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Abstract: The emergence of the COVID-19 has caused
public health problems worldwide and there is no effective
pharmacological treatment for this disease. Research on 3D
models of proteins and the search for active molecular sites
are important tools to assist in the discovery of effective
antiviral drugs to combat COVID-19. To address this
problem, the 3D protein structures of SARS-CoV 2 were
analyzed and submitted to cavities research, evaluation of
their druggabillity and liganbility, and applied to molecular
docking studies with potential ligand candidates actually
assayed against COVID-19. Eight druggable potential cavity

sites were determined in model structures’ PDB code,
6W4B, 6VWW, 6W01, 6M3M, and 6VYO, and these are the
good alternatives to be characterized as targets for antiviral
compounds. The good cavity model of the protease 3D
structure was used in molecular docking, and this allowed
verifying the theoric interactions of this protein and
lopinavir and ritonavir antiviral drugs. These results may
assist in the use of 3D protein models in drug design
studies aiming to develop drugs against the COVID-19
pandemic.
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1 Introduction

Coronaviruses are enveloped viruses with single RNA and
their subtypes are distributed among humans, birds, and
other mammals, and they are known to cause veterinary
and human health diseases.[1] These viruses cause respira-
tory, enteric, liver, and neurological damage.[2,3] Seven
coronaviruses have been recognized to cause diseases in
humans. Four of them (229E, OC43, NL63 and HKU1) are
prevalent and generally cause mild symptoms such as colds
in immunocompetent individuals.[4] By 2018, two other
strains were associated with fatal diseases: the coronavirus
of the Middle East respiratory syndrome (MERS-CoV) and
the coronavirus of the severe acute respiratory syndrome
(SARS-CoV), both of zoonotic origin.[1] MERS-CoV was the
agent responsible for severe outbreaks of respiratory
diseases in the Middle East in 2012.[5] SARS-CoV was the
causative pathogen of the severe outbreaks of acute
respiratory syndrome in 2002 and 2003 in Guangdong
province, China.[6–8]

In late December 2019, several health institutions in
Wuhan, Hubei province, China, reported groups of patients
with pneumonia of an unknown cause. These patients were
epidemiologically linked to a seafood market.[9] The RNA
collected from the patients allowed the isolation and
identification of the sequence of a genome from a new
coronavirus type, which was named 2019-nCoV.[10] The
disease caused by this new variant of coronavirus, named
COVID-19, is highly infectious and dangerous for vulnerable

portions of the exposed population, such as diabetics,
cardiac patients, and the elderly with respiratory and
chronic diseases.[10,11] After the virus had been detected in
125 countries, the WHO declared COVID-19 a pandemic on
11 March 2020.[12]

Clinical research with COVID-19 indicates the occurrence
of dyspnea and pneumonia,[11] which can occur on the fifth
day, and an acute respiratory distress syndrome on the
eighth day after the first symptom of COVID-19 in most
patients infected. Other effects such as organ dysfunction
and death can occur in severe cases.[11,13] Approximately
30,000 patients worldwide were confirmed to have died
from the virus by the end of March, 2020. Emerging and
reemerging pathogens are global challenges for public
health, especially those that do not yet have an established
treatment.[14] The research and discovery of bioactive
compounds or repurposing drugs that can combat COVID-
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19 or even assist in its treatment are a priority for health
institutions.

Currently, some therapeutic approaches have been
suggested for use in treatment of infections caused by this
virus, such as lopinavir-ritonavir, favipiravir, chloroquine,
hydroxychroloquine, etc. Among these, the two viral
protease inhibitors, lopinavir-ritonavir association, indicated
as anti-HIV, have been indicated to have an antiviral effect
against two coronaviruses, SARS and MERS.[15–18]

Another antiviral, remdesvir, was evaluated in the USA
and also in China in patients who had developed severe
problems from COVID-19 infection.[13,19] In the study carried
out in China, this drug was used in conjunction with
chloroquine, and it effectively inhibited the new coronavi-
rus in “in vitro” trials. Another derivative of chloroquine,
hydroxychloroquine, has also been studied by researchers
where it presented good results “in vitro”, and they
recommended its insertion in studies in vivo. The deriva-
tives of quinolines affect changes in intracellular pH, which
can prevent the virus from proliferating in the human
body.[20]

3D computational models of different molecular struc-
tures of SARS-CoV-2 have been carried out, and these are
available in databases such as the Protein Data Bank.[21] The
study of these structural models can be used to understand
potential activity on viruses and also to design and develop
new therapeutic agents.

A molecular modeling study published by Lin et al.
(2020) evaluated models of viral protease and C30
coronavirus endopeptidase, together with a papain like viral
protease (PLVP), and suggested a homology model of
SARS-CoV-2 proteases.[22] In this work, molecular interac-
tions between bioactive compounds and the 3D model
protein may indicate the mechanism of action of these
compounds in the virus multiplication cycle. Other research
using the main virus protease crystal structures and the
molecular docking and virtual screening tools provide basis
for design compounds that are candidate to inhibit this
viral protein.[23,24]

The present work aims to give some insights about the
3D molecular structures from SARS-CoV-2 and also deter-
mine computational structural information that allows
researchers to analyze and identify potentially active sites
and their druggabiity, which may be used for drug design.
The computational strategies of cavity research of relevant
proteins and the molecular docking between the virus
proteins and the antiviral compounds ritonavir, lopinavir,
remdesivir, and favipiravir were also performed aiming to
understand the potential protein interactions and also to
assist in the development of a treatment for the new
coronavirus.

2 Experimental

2.1 Molecular Modelling

The computer program Spartan for Windows (version 08,
Wavefunction, Inc., USA) was used for the design, and also
to optimize molecular geometry and performing the
conformational analysis using a systematic search, with
torsion angle increases set to 30° in the range 0–360°, of the
structure of antivirals ritonavir, lopinavir, remdesivir, favipir-
avir, and balaxovir marboxil. Calculations were performed
using the semi-empirical methods AM1 followed by the
empirical density functional theory (DFT) B3LYP using the
theoretical database 6-31G*. At this stage, chemical struc-
tures of antiviral drugs with an optimized chemical
structure were saved in PDB format prior to use in docking
analysis.

2.2 Cavity Search

CavityPlus webserver software was used to identify cavities
and connection sites, to predict the identification of
allosteric sites and also the possibility of covalent ligand-
binding occurrence, and to generate some pharmacophore
measurements.[25] As the first step, the 3D protein models
were downloaded using PDB code. The amino acid residues
that constitute the molecular structure of the cavities will
be identified in this step. In cavity search the following
parameters were used: separated min depth, 8 Å; max
abstract limit, 1.500 A3; separate max limit, 6.000 A3; min
abstract depth, 2 Å; limit of the minimum value, 100 A3;
limit of the minimum score, 1.5. In this case, the software
uses data of maximal experimental binding affinity with the
PDBBind data set to predict cavity score (Pred Max pKd),
the pKdAve that is the average binding affinity of the
associated pocket, and a drugscore. CAVITY outputs were
used for next steps such as the search of pharmacophore
measurements, identification of allosteric and potential
covalent interactions using CavPharmer, CorrSite, and
CovCys applications. CavPharmer derives pharmacophore
features such as a hydrophobic center, hydrogen bond
donor and acceptor, positive and negative central points,
and excludes volume. This software was applied only to
improve the better druggable cavity generated by cavity
search. CorrSite allows identification of the location of
allosteric sites, and CovCys was used for the analysis of
covalently modified cysteines. Both tools were used in
results to find a 3D protein pocket with higher druggability.

2.3 Molecular Docking

The molecular docking analysis involved studies on the
interaction between antivirals and the viral protease and
replicase. The SARS-CoV-2 3D structures were downloaded
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from PDB 6W63 (protease), 6W4B (replicase) and 6VWW
(endoribonuclease) and submitted to treatment by removal
of water molecules and the addition of polar hydrogens
using the Autodock Tools 1.5.6.[26] At this stage, chemical
structures of antiviral drugs with an optimized chemical
structure were imputed in iGemdock 2.1 docking software
(BioXGEM, TW).[27] These studies were performed in order to
calculate the individual connections that the antivirals pose
to docking in the viral proteins. These calculations were
performed using parameters of genetic algorithm (GA)
chosen for population size, generation, and number of
solutions such as 400, 70 and 8, respectively, under
application of a custom docking calculation. A range of five
to ten Angstroms was studied in a grid (interaction box)
cavity. The default functions of hydrophobic and electro-
static Gemdock scores (preference 1 :1) were used in these
calculations.

3 Results and Discussion

3.1 Chemical 3D Structures

By the end of March, approximately fifty-four 3D structures
were found in the Protein Data Bank.[21] They involved
models of protease, replicase, endoribonuclease, nucleocap-
sid-associated proteins, HR2 domain and glycoprotein, ADP
phosphatase, and others. These structures and their charac-
teristics are described in Table 1. In the course of time,
several new structures of the SARS-CoV-2 virus and of the
H1N1 virus should be submitted to this database according
to development of new studies. The differences between
these involve functions, the number of amino acid residues,
the presence of subunits or chains, the absence and
presence of complexes between ligands and protein, differ-
ent conformations, and APO form or not. The study of these
proteins can assist in understanding COVID-19 development
and also in the design of active compounds that are
candidates for antiviral drugs against SARS-CoV-2. Among
the available structures, viral protease models are the
principal number of 3D structures, and therefore they are
presented as the main proposal for use in studies to predict
therapeutic targets. The molecular structure of a 3D
protease model (code PDB 6LU7)[28] is shown in Figure 1.

3.2 Cavity Search

Druggability is the probability that a biological protein be a
good target, interact, and be modulated by a bioactive
molecule inducing a biochemical effect resulting in a
pharmacological activity. This property can be determined
experimentally or predicted.[29] This is essential in the
process of drug discovery and development. One of the
methods to evaluate druggability is to perform a search for
cavities or binding sites in proteins or cellular structures

from a potential molecular target.[25] These cavities are
potential regions for interaction with molecules which
results in a pharmacological effect.

The software Cavity Plus implements a geometry-based
method for ligand pocket site detection and analysis, and it
allows the determination of a Cavity Score and Drug Scores
that are used to quantitatively calculate the ligandability
and druggability of a molecular binding site. The ligand-
ability value represents the possibility of ligands interacting
with a cavity. The score is influenced by cavity volume,
pocket lip size, hydrophobic volume, cavity surface area,
and hydrogen-bond-forming surface area.[25]

The possibility of druggable cavity occurrences in 3D
protein structures of SARS-CoV-2 were studied using Cavity
Plus webserver software, which aimed to discover potential
molecular sites that may be used in virus inhibition. Some
virus proteins such as replicases, proteases, and structural
portions from the nucleocapsid are involved in the fusion of
the virus (S2 subunit), a spike glycoprotein. Elucidated 3D
structures available on the PDB database, in isolation or
complexed with ligands, were submitted to cavity search
studies for the purpose of assisting in the development of
new drugs. The main results are shown below.

3.2.1 Replicase

The replicase, also known as RNA-dependent RNA polymer-
ase, was available in the PDB database in March 2020.[30]

The inhibition of this enzyme class has been suggested as a
biological antiviral target for drugs such as remdesivir
against Ebola and Marburg viruses,[31] MERS, and SARS-
COV,[32] and favipiravir for influenza and West Nile virus.[33]

These drugs have been suggested as potential treatments
for COVID-19, and therefore these molecules may be acting
on this SARS-CoV-2 protein.[34]

The 3D protein model may be used to search candidates
for therapeutic targets. In this study, the PDB 6W4B model
for Nsp9 replicase[30] was downloaded and submitted to a

Figure 1. Molecular structure of protease code PDB 6LU7.[28] Graphic
visualization obtained using USCF Chimera (v.1.10.1).
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Table 1. PDB database codes and 3D characteristics of SARS-CoV-2 proteins.

PDB Code Date Deposit Structure Function Chain Length Sequence

5R80 03/03/2020 Protease A 306
5R81 03/03/2020 Protease A 306
5R82 03/03/2020 Protease A 306
5R83 03/03/2020 Protease A 306
5R84 03/03/2020 Protease A 306
5RE4 03/15/2020 Protease A 306
5RE5 03/15/2020 Protease A 306
5RE6 03/15/2020 Protease A 306
5RE7 03/15/202 Protease A 306
5RE8 03/15/2020 Protease A 306
5RE9 03/15/2020 Protease A 306
5REA 03/15/2020 Protease A 306
5REB 03/15/2020 Protease A 306
5REC 03/15/2020 Protease A 306
5RED 03/15/2020 Protease A 306
5REE 03/15/2020 Protease A 306
5REF 03/15/2020 Protease A 306
5REG 03/15/2020 Protease A 306
5REH 03/15/2020 Protease A 306
5REI 03/15/2020 Protease A 306
5REJ 03/15/2020 Protease A 306
5REK 03/15/2020 Protease A 306
5REL 03/15/2020 Protease A 306
5REM 03/15/2020 Protease A 306
5REH 03/15/2020 Protease A 306
5REN 03/15/2020 Protease A 306
5REO 03/15/2020 Protease A 306
5REP 03/15/2020 Protease A 306
5RER 03/15/2020 Protease A 306
5RES 03/15/2020 Protease A 306
5RET 03/15/2020 Protease A 306
5REU 03/15/2020 Protease A 306
5REV 03/15/2020 Protease A 306
5REW 03/15/2020 Protease A 306
5REX 03/15/2020 Protease A 306
5REY 03/15/2020 Protease A 306
5REZ 03/15/2020 Protease A 306
5RFO 03/15/2020 Protease A 306
5RF1 03/15/2020 Protease A 306
5R7Y 03/03/2020 Protease A 306
6LU7 01/26/2020 Protease A, C 312
6M03 02/19/2020 Protease A 306
6Y37 03/25/2020 Protease A 306
6Y84 03/03/2020 Protease A 306
6LXT 02/11/2020 S2 Subunit A, B, C, D, E, F 132
6LVN 02/04/2020 Viral protein A, B, C, D 36
6VWW 02/20/2020 Endoribonucleasee A, B 371
6W01 02/28/2020 Endoribonuclease A, B 371
6W02 02/28/2020 ADP ribose phosphatase A, B 173
6VSB 02/10/2020 Viral protein A, B, C 1288
6VYO 02/27/2020 RNA binding domain of nucleocapsid protein A, B, C, D 128
6W4B 03/10/2020 Replication viral protein A, B 117
6M17 02/24/2020 Membrane protein/ viral protein A, C

B, D
E, F
E, F

654
814
223

6VW1 02/18/2020 Cell invasion A, B
E, F

597
217
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search for druggable cavities. Ten cavities were identified in
this protein. Of these, one was druggable and two less
druggable. The proposed cavity occurred at the junction of
chain A and B, and it was considered to be better than
others that are less druggable, since this cavity showed
values of Prediction Maximum pkd (indicating the ligand-
ability of cavity binding site) of 10.88 and druggability of
1075.00. The cavity from the 3D model is shown on the
purple surface in Figure 2. All of the results predicted from

this protein are demonstrated in Table 2. The suggested
amino acid residues from this cavity are expressed in
Table 3.

3.2.2 Protease

The viral proteases encoded by genetic material have the
function of catalyzing the hydrolysis of polyproteins in
smaller portions that will assist the viral cycle and also the
infectivity to biological cells.[35] Proteases have been used as
targets for inhibitory drugs such as darunavir to fight HIV
that causes AIDS,[36] and simeprevir is used against HCV in a
treatment of hepatitis C. A hydrolase 3CL, called the main
protease in SARS-CoV-2,[37] has been widely studied for drug
discovery purposes, and this protein has more than 45 3D
structural models deposited in the PDB database. The drugs
loprinavir and ritonavir have been studied against SARS-
CoV-2 and have been presented as alternatives for the
treatment of COVID-19. This hypothesis however has been
in doubt, because no significant clinical improvement was
determined in trial studies.[38] Additionally, the literature
comments that the HIV protease is an aspartic protease
type and SARS-CoV belongs to cysteine protease families.
Moreover, the HIV inhibitors were developed to interact
with the C2 region of the catalytic site, and this site is
absent in the SARS-CoV-2 protein.[39] In spite of these issues

these authors suggest the antivirals’ effects against the
SARS-CoV-2 may reduce the time of patients in an ICU unit.
Also, a feasible understanding about indirect interactions
with this protease remains to be achieved.

Studies of cavities using the main protease of the virus
that caused COVID-19 covered thirteen 3D models of the
forty-five observed in the PDB database, including the
ligand compound co-crystallized. The better protein eval-
uated was the PDB code 6W63 model with a chain A.[40] It
was deposited in March 2020. In this prediction, a molecular
cavity considered less druggable was determined. It showed
a value to Pred. Max pkd of 11.26 and DrugScore 199.00.
The amino acid residues located in the cavity were as
follows: GLY 23, THR 24, THR 25, THR 26, LEU 27, ASN 28,
HIS 41, VAL 42, ILE 43, CYS 44, THR 45, SER 46, GLU 47, ASP
48, MET 49, LEU 50, PRO 52, TYR 54, PHE 140, LEU 141, ASN
142, GLY 143, SER 144, CYS 145, HIS 163, SER 164, MET 165,
GLU 166, LEU 167, PRO 168, THR 169, GLY 170, VAL 171, HIS
172, ALA 173, PHE 181, VAL 186, ASP 187, ARG 188, GLN
189, THR 190, ALA 191, and GLN192. Once the presence of
ligand X77-A401 complexed with the protein was eval-
uated, it was verified that the same cavity without the
presence of the ligand was obtained, and the results were
the same in the two conditions evaluated.

The next protease model was PDB code 6LU7.[28] It is
coupled with the N3 linker and contains structural chains A
and C with 306 and 6 amino acid residues, respectively. It
was found that the results obtained allowed the determi-
nation of 10 cavities considered to be undruggable. Once
the chain A was evaluated individually, a cavity considered
less druggable was predicted, however its value was
negative. The C subunit model has a much-reduced
molecular structure and this did not allow it to be correctly
evaluated.

Another PDB model, code 5R80, with an A subunit only,
complexed to compound Z18197050 in its structure.[41] It
was submitted to a cavity search, and it showed ten
molecular sites considered to be undruggable, demonstrat-
ing all negative drugscore values. The main protease
models obtained by the authors from PanDDA analysis
(5R7Y, 5R7Z, 5R83, and 6M03),[42–45] which correspond to
protease in apo form, were also submitted to cavity analysis
and none of them resulted in the observation of cavities
considered useful, since they were undruggable. Thus,
these models, which did not present any druggable site, are
not the main choices to be used in the design of bioactive
compounds.

The search for cavities using the protease 3D structure
PDB code 5R81[46] resulted in the prediction of a less
druggable model without the presence of a ligand, and also
it was 6for cavities without and with ligand were the same.
This behavior was the same as that observed with the use
of model PDB 5R82 and the ligand Z219104216.[47] Another
model PDB, code 5R84, also presents only the chain A in its
structure.[48] It was applied to the study of a cavity search

Figure 2. Molecular model 3D of Nsp9 replicase (PDB code 6W4B)[30]

and cavities 1–3 in spatial regions using CavityPlus Software.
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that resulted in the prediction of a molecular site consid-
ered less druggable, with a drugscore value of � 77.00.

The analysis of 3D protease model PDB code 6Y84
without any ligand complexed showed 3 cavities with
potential sites of interaction.[49] The results for these cavities
were considered less druggable, because these have
negative drugscore values. Considering all protease 3D
structures evaluated, the 6W63 was suggested to be the
best choice to be applied in drug design studies, because it
presented higher values of drugscore or this protein
showed positive values in less druggable compared to
other models studied.

3.2.3 Spike Glycoprotein

Spike proteins are highly glycosylated transmembrane
proteins that are grouped into trimers on the surface of the
virion which results in a corona-like aspect, “corona”.[50] The
SARS-CoV-2 protein has approximately 1288 amino acid
residues and three chains: A, B, and C. The 3D model of this
protein was obtained via Cryo-EM and deposited in the PDB
database under the code 6VSB.[51] The search for cavities in
this structure, complete with the three chains or even with
an isolated chain, did not find a cavity or binding site
considered druggable. In the presence of the enzyme
complexed ligand, the search for binding sites did not result
in the determination of cavities considered viable. This
protein, however, is promising for further studies aimed at
the development of potential inhibitors.

Table 2. Results of cavity prediction and druggability for protein 3D models from SARS-CoV-2.

Model Protein Model Cavity Pred. Max pkd Pred. Avg pkd DrugScore Druggability

5R81* 1 11.90 6.70 � 65.00 Less
5R82* 1 10.98 6.38 � 152.00 Less
5R84 1 10.02 6.05 � 77.00 Less
6LXT 1 10.88 6.96 125.00 Less

2 10.78 6.31 261.00 Less
3 7.75 5.28 240.00 Less

6W4B 1 10.88 6.35 1075.00 Yes
2 9.74 5.96 151.00 Less
3 5.62 5.63 23.00 Less

6Y84 1 10.72 6.95 � 31.00 Less
2 11.57 6.58 � 124.00 Less
3 11.09 6.42 � 97.00 Less

6LU7 1 10.78 6.31 � 152.00 Less
6W63* 1 11.26 6.99 199.00 Less
6VWW 1 5.23 6.59 9702.00 Yes

2 11.33 6.99 � 9.00 Less
3 12.00 6.73 73.00 Less
4 10.56 6.24 � 59.00 Less
5** 10.66 4.68 � 170.00 Less
6** 10.56 6.24 � 424.00 Less

6W01 1 5.59 6.62 9190.00 Yes
2 4.05 6.55 434.00 Less
3 11.35 6.99 � 284.00 Less
4 11.83 6.67 � 128.00 Less
5 10.64 6.27 � 64.00 Less
6 9.60 5.91 17.00 Less
7 8.33 5.65 14.00 Less

6W02 1 9.4 6.87 399.00 Less
2 11.18 6.45 577.00 Less
3* 10.35 6.17 588.00 Less

6M3M 1 10.63 6.95 6144.00 Yes
2 10.64 6.95 � 73.00 Less

6VYO 1 6.27 6.66 2526.00 Yes
2 7.33 6.73 4017.00 Yes
3 10.17 6.92 1846.00 Yes
4* 11.51 6.94 328.00 Less
5* 8.66 6.82 1305.00 Less
6* 10.38 6.18 116.00 Less

*Cavity in protein 3D models that showed same value isolated and complexed with ligand.**Cavity in protein using chain only A.
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Table 3. Amino acid residues from druggable cavities according to PDB 3D structure from SARS-CoV-2.

PDB
Code

Amino Acid Residues

6VWW MET:1:A, SER:2:A, LEU:3:A, GLU:4:A, VAL:6:A, ILE:27:A, ASN:29:A, ASN:30:A, THR:31:A, GLU:45:A, ASN:46:A, LYS:47:A, THR:48:A,
THR:49:A, LEU:50:A, PRO:51:A, VAL:52:A, ASN:53:A, VAL:54:A, PHE:56:A, GLU:57:A, LEU:58:A, LYS:61:A, VAL:70:A, LYS:71:A, LEU:73:A,
ASN:74:A, ASN:75:A, LEU:76:A, GLY:77:A, VAL:78:A, ASP:79:A, ILE:80:A, ASP:88:A, TYR:89:A, LYS:90:A, ARG:91:A, ASP:92:A, ALA:93:A,
PRO:94:A, ALA:95:A, HIS:96:A, ILE:97:A, SER:98:A, THR:99:A, ILE:100:A, GLY:101:A, VAL:102:A, CYS:103:A, SER:104:A, MET:105:A,
THR:106:A, ASP:107:A, ILE:108:A, ALA:109:A, LYS:110:A, LYS:111:A, THR:113:A, GLU:114:A, THR:115:A, ILE:116:A, CYS:117:A, ALA:118:
A, PRO:119:A, LEU:120:A, THR:121:A, ASN:140:A, LYS:181:A, ASP:268:A, PHE:269:A, ILE:270:A, PRO:271:A, MET:272:A, ASP:273:A,
SER:274:A, LYS:277:A, THR:326:A, GLN:347:A, MET:1:B, SER:2:B, LEU:3:B, ILE:27:B, ILE:28:B, ASN:29:B, ASN:30:B, THR:31:B, GLU:45:B,
ASN:46:B, LYS:47:B, THR:48:B, THR:49:B, LEU:50:B, PRO:51:B, VAL:52:B, ASN:53:B, VAL:54:B, ALA:55:B, GLU:57:B, LEU:58:B, VAL:70:B,
LYS:71:B, LEU:73:B, ASN:74:B, ASN:75:B, LEU:76:B, GLY:77:B, VAL:78:B, ASP:79:B, ILE:80:B, ASP:88:B, TYR:89:B, LYS:90:B, ARG:91:B,
ASP:92:B, ALA:93:B, PRO:94:B, ALA:95:B, HIS:96:B, ILE:97:B, SER:98:B, THR:99:B, ILE:100:B, GLY:101:B, VAL:102:B, CYS:103:B, SER:104:B,
MET:105:B, THR:106:B, ASP:107:B, ILE:108:B, ALA:109:B, LYS:110:B, LYS:111:B, GLU:114:B, THR:115:B, ILE:116:B, CYS:117:B, ALA:118:B,
PRO:119:B, LEU:120:B, THR:121:B, ASN:140:B, GLY:141:B, LYS:181:B, LYS:182:B, VAL:183:B, ASP:184:B, GLU:267:B, ASP:268:B, PHE:269:
B, ILE:270:B, PRO:271:B, MET:272:B, ASP:273:B, SER:274:B, LYS:277:B, ASN:278:B, THR:326:B, GLN:347:B

6W4B LEU:46:A, CYS:74:A, ARG:75:A, PHE:76:A, VAL:77:A, LYS:87:A, TYR:88:A, LEU:89:A, PHE:91:A, ASN:97:A, ARG:100:A, GLY:101:A,
VAL:103:A, LEU:104:A, GLY:105:A, SER:106:A, LEU:107:A, ALA:108:A, ALA:109:A, VAL:111:A, LEU:113:A, ASN:3:B, GLU:4:B, LEU:5:B,
SER:6:B, PRO:7:B, VAL:8:B, ALA:9:B, LEU:10:B, ASN:34:B, THR:35:B, THR:36:B, PHE:41:B, LEU:43:B, ASN:96:B, LEU:98:B, ASN:99:B,
MET:102:B

6W01 ALA:0:A, MET:1:A, SER:2:A, LEU:3:A, ILE:27:A, ILE:28:A, ASN:29:A, ASN:30:A, THR:31:A, GLU:45:A, ASN:46:A, LYS:47:A, THR:48:A,
THR:49:A, LEU:50:A, PRO:51:A, VAL:52:A, ASN:53:A, VAL:54:A, ALA:55:A, GLU:57:A, LEU:58:A, VAL:70:A, LYS:71:A, LEU:73:A, ASN:74:A,
ASN:75:A, LEU:76:A, GLY:77:A, VAL:78:A, ASP:79:A, ILE:80:A, ASP:88:A, TYR:89:A, LYS:90:A, ARG:91:A, ASP:92:A, ALA:93:A, PRO:94:A,
ALA:95:A, HIS:96:A, ILE:97:A, SER:98:A, THR:99:A, ILE:100:A, GLY:101:A, VAL:102:A, CYS:103:A, SER:104:A, MET:105:A, THR:106:A,
ASP:107:A, ILE:108:A, ALA:109:A, LYS:110:A, LYS:111:A, GLU:114:A, THR:115:A, ILE:116:A, CYS:117:A, ALA:118:A, PRO:119:A, LEU:120:
A, THR:121:A, ASN:140:A, ASP:268:A, PHE:269:A, ILE:270:A, PRO:271:A, MET:272:A, ASP:273:A, SER:274:A, LYS:277:A, THR:326:A,
LEU:346:A, ALA:0:B, MET:1:B, SER:2:B, LEU:3:B, GLU:4:B, VAL:6:B, ILE:27:B, ASN:29:B, ASN:30:B, THR:31:B, GLU:45:B, ASN:46:B, LYS:47:B,
THR:48:B, THR:49:B, LEU:50:B, PRO:51:B, VAL:52:B, ASN:53:B, VAL:54:B, GLU:57:B, LEU:58:B, VAL:70:B, LEU:73:B, ASN:74:B, ASN:75:B,
LEU:76:B, GLY:77:B, VAL:78:B, ASP:79:B, ILE:80:B, ASP:88:B, LYS:90:B, ARG:91:B, ASP:92:B, ALA:93:B, PRO:94:B, ALA:95:B, HIS:96:B,
ILE:97:B, SER:98:B, THR:99:B, GLY:101:B, VAL:102:B, CYS:103:B, SER:104:B, MET:105:B, THR:106:B, ASP:107:B, ILE:108:B, ALA:109:B,
LYS:110:B, LYS:111:B, GLU:114:B, THR:115:B, ILE:116:B, CYS:117:B, ALA:118:B, PRO:119:B, LEU:120:B, THR:121:B, ASN:140:B, LYS:181:B,
ASP:268:B, PHE:269:B, ILE:270:B, PRO:271:B, MET:272:B, ASP:273:B

6W63 GLY 23, THR 24, THR 25, THR 26, LEU 27, ASN 28, HIS 41, VAL 42, ILE 43, CYS 44, THR 45, SER 46, GLU 47, ASP 48, MET 49, LEU 50,
PRO 52, TYR 54, PHE 140, LEU 141, ASN 142, GLY 143, SER 144, CYS 145, HIS 163, SER 164, MET 165, GLU 166, LEU 167, PRO 168,
THR 169, GLY 170, VAL 171, HIS 172, ALA 173, PHE 181, VAL 186, ASP 187, ARG 188, GLN 189, THR 190, ALA 191 and GLN192

6VY0 1: ALA:152:A, ALA:155:A, THR:49:B, ALA:50:B, SER:51:B, TRP:52:B, PHE:53:B, THR:54:B, ALA:55:B, LEU:56:B, THR:57:B, GLN:58:B, HIS:59:
B, ARG:88:B, ALA:90:B, ARG:92:B, LEU:104:B, SER:105:B, PRO:106:B, ARG:107:B, TYR:109:B, TYR:111:B, PRO:117:B, ARG:149:B, ASN:150:
B, PRO:151:B, ALA:152:B, ASN:153:B, ASN:154:B, ALA:155:B, ALA:156:B, ILE:157:B, VAL:158:B, LEU:159:B, GLN:160:B, LEU:161:B,
THR:165:B, THR:166:B, LEU:167:B, PHE:171:B, TYR:172:B, ALA:173:B, TRP:52:C, PHE:53:C, THR:54:C, PRO:73:C, ILE:74:C, ASN:75:C,
THR:76:C, ASN:77:C, SER:78:C, ASP:82:C, TYR:112:C, ASP:144:C, HIS:145:C, ILE:146:C, GLY:147:C, THR:148:C, ARG:149:C, ASN:150:C,
PRO:151:C, ALA:152:C, ASN:153:C, ASN:154:C, ALA:155:C, ALA:156:C, ILE:157:C, VAL:158:C, LEU:159:C, GLN:160:C, LEU:161:C,
ALA:173:C, TRP:52:D, THR:76:D, ASN:77:D, ARG:149:D, ASN:150:D, PRO:151:D, ALA:152:D, ASN:153:D, ASN:154:D, ALA:155:D,
ALA:156:D, ILE:157:D, VAL:158:D
2: ALA:50:A, TRP:52:A, PHE:53:A, THR:54:A, ALA:55:A, PRO:73:A, ILE:74:A, ASN:75:A, THR:76:A, ASN:77:A, SER:78:A, ASP:82:A, TYR:112:
A, THR:115:A, LYS:143:A, ASP:144:A, HIS:145:A, ILE:146:A, GLY:147:A, THR:148:A, ARG:149:A, ASN:150:A, PRO:151:A, ALA:152:A,
ASN:153:A, ASN:154:A, ALA:155:A, ALA:156:A, ILE:157:A, VAL:158:A, LEU:159:A, GLN:160:A, LEU:161:A, ALA:173:A, TRP:52:B, PHE:53:B,
THR:54:B, ILE:74:B, ASN:75:B, THR:76:B, ASN:77:B, SER:78:B, ARG:149:B, ASN:150:B, PRO:151:B, ALA:152:B, ASN:153:B, ASN:154:B,
ALA:155:B, ALA:156:B, ILE:157:B, VAL:158:B, LEU:159:B, GLN:160:B, PRO:151:C, ALA:152:C, ASN:153:C, ASN:154:C, ALA:155:C,
ALA:156:C, GLN:160:C, THR:49:D, ALA:50:D, SER:51:D, TRP:52:D, PHE:53:D, THR:54:D, ALA:55:D, LEU:56:D, THR:57:D, GLN:58:D, HIS:59:
D, ARG:88:D, ALA:90:D, THR:91:D, ARG:92:D, ARG:93:D, ILE:94:D, ARG:95:D, GLY:96:D, LYS:102:D, ASP:103:D, LEU:104:D, SER:105:D,
PRO:106:D, ARG:107:D, TYR:109:D, TYR:111:D, PRO:117:D, ARG:149:D, ASN:150:D, PRO:151:D, ALA:152:D, ASN:153:D, ASN:154:D,
ALA:155:D, ALA:156:D, ILE:157:D, VAL:158:D, LEU:159:D, GLN:160:D, LEU:161:D, PRO:162:D, THR:165:D, THR:166:D, LEU:167:D,
PHE:171:D, TYR:172:D, ALA:173:D
3: ALA:50:A, SER:51:A, TRP:52:A, PHE:53:A, THR:54:A, ALA:55:A, LEU:56:A, THR:57:A, HIS:59:A, PRO:73:A, ILE:74:A, ASN:75:A, THR:76:A,
ARG:88:A, ARG:92:A, LEU:104:A, SER:105:A, ARG:107:A, TYR:109:A, TYR:111:A, PRO:117:A, ARG:149:A, ASN:150:A, PRO:151:A,
ALA:152:A, ASN:153:A, ASN:154:A, ALA:155:A, ALA:156:A, ILE:157:A, VAL:158:A, LEU:159:A, GLN:160:A, LEU:161:A, TYR:172:A,
ALA:173:A, THR:49:B, TRP:52:B, PHE:53:B, THR:54:B, PRO:73:B, ILE:74:B, ASN:75:B, THR:76:B, ASN:77:B, SER:78:B, SER:79:B, ASP:82:B,
TYR:112:B, LYS:143:B, ASP:144:B, HIS:145:B, ILE:146:B, GLY:147:B, THR:148:B, ARG:149:B, ASN:150:B, PRO:151:B, ALA:152:B, ASN:153:
B, ASN:154:B, ALA:155:B, ALA:156:B, ILE:157:B, VAL:158:B, LEU:159:B, GLN:160:B, LEU:161:B, THR:54:D, VAL:158:D, GLN:160:D,
ALA:173:D
4: ALA:50:A, TRP:52:A, PHE:53:A, PRO:73:A, ILE:74:A, ASN:75:A, THR:76:A, ASN:77:A, SER:78:A, ASP:82:A, TYR:112:A, THR:115:A,
LYS:143:A, ASP:144:A, HIS:145:A, ILE:146:A, GLY:147:A, THR:148:A, ARG:149:A, ASN:150:A, PRO:151:A, ALA:152:A, ASN:153:A,
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3.2.4 Endoribonuclease

This protein is responsible for lysing virus RNA into smaller
portions. In the case of coronavirus, it plays an important
role in evading the host‘s innate immune response. The 3D
structural model represented by the PDB code 6VWW refers
to the NSP15 endoribonuclease,[52] and it was used to search
for likely sites of interaction with inhibitory ligands. This 3D
protein model showed four potential binding sites; three of
these are less druggable. One of these models showed a
positive drugscore value of 73.00, and it can be used in
studies of the interaction between bioactive compounds
and the binding site from a protein biological target.
Studies using the citrate sites of complex on protein and
the chain A allowed the prediction of three less druggable
models, all of them with negative values for drugscore.

The search for cavities in another 3D model of NSP15
endoribonuclease, PDB code 6W01,[53] resulted in the
prediction of eight molecular sites. One was druggable and
seven others were classified as less druggable. The drugg-
ability cavity model showed a high positive drugscore value
of 9190.00, and it can be used in studies of the interaction
between bioactive compounds and the molecular site. Due
to the greater number of sites considered viable, this
protein and its 3D models are among the best options to
be used in drug design and development studies for the
treatment of COVID-19. The drug baloxavir marboxil used
for the treatment of influenza showed inhibition of the viral
endonuclease enzyme as the mechanism of action. Li and
De Clercq comment that this drug was submitted to clinical
studies in China.[39] Due to these findings, this molecule is
able to be included in assays for prediction of interactions
with cavities predicted from both proteins.

3.2.5 Other Proteins

The 3D models of S2 subunit fusion proteins in the nucleus
and the HR2 domain of the S2 subunit were subjected to
cavity search analysis. These proteins mediate the fusion
and entry of some viruses into the human cell.[54] Therefore,
the inhibition of these proteins may be very important in
preventing the spread of the infection in human cells. The
S2 subunit model containing three chains, A, B and C, PDB
code 6LXT,[55] was submitted to cavity search, and this
resulted in the prediction of three molecular sites consid-
ered less druggable, all with positive score values, 125.00,
261.00, 240.00. The protein HR2 domain of the S2 subunit,
code PDB code 6LVN,[56] was also evaluated, and the results
of these calculations showed no viable cavities; all of them
were considered undruggable. Considering both 3D struc-
tures linked to the S2 subunit of SARS-CoV-2, the model
6XLT showed good results and it is suggested to be used in
drug design.

Another 3D structure of SARS-CoV-2, the protein N-
terminal RNA binding domain from nucleocapsid with four
chains A, B, C, and D, PDB code 6M3M,[57] was used in a
cavity search. The results showed the prediction of two
cavities. The first is druggable with value to Pred. Max pkd
of 10.63 and DrugScore 6144.00, and the second cavity is
less druggable. The localization of cavities, however, is in a
molecular space out of a protein model which characterizes
the generation of wrong spatial coordinates and false
results. No information about amino acid residues were
predicted and these results were not considered. This
protein should be used with care before being used in drug
design studies.

One more 3D structure observed in the PDB database
was 6W02.[58] It refers to the ADP ribose phosphatase NSP3,
which was subjected to the search for potential cavities
that may be suggested targets of bioactive compounds.
The results obtained allowed the prediction of three cavities
considered less druggable, but all with high positive values

Table 3. continued

PDB
Code

Amino Acid Residues

ASN:154:A, ALA:155:A, ALA:156:A, ILE:157:A, VAL:158:A, LEU:159:A, GLN:160:A, LEU:161:A, ALA:152:B, ALA:155:B, THR:54:D, ALA:55:
D, LEU:56:D, THR:57:D, GLN:58:D, HIS:59:D, ARG:92:D, ARG:93:D, ILE:94:D, ARG:95:D, GLY:96:D, LYS:102:D, ASP:103:D, LEU:104:D,
SER:105:D, PRO:106:D, ARG:107:D, TYR:109:D, VAL:158:D, GLN:160:D, LEU:167:D, TYR:172:D, ALA:173:D
5: THR:49:B, ALA:50:B, SER:51:B, TRP:52:B, PHE:53:B, THR:54:B, ALA:55:B, LEU:56:B, THR:57:B, GLN:58:B, HIS:59:B, ARG:88:B, ALA:90:B,
ARG:92:B, LEU:104:B, SER:105:B, PRO:106:B, ARG:107:B, TYR:109:B, TYR:111:B, ARG:149:B, ASN:150:B, PRO:151:B, ALA:152:B, ASN:154:
B, ALA:155:B, ALA:156:B, ILE:157:B, VAL:158:B, LEU:159:B, GLN:160:B, LEU:161:B, LEU:167:B, TYR:172:B, ALA:173:B, TRP:52:C, PHE:53:
C, PRO:73:C, ILE:74:C, ASN:75:C, THR:76:C, ASN:77:C, SER:78:C, ASP:82:C, TYR:112:C, ASP:144:C, HIS:145:C, ILE:146:C, GLY:147:C,
THR:148:C, ARG:149:C, ASN:150:C, PRO:151:C, ALA:152:C, ASN:153:C, ASN:154:C, ALA:155:C, ALA:156:C, ILE:157:C, VAL:158:C,
LEU:159:C, GLN:160:C, ALA:152:D
6: THR:49:C, ALA:50:C, SER:51:C, TRP:52:C, PHE:53:C, THR:54:C, ALA:55:C, LEU:56:C, THR:57:C, HIS:59:C, ARG:88:C, ALA:90:C, ARG:92:C,
ILE:94:C, LEU:104:C, SER:105:C, ARG:107:C, TYR:109:C, TYR:111:C, ARG:149:C, PRO:151:C, ASN:154:C, ALA:155:C, ALA:156:C, ILE:157:C,
VAL:158:C, LEU:159:C, TYR:172:C, THR:49:D, ALA:50:D, TRP:52:D, PHE:53:D, ASN:75:D, THR:76:D, ASN:77:D, SER:78:D, SER:79:D,
ASP:82:D, TYR:112:D, THR:115:D, LYS:143:D, ASP:144:D, HIS:145:D, ILE:146:D, GLY:147:D, THR:148:D, ARG:149:D, ASN:150:D, PRO:151:
D, ALA:152:D, ASN:153:D, ASN:154:D, ALA:155:D, ALA:156:D, ILE:157:D, VAL:158:D
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for drugscore, 599.00, 577.00, and 588.00, respectively.
When evaluated in the presence of complexed ligand, a less
druggable cavity was found with same values obtained by
the third cavity without the presence of ligand. This protein
showed an interesting target to be submitted to the search
for antiviral inhibitors. The 3D model of RNA binding
domain of nucleocapsid protein, PDB code 6VYO,[59] showed
three druggable cavities with high positive values for
drugscore, 2526.00, 4017.00, and 4017.00 to cavities 1–3.
These results indicated this protein as a potential biological
target to new antiviral agents.

The study of cavities allowed the prediction of eight
druggable cavity sites distributed one each for 6W4B,
6VWW, 6W01, 6M3M and four for 6VYO structures. All
cavities are shown in Figure 3 (number 1 is druggable) and

table 2. The higher drugscore values were determined for
6VWW and 6W01, both are relative to endoribonuclease
protein.

CavPharmer tool was applied to a druggable cavity from
6VWW 3D protein, and this allowed the determination of
three positive electrostatic points, five negative electrostatic
centers, sixteen H-bond acceptor centers and roots, thirty-
one H-bond donor centers and roots, and thirty-four
hydrophobic centers. These characteristics are important for
understanding the bioactive compounds that will interact
with this protein model. According the CorrSite, none of the
studies showed a Z-score higher than 0.5, which indicates
that this cavity is not associated with an allosteric site. No
covalent cysteine was determined using the CovCys tool.
These results may suggest a better alternative among those
studied here to be used as a biological target in studies
aiming to develop an antiviral against the SARS-CoV-2.

3.3 Molecular Docking

Molecular docking studies were performed with the best
model of protease from SARS-CoV-2 determined by cavities
studies, PDB code 6W63 cavity, which showed the highest
score among all studied. The protease inhibitors ritonavir
and lopiravir that are being assayed against the virus were
used in these studies. The lower energy conformers for
both drugs were used as individual poses in a docking
procedure aimed at evaluating their interactions with a
potential active site of the protein.

A model of molecular docking studies of antiretrovirals
and interactions with the main protease is demonstrated in
Figure 4. This can be used to understand the structural

Figure 3. Molecular model 3D of druggable cavities for (A) 6VWW
(1–4), (B) 6W01 (1–7), (C) 6M3M (1–2), (D) 6VYO (1–3) in spatial
regions using CavityPlus Software.

Figure 4. Pose binding mode of ritonavir (A) and lopinavir (B) at
active site of main protease of SARS-CoV-2 (PDB code 6W63)[40]

using iGemdock 2.1 docking software. Graphic visualization
obtained using Chimera (v.1.10.1).
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pose affinity with the protein‘s active site and the predicted
cavity. All molecular interaction data are shown in Tables 4

and 5. The order of interaction was ritonavir, which showed
less interaction energy (� 118.8 Kcalmol� 1) compared to
lopinavir (� 108.3 Kcalmol� 1). These results indicate also
that ritonavir shows a better fit with the active site in this
protease model, and these are in agreement with the
findings generated using two antiretroviral drugs and a
protease generated by molecular homology.[22] The main
interactions generated by this model are shown in Table 5,
where the main pose of the two compounds is located in
the molecular interaction region of compound X77, co-
crystallographed with this protein.

In this case, the hydrogen bonding interactions occur
mainly with the GLU 166 and GLN 189 residues. The
predicted van der Waals interactions are observed with the
amino acid residues HIS 41, MET 49, ASN 142, MET 165, GLU
166, LEU 167, PRO 168, ASP 187, ARG 188, GLN 189 and
GLN192. The amino acid residues are the in the set of set of
residues of the results generated by molecular docking and
available in the literature.[24,60] Comparing these amino acids
with those described in the cavity search results, it is
observed that all are inserted in the set of residues listed in
the protease cavity. There are forty-three residues in
predicted cavity and some of them such as CYS 44, THR 45,
PHE 140 and LEU 141 are described in literature as
important to result in biological interaction.[60] The lack of
interaction with this molecular region may be de cause of
lower activity of both antiviral. These data support the

hypothesis that the cavity predicted in the 6W63 protease
model can be used as a molecular target for the develop-
ment of compounds that may inhibit this protein, since it
showed the best results of druggability among the other
protease 3D structures analyzed. However, some amino
acids from the predicted cavity considered less druggable
did not show interactions with compounds, which may
interfere in total protein inhibition. Protease inhibitor drugs
are being recommended in some countries for use in severe
cases of COVID-19.[61] Nevertheless, their effectiveness has
been questioned by researchers,[38,62] based on results that
indicate failure in the treatment of studied patients, and the
anti-HIV agents were developed to inhibit the aspartic
proteases and not cysteine like proteases. However, maybe
these compounds don not need to completely fill the
spatial regions of the cavity to cause inhibition of this
protein. The SARS-CoV-2 protease is an important target for
the development of candidate compounds for therapeutic
antiviral agents and it should continue to be used in the
search for compounds with safe and effective antiviral
action.

Another docking study was performed using the
replicase protein PDB code 6W4B and drugs such as GS-
441524, a nucleoside derivative that is a metabolite active
of remdesivir,[34] and favipiravir[33] inhibitors of this enzyme
from other viruses. However, the results of docking showed
that both chemical structures’ interactions with 3D replicase
were in a spatial region distinct from the predicted cavity,
and also they interact in different locals in this protein.
These evaluations may indicate that this protein may not be
the target for these drugs.

A model of endoribonuclease PDB code 6VWW[52] was
used in docking of the antiviral baloxavir marboxyl aiming
to determine characteristics concerning its interaction with
this target.[63] The results showed � 78.6 Kcalmol� 1 of energy
of pose interaction. Amino acid residues involved in this
model were TPR-59, ARG-62, TYR-89, PHE-44, LYS-47 and
TRP-87. Only the residues TYR-89, LYS-47 and ASP-92 are in
agreement with the residues found in the druggability

Table 4. Results and the main interactions of the van der Waals
type (VDW), H bond, and electrostatic (in Kcal mol� 1) coupling with
the protease (PDB code 6W63) using the IGemdock 2.1 software.

Compounds Affinity Energy VDW H-bond Electrostatic

Ritonavir � 118.8 � 110.8 � 7.9 0.0
Lopinavir � 108.3 � 104.8 � 3.5 0.0

Table 5. Central pharmacological interactions (VDW, H-bond, and electrostatic in Kcal mol� 1) of compounds and main residues involved in
the binding site of protease.

Amino acid Residues Ritonavir Lopinavir
VDW H-bond VDW H-bond

HIS 41 � 14.9 0.0 � 3.6 0.0
MET 49 � 1.8 0.0 � 5.8 0.0
ASN 142 � 3.4 0.0 � 11.0 0.0
MET 165 � 8.4 0.0 � 14.3 0.0
GLU 166 � 15.7 � 3.5 � 7.8 0.0
LEU 167 � 6.4 0.0 � 5.4 0.0
PRO 168 � 12.9 0.0 � 9.0 0.0
ASP 187 � 2.1 0.0 � 4.1 0.0
ARG 188 � 7.5 0.0 � 9.0 0.0
GLN 189 � 14.2 0.0 � 8.9 � 3.5
GLN 192 � 0.9 0.0 � 6.6 0.0
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cavity structure from the 6VWW 3D structure. The inter-
action of this drug with endoribonuclease needs further
studies aimed at determining whether baloxavir marboxyl
may be suggested for inclusion in antiviral assays.

4 Conclusions

In this work, some highlights about SARS-CoV-2 3D protein
models were verified. Thirteen 3D proteins were evaluated
according their potential cavities that may be used in drug
design studies. Among these options, the cavity search
allowed the identification of eight potential druggable
cavity sites in 3D model structures, such as PDB codes
6W4B, 6VWW, 6W01, 6M3M, and 6VYO. These results
suggest that these cavities are the best alternatives for
molecular targets to be used in studies of new antiviral
compounds. Other thirty predicted pocket were considered
less druggable, and these may be also used in drug design
studies.

The best cavity model of the protease 3D structure,
predicted as less druggable, was used in molecular docking
studies. The results determined theoric interactions of the
amino acid residues from this protein and the antiviral
drugs lopinavir and ritonavir. These results may assist the
use of 3D protein models in drug design studies aimed at
developing drugs against the COVID-19 pandemic.
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