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aSchool of Biotechnology, Gautam Buddha University, Greater Noida, India; bDepartment of Life Sciences, School of Natural Sciences, Shiv
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Communicated by Ramaswamy H. Sarma

ABSTRACT
The novel Coronavirus disease 2019 (COVID-19) is potentially fatal and caused by Severe Acute
Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). Due to the unavailability of any proven treatment
or vaccination, the outbreak of COVID-19 is wreaking havoc worldwide. Hence, there is an urgent
need for therapeutics targeting SARS-CoV-2. Since, botanicals are an important resource for several
efficacious antiviral agents, natural compounds gaining significant attention for COVID-19 treatment. In
the present study, methyltranferase (MTase) of the SARS-CoV-2 is targeted using computational
approach. The compounds were identified using molecular docking, virtual screening and molecular
dynamics simulation studies. The binding mechanism of each compound was analyzed considering
the stability and energetic parameter using in silico methods. We have found four natural antiviral
compounds Amentoflavone, Baicalin, Daidzin and Luteoloside as strong inhibitors of methyltranferase
of SARS-CoV-2. ADMET prediction and target analysis of the selected compounds showed favorable
results. MD simulation was performed for four top-scored molecules to analyze the stability, binding
mechanism and energy requirements. MD simulation studies indicated energetically favorable complex
formation between MTase and the selected antiviral compounds. Furthermore, the structural effects
on these substitutions were analyzed using the principles of each trajectories, which validated the
interaction studies. Our analysis suggests that there is a very high probability that these compounds
may have a good potential to inhibit Methyltransferase (MTase) of SARS-CoV-2 and to be used in the
treatment of COVID-19. Further studies on these natural compounds may offer a quick therapeutic
choice to treat COVID-19.

Abbreviations: ADMET: absorption, distribution, metabolism, excretion and toxicity; HIA: human intes-
tinal absorption; MTase: methyltransferase; SAM: S-adenosyl methionine; SARS-CoV-2: Severe Acute
Respiratory Syndrome Coronavirus 2; SBVS: structure-based virtual screening; tPSA: topological polar
surface area
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Introduction

COVID-19 is a highly infectious disease caused by Severe
Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). The
virus, originating in the city of Wuhan, China, was classified
in the Coronavirus family (Boopathi et al., 2020; Caso &
Federico, 2020; Lu et al., 2020; Wang et al., 2020). The pan-
demic caused by the virus is a great global public health
concern. SARS-CoV-2 has a very high infection rate yet there
is no reliable therapeutic interventions available to combat
the illness (El Asnaoui & Chawki, 2020; Lu et al., 2020). The
outbreak of COVID-19 has devastated humanity, crippled the
economy and is retaining much of the human population in
quarantine worldwide (Chan, Kok, et al., 2020; Vellingiri et al.,
2020). Without an effective treatment, the threat of COVID-
19, and consequent potential fatalities, will persist and may

have detrimental effect globally (https://www.who.int/emer-
gencies/diseases/novel-Coronavirus—2019).

Of the three beta Coronaviruses (MERS-CoV, SARS-CoV and
SARS-CoV-2) that have infected the human population in the
last decade, SARS-CoV-2 is the most infectious and lethal (S.
Khan et al., 2020; Wang et al., 2020). The SARS-CoV-2 virus (also
known as WH-Human-1 Coronavirus and 2019-nCoV) is classi-
fied in the Family Coronaviridae and is closely related to SARS-
CoV (�89%) (Mousavizadeh & Ghasemi, 2020).

The lack of availability of any approved treatment for
COVID-19 necessitates an immediate need to find novel drugs
for its cure. Scientific approaches to find COVID-19 treatments
are in process like testing existing broad-spectrum antiviral
drugs, such as cyclophilin, interferons and ribavirin. Another
approach toward finding an effective treatment is drug repur-
posing that includes the screening of existing drug molecules
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for anti-SARS-CoV-2 activity (R. J. Khan et al., 2020). Recent
advances in robotics automated microfluidic system-based
high-throughput screening makes drug repurposing a work-
able choice. Identification of drug targets from existing gen-
omic information is also widely accepted to find therapeutics.
Further, functional and structural characterization of the target
enzymes is followed by identification of target inhibitors. Once
identified, clinical trials are conducted on the lead compounds.

Many reports to find potential inhibitors using structure-
based drug design studies have highlighted repurposing of
FDA approved drugs (Adeoye et al., 2020). The potential tar-
gets for which the development of effective drugs against
SARS-CoV-2 are in progress are summarized in Table S1.
Molecular docking allows in silico screening of compounds
before testing experimentally. This method has gained popu-
larity in order to save time and resources in the drug discov-
ery and development process (Gupta et al., 2018).

Coronavirus has a positive-sense, single-stranded RNA
genome (Chan, Yuan, et al., 2020; Khailany et al., 2020;
Mousavizadeh & Ghasemi, 2020). It has two overlapping
open reading frames (ORF1a and ORF1b) that occupy two-
thirds of the Coronavirus genome. These two ORFs are trans-
lated into polyproteins, pp1a and pp1ab, via a translational
frameshift (Mousavizadeh & Ghasemi, 2020). These two poly-
proteins are processed to generate 16 non-structural proteins
(nsp1 to 16) (Mousavizadeh & Ghasemi, 2020). The remaining
portion of the genome includes ORFs for the structural pro-
teins: spike (S), envelope (E), membrane (M) and nucleopro-
tein (N) and a variable number of accessory proteins
(Mousavizadeh & Ghasemi, 2020).

One of the crucial proteins responsible for viral replication
and expression in host cells is non-structural protein 16 (nsp16)
or 20-O-ribose methyltransferase (20-OMTase or MTase)
(Benkert et al., 2011; R. J. Khan et al., 2020). MTase modifies the
viral genome by adding a 50-terminal cap (m7GpppN) making
it structurally similar to the host cell RNA. It allows the viral
RNA to camouflage and escape the host cell defense mecha-
nisms (Chen et al., 2011; R. J. Khan et al., 2020; Lugari et al.,
2010). Since SARS-CoV-2 MTase is essential for the viral replica-
tion and is a good drug target candidate for COVID-19. The
inhibition of MTase would enable the immune system to detect
the virus and eliminate it from the cell.

Traditional medicines are one of the oldest treatments in
human history, passed down for generations primarily by
word of mouth (Vellingiri et al., 2020). Plant-based traditional
compounds may in fact provide new inroads into global
health care needs (Thangavel, 2021). These traditional plant-
based remedies contain many constituents that either work
alone, or in combination with other compounds, to produce
the desired pharmacological effect.

The present study utilizes a systematic approach to find
natural antiviral compounds extracted from plant species.
These compounds might act as promising inhibitors against
MTase of SARS-CoV-2. Through an extensive in silico
approach, the aim of this study is to understand the underly-
ing inhibitory mechanisms of these compounds. In order to
accomplish this, molecular docking and molecular dynamics
(MD) simulation studies have been used to calculate various

structural parameters including the estimated binding free
energy (DG) of the drugs, Root Mean Square Deviation
(RMSD), Root Mean Square Fluctuation (RMSF), Radius of
Gyration (Rg), Solvent Accessible Surface Area (SASA),
Principal Component Analysis (PCA) and the intermolecular
hydrogen bonds (H-bonds) for free and inhibitor bounded
SARS-CoV-2 MTase enzyme. Further in vivo and in vitro stud-
ies of these compounds will provide inroads for the develop-
ment of novel anti-SARS-CoV-2 MTase inhibitors that emerge
as good candidate drugs for COVID-19 therapy.

Material and methods

Preparation of ligands and receptor

The 3D SDF structure library of 348 antiviral compounds was
downloaded from the SELLEKCHEM database (https://www.
selleckchem.com). The compounds were imported into
OpenBabel using the PyRx Tool (Dallakyan & Olson, 2015)
and subjected to energy minimization. The energy minimiza-
tion was performed with the universal force field (UFF) using
the conjugate gradient algorithm. The total number of steps
was set to 200 and the number of steps for the update was
set to 1. In addition, the minimization was set to stop at an
energy difference of less than 0.1 kcal/mol. The structures
were converted to the PDBQT format for docking.

The structure of the SARS-CoV-2 MTase protein complex
with SAM (S-Adenosyl methionine) (PDB-ID: 6W4H at reso-
lution 1.80 Å) was used in the present study. The ligand SAM
was removed from the structure for further docking studies.
The receptor preparation was done using the protein prepar-
ation wizard tool of maestro Schr€odinger (Sastry et al., 2013).
Hydrogens were added and optimized by a hydrogen-bond-
ing network in order to find the Histidine protonation state.

Docking

Blind docking was performed using the Autodock Vina tool
compiled in the PyRx 0.8 virtual screening tool (Dallakyan &
Olson, 2015; Trott & Olson, 2010). The search space encom-
passed the entire 3D structure chain A with the following
dimensions in Å: center x, y, z¼ 91.8653, 24.0515, 23.3615,
dimensions x, y, z¼ 25, 25, 25. The docking simulation was
run at an exhaustiveness of 8 and set to output only the
lowest energy poses. The top hit molecules, targeting spe-
cific residues of the SARS-CoV-2 MTase protein, were
selected. Top four natural compounds (Amentoflavone,
Baicalin, Daidzin and Luteoloside) with good binding affinity
to SARS-CoV-2 MTase were selected for further analysis.
Results were analyzed by LigPlotþv.2.2 (Laskowski &
Swindells, 2011).

In silico ADMET prediction

Pharmacokinetic parameters of absorption, distribution,
metabolism, excretion and toxicity (ADMET) play a significant
role in the discovery of novel drug candidates, as many
invented drugs fail in the development process. Hence, the
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in silico ADMET evaluation was computed using online
SwissADME (https://www.swissadme.ch) (Daina et al., 2014,
2017; Daina & Zoete, 2016) and PreADMET (S. K. Lee et al.,
2003, 2004) web tools.

Toxicology prediction of small molecules is important to
predict the amount of tolerability of small molecules before
being physiologically appropriated. The pkCSM online data-
base (http://biosig.unimelb.edu.au/pkcsm/prediction) was
used for toxicology prediction analysis (Pires et al., 2015). The
website provides details of toxicology effects in the fields of
AMES Toxicity, Human Maximum Tolerance Dose, hERG-I
Inhibitor, hERG-II Inhibitor, LD50, LOAEL, Hepatotoxicity, Skin
Toxicity, T. pyriformis toxicity and Minnow Toxicity.

Target prediction

Molecular Target studies are important to find the phenotyp-
ical side effects or potential cross reactivity caused by the
action of small biomolecules (Gfeller et al., 2014; Keiser et al.,
2007). Swiss Target Prediction website (http://www.swisstar-
getprediction.ch/) (Daina et al., 2019) was used for the target
prediction analysis.

MD simulations

MD simulations of SARS-CoV-2 apo-MTase complexed with
identified natural antiviral compounds were performed using
the GROMACS software package using the GROMOS96 54a7
force field (Pronk et al., 2013; Van Der Spoel et al., 2005). The
best pose of each MTase complex was used for MD simulation
studies. The ligand topology was generated by the PRODRG
server (Schuttelkopf & Van Aalten, 2004). Each complex was
centered in a dodecahedron box with a minimum edge dis-
tance of 10 Å from the edge. The dodecahedron box was sol-
vated with water molecules and 0.15M NaCl. After system
preparation, the system was energy minimized to avoid any
steric hindrance by choosing the steepest descent method for
a maximum of 5000 steps (Fmax < 100 kJ/mol/nm).

Further, to equilibrate the system at a constant temperature
of 300 K in a two-step ensemble process, i.e. NVT and NPT were
used for 100 ps. Finally, all systems were introduced to MD
simulation. For analysis, conformations of MTase in each sys-
tem were studied for the whole 100 ns trajectory. The trajecto-
ries were analyzed using g_gyrate, g_hbond, g_rmsf, g_rms
and trajconv tools of GROMACS. All presentation was prepared
using Chimera and Origin 6.0. (Chandra et al., 2021, 2020;
Chetri et al., 2019; Kalita et al., 2019; Pandey, 2020; Shukla
et al., 2019).

Results and discussion

Docking

To identify a potential SARS-CoV-2 MTase inhibitor, the struc-
ture-based molecular docking approach was performed on
348 antiviral compounds. These selected compounds have
therapeutic potential against many infectious diseases,
including anti-malarial and antiviral activities. All 348

compounds and S-Adenosyl methionine (SAM) (the SARS-
CoV-2 MTase substrate) were docked with the SARS-CoV-2
chain A using blind docking. Out of these antiviral com-
pounds, 160 compounds were found to have a binding
energy between �9.3 and �6 kcal/mol (Table S2).

All of the compounds, including SAM, docked in the same
cavity of the SARS-CoV-2 MTase (Figure 1 and Table S2).
Primary screening showed that out of the 348 compounds,
18 had a docking score ranging from �9.3 to �8 kcal/mol
(Figure S1 and Table S2). The list of the compounds, based
on the binding energies (Vina scores) of the highest ranked
position in the ligand docked with SARS-CoV-2 MTase, is
shown in Table S2. The observed binding energy of SAM
with the SARS-CoV-2 MTase complex was �7.3 kcal/mol
(Table S2). A compound is predicted to have activity against
a protein when it has a binding energy less than �6.0 kcal/
mol (Shityakov & F€orster, 2014).

Four natural antiviral compounds were analyzed for
molecular interactions in the SARS-CoV-2 MTase complex
(Table 1). The ligand interactions of SAM showed nine hydro-
gen bonds with five residues, Asp6928, Lys6968, Asn6996,
Ser6999 and Glu7001. In addition, there were six hydropho-
bic interactions with residues Gly6869, Asp6897, Met6929,
Tyr6930, Pro6932 and Thr6970 (Table S2).

Amentoflavone, having the lowest binding energy of
�9.3 kcal/mol, has also been shown to bind to the SARS-COV-2
protease (Strodel et al., 2020). The results showed four hydro-
gen bonds with three MTase residues, Lys6844, Asn6996 and
Ser6999. Amentoflavone also showed hydrophobic interac-
tions with Asp6897, Leu6898, Asp6928, Met6929, Tyr6930,
Pro6932, Lys6968, Asn6996, Thr6970 and Glu7001 residues of
the SARS-CoV-2 MTase enzyme. The interactions with Asp6897,
Asp6928, Met6929, Tyr6930, Pro6932, Lys6968, Thr6970,
Ser6999, Asn6996 and Glu7001 are similar to SAM (Table 1,
Table S2 and Figure 2). H-bond interactions in both SAM and
Amentoflavone, with distance, is given in Table S2.

In terms of their binding energies, the other potent anti-
viral natural compounds were Baicalin, Daidzin and
Luteoloside (Table 1, Table S2 and Figures 1 and 2).

Baicalin has also been recently targeted against the SARS-
CoV-2 main protease (Islam et al., 2020) exhibiting a �8.7 kcal/
mol binding energy with SARS-CoV-2 MTase. The interaction
study showed seven hydrogen bonds with residues, Asn6841,
Lys6844, Gly6871, Asp6897 and Asp6928. Baicalin showed sev-
eral hydrophobic interactions with Gly6869, Ser6872, Leu6898,
Tyr6930, Asp6931, Pro6932, Lys6968, Ser6999 and Glu7001 res-
idues of the SARS-CoV-2 MTase, out of which the eight resi-
dues, Gly6869, Asp6897, Asp6928, Tyr6930, Pro6932, Lys6968,
Ser6999 and Glu7001 were in common with the substrate SAM
(Table 1, Table S2 and Figures 1 and 2).

Daidzin is also identified as strong binder of the SARS-
CoV-2 spike protein in previous reports (Elfiky, 2020). Results
showed a �8.3 kcal/mol binding energy with MTase. Daidzin
bound MTase through six hydrogen bonds with residues
Asp6897, Asn6899, Asp6928 and Tyr6930 along with several
hydrophobic interactions with Lys6844, Gly6871, Ser6872,
Met6929, Lys6968, Ser6999 and Glu7001 residues. The inter-
actions with Asp6897, Asp6928, Met6929, Tyr6930, Lys6968,
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Ser6999 and Glu7001 were in common with the substrate
SAM (Table 1, Table S2 and Figures 1 and 2).

Luteoloside has a �8.3 kcal/mol binding energy with
MTAse. It binds the enzyme with eight hydrogen bonds on
residues Asn6841, Lys6844, Gly6871, Asp6897, Asp6928,
Tyr6930 and Ser6999. Luteoloside also formed several hydro-
phobic interactions with Gly6869, Asp6931, Lys6968, Thr6970
and Glu7001 residues of the SARS-CoV-2 MTase. Interactions
with Gly6869, Asp6897, Tyr6930, Lys6968, Thr6970, Ser6999
and Glu7001 were common with the substrate SAM (Table 1,
Table S2 and Figures 1 and 2). Other compounds also
showed good binding affinities (Table S2).

In silico ADME prediction

ADME predictions of the four selected natural compounds
were carried out. Parameters such as molecular weight (MW),
hydrogen bond acceptor (HBA), hydrogen bond donor (HBD),
number of rotatable bonds (n-rot-b), topological polar sur-
face area (TPSA), partition coefficient (LogPo\w), aqueous

solubility (LogS), blood-brain barrier permeability (BBB), cyto-
chrome-P2D6 inhibitor (CYP2D6), Lipinski rule of 5, hERG
inhibition, human intestinal absorption (HIA) and PAINS alert
were studied. The identified compounds were predicted to
be non-toxic and showed lead likeliness.

The ADME predictions of all four natural compounds are
summarized in Table S3 and Figures S2 and S3. Of the four
natural compounds studied, two showed less than ten
hydrogen bond acceptors (HBA) with the exception of
Baicalin and Luteoloside (HBA-11). In addition, less than five
hydrogen bond donors (HBD) were only found in Daidzin
(HBD-5). The number of rotatable bonds in each molecule
was less than 10.

The topological polar surface area (TPSA) was observed
between 149.82 to 190.28 Å2 (Table S3). The partition coeffi-
cient between n-octanol and water (LogPo/w) is the standard
descriptor for hydrophobicity. All four natural compounds
studied were found to have Log P values less than 5 (rang-
ing between 0.20 and 3.62), showing good permeability
across the cell membrane (Table S3). These parameters
showed that the studied compounds obeyed Lipinski’s rule

Figure 1. The surface rendition diagram. Binding mode of docked compounds in the active site of the SARS-CoV-2 MTase protein. The ligand is shown in the ball
and stick conformation in red.
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of five (Lipinski et al., 2001) with only two violations, and,
therefore, could be used as orally active antiviral agents.

Drug solubility is a significant property influencing
absorption. Also, a water-soluble compound facilitates the
ease of formulation and oral administration in order to
deliver enough quantity of the active ingredient (Daina et al.,
2017). All four compounds were found soluble. Human intes-
tinal absorption (HIA) is the sum of the absorption and bio-
availability that is estimated from the ratio of excretion or
cumulative excretion in bile, urine and feces. Drugs are con-
sidered well absorbed if the intake lies between 70–100%.
All the selected natural compounds showed an intestinal
absorption between 25.16–88.20% (Amentoflavone-88.20%,
Baicalin-32.42%, Daidzin-69.57% and Luteoloside-25.16%) as
shown in Table S3.

Toxicity prediction

The results showed that none of the compounds cross the
blood-brain barrier, thereby decreasing the possibility of
neurotoxicity (Table S3 and Figure S2). In addition, the
results showed that none of the compounds inhibited
CYP2D6, a crucial isoenzyme belonging to the superfamily of
cytochrome P450 (CYP450). CYP2D6 is responsible for metab-
olizing most of the drugs in the liver (Rydberg & Olsen,
2012). Inhibition of CYP2D6 causes drug-drug interactions
leading to toxic effects (Daina et al., 2017). Thus, the

observation that none of the studied compounds inhibited
CYP2D6 is a significant finding ruling out metabolic toxicity.
In a related toxicity correlate, diabetic patients are at higher
risk of developing cardiovascular disease (Aldossari, 2018).
The inhibition of human hERG leads to fatal ventricular
tachyarrhythmia via a prolonged QT interval (Guth & Rast,
2010). Of the four compounds, Amentoflavone and Daidzin
were found to be at medium risk of hERG inhibition while
Luteoloside was found to be at high risk and Baicalin was
ambiguous (Tables S3 and S4 and Figure S3).

The pKCSM program-based in silico toxicity scores
revealed that none of the four natural compounds showed
AMES toxicity (Table S4). Likewise, none of the compounds
showed inhibition of hERG-I. However, three compounds
(Amentoflavone, Daidzin and Luteoloside) showed hERG-II
inhibition potential (Table S4). For hepatotoxicity, Daidzin
was predicted to have toxicity potential. All of the com-
pounds showed maximum T. pyriformis toxicity range (0.285
to 0.287log mg/L). The lowest Fathead Minnow toxicity was
observed for Amentoflavone at 0.801mM (Table S4).

Target prediction

The in silico potential target prediction of four natural com-
pounds in the human proteome are summarized in Table S5
and Figure S4. The targets of Amentoflavone were predicted
to be the family AG protein-coupled receptors (20%), kinase

Table 1. Interaction and distance between the inhibitors and key amino acids of SARS-CoV-2 MTase in docking complexes determined using LIGPLOT program.

S. No Compound name
Binding affinity

(kcal/mol)

H-Bonds
Residue (Atom Number-Distance
in Å-Ligand atom number) Ligand

Other interactions
(Total hydrophobic interacting residues)

1. S-Adenosyl methionine �7.3 S-Asn6996(ND-3.05-O4) L,
S-Glu7001(OE1-3.00-O4) L,
S-Lys6968(NZ-3.22-O3) L,
S-Lys6968(NZ-3.06-O5) L,
S-Asp6928(OD2-3.11-O5)L,
S-Asp6928(OD-2.70-O2)L,
B-Asp6928(O-2.98-O2)L,
S-Ser6999(OG-3.17-O4)L,
S-Ser6999(OG-2.34-N6)L

(6)
Gly6869, Asp6897, Met6929, Tyr6930, Pro6932, Thr6970

2. Amentoflavone �9.3 S-Lys6844(NZ-2.97-O9)L,
S-Lys6844(NZ-2.87-O7)L,
S-Asn6996(ND-3.05-O4)L,
S-Ser6999(OG-2.91-O10)L

(10)
Asp6897, Leu6898, Asp6928, Met6929, Tyr6930, Pro6932,
Lys6968, Asn6996, Thr6970, Glu7001

3. Baicalin �8.7 S-Asn6841(OD1-2.70-O11)L,
S-Asn6841(ND2-3.15-O3)L,
S-Lys6844(NZ-3.08-O2)L,
B-Gly6871(O-2.72-O10)L,
S-Asp6897(OD1-2.99-O4)L,
S-Asp6897(OD1-2.93-O5)L,
B-Asp6928(O-2.84-O11)L

(9)
Gly6869, Ser6872, Leu6898, Tyr6930, Asp6931, Pro6932,
Lys6968, Ser6999, Glu7001

4. Daidzin �8.3 S-Asp6897(OD1-2.96-O5)L,
S-Asn6899(OD1-2.85-O6)L,
B-Asp6928(O-3.10-O8)L,
B-Tyr6930(O-3.20-O7)L,
B-Tyr6930(O-3.02-O8)L,
B-Tyr6930(N-2.87-O8)L

(7)
Lys6844, Gly6871, Ser6872, Met6929, Lys6968,
Ser6999, Glu7001

5. Luteoloside �8.3 S-Asn6841(ND2-3.14-O2)L,
S-Asn6841(OD1-2.75-O9)L,
S-Lys6844(NZ-3.20-O2)L,
B-Gly6871(O-2.94-O8)L,
S-Asp6897(OD1-2.76-O9)L,
S-Asp6928(OD1-2.88-O9)L,
B-Tyr6930(O-2.94-O5)L,
S-Ser6999(OG-2.86-O10)L

(5)
Gly6869, Asp6931, Lys6968, Thr6970, Glu7001

Abbreviations: S-Side chain, B-backbone, L-ligand.
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(13.3%), enzymes (13.3%), unclassified proteins (13.3%), pri-
mary active transporters, secreted proteins, ligand-gated ion
channels, phosphatases and proteases (6.7%) with a probabil-
ity of 1%. This indicates that for Amentoflavone there is the
probability of having off-target activity in humans (Figure S5
and Table S5).

Baicalin showed a potential target with enzymes (20%)
but with a very low probability of 0.15%. In addition,
Baicalin showed a potential target of family AG protein-
coupled receptors (26.7%) but with a very low probability
(0.12%) of having off-target activity in humans (Figure S5
and Table S5). In Daidzin, there was a potential target
with oxidoreductases (13.3%) and secreted proteins (20%)
with a probability of 1% each (Figure 5S and Table S5).
Likewise, Luteoloside showed a potential target of
secreted proteins (13.3%) with a probability of 0.81%,
enzymes (20%) with a probability of 0.33%, oxidoreduc-
tases (13.3%) with the probability 0.16%, and family AG
protein-coupled receptors (26.7%) with a probability of
0.15%. These data indicate that for Luteoloside there is a

very low probability of having off-target activity in
humans (Figure S4 and Table S5).

The output table comprising Target, Common Name,
Uniprot ID, ChEMBL-ID, Target Class, Probability and known
actives in 2D/3D for Amentoflavone, Baicalin, Daidzin and
Luteoloside is summarized in Table S5.

Molecular dynamics simulation

To infer MTase dynamics, MD simulation studies were carried
out. Fundamental properties like deviation, fluctuation and
compactness of the structure during a simulation provides
insights into protein stability in thermodynamics. The RMSD
for each system was computed considering 100 ns trajecto-
ries. For MTase, the RMSD calculation of the Ca backbone
was selected. All of the systems showed minimal deviations
and remained stable during the simulation period. The aver-
age RMSD for the apo-MTase, MTase-Amentoflavone, MTase-
Baicalin, MTase-Diadizin and MTase-Luteoloside complexes
was raised to be 0.35 nm, 0.266 nm, 0.25 nm, 0.32 nm and

Figure 2. The 2D interaction diagram. The docked poses displaying interactions in the SAM binding site of the SARS-CoV-2 MTase protein. In the diagrams, resi-
dues highlighted in with a red circle are common with SAM binding residues in the SARS-CoV-2 MTase complexes.
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0.29nm, respectively. All Inhibitor-MTase systems attained equi-
librium at 50ns since the apo-MTase was stabilized after 80ns.
The MTase-Diadizin complex showed a peak of 86ns at 0.4 nm.
The RMSD of each Inhibitor-MTase complex was less than the
apo-MTase, suggesting a stable conformation of MTase upon
binding to inhibitors (Figure 3). The RMSD of each ligand was
also calculated to elucidate changes in the binding pattern. The
average RMSD of Amentoflavone, Baicalin, Diadizin and
Luteoloside was 0.127nm, 0.25nm, 0.16nm and 0.193nm,
respectively (Figure 3). All of the systems attained equilibration
after 50ns of simulation. Further analysis of stability parameters
for each complex was carried out for the last 50ns.

In order to understand the residue-wise fluctuations
between the apo-MTase and Inhibitor-MTase complexes, the
RMSF values were plotted. The average RMSF values for apo-
MTase, MTase-Amentoflavone, MTase-Baicalin, MTase-Diadizin
and MTase- Luteoloside complex were found to be 0.136 nm,
0.115 nm, 0.11 nm, 0.117 nm and 0.09 nm, respectively. In
apo-MTase, the loop region Gly6829 to Met6839 and
Leu7037 to Ser7041 showed significant fluctuations of 50 Å
and 30Å, respectively. No significant fluctuations were
observed with Inhibitor-MTase complexes. All of the
Inhibitor-MTase complexes showed a comparable RMSF
(Figure 3). The RMSF of the MTase-Luteoloside complex was

least among all of the complexes, suggesting a stable bind-
ing. Also, protein compactness is a significant factor in deter-
mining the folded state. The Rg was calculated to measure
the compactness of MTase in all systems. It was observed
that all systems had comparable Rg values with no signifi-
cant changes in the simulation. The average Rg for the apo-
MTase, MTase-Amentoflavone, MTase-Baicalin, MTase-Diadizin
and MTase-Luteoloside complex was found to be 1.86 nm,
1.85 nm, 1.84 nm, 1.85 nm and 1.83 nm, respectively (Figure
4). Compactness analysis suggested that identified com-
pounds formed attractive and stable interactions with MTase.

Intermolecular polar interaction between protein and lig-
and plays a crucial role in the binding affinity. The hydrogen
bond between MTase and each of the compounds was cal-
culated for the last 50 ns of simulation. The maximum num-
ber of hydrogen bonds in MTase-Amentoflavone, MTase-
Baicalin, MTase-Diadizin and MTase-Luteoloside complex was
found to be 8, 7, 7 and 9, respectively (Figure 4). Luteoloside
formed the highest number of hydrogen bonds among all of
the drugs. The results showed that in the presence of the
identified drug, the binding pocket of MTase remains stable,
suggesting that the identified drugs molecules have a high
affinity toward MTase and can be used as potential binders
of MTase. The SASA was then calculated to decipher protein

Figure 3. Molecular dynamics simulation of MTase from SARS-CoV-2. RMSD of the Ca backbone of apo-MTase and its complexes regarding time (100 ns), RMSD of
drugs over 100 ns, RMSF of Ca atoms of the MTase complexes over 100 ns. The apo-MTase (black) complexed with Amentoflavone (red), Baicalin (blue), Diadizin
(Magenta) and Luteoloside (green) are represented.
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stability and folding during the simulation (Figure 4). The
SASA plot showed lower SASA values for MTase-
Amentoflavone, MTase-Baicalin and MTase-Luteoloside while
for MTase-Diadizin, it showed higher SASA values. The aver-
age value for the apo-MTase, MTase-Amentoflavone, MTase-

Baicalin, MTase-Diadizin and MTase- Luteoloside complex
was found to be 166 nm2, 163 nm2, 164 nm2, 165 nm2 and
163 nm2, respectively. From these results, it can be con-
cluded that Amentoflavone, Baicalin, Diadizin and
Luteoloside showed good binding to MTase.

Figure 4. Stability of MTase from SARS-CoV-2. The number of hydrogen bond interactions between MTase and drugs during the simulation is shown. The radius of
gyration (Rg) of MTase alone and in the complex with drugs over the course of the simulation. The total solvent-accessible area with respect to time is shown. The
apo-MTase (black) complexed with Amentoflavone (red), Baicalin (blue), Diadizin (Magenta) and Luteoloside (green) are represented.

Figure 5. PCA of MTase from SARS-CoV-2 Plot of eigenvalues against the eigenvector index is shown. Only the top 50 eigenvectors were considered for representa-
tion. Projections of the motion of the MTase in the first two principal component vectors (PC1 vs PC2). The apo-MTase (black) complexed with Amentoflavone
(red), Baicalin (blue), Diadizin (Magenta) and Luteoloside (green) are represented.
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Principal component analysis

PCA is a method to simplify complex data with minimum
information loss. In this study, the correlated motions were
predicted by using PCA. The eigenvalues were derived for all
of the complexes and the first ten hits were considered for
analysis. The data showed motions of 82%, 72%, 75%, 84%
and 65% for apo-MTase, MTase-Amentoflavone, MTase-
Baicalin, MTase-Diadizin and MTase-Luteoloside, respectively
(Figure 5). The figure shows that apo-MTase exhibited the
highest motions of all the drug-MTase complexes. Imputing
drug-MTase, the drugs showed fewer motions. From the
overall analysis, it is predicted that the drugs Amentoflavone,
Baicalin, Diadizin and Luteoloside are less motion inducing
thereby providing stability to the drug-MTase complex. Then,
the first two eigenvectors were selected and plotted against
each other (PC1 vs PC2). In this plot, that apo-MTase showed
multiple clusters compared to the identified drugs (Figure 5).
The MTase-Luteoloside complex showed dense and stable
clusters. The cluster of MTase-Amentoflavone, MTase-Baicalin
and MTase-Diadizin was also stable compared to apo-MTase.

Conclusions

Viral respiratory infections are prevalent, and they can be
eliminated from the body with no detrimental consequences
(Hendaus & Jomha, 2020). Recently, natural compounds have
received attention as novel antiviral therapeutics. Thus, iden-
tifying natural ingredients to advance antiviral treatments
holds good possibilities for new treatments. Amentoflavonea,
a well-known biflavonoid found in many natural plants, has
been shown to exhibit anti-oxidation (Saroni Arwa et al.,
2015), anti-tumor (Chiang et al., 2019), anti-inflammatory
(Funakoshi-Tago et al., 2015), neuro-protective (Zhang et al.,
2015) and cardiovascular protective properties (Gan et al.,
2021; Zheng et al., 2013). Baicalin (5, 6-dihydroxy-7-O-glucur-
onide flavone) is a drug used for adjuvant therapy of hepa-
titis in traditional Chinese medicine (Tao et al., 2018). Baicalin
is a dominant flavonoid and has various pharmacological
activities, including anti-oxidative (Y.-C. Lee et al., 2008), anti-
viral (Huang et al., 2000), anti-inflammatory (Huang et al.,
2006), anti-HIV (Li et al., 1993) and anti-proliferative proper-
ties (Tao et al., 2018). Daidzin is a natural organic compound
in the class of phytochemicals known as isoflavones (Rafii,
2015), and is found in leguminous plants, especially soybeans
(Keung et al., 1997). It is a potent and selective inhibitor of
human mitochondrial aldehyde dehydrogenase (ALDH-2)
(Keung et al., 1997). Luteoloside (luteolin-7-O-glucoside) is
found in some types of dried fruits and a variety of other
plant sources such as Lonicera japonica, ‘Jinyinhua’ in
Chinese, is an important herbal plant that has been widely
used in Chinese medicine for thousands of years. This natur-
ally occurring flavonoid is also isolated from the medicinal
plant Gentiana macrophylla. Luteoloside exhibits several bio-
activities, including anti-microbial and anti-cancer activities,
and was also shown to act as a 3 C protease inhibitor of EV-
A71 in vitro (Cao et al., 2016). No serious adverse events
have been reported for these selected compounds. However,

there have been few studies about safety in pregnant
women and people with underlying medical conditions.
Drug-likeness factor rules were obeyed accordingly with no
violation by these four compounds. Thus, these natural com-
pounds can act as a drug in biological systems. The toxicity
prediction says that they are safe and can be given as drugs
with the value of tolerance prescribed for human consump-
tion. All of the four natural compounds (Amentoflavone,
Baicalin, Daidzin and Luteoloside) showed favorable ADMET
properties. Molecular dynamics simulation studies showed
stable conformation dynamics upon compound binding to
MTase. Hence, all four compounds, Amentoflavone, Baicalin,
Daidzin and Luteoloside, can be considered for their excep-
tional binding energy and ADMET properties. However, fur-
ther investigation and validation of these inhibitors against
SARS-CoV-2 are needed to claim their candidacy for clin-
ical trials.
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