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Abstract

Context: COVID-19 pandemic has caused more than 2.7 million
mortality worldwide. Although the COVID-19 vaccine has been
developed, the amount is still limited, and very few countries have
reached ‘herd immunity” level. In this regard, imported and community
infections is still happening in the world. In order to complement the
vaccine rollout, the drug is still necessary. Up to now, all the COVID-19
drugs in the market are still in emergency use, and their clinical
application is still under tight surveillance. Thus, a breakthrough in
drug development is necessary. Based on an extensive protein
crystallography experiment, it is known that the 3C-like protease of
SARS-CoV-2 plays an important role in the pathogenicity of the virus.
Several inhibitors have been developed for this protein, including
remdesivir that served as the standard in this experiment. However,
recent findings in the wet lab also showed possible significant
bioactivities for the repurposed influenza, and human rhinovirus leads
for SARS-CoV-2. Previous research has developed flavonoid-based
leads as H5N1 virus inhibitors.

Aims: To develop lead compounds to inhibit 3C-like protease of SARS-
CoV-2 from the existing H5N1 leads.

Methods: The ligands and protein were prepared with energy
minimization and the “add protonation” procedure. Then, the QSAR
analysis was conducted to determine whether the ligands fit as leads for
the 3C-like protease SARS-CoV-2 inhibitor. Molecular docking
simulation was deployed for the selected ligand toward the 3C-like
protease enzyme. Moreover, the molecular dynamics simulation was
devised to examine the protein flexibility of the protease ligands.

Results: It was found that only 9 out of the 19 repurposed H5N1-leads
elicited significant QSAR-based properties for general antivirus,
influenza antivirus, and antihuman rhinovirus bioactivities. In this
regard, the leads were screened further with molecular docking, in silico
ADME-TOX prediction, and molecular dynamics methods. Based on the
further screen, the ligands of M00009235 and M00006834 were selected
as lead compounds for 3C-like protease SARS-CoV-2 inhibitors.

Conclusions: The ligands of M00009235 and M00006834 were selected as
the best leads for inhibiting 3C-like protease of SARS-CoV-2 based on
the virtual screening methods.

Keywords: 3C-like protease; COVID-19; molecular docking; molecular
dynamics; SARS-CoV-2.

Resumen

Contexto: La pandemia de COVID-19 ha causado mas de 2,7 millones de
muertes en todo el mundo. Hasta ahora, todos los medicamentos
COVID-19 en el mercado todavia se encuentran en uso de emergencia y
su aplicacion clinica atn estd bajo estricta vigilancia. Por tanto, es
necesario un gran avance en el desarrollo de formacos. Basado en un
extenso experimento de cristalografia de proteinas, se sabe que la
proteasa de tipo 3C del SARS-CoV-2 juega un papel importante en la
patogenicidad del virus. Se han desarrollado varios inhibidores para
esta proteina, incluido el remdesivir que sirvié como estandar en este
experimento. Sin embargo, hallazgos recientes en el laboratorio también
mostraron posibles bioactividades significativas para la influenza
reutilizada y los rinovirus humanos para el SARS-CoV-2. Una
investigacién anterior ha desarrollado lideres basados en flavonoides
como inhibidores del virus H5N1.

Objetivos: Desarrollar compuestos lideres para inhibir la proteasa similar
a 3C del SARS-CoV-2 de los cables H5N1 existentes.

Meétodos: Los ligandos y la proteina se prepararon con el procedimiento
de minimizacién de energia y "agregar protonacién". Luego, se llevé a
cabo el analisis QSAR para determinar si los ligandos encajaban como
conductores para el inhibidor de la proteasa de tipo 3C SARS-CoV-2. Se
implement6 la simulacion de acoplamiento molecular para el ligando
seleccionado hacia la enzima proteasa similar a 3C. Ademas, la
simulaciéon de dindmica molecular se disefi6 para examinar la
flexibilidad proteica de los ligandos de proteasa.

Resultados: Se encontré que solo 9 de los 19 lideres H5N1 reutilizados
obtuvieron propiedades significativas basadas en QSAR para las
bioactividades antivirus generales, antivirus contra la influenza y contra
rinovirus humanos. En este sentido, los lideres se analizaron mas con
métodos de acoplamiento molecular, prediccion in silico ADME-TOX y
dindmica molecular. Basandose en el cribado adicional, se seleccionaron
los ligandos de M00009235 y M00006834 como compuestos principales
para los inhibidores de proteasa de tipo 3C SARS-CoV-2.

Conclusiones: Los ligandos de M00009235 y M00006834 se seleccionaron
como los mejores conductores para inhibir la proteasa de tipo 3C del
SARS-CoV-2 basdndose en los métodos de cribado virtual.

Palabras Clave: proteasa de tipo 3C; COVID-19; acoplamiento molecular;
dinamica molecular; SARS-CoV-2.
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INTRODUCTION

Since WHO declared the COVID-19 as a pan-
demic, there are more than 123 million confirmed
cases and more than 2.7 million deaths (per 24t
March, 2021) (WHO, 2021). COVID-19 is an upper
respiratory infection disease with specific symp-
toms such as shortness of breath, taste loss, and
fever (Chen et al., 2020). Hence, based on molecu-
lar diagnostics, it is already known that SARS-
CoV-2 is the virus that causes the COVID-19 dis-
ease (WHO, 2020a). SARS-CoV-2 species taxono-
my is part of the Coronaviridae family, Coronaviri-
nae subfamily, and Betacoronavirus genus (Interna-
tional Committee on Taxonomy of Viruses, 2021).
SARS-CoV-2 is in the identical genus with other
epidemic viruses such as SARS-CoV and MERS-
CoV that previously cause an epidemic in several
regions (Tang et al., 2020). SARS-CoV-2 is a single
positive strand (+ss)RNA virus with 11 protein-
coding genes, along with 12 expressed proteins
(Nagvi et al., 2020). Extensive genome and prote-
ome annotation efforts for SARS-CoV-2 are ongo-
ing and already provide some insight on the pos-
sible druggable protein targets (Parikesit 2020).
The SARS-CoV-2 has two main target proteins,
namely the RdRp and 3C-like protease (Mirza and
Froeyen, 2020). The reason is due to the complete-
ness of the structural information in the RCSB da-
tabase and their important roles in propagating
viral maturation along with its replication (Gul et
al., 2020; Pormohammad et al., 2020). These
aforementioned structural validations serve as a
starting point for the current effort for COVID-19
drug development.

As the COVID-19 pandemic is evolving at a
dynamics pace, fast and effective drug develop-
ment strategies are needed. Drug repurposing is
considered extensively because it is cheaper, re-
quires less funding, labor, and time to develop
(Parikesit and Nurdiansyah, 2020a; Senger et al.,
2020; Singh et al., 2020). The repurposed drugs are
mainly curated from previous epidemic occur-
rences such as Ebola, Hepatitis, Influenza, and
SARS/MERS. In this regard, remdesivir, chloro-
quine, hydroxychloroquine, avigan, and dexame-

http://jppres.com/jppres

Virtual screening of lead compounds for SARS-CoV-2

thasone are currently under emergency license to
use in many countries as repurposed drugs (Bar-
toli et al., 2021; Dabbous et al., 2021; Lem et al,,
2021). However, the clinical trials show mixed and
inconclusive results, and this recent improvement
has made the WHO reconsider their initial rec-
ommendation on those regiments (WHO, 2020b).
Moreover, regardless of WHO’s decision,
remdesivir could be deployed as in silico standard,
but not the others as there is no available solid
reference (Nguyen et al., 2020). Besides drug re-
purposing, herbal medicine from natural product
compounds is heavily invested as well. China is
one of the first countries that devises natural
products-based leads as COVID-19 drug candi-
dates in the framework of herbal medicine (Luo et
al., 2020; Pang et al., 2020). Indonesia and other
countries also have published some initiatives,
albeit the expansion to the clinical step remains
challenging due to regulatory concerns and mainly
not in the framework of the herbal leads repurpos-
ing (Arba et al., 2020; 2021; Berretta et al., 2020;
Harisna et al.,, 2021; Khan and Al-Balushi, 2020;
Wicaksono and Teixeira da Silva, 2020). One of the
most extensively studied natural products class is
the flavonoid, due to their pre-existing general
antiviral properties in many compounds, as well
as their deployability in molecular simulation for
COVID-19 drug design (Koentjoro et al., 2020; Su-
kardiman et al., 2020).

Hence, the development of inhibitors of 3C-like
protease of SARS-CoV-2 is considered mainstream
due to the previous works on SARS-CoV and
MERS-CoV drug development (Zhou et al., 2015;
Kumar et al., 2016). Interestingly, it was found that
broad-spectrum nucleoside inhibitor has shown
efficacy against both influenza and SARS-CoV-2
(Sheahan et al., 2020). Although broad-spectrum
antivirals are currently under repurposing efforts,
the protease inhibitor is becoming the focal point
as it plays an important role in the maturation of
the SARS-CoV-2 virus (Senger et al., 2020). There
is evidence that neuraminidase inhibitors could
inhibit the 3C-like protease of SARS-CoV and
MERS (Kumar et al., 2016). Naproxen, an influenza
drug, has been shown to elicit activity to 3C-like
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protein with in silico approach (Chiou et al., 2021).
Moreover, an extensive clinical trial is underway
for the repurposed influenza drugs for COVID-19
(Lem et al., 2021). This striking repurposing oppor-
tunity arises due to both influenza and SARS-CoV-
2 utilized TMPRSS2 protein for spike protein
cleavage (Breining et al., 2021). In this regard, the
possibility to repurpose influenza drugs could be
catered as previous research already elicited anti-
influenza H5N1 flavonoid-based leads with in
silico approach (Parikesit et al., 2016). The research
objective of this study is to develop solid lead
compounds from the previous H5N1 flavonoid-
based leads as the inhibitor of the 3C-like protease
of SARS-CoV-2.

MATERIAL AND METHODS

Protein and ligand preparation

Download the protease 3C-like protein (PDBID:
6Y2E) from RCSB website (https://www.rcsb.org
/search). The protein was deployed in accordance
with the methodology of previous research that
docked with flavonoid class compounds (Adisurja
and Parkesit, 2021). Then, the selected lead com-
pounds from the herbalDB 1.0 library in the mol2
format (http://herbaldb.farmasi.ui.ac.id/) were
deployed from the previous research with H5N1
protein (Yanuar et al., 2011; Parikesit et al., 2016;
Watty et al.,, 2017; Syahdi et al., 2019). After the
tiles were retrieved, they will be minimized and
protonized with Avogadro version 1.2.0. Moreo-
ver, further optimization will be done by adding a
hydrogen option, along with the auto-optimization
tools. The deployed parameters are force field
UFF, steps per update 4, and the steepest descent
algorithm.

The mol2 file should be converted to SMILE
annotation for further processing. Then, use open
babel online to convert mol2 to smile:
(http:/ /www.cheminfo.org/Chemistry/Cheminfo
rmatics /FormatConverter/index.html) (O'Boyle et
al., 2011). Moreover, IUPAC name generator for
the SMILE annotations should be deployed. The
Chemspider database was utilized to search for
the SMILE annotation of the compounds
(https:/ /www.chemspider.com/) (Ayers, 2012).
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For the TUPAC name annotations that absent in
the Chemspider, MarvinSketch version 21.3 will be
deployed to generate the IUPAC preferred names.
The structure to name option will be selected, and
‘generate preferred IUPAC name’ along with “sin-
gle fragment mode” options should be selected as
well (Csizmadia, 1999; Hanif et al., 2020).

QSAR analysis and molecular docking

The QSAR analysis was conducted by running
Way2drug/PASS server to screen for the ligands’
bioactivity (http://www.pharmaexpert.ru/ pas-
sonline/), and then a tabulation for the related
antiviral properties will be generated. The ex-
pected bioactivities are general antiviral, general
anti-influenza, viral entry inhibitor, and general
anti-rhinovirus properties, and they will be anno-
tated further (Lagunin et al., 2000; Permatasari et
al., 2020). The docking validation method was de-
ployed with remdesivir as the positive control, and
the decoys were retrieved from the DUDE data-
base (Mysinger et al., 2012; Harisna et al., 2021).
Further step would be running the Patchdock
server of the ligand versus the 3C-like protein for
devising the molecular docking simulation
(Schneidman-Duhovny et al., 2005). The deployed
parameters were clustering of RMSD 4 A and the
default complex type. Then, remdesivir would be
utilized as in silico standard (Nguyen et al., 2020;
Parikesit and Nurdiansyah, 2020a). The 3C-like
protein grid box depiction of the binding and sites
was deployed accordingly based on the previous
research (Adisurja and Parkesit, 2021). Moreover,
the ADME-Tox analysis was deployed to observe
the pharmacological and toxicity properties. The
utilized  applications were  Toxtree 3.1.0
(http:/ /toxtree.sourceforge.net/) and SWISS-
ADME (http:/ /www.swissadme.ch/) (Daina et
al., 2017; Benigni et al., 2008). The PLIP server will
be deployed to observe the chemical interaction
(https:/ / plip-tool.biotec.tu-dresden.de/ plip-web/

plip/index ) (Salentin et al., 2015).

Molecular dynamics

The online molecular dynamics simulation for
the best leads was done by CABSFLEX2
(http:/ /biocomp.chem.uw.edu.pl/ CABSflex2/ind

J Pharm Pharmacogn Res (2021) 9(5): 732


http://jppres.com/jppres
http://herbaldb.farmasi.ui.ac.id/
http://www.cheminfo.org/Chemistry/Cheminformatics/FormatConverter/index.html
http://www.cheminfo.org/Chemistry/Cheminformatics/FormatConverter/index.html
https://www.chemspider.com/
http://www.pharmaexpert.ru/%20passonline/
http://www.pharmaexpert.ru/%20passonline/
http://toxtree.sourceforge.net/
http://www.swissadme.ch/
https://plip-tool.biotec.tu-dresden.de/plip-web/%20plip/index
https://plip-tool.biotec.tu-dresden.de/plip-web/%20plip/index
http://biocomp.chem.uw.edu.pl/CABSflex2/index

Parikesit and Nurdiansyah

ex). It was designed to determine the root-mean-
square fluctuation (RMSF) indicator of protein
flexibility. It measures the amplitude of atom dy-
namics during the molecular simulation (Bornot et
al., 2011). The parameters should be noted accord-
ingly, namely, the main one that dictates the RMSF
of 1-3 A to indicate stable peptides (Kumar et al.,
2019; Uddin et al., 2019). The parameters of dis-
tance restrain generator, additional distance re-
strain, and advanced simulation options will be set
as default values (Kuriata et al., 2018).

RESULTS

The protein data of 3C-like protease was direct-
ly annotated from previous research and ready to
use for the molecular simulation directly (Adisurja
and Parkesit, 2021). Moreover, the HerbalDB-
based compound annotations were retrieved
based upon written agreement with the developer,
and those compounds were already assessed in the
previous research on H5N1 inhibitors (Yanuar et
al., 2011; Parikesit et al., 2016). The complete depic-
tion of the annotated flavonoid compounds could
be observed in Table 1. It encompasses various
structural diversity, [IUPAC names, as well as their
ID annotations both in Chemspider or drawn
within the framework of the Marvin Sketch appli-
cation.

The +ssRNA virus infecting respiratory tracts is
the hallmark of both human rhinovirus and coro-
navirus (Greenberg, 2016). Moreover, the similari-
ty of both viruses is striking, as they are utilizing
the 3C-like protease for viral maturation (Boozari
and Hosseinzadeh, 2021). In this regard, 3C-like
protease is becoming a mainstream target for
COVID-19 drug development. Although influenza
virus is a negative (-)ssRNA virus, the structural
and functional homology of both spike and he-
magglutinin proteins of influenza and coronavirus
are considered relatively significant (Shen et al.,
2017). To this end, it could be inferred that
COVID-19 inhibitors could be repurposed or rede-
veloped from existing influenza and rhinovirus
leads. This underlying information was mainly
annotated in our QSAR analysis result in Fig. 1.
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QSAR analysis with PASS server is necessary to
validate the suitability of the lead compounds as
3C-like protease inhibitors. In regard to Fig. 1, the
threshold of Pa = 0.3-0.7 is considered moderate
activity, while above 0.7 is considered highly sig-
nificant bioactivity (Lagunin et al., 2000; Filimonov
et al., 2014). Based on the existence of significant
anti-rhinovirus activity, as well as sufficient anti-
influenza and general antiviral activities, it is de-
cided to use M00006246, M00009338, M00006834,
MO00009106, M00014329, M00009235, M00009213,
and M00009105 as the lead compounds to do the
docking. Anti-rhinoviral leads tend to act as a pro-
tease inhibitor, although it is slightly different
from SARS-CoV-2 protease. Hence, the docking
validation protocol was deployed with 51 decoys.
36 out of 51 were eliciting significantly lower
docking scores than remdesivir. The significant
functional similarity between human rhinovirus
and SARS-CoV-2 protease is the basis of the mo-
lecular docking simulation with the designated
leads, as depicted in Table 2.

Table 2 depicts the docking score and ACE of
the chosen lead compounds. The docking score
refers to the geometric shape complementarity
score, and the ACE is the abbreviation of the atom-
ic contact energy (Schneidman-Duhovny et al.,
2005). The docking score is inversely proportional
with the free energy Gibbs (AG), while the ACE is
proportional to it. In this regard, the leads that
inhibited the 3C-like protein with the most favora-
ble parameters are M00009235 and MO00006834.
Both of them have a better docking score and ACE
than the standard and other leads. Although the
validated docking simulation already showed
promising proposed leads, observing the toxico-
logical properties is still necessary, as shown in
Table 3.

In Table 3, almost all annotated compounds ex-
posed moderate toxicity, albeit their crammer
rules compliance showed high toxic (class III)
compounds, yet all other parameters did not de-
pict significant toxicity. However, the two com-
pounds have notable exceptions. The M00006246
and MO00009338 are deemed too toxic as they
showed a clear sign of carcinogenicity and positive
result in the in silico Ames test. Therefore, both of
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them are excluded from the further processing of
this pipeline. Then, the pipeline progressed further
with the in silico testing of the general pharmaco-
logical properties, as depicted in Table 4.

As depicted in Table 4, all leads consistently
show 3 violations of the Lipinski rules. This
doesn’t mean that the leads are not druggable, as
there are many marketed drugs that violated the
Lipinski rules significantly (Proudfoot, 2005; Wal-
ters, 2012). However, the synthetic accessibility of
the compounds is relatively challenging, on the

Virtual screening of lead compounds for SARS-CoV-2

scale of 1 (easiest to synthesize) to 10 (difficult to
synthesize). Both of our best compounds have a
value of more than 6.70 that will require extensive
medicinal chemistry studies for devising the best
synthetic route. Hence, after observing the macro-
level toxicology and pharmacological indicators, a
micro indicator should be catered, namely the
chemical interactions that supported the macro
indicators. Fig. 2 illustrates the chemical interac-
tions between the 3C-like protease and the ligand
leads.

Table 1. The annotated compounds from the HerbalDB database that was computed for the H5N1 virus inhibitor.

No. Chemical HerbaDB ID IUPAC name (ChemSpider or Marvin Sketch generated) ChemSpider ID or Marvin
structure sketch generated
1 Dy M00009105 (2R2R2"R,2"R,3R,3'R,3"R,3"R)-2,2',2",2"-Tetrakis(3,4- 17337318
LJ "’}-é'k dihydroxyphenyl)-3,3',3",3" 4,4'4",4"-octahydro-
N Y\[.:J 2H,2'H,2"H,2""H-4,8":4',8":4",6"'-quaterchromene-
7{8\,:/\1}( 3’3v’3n,3m’5’5|’5||’5|| ',7,7',7”,7”'—dOdEC01
o
7
Q
2. 7 M00014066 6R)-2,6-Anhydro-1-deoxy-5-O-(6-deoxy-a-L- 8778908
v A on o Y y y
I:j',q b o I mannopyranosyl)-6-[5,7-dihydroxy-2-(4-hydroxy-3-
n‘ ' methoxyphenyl)-4-oxo-4H-chromen-6-yl]-D-galactitol
3 . M00009213 2R,2'R,3R,3'R 4R)-2,2'-Bis(3,4-dihydroxyphenyl)-5,5',7,7'- 110532
Y/ ypheny
. " Y@ " tetrahydroxy-3,3'4,4'-tetrahydro-2H,2'H-4,8'-bichromene-3,3'-
. @\/N' diyl bis(3,4,5-trihydroxybenzoate)
Q o \// \ " -
4 ;o M00009235 2R,2'R,3R,3'R4S)-5,5',7,7'-Tetrahydroxy-2,2'-bis(3,4,5- 410670
Y Y
‘ " trihydroxyphenyl)-3,3'4,4'-tetrahydro-2H,2'H-4,6'-
' )Q/“ ,N bichromene-3,3'-diyl bis(3,4,5-trihydroxybenzoate)
“TCL
s
5. LY @”“ MO00014329 (25)-6-(B-D-Glucopyranosyloxy)-5-hydroxy-2-(4- 58802112
fj ;@j hydroxyphenyl)-4-oxo-3,4-dihydro-2H-chromen-7-yl B-D-
HD“”iD&“D“H ° glucopyranoside
6. r@, . MO000019135 5-(5-Hydroxy-7-methoxy-4-oxo-4H-chromen-3-yl)-2,3- 9290024
e /i ! dimethoxyphenyl 6-O-a-L-arabinofuranosyl-f3-D-
be : glucopyranoside
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Table 1. The annotated compounds from the HerbalDB database that was computed for the H5N1 virus inhibitor (continued...)

No. Chemical HerbaDBID  IUPAC name (ChemSpider or Marvin Sketch generated) ChemSpider ID or Marvin
structure sketch generated

MO00009106 Cinnamtannin A2 10272879

MO00006843 [(25,35,45,55,65)-6-{[(2S,35,4aS,5R,7S,8aR)-2-[(15,3R 4R)-3,4- Marvin sketch
Dihydroxycyclohexyl]-7-hydroxy-5-{[(25,35,4R,55,6S)-3,4,5-
trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}-octahydro-2H-
1-benzopyran-3-ylJoxy}-3,4-dihydroxy-5-{[(2R,35,45,5R,6S)-
3,4,5-trihydroxy-6-(hydroxymethyl)oxan-2-yl]oxy}oxan-2-
yl]methyl (2E)-3-[(1R,35,4R)-3,4-dihydroxycyclohexyl]prop-
2-enoate

MO00006832 [(2S,3R 4S,55,65)-6-{[(2S,3R 4R ,5R,6S)-6- Marvin sketch
{[(2R,3R 4aS,5S,75,8aS)-2-[ (15,35 45)-3,4-
Dihydroxycyclohexyl]-5,7-dihydroxy-octahydro-2H-1-
benzopyran-3-ylJoxy}-3,4-dihydroxy-5-{[(2R,3R 4R,55)-3,4,5-
trihydroxyoxan-2-ylJoxy}oxan-2-ylJmethoxy}-3,4,5-
trihydroxyoxan-2-yllmethyl (2Z)-3-[(1r,4r)-4-
hydroxycyclohexyl]prop-2-enoate

10. ; . MO00006834 4-[(25,3R 4aR,5R,7R,8aR)-3-{[(2R,3R 4R,5S,6R)-4,5- Marvin sketch
: B Dihydroxy-6-({[(2S,3R 4S,5R,6R)-3,4,5-trihy droxy-6-({[(2E)-3-
[(1S,3R4S,5R)-4-hydroxy-3,5-dimethoxycyclohexyl]prop-2-
enoylJoxy}methyl)oxan-2-ylJoxy}methyl)-3-{[(1R,2R,3S,4R)-
2,3 4-trihydroxycyclohexyl]oxy}oxan-2-yl]Joxy}-5,7-
dihydroxy-octahydro-2H-1-benzopyran-2-yl]benzene-1,2-
bis(olate)

11. AN MO00014803 3-{[(2R,35,4R,55,6R)-6-{[(2R,35,4aS,55,7R,8aS)-5,7-Dihydroxy- ~ Marvin sketch
J‘ 5 g 2-[(1R,3R 45,55)-4-hydroxy-3,5-bis({[(25,35,4S,5R,6R)-3,4,5-

e T L trihydroxy-6-({[(2Z)-3-[(1r,4r)-4-hydroxycyclohexyl]prop-2-
enoyl]oxy}methyl)oxan-2-ylJoxy})cyclohexyl]-octahydro-2H-
1-benzopyran-3-ylJoxy}-3,4,5-trihydroxyoxan-2-ylJmethoxy}-
3-oxopropanoic acid

Pentadecahydroxy-46-[(2R,3S)-3,5,7-trihydroxy-2-(3,4,5-
trihydroxyphenyl)-3,4-dihydro-2H-chromen-6-yl]-
3,18,21,41,43-pentaoxanonacyclo[27.1
3.3.138,42.02,20.05,10.011,16.023,28.033,45.034,39|hexatetraco
nta-5,7,9,11,13,15,23,25,27,29(45),30,32,34,36,38-pentadecaene-
4,17,22,40,44-pentone

12. ! MO00009338 (1R,2S,20R 42R 46R)-7,8,9,12,13,14,25,26,27,30,31,32,35,36,37- 23327282
]
£
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Table 1. The annotated compounds from the HerbalDB database that was computed for the H5N1 virus inhibitor (continued...)

No. Chemical HerbaDBID  IUPAC name (ChemSpider or Marvin Sketch generated) ChemSpider ID or Marvin
structure sketch generated
13. ) " M00014080 (15)-1,5-Anhydro-1-[5,7-dihy droxy-2-(4-hydroxyphenyl)-4- 24843325
o ';N ) ox0-4H-chromen-6-yl]-2-O-{6-O-[(2E)-3-(4-hydroxyphenyl)-
" H\JI . 2-propenoyl]-B-D-threo-hexopyranosyl}-D-threo-hexitol
14. L. M00005901 5,7-Dihydroxy-2-(4-hydroxyphenyl)-4-oxo-4H-chromen-3-yl ~ 24844443
) H 5 R} 2-O-[(2E)-3-(4-hydroxy-3,5-dimethoxyphenyl)-2-propenoyl]-
oy AT p-D-erythro-hexopyranosyl-(1->4)-6-O-[(2E)-3-(4-hydroxy-
b ; ~ 3,5-dimethoxyphenyl)-2-prope noyl]-p-D-glycero-
lyH hexopyranosyl-(1->2)-a-L-threo-hexopyranoside
15. “0 M00005900 5,7-Dihydroxy-2-(4-hydroxyphenyl)-4-oxo-4H-chromen-3-yl = 24844442
TS 4 ' B-D-erythro-hexopyranosyl-(1->4)-6-O-[(2E)-3-(4-hydroxy-
: J/L J\?B\ ' 3,5-dimethoxyphenyl)-2-propenoyl]-B-D-glycero-
Bl e hexopyranosyl-(1->2)-a-L-threo-h exopyranoside
-
16. o8 M00013746 Kaempferol-3-galactoside-6"-rhamnoside-3"'-rhamnoside 22912808
Reodars
17. o MO00013884 2-(3,4-Dihydroxyphenyl)-5,7-dihydroxy-4-oxo-4H-chromen- 24844985
: I\f 0 Oy 3-yl 6-O-[(2E)-3-(4-hydroxy-3-methoxyphenyl)-2-propenoyl]-
. Y, B-D-threo-hexopyranosyl-(1->2)-o-L-erythro-hexopyranosyl-
(;@\ (1->2)-B-D-threo-hex opyranoside
18. . M00006246 (1R)-1,5-Anhydro-1-{(2R,35,4S,4aR,9bS)-3,4,6,7-tetrahydroxy- 57257193
“”ijiu 2-(hydroxymethyl)-8-[(2E)-3-(4-hydroxyphenyl)-2-
., ’EE ,o" propenoyl]-9-oxo0-3,4,4a,6,9,9b-hexahydro-2H-pyrano[3,2-
e b][1]benzofuran-6-yl}-D-glucitol
19 w X MO00005487 2-(3,4-Dihydroxyphenyl)-7-(B-D-glucopyranosyloxy)-5- 58918065
Hn]:r\r oy hydroxy-4-oxo-4H-chromen-3-yl 6-deoxy-a-L-
RO ] N mannopyranosyl-(1->2)-[6-deoxy-a-L-mannopyranosyl-(1-
ol (i:[n"ijw >6)]-p-D-galactopyranoside

The fifth column depicted whether the structure of the lead compounds was annotated in the ChemSpider database or was generated with Marvin sketch
chemical structure builder application.
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Figure 1. The PASS server output of the selected compounds of H5N1 inhibitors in Table 1.
Y-axis represents the Pa (probability) value, while X-axis represents the herbalDB ID. Different color bars reflect different bioactivities
annotation.

Table 2. The PATCHDOCK output of the selected ligands.

No. HerbalDB ID Docking score ~ ACE value
1. MO00006246 5532 -317.92
2. MO00009338 6666 -194.14
3. MO00006834* 7194 -285.30
4. MO00009106 6862 -370.98
5. MO00014329 5618 -282.75
6. MO00009235* 6630 -409.61
7. MO00009213 6734 -381.67
8. MO00009105 7158 -292.57
9. Remdesivir 6114 -99.09
(standard drug)

The score and ACE values are both depicted in the table. *Leads with the most
favorable docking score and ACE values. ACE is atomic contact energy that
calculated from solvation Delta Gs.
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Table 3. The Toxtree output of the selected compounds from Table 2.

Virtual screening of lead compounds for SARS-CoV-2

No. Compounds Crammer  Carcinogenicity (genotoxic  In vitro Skin Eye irritation
HebarlDB ID  rules and non-genotoxic) and mutagenicity corrosion
mutagenicity (AMES test)
1. MO00009105 High Negative for genotoxic No alerts for S. Not corrosive  Not eye irritation
(classIII)  carcinogenicity, negative for  typhimurium to the skin R36
nongenotoxic mutagenicity
carcinogenicity
2. M00009213 High Negative for genotoxic No alerts for S. Not corrosive  Not eye irritation
(classTII)  carcinogenicity, negative for  typhimurium to the skin R36
nongenotoxic mutagenicity
carcinogenicity
3. MO00009235* High Negative for genotoxic No alerts for S. Not corrosive  Not eye irritation
(classIII)  carcinogenicity, negative for  typhimurium to the skin R36
nongenotoxic mutagenicity
carcinogenicity
4. MO00014329 High Negative for genotoxic No alerts for S. Not corrosive  Not lesions R34,
(classIII)  carcinogenicity, negative for  typhimurium to the skin R35, R36, R41
nongenotoxic mutagenicity
carcinogenicity
5. MO00009106 High Negative for genotoxic No alerts for S. Not corrosive ~ Not eye irritation
(class III) carcinogenicity, negative for  typhimurium to the skin R36
nongenotoxic mutagenicity
carcinogenicity
6. MO00006834* High Negative for genotoxic No alerts for S. Not corrosive  Not eye irritation
(classIII)  carcinogenicity, negative for  typhimurium to the skin R36
nongenotoxic mutagenicity
carcinogenicity
7. MO00009338 High Structural alert for Structural alert for ~ Not corrosive ~ Not eye irritation
(class III) genotoxic and nongenotoxic  S. typhimurium to the skin R36
carcinogenicity mutagenicity
8. MO00006246 High Structural alert for Structural alert for ~ Not corrosive  Not eye irritation
(classIII)  genotoxic carcinogenicity S. typhimurium to the skin R36
mutagenicity

*Leads with the most favorable docking score and ACE values.

Fig. 2 shows that all lead compounds are ham-
pered by steric effects during their ongoing inter-
action with the 3C-like protease active sites. After
overseeing all the interaction visualizations, only
MO00009235 (Fig. 2D) leads interaction that shows
less constraint from the steric effects due to the
more opening in the cavity. M00009235 happens to
be one of the best leads from the docking simula-
tion. Although the PLIP run show only the best 3D
conformations possible for the protein-ligand
complexes, it is clear that only one complex that
could relieve the restraint of the steric effects. In

http://jppres.com/jppres

order to observe the details of the chemical interac-
tion, Table 5 depicts the total hydrogen bonds in
the complex.

Table 5 shows that the interaction complex of
MO00009106 with 3C-like protease has the most
bonds count, while the least is the M00009213.
Although M00009235 is not having the most hy-
drogen bonds count, but reference from Fig. 2D
shows that the lead has much less restraint from
steric  effects. Interestingly, although the
MO00009106 has the most hydrogen bond count, the
M00006834 has a more favorable docking score
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and ACE value. Based upon this virtual screening picts the complex visualization between the 3C-
consideration, M00009235 and M00006834 are still ~ like protease with the ligands.
considered the top-picked leads. Thus, Fig. 3 de-

Table 4. SWISSADME output for the selected compounds.

No. Compound HerbalDB ID Lipinski rule of 5 (Drug-likeness) Synthetic accessibility

1. MO00006834* No; 3 violations: MW>500, NorO>10, 9.16
NHorOH>5

2. M00009106 No; 3 violations: MW>500, NorO>10, 8.58
NHorOH>5

3. M00014329 No; 3 violations: MW>500, NorO>10, 6.25
NHorOH>5

4, M00009235* No; 3 violations: MW>500, NorO>10, 6.70
NHorOH>5

5. M00009213 No; 3 violations: MW>500, NorO>10, 6.65
NHorOH>5

6. M00009105 No; 3 violations: MW>500, NorO>10, 8.58
NHorOH>5

*Leads with the most favorable docking score and ACE values.

M Protein
Ligand
Water
Charge Center
Aromatic Ring Center
® Metal lon

===+ Hydrophobic Interaction
— Hydrogen Bond

Figure 2. PLIP run of the 3C-like protease with the ligands of (A) M00006834*;
(B) MO00009106; (C) M00009213; (D) MO00009235*%; (E) M00014329; and (F)
MO00009105.

*Leads with the most favorable docking score and ACE values.
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Virtual screening of lead compounds for SARS-CoV-2

Table 5. The hydrogen bond between the amino acid (AA) residues of the 3C-like protease and the ligands.

No. HerbalDB ID

Hydrogen bonds in the AA residues (total bonds count)

1. MO00006834*
11)

2, M00009106
HIS172 (12)

3, M00009213

4, M00009235*

5. M00014329

6. M00009105

HIS41, THR45, SER46, PHE140, ASN142, GLY143, SER144, HIS163, GLU166, THR169, GLY170

THR24, THR25, THR26, SER46, LEU141, ASN142, GLY143, HIS163, MET165, GLU166, LEU167,

CYS44, ASN142, SER144, HIS163, MET165, GLU166 (6)
THR24, THR26, ASN119, ASN142, SER144, HIS163, GLU166, HIS172, GLN189 (9)
THR26, PHE140, ASN142, GLY143, GLU166, GLN189 (6)

GLY109, GLN110, ASN203, GLU240, ASP245, HIS246, THR292, PHE294, ASP295, ARG298 (10)

*Leads with the most favorable docking score and ACE values.

Figure 3. The complex between the 3C-like protease and (A) M00006834; (B) M00009235.

Figures were visualized with UCSF Chimera. Different colors depict different secondary structures repertoire.

Fig. 3 shows mainly the alpha-helix and beta-
sheet secondary structure depiction evenly. How-
ever, it is clear that due to the different confor-
mation of the ligand bindings, the protein confor-
mations are different as well. The ligands are visu-
alized in the center, albeit both are providing dif-
ferent stereochemical conformations. These differ-
ent conformations will, in turn providing different
protein flexibility dynamics, as seen in Fig. 4. Both
3C-like protease complexes with M00009235 and
MO00006834 have the lowest free energy and the
highest score possible.

http://jppres.com/jppres

As seen in Fig. 4, the protein fluctuations are
still falling under the RMSF threshold of 1-3 A. To
this end, they are still considered in a stable con-
formation. However, there is a slightly different
RMSF fluctuation between the inhibition of 3C-like
protease with M00009235 and MO00006834. The
protease-M00009235 complex has significant fluc-
tuation in amino acid residue number 46-61, while
the protease-M00009235 has that on residue num-
ber 106. The difference in the RMSF fluctuation
shows that the difference of ligand conformations
will eventually affect the protein flexibility as well.

J Pharm Pharmacogn Res (2021) 9(5): 740
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Figure 4. (A) Multimodal depiction of the SARS-CoV-2 C-like protease with M00009235; (B) Fluctuation plot of the SARS-CoV-2
C-like protease with M00009235 (C44H34022); (C) Multimodal depiction of the SARS-CoV-2 C-like protease with M00006834
(C44H66023); (D) Fluctuation plot of the SARS-CoV-2 C-like protease with M00006834.

(A) and (C) were visualized with UCSF Chimera version 1.14, (B) and (D) were the output of the CABSflex server.
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DISCUSSION

The virtual screening methods are eliciting
thorough computational iterations to obtain the
best possible leads. Many of the standard tools
could be accessed online, and even the computa-
tionally extensive molecular dynamics could be
conducted online. Offline computational efforts
are mainly conducted for basic data biocuration
efforts. The extensive screenings have produced
annotations that both M00009235 and M00006834
leads are deemed as the best leads. In this regard,
it is clear that this in silico pipeline has emphasized

http://jppres.com/jppres

the reusability of the H5N1 leads as SARS-CoV-2
inhibitors.

Investigating the possible protein-protein or
protein-RNA interaction within the existing SARS-
CoV-2 proteins is definitely becoming an interest-
ing option due to the importance of this study,
albeit with limited existing data sets (Ramanto and
Parikesit, 2019). Further research should be de-
vised in curating the interaction of 3C-like prote-
ase with other proteins and other biomolecules
like DNA and non-coding RNA. One of the land-
marks of this research is the structural and func-
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tional similarity between SARS-CoV-2 and human
rhinovirus protease enzyme. The functional assay
to prove the dual inhibition of those enzymes has
been devised in the wet lab setting (Liu et al,,
2021). Then, there is a possibility that human rhi-
novirus infection could hamper the SARS-CoV-2
replication in the respiratory epithelium due to
interferon up-regulation that signifies deterrence
toward viral infections (Dee et al., 2021). Some
recent findings also showed that human rhinovi-
rus infection could inhibit SARS-CoV-2 inocula-
tion during in vitro experiments (Dee et al., 2021).
This finding could serve as a biomedical basis to
repurpose human rhinovirus inhibitors for SARS-
CoV-2. In this regard, further studies for the re-
purposed rhinovirus inhibitors for SARS-CoV-2
are necessary, especially more thorough studies in
the wet lab.

Moreover, it is clear that actually, the flavonoid
compounds have elicited significant in vitro bioac-
tivity toward SARS (SARS-CoV) and MERS virus
(Nguyen et al., 2012; Jo et al., 2020; Russo et al.,
2020). Those findings were actually serving as a
pharmaceutical chemistry basis to extrapolate the
leads for the SARS-CoV-2 virus, as both MERS and
SARS-CoV belong to the same genus with SARS-
CoV-2.

This study could be devised as a compromise
between purely drug repurposing and natural
products research for developing COVID-19
drugs, especially in the interest of promoting
herbal medicine (Lim et al., 2019). There will be no
contradiction as both studies are catered to in this
effort (Rastelli et al., 2020). Natural product repur-
posing could be elicited as the efficient and effec-
tive approach to promote local biodiversity (Byun
et al., 2019). Thus, a protein-based drug is not the
sole strategy for COVID-19 treatment. Developing
an RNA-based drug is also an option (Parikesit
and Nurdiansyah, 2020b). However, developing
herbal leads are important to preserve the local
wisdom of one’s country. China is one interesting
example as they are the earliest party that pub-
lished herbal-based SARS-CoV-2 inhibitors based
on a bioinformatics approach (Ang et al., 2020; Luo
et al, 2020; Pang et al., 2020). However, other
countries are following closely and have estab-
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lished a natural products-based library as well for
COVID-19 lead compounds (Berretta et al., 2020;
Khan and Al-Balushi, 2020). To this end, the vari-
ous lead compound proposals will enable the sci-
entific community to conduct much more thor-
ough research for devising a conclusive COVID-19
drug lead.

CONCLUSIONS

The repurposed H5N1 ligands from the Herb-
alDB database were curated for the SARS-CoV-2
3C-like protease inhibitors, and significant
amounts have elicited promising results. The
QSAR method has significantly converged the
optimized ligands accordingly in order to focus on
developing the most promising leads. Thus, the
molecular simulations pipeline has successfully
elicited the leads accordingly. In this regard, the
selected best ligands are MO00009235 and
MO00006834 due to their proven stability during
molecular docking and dynamics methods. Both
ligands also elicit satisfactory in silico ADME-TOX
properties.
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