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Abstract

The COVID-19 pandemic continues to be a public health problem worldwide. Sev-
eral therapeutic targets of the severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) have been identified, whereas the main protease (Mpro) is necessary for virus
replication. Since SARS-CoV-2 Mpro mutation rates are inherently high, searching for

new inhibitors remains challenging. Herein, this work aimed to evaluate eighty-four



natural compounds from Peruvian sources against different mutations on the Mpro
target. Using computational technics, we applied virtual screening, all-atom molecu-
lar dynamics simulations, and binding free energy estimation by MM /GBSA methods.
The virtual screening results helped us identify rutin as the top compound against
different Mpro mutations. Likewise, the computational simulations demonstrated the
high structural stability of the Mpro-rutin system. Our results demonstrated the an-
tiviral capacity of compounds from Peruvian sources against SARS-CoV-2 Mpro and

its mutations, which could significantly prevent and treat SARS-CoV-2 infection.

Introduction

At the end of 2019, the world observed the outbreak of the COVID-19 pandemic which
began to spread within communities and hospitals, causing numerous persons to become
infected.? SARS-CoV-2 (Severe Acute Respiratory Syndrome Corona Virus 2) is responsible
for triggering the pandemic known as COVID-19%2 and till today, the virus transmission is
wreaking on public health® and the world economy.® Several countries had reported variants
of SARS-CoV-2 and by the end of the second half of 2020, they have rapidly spread. %’

The SARS-CoV-2 main protease (Mpro) is considered a key enzyme that plays a funda-
mental role in mediating viral replication and transcription.® Mpro processes the polyprotein
lab at multiple cleavage sites and hydrolyses the Gln-Ser peptide bond in the Leu-Gln-Ser-
Ala-Gly recognition sequence. This cleavage site in the substrate is distinct from the peptide
sequence recognized by other human cysteine proteases known to date. ? It is also consid-
ered a potential therapeutic target since its inhibition could help to block the translation and
replication of the virus.!® Mpro comprises three domains: domains I, II, and III, composed
of 8-101, 102-184, and 201-306 amino acid residues, respectively.®

Likewise, several researchers had highlighted the importance of studying the stability of
Mpro structure taking to account the mutations, since it would be challenging to identify

specific inhibitors.!! These variants are characterized by changes in the amino acid sequence



of the virus when compared with the first sequenced strain Wuhan-Hu-1 (GenBank accession:
NC_ 045512.2); the variants may have one or more mutations that differentiate them from
the wild type.'? The SARS-CoV-2 genetic variations are crucial to track and evaluate their
spread in countries. It must be considered that the registered mutations can change the
binding mechanisms of possible inhibitors developing a potential resistance.!® Therefore, it
is crucial to anticipate the effect and identify new inhibitors that counteract these effects.

In the absence of a specific drug and the appearance of new mutations, different studies
evaluate the potency of many phytochemicals to restrict the multiplication of SARS-CoV-2
and other viral infections.* Phytocompounds might be the most promising drug candidate
in the current need since they have high bioavailability and low toxicity. !> Likewise, in silico
studies have shown the potent inhibitory action against SAR-CoV-2 Mpro of taraxerol from
Clerodendrum spp. used in traditional medicine in Asia tropical regions!® and the S-amyrin
and stigmasta-5,22-dien-3-ol present in Cyperus rotundus L. used in traditional medicine in
India. "

Peru is one of the 12 nations with the largest percentage of biodiversity, and because of
this, a living legacy of traditional medicine has been able to grow and endure over time.!® The
Vavilov Institute views this region as a global hub for floral biodiversity.'® The 20000-30000
plant species found in the various locations make up roughly 10% of all the plants used as
medicine worldwide.?°

In this study, docking-based virtual screening was conducted using a subset of the PeruN-
PDB dataset. The best chemical was then examined using molecular dynamics simulations
and a calculation of the binding free energy of eight SARS-CoV-2 Mpro mutants (Y54C,?!
N142S,2! T190L,2' A191V2L, S139A,22 R298A %2, R60C?%, and G11A?%).



Computational Details

Proteins preparation

The SARS-CoV-2 Mpro crystal structure was selected. To sample the mutations, they
were obtained of the native sequence only for the Mpro reported in the Protein Data Bank
(https://www.resb.org/pdb/) by the access code PDB ID: 5RE4, which each amino acid
was replaced for eight mutations in search of new challenges (R298A, N142S, A191V, R60C,
G11A,Y54C, T1901, and S139A). The preparation of mutated systems was done by homology
modeling in the SWISS-MODEL server (https://swissmodel.expasy.org) using the crystal
structure of SARS-CoV-2 Mpro (PDB ID: 5RE4) as a template.

Preparation of the Virtual Database and Screening

The search for natural products was performed at the Peruvian Natural Products Database
(PeruNPDB) online web server (first version) (https://perunpdb.com.pe/, accessed on 23
January 2022),% whereas the simplified molecular-input line-entry system (SMILE) of each
compound of was the upload into OpenBabel within the Python Prescription Virtual Screen-
ing Tool (PyRx);?® and the subjection to energy minimization; whereas PyRx performs
structure-based virtual screening by applying docking simulations using the AutoDock Vina
tool.?” Likewise, the FASTA sequence of the Crystal Structure of SARS-CoV-2 main pro-
tease (Mpro) (PDB: 5RE4) was subjected to a BLAST search (accessed on 16 April 2022),%
whereas all the mutants were selected and subjected to automated modeling in SWISS-
MODEL server (accessed on 17 April 2022).%° For the analysis, the search space encom-
passed the whole of the modeled 3D models; and the docking simulation was then run at
exhaustiveness of eight and set to only output the lowest energy pose. Multiple sequence
alignments of the Mpro and mutant sequences were visualized using the msa package (ver-
sion 1.22.0)3° in the R programming environment (version 4.0.3). The heatmap plot was

generated using GraphPad Prism version 9.4.0 (673) for Windows, GraphPad Software, San



Diego, California USA, “www.graphpad.com”.

Molecular dynamics simulation and MM /GBSA calculation

The simulation of the motion is realized by the numerical solution of the classical Newtonian
dynamic equations.?! We used Gromacs v. 2020 to calculate the molecular dynamics (MD)
simulation and the AMBER-99SB-ILDN force field. The topologies for the Amber force field
were determined on the ACPYPE server (https://www.bio2byte.be/acpype/) for the best
metabolite against mutates Mpro. Each system was included in the centre of a cube box of
10 on each side. Likewise, water molecules were added (water model TIP4P). The energy
minimization was carried out with the steep-descendent integrator with 200000 calculation
steps. Herein, the MD simulation in the canonical ensemble NVT was done for a time of
Ins. Finally, the production of MD continued 100 ns in the isobaric-isothermal ensemble
considering the Parrinello-Rahman barostat (1 bar) and V-rescale thermostat (309.65 K).
The binding free energy estimation by MM /GBSA (Molecular Mechanics/Generalized Born
Surface Area) was calculated with the suit mmpbsa.py3? from AmberTools20%® and gmx
MMPBSA v1.4.13*. The equations related to calculations of binding free energies are the

following:

AGbind - Gcomplez - (Gprotein + Glig) (1)
= AFym +AGgg + AGga — TAS (2)
=AFE, 4, + AE, . + AGap + AGgy — TAS (3)

The equation that determines the electrostatic solvation energy (AGggp) considers (AEy )
which is the variation between the minimized energy of the protein-ligand complexes of the
study which includes the van der Waals (AFE,q,) and electrostatic (AFE,.) contributions,
while (AGga) is the difference in surface area energies for protein and ligand and (—T'AS)

refers to the contribution of entropy at temperature T.
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Finally, the graphical visualizations were made with Visual Molecular Dynamics (VMD),3

allowing interactive visualization with an easy-to-use interface. The interpretation of the
molecular interactions was recreated with Maestro (Schrodinger) 2D interactions diagram.
Likewise, the Molecular dynamics simulation results were performed by the Gromacs tools,
and the values were processed by Gnuplot 5.2 (http://gnuplot.info/) command-driven inter-

active function plotting program.

Results

Mutant SARS-CoV-2 Mpro description

SARS-CoV-2 Mpro is a cysteine protease of 67.6 kDa, and its structure possesses a catalytic
dyad (Cys145 and His41) with a substrate-binding pocket located in a cleft between domains
I and II. The secondary structure of Mpro has 10 alpha helixes, and 13 beta sheets, in addition
to 8 beta protrusions, 7 beta hairpins, 22 beta turns, 5 gamma turns, and 9 helix-helix
interactions. In this work we used, the access code PDB ID: 5RE4 which was downloaded
from the Protein Data Bank. This crystal structure was determined by the X-ray diffraction
method with a resolution of 1.88 A,

Besides, we focused on the analysis of eight mutations registered in different parts of
the world. First is the Y54C mutation reported in Malaysia, and the N142S mutation was
reported 17 times in 5 different countries. T190I is a mutation identified in 15 countries, such
as South Africa and the USA. The mutation A191V is characterized by having an occurrence
rate of 0.30% and is present in more than 34 countries. Besides, in the S139A, G11A, and
R298A,36 mutations result in the complete loss of dimerization.?” In Brazil and Vietnam,
the R60C mutation was reported, affecting the protein dynamics and the inhibitor’s binding
within its active site.!® The R298A leads to the interruption of the dimeric conformation and
irreversible inhibition of the enzyme’s catalytic activity,?” and the G11A mutation avoids

the insertion of the N finger region (residues 1-9) and therefore wholly declines its activity.3®



The location of the eight mutations is shown in Figure 1.

Figure 2 shows the sequence alignment of Mpro mutations. The black square selects the
variation of residues by mutant Mpro. The G11A, Y54C, and R60C mutations are located
close to the His41 residue and in Domain I from Mpro. Two mutations (S139A and N142S)
are present in the Domain II and close to the Cys145, and it is expected that these protein
structures could show different behaviour than Mpro without mutations. On the other hand,
it was also observed that mutations in T190I and A191V are in the connection of Domain

IT and Domain III. For the case of R298A mutation, it can observe near Domain III.

@ row roosa @ reoc () T1001

. G11A . N142S S139A ‘ Y54C

Figure 1: 3D representation of SARS-CoV-2 Mpro in which the eight mutations are located.
The beads represent the location of each mutation on both Mpro chains.
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Figure 2: Sequence alignment of SARS-CoV-2 Mpro with the different proteins mutated. The
blue, red, and purple boxes represent the Domain I, Domain II, and Domain III, respectively.

Virtual Screening analysis

The Virtual Screening technique, widely used for drug discovery, seeks to identify potential
compounds for a particular therapeutic target. This approach allowed us to find new possible

candidates within the PeruNPDB dataset against one of the therapeutic targets from mutant



Mpro of SARS-CoV-2.

The 84 substances included in the study are taken from the original PeruNPDB collection;
the most recent dataset consists of 280 substances. Figure 3 shows the gradient palette, the
violet color indicated strong binding (AG<-12 kcal/mol), while the yellow color indicated
weak binding (AG>-2 kcal/mol). In this heat map, rutin is shown the best compounds.
However, for the T190I and Y54C mutations, the color intensity is lower compared to the
other mutations. In Table S1 of the supplementary material, the values of coupling energies
are reported. The values for Mpro wild, A191V, G11A, N142S, R60C, R289C, S139A,
T1901, and Y54C were -10.7 kcal /mol, -10.4 kcal /mol, -10.7 kcal /mol, -10.4 kcal /mol, - 10.7

kcal /mol, -10.7 kcal /mol, -10.7 kcal /mol, -9.4 kcal/mol, and -9.1 kcal /mol, respectively.
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Figure 3: Heat map analysis of binding constants of metabolites from Peruvian native plants
screened against mutated Mpro of SARS-CoV-2.
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Molecular dynamics simulations and estimation of binding free en-

ergy

The results obtained from virtual screening helped us to consider rutin as a ligand against
the different Mpro mutations. Molecular dynamics simulations allow us to understand the
behavior of different mutated Mpro at an atomistic level. After analyzing 100 ns of produc-
tion dynamics, the convergence of each protein is observed by Root-mean squared deviation
(RMSD) analysis (See Figure 2A). This result shows us that the different types of mutations
achieved equilibrium; likewise, an average RMSD between 0.1 and 0.2 nm is appreciated,
an acceptable value in this structural model. The Root-mean squared fluctuation (RMSF)
calculates the flexibility of individual residues that make up the Mpro protein during a simu-
lation trajectory. The RMSF per residue diagram structurally indicates which amino acids in
a protein contribute the most to a molecular motion. Figure 4B highlights the area of His41
and Cys145 amino acids where the most significant fluctuation in the His41 area occurs with
the R298A mutation, while the most significant fluctuation in the Cys145 area occurred in
the R60C, Y54C, R298A, and N142S mutation.

On the other hand, Table 1 shows us the quantitative values of the RMSD, where the
G11A and R60C mutations showed the lowest average RMSD value. In contrast, the average
value for the Y54C mutation was higher than the others. Regarding the average RMSF values
of the last 5 ns, for the 5RE4, A191V, G11A, N142S, R60C, S139A, and T190I systems, the
average RMSF of the Mpro structures oscillated by 0.8 nm, while for R298A the RMSF

average results in 0.09 nm and Y54C it was 0.07 nm.
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Figure 4: Root-mean square deviation (RMSD) and Root-mean square fluctuation (RMSF)
plots. a.) RMSD of eight SARS-CoV-2 Mpro with rutin. b.) RMSF of the last 5 ns
per residue of each SARS-CoV-2 Mpro mutated, highlighting the principal residues of the
catalytic dyad (His41 and Cys145).
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Table 1: RMSD and RMSF average values.

System RMSD (nm) RMSF (nm)

SRE4 0.15£0.02 0.08+0.03
A191V 0.16+0.02 0.08+0.03
G11A 0.1440.02 0.08+0.04
N1425 0.16+0.02 0.084+0.03
R60C 0.14+0.01 0.08£0.03
R298A 0.17+0.03 0.09+0.03
S139A 0.15+0.02 0.08+0.03
T1901 0.17£0.02 0.08+0.03
Y54C 0.18£0.03 0.07£0.03

The results of the binding free energy estimation were performed by the MM/GBSA
method with all frames of the MD. Table 2 indicates the average free energy values for each
system. The values show a high coupling energy estimate, indicating that the interaction
was carried out correctly.

The mutation R60C showed the best interaction energy (-45.09 kcal/mol) against the
different systems studied. The energy values for G11A and A191V were -41.17 kcal/mol
and -40.71 kcal /mol, respectively. While the systems that showed low binding energy were
mutations R298A and S139A, with average values of -24.11 kcal/mol and -25.84 kcal/mol,
respectively.

Likewise, the most significant energy contribution was given by the Van der Waals en-
ergies (VDWAALS) in the wild systems, A191V, G11A, N142S, R298A, S139A, and T190I.
These types of energy are weak and are short-range interactions; in biological systems, they
play a significant role in stabilizing protein-small molecules. On the other hand, in the
R60C and Y54C systems, the energy contribution is given by electrostatic energies (EEL).
Electrostatic energy considers into account the charges of each atom in the system, which
depend on the medium in which they are found; these have greater scope, and the force of

interaction it possesses is linked to the relative orientations it accepts.
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Table 2: Calculated MM /GBSA binding free energy of the systems.

System A TOTAL VDWAALS EEL EGB AG gas AG solv
S5RE4  -33.49+7.32 -44.09+6.48 -33.36+16.91 50.02+9.38 -77.454+14.88 43.96+9.18
A191V  -40.71+6.07 -47.1944.43 -43.39£10.75 55.74+7.21 -90.584+12.04 49.88£7.03
GI1A  -41.1744.48 -46.5143.29 -42.57+10.84 53.404+7.96 -89.08+10.55 47.91+7.78
N142S  -36.65+3.82 -54.184+3.16  -26.84+6.44 51.02+5.15 -81.02+6.77  44.374+5.10
R60C  -45.09+7.29 -48.904+5.88 -49.45+12.23 59.2447.93 -98.35+13.21 53.26+7.10
R298A  -24.11+£8.41 -36.30£8.91 -21.09412.85 37.814+12.91 -57.394+19.44 33.28+11.74
S139A  -25.84+2.95 -45.5642.63 -18.41£7.38  43.8445.14 -63.974+6.74  38.13£5.11
T190I  -35.874+5.80 -48.174+5.82  -30.99+£8.97  49.3245.99  -79.15+£9.71  43.294+5.81

Y54C  -34.53+5.62 -28.04£5.52 -66.78+£10.26 65.394£6.59 -94.82+10.55  60.29+6.36
VDWAALS = Van Der Waals energy; EEL = Electrostatic energy; EGB = Electrostatic contribution free energy

calculated by Generalized Born; AG gas = estimated binding free energy phase gas; AG solv = estimates

binding free energy solvent; A TOTAL = Estimated binding free energy. Values of energy in kcal/mol.

Figure 5 shows the last frame of each simulation of the Mpro-rutin complex. In general,
it was observed that the interactions in the active site are due to the formation of hydrogen
bonds. However, we observed some changes in the region around the active site for the
mutations occurring in N142S and Y54C. The residues around N142S are mostly hydropho-
bic (green contour), hence N142S exhibits a greater energy contribution from hydrophobic
interactions (VDWAALS = -54.18 kcal/mol, higher than the other mutations). While in
Y54C, the residues around rutin are polar (sky blue contour), demonstrating its high ener-
getic contribution by electrostatic interactions (EEL = -66.78 kcal/mol more elevated than

the other mutations).
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Figure 5: 2D interaction diagram of rutin. The pink arrow lines represent the hydrogen
bond.

Discussion

Until today, different research teams worldwide have collected information on SARS-CoV-2
strains since some show many mutations in the different structural proteins, like the main
protease. Mutations affect the stability of the 306 residues of the main protease, giving them

new characteristics.?® Regarding other in silico studies carried out in sequences of SARS-
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CoV-2 Mpro mutated from India and Vietnam, they showed that this change in the genome
affected the stability of the protein and impacted the catalytic zone.?® For this reason, it is
crucial to investigate how these mutations in SARS-CoV-2 Mpro can be inhibited and could
prevent SAR-CoV-2 replication.

Different phytochemical molecules such as kaempferol, quercetin, luteolin-7-glucoside,
demethoxycurcumin, naringenin, apigenin-7-glucoside, oleuropein, curcumin, catechin, and
epicatechin gallate have been reported with promising antiviral drug against SARS-CoV-
2.4 Also, Parvez et al. reported azobechalcone, rifampin, isolophirachalcone, tetrandrine,
and fangchinoline as potential inhibitors of SARS-CoV-2 Mpro,*! and Padhi et al. whom
obtained that putaminoxin B, putaminoxin D, jasmonic acid, and jasmonic methyl ester
with good pharmacokinetic properties against Mpro.*? In 2020, more than a thousand FDA-
approved drugs were virtually screened using molecular docking and binding free energy
calculations, where nelfinavir was suggested as a potential inhibitor against SARS-CoV-2.

Goyzueta et al. studied rutin compound as a promising inhibitor against the native
SARS-CoV-2 Mpro by in silico techniques.*® Likewise, reused drugs and phytochemical
compounds showed a binding affinity against some Mpro mutants; for example, salvianolic
acid A (extracted from S. miltiorrhiza) shows an inhibition effect against N142S and T1901%!.
The novelty of this work was to use a database of compounds designed with metabolites from
Peruvian plants reported in the literature. Our results demonstrate that the rutin metabolite
present in S. sonchilofolius (commonly known as yacon) and L. meyenii (commonly known
as maca andina) had the best binding affinity with all proposed Mpro mutations. Rutin
is known as rutoside and it is a natural phenolic compound with an essential role in the
oxidant-antioxidant balance associated with some diseases. 4445

Molecular dynamics simulation provides us with information on the structural stability
of the protein at a given time by RMSD and RMSF analysis. Here the RMSD results were
within an acceptable average in all systems, which indicates that the rutin molecule forms a

highly stable complex. Additionally, the binding energy was also evaluated with the help of
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the molecular mechanical-generalized Born surface area (MM/GBSA) approach. In these,
we have observed that the mutations located close to the active center are the ones that
achieved the best energy contributions. In general, it was observed that all the Mpro-rutin

systems have a high affinity.

Conclusions

SARS-CoV-2 mutations have caused worry because some mutations can make the virus more
aggressive and spread faster. Currently, several mutations have been reported in different
therapeutic targets of SARS-CoV-2. The main protease (Mpro) is essential for SARS-CoV-2
replication and is a promising drug target. Here, we have focused on eight mutations of the
SARS-CoV-2 Mpro (Y54C, N142S, T190I, A191V, S139A, R298A, R60C, and G11A) and
analyzed several compounds from Peruvian natural sources by virtual screening methods,
where rutin was the most suitable compound. Molecular dynamics simulations and bind-
ing free energy estimation by MM/GBSA showed high stability of the Mpro-rutin complex
and excellent energetic affinity, respectively. These results demonstrated the database Pe-
ruNPDB’s utility in finding rutin as a promising inhibitor of different SARS-CoV-2 Mpro

mutations.

Acknowledgement

Universidad Catolica de Santa Marfa funded this research with the following grants: 27499-

R-2020, 27574-R-2020, and 28048-R-2021

References

(1) Yu, X.; Li, N. Understanding the beginning of a pandemic: China’s response to the
emergence of COVID-19. Journal of Infection and Public Health 2021, 14, 347-352.

17



(2)

(3)

Hu, B.; Guo, H.; Zhou, P.; Shi, Z.-L. Characteristics of SARS-CoV-2 and COVID-19.

Nature Reviews Microbiology 2021, 19, 141-154.

Huang, C.; Wang, Y.; Li, X.; Ren, L.; Zhao, J.; Hu, Y.; Zhang, L.; Fan, G.; Xu, J;
Gu, X., et al. Clinical features of patients infected with 2019 novel coronavirus in

Wuhan, China. The lancet 2020, 395, 497-506.

Oldekop, J. A.; Horner, R.; Hulme, D.; Adhikari, R.; Agarwal, B.; Alford, M.;
Bakewell, O.; Banks, N.; Barrientos, S.; Bastia, T., et al. COVID-19 and the case

for global development. World development 2020, 134, 105044.

Nicola, M.; Alsafi, Z.; Sohrabi, C.; Kerwan, A.; Al-Jabir, A.; losifidis, C.; Agha, M.;
Agha, R. The socio-economic implications of the coronavirus pandemic (COVID-19):

A review. International journal of surgery 2020, 78, 185-193.

Volz, E.; Hill, V.; McCrone, J. T.; Price, A.; Jorgensen, D.; O'Toole, A.; Southgate, J.;
Johnson, R.; Jackson, B.; Nascimento, F. F., et al. Evaluating the effects of SARS-
CoV-2 spike mutation D614G on transmissibility and pathogenicity. Cell 2021, 184,
64-75.

Rees-Spear, C.; Muir, L.; Griffith, S. A.; Heaney, J.; Aldon, Y.; Snitselaar, J. L.;
Thomas, P.; Graham, C.; Seow, J.; Lee, N., et al. The effect of spike mutations on
SARS-CoV-2 neutralization. Cell reports 2021, 34, 108890.

Ullrich, S.; Nitsche, C. The SARS-CoV-2 main protease as drug target. Bioorganic &

medicinal chemistry letters 2020, 30, 127377.

Ghahremanpour, M. M.; Tirado-Rives, J.; Deshmukh, M.; Ippolito, J. A.; Zhang, C.-
H.; Cabeza de Vaca, 1.; Liosi, M.-E.; Anderson, K. S.; Jorgensen, W. L. Identification
of 14 known drugs as inhibitors of the main protease of SARS-CoV-2. ACS medicinal
chemistry letters 2020, 11, 2526-2533.

18



(10)

(11)

(13)

(14)

(15)

(16)

Dai, W.; Zhang, B.; Jiang, X.-M.; Su, H.; Li, J.; Zhao, Y.; Xie, X.; Jin, Z.; Peng, J.;
Liu, F., et al. Structure-based design of antiviral drug candidates targeting the SARS-
CoV-2 main protease. Science 2020, 368, 1331-1335.

Bzowka, M.; Mitusinska, K.; Raczynska, A.; Samol, A.; Tuszynski, J. A.; Gora, A.
Structural and evolutionary analysis indicate that the SARS-CoV-2 Mpro is a chal-
lenging target for small-molecule inhibitor design. International Journal of Molecular

Sciences 2020, 21, 3099.

Tao, K.; Tzou, P. L.; Nouhin, J.; Gupta, R. K.; de Oliveira, T.; Kosakovsky Pond, S. L.;
Fera, D.; Shafer, R. W. The biological and clinical significance of emerging SARS-CoV-2

variants. Nature Reviews Genetics 2021, 22, 7T57-773.

Khan, M. I.; Khan, Z. A.; Baig, M. H.; Ahmad, I.; Farouk, A.-E.; Song, Y. G.; Dong, J.-
J. Comparative genome analysis of novel coronavirus (SARS-CoV-2) from different
geographical locations and the effect of mutations on major target proteins: An in

silico insight. PLoS One 2020, 15, e0238344.

Narkhede, R. R.; Cheke, R. S.; Ambhore, J. P.; Shinde, S. D. The molecular docking
study of potential drug candidates showing anti-COVID-19 activity by exploring of
therapeutic targets of SARS-CoV-2. Eurasian Journal of Medicine and Oncology 2020,
4, 185-195.

Rameshkumar, M. R.; Indu, P.; Arunagirinathan, N.; Venkatadri, B.; El-Serehy, H. A_;
Ahmad, A. Computational selection of flavonoid compounds as inhibitors against
SARS-CoV-2 main protease, RNA-dependent RNA polymerase and spike proteins: A

molecular docking study. Saudi journal of biological sciences 2021, 28, 448-458.

Kar, P.; Sharma, N. R.; Singh, B.; Sen, A.; Roy, A. Natural compounds from Clero-
dendrum spp. as possible therapeutic candidates against SARS-CoV-2: An in silico

investigation. Journal of Biomolecular Structure and Dynamics 2021, 39, 4774-4785.

19



(17)

(18)

(19)

(20)

(21)

(22)

(23)

Kumar, S. B.; Krishna, S.; Pradeep, S.; Mathews, D. E.; Pattabiraman, R.; Mura-
hari, M.; Murthy, T. K. Screening of natural compounds from Cyperus rotundus Linn
against SARS-CoV-2 main protease (Mpro): An integrated computational approach.

Computers in biology and medicine 2021, 134, 104524.

Castro, J. C.; Maddox, J. D.; Cobos, M.; Paredes, J. D.; Fasabi, A. J.; Vargas-Arana, G.;
Marapara, J. L.; Adrianzen, P. M.; Casuso, M. Z.; Estela, S. L. Medicinal Plants of the
Peruvian Amazon: Bioactive Phytochemicals, Mechanisms of Action, and Biosynthetic

Pathways. Pharmacognosy-Medicinal Plants 2018,

Hummer, K. E.; Hancock, J. F. Vavilovian centers of plant diversity: Implications and

impacts. HortScience 2015, 50, 780-783.

Bussmann, R. W.; Sharon, D. Medicinal plants of the Andes and the Amazon-The
magic and medicinal flora of Northern Peru. Ethnobotany Research and Applications

2016, 15, 1-295.

Sharma, T.; Abohashrh, M.; Baig, M. H.; Dong, J.-J.; Alam, M. M.; Ahmad, I.; Irfan, S.
Screening of drug databank against WT and mutant main protease of SARS-CoV-2:
Towards finding potential compound for repurposing against COVID-19. Saudi journal
of biological sciences 2021, 28, 3152-3159.

Goyal, B.; Goyal, D. Targeting the dimerization of the main protease of coronaviruses:
a potential broad-spectrum therapeutic strategy. ACS combinatorial science 2020, 22,

297-305.

Khan, M. I.; Khan, Z. A.; Baig, M. H.; Ahmad, I.; Farouk, A.-E.; Song, Y. G.; Dong, J.-
J. Comparative genome analysis of novel coronavirus (SARS-CoV-2) from different
geographical locations and the effect of mutations on major target proteins: An in

silico insight. PLoS One 2020, 15, e0238344.

20



(24)

(25)

(28)

(30)

(31)

(32)

Suéarez, D.; Diaz, N. SARS-CoV-2 main protease: A molecular dynamics study. Journal

of chemical information and modeling 2020, 60, 5815-5831.

Barazorda-Ccahuana Jr, H. L.; Galvez Ranilla Jr, L.; Candia-Puma Jr, M. A.; Carcamo-
Rodriguez Jr, E. G.; Centeno-Lopez, A. E.; Davila Del-Carpio Jr, G.; Medina-
Franco Jr, J. L.; Chavez-Fumagalli Jr, M. A. PeruNPDB: The Peruvian Natural Prod-

ucts Database for in silico drug screening. bioRxiv 2023, 2023-01.
Dallakyan, S.; Olson, A. J. Chemical biology; Springer, 2015; pp 243-250.

Trott, O.; Olson, A. J. AutoDock Vina: improving the speed and accuracy of docking
with a new scoring function, efficient optimization, and multithreading. Journal of

computational chemistry 2010, 31, 455-461.

Boratyn, G. M.; Camacho, C.; Cooper, P. S.; Coulouris, G.; Fong, A.; Ma, N.; Mad-
den, T. L.; Matten, W. T.; McGinnis, S. D.; Merezhuk, Y., et al. BLAST: a more
efficient report with usability improvements. Nucleic acids research 2013, 41, W29-
W33.

Biasini, M.; Bienert, S.; Waterhouse, A.; Arnold, K.; Studer, G.; Schmidt, T.; Kiefer, F.;
Cassarino, T. G.; Bertoni, M.; Bordoli, L., et al. SWISS-MODEL: modelling protein
tertiary and quaternary structure using evolutionary information. Nucleic acids research

2014, /2, W252-W258.

Bodenhofer, U.; Bonatesta, E.; Horejs-Kainrath, C.; Hochreiter, S. msa: an R package

for multiple sequence alignment. Bioinformatics 2015, 31, 3997-3999.
Polanski, J. 4.14 Chemoinformatics. 2009.

Miller III, B. R.; McGee Jr, T. D.; Swails, J. M.; Homeyer, N.; Gohlke, H.; Roit-
berg, A. E. MMPBSA. py: an efficient program for end-state free energy calculations.

Journal of chemical theory and computation 2012, 8, 3314-3321.

21



(33)

(34)

(37)

(39)

Case, D. A.; Cheatham III, T. E.; Darden, T.; Gohlke, H.; Luo, R.; Merz Jr, K. M.;
Onufriev, A.; Simmerling, C.; Wang, B.; Woods, R. J. The Amber biomolecular simu-

lation programs. Journal of computational chemistry 2005, 26, 1668—1688.

Valdés-Tresanco, M. S.; Valdés-Tresanco, M. E.; Valiente, P. A.; Moreno, E.
gmx_ MMPBSA: a new tool to perform end-state free energy calculations with GRO-

MACS. Journal of chemical theory and computation 2021, 17, 6281-6291.

Humphrey, W.; Dalke, A.; Schulten, K. VMD: visual molecular dynamics. Journal of
molecular graphics 1996, 1/, 33-38.

Hu, T.; Zhang, Y.; Li, L.; Wang, K.; Chen, S.; Chen, J.; Ding, J.; Jiang, H.; Shen, X.
Two adjacent mutations on the dimer interface of SARS coronavirus 3C-like protease

cause different conformational changes in crystal structure. Virology 2009, 388, 324—

334.

Goyal, B.; Goyal, D. Targeting the dimerization of the main protease of coronaviruses:
a potential broad-spectrum therapeutic strategy. ACS combinatorial science 2020, 22,
297-305.

Sheik Amamuddy, O.; Verkhivker, G. M.; Tastan Bishop, O. Impact of early pandemic
stage mutations on molecular dynamics of SARS-CoV-2 Mpro. Journal of chemical

information and modeling 2020, 60, 5080-5102.

Wolfe, G.; Belhoussine, O.; Dawson, A.; Lisaius, M.; Jagodzinski, F. Impactful muta-
tions in Mpro of the SARS-CoV-2 proteome. Proceedings of the 11th ACM International

Conference on Bioinformatics, Computational Biology and Health Informatics. 2020;

pp 1-3.

Puttaswamy, H.; Gowtham, H. G.; Ojha, M. D.; Yadav, A.; Choudhir, G.; Ragura-

man, V.; Kongkham, B.; Selvaraju, K.; Shareef, S.; Gehlot, P., et al. In silico stud-

22



(42)

(43)

(44)

(45)

ies evidenced the role of structurally diverse plant secondary metabolites in reducing

SARS-CoV-2 pathogenesis. Scientific reports 2020, 10, 1-24.

Parvez, M. S. A.; Azim, K. F.; Imran, A. S.; Raihan, T.; Begum, A.; Shammi, T. S.;
Howlader, S.; Bhuiyan, F. R.; Hasan, M. Virtual screening of plant metabolites against
main protease, RNA-dependent RNA polymerase and spike protein of SARS-CoV-2:

Therapeutics option of COVID-19. arXiv preprint arXiv:2005.1125/ 2020,

Padhi, S.; Masi, M.; Chourasia, R.; Rajashekar, Y.; Rai, A. K.; Evidente, A. ADMET
profile and virtual screening of plant and microbial natural metabolites as SARS-CoV-
2 S1 glycoprotein receptor binding domain and main protease inhibitors. European

journal of pharmacology 2021, 890, 173648.

Goyzueta-Mamani, L. D.; Barazorda-Ccahuana, H. L.; Mena-Ulecia, K.; Chévez-
Fumagalli, M. A. Antiviral activity of metabolites from peruvian plants against SARS-

CoV-2: an in silico approach. Molecules 2021, 26, 3882.

Imani, A.; Maleki, N.; Bohlouli, S.; Kouhsoltani, M.; Sharifi, S.; Maleki Dizaj, S.
Molecular mechanisms of anticancer effect of rutin. Phytotherapy Research 2021, 35,

2500-2513.

Cristiano, M. C.; Barone, A.; Mancuso, A.; Torella, D.; Paolino, D. Rutin-Loaded
Nanovesicles for Improved Stability and Enhanced Topical Efficacy of Natural Com-

pound. Journal of functional biomaterials 2021, 12, 74.

23



