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ABSTRACT. Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) is the causal virus of the global COVID-19 
pandemic. Furthermore, it is known to encode 4 structural and 16 non-structural proteins, one of which is Papain-Like 
protease (PLpro). This protein is an essential enzyme that plays a role in the maturation of viral polyproteins, the formation 
of replicate-transcriptase, and the signaling of the host's innate immune response to viral infections. To prevent the activities 
of PLpro, several compounds with inhibitory effects have been developed from natural sources. Flavonoid compounds from 
bay leaf (Syzygium polyanthum) and mahogany bark (Swietenia macrophylla), as well as phenolics from white teak bark 
(Gmelina arborea Roxb.), have been reported to have antiviral activities, but there are no studies on their potential as PLpro 
SARS-CoV-2 inhibitors. Therefore, this study aimed to investigate the PLpro SARS-CoV-2 inhibitory effects of 11 bay leaf, 3 
mahogany bark, and 6 white teak bark test ligands within silico method using YASARA and PLANTS. The best test ligands 
obtained were epigallocatechin-3-gallate (-98.93 kcal/mol), catechin (-80.10 kcal/mol), epicatechin (-80.12 kcal/mol), and 
balanophonin (-83.36 kcal/mol) based on energy binding values surpassing the reference ligands ribavirin (-74.06 
kcal/mol) and benserazide (-90.93 kcal/mol). Additionally, these four ligands satisfied physicochemical, pharmacokinetic, 
and toxicity predictions, in contrast to the natural ligand VIR251, which carries the risk of inhibiting hERG, potentially resulting 
in fatal outcomes. Based on the results, the compounds could be developed as effective alternative drugs in inhibiting PLpro 
SARS CoV-2.  
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INTRODUCTION 

Severe Acute Respiratory Syndrome Coronavirus 2 
(SARS-CoV-2) is the virus responsible for the 
Coronavirus Disease 2019 (COVID-19). It was first 
identified in Wuhan, Hubei Province, China, in 
December 2019, and quickly spread around the 
world. This led to its designation as a global pandemic 
by the World Health Organization (WHO) on March 
11, 2020 (Lai et al., 2020). As of October 28, 2022, 
there have been over 629 million confirmed cases of 
COVID-19 worldwide, with a total of more than 6 
million deaths (WHO, 2022). In Indonesia, as of 
November 12, 2022, more than 6 million patients 
tested positive with more than 159,000 deaths 
(Ministry of Health, 2022). SARS-CoV-2 is composed 
of positive single-stranded RNA with the largest 
genome structure (26.4-31.7 kb) among all known 
RNA viruses (Mousavizadeh, & Ghasemi, 2021). The 
genome encodes four structural proteins, including 
spike (S), membrane (M), envelope (E), and 
nucleocapsid (N) as well as 16 non-structural proteins 
(nsp) (Boopathi et al., 2020). Among these 16 nsp, two 
are proteases, and one of them is Papain-Like 
protease (PLpro). 

PLpro is an essential enzyme that is involved in 
several critical processes of the viral replication cycle. 
Furthermore, it can process viral polyproteins by 
recognizing LXGG cutting motifs that cut the bonds 
between nsp1-nsp2, nsp2-nsp3, and nsp3-nsp4 to 
produce nsp1, nsp2, and nsp3 (Armstrong et al., 
2021). PLpro also plays a role in the cleavage and 
maturation of polyproteins, the formation of replicate-
transcriptase complexes, as well as the breaking of 
bonds in the ubiquitin and Interferon-Stimulated Gene 
15 (ISG15) chains that signal the host's innate immune 
response to viral infections (Klemm et al., 2020). Its 
inhibition can prevent viral replication and 
dysregulation of the host’s immune system, making it 
an effective therapeutic agent for COVID-19 (Osipiuk 
et al., 2021).  

Several medicinal plants have been reported to be 
potential sources of natural antiviral compounds (Attia 
et al., 2020). Among these plants are bay leaf 
(Syzygium polyanthum), mahogany bark (Swietenia 
macrophylla), and white teak bark (Gmelina arborea 
Roxb.). Flavonoid is the main component of bay leaf 
and mahogany bark (Novira, & Febrina, 2018). The 
compound is known to provide several benefits, 
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including antivirals, antibacterials, antifungals, anti-
inflammatory, and antioxidants. In silico studies also 
showed that it has inhibitory activity against several 
target proteins in SARS-CoV-2, such as the enzyme 
main protease (Mpro), RNA-dependent RNA 
polymerase (RdRp), and spike (Alzaabi et al., 2022; 
Bharathi et al., 2022). Meanwhile, white teak bark has 
been found to exhibit weak to moderate antioxidant 
activity. Several studies also reported that antivirals 
and antioxidants have a close relationship, as viral 
infections are often accompanied by oxidative stress, 
a key factor in viral pathogenesis (Fedoreyev et al., 
2018). 

At present, there are no studies on the potential of 
flavonoid compounds from bay leaf and mahogany 
bark, as well as phenolic compounds from white teak 
bark, as PLpro SARS-CoV-2 inhibitors. Therefore, this 
study aims to investigate the ability of these 
compounds to inhibit PLpro SARS-CoV-2. 

 
EXPERIMENTAL SECTION 

The materials used in this study consisted of a 3D 
PLpro structure (PDB ID: 6wx4) downloaded from the 
RCSB online database https://www.rcsb.org/ in *.pdb 
format as well as reference, and test ligands from 
PubChem online database https://pubchem. 
ncbi.nlm.nih.gov/. The reference ligands included 
benserazide and ribavirin. Meanwhile, the test ligands 
were flavonoid compounds derived from bay leaf and 
mahogany bark, and phenolic compounds from white 
teak bark (Appendix 1). 

Conserved Amino Acid Analysis (Kakar et al., 2021) 
The 3D receptor structure in *.pdb format was 

uploaded to the Consurf webserver 
(https://consurf.tau.ac.il/index_proteins.php) for 
analysis of conserved amino acids. Furthermore, the 
analysis results were in the form of amino acid 
sequences and 3D structure of receptors with color 
labels based on the level of conservation. 

Analysis of Druggability (Volkamer Modification et al., 
2012). 

The potential of a pocket in binding to drug 
compounds was predicted using the webserver 
DoGSiteScorer (https://proteins.plus/#dogsite). The 
output was then presented as a table with the best 
pocket information and visualizations in the form of 
3D images.  

Preparation of Receptor and Native Ligand Structures 
(Siagian Modification et al., 2022) 

The 3D structure of receptors in the *.pdb format 
was prepared using YASARA (Krieger et al., 2009), 
including the removal of water and residues, the 
addition of hydrogen, as well as the separation of the 
receptors and native ligand. The preparation results 
were presented in *.mol2 format and consisted of 
receptor structures with coenzymes (Zn) but without 
native ligand, as well as native ligand without 
receptors and coenzymes. The products were then 

prepared using Marvin Sketch with conditioning at a 
pH of 7.4 with 20 conformations. Subsequently, the 
conformation file was saved in the *.mol2 format. 

Validation of Molecular Docking (Siagian 
Modifications et al., 2022) 

Molecular docking was validated by redocking 
native ligand (VIR251) to receptors using PLANTS. 
After obtaining the docking score, the Root Mean 
Square Deviation (RMSD) value was calculated using 
the YASARA structure. 

Preparation of Ligands and Molecular Docking 
(Siagian Modification et al., 2022) 

The test and reference ligands were prepared by 
Marvin Sketch, and then conditioned at a pH of 7.4 to 
form 20 kinds of conformations. Subsequently, 
molecular docking was carried out using PLANTS. The 
docking results with the most negative binding affinity 
scores were selected for analysis and visualization. 

Visualization of Molecular Docking (Siagian 
Modifications et al., 2022) 

The docking ligands in the *.mol2 format were 
converted into *.pdb using YASARA structure and 
attached to receptors using Discovery Studio Client 
2016 (Pilot, 2016). Visualization was then carried out 
in two and three dimensions using LigPlot+ 1.5.4 
(Lakowski et al., 2011) and PyMOL (Yuan et al., 2017), 
respectively, with an interaction radius of 5Å from the 
docked ligand position. 

Prediction of Physicochemical, Pharmacokinetic, and 
Ligands Toxicity (Modification of Hamzah et al., 2015) 

 Physicochemical predictions of ligands were 
performed using the Lipinski webserver 
(http://www.scfbio-iitd.res.in/ software/drugdesign/ 
lipinski.jsp) by inputting their files in *.pdb format. 
Meanwhile, pharmacokinetic predictions were carried 
out by inputting smiles from ligands on the SwissADME 
webserver (http://www.swissadme.ch/) and pkCSM 
online tool (http://biosig.unimelb.edu.au/pkcsm/ 
prediction). Toxicity predictions were carried out on the 
AdmetSAR (http://lmmd.ecust.edu.cn/admetsar1/ 
predict/) webserver. 
 
RESULTS AND DISCUSSION 
Conserved Amino Acid Analysis 

The identification of conserved amino acids was 
carried out by estimating the conservation of the 
evolution of amino acid positions in protein molecules 
based on phylogenetic relationships between 
homologous sequences (Ashkenazy et al., 2016). The 
analysis results showed that the ligand was on the 
binding pocket receptor, as shown in Figure 1a. 
Furthermore, the binding pocket was composed of 
catalytic residues Cys111, His272, and Asp286, as 
well as substrate binding sites on Thr106, Asn109, 
Leu162, Gly163, Asp164, Arg 166, Met208, Pro247, 
Pro248, Tyr264, Tyr268, Gln269, Cys270, Gly271, 
Tyr273 and Thr301 (Rut et al., 2020; Osipiuk et al., 
2021). Based on the identification results, the catalytic 
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residues were conservative, as indicated by the red 
color, while the constituent residues of the substrate 
binding side were variable to conservative and shown 
with green to red (Figure 1b). Kakar et al., (2021) 
reported that conservative residues played an 
important role in protein activity. 

Drugability Analysis 
The analysis results of a pocket's ability to interact 

with medicinal compounds were taken from five 
samples with the best drug score. Pockets 1 to 5 had 
varying values of volume, surface area, depth, and 
hydrophobicity, while the drug score showed a 

decreasing trend, as shown in Table 1. Volkamer et al., 
(2012) reported that large volumes and depths and 
high hydrophobicity values are important parameters 
in determining drugability. Furthermore, drugability 
was determined based on the drug score with a range 
of 0 (undruggable) to 1 (druggable). Pocket 1 had the 
largest volume, surface area, and druggability value, 
but its depth and hydrophobicity were not greater than 
2 and 3. It also had an active site containing catalytic 
sites from receptors as well as a spot for native ligand 
(VIR251) binding, as shown in Figure 2. Pocket 1 was 
used as a docking target in this study based on these 
results.

 
a 

 

b 

 

Figure 1. Visualization results of the identification of conserved residues. (a) binding pocket receptors, and (b) 
catalytic residues as well as substrate binding residues. The yellow stick structures a native ligand of VIR251 

 

Table 1. Pocket data 6wx4 DoGSiteScorer prediction results 

Name Volume (A3) Surface Area (Å2) Depth (Z) Hydrophobicity 
Drug 
Score 

Pocket 1 404.86 631.70 16.28 0.40 0.70 
Pocket 2 313.92 602.13 14.63 0.43 0.63 
Pocket 3 205.18 482.81 16.68 0.30 0.62 
Pocket 4 201.66 409.92 15.33 0.38 0.59 
Pocket 5 333.70 504.56 12.58 0.18 0.57 

 
 

 

 Figure 2. DoGSiteScorer's predicted 6wx4 pocket visualization 
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Validation of Receptor and Molecular Docking 
Molecular docking was carried out by predicting 

the structure of intermolecular complex ligands and 
receptors expressed in the bond-free energy as well as 
the type of interaction (Sumaryada, 2016). 
Furthermore, validation was performed against the 
docking method before the simulation. The process 
was carried out on binding site centers 9.30159, -
27.689, and -37.813 with a radius of 14.7701. RMSD 
value parameters were then used to assess 20 native 
ligand conformations (VIR251) with 10 repetitions per 
conformation. The validation results obtained an 
RMSD value of 1.2255 Å (Appendix 2) with the 
redocking ligand pose closely resembling that of the 
native ligand, as shown in Figure 3. According to 
Pratama et al., (2021), an RMSD value of < 2 Å 
indicated that the docking method was valid and can 
be used for subsequent processes. 

Docking was performed on 11 bay leaf, 3 
mahogany bark, and 6 white teak bark test ligands 
(Appendix 1). The results were then compared with 
VIR251 as a native ligand, as well as benserazide and 
ribavirin as references. Benserazide was selected due 
to its high potential to bind to PLpro SARS-CoV-2 
through hydrogen bonds in the residues of Asp164 
and Gln269. It can also engage in hydrophobic 
binding to Tyr268, Pro247, and Pro248 (Ibrahim et al., 
2020). Meanwhile, ribavirin was recommended for 
emergency use as an antiviral agent for SARS-CoV-2. 
Molecular docking studies showed that it can inhibit 
the activity of PLpro enzyme by binding to the substrate 
binding site of Gln270 (Wu et al., 2020). The docking 
results were selected based on the samples with the 
highest negative binding energy (ΔG) value. 

Furthermore, VIR251 had the highest negative 
bond energy value of -115.54 kcal/mol compared to 
the overall test ligands, as well as benserazide and 
ribavirin with s-90.93 kcal/mol and -74.06 kcal/mol, 
respectively (Table 2). This was because VIR251 was a 
nonproteinogenic peptide that can selectively inhibit 
PLpro SARS-CoV-2 (Rut et al., 2020). Several test 
ligands were also reported to have higher negative 
binding energy values compared to the references. 

Quercitrin, myricitrin, epigallocatechin-3-gallate, and 
myricetin from bay leaf, as well as the overall test 
ligand from mahogany bark, had higher values 
compared to ribavirin. Similar findings were also 
obtained from balanophonin, gmelinol, and (−)-p-
hydroxyphenyletil[5′"-O-(3,4-dimetoxysinamoyl)-β-D-
apiofuranosil(1′" → 6′)]-β-D-glucopyranose from white 
teak bark, which had more negative binding energy. 
However, only epigallocatechin-3-gallate from bay 
leaf,  swietemacrophyllanin  from  mahogany  bark, 
as well as (−)-p-hydroxyphenyletil[5′"-O-(3,4-
dimetoxysinamoyl)-β-D-apiofuranosil(1′" → 6′)]-β-D-
glucopyranose from white teak bark had higher 
energy value compared to benserazide (Table 2). A 
high negative binding energy (ΔG) indicated the 
presence of a high ligand affinity to the active site of 
the receptors as well as strong ligand-receptor bonds 
(Pratama, & Suhartono, 2018). 

Prediction of Physicochemical Properties, 
Pharmacokinetics, and Ligand Toxicity  

Test ligands with a higher binding energy value 
were analyzed using the prediction of physicochemical 
properties, pharmacokinetics, and toxicity. 
Furthermore, the physicochemical characteristics are 
one of the factors that must be considered in the 
design of a drug. One of the indicators used in this 
study was the Lipinski Rule of Five. Lipinski et al., 
(2001) reported that a compound has good 
absorption and permeation when the relative atomic 
mass, hydrogen bond donor, bond acceptor, partition 
coefficient (Log P), and molar refractivity of < 500 Da, 
< 5, < 10, < 5, and 40-130, respectively. A ligand is 
believed to meet Lipinski's rule when it does not violate 
more than 2 parameters (Petit et al., 2012). Based on 
the results of the analysis, all reference and test ligands 
met the rule except for (−)-p-hydroxypheniletil[5′"-O-
(3,4-dimethoxysinamoyl)-β-D-apiofuranosil (1′"→6′)]-
β-D-glucopyranoside. This was because it violated 4 
test parameters, as shown in Table 3. Drugs that do 
not meet the Lipinski Rule of Five were likely to cause 
problems during oral usage, hence, the molecules 
were often administered using intravenous injection 
(Amirian, & Levy, 2020). 

 

 

 Figure 3. Validated ligand pose (green) with crystallographic data (yellow) 
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Table 2. Ligands molecular docking score against PLpro SARS-CoV-2 6wx4 

Ligands Binding Energy (kcal/mol) 

VIR251 (native ligand) -115.54 
Benserazide (reference ligand) -90.93 
Ribavirin (reference ligand) -74.06 

S. polyanthum leaf 

Quercitrin -81.82 
Myricitrin -83.97 
Epigallocatechin-3-gallate -98.93 
Myricetin -74.22 
Quercetagetin -73.80 
Quercetin -73.13 
Malvidin -71.58 
Delphinidin -73.92 
Phloretin -73.02 
Retusin -67.67 
Flavan-3-ol -71.08 

S. macrophylla bark 

Catechin -80.10 
Epicatechin -80.12 
Swietemacrophyllanin -91.22 

G. arborea bark  

Balanophonin -83.36 
Gmelinol -87.94 
(−)-p-hydroxyphenylethyl[5′"-O-(3,4-dimethoxysinamoyl)-β-D-
apiofuranocyl(1′" → 6′)]-β-D-glucopyranoside 

-107.78 

2-(4-hydroxyphenyl) ethanol -60.48 
2,6-dimethoxy-p-benzoquinone -58.29 
3,4,5-trimethoxyphenol -59.68 

Description: The yellow line is a test ligand with a binding energy that exceeds the reference ligand 
  

Table 3. Prediction of ligands' physicochemical properties 

Ligands 
Relative Atom 

Mass (Da) 
Hydrogen 

Bond Donor 

Hydrogen 
Bond 

Acceptor 
LogP 

Molar 
Refractivity 

VIR251 (Native ligand) 477.00 6.00 7.00 2.19 117.10 
Benserazid 
(Reference ligand) 

258.00 6.00 8.00 -1.07 56.93 

Ribavarin (Reference ligand) 244.00 5.00 8.00 -3.01 51.55 

S. polyanthum leaf 

Quercitrin 448.38 7.00 11.00 0.49 109.00 
Myricitrin 464.38 8.00 12.00 0.19 111.02 
Epigallocatechinn-3-gallate 458.38 8.00 11.00 2.23 112.06 
Myricetin 318.24 6.00 6.00 1.69 80.06 

S. macrophylla bark 

Catechins 290.00 5.00 6.00 1.09 68.13 
Epicatechin 290.00 5.00 6.00 1.09 68.13 
Swietemakrofilanin 482.00 6.00 10.00 2.04 110.90 

G. arborea Roxb. bark 
Balanophonin 356.00 2.00 6.00 2.83 95.95 
Gmelinol 402.00 1.00 7.00 2.91 104.92 
(−)-p-hydroxyphenylethyl[5′"-
O-(3,4-dimetoxysinamoyl)-β-
D-apiofuranosil(1′" → 6′)]-β-D-
glucopyranoside 

622.00 6.00 14.00 -0.50 150.63 

Description: yellow box = breaking Lipinski's rules 
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Prediction of ligand pharmacokinetics must be 
carried out to determine the absorption, distribution, 
metabolism, and excretory power of the compounds 
to be developed into drugs (Novian et al., 2019). The 
analysis was based on several parameters, including 
%absorption, water solubility, gastrointestinal 
absorption (GI), Log Kp (skin permeability), and 
bioavailability. Furthermore, absorption was a 
parameter used to predict the proportion of 
compounds absorbed through the human small 
intestine. The analysis results showed that the overall 
reference and test ligands had an absorption value of 
36-96%, while a value of 25.82% was obtained from 
the native variants, as shown in Table 4. This indicated 
that the reference and test ligands were well absorbed 
because they have an absorption value of >30% (Pires 
et al., 2015). Water solubility was one of the 
parameters used to predict the absorption of drugs in 
the body. Daina et al., (2017) reported that the 
injected drug candidate must be water-soluble. The 
results showed that the two reference ligands were 
highly soluble in water, while all test and native ligand 
had water-soluble properties. However, only 
swietemacrophyllanin from mahogany bark was 
slightly soluble in water, as shown in Table 4.  

Prediction  of  drug  absorption  through diffusion 
in  the  human   gastrointestinal   tract  showed  that 
all samples from bay leaf as well as 
swietemacrophyllanin from S. macrophylla bark, and 
(−)-p-hydroxypheniletil[5′"-O-(3,4-dimetoxysinamoyl) 
-β-D-apiofuranosil(1′"→6′)]β-D-glucopyranosee from 
G. arborea bark had a low GI absorption rate. 

Meanwhile, the two test ligands from Swietenia 
macrophylla bark and G. arborea, namely catechin, 
epicatechin, balanophonin, and gmelinol had higher 
values, as shown in Table 4. According to Daina et al., 
(2017), compounds with a good pharmacokinetic 
profile were determined by high GI absorption. The 
skin permeability parameter (Log Kp) played an 
important role in drug delivery. Compounds with low 
skin permeability are characterized by a Log Kp value 
of >-2.5 (Pires et al., 2015). Based on the analysis 
results, native, reference, and test ligands have a 
permeability value of < -2.5, indicating good skin 
permeability, as shown in Table 4. Meanwhile, the 
bioavailability prediction was carried out by measuring 
the dose of the drug administered that reached the 
systemic circulation (McGinnity, & Grime, 2017). The 
bioavailability score was categorized as good when 
the value obtained was > 0.10 (Daina et al., 2017). 
The prediction results showed that all ligands have 
scores of > 10% or 0.10, as shown in Table 4. This 
indicates that they can be used as effective alternative 
therapies. 

Another crucial aspect of drug design is toxicity 
prediction, which played an important role in 
estimating the degree of damage caused by 
compounds to biological and nonbiological materials. 
It can also be used to assess the risk of cancer, heart 
disorders, and skin or eye irritation (Sasmito et al., 
2015). Predictions were made based on three 
parameters, including Human Ether-a-go-go-Related 
gene (hERG) inhibition, carcinogenicity, and acute oral 
toxicity. Furthermore, hERG encoded the pore-forming

 
Table 4. Ligand pharmacokinetic prediction 

Ligands 
Absorption 

(%) 
Water 

solubility 
GI 

Absorption 
Log kp 
(cm/s) 

Bioavailability 
score 

VIR251 (Native ligand) 25.82 Soluble Low -10.06 0.17 
Benserazid 
(Reference ligand) 

36.00 Very soluble Low -8.77 0.55 

Ribavarin (Reference ligand) 54.99 Very soluble Low -9.10 0.55 

S. polyanthum leaf 

Quercitrin 52.71 Soluble Low -8.42 0.17 
Myricitrin 43.33 Soluble Low -8.77 0.17 
Epigallocatechinn-3-gallate 47.40 Soluble Low -8.27 0.17 
Myricetin 62.82 Soluble Low -7.40 0.55 

S. macrophylla bark  

Catechins 68.83 Soluble High -7.82 0.55 
Epicatechin 68.83 Soluble High -7.82 0.55 
Swietemakrofilanin 

83.99 
Slightly 
Soluble 

Low -7.67 0.55 

G. arborea Roxb. Bark 

Balanophonin 96.00 Soluble High -7.03 0.55 
Gmelinol 95.00 Soluble High -7.42 0.55 
(−)-p-hydroksiphenylethyl[5′"-
O-(3,4-dimetoxysinamoil)-β-
D-apiofuranosil(1′" →6′)]-β-D-
glucopyranoside 

36.00 Soluble Low -10.23 0.17 
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subunits of the K+ ion channels in the heart that 
played a role in electrophysiology. This indicates that 
inhibition of the gene can increase the probability of 
arrhythmias and sudden death (Lei et al., 2019; 
Dickson et al., 2020). The analysis results showed that 
native ligand, swietemacrophyllanin from S. 
macrophylla bark, and gmelinol from G. arborea bark 
inhibited hERG with a probability of greater than 0.50. 
This indicated that the three ligands cannot be used as 
drug candidates. Meanwhile, the test ligand, 
epigallocatechin-3-gallate from S. polyanthum leaf, 
inhibits hERG with a probability of less than 0.50, 
indicating a low level of hERG inhibition (Table 5).  

A carcinogenic parameter helped to reveal the 
nature of a compound with the ability to cause cancer 
by damaging DNA and disrupting the body's 
biological processes (Arief et al., 2018). Based on the 
analysis results, native, test, and reference ligands 
were non-carcinogenic, indicating they were safe, as 
shown in Table 5. Meanwhile, an acute oral toxicity 
test parameter was performed to determine the LD50 

value of a compound. The Lethal Dose 50 (LD 50) 
value was a dose that statically has the ability to kill 
50% of the experimental target (Sulastra et al., 2020). 
Acute oral toxicity was divided into four categories 
based on the United States Environmental Protection 
Agency. The categories included I, II, III, and IV with 
LD values of 50 ≤ 50 mg/kg, 50 < LD 50 ≤ 500 
mg/kg, 500 < LD 50 ≤ 5000 mg/kg, and 50 ≥ 5000 
mg/kg, respectively (Gadaleta et al., 2019). Based on 
the results, all the ligands were in category III. The only 
exceptions were myricetin in II, as well as 
epigallocatechin-3-gallate from S. polyanthum leaf 
and catechins and epicatechin from S. macrophylla 
bark in IV. This showed that all the compounds were 

considered to have relatively low toxicity, except for the 
myricetin test ligand from S. polyanthum leaf, as 
shown in Table 5. 

Epigallocatechin-3-gallate from S. polyanthum 
leaf, catechins and epicatechins from S. macrophylla 
bark, and balanophonins from G. arborea bark had 
the best characteristics based on these predictions. 
This indicated that they can be used to develop 
effective alternative medicine for SARS-CoV2. 
However, these compounds have low GI absorption 
values, which reduced their effectiveness. VIR251 
(native ligand) has a small absorption value and can 
inhibit hERG with a probability of 0.75. Based on this 
finding, it was predicted that the body can experience 
difficulties during its absorption, leading to increased 
arrhythmias and sudden death.  
Analysis and Visualization of Molecular Docking  

Analysis  and  visualization  were  performed on 
test ligands with a docking score that was more 
negative  compared  to the reference. Visualization 
was   carried   out  in  2D  (Appendix 3)  and  3D 
(Figure 4).  The  2D  process  was performed to 
analyze  the  binding  interaction of receptor 
complexes  with  VIR251,  as  well  as  the  reference 
and  test  ligands,  as  shown  in Table 6.  Meanwhile, 
3D visualization was carried out to analyze ligand 
poses on the binding pocket, as shown in Figure 4. 
The  analysis  was  based  on  the  reports  of  Rut et 
al., (2020)  &  Osipiuk  et al.,  (2021)  that  PLpro 
SARS-CoV-2 has catalytic sites on the Cys111, His272, 
and Asp286 residues. It also has substrate binding 
sites on the Thr106, Asn109, Leu162, Gly163, 
Asp164, Arg 166, Met208, Pro247, Pro248, Tyr264, 
Tyr268, Gln269, Cys270, Gly271, Tyr273, and 
Thr301 residues.

  
Table 5. Ligands Toxicity Prediction 

Ligands 
hERG Carcinogenicity Acute oral toxicity 

Category Score Category Score Category Score 

VIR251 (Native ligand) + 0.75 Non-carcinogens 0.92 III 0.68 
Benserazid (Reference ligand) - 0.99 Non-carcinogens 0.76 III 0.74 
Ribavirin (Reference ligand) - 0.64 Non-carcinogens 0.99 III 0.78 

S. polyanthum leaf 

Quercitrin - 0.98 Non-carcinogens 0.95 III 0.52 
Myricitrin - 0.59 Non-carcinogens 0.99 III 0.52 
Epigallocatechinn-3-gallate + 0.14 Non-carcinogens 0.96 IV 0.38 
Myricetin - 0.78 Non-carcinogens 1.00 II 0.73 

S. macrophylla bark 

Catechins - 0.47 Non-carcinogens 0.97 IV 0.64 
Epicatechin - 0.47 Non-carcinogens 0.97 IV 0.64 
Swietemakrofilanin + 0.87 Non-carcinogens 0.99 III 0.65 

G. arborea bark 

Balanophonin - 0.97 Non-carcinogens 0.91 III 0.57 
Gmelinol + 0.70 Non-carcinogens 0.90 III 0.48 
(−)-p-hydroksiphenylethyl[5′"-O-
(3,4-dimethoxysinamoil)-β-D-
apiofuranosil(1′" → 6′)]-β-D-
glucopyranoside 

- 0.47 Non-carcinogens 0.97 III 0.55 
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Based on the analysis results, only native ligand 
interacted with the catalytic site of the receptor, while 
the reference and test ligands were only associated 
with the substrate binding site (Table 6). These results 
were also observed in 3D visualization of the binding 
pocket. The native ligand on the binding pocket at the 
catalytic site was yellow, while the reference and test 
ligands on the substrate binding pocket were blue 
(Figure 4). This occurred because the pocket in the 
catalytic part of PLpro SARS-CoV-2 had a very narrow 
geometric structure, thereby requiring a very flexible 
compound (Narayanan et al., 2022). 

The docking results also showed the multiplicity of 
hydrophobic interactions as well as hydrogen bonds in 
each ligand, as shown in Table 6. The difference in the 
number of hydrophobic interactions was because the 
number of amino acids with nonpolar side chains at 
the receptor was lesser compared to the polar side 
chains (Zhu et al., 2016). According to Arwansyah et 
al., (2014), the abundance of hydrophobic 
interactions played a role in determining the stability 
of ligands tethered to receptors. Meanwhile, the 
difference in the number of hydrogen bonds was likely 
due to variations in the amount of hydrogen bond 
donors and acceptors in each compound (Chen et al., 
2016). Due to the numerous hydrogen bonds, the ΔG 

value was more negative, thereby strengthening the 
ligand and receptor bonds (Tallei et al., (2020); 
Alimah et al., (2022)).  The analysis results showed 
that  benzeradine  had the highest number of 
hydrogen  bonds,  but the resulting ΔG value was 
lower compared to the native ligand. This was because 
the  native  ligand  bonded  to  catalytic sites that 
played an important  role  in  the  enzymatic reactions 
of receptors (Table 3). Epigallocatechin-3-gallate, 
swietemacrophyllanin, and (−)- p-
hydroxypheniletil[5′"-O-(3,4-dimethoxysinamoyl)-β-D-
apiofuranosil(1′" → 6′)]-β-D-glucopyranose had the 
highest number of hydrogen bonds among the 
compounds obtained from the plant used (Table 6). 
These results correlated to the ΔG value of the three 
ligands, which had the highest ΔG value, as shown in 
Table 2. Furthermore, the distance of the hydrogen 
bond formed also influenced the interaction of ligands 
and receptors. According to Prasetiawati et al., (2021), 
these bindings were categorized as strong when they 
have a distance of < 2.8 Å. The (−)-p-
hydroxyfeniletile[5′"-O-(3,4-dimethoxysinamoil)-β-D-
apiofuranosil(1′" → 6′)]-β-D-glucopyranose had 4 
hydrogen bonds with a distance of < 2.8 Å, while 
native ligand had 3. The results also showed that the 
reference and other test ligands had 1-2 bonds. 

 
Table 6. Residues involved in the binding complex 

Ligands 
Amino acid residues involved The amount of residue involved 

Hydrophobic 
interaction 

Hydrogen bonding 
Hydrophobic 
interaction 

Hydrogen 
bonding 

VIR251 
(Native ligand) 

Asn109, Asn110, 
Cys111, Leu162, 
Pro247, Pro248, 
Gln269, Cys270, 
Tyr273, Thr301 

Trp106 (3.02 Å) 
Tyr112 (4.60 Å) 
Gly163 (2.60 and 3.08 Å) 
Asp164 (2.93 Å) 
Tyr264 (2.95 and 4.94 Å) 
Tyr268 (3.06 and 3.18 Å) 
Gly271 (2.77 and 2.79 Å) 
His272 (4.16 Å) 
Asp286 (2.98 Å) 

10 13 

Benserazid 
(Reference 
ligand) 

Met208, Ser245, 
Pro247, Pro248 

Asp164 (3.12 Å) 
Val165 (3.42 Å) 
Arg166 (2.89, 2.92, and 3.91 Å) 
Ala246 (3.84 and 3.92 Å) 
Tyr264 (2.86 and 4.96 Å) 
Tyr267 (4.82 Å) 
Tyr268 (2.95 Å) 
Tyr273 (2.79 Å) 
Thr301 (2.87, 2.87, 2.99, and 
4.98 Å) 
Asp302 (2.59 and 3.00 Å) 

4 18 

Ribavirin 
(Reference 
ligand) 

ASP164, GLU167, 
PRO247, PRO248, 
GLN269 

Lys157 (3.87 Å) 
Leu162 (3.01 Å) 
Gly163 (2.85 and 3.61 Å) 
Tyr264 (4.04 and 4.94 Å) 
Tyr268 (2.75 and 4.77 Å) 
Tyr273 (2.99 Å) 
Thr301 (3.02 and 3.16 Å) 

5 11 
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S. polyanthum leaf 

Quercitrin 
Asp164, Met208, 
Ala246, Pro247, 
Asn267 

Gly163 (4.97 Å) 
Val165 (4.91 Å) 
Arg166 (4.83 and 4.83 Å) 
Pro248 (4.04 Å) 
Tyr264 (4.25 Å) 
Gly266 (2.69 Å) 
Tyr268 (3.59 Å) 
Tyr273 (2.76 and 3.25 Å) 
Thr301 (4.85 Å) 
Asp302 (4.98 Å) 

5 12 

Myricitrin 
Gly163, Pro247, 
Pro248, Thr265, 
Asn267, Thr301 

Asp164 (4.70 Å) 
Val165 (4.91 Å) 
Tyr264 (3.92 and 4.30 Å) 
Gly266 (2.71 and 2.91 Å) 
Tyr268 (3.07 and 3.71 Å) 
Tyr273 (2.95 Å) 

6 9 

Epigallocatechi
nn-3-gallate 

Asp164, Met208, 
Pro247, Pro248 

Gly163 (3.48 and 4.82 Å) 
Val165 (4.83 and 4.92 Å) 
Arg166 (2.85, 2.99, 3.00, and 
3.59 Å) 
Tyr264 (2.86 and 4.93 Å) 
Gly266 (4.17 Å) 
Asn267 (4.90 Å) 
Tyr268 (2.91 Å) 
Tyr273 (2.62 and 2.94 Å) 
Thr301 (3.80 Å) 

4 16 

Myricetin 
Pro247, Pro248, 
Asn267 

Gly163 (4.69 Å) 
Asp164 (2.47, 2.92, 4.85 Å) 
Val165 (4.47 Å) 
Tyr264 (4.45 Å) 
Gly266 (2.92 Å) 
Tyr268 (4.90 Å) 
Tyr273 (2.48 and 2.97 Å) 
Thr301 (3.05 Å) 

3 11 

S. macrophylla bark  

Catechin 
Pro247, Pro248, 
Asn267, Tyr268 

Gly163 (4.01 Å) 
Asp164 (4.10 Å) 
Val165 (4.78 Å) 
Tyr264 (4.81 Å) 
Gly266 (2.97 Å) 
Tyr273 (2.67 and 2.96 Å) 
Thr301 (3.08 Å) 

4 8 

Epicatechin 
Pro247, Pro248, 
Asn267, Tyr268 

Gly163 (4.00 Å) 
Asp164 (4.03 Å) 
Val165 (4.71 Å) 
Tyr264 (4.80 Å) 
Gly266 (2.98 Å) 
Tyr273 (2.62 and 2.95 Å) 
Thr301 (3.05 Å) 

4 8 

Swietemakroph
yllanin 

Gly163, Met208, 
Ser245, Pro247, 
Ala249, Thr265, 
Asn267, Tyr273, 
Pro299 

Asp164 (4.17 Å) 
Arg166 (3.01,3.39, and 4.08 Å)  
Ala246 (3.93 and 4.71 Å) 
Pro248 (4.99 Å) 
Tyr264 (3.20 Å) 
Gly266 (2.53 and 4.96 Å) 
Tyr268 (2.97 Å) 
Thr301 (3.04 and 4.40 Å) 
Asp302 (4.55 Å) 

9 14 
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G. arborea Roxb. bark 

Balanophonin 

Asp164, Pro247, 
Pro248, Thr265, 
Asn267, Tyr268, 
Thr301 

Tyr264 (4.24 and 4.31 Å) 
Gly266 (2.66 Å) 
Tyr273 (2.84 Å) 

7 4 

Gmelinol 

Leu162, Gly163, 
Pro247, Pro248, 
Gly266, Asn267, 
Tyr268, Gln269, 
Cys270, Gly271, 
Thr301 

Asp164 (2.69 Å) 
Tyr264 (2.88 and 4.37 Å) 
Tyr273 (2.75 Å) 

11 4 

(−)-p-
hydroksiphenyle
thyl[5′"-O-(3,4-
dimetoxysinamo
yl)-β-D-
apiofuranosil(1′" 
→ 6′)]-β-D-
glucopyranoside 

Asn109, Gly160, 
Asp164, Pro247, 
Pro248, Gly266, 
Asn267, Tyr268, 
Gln269 

Lys157 (3.06 Å) 
Val159 (4.79 Å) 
Glu161 (2.51 and 2.96 Å) 
Leu162 (2.77, 4.00, and 4.93 Å) 
Gly163 (2.42, 2.69, and 3.33 Å) 
Val165 (4.96 Å) 
Tyr264 (4.24 Å) 
Tyr273 (3.24 and 4.82 Å) 

9 8 

Description: The residue given yellow color is the catalytic site of the enzyme while the residue given blue is 
the substrate binding site. 

 

 
Figure 4. Visualization of 3D binding pocket PLpro SARS-CoV-2 with (a) native ligand VIR251, (b) Benserazide, 
(c) Ribavirin, (d) Quercitrin, (e) Myricitrin, (f) Epigallocatechin-3-gallate, (g) Myricetin, (h) Catechin, (i) 
Epicatechin, (j) Swietemacrophyllanin, (k) Balanophonin (l) Gmelinol, (m) (−)-p-hydroxyphenyletil[5′"-O-(3,4-
dimethoxysinamoyl)-β-D-apiofuranosil (1′" → 6′)]-β-D-glucopyranoside. 
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CONCLUSIONS 
The test ligands epigallocatechin-3-gallate (-98.93 

kcal/mol) from S. polyanthum leaves, catechin (-80.10 
kcal/mol) and epicatechin (-80.12 kcal/mol) from S. 
macrophylla bark, and balanophonin (-83.36 
kcal/mol) from G. arborea bark were the best test 
ligands based on binding energy compared to the 
reference ligands ribavirin (-74.06 kcal/mol) and 
benserazide (-90.93 kcal/mol). Additionally, these 
four ligands met the predictions for pharmacokinetic, 
physicochemical, and toxicity tests, in contrast to the 
natural ligand VIR251, which showed a 75% 
probability of hERG inhibition. This indicates that the 
test ligands epigallocatechin-3-gallate, catechins, 
epicatechins, and balanophonins demonstrated the 
most promising drug-like properties, suggesting their 
potential as alternative antiviral agents against SARS-
CoV-2. 
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