organized in the order of the 5'-replicase polyprotein (ORF1/ab)-
structural proteins [Spike (S)-Envelope (E)-Membrane (M)-Nucleocapsid (N)]-3'. There is a frameshift of -1
between ORF1a and ORF1b, leading to the production of two polypeptides: pp1a and pp1ab. Also, these
polypeptides are processed into 16 non-structural proteins (Nsps, Nsp1‐16), whose cleavage is mediated

https://covid19.who.int/
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by the Mpro (Nsp5, 3CLpro or main protease) and a papain-like protease (Nsp3, PLpro) 10. Other ORFs in
a third of the genome near the 3' terminal encode four main structural proteins: Spike, membrane,
envelope and nucleocapsid proteins. Besides, the new CoV encodes accessory structural proteins, namely
ORF3a, 6, 7a/b and ORF8, altogether totalling 29 proteins. All structural proteins are translated from viral
subgenomic messenger RNAs (sgRNAs) produced by the replication and transcription complex (RTC),
which includes both the RNA-dependent RNA polymerase (Nsp12, RdRp) 4,10 and the 3'-5 'exoribonuclease
with a functional proofreading-repair activity (Nsp14, ExoN) 4.

Albeit their high copying �delity, mutations in CoVs are observed as consequences of three known
processes, namely (i) as lesions during the error-prone repair process; (ii) as a mechanism of RNA
recombination and segment reassortment; (iii) by host-dependent RNA editing systems, such APOBECs
and ADARs 11. These genetic processes give rise to clouds of intra-host variants, according to the viral
quasispecies dynamics 12. Consequently, during the pandemic outbreak, the generations of polymorphic
viral quasispecies can promptly arise interacting within the host, allowing viral immune evasion,
resistance to antiviral drugs, as well as affecting the sensitivity of molecular diagnostic tests. Therefore,
the monitoring of genomic changes in SARS-CoV-2 for identifying regions associated with drug
resistance and vaccine evasion is essential in the design of antiviral therapies. 

There is a global effort from academic and non-academic groups to evaluate and develop an effective
treatment for COVID-19. Many drug repositioning studies and compounds evaluation to develop new
antiviral drugs against SARS-CoV-2 have been developed using experimental 13–15  and
theoretical/computational 16–20 approaches. More speci�cally, there is a vast interest in the use of high-
throughput virtual screening approaches using different molecular modelling methodologies to
investigate drug repositioning libraries and a plethora of different compounds databases focusing on
distinct SARS-CoV-2 molecular targets. Such computational studies often serve as a basis for further in
vitro and in vivo studies. However, the success of virtual screening experiments depends on factors that
are often not trivial to be addressed by non-specialist researchers. Among the main factors are: (i) the
correct choice and preparation of the molecular target structure (e.g., protonation states of ionisable
residues, incorrect side-chain conformations); (ii) proper preparation of the compound libraries (e.g., pH-
dependent protonation states, tautomerism, isomerism); (iii) receptor �exibility and, especially, induced-�t
effects due to ligand binding; (iv) ligand �exibility (especially for peptides and macrocycle containing
molecules); (v) performance of particular docking programs and scoring functions; and (vi) availability of
computational resources for high-throughput virtual screening experiments. Moreover, possible genomic
variations in the active/binding site region of molecular targets can drastically affect the binding mode
and a�nity of ligands and, consequently, change the identi�cation of promising compounds. 

Nowadays, the fast-increasing amount of available structural and genomic data of SARS-CoV-2 protein
targets enhances the success of virtual screening and molecular modelling experiments. Herein, we
adhere to research groups around the world to enhance both new antiviral and drug repurposing research
to develop an effective treatment for COVID-19. Our focus is on improving the DockThor-VS web server as
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a virtual screening platform with the monitoring of the emergence of relevant non-synonymous mutations
on SARS-CoV-2 target proteins. The DockThor-VS web server is freely available for the scienti�c
community since 2013 as a docking platform for drug discovery containing the main steps of protein,
cofactor and ligand preparation, being able to deal e�ciently with a wide diversity of protein-ligand
systems for both binding mode and a�nity prediction.

Herein, we present the developments implemented in the DockThor-VS web server as an effort to provide
for the scienti�c community the possibility to perform COVID-19-related virtual screening experiments
with: (1)  curated structures of potential therapeutic targets from SARS-CoV-2 Nsp3 (papain-like, PLpro
domain), Nsp5 (Mpro, 3CLpro), Nsp12 (RdRp), Nsp15 (NendoU), Nucleocapsid phosphoprotein (N) and
Spike considering wild types and selected variants, and (2) curated libraries of the currently available
drugs on the market. 

To the best of our knowledge, the DockThor-VS platform is the unique virtual screening server that
provide to the users curated datasets of both wild type and relevant mutants from SARS-CoV-2
therapeutic targets and prepared datasets for drug repurposing.

Besides the consideration of relevant protein target mutations, our approach differs from other platforms
mentioned in the literature 21,22 by accounting for the following relevant aspects (cited above) when
performing a virtual screening experiment. (i) For each protein target, we chose a set of structures that
represent different relevant conformations complexed with different ligand types (e.g., ligands covalently
bound or not, side chains conformations closing or opening the binding site), thus providing an ensemble
of representative structures of the �exibility of the receptor. (ii) For each protein target, the protonation
states of ionisable residues were carefully investigated in the available literature. (iii) The repurposing
libraries available to the users were carefully prepared considering the different protonation states and
tautomerism for each compound. (iv) The DockThor docking program 23 was specially developed to deal
with highly �exible ligands, and it is very suitable to dock highly �exible peptides 24. (v) Macrocycle drugs
were subjected to a special treatment to generate distinct conformations. (vi) The availability of the
dataset of SARS-CoV-2 therapeutic targets allow the users to perform target �shing projects to search for
the most promising target for the investigated compounds.

The DockThor-VS platform (freely available at https://www.dockthor.lncc.br) is coupled to the SDumont
Brazilian supercomputer platform, supporting virtual screening experiments with up to 200 compounds
for guest users and 5,000 compounds for registered projects.

In the next sections, we will show the technical details associated with the target selection and generation
of the compound libraries and also some general features of the DockThor-VS platform. We show and
discuss the results of repurposing virtual screening experiments considering the six therapeutic targets.
We also assess the impact of considering different protein structures and mutations in the identi�cation
of possible new lead compounds to treat SARS-CoV-2 infections.
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Results And Discussion
Dataset of potential therapeutic targets

Non-structural protein 3 (Nsp3, papain-like protease - PLpro)

The multi-domain non-structural protein 3 (Nsp3) is the largest protein produced by the coronavirus,
comprising 16 different domains and regions that regulate viral infection, with the papain-like protease
domain (PLpro) being the most widely targeted domain from Nsp3. Since the outbreaks of SARS-CoV in
2003 and MERS-CoV in 2012, the three-dimensional structure of Nsp3 has been solved by X-ray
crystallography and nuclear magnetic resonance (NMR) spectroscopy. Currently, we provide in the
DockThor-VS web server monomeric structures and genomic variations of the PLpro domain. Structural
information and selected mutations regarding the Macrodomain I/II/III (MacI/II/III) or active ADP-ribose-
100-phosphatase domain (ADRP, app-1”-pase) will be available soon. 

PLpro is a cysteine protease that processes the amino-terminal end of the replicase polyprotein (pp1a)
generating mature Nsp1, Nsp2 and Nsp3 proteins through self-catalyzed cleavage reaction 25.  This
protein is also responsible for aiding the coronavirus in its invasion by counteracting host innate
immunity. Indeed, the PLpro is a multifunctional enzyme capable of cleaving the viral polyprotein, and
also functions as a deubiquitinase (DUB) and deISGylating (deconjugating interferon-stimulated gene 15
[ISG15] molecule from modi�ed substrates), using identical catalytic residues 26. Thus, the therapeutic
inhibition of PLpro would have two antiviral effects: restoration of the antiviral effect of
deubiquitinylation/ISGylation and inhibition of viral replication by blocking polyprotein cleavage 27.

The SARS-CoV-2 PLpro catalytic site is composed of a classic triad Cys111-His272-Asp286. Cys111
performs the nucleophilic attack on the peptidic substrate, while His272 and Asp286 act by stabilizing the
intermediate of the reaction 25. Trp106 forms the oxyanion site participating in the stabilization of the
negatively charged intermediate. Many non-covalent inhibitors interact at an allosteric site near the
catalytic site. This allosteric site is mainly composed by the Asn267-Tyr268-Gln269 residues, forming a β-
turn secondary structure 25. Its �exibility is well described in the literature and is mainly characterized by
distinct conformations of the residue Tyr268, which usually makes stacking interactions with aromatic
groups of some inhibitors. The protonation state of the residues of the catalytic triad was de�ned based
on the mechanism of reaction proposed in the literature for SARS-CoV 25: neutral Cys111, His272 neutral
at NE2 and Asp286 negatively charged.

To date, there are 16 PLpro crystal structures in the PDB. Given the �exibility observed for Tyr268 from the
allosteric site and Leu162, located at the entrance of the catalytic site, we provide to the users two
prepared structures related with the PDB codes 6W9C  (apo structure) and 6WX4 27 (solved in complex
with a covalently bound peptide inhibitor) Figure 1. In both structures, the Tyr268 is presented on an open
conformation, allowing the binding of ligands with different sizes. The recently solved structure of PLpro



Page 7/35

complexed with a non-covalently bound compound (PDB code 7JIW) will be provided soon in the
DockThor-VS.

Non-structural protein 5 (Nsp5, Mpro, 3CLpro)

As is well-known in coronaviruses, the two overlapping polyproteins pp1a and pp1ab, �rstly produced
after infection, are further proteolytically processed into 16 non-structural proteins (Nsp1–16). This
proteolytic process is carried out in a coordinated manner by the PLpro and the Mpro 28. Mpro is also
known as 3-chymotrypsin-like cysteine protease (CCP or 3CLpro), that �rst is auto-cleaved from
polyprotein pp1a to yield the mature enzyme and then digests the remaining pp1a (at least by 11
conserved sites) to produce the downstream non-structural proteins (Nsps 6 to 16) 29. Given the pivotal
role of Mpro in the viral life cycle, it becomes an attractive target for the design of anti-SARS drugs.

The Mpro consists of a homodimer with each polypeptide composed by the domains I (residues 8-101), II
(residues 102-184) and III (residues 201-303). The substrate-binding site is located in a cleft between the
domains I and II and has the Cys145-His164 catalytic dyad as the reaction center, following a mechanism
similar to other coronaviruses. Currently, there are 191 structures of the Mpro deposited in the PDB with
many of them complexed with covalent or noncovalent inhibitors. At this moment, we provide to the users
the dimeric structure of the Mpro in two distinct conformations (PDB codes 6LU7 28 and 6W63), which
are complexed with covalent and noncovalent inhibitors, respectively. The superposition of the structures
highlights some important conformational changes within the ligand binding site, mainly the residues
Met49, Asn142 and Gln189, reinforcing the importance of considering multiple protein conformations in
virtual screening experiments to accommodate distinct compounds (Figure 2). The 6LU7 conformation
was the �rst structure experimentally solved for SARS-CoV-2 with an inhibitor, while the 6W63 contains a
drug-like reversible inhibitor at the binding site.  In the preparation process, the protonation states and
�ips of key residues were manually adjusted to provide to the users the Mpro structures with neutral
His41 at ND1, the catalytic Cys145 protonated (i.e., neutral), neutral His163 at NE2 and neutral His164 at
NE2.

Non-structural protein 12 (Nsp12, RdRp)

To replicate and transcript positive ssRNA, an RNA-dependent RNA polymerase (RdRp, also known as
Nsp12) of coronaviruses has evolved to perform this process forming an intricate complex with several
non-structural proteins (Nsps) produced as cleavage products of the ORF1a and ORF1ab viral
polyproteins. Nsp12 catalyzes the synthesis of viral RNA and possibly with the assistance of Nsp7 and
Nsp8 that function as cofactors 30. It has been demonstrated in SARS-CoV-2, that the overall architecture
of the Nsp12-Nsp7-Nsp8 complex is similar to that of SARS-CoV with a root mean square deviation
(RMSD) value of 0.82 for 1078 Ca atoms 31.

RdRp is considered an interesting target for therapeutic solutions against COVID-19, for which the
inhibitor remdesivir (RDV, GS-5734), a nucleoside analogue prodrug of the ebola virus (EBOV) RdRP has
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been already approved 32. Since the nucleoside analogues have a high structural similarity, other similar
drugs such as favipiravir, which was effective in clinical trials, can be used as an inhibitor 33.

The conserved architecture of the Nsp12 core consists of a right-hand RdRp domain (residues Ser367 to
Phe920) and a nidovirus-speci�c N-terminal extension domain (residues Asp60 to Arg249) that adopts a
nidovirus RdRp-associated nucleotidyltransferase (NiRAN) architecture 31. The average length of the core
RdRp domain is less than 500 amino acids and is folded into three subdomains, namely thumb, palm,
and �ngers resembling a right-handed cup 34. The NIRAN and RdRp domains are connected by an
interface domain (residues Ala250 to Arg365). In addition, COVID-19 virus Nsp12 possesses a newly
identi�ed β-hairpin domain at its N terminus 31. 

The active site of the SARS-CoV-2 RdRp domain is formed by the conserved polymerase motifs A to G in
the palm subdomain and con�gured like other RNA polymerases 31. Particularly, the motifs A and C have
conserved residues that are characteristic of viruses +ssRNA, such as the catalytic aspartates in motifs A
(Asp618) and C (Asp760) 35. Motif B has highly conserved Ser682 that is crucial for the recognition of the
2'-OH group of the NTP ribose as well as Gly683, which is conserved in all RdRps 35. Motif D and motif A,
both guide the structural change of the active site during catalysis 36. Regarding the nucleotide (NTP)
selection by RdRp, motif D has a prime role in the e�ciency and �delity of NTP addition. Indeed, NMR
studies have indicated the inability of motif D to achieve its optimal conformation for catalysis when an
incorrect nucleotide is incorporated, thereby demonstrating its role in the selection of NTPs 37. Motif E
together with motif C interact (in the upstream position) with the newly synthesized backbone of the
second and third nucleotides 35, motif F establishes the upper limit for the entry path of NTPs 35. In the
motif F of SARS-CoV-2, the residue Ala547 of the N-Terminal region is equivalent to the highly conserved
glutamate in almost all +ssRNA viruses 35. This amino acids change leads to structural and possibly
dynamic differences in this region, which in turn can interfere with the RNA synthesis 38. The motif G uses
the residues S96 and A97 that interact with residues +1 and +2 of the backbone of the template ribbon to
move it vertically 35,39.

To date, eight RdRp structures have been deposited at the PDB. We provided at the DockThor-VS platform
the RdRp conformation found in the RdRp-RNA-remdesivir complex (PDB code 7BV2 40, Figure 3) without
the RNA primer and the inhibitor remdesivir to allow the virtual screening experiments with the free
binding site.

Non-structural protein 15 (Nsp15, endoribonuclease, NendoU)

The Nsp15 of SARS-CoV-2 is a nidoviral RNA uridylate-speci�c endoribonuclease (NendoU) that displays
its RNA endonuclease activity (speci�c for uridine) acting on both, single-stranded RNA and double-
stranded RNA 41. Recently, Susan Baker’s Lab revealed for the �rst time, the molecular mechanism of
Nsp15, in which the NendoU activity limits the generation of 5′-polyuridines from negative-sense viral
RNA, termed PUN. The PUN can act as a CoVs MDA5-dependent pathogen-associated molecular pattern
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(PAMP), which in turn can activate the type I interferon (IFN) response in macrophages. The authors
found that NendoU cleaves the polyU sequence on the PUN RNA, limiting the length and abundance of
the polyU extension. These studies revealed the function of NendoU during replication is to reduce the
length of polyU sequences, thus limiting the potential to generate PAMPs and activate the host sensor
MDA5. Consequently, the NendoU activity delays recognition by the host innate immune sensors and
thus, Nsp15 is a highly conserved virulence factor and a potential target for antiviral and vaccine
strategies 42.

The Nsp15 endoribonuclease from SARS-CoV-2 is composed of 347 amino acid residues (sequence from
Met1 to Gln347) 41. The SARS-CoV-2 Nsp15 monomers group into a functional hexamer, composed by a
dimer of trimers 41. The hexameric form is pivotal for the enzymatic activity. Each monomer presents
three domains: (i) the N-terminal (Nsp15-NTD, residues 1-62), formed by an antiparallel β-sheet wrapped
around two α-helices; (ii) the central middle (residues 63-191), formed by β-strands and short helices; and
(iii) the C-terminal catalytic NendoU domain (NendoU, residues 192-347), formed by two antiparallel β-
sheets. Currently, there are seven high-resolution crystal structures of Nsp15 endoribonuclease from
SARS‐CoV‐2 available at the PDB containing the three domains.

The active site is located at the CTD, �anked by �ve α-helices in its concave surface, in a shallow groove
between two β sheets, and contains six highly conserved residues: His235, His250, Lys290, Thr341,
Tyr343 and Ser294. Based on the similar arrangement of its active site with that of Ribonuclease A, the
residues His235, His250 and Lys290 are suggested to be the catalytic triad of the NendoU 41. The
prepared Nsp15 structure is based on the conformation of the protein complexed with tipiracil (PDB code
6WXC) prepared considering the pH of 6.2 and consists of His235 and His250 neutral at NE2 and ND1,
respectively, and Lys290 positively charged (Figure 4). New Nsp15 conformations will be available soon
at the DockThor-VS platform.

Nucleocapsid phosphoprotein (N protein)

The nucleocapsid protein has an essential structural function in CoVs. This is a multifunctional
phosphoprotein that establishes an arrangement with genomic RNA forming the ribonucleoprotein (RNP)
complex and plays a critical role during transcription, virus assembly and antagonism of host’s innate
immunity. As such, the N protein can form a helical �lament structure that is assembled into virions by
interactions with the viral membrane (M) protein 43. Despite its location within the virion rather than on its
surface, it has been identi�ed as is highly immunogenic and abundantly expressed during viral infection
44. Interestingly, it has been demonstrated that the antibody to the SARS-CoV-2 N protein is more sensitive
than the Spike protein antibody during the early infection 45. In regards to the context of viral infection,
the nucleocapsid protein acts as a viral suppressor of RNAi (VSRs), and thereby it antagonizes one of the
cell-intrinsic antiviral immune defence mechanisms of the host 46. Particularly, during RNA viral infection,
virus-derivated dsRNA (vi-dsRNA) are generated, which could be recognised and cleaved by the host
endonuclease Dicer into virus-derived siRNAs (vsiRNAs). These vsiRNAs ultimates are integrated into de
Argonaute protein within the RNA-induced silencing complex (RISC) directing the destruction of cognate
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viral RNAs in infected cells47. Jingfang Mu and collaborators (2020) showed that nucleocapsid of SARS-
CoV-2 associates with dsRNA and suppresses RNAi by sequestrating viral dsRNA in cells, which probably
prevents its recognition and cleavage by the host endonuclease Dicer 46. Therefore, the N protein also
represents a prime immune evasion factor of SARS-CoV-2, contributing to the pathogenicity of this novel
coronavirus. Consequently, the nucleocapsid phosphoprotein can be an attractive target, for example, to
inhibit the stages of the viral life cycle, or else to recover the host's immunity mediated by an antiviral
RNAi system.

The structure of N protein from coronavirus is composed of the domains N-terminal RNA binding (N-
NTD), C-terminal dimerisation (N-CTD) and central Ser/Arg (SR)-rich linker 48. At the time of writing of this
manuscript, there are 12 experimentally solved structures for the N protein, where three of them are
related to the N-NTD. We provide to the users experimentally solved structures of the N-NTD already
prepared for docking. The preparation of the N-CTD will be available soon. Currently, there are no drugs or
potential compounds experimentally validated as SARS-CoV-2 N protein inhibitors.

Herein, we provide �ve monomeric structures of N-NTD obtained by NMR experiments (PDB code 6YI3) to
account for the protein �exibility, specially the basic �nger moiety, which is commonly locked in one
conformation in the X-ray solved structures available due to crystal lattice contacts 49. According to
studies with the N protein from In�uenza virus, antiviral drugs targeting N proteins should stabilise the
monomeric form or induce abnormal oligomerisation, or interfere with the RNA binding 50. Also, they
suggested that the monomeric form binds to the replicating viral RNA in infected cells.

Recently, surface plasmon resonance (SPR) analysis experiments of SARS-CoV-2 N-NTD show low
binding a�nities for different kinds of ribonucleotide (AMP/UMP/CMP), except GMP, suggesting potential
distinct ribonucleotide-binding mechanism between SARS-CoV-2 and HCoV-OC43 N protein 48. Some
important characteristics observed in the experimentally solved structures of SARS-CoV-2 N-NTD protein
that may explain these �ndings are: (i) the N-terminal tail is highly �exible and adopts more opened
conformations than in HCoV, probably allowing the interaction with viral RNA genome of high order
structure, (ii) replacement of Tyr102 in HCoV to Arg89 located near to the nitrogenous base recognition
site, (iii) phosphate-binding site containing Thr54 and Ala55 in SARS-CoV-2 instead of Ser67 and Gly68 in
HCoV.

According to NMR-based titration experiments of N-NTD with a short double-stranded RNA (5'-CACUGAC-
3' and 5'-GUCAGUG-3'), the amino acid residues Ala50, Thr57, His59, Arg92, Ile94, Ser105, Arg107, Arg149,
Tyr172 were proposed to form the molecular interface of the N-NTD: RNA complex 49. Curiously, some key
residues involved in RNA recognition on other CoV N proteins such as HCoV, Tyr109 and Tyr111, were not
affected by the RNA binding in the NMR titration experiments. However, they are well conserved among
the coronavirus and remain to occupy the same spatial region in the SARS-CoV-2 structures when
compared to the HCoV-OC43 structure (PDB code 4LI4 51). 
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Thus, we provide to the users �ve distinct conformations of the N-NTD solved with NMR after clustering
the 31 conformations containing the Glu174 on an opened conformation and selecting representative
structures according to the �exibility of the residues Arg102 and Tyr109 (Figure 5). The suggested
binding site for docking experiments is centred on the hotspot located at the surface of the N-NTD
between the �nger and palm subdomains, which have been claimed as essential for RNA binding and a
target site for small molecules 49.

Spike glycoprotein

Spike S protein is a class I virus fusion protein 52, it is the limiting factor for the virus to enter the host cell
53 and uses Angiotensin-Converting Enzyme 2 (ACE2) and human dipeptidyl peptidase-4 (hDPP4) as the
main receptor 54. 

Spike is a homotrimer in which each monomer has about 180 kDa and contains approximately 1,255
residues 55. It consists of the N-Terminal-Domain (NTD) S1 subunit that covers residues 1 - 667 and will
direct the link with the receptor, and the C-Terminal-Domain (CTD) S2 subunit that covers residues 668 -
1255 and will be responsible for the merger between virus and host membranes 55. The S1 subunit is the
main target for the development of new drugs because it has a region responsible for the interface of
interaction with the host receptor called Receptor Binding Domain (RBD) that is between residues 333 -
527, whereas the RBD region that performs direct contact with the receptor is called Receptor Binding
Motif (RBM) and is located between residues 438 - 506 56.

By describing the conformation states "up" and "down" (6-8) of Spike's S1 structure, it is possible to
illustrate the states of interaction with the receptor 57.  As such, in the “down” con�guration the receptor is
in an inaccessible state, while in the “up” con�guration the receptor is in an accessible state. Since the
ACE2 receptor only interacts with the RBD when it is in the “up” conformation, the down conformation
would leave the RBD inaccessible to ACE2 or even to any possible inhibitor on this interface 58. For this
reason, all the structures that we are providing to the users are in the “up” conformation.

Until now, there are 69 structures available in the PDB related to the SARS-CoV-2 Spike protein, of which
nine are complexed with ACE2 and four with neutralising antibodies. Currently, we provide at the
DockThor-VS platform three Spike structures: the Spike-ACE2 complex and without ACE2 (PDB code
6M0J 56), and the Spike conformation found in the PDB code 7BZ5 59 without the neutralizing antibody
(Figure 6).

In the preparation process, we kept the Asn and Gln �ips predicted by the PrepWizard/PROPKA tool, since
some of them are part of the Spike protein-protein interaction interface and may be in�uenced by the
interacting partner. For example, Gln493 and Asn501 were predicted with distinct �ips when Spike is
complexed with ACE2 (PDB code 6M0J) or the neutralizing antibody (PDB code 7BZ5). 

Non-synonymous variations in the selected targets
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The ongoing pandemic spread of SARS-COV-2 is resulting in the increasing generation of thousands of
genome sequences (available in the GISAID repository, https://www.epicov.org, 140,000 sequences on
07/10/2020). Then, massive sequencing of SARS-CoV-2 genomes allows performing innumerable
comparative, evolutionary and epidemiological analyzes, as well as to identify genetic mutations, such as
synonymous or non-synonymous variations (NSVs), deletions and nucleotide insertions. Particularly, for
the rational drug design, more attention is given to the study of NSVs in the coding regions since the
substitution of amino acids can affect fold, binding a�nity, post-translational modi�cation, protein-
protein interaction (PPI) and other protein characteristics 60. Even so, some NSVs may not produce visible
changes in the structure of the protein; in that case, the mutation may not have a biological impact
(neutral). Alternatively, with the intra- and inter-host viral evolution in infected humans (quasispecies
dynamics), the purifying selection can eliminate deleterious mutations over time, which are more
detrimental to the pathogen's �tness, or else the positive selection promotes the spread of bene�cial ones
61. 

The estimated mutation rate underlying the global diversity of SARS-CoV-2 is approximately 6×10−4

nucleotides/genome/year 62, which is considered moderate for coronaviruses that have the Nsp14
proofreading correction mechanism. Currently, the genomic analysis of more than 55 thousand
circulating genomes from patient samples showed that there are more than 16 thousand non-
synonymous substitutions among 26 out of 29 proteins encoded on the SARS-CoV-2’s genomes in
comparison with the reference genome sequence of isolate Wuhan-Hu-1 (NC_045512.2) (CoV-GLUE 63,
accessed on July 7, 2020). The distribution of this genomic diversity shows huge allele frequency for �ve
replacement amino acid in just four proteins, namely Spike (D614G, 75.81%), Nsp12 (P323L, 75.62%), N
(R203K, 29.95% G204R, 29.88%) and ORF 3a (Q57H, 22.93%). The remainder corresponds to numerous
NSVs with low alleles frequency (~11% to 0.002%). Ultimately, this can be explained by the positive
selection that acts at a higher rate after the zoonotic transfer, suggesting an increasing mutant load in the
circulating strains of SARS-CoV-2 in the epidemiological scenario 64.

Considering 55,189 SARS-CoV-2 genomes, the total number of variants per target that exceeded one
thousand replacements was 1,131 (Nsp12), 2,078 (Spike) up to 3,196 (Nsp3), while this value was lower
than 1,000 for N (848), Nsp15 (707) and Nsp5 (377) (CoV-GLUE 63, accessed on July 7, 2020). Then, we
chose a total of 16 NSVs among the six targets (Table S1), whose corresponding variant structures are
available to the users through the DockThor-VS web server. For the selection of these mutations, we
assessed the impact of the occurrence of the residue in the catalytic region and its possible interaction
with a  ligand, as well as the amino acid properties (hydropathy, charge and side chain) between a residue
in the reference genome and its replacement corresponding in the patient sample. Alternatively, we also
have taken into account the effect on the biological function (neutral vs deleterious) and searched in the
literature any mutagenesis experiments with evidence for alteration in the protein’s molecular function
and/or viral �tness in CoVs involving the focused residue.
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For PLpro, we chose three amino acid substitutions with neutral functional effect, whose corresponding
residues fall into the Peptidase C16 domain (Table S1).  So far, we have selected only the replacement
M165I on the Mpro, highlighting that the residue falls on a beta-sheet and is directly part of the ligand
binding site, with the side chains oriented towards the ligand (Table S1). Here, we are describing one
selected non-synonymous variation on the RdRp, namely G683V with deleterious functional effect (Table
S1). Replacement G683V on the RdRp increases the volume of the side chain of a highly conserved
glycine 35 and it has already been described in vitro as a deleterious NSV 31. We selected the four non-
synonymous variations on the Nsp15, S293A, S293T (Ser294 in PDB 6VWW), Y342C and Y342H (Tyr343
in PDB 6VWW), whose residues are falling directly on the ligand interaction binding site. Particularly
NSVs S293A and S293T are interesting since the Ser293 accounts as the key residue for enzyme
discrimination between uracil to cytosine, or adenine to guanine bases 41. For the nucleocapsid
phosphoprotein, we selected the NSVs A50V, R92S and R149L, whose residues fall on the RNA-binding
surface of its cognate domain 65. These substitutions have a neutral (A50V and R92S) or deleterious
(R149L) predicted functional effect (Table S1).

Finally, for the Spike glycoprotein of the SARS-CoV-2, we selected four amino-acid substitutions (N439K,
F456L, G476S and V483A) (Table S1), whose residues are located on the receptor-binding motif (RBM)
that is comprised between residues 437 to 508 56. The residues Phe456 and Asn439 are both important
for the interaction interface with the human receptor ACE2. Regarding Phe456, it is interesting to mention
that single amino acid substitution on the equivalent residue in SARS-CoV Spike glycoprotein (Leu443)
affected both the antibody binding and neutralisation 56. Similarly, mutagenesis assays in SARS-CoV on
the equivalent residue of Asn439 (Arg426) demonstrated that at least two amino acid substitutions
signi�cantly reduced binding to ACE2 66. Concerning the residue Gly476, deletion mutagenesis of the
equivalent positively charged region in the RBD of the SARS-CoV Spike (SΔ, 422-463) abolished the
ability to induce potent neutralising antibodies in vivo as well as mediate viral entry 67. On the other hand,
studies with the equivalent position of the residue Val483 in MERS-CoV (Ile529) showed that single
amino acid substitution reduced the host’s receptor a�nity, with the consequent increase in resistance to
antibody-mediated neutralisation 68

Virtual screening for drug repurposing

We performed virtual screening experiments with DockThor-VS for the e-Drug3D dataset at the reference
pH (6.6 to 7.4) for all SARS-CoV-2 targets available at the platform so far (e.g., PLpro, Mpro,RdRp,
NendoU, Spike and N protein) using the wild type genomic variant. When the protein target has more than
one conformation, we adopted an ensemble docking strategy to select the top-scored binding pose
according to the predicted a�nity for each drug (see Section 3.6 for details). 

The virtual screening results of the drugs currently under clinical trials against COVID-19 are present in
Table 1. Considering all targets and all drugs evaluated, we found that the majority of the predicted
binding a�nities are in the range of high to low micromolar a�nity units (scores higher than -6.8
kcal/mol correspond to binding a�nity values higher than ~ 10 µM, whereas scores lower than -8.2
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kcal/mol corresponds to submicromolar a�nities). This result is expected since many drugs under
clinical trials exhibited no activity or only modest inhibitory effects in some experimental studies reported
in the literature 69–71. However, we found some interesting results that deserve to be highlighted. We
identi�ed ledipasvir, imatinib, lopinavir and daclatasvir as the most promising drugs under clinical trials.
They all show a good multi-target pro�le and exhibit some predicted binding a�nities at low nanomolar
concentration (Table 1). 

Ledipasvir is an antiviral to treat chronic Hepatitis C targeting the non-structural protein  5A from the HCV
(NS5A)  and was predicted as the most potent Mpro inhibitor (score = -10.59 kcal/mol) among the drugs
currently ongoing clinical trials against COVID-19. Also, ledipasvir was predicted as the most potent drug
under clinical trials against Spike and RdRp (scores of -9.66 kcal/mol and -9.16 kcal/mol, respectively).

Daclatasvir was the top-ranked drug against the N protein (score = -9.50 kcal/mol). Daclatasvir is also an
inhibitor of NS5A from HCV and might also be a promising Nsp5 inhibitor, with a predicted binding score
of -9.43 kcal/mol. 

Lopinavir is another antiviral drug inhibitor of the HIV-1 protease administered in combination with other
antiretrovirals in the treatment of AIDS. Herein, it was predicted as the most potent drug against Nsp15 in
the virtual screening experiments.

The anticancer imatinib is an Abl kinase inhibitor with anti-SARS-CoV effect through blocking fusion of
viral envelope with the cell membrane 73. According to the virtual screening results, it also potentially
inhibits the SARS-CoV-2 Mpro target with a docking score of -10.10 kcal/mol, interacting at the binding
site with key residues such as His163 and Met49. 

Ivermectin, montelukast, posaconazole, ritonavir and telmisartan also show an interesting multi-target
pro�le having predicted binding a�nities below sub-micromolar concentration for at least �ve targets.

Prazosin is an alpha-1 antagonist used to treat hypertension that is currently under clinical trials to
evaluate its e�cacy and safety in preventing the COVID-19 cytokine storm. In our virtual screening
experiments, it was predicted as the best Nsp3 drug among those currently under clinical trials with a
moderate docking score of -8.84 kcal/mol.
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Table 1. Virtual screening results of drugs ongoing clinical trials for the drug targets available at
DockThor-VS. A�nity predictions (kcal/mol) are given for the top-energy pose according to the ensemble
docking strategy. The top-scored drug for each target is underlined and the most promising target for
each drug is highlighted in bold.
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Name # Studies1 PLpro Mpro RdRp NendoU N protein Spike
Acetylcysteine 5 -6.13 -6.28 -6.48 -6.32 -6.28 -6.74
Amodiaquine 1 -7.57 -8.23 -7.23 -7.64 -7.96 -7.79
Atorvastatin 4 -7.65 -8.73 -7.37 -6.92 -7.97 -8.71
Atovaquone 2 -7.68 -8.28 -7.91 -8.50 -8.33 -8.12
Azithromycin 71 -7.90 -7.73 -7.73 -7.88 -7.75 -8.40
Baricitinib 12 -7.53 -7.96 -6.43 -8.26 -7.98 -7.61
Chloroquine 29 -7.92 -8.06 -7.49 -7.88 -8.10 -7.65
Chlorpromazine 2 -7.68 -8.41 -6.74 -7.71 -7.45 -7.61
Ciclesonide 4 -8.04 -8.68 -7.42 -8.45 -8.92 -8.00
Cobicistat 2 -8.36 -9.46 -8.58 -8.82 -9.16 -9.31
Daclatasvir 6 -8.83 -9.43 -8.63 -9.02 -9.50 -9.02
Darunavir 3 -8.07 -8.45 -7.84 -8.27 -8.32 -7.87
Deferoxamine 3 -7.56 -7.86 -7.43 -7.87 -8.20 -7.81
Dexamethasone 18 -7.28 -7.83 -6.90 -8.01 -7.74 -7.60
Disulfiram 1 -7.23 -7.80 -6.74 -7.75 -7.52 -7.22
Eltrombopag 1 -7.96 -8.48 -7.78 -7.60 -8.56 -8.40
Emtricitabine 3 -6.47 -7.03 -6.51 -6.55 -6.64 -6.60
Fingolimod 1 -7.96 -7.46 -6.83 -8.10 -7.64 -7.94
Hydroxychloroquine 185 -7.76 -7.83 -7.42 -7.66 -8.10 -7.70
Ibuprofen 2 -6.86 -7.43 -6.70 -7.26 -7.19 -6.89
Icatibant 1 -6.95 -7.58 -8.97 -7.50 -8.34 -9.04
Imatinib 4 -8.79 -10.10 -7.69 -8.78 -8.66 -8.61
Isotretinoin 5 -7.04 -7.20 -6.93 -7.03 -8.03 -7.72
Ivermectin 36 -8.37 -9.26 -8.62 -8.94 -9.44 -8.78
Ledipasvir 3 -8.47 -10.59 -9.16 -9.25 -9.36 -9.66
Leflunomide 2 -7.15 -7.83 -7.13 -7.79 -7.42 -7.17
Lopinavir 43 -8.80 -8.47 -7.77 -10.12 -9.06 -8.76
Losartan 12 -7.56 -8.42 -7.51 -8.51 -8.39 -8.03
Mefloquine 1 -7.77 -7.46 -7.03 -7.49 -7.17 -7.47
Methylprednisolone 17 -7.76 -7.99 -6.81 -8.05 -7.74 -7.68
Montelukast 1 -8.38 -9.08 -8.65 -8.52 -9.02 -9.28
Niclosamide 3 -7.44 -8.04 -7.28 -7.29 -7.47 -7.68
Nitazoxanide 19 -7.41 -7.77 -6.87 -7.29 -7.57 -7.18
Oseltamivir 9 -7.12 -7.03 -6.83 -7.33 -7.25 -7.64
Prazosin 2 -8.84 -8.57 -7.56 -8.41 -8.53 -7.38
Ribavirin 7 -6.91 -6.45 -6.10 -6.80 -6.84 -6.54
Ritonavir 48 -8.69 -8.70 -7.63 -9.00 -8.85 -8.61
Ruxolitinib 19 -8.16 -8.41 -7.06 -7.83 -7.95 -7.89
Sildenafil  2 -8.26 -8.64 -7.79 -8.08 -8.62 -8.07
Sofosbuvir 7 -7.92 -8.49 -7.29 -8.10 -7.40 -7.48
Telmisartan 9 -8.55 -9.38 -8.12 -8.42 -9.09 -8.60
Tenofovir 1 -6.86 -6.89 -6.86 -6.65 -6.73 -6.90
Thalidomide 2 -7.15 -7.40 -6.66 -7.17 -6.71 -7.21
Tranexamic acid 4 -6.34 -6.59 -6.15 -6.18 -6.54 -7.12
1 Number of clinical trials reported related to COVID-19 by Mapped Drug Intervention at the ClinicalTrials.gov
(accessed on 2020-09-03, https://clinicaltrials.gov/ct2/covid_view/drugs).

We also evaluated the top-20 drug candidates for repurposing that are no ongoing clinical trials for each
SARS-CoV-2 target (Table S2).  One of the most interesting results is associated with the antiviral drug
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elbasvir, which was predicted to interact with both Mpro and N protein at docking scores lower than -10
kcal/mol, suggesting a multi-target effect of this drug. In addition to Mpro and N protein, elbasvir also
was predicted to be within the top-20 drugs for other SARS-CoV-2 targets, i.e., Spike (-9.79 kcal/mol),
NendoU (score = -9.61 kcal/mol) and RdRp (score = -9.21 kcal/mol).

Among the top-ranked drugs predicted to target Nsp3, none of them was predicted with binding a�nities
lower than -10 kcal/mol. However, we can highlight bazedoxifene (score = -9.65 kcal/mol) and
menaquinone (score = -9.50 kcal/mol) as interesting �ndings. Bazedoxifene is a selective estrogen
receptor modulator used to prevent postmenopausal osteoporosis and strong antiviral effects have been
reported for SARS-CoV-2 70,74. Due to its inhibitory effect on IL-6 signalling, bazedoxifene has been
proposed as a promising drug to prevent the cytokine storm, ARDS and mortality in severe COVID-19
patients 75–77. Menaquinone (Vitamin K2) is one of the three types of Vitamin K, and a recent preliminary
study suggested that patients with Vitamin K de�ciency were related to poor prognostic 78. However, there
is no evidence if the administration of menaquinone helps to treat or to prevent COVID-19 infection. 

The Mpro screening predicted six antiviral drugs within the top-20 best-a�nity compounds, where two of
them (i.e., ledipasvir and velpatasvir) are currently ongoing clinical trials. The anti-HCV drugs elbasvir,
pibrentasvir, velpatasvir and ombitasvir are still not being evaluated in clinical trials but could be
promising drugs for repurposing to �ght against COVID-19. The comparison between the experimental
structures of Mpro suggests important conformational changes of amino acid side chains within the
binding site, especially the residues Met49, Asn142, Met165 and Gln189. Imatinib is an example
compound that has both a�nity and binding pose predictions affected by the receptor conformation,
interacting better in the 6LU7 conformation (score = -10.09 kcal/mol, ranked 5th best compound) than in
6W63 (score = -8.80 kcal/mol, ranked at the 100th position). In the 6LU7 conformation, the pyridine group
of imatinib is able to interact deeply in the Mpro binding site, making a hydrogen bond with His163,
whereas in the 6W63 conformation this pyridine moiety is exposed to the solvent (Figure 7). Other
examples that the virtual screening ranking was also strongly affected by the receptor conformation are
posaconazole against PLpro (ranked 7th in 6W9C and 1054th in 6WX4) and elbasvir against the NMR-
derived conformations (ranked 1th in the state-12 and ranked 10th in the state 10). These results show
the importance of using various, carefully selected, conformations of a protein target in virtual screening
experiments. Using only one particular receptor conformation can generate false-negative results: (i) by
discarding promising ligands due to a bad ranking position; (ii) by generating an incorrect ligand binding
mode that could harm further fully �exible interaction analysis of the protein-ligand complexes through
molecular dynamics simulations currently used by many groups 20,79.

The best-scored drug against RdRp was the anticancer dactinomycin (score = -9.88 kcal/mol), a
macrocyclic drug that binds to DNA inhibiting the synthesis of RNA. Associated with the screening result,
its mechanism of action might suggest that dactinomycin is able to interact at the RNA binding site of
RdRp, which is currently available in the DockThor-VS platform in the free form (i.e., without primer and
metal ions observed in the 7BZ5 structure). Ribavirin, a known RdRp inhibitor, was predicted with a weak
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a�nity score = -6.10 kcal/mol) probably due to the concerted mechanism of action with the primer and
metal ions.

The antiviral lopinavir was the only drug that achieved a docking score lower than -10 kcal/mol against
NendoU. Despite this, we highlight lomitapide (score = -9.96 kcal/mol), a drug widely used to treat familial
hypercholesterolemia that was recently found to exhibit anti-SARS-CoV-2 activity on traditional CPE-
based antiviral assay in Vero E6 80. Additionally, lomitapide was also predicted to inhibit Spike with a
docking score of -9.26 kcal/mol, suggesting a multi-target potential.

Elbasvir and �daxomicin were predicted to interact with N protein with docking scores of -10.21 kcal/mol
and 10.00 kcal/mol, respectively. As mentioned before, elbasvir is an antiviral drug predicted to interact
favorably with multiple SARS-CoV-2 targets. Fidaxomicin is a macrocyclic lactone antibiotic drug with
activity against C. di�cile targeting the bacterial RNA synthase 81. If its antiviral effect against SARS-
CoV-2 is con�rmed, �daxomicin could be a promising drug to be repurposed since it has almost no effect
on normal colonic micro�ora and is approved to pediatric use in patients over the age of 6 months 82.

Ombitasvir was the top-ranked compound against Spike and the only compound achieving a docking
score better than -10 kcal/mol. It is an antiviral drug targeting NS5A in the treatment of chronic cases of
Hepatitis C in combination with other antiviral compounds. To date, there are no experimental studies
reporting anti-SARS-CoV-2 effects. However, it might be a promising drug candidate for repurposing due
to the similar mechanism of action to other NS5A inhibitors already reported to have anti-SARS-CoV-2
activity. Furthermore, ombitasvir were predicted to interact with Mpro and NendoU at nanomolar
concentration, thus suggesting that it can also exhibit a multi-target effect on SARS-CoV-2.

Impact of non-synonymous variations in virtual screening

One of the possible impacts of non-synonymous variations is the conference of resistance to some drugs
through the change of the interactions pro�le performed between the compound and key amino acid
residues at the binding site. NendoU-lopinavir is an interesting example to evaluate the in�uence of the
non-synonymous mutation Y343C in the predicted binding mode and a�nity for this complex (Figure 8A).
Lopinavir was predicted to interact with wild type NendoU deeply in the binding site with a docking score
of -10.12 kcal/mol, being characterized by interactions with key residues such as 𝜋-stacking between its
phenyl ring and the Try343 side chain. As expected, the Y343C variation led to the loss of this interaction
and a worst predicted a�nity (-9.33 kcal/mol), with the lopinavir interacting super�cially in the binding
cavity without reaching key residues such as Tyr343 and Ser294, whereas still making favorable
interactions with the receptor. N protein-elbasvir is another interesting example, where the R92S variation
weakened the predicted binding a�nity (scoreWildType = -10.21 kcal/mol versus scoreR92S = -9.68
kcal/mol) led to the loss of the hydrogen bonded formed between the oxygen-containing heterocycle
from elbasvir and the Arg92 side chain in the wild type N-protein, however without signi�cantly changing
the predicted binding mode (Figure 8B). In this context, the availability of both wild type and selected non-



Page 19/35

synonymous variations mainly present in the binding sites targeted by small molecules could be very
useful for the drug design of more potent and effective compounds.

Methods
Analyses of non-synonymous variations

The SARS-CoV-2 genomic sequences were obtained from the GISAID database (www.gisaid.org). The
identi�cation of a non-synonymous variation (NSV) in the selected targets was performed according to
the CoV-GLUE database 63 (http://cov-glue.cvr.gla.ac.uk, accessed on July 7, 2020) and we annotated for
each residue containing NSV the physicochemical properties of the related amino acids in both the
Wuhan-Hu-1 reference sequence (NCBI NC_045512.2) and the genome sequence recovered from GISAID.
The prediction of the biological impact of NSV (deleterious or neutral) was estimated from homology
data combined with BLOSUM62 substitution matrices provided by the PROVEAN algorithm
(http://provean.jcvi.org/index.php). For annotation of the region in the amino acid sequence, where the
residues with NSV are located, we used several databases, such as PDB, InterPro
(https://www.ebi.ac.uk/InterPro/search/sequence) and UniProt-covid19 (https://covid-19.uniprot.org).
Also, we sought carefully and thoroughly in the literature for mutagenesis experiments with evidence of
alteration in the protein molecular function and/or viral �tness in CoVs involving the focused residue.

Preparation of the protein structures

We provided to the DockThor-VS users the structures of some SARS-CoV-2 potential therapeutic targets
for the design of new drugs and vaccines. For this purpose, we initially select the non-structural proteins
Nsp3, Nsp5 (PLpro domain), Nsp12 (RdRp) and Nsp15 (endoribonuclease), and the structural proteins
Spike and nucleocapsid protein (N protein). For the N protein, we clustered 31 conformations with Glu174
present in an opened conformation out of a total of 40 states present in the NMR-derived structure (PDB
code 6YI3 49) to select a small subset representative of the protein �exibility. The aliphatic carbon atoms
from the Glu174 side chain are part of the phosphate binding site and the closed conformation might
lead to steric clashes with potential inhibitors in the binding site. For this purpose, we clustered the
opened states (31 out of 40 states) using the Conformer Cluster tool in Maestro (Maestro, Schrödinger,
LLC, New York, NY, 2020) according to the position of the residues Arg102 and Tyr109 using the weighted
centroid as the linkage method. Finally, the nearest to the centroid structure per cluster was selected as
the representative conformation of each group to be available at DockThor-VS.

In this work, we prepared the protein structures using the Protein Preparation Wizard from Maestro
(Schrödinger Release 2020-2: Maestro, Schrödinger, LLC, New York, NY, 2020)83. Protonation assignment
and hydrogen-bond optimization were performed using ProtAssign and PROPKA 84 at the reported
experimental pH and considering the presence of the bound ligand when available. Metal ions were
considered as cofactors when necessary, whereas water molecules and ligands originally present in the
experimental structures were removed. The protonation/tautomeric states of the binding-site residues

http://cov-glue.cvr.gla.ac.uk/
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and the bound ligand were further visually inspected and appropriate corrections were made guided by
the reaction mechanism of the protein target described in the literature.

in silico point mutation for each of the variations was done using Modeller 85. First, an extended model is
created, using standard topologies, for the mutated sequence. After that, all possible atomic coordinates
are transferred from the wild model to the new mutated model. The missing coordinates are rebuilt using
the standard topologies. The new sidechain atoms are randomly displaced by at most 4.0 Å and then
optimised by two runs of gradient descent. The mutated sidechain is further re�ned by a short round of
Modeller's molecular dynamics. Cognate non-covalent ligands were maintained throughout the protocol
when necessary.

Preparation of the datasets with known drugs

e-Drug3D

The dataset containing the FDA-approved drugs and active metabolites was constructed from the e-
Drug3D dataset, a dataset updated annually and freely available for the scienti�c community at
https://chemoinfo.ipmc.cnrs.fr/MOLDB/index.php 86,87. The e-Drug3D is an essential dataset for many
drug design efforts such as drug repurposing and was carefully constructed with high-quality and curated
structures of FDA-approved drugs and active metabolites. In the June 2019 updated version, there are
1930 structures of approved drugs and active metabolites with molecular weight less than 2000. Small
macrocyclic drugs (backbone with less than 20 heavy atoms) are provided to the users in the original
conformation present in the e-Drug3D dataset. The ensemble of conformations of small macrocyclic
drugs from e-Drug3D is provided on a separated dataset.

Drugs under clinical trials (COVID-19 repurposing dataset)

The dataset of drugs under clinical trials was collected from published articles 13,88–91 and approved
drugs listed on the DrugBank database in the "Clinical Trial Summary by Drug" section. Small
macrocyclic drugs (backbone with less than 20 heavy atoms) are provided to the users in the original
conformation present in the e-Drug3D dataset. The ensemble of conformations of small macrocyclic
drugs from e-Drug3D is provided on a separated dataset.

Macrocycles dataset

A separate dataset for e-Drug3D macrocycle drugs (with backbone size smaller than 20 heavy atoms) is
also provided to the users. This dataset contains distinct macrocycles conformations, representing to
some extent the molecular macrocycle �exibility. The macrocycle conformational sampling was
performed with the Prime macrocycle conformational sampling tool from the Schrödinger 2020-2 suite
 to generate up to 10 conformers for each input structure.

Protonation and tautomeric states

https://chemoinfo.ipmc.cnrs.fr/MOLDB/index.php
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The most probable protonation and tautomeric states of the compounds in the datasets were predicted
with Epik from the Schrödinger 2020-2 suite 83,93. The Epik predictions were based on the pKa estimation
of the ionizable groups on aqueous solvent also considering probable metal-binding states. A maximum
of 16 output structures for each input structure was allowed at reference pH (6.6 to 7.4). Protonation
states at low (4.0 to 6.5) and high (7.5 to 10.0) pH ranges to cover diverse situations observed for many
therapeutic targets will be provided soon.

The DockThor-VS platform

The DockThor-VS web server is based on a suite of programs mainly developed by our research group
GMMSB. The docking engine is the DockThor program, which utilizes a topology �le for the ligand and
cofactors (.top) and a speci�c input �le for the protein (.in) containing the atom types and partial charges
from the MMFF94S49 force �eld. The .top �le of the ligand is generated by the MMFFLigand program,
which utilises the facilities of the OpenBabel chemical toolbox 94 for deriving partial charges and atom
types with the MMFF94S force �eld 95, identi�cation of the rotatable bonds and the terminal hydroxyl
groups, and calculating the properties necessary for computing the intramolecular interactions. In the
MMFFLigand, all hydrogen atoms are considered explicitly. The PdbThorBox program is used to set the
protein atom types, the partial charges from the MMFF94S force �eld considering the nonpolar atoms
implicitly and also to reconstruct missing residue side chain atoms. Thus, in the DockThor-VS platform,
both protein, cofactor and ligands are treated with the same force �eld in the docking experiment. All the
molecular force �eld parameterisations are performed automatically by the programs cited without the
need for intervention by the users. However, some preparation steps of the input molecules can be done
interactively in the web server, such as changing the protonation state of some amino acid residues,
adding hydrogen atoms and freezing rotatable bonds of the ligand (only available for the upload of a
single ligand).

The search space is represented as a grid box where the potentials are stored at the grid points,
signi�cantly reducing the computational cost. Con�guration of the grid box can be interactively set by the
user in the web server through the parameters: center of coordinates, size of the grid and discretization
(i.e., the spacing between the grid points). The initial population is randomly generated within the grid box
using random values for the rotational, translational, and conformational degrees of freedom of the
ligand. For each SARS-CoV-2 therapeutic target, DockThor-VS provides for the users a recommended set
of parameters for the grid box (i.e., center and grid sizes) which the user can use or modify according to
the objectives of his docking experiment.

The DockThor docking program was specially developed to deal with highly �exible ligands, and it is very
suitable to dock highly �exible peptides 24. The program uses a phenotypic crowding-based multiple
solution steady-state genetic algorithm as the search method 96. In this strategy, the parental replacement
method follows the Dynamic Modi�ed Restricted Tournament Selection (DMRTS), which provides a better
exploration of the energy hypersurface and allows the identi�cation of multiple minima solutions in a
single run, preserving the population diversity of the generated structures. The default parameters of this
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algorithm (named Standard) is set in the webserver as follows: (i) 24 docking runs, (ii) 1.000.000
evaluations per docking run, (iii) population of 750 individuals, (iv) maximum of 20 cluster leaders on
each docking run. For virtual screening experiments, we also provide an alternative set of parameters to
accelerate the docking experiment without signi�cantly losing accuracy (named Virtual Screening): (i) 12
docking runs, (ii) 500.000 evaluations per docking run, (iii) population of 750 individuals, (iv) maximum
of 20 cluster leaders on each docking run. The docking experiments are performed on CPU nodes of the
SDumont supercomputer, each one containing two processors Intel Xeon E5-2695v2 Ivy Bridge (12c @2,4
GHz) and 64 Gb of RAM memory. We validated the docking experiments through the redocking of the
non-covalent ligands present in the complexes 6W63 (Mpro) and 6WXC (Nendo-U) using the standard
con�guration, successfully predicting the co-crystallized conformation of each complex (Table S3). The
experimentally observed interactions between the uracil ring from tipiracil and Nendo-U binding site were
correctly predicted for the top-energy solution of tipiracil, whereas the iminopyrrolidin was predicted on an
inverted conformation to optimize the interactions with the protein. In the crystallographic structure, this
moiety is exposed to the solvent and has insu�cient electronic density data.

The scoring function used to score the docked poses of the same ligand is based on the sum of the
following terms from the MMFF94S force �eld and is named “Total Energy (Etotal)”: (i) intermolecular
interaction energy calculated as the sum of the van der Waals (buffering constant 𝛿 = 0.35) and
electrostatic potentials between the protein-ligand atom pairs, (ii) intramolecular interaction energy
calculated as the sum of the van der Waals and electrostatic potentials between the 1-4 atom pairs, and
(iii) torsional term of the ligand. All docking poses generated during the docking step are then clustered
by the in-house tool DTStatistics. The top energy-poses of each cluster are selected as representatives
and made available to the users. In the web server, in the results analysis section, users can choose the
clustering criteria and the maximum number of cluster representatives to be made available. The a�nity
prediction and ranking of distinct ligands are performed with the linear model and untailored for speci�c
protein classes, DockTScoreGenLin scoring function. The DockTScore is a set of empirical scoring

functions recently developed by our research group 97. These scoring functions take into account
important terms for protein-ligand binding, such as intermolecular interactions, ligand entropy and
desolvation. In addition to the current scoring function, in the near future we will also provide the a�nity
prediction using models developed for speci�c target classes such as proteases and protein-protein
interactions (PPIs) and trained with sophisticated machine-learning algorithms 97.

The DockThor program is freely available as a web server at www.dockthor.lncc.br, which provides to the
user the main steps for protein and ligand preparation with PdbThorBox and MMFFLigand, and the
analyses of the results using DTStatistics. The visualization of protein, cofactors and compounds, the
grid location superposed with the protein and the docking results are generated with NGL, a WebGL-based
library for molecular visualization 98. Guest users are allowed to submit VS experiments with up to 200
compounds, whereas registered users with approved projects can submit up to 5,000 compounds per job.
All users have access to the COVID-19 repurposing and Macrocycle datasets, but only registered users
have access to the complete e-Drug3D repurposing dataset. The web server utilises the computational
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facilities of the Brazilian high-performance platform (SINAPAD, https://www.lncc.br/sinapad/) and the
supercomputer SDumont (https://sdumont.lncc.br/).

Conclusions
In the present work, we have described our current efforts to improve and apply a virtual screening
approach at the DockThor-VS platform for the repurposing of known drugs against six selected proteins
of SARS-CoV-2. A relevant aspect of this study is the availability on the platform of both the target
models related to the reference sequence Wuhan-Hu-1 (wild type) and several non-synonymous variants
selected from the epidemiological scenario. 

In this work, we also observe the importance of using various, carefully selected, conformations of the
protein target in virtual screening experiments to decrease the possibility of false-negative results. The
use of only one particular receptor conformation can generate a bad ranking position for promising
ligands or predict an incorrect ligand binding mode that could harm further fully �exible interaction
analysis of the protein-ligand complexes. 

For some non-synonymous variations, we also analyzed the possible impacts in the conference of
resistance to some drugs promoted by the changing of the ligand-protein interaction pro�le. The
availability of both wild type and selected non-synonymous variations could be bene�cial for the drug
design of more effective compounds having a broader spectrum against SARS-CoV-2 genomic variants.

Currently, the DockThor-VS platform provides curated 3D structures for wild type and selected mutations
for papain-like (PLpro domain), Mpro, RdRp, NendoU, N protein and Spike. Given the increasing amount of
3D data available at the Protein Data Bank (PDB), we are continually updating the targets dataset, and
further structures of new targets will be available soon. DockThor-VS will be also continuously updated
with new docking methodologies developed at our research group, mainly for the inclusion of new
strategies for protein �exibility and binding a�nity prediction. 

We believe that the DockThor-VS web server is an excellent alternative for the development of drug
repositioning research against COVID-19, not only for constructing drug libraries and therapeutic target
structures available through the webserver, but also for allowing studies involving new targets structures
provided by the users and virtual screening experiments involving in-house ligand libraries. Moreover, the
results obtained using the docking methodologies provided by DockThor-VS can be used in conjunction
with the results of other docking programs in methodological approaches known in the literature as
consensus scoring 99 and consensus ranking 16. The DockThor-VS web server is freely available at
www.dockthor.lncc.br and utilizes the computational facilities of the Brazilian high-performance platform
and the supercomputer SDumont (https://sdumont.lncc.br/).

Data Availability

https://sdumont.lncc.br/
https://sdumont.lncc.br/
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The DockThor-VS platform is freely available for the scienti�c community at www.dockthor.lncc.br
supporting virtual screening experiments with up to 200 compounds for guest users and 5,000
compounds for registered projects. The three-dimensional structures of the SARS-CoV-2 targets PLpro,
Mpro, RdRp, NendoU, Spike and N protein, both wild types and molecular models of the selected non-
synonymous variations, will be freely available at the DockThor-VS web server as Protein Data Bank
format (.pdb) at the time of acceptance of this paper.

References
1. Lu, R. et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for

virus origins and receptor binding. The Lancet 395, 565–574 (2020).

2. de Wit, E., van Doremalen, N., Falzarano, D. & Munster, V. J. SARS and MERS: recent insights into
emerging coronaviruses. Nat. Rev. Microbiol. 14, 523–534 (2016).

3. Cui, J., Li, F. & Shi, Z.-L. Origin and evolution of pathogenic coronaviruses. Nat. Rev. Microbiol. 17,
181–192 (2019).

4. Chen, Y., Liu, Q. & Guo, D. Emerging coronaviruses: Genome structure, replication, and pathogenesis.
J. Med. Virol. 92, 418–423 (2020).

5. Zhou, P. et al. A pneumonia outbreak associated with a new coronavirus of probable bat origin.
Nature 579, 270–273 (2020).

�. Gralinski, L. E. & Menachery, V. D. Return of the Coronavirus: 2019-nCoV. Viruses 12, 135 (2020).

7. Tang, X. et al. On the origin and continuing evolution of SARS-CoV-2. Natl. Sci. Rev. 7, 1012–1023
(2020).

�. Wang, K. et al. SARS-CoV-2 invades host cells via a novel route: CD147-spike protein.
http://biorxiv.org/lookup/doi/10.1101/2020.03.14.988345 (2020) doi:10.1101/2020.03.14.988345.

9. Ulrich, H. & Pillat, M. M. CD147 as a Target for COVID-19 Treatment: Suggested Effects of
Azithromycin and Stem Cell Engagement. Stem Cell Rev. Rep. 16, 434–440 (2020).

10. Chan, J. F.-W. et al. Genomic characterization of the 2019 novel human-pathogenic coronavirus
isolated from a patient with atypical pneumonia after visiting Wuhan. Emerg. Microbes Infect. 9,
221–236 (2020).

11. Domingo, E. Molecular basis of genetic variation of viruses. in Virus as Populations 35–71 (Elsevier,
2020). doi:10.1016/B978-0-12-816331-3.00002-7.

12. Domingo, E. & Perales, C. Viral quasispecies. PLOS Genet. 15, e1008271 (2019).

13. Ferreira, L. L. G. & Andricopulo, A. D. COVID-19: Small-Molecule Clinical Trials Landscape. Curr. Top.
Med. Chem. 20, 1577–1580 (2020).

14. Elshabrawy, H. A. SARS-CoV-2: An Update on Potential Antivirals in Light of SARS-CoV Antiviral Drug
Discoveries. Vaccines 8, 335 (2020).

15. Riva, L. et al. Discovery of SARS-CoV-2 antiviral drugs through large-scale compound repurposing.
Nature (2020) doi:10.1038/s41586-020-2577-1.

http://www.dockthor.lncc.br/


Page 25/35

1�. Cavasotto, C. N. & Di Filippo, J. I. In silico Drug Repurposing for COVID‐19: Targeting SARS‐CoV‐2
Proteins through Docking and Consensus Ranking. Mol. Inform. (2020)
doi:10.1002/minf.202000115.

17. de Oliveira, O. V., Rocha, G. B., Paluch, A. S. & Costa, L. T. Repurposing approved drugs as inhibitors of
SARS-CoV-2 S-protein from molecular modeling and virtual screening. J. Biomol. Struct. Dyn. 1–10
(2020) doi:10.1080/07391102.2020.1772885.

1�. Joshi, T. et al. Predictive modeling by deep learning, virtual screening and molecular dynamics study
of natural compounds against SARS-CoV-2 main protease. J. Biomol. Struct. Dyn. 1–19 (2020)
doi:10.1080/07391102.2020.1802341.

19. Singh, N., Decroly, E., Khatib, A.-M. & Villoutreix, B. O. Structure-based drug repositioning over the
human TMPRSS2 protease domain: search for chemical probes able to repress SARS-CoV-2 Spike
protein cleavages. Eur. J. Pharm. Sci. 153, 105495 (2020).

20. Wang, J. Fast Identi�cation of Possible Drug Treatment of Coronavirus Disease-19 (COVID-19)
through Computational Drug Repurposing Study. J. Chem. Inf. Model. 60, 3277–3286 (2020).

21. Kong, R. et al. COVID-19 Docking Server: A meta server for docking small molecules, peptides and
antibodies against potential targets of COVID-19. Bioinformatics (2020)
doi:10.1093/bioinformatics/btaa645.

22. Shi, Y. et al. D3Targets-2019-nCoV: a webserver for predicting drug targets and for multi-target and
multi-site based virtual screening against COVID-19. Acta Pharm. Sin. B 10, 1239–1248 (2020).

23. de Magalhães, C. S., Almeida, D. M., Barbosa, H. J. C. & Dardenne, L. E. A dynamic niching genetic
algorithm strategy for docking highly �exible ligands. Inf. Sci. 289, 206–224 (2014).

24. dos Santos, K. B., Guedes, I. A., Karl, A. L. M. & Dardenne, L. Highly Flexible Ligand Docking:
Benchmarking of the DockThor Program on the LEADS-PEP Protein-peptide Dataset. J. Chem. Inf.
Model. acs.jcim.9b00905 (2020) doi:10.1021/acs.jcim.9b00905.

25. Báez-Santos, Y. M., St. John, S. E. & Mesecar, A. D. The SARS-coronavirus papain-like protease:
Structure, function and inhibition by designed antiviral compounds. Antiviral Res. 115, 21–38 (2015).

2�. Deng, X. et al. Structure-Guided Mutagenesis Alters Deubiquitinating Activity and Attenuates
Pathogenesis of a Murine Coronavirus. J. Virol. 94, (2020).

27. Rut, W. et al. Activity pro�ling and structures of inhibitor-bound SARS-CoV-2-PLpro protease provides
a framework for anti-COVID-19 drug design.
http://biorxiv.org/lookup/doi/10.1101/2020.04.29.068890 (2020) doi:10.1101/2020.04.29.068890.

2�. Jin, Z. et al. Structure of M pro from SARS-CoV-2 and discovery of its inhibitors. Nature 1–5 (2020)
doi:10.1038/s41586-020-2223-y.

29. Dai, W. et al. Structure-based design of antiviral drug candidates targeting the SARS-CoV-2 main
protease. Science 368, 1331–1335 (2020).

30. Subissi, L. et al. One severe acute respiratory syndrome coronavirus protein complex integrates
processive RNA polymerase and exonuclease activities. Proc. Natl. Acad. Sci. (2014)
doi:10.1073/pnas.1323705111.



Page 26/35

31. Gao, Y. et al. Structure of the RNA-dependent RNA polymerase from COVID-19 virus. Science 368,
779–782 (2020).

32. Grein, J. et al. Compassionate Use of Remdesivir for Patients with Severe Covid-19. N. Engl. J. Med.
(2020) doi:10.1056/NEJMoa2007016.

33. Chen, C. et al. Favipiravir versus Arbidol for COVID-19: A Randomized Clinical Trial. medRxiv
2020.03.17.20037432 (2020) doi:10.1101/2020.03.17.20037432.

34. Venkataraman, S., Prasad, B. V. L. S. & Selvarajan, R. RNA Dependent RNA Polymerases: Insights
from Structure, Function and Evolution. Viruses 10, (2018).

35. Wu, J., Liu, W. & Gong, P. A Structural Overview of RNA-Dependent RNA Polymerases from the
Flaviviridae Family. Int. J. Mol. Sci. 16, 12943–12957 (2015).

3�. Gong, P. & Peersen, O. B. Structural basis for active site closure by the poliovirus RNA-dependent RNA
polymerase. Proc. Natl. Acad. Sci. (2010) doi:10.1073/pnas.1007626107.

37. Yang, X. et al. Motif D of Viral RNA-Dependent RNA Polymerases Determines E�ciency and Fidelity
of Nucleotide Addition. Structure 20, 1519–1527 (2012).

3�. Butcher, S. J., Grimes, J. M., Makeyev, E. V., Bamford, D. H. & Stuart, D. I. A mechanism for initiating
RNA-dependent RNA polymerization. Nature 410, 235–240 (2001).

39. Lu, G. & Gong, P. Crystal Structure of the Full-Length Japanese Encephalitis Virus NS5 Reveals a
Conserved Methyltransferase-Polymerase Interface. PLOS Pathog. 9, e1003549 (2013).

40. Yin, W. et al. Structural basis for inhibition of the RNA-dependent RNA polymerase from SARS-CoV-2
by remdesivir. Science (2020) doi:10.1126/science.abc1560.

41. Kim, Y. et al. Crystal structure of Nsp15 endoribonuclease NendoU from SARS‐CoV ‐2. Protein Sci. 29,
1596–1605 (2020).

42. Hackbart, M., Deng, X. & Baker, S. C. Coronavirus endoribonuclease targets viral polyuridine
sequences to evade activating host sensors. Proc. Natl. Acad. Sci. 117, 8094–8103 (2020).

43. de Haan, C. A. M. & Rottier, P. J. M. Molecular Interactions in the Assembly of Coronaviruses. Adv.
Virus Res. 64, 165–230 (2005).

44. Zeng, W. et al. Biochemical characterization of SARS-CoV-2 nucleocapsid protein. Biochem. Biophys.
Res. Commun. 527, 618–623 (2020).

45. Burbelo, P. D. et al. Sensitivity in Detection of Antibodies to Nucleocapsid and Spike Proteins of
Severe Acute Respiratory Syndrome Coronavirus 2 in Patients With Coronavirus Disease 2019. J.
Infect. Dis. 222, 206–213 (2020).

4�. Mu, J. et al. SARS-CoV-2-encoded nucleocapsid protein acts as a viral suppressor of RNA
interference in cells. Sci. China Life Sci. 1–4 (2020) doi:10.1007/s11427-020-1692-1.

47. Ding, S.-W., Han, Q., Wang, J. & Li, W.-X. Antiviral RNA interference in mammals. Curr. Opin. Immunol.
54, 109–114 (2018).

4�. Kang, S. et al. Crystal structure of SARS-CoV-2 nucleocapsid protein RNA binding domain reveals
potential unique drug targeting sites. Acta Pharm. Sin. B (2020) doi:10.1016/j.apsb.2020.04.009.



Page 27/35

49. Dinesh, D. C., Chalupska, D., Silhan, J., Veverka, V. & Boura, E. Structural basis of RNA recognition by
the SARS-CoV-2 nucleocapsid phosphoprotein.
http://biorxiv.org/lookup/doi/10.1101/2020.04.02.022194 (2020) doi:10.1101/2020.04.02.022194.

50. Chenavas, S., Crépin, T., Delmas, B., Ruigrok, R. W. H. & Slama-Schwok, A. In�uenza virus
nucleoprotein: structure, RNA binding, oligomerization and antiviral drug target. Future Microbiol. 8,
1537–1545 (2013).

51. Lin, S.-Y. et al. Structural Basis for the Identi�cation of the N-Terminal Domain of Coronavirus
Nucleocapsid Protein as an Antiviral Target. J. Med. Chem. 57, 2247–2257 (2014).

52. Bosch, B. J., Zee, R. van der, Haan, C. A. M. de & Rottier, P. J. M. The Coronavirus Spike Protein Is a
Class I Virus Fusion Protein: Structural and Functional Characterization of the Fusion Core Complex.
J. Virol. 77, 8801–8811 (2003).

53. Simmons, G. et al. Characterization of severe acute respiratory syndrome-associated coronavirus
(SARS-CoV) spike glycoprotein-mediated viral entry. Proc. Natl. Acad. Sci. 101, 4240–4245 (2004).

54. Song, W., Gui, M., Wang, X. & Xiang, Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein
in complex with its host cell receptor ACE2. PLOS Pathog. 14, e1007236 (2018).

55. Jaimes, J. A., André, N. M., Chappie, J. S., Millet, J. K. & Whittaker, G. R. Phylogenetic Analysis and
Structural Modeling of SARS-CoV-2 Spike Protein Reveals an Evolutionary Distinct and
Proteolytically Sensitive Activation Loop. J. Mol. Biol. 432, 3309–3325 (2020).

5�. Lan, J. et al. Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 receptor.
Nature 581, 215–220 (2020).

57. Walls, A. C. et al. Unexpected Receptor Functional Mimicry Elucidates Activation of Coronavirus
Fusion. Cell 176, 1026-1039.e15 (2019).

5�. Yuan, M. et al. A highly conserved cryptic epitope in the receptor binding domains of SARS-CoV-2
and SARS-CoV. Science 368, 630–633 (2020).

59. Wu, Y. et al. A noncompeting pair of human neutralizing antibodies block COVID-19 virus binding to
its receptor ACE2. Science (2020) doi:10.1126/science.abc2241.

�0. Yates, C. M. & Sternberg, M. J. E. The Effects of Non-Synonymous Single Nucleotide Polymorphisms
(nsSNPs) on Protein–Protein Interactions. J. Mol. Biol. 425, 3949–3963 (2013).

�1. Katsonis, P. et al. Single nucleotide variations: Biological impact and theoretical interpretation.
Protein Sci. 23, 1650–1666 (2014).

�2. van Dorp, L. et al. Emergence of genomic diversity and recurrent mutations in SARS-CoV-2. Infect.
Genet. Evol. 83, 104351 (2020).

�3. Singer, J., Gifford, R., Cotten, M. & Robertson, D. CoV-GLUE: A Web Application for Tracking SARS-
CoV-2 Genomic Variation. (2020) doi:10.20944/preprints202006.0225.v1.

�4. Wang, H., Pipes, L. & Nielsen, R. Synonymous mutations and the molecular evolution of SARS-Cov-2
origins. bioRxiv 2020.04.20.052019 (2020) doi:10.1101/2020.04.20.052019.



Page 28/35

�5. Ye, Q., West, A. M. V., Silletti, S. & Corbett, K. D. Architecture and self-assembly of the SARS-CoV-2
nucleocapsid protein. BioRxiv Prepr. Serv. Biol. (2020) doi:10.1101/2020.05.17.100685.

��. Chakraborti, S., Prabakaran, P., Xiao, X. & Dimitrov, D. S. The SARS Coronavirus S Glycoprotein
Receptor Binding Domain: Fine Mapping and Functional Characterization. Virol. J. 2, 73 (2005).

�7. Yi, C. E., Ba, L., Zhang, L., Ho, D. D. & Chen, Z. Single Amino Acid Substitutions in the Severe Acute
Respiratory Syndrome Coronavirus Spike Glycoprotein Determine Viral Entry and Immunogenicity of
a Major Neutralizing Domain. J. Virol. 79, 11638–11646 (2005).

��. Kleine-Weber, H. et al. Mutations in the Spike Protein of Middle East Respiratory Syndrome
Coronavirus Transmitted in Korea Increase Resistance to Antibody-Mediated Neutralization. J. Virol.
93, (2019).

�9. Sales-Medina, D. F. et al. Discovery of clinically approved drugs capable of inhibiting SARS-CoV-2 in
vitro infection using a phenotypic screening strategy and network-analysis to predict their potential
to treat covid-19. bioRxiv 2020.07.09.196337 (2020) doi:10.1101/2020.07.09.196337.

70. Jeon, S. et al. Identi�cation of Antiviral Drug Candidates against SARS-CoV-2 from FDA-Approved
Drugs. Antimicrob. Agents Chemother. 64, (2020).

71. Zhou, Y. et al. Network-based drug repurposing for novel coronavirus 2019-nCoV/SARS-CoV-2. Cell
Discov. 6, 1–18 (2020).

72. Keating, G. M. Ledipasvir/Sofosbuvir: A Review of Its Use in Chronic Hepatitis C. Drugs 75, 675–685
(2015).

73. Coleman, C. M. et al. ABL kinase inhibitors are potent inhibitors of SARS-CoV and MERS-CoV fusion.
J. Virol. (2016) doi:10.1128/JVI.01429-16.

74. Bakowski, M. A. et al. Oral drug repositioning candidates and synergistic remdesivir combinations for
the prophylaxis and treatment of COVID-19.
http://biorxiv.org/lookup/doi/10.1101/2020.06.16.153403 (2020) doi:10.1101/2020.06.16.153403.

75. Moore, J. B. & June, C. H. Cytokine release syndrome in severe COVID-19. Science 368, 473–474
(2020).

7�. Smetana, K., Rosel, D. & BrÁbek, J. Raloxifene and Bazedoxifene Could Be Promising Candidates for
Preventing the COVID-19 Related Cytokine Storm, ARDS and Mortality. Vivo Athens Greece 34, 3027–
3028 (2020).

77. Li, H. et al. Drug Design Targeting Protein–Protein Interactions (PPIs) Using Multiple Ligand
Simultaneous Docking (MLSD) and Drug Repositioning: Discovery of Raloxifene and Bazedoxifene
as Novel Inhibitors of IL-6/GP130 Interface. J. Med. Chem. 57, 632–641 (2014).

7�. Dofferhoff, A. S. M. et al. Reduced Vitamin K Status as A Potentially Modi�able Prognostic Risk
Factor in COVID-19. (2020) doi:10.20944/preprints202004.0457.v1.

79. Joshi, T. et al. Predictive modeling by deep learning, virtual screening and molecular dynamics study
of natural compounds against SARS-CoV-2 main protease. J. Biomol. Struct. Dyn. 1–19 (2020)
doi:10.1080/07391102.2020.1802341.



Page 29/35

�0. Mirabelli, C. et al. Morphological Cell Pro�ling of SARS-CoV-2 Infection Identi�es Drug Repurposing
Candidates for COVID-19. BioRxiv Prepr. Serv. Biol. (2020) doi:10.1101/2020.05.27.117184.

�1. Zhanel, G. G., Walkty, A. J. & Karlowsky, J. A. Fidaxomicin: A Novel Agent for the Treatment of
Clostridium di�cile Infection. Canadian Journal of Infectious Diseases and Medical Microbiology
vol. 26 305–312 https://www.hindawi.com/journals/cjidmm/2015/934594/ (2015).

�2. Louie, T. J. et al. Fidaxomicin Preserves the Intestinal Microbiome During and After Treatment of
Clostridium di�cile Infection (CDI) and Reduces Both Toxin Reexpression and Recurrence of CDI.
Clin. Infect. Dis. 55, S132–S142 (2012).

�3. Sastry, G. M., Adzhigirey, M., Day, T., Annabhimoju, R. & Sherman, W. Protein and ligand preparation:
parameters, protocols, and in�uence on virtual screening enrichments. J. Comput. Aided Mol. Des.
27, 221–234 (2013).

�4. Olsson, M. H. M., Søndergaard, C. R., Rostkowski, M. & Jensen, J. H. PROPKA3: Consistent Treatment
of Internal and Surface Residues in Empirical p K a Predictions. J. Chem. Theory Comput. 7, 525–537
(2011).

�5. Webb, B. & Sali, A. Comparative Protein Structure Modeling Using MODELLER. Curr. Protoc.
Bioinforma. 54, 5.6.1-5.6.37 (2016).

��. Pihan, E., Colliandre, L., Guichou, J.-F. & Douguet, D. e-Drug3D: 3D structure collections dedicated to
drug repurposing and fragment-based drug design. Bioinformatics 28, 1540–1541 (2012).

�7. Douguet, D. Data Sets Representative of the Structures and Experimental Properties of FDA-Approved
Drugs. ACS Med. Chem. Lett. 9, 204–209 (2018).

��. Li, G. & Clercq, E. D. Therapeutic options for the 2019 novel coronavirus (2019-nCoV). Nat. Rev. Drug
Discov. 19, 149–150 (2020).

�9. Altay, O. et al. Current Status of COVID-19 Therapies and Drug Repositioning Applications. iScience
23, 101303 (2020).

90. Gordon, D. E. et al. A SARS-CoV-2-Human Protein-Protein Interaction Map Reveals Drug Targets and
Potential Drug-Repurposing. bioRxiv 2020.03.22.002386 (2020) doi:10.1101/2020.03.22.002386.

91. Harrison, C. Coronavirus puts drug repurposing on the fast track. Nat. Biotechnol. 38, 379–381
(2020).

92. Sindhikara, D. et al. Improving Accuracy, Diversity, and Speed with Prime Macrocycle Conformational
Sampling. J. Chem. Inf. Model. 57, 1881–1894 (2017).

93. Shelley, J. C. et al. Epik: a software program for pKa prediction and protonation state generation for
drug-like molecules. J. Comput. Aided Mol. Des. 21, 681–691 (2007).

94. O’Boyle, N. M. et al. Open Babel: An open chemical toolbox. J. Cheminformatics 3, 33 (2011).

95. Halgren, T. A. Merck molecular force �eld. I. Basis, form, scope, parameterization, and performance of
MMFF94. J. Comput. Chem. 17, 490–519 (1996).

9�. de Magalhães, C. S., Almeida, D. M., Barbosa, H. J. C. & Dardenne, L. E. A dynamic niching genetic
algorithm strategy for docking highly �exible ligands. Inf. Sci. 289, 206–224 (2014).



Page 30/35

97. Guedes, I. A. et al. DockTScore: New Physics-Based and Target-Speci�c Empirical Scoring Functions
(article under submission phase). (2020).

9�. Rose, A. S. et al. Web-based molecular graphics for large complexes. in Proceedings of the 21st
International Conference on Web3D Technology - Web3D ’16 185–186 (ACM Press, 2016).
doi:10.1145/2945292.2945324.

99. Feher, M. Consensus scoring for protein–ligand interactions. Drug Discov. Today 11, 421–428
(2006).

Declarations
Author Contributions: Conceptualization, I.A.G., M.F.N. and L.E.D; methodology, I.A.G., H.J.C.B., F.L.C.,
M.F.N. and L.E.D.; software, I.A.G., I.M.T., M.M.G., V.M., E.K. and L.E.D.; validation, I.A.G., M.F.N. and L.E.D.;
formal analysis, I.A.G., M.F.N. and L.E.D.; investigation, I.A.G., L.S.C.C., K.B.S., A. L. M. K., G.K.R., M.F.N.
and L.E.D.; resources, H.J.C.B., M.F.N. and L.E.D.; data curation, I.A.G. and M.F.N.; writing—original draft
preparation, I.A.G., L.S.C.C., K.B.S., A. L. M. K., G.K.R., H.J.C.B., M.F.N. and L.E.D.; writing—review and
editing, I.A.G., M.F.N. and L.E.D.; visualization, I.A.G.; supervision, I.A.G., M.F.N. and L.E.D.; project
administration, L.E.D.; funding acquisition, H.J.C.B., M.F.N. and L.E.D. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by CNPq, grant numbers 307634/2019-1 and 306894/2019-0; by
FAPERJ, grant numbers E-26/010.001229/2015 and E-26/210.935/2019; by PCI-LNCC grant numbers
300463/2019-7 and 312604/2016-5.

Acknowledgments: We gratefully acknowledge the support of the Brazilian Sistema Nacional de
Processamento de Alto Desempenho (SINAPAD) and the availability of the computational resources
provided by the Supercomputer SDumont (LNCC/MCTIC). We also acknowledge the Instituto Nacional de
Ciência e Tecnologia em Fármacos e Medicamentos (INCT-INOFAR).

Con�icts of Interest: The authors declare no con�ict of interest.

Figures



Page 31/35

Figure 1

Conformations of the Nsp3-PLpro domain provided at the DockThor-VS web server as representative
structures of the protein �exibility. The apo structure is coloured blue (PDB code 6W9C) and the structure
originally complexed with a covalently bound peptide inhibitor is coloured brown (PDB code 6WX4 27).

Figure 2

Conformations of the Mpro provided at the DockThor-VS web server as representative structures of the
protein �exibility. The structure of the protein complexed with a covalent inhibitor is coloured blue (PDB
code 6LU7, the ligand is not shown) and the structure originally complexed with a non-covalent inhibitor
is coloured green (PDB code 6W63). The protein-ligand hydrogen bonds are represented as yellow dashed
lines.
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Figure 3

Structure of the Nsp12 complexed with remdesivir and an RNA primer (PDB code 7BV2, ligand coloured
greed and RNA represented as an orange cartoon). Mg2+ ions are represented as green spheres. The
protein-ligand hydrogen bonds are represented as yellow dashed lines.

Figure 4

Structure of the Nsp15 trimer complexed with Tipiracil (PDB code 6WXC). The protein-ligand hydrogen
bonds are represented as yellow dashed lines.
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Figure 5

States from the NMR spectroscopy selected as the �ve representative structures of the N-NTD �exibility
after clustering based on the conformations of Arg92 and Tyr109.

Figure 6

Conformations of Spike (RBM domain) available at the DockThor-VS platform. The human receptor ACE2
is coloured grey. The Spike-ACE2 interface is illustrated with zoom. The two Spike conformations (PDB
codes 6M0J and 7BZ5) are coloured orange and green, respectively.
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Figure 7

Predicted binding modes of imatinib against the Mpro conformations 6LU7 (left, score = -10.09 kcal/mol,
imatinib represented as cyan sticks) and 6W63 (right, score = -8.80 kcal/mol, imatinib represented as
green sticks). Hydrogen bonds are represented as yellow dashed lines.

Figure 8

A) Docking result of lopinavir against the wild type (left) and Y343C mutant (right) of NendoU. B) Docking
result of elbasvir against the wild type (left) and Y343C mutant (right) of N protein (state 12).
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