
©Forest Research Institute Malaysia 48

Maram BA et al.Maram BA et al.Journal of Tropical Forest Science 37(Special Issue): 48–73 (2025) 
https://doi.org/10.26525/jtfs2025.37S.SI.48
ISSN: 0128-1283, eISSN: 2521-984

EXPLORING POTENTIAL PHYTOCHEMICAL INHIBITORS 
OF SARS-COV-2 MAIN PROTEASE (3CLPRO) FROM MALAYSIAN 
PLANTS: A MOLECULAR DOCKING STUDY

Maram B. Alhawarri1 , *, Dania F. Alsaffar2 & Mohammad G. Al-Thiabat3

1Department of Pharmacy, Faculty of Pharmacy, Jadara University, P.O. Box 733, Irbid 21110, Jordan
2College of Dentistry, Ibn Sina University of Medical and Pharmaceutical Sciences, Baghdad, Iraq
3Department of Pharmacy, Faculty of Pharmacy, Jerash University, P.O. Box 311, Jerash 26150, Jordan

*m.hawarri@jadara.edu.jo

Submitted May 2024; accepted December 2024

The COVID-19 pandemic, caused by SARS-CoV-2, has created a global health crisis. The 3-chymotrypsin-like 
protease (3CLpro), essential for viral replication, is a key therapeutic target. This study aimed to screen 42 
Malaysian medicinal plants, containing over 250 bioactive compounds, for their inhibitory potential against SARS-
CoV-2 3CLpro using in silico methods. Among these, 11 compounds—lensoside Aβ (Lens culinaris), persicoside 
D (Allium ampeloprasum), 2’’,2’’’-di-O-α-rhamnopyranosyl vicenin II (Beta vulgaris), quercetin-7-O-rutinoside 
(Asplenium nidus), officinoterpenoside E (Solanum melongena), basilmoside (Ocimum basilicum), apigenin 7-O-β-
D-apiofuranosyl glucopyranoside (Apium graveolens), racemosol and stigmasta-7,22-dien-3β,4β-diol (Lagenaria 
siceraria), α-hederine (Nigella sativa), and inermidioic acid (Lawsonia inermis)—demonstrated stronger binding 
affinities than the reference inhibitor N3. Molecular interaction analysis showed these compounds formed 
stable interactions with key 3CLpro residues, indicating their potential as lead molecules for drug development. 
Additionally, the corresponding plants could serve as natural sources of alternative COVID-19 therapies. These 
findings warrant further experimental validation to explore their therapeutic potential against SARS-CoV-2.
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INTRODUCTION

In December 2019, the first case of coronavirus 
disease 2019 (COVID-19) was reported in 
Wuhan, China (Afshar et al. 2020, Fani et al. 
2020). COVID-19, caused by SARS-CoV-2, can 
range from mild to fatal, with severity influenced 
by patient factors such as age, immune system 
status, and pre-existing conditions (Brodin 
2021). The virus has a significant mortality rate, 
particularly in older adults with chronic health 
conditions (Ebinger et al. 2020, Guo et al. 
2020, Long et al. 2020). Human coronaviruses 
(HCoVs), responsible for upper respiratory 
tract infections, include both low and high 
pathogenic types (Coerdt & Khachemoune 
2021, Kesheh et al. 2022, Sealy  & Hurwitz 
2021). High pathogenic HCoVs, such as SARS-
CoV and MERS-CoV, are linked to more severe 
respiratory illnesses (Mostafa et al. 2020, Paules 
et al. 2020, Zhu et al. 2020). SARS-CoV-2 shares 
a high genetic similarity with SARS-CoV, both 
belonging to the beta-coronavirus subgroup 
(Chathappady House et al. 2021, Peddu et al. 

2020, Shang et al. 2021). Researchers have 
relied on previous SARS studies to understand 
the mechanisms of SARS-CoV-2 (Blankenship et 
al. 2024, Chen et al. 2024, Li et al. 2022, Qiao et 
al. 2021).

The SARS-CoV-2 spike glycoprotein binds 
to the angiotensin-converting enzyme 2 (ACE2), 
facilitating viral entry into host cells (Monti 
et al. 2024, Peng et al. 2024). Following ACE2 
binding, the viral RNA genome is released and 
processed into polyproteins, which are cleaved 
by proteases such as 3CLpro (El Khoury et al. 
2024, Schwartz et al. 2024, Yang et al. 2024). 
Given its critical role in viral replication and the 
absence of a human counterpart, 3CLpro has 
become a target for antiviral drug development 
(Cannalire et al. 2020, de Vries et al. 2020, 
de Vries et al. 2021). While several drugs and 
vaccines have been approved for COVID-19  
(Kalinke et al. 2022, Mahrokhian et al. 2024, 
Pai et al. 2021), the search for additional 
therapeutic agents continues (Marrazza 
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et al. 2024). Protease inhibitors, including 
Lopinavir/Ritonavir, have shown potential for 
treating COVID-19, drawing on their previous 
success against SARS and MERS ( Chaudhuri 
et al. 2018, De Clercq & Li 2016, Srivastava & 
Singh 2021).

Natural products have been used to 
treat various viral infections, and some have 
demonstrated the ability to inhibit viral 
replication (Boozari & Hosseinzadeh 2021, 
Li et al. 2024, Musarra-Pizzo et al. 2021). 
According to reports in the Annual Reports 
in Medicinal Chemistry, between 1948 and 
1995, seven out of ten antivirals approved by 
the FDA were either naturally derived or based 
on natural models (Lowe et al. 2021, Woster 
2009). Podofilox (Condylox) is an example of 
a naturally occurring antiviral agent extracted 
from the podophyllum resin of the May apple 
(North American Podophyllum peltatum or Indian 
Podophyllum emodi) (De Clercq & Li 2016). 
Furthermore, between 1948 and 2017, 37.5% 
of antiviral drugs approved by the FDA were 
primarily polymerase-targeting agents, while 
23.6% of them were protease-targeting antiviral 
agents (Chaudhuri et al. 2018).

Computational methods, particularly 
molecular docking, have become essential 
tools in drug discovery (Moshawih et al. 2023, 
Tripathi et al. 2021, Wu et al. 2020). Docking 
simulations allow the prediction of ligand 
binding conformations based on free binding 
energy calculations, identifying compounds with 
the strongest interactions with a target protein 
(Alhawarri et al. 2024b, Alhawarri & Olimat 
2024, De Ruyck et al. 2016, Ferreira et al. 2015, 
Kaur et al. 2019). Over the past decade, docking 
tools such as AutoDock 1.5.6 has been widely 
used for this purpose (Alidmat et al. 2022b, 
Hazarika & Jha 2020, Yunos et al. 2023, Yunos et 
al. 2024). In this study, a panel of known chemical 
constituents isolated from Malaysian medicinal 
plants were screened in silico against the 3CLpro 
of SARS-CoV-2. The aim was to identify potential 
antiviral drug candidates by comparing them to 
the Michael acceptor inhibitor (N3), a potent 
irreversible inhibitor of 3CLpro. These identified 
compounds may serve as candidates for further 
therapeutic evaluation and drug development. 

MATERIALS AND METHODS

Protein preparation 

The human crystal structure for COVID-19 
main protease (3CLpro) was downloaded from 
the Protein Data Bank database (PDB ID: 6LU7) 
(Jin et al. 2020). To ensure the precision of the 
structural analysis, all water residues (including 
those present at the active binding site) and 
heteroatom molecules were eliminated using 
the Biovia Discovery Studio Visualizer 16.1 
(San Diego, CA, USA) (Biovia 2017), a crucial 
step for minimising inaccuracies (Alhawarri 
et al. 2023b,  Alhawarri 2024, Alhawarri et al. 
2024b, Alhawarri & Olimat 2024, Alidmat et 
al. 2024, Al-Thiabat et al. 2021a, Ibrahim et 
al. 2024, Yunos et al. 2023, Yunos et al. 2024). 
The enzyme was then prepared for molecular 
docking through the PDB2PQR web service 
(https://pdb2pqr.poissonboltzmann.org/
pdb2pqr), accessed on March 17th, 2024. 
This service facilitated the reconstruction of 
missing atoms, and the assignment of atomic 
charges and radii according to the SWANSON 
force field (employing AMBER ff99 charges 
with optimised radii) (Alhawarri et al. 2023b, 
Alhawarri et al. 2024a, Al-Thiabat et al. 2021a, 
Amir Rawa et al. 2022, Dolinsky et al. 2007, 
Larue et al. 2023, Yunos et al. 2024). The 
protonation states of ionizable groups were 
established using the empirical pKa predictor 
PROPKA3, set at pH 7.4, to mirror physiological 
conditions (Alhawarri et al. 2023b, Amir Rawa 
et al. 2022, Larue et al. 2022, Olsson et al. 2011). 
Following protonation, the enzyme underwent 
a refinement process via the MolProbity web 
service (http://molprobity.biochem.duke.
edu/) on March 17th, 2024, to correct atomic 
contacts and append missing hydrogen atoms 
(Williams et al. 2018), ensuring the integrity and 
accuracy of the structural analysis (Alhawarri et 
al. 2023b, Al-Thiabat et al. 2021a).

Active site prediction

All possible binding sites of the 3CLpro (6LU7) 
were searched by active analysis of the PrankWeb 
server (Http:/prankweb.cz/) (Jendele et 
al. 2019). Four possible binding sites have 
been identified in 6LU7. The largest site with 
the highest pocket score has been selected. 
Furthermore, the selected binding site was also 
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supported by the fact that the Michael inhibitor 
(N3) was bonded to this site. The selected 
center pocket score of 6LU7 was -10.2439 (X), 
17.966 (Y), and 66.5084 (Z).

Ligands preparation

Based on clinical studies and literature reviews, 
42 of Malaysian medicinal plants which possess 
antiviral activity were selected to study the 
potential binding affinity with the specific 
binding sites of 3CLpro COVID-19. The selected 
medicinal plants were reported to have antiviral 
activity including; Euphorbia neriifolia (Chang et 
al. 2012), Euphorbia hirta (Kumar et al. 2010), 
Andrographis paniculata (Tang et al. 2012, Wiart 
et al. 2005), Momordica charanthia (Bourinbaiar 
& Lee-Huang 1996, Tang et al. 2012), Leucaena 
leucocephala (Ono et al. 2003), Psidium guajava 
(Sriwilaijaroen et al. 2012), Morinda elliptica 
(Hamidi et al. 1996), Piper sarmentosum (Hussain 
et al. 2012), Trichosnathes kirilowii (Chen et al. 
2006), Morinda citrifolia (Ratnoglik et al. 2014), 
Houttuynia cordata (Choi et al. 2009, Chiow et al. 
2016, Hayashi et al. 1995), Lobelia chinensis (Kuo 
et al. 2011), Elephantopus scaber (Geng et al. 
2011), Calotropis gigantean (Parhira et al. 2014), 
Melastoma malabathricum (Joffry et al. 2012), 
Asplenium nidus (Tahir et al. 2014), Eleusine indica 
(Tahir et al. 2014, Iberahim et al. 2015), Phaleria 
macrocarpa (Tahir et al. 2014), Nigella sativa L. 
(Ulasli et al. 2014), Camellia sinensis (Mahmood 
et al. 2016), Durio zibenthinus (Nikomtat et al. 
2017), Cinnamomum zeylanicum Blume (Fabros 
Jr et al. 2018), Cocos nucifera (Esquenazi et al. 
2002), Cymbopogon schoenanthus (Khalil et al. 
2017), Citrullus lanatus (Omigie & Agoreyo 
2014), Phoenix dactylifera (Jassim & Naji 2010), 
Allium cepa (Harazem et al. 2019, Romeilah et al. 
2010), Solanum melongena (Di Sotto et al. 2018), 
Allium sativum (Romeilah et al. 2010), Lawsonia 
inermis (Mouhajir et al. 2001), Trigonella 
foenum-graecum (Hussein et al. 2000), Ocimum 
basilicum (Chiang et al. 2005), Zingiber officinalle 
(San Chang et al. 2013), Senna alexandrina 
(Ikram et al. 2023), Beta vulgaris (Betancur-
Galvis et al. 1999), Hordeum vulgare (Sinha et al. 
2012), Musa acuminata (de Camargo et al. 2020), 
Lens culinaris (Chatzivassiliou et al. 2016, Wang 
et al. 2021), Apium graveolens (Choochote et al. 
2004), Allium porrum (Chen et al. 2011, Keyaerts 
et al. 2007), Curcuma longa (Ichsyani et al. 2017), 

Lagenaria siceraria (Kumar et al. 2015). Several 
active compounds of the medicinal plants have 
been obtained via Dr Duke’s Phytochemical and 
Ethnobotanical Databases (https:/phytochem.
nal.usda.gov/phytochem /search/list) (Lans & 
van Asseldonk 2020). Then, they were subjected 
to energy minimisation (MM2 force field) using 
PerkinElmer Chem3D 17.1 (Alhawarri et al. 
2023b, Alhawarri 2024, Alhawarri & Olimat 
2024, Alhawarri et al. 2024b, Alidmat et al. 
2022b, Alidmat et al. 2024, Al-Thiabat et al. 
2021a, Ibrahim et al. 2024, Yunos et al. 2023, 
Yunos et al. 2024). All downloaded compounds 
after the minimisation step were saved in PDB 
format. 

Molecular docking

A summary workflow for the molecular docking 
simulation is presented in Figure 1. This part 
was achieved by using AutoDock 4.2 software 
(Norgan et al. 2011), where all rotatable 
bonds of the compounds were set randomized 
as completely flexible during the simulation 
process. 

Polar hydrogens and Kollman charges 
were added to 3CLpro and saved as PDBQT. 
Gasteiger charges for the selected compounds 
were computed and also saved in PDBQT 
format. The grid box size was set to 40*40*40 
for the prospective binding sites, coordinates 
(as X, Y, Z respectively) of the 1st binding site 
was -10.2439, 17.966, and 66.5084. A maximum 
number of 100 runs were chosen for each 
independent Lamarckian genetic algorithm 
(Fuhrmann et al. 2010). While remaining 
parameters were kept as default. AutoDock 4.2 
was used to simulate the docking process. The 
2D and 3D potential were visualised and analysed 
by the Biovia Discovery Studio Visualizer 16.1, 
to be able easily observed the hydrogen bonds, 
and the hydrophobic interactions.

RESULTS

Molecular docking has become an indispensable 
tool in the field of drug discovery, particularly 
for its role in expediting the identification of 
potential therapeutic agents (Ferreira et al. 
2015, Gschwend et al. 1996). This computational 
method allows for the prediction of optimal 
binding conformations between small molecules 
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and target proteins by evaluating the free 
binding energy of ligand-receptor complexes 
(Ferreira et al. 2015, Gschwend et al. 1996). Such 
simulations enable the efficient screening of 
large compound libraries, significantly reducing 
the time and resources required for the initial 
stages of drug development (Zhang et al. 2022). 
Molecular docking provides critical insights into 
the molecular interactions that govern ligand 
binding, including hydrogen bonding, van der 
Waals forces, hydrophobic interactions, and π-π 
stacking (Luo et al. 2019). These interactions 
are key determinants of a compound’s binding 
affinity and inhibitory potential. In the context 
of SARS-CoV-2, the main protease (3CLpro) has 
been widely recognized as a promising target 
due to its essential role in viral replication and 

the absence of a human counterpart (Cannalire 
et al. 2020, Liu et al. 2022). 

3CLpro is a cysteine protease that plays a 
critical role in the viral life cycle by processing 
the viral polyproteins required for replication 
and transcription (Konwar & Sarma 2021, 
Yan & Wu 2021). As a vital enzyme, 3CLpro has 
emerged as a prominent target for antiviral drug 
development (Konwar & Sarma 2021, Yan & 
Wu 2021). Structurally, 3CLpro consists of three 
domains, with the active site located between 
domains I and II (Ferreira et al. 2022, Novak & 
Potemkin 2022). The catalytic dyad within the 
active site is composed of two key residues: HIS41 
and CYS145 (Ferreira et al. 2021, Shalayel et al. 
2020, Zanetti-Polzi et al. 2021). These residues 
are crucial for the protease’s enzymatic activity, 

Figure 1	 Summary of the molecular docking simulation workflow
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facilitating the cleavage of peptide bonds in the 
viral polyproteins (Ferreira et al. 2021Shalayel 
et al. 2020, Zanetti-Polzi et al. 2021). In addition 
to the catalytic dyad, other residues such as 
GLU166, GLN189, and HIS163 contribute to 
substrate recognition and stabilization of the 
ligand within the binding pocket (Akbulut 2022, 
Weng et al. 2021). The hydrophobic pocket 
formed by residues like MET49, LEU141, and 
HIS164 further enhances ligand binding by 
promoting hydrophobic interactions (Jiang et 
al. 2024, Jin et al. 2020, Stoddard et al. 2020). 
Understanding the nature of these residues 
and their interactions with inhibitors is essential 
for designing potent 3CLpro inhibitors that can 
block viral replication (Gupta et al. 2021). 
Molecular docking studies focusing on these 
residues provide valuable insights into the 
binding mechanisms of potential therapeutic 
compounds, helping to identify inhibitors with 
strong and specific interactions within the active 
site.

In this study, 42 medicinal plants 
previously known for their bioactive efficacy 
against various types of viruses were selected for 
further investigation. More than 290 bioactive 
compounds were initially identified from these 
plants, but due to overlapping compounds 
found across different plants, approximately 250 
unique compounds were ultimately evaluated 
using an in silico approach (see Table S1). The 
aim was to explore their binding affinities to 
interact with 3CLpro active site. The molecular 
docking protocol was initially validated by re-
docking the original co-crystallized ligand (N3) 
within the active binding site of 3CLpro, using 
the crystal structure with PDB ID: 6LU7 (Figure 
S1). 

The co-crystallised ligand Michael 
acceptor inhibitor (N3) was used as a reference 
to validate the molecular docking protocol. In 
its original pose (Figure 2), N3 demonstrated 
key interactions within the active site of 3CLpro, 
forming hydrogen bonds with residues ASN142 
(2.89 Å), GLY143 (2.62 Å), and GLN189 (3.04 
Å). Additionally, hydrophobic interactions were 
observed with residues LEU27, HIS41, CYS145, 
HIS163, and MET165, further stabilising the 
ligand within the binding pocket. The re-
docked pose of N3 (Figure S1) closely replicated 
these interactions, with only slight variations 
in the hydrogen bond distances, confirming 

the reliability of the docking protocol. The 
root-mean-square deviation (RMSD) of 1.22 
Å between the original and re-docked poses 
falls well within the acceptable threshold of 
2 Å (Alhawarri et al. 2023a, Alhawarri 2024, 
Alhawarri et al. 2024b, Alhawarri & Olimat 
2024, Alidmat et al. 2022a, Alidmat et al. 2024, 
Al-Thiabat et al. 2021a, Amir Rawa et al. 2022, 
Ibrahim et al. 2024, Larue et al. 2023, Yunos 
et al. 2023, Yunos et al. 2024), indicating that 
the docking process accurately reproduced the 
binding conformation of N3. The free binding 
energy of N3 (redocked pose) was calculated 
to be -5.49 kcal/mol, which served as a control 
for evaluating the binding affinities of other 
compounds.

Figure SI	 Superimposition and 2D interaction 
analysis of the co-crystallized ligand, 
Michael acceptor inhibitor N3 (gray C, 
red O, and blue N), and the re-docked 
N3 (green C, red O, and blue N). The 
crystal structure of SARS-CoV-2 3CLpro in 
complex with Michael acceptor inhibitor 
N3 (PDB ID: 6LU7) (RMSD = 1.22 Å)
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Table 1 	 Molecular docking scores 

Compounds
Free binding

energy
(kcal/mol)

Molecular interactions analysis within the 3CLpro active 
binding site

H-bond
Distance 

(Å)
Pi-Sigma / 
Pi-Anion

Hydrophobic
interaction

Lensoside Aβ -9.88

THR26
ASN119

3.12
4.40

GLU166 
(Pi-Anion)

PHE140 2.95 and 3.40

CYS145 3.01

HIS164 3.01 and 3.31

GLU166 2.65, 2.85, 
and 2.91

GLN189 2.96

Persicoside D -9.27

THR24 2.67
LEU27, HIS41,
CYS145, HIS163 

and HIS172

ASN119 2.44, 2.97, 
and 3.03

ASN142 2.69

2’’,2’’’-di-O-α-
rhamnopyranosyl-
vicenin II

-9.22

THR26 3.04

GLN189
(Pi-Sigma)

HIS41 and
MET165

SER46 2.68 and 
2.99

PHE140 3.14

GLY143 2.78 and 
3.2

CYS145 3.29

HIS163 2.97

HIS164 3.27

GLN189 2.62

THR190 2.69

Quercetin-7-O-
rutinoside -8.97

THR24 2.81 and 
3.29

THR25 
(Pi- Sigma)

HIS163 and 
HIS172

THR25 2.95

THR26 2.74 and
3.23

HIS41 2.82

THR45 2.62 and
2.91

SER46 3.15

LEU141 2.71

GLY143 3.13 and
3.24

SER144 2.52 and
3.38

CYS145 3.14, 3.04,
and 3.66

HIS163 3.00

GLN189 3.40
continued
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Compounds
Free binding

energy
(kcal/mol)

Molecular interactions analysis within the 3CLpro active 
binding site

H-bond
Distance 

(Å)
Pi-Sigma / 
Pi-Anion

Hydrophobic
interaction

Officinoterpenoside E -8.91

THR24 2.89

HIS41 
(Pi- Sigma)

HIS41, MET49, 
and MET165

PHE140 2.74 and
3.04

GLY143 2.68

CYS145 3.06 and
3.75

HIS163 2.81 and 
3.09

Basilmoside 24-ethyl-
25-methylcho-
lesta-5,22-di-
en-3-β-O-D-glucoside

-8.87

ARG188 2.59

HIS41, MET49,
and CYS145

THR190 2.57, 2.69, 
and 3.39

GLN192 3.14

Apigenin 7-O-β-D-
apiofuranosyl(1→2)-β-
D-glucopyranoside

-8.76

THR26 2.94 and 
3.21

THR45 2.49

SER46 3.11

LEU141 3.01

CYS145 3.06 and
3.40

HIS164 3.20

GLU166 2.70, 2.77,
and 3.92

Racemosol -8.66 THR26 2.59
HIS41 

(Pi- Sigma)

LEU27, HIS41, 
MET49, 
CYS145, 

HIS164, and 
MET165

Stigmasta7,22-dien- 
3β,4β-diol

-8.61 THR26
2.61 and 

3.40
HIS41 

(Pi- Sigma)

LEU27, HIS41, 
MET49, 
CYS145, 

and MET165

α-hederine -8.14

THR24 2.99

HIS41 
(Pi- Sigma

MET49

THR26 3.06

ASN142 4.35

HIS164 2.72

GLU166 2.56 and 
3.46

Inermidioic acid -8.05

ASN142 2.87 HIS41 
(Pi- Anion) 

and 
HIS163 

(Pi-Anion)

Met49 and 
CYS145CYS145 2.74

Table 1 Continued

continued
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Compounds
Free binding

energy
(kcal/mol)

Molecular interactions analysis within the 3CLpro active 
binding site

H-bond
Distance 

(Å)
Pi-Sigma / 
Pi-Anion

Hydrophobic
interaction

Michael acceptor 
inhibitor (N3)

-5.49

ASN142 2.89 LEU27, HIS41, 
CYS145, 
HIS163, 

AND met165

GLY143, 2.62

GLN189 3.04

Table 1 Continued

Note: Table 1 Molecular docking scores  (free  binding energy  in kcal/mol) for the phytochemical 
compounds lensoside Aβ, persicoside D, 2’’,2’’’-di-O-α-rhamnopyranosyl-vicenin II, quercetin-7-O- rutinoside,  
officinoterpenoside  E,  basilmoside  24-ethyl-25-methylcholesta-5,22-dien-3-β-O-D- glucoside, apigenin  
7-O-β-D-apiofuranosyl(1→2)-β-D-glucopyranoside,  racemosol,  stigmasta-7,22- dien-3β,4β-diol, α-hederine, 
inermidioic acid, and the co-crystallized ligand Michael acceptor inhibitor (N3) against the SARS-CoV-2 main 
protease (3CLpro) (PDB ID: 6LU7). The compounds are listed from the lowest (more negative) to the highest 
(less negative) free binding energy values. The table also includes an analysis of the 2D molecular interactions 
between these compounds and the residues within the 3CLpro active site

Table S1 	 Overview of the 42 medicinal plants and their bioactive compounds screened for inhibition of 
SARS-CoV-2 3CLpro. The table presents molecular docking scores (free binding energy in kcal/mol) 
for each compound, including those with stronger binding affinities than the reference inhibitor 
N3

No Medicinal plants Constituent
Free binding 

energy
(kcal/mol)

References

1 Euphorbia neriifolia

β-friedelanol -4.28

(Chang et al. 
2012)

β-acetoxy friedelane -4.30

Friedelin -3.89

Epitaraxerol -4.13

2 Euphorbia hirta

Afzelin -5.04

(Gyuris et al. 
2009)

Quercitin -3.13

Myricitrin -5.47

α-amyrin -5.17

β-amyrin -5.26

Friedelin -3.89

Taraxerol -4.32

3 Andrographis paniculata

Andrographolide -4.90
(Wiart et al. 2005, 

Tang et al. 
2012)

Neoandrographolide -5.67

14-deoxy-11,12- 
didehydroandrographolide

-4.70

4 Momordica charanthia 

Kuguacin C -4.92
(Bourinbaiar and 
Lee-Huang 1996, 
Tang et al. 2012),

Kuguacin E -4.85

Momordicine I -3.87

5 Leucaena Galactomanan -3.62 (Ono et al. 2003

continued
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No Medicinal plants Constituent
Free binding 

energy
(kcal/mol)

References

6 Psidium guajava

Gallic acid -0.99

(Sriwilaijaroen et 
al. 2012)

Catechin -3.09

Quercetin -3.15

Guajaverin -5.22

Avicularin -5.27

7 Morinda elliptica

Nordamnacanthal -3.38
(Hamidi et al. 

1996)
Damnacanthal -3.73

Morindone -2.87

8 Piper sarmentosum

Pellitorine -4.42

(Hussain et al. 
2012)

Guineensine -4.84

Brachystamide B -5.49

Sarmentine -3.71

Brachyamide B -5.49

1-piperettyl pyrrolidine -4.61

3’,4’,5’-
Trimethoxycinnamoyl 
pyrrolidine 

-3.02

Sarmentosine -3.30

9
Trichosnathes 

kirilowii
Trichosanthin -2.79

(Chen et al. 
2006)

10 Morinda citrifolia

Americanin A -4.91

(Hayashi et al. 
1995, Choi et al. 
2009, Chiow et 

al. 2016)

Narcissoside -4.84

Asperuloside -4.49

Asperulosidic Acid -4.73

Borreriagenin -2.64

Citrifolinin B epimer a -4.57

Citrifolinin B epimer -4.94

Nicotifloroside -3.39

Scopoletin -1.66

Ursolic acid -4.49

11 Houttuynia cordata

Quercetin -3.15

(Hayashi et al. 
1995, Choi et al. 
2009, Chiow et 

al. 2016)

Quercetrin -3.89

Cinanserin -1.36

Quercetin 3-rhamnoside -4.52

Methyl n-nonyl ketone -1.36

Lauryl aldehyde -2.43

Capryl aldehyde -1.36

Table S1 	 Continued

continued
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energy
(kcal/mol)

References

12 Lobelia chinensis
Lobechine -3.45

(Kuo et al. 2011)
Scoparone -2.19

13 Elephantopus scabe

1α,2β-O- dicaffeoylcyclo-
pentan-3β-ol

-4.62
(Geng et al. 2011)

Dicaffeoylquinic acids -4.81

14 Calotropis gigantean

Lignan glycoside -4.12

(Parhira et al. 
2014)

(+)-pinoresinol 
4-O-[6″-O-vanilloyl]-β-D-glu-
copyranoside

-3.62

15 Melastoma malabathricum

Quercetin -3.15
(Joffry et al. 

2012
Quercetrin -3.89

Rutin -5.12

16 Asplenium nidus
Gliricidin-7-O-hexoside -4.86 (Tahir et al. 

2014)Quercetin-7-O-rutinoside -8.97

17 Eleusine indica
3-O-β-d-glucopyranosyl stig-
masterol

-4.71
(Tahir et al. 2014, 

Iberahim et 
al. 2015

18 Phaleria macrocarpa

Kaempferol-3-o-β-D-
glucoside

-5.79

(Tahir et al. 
2014)

Dodecanoic acid -3.64

Palmitic acid -4.92

Icariside II -3.54

Mangiferin -4.61

Gallic acid -0.99

19 Nigella sativa L.

Dithymoquinone -5.02

(Ulasli et al. 
2014)

Thymol -1.13

Thymohydroquinone -3.11

β-pinene -2.89

d-Limonene -3.20

d-Citronellol -3.26

p-Cymene -4.19

Carvacrol -4.61

t-Anethole -1.64

4-Terpineol -4.01

nigellicine -3.46

Nigellidine -3.41

α-Hederine -8.14

Table S1 	 Continued

continued
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20 Camellia sinensis

Caffeine -3.07

(Mahmood et al. 
2016)

Gallic acid -0.99

Catechin -3.09

Ampelopsin -3.24

Epicatechin -3.07

(-)-epiafzelechin -3.05

Theflavin -4.88

Isotheflavin -2.54

Theflavic acid -3.26

Theobromine -2.86

Theophylline -0.35

xanthine -0.33

21 Durio zibenthinus

p-Coumaric acid -0.94

(Nikomtat et al. 
2017)

Ferulic acid -2.24

p-Anisic acid -1.15

Gallic acid -0.99

Vanillic acid -0.93

Rutin -5.12

Quercetin -3.15

Morin -3.25

Myrectin -3.46

Kaempferol -3.14

Fraxidin -2.86

Eucryphin -4.04

Boehmenan -4.21

22 Cinnamomum zeylanicum Blume

Cinnamaldehyde -1.01

(Fabros Jr et al. 
2018)

trans-Caryophyllene -1.71

Eugenol -2.30

Hydrocinnamic acid -1.65

trans-Cinnamyl acetate -2.33

Coumaric acid -1.79

Propenoic acid -0.94

δ-Cadinene -2.29

Caryophyllene oxide -1.80

Naphthalenol -0.79

n-Hexadecanoic Acid -4.81

9-Octadecenoic acid -4.64

Phthalic acid -1.69

1,4-Benzenedicarboxylic acid -3.81

Table S1 	 Continued

continued
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23 Cocos nucifera

Catechin -3.09

(Esquenazi et al. 
2002)

Epicatechin -3.07

Lupeol -4.31

Skimmiwallin -4.88

Isoskimmiwallin -3.67

24 Cymbopogon schoenanthus

Cassiaoccidentalin B -4.65

(Khalil et al. 
2017)

Luteolin -3.08

d-Limonene -1.00

Geraniol -2.14

Isoorientin -5.14

Isoscoparin -5.29

Swertiajaponin -4.81

Chlorogenic acid -4.32

Caffeic acid -1.69

Orientin -4.93

Geranic acid -2.08

25 Citrullus lanatus

lanatusosides C -4.93

(Omigie and 
Agoreyo 2014)

Lanatusosides D -4.91

Cucurbitacin B -4.60

Cucurbitacin E -4.77

26 Phoenix dactylifera

β-sitosterol -1.70

(Jassim and Naji 
2010)

Protocatechuic acid -1.77

p-hydroxybenzoic acid -0.78

Luteolin -0.80

Diosmetin 7-ObL-
arabinofuranosyl (1→2) 
bD-apiofuranoside

-3.21

Clionasterol acetate -5.32

Cholesterol -5.79

Estrone -5.22

Estradiol -3.99

Apigenin -3.78

Naringin -3.41

27 Allium cepa

Kaempferol -3.14

(Romeilah et al. 
2010, Harazem et 

al. 2019)

Quercetin -3.15

Isorhamnetin -3.23

Cyanidine -4.11

Peonidin -4.24

(+)-S-Methyl-L-cysteine 
sulphoxide

-2.17

(+)-S-propyl-L-cysteine
sulphoxide

-1.10

Table S1 	 Countinued

continued
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28 Solanum melongena

Officinoterpenoside E -8.91

(Di Sotto et al. 
2018)

Arjunolic acid -5.92

Corchoionol C -3.42

Syringaresinol -4.17

Buddlenol A -5.98

N-trans-p-
coumaroyloctopamine

-4.82

Solasodine -4.84

29 Allium sativum

Alliin -2.30

(Romeilah et al. 
2010)

Allicin -1.10

Trigonelline -0.94

Proto-iso-eruboside B -3.57

Eruboside-B -4.16

Isoeruboside B -4.67

30 Lawsonia inermis

Lawsoinermone -2.26

(Mouhajir et al. 
2001)

Inermidioic acid -8.05

Inermic acid -3.93

7-hydroxy-3,5-dimethoxy-
6,8-dimethylflavone

-3.69

Eudesmane-4β,7α-diol -2.74

31 Trigonella foenumgraecum

4-Hydroxyisoleucine -1.37

(Hussein et al. 
2000)

Diosgenin -4.05

Yamogenin -4.60

Fenugreekine -4.57

Vicenin-1 -5.60

Isoschaftoside -5.29

Schaftoside -4.94

Trigonelline -0.94

Carpaine -4.92

Naringenin -2.85

Kaempferol-3-o-β-D-
glucoside

-5.79

Apigenin-6-C-glucoside -3.60

32 Ocimum basilicum

2-phenyl-2,3-
dihydrochromen-4-one

-2.11

(Chiang et al. 
2005)

2-4-(benzyloxy-3-
methoxyphenyl)-2-3-
dihydrochromen-4-one

-4.67

Basilmoside 24-ethyl-25-
methylcholesta-5,22- dien-3-
β-O-D-Glucoside

-8.87

Betulinic acid -4.63

Oleanolic acid -4.01
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continued
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Ursolic acid -4.49

3-epimaslinic acid -4.7

Alphitolic acid -4.48

Euscaphic acid -4.16

Ferulic acid -2.24

P-coumaric acid -0.94

Caffeic acid -1.69

Cinnamic acid -1.80

Kaempferol -3.14

Quercetin -3.15

Ellagic acid -1.61

Chlorogenic acid -4.32

Catechin -3.09

33 Zingiber officinalle

5-hydroxy-1-(4-hydroxy-3-
methoxyphenyl)tetradecan- 
4,8-dien-3-One

-4.95

(San Chang et al. 
2013)

5-hydroxy-1-(4-hydroxy-3-
methoxyphenyl)hexade-
can-4,10-dien-3-one

-3.73

5-hydroxy-1-(4-hydroxy-3-
methoxyphenyl)hexadec-4-
en-3-one

-4.25

5-hydroxy-1-(4-hydroxy-3-
methoxyphenyl)eicos-
4,11,14-trien-3-one

-3.75

1-(4-hydroxy-3-
methoxyphenyl)eicos-
4,11,14-trien-3-one

-4.40

1-(4-methoxy-3-
hydroxyphenyl)-3-(4-
nonanyl furan-1-yl)
propan-3-one

-4.93

4-shogaol -4.57

6-shogaol -4.94

8-shogaol -4.55

10-shogaol -4.28

12-shogaol -4.78

34 Senna alexandrina

2,5-dimethyl-4-hydroxy-
3(2H)-furanone

-0.88

(Ikram et al. 2023)
2-propyl-tetrahydropyran-
3-ol

-0.90

Estragole -0.07

1-ethynyl-4-fluoro Benzene -0.03
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continued
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5-Hydroxymethylfurfural -0.99

Anethole -1.07

2-Methoxy-4-vinylphenol
1,2,2-

-2.26

trimethylcyclopentane1,3-
dicarboxylic acid

-4.02

Tetradecenoic acid -2.18

Caryophyllene -5.39

2-Methylenecholestan-3-ol -3.40

1-(1,5-dimethyl-4- hexen-
yl)-4-methyl benzene

-3.31

Alpha-Curcumene -3.86

Beta-Curcumene -3.51

7-epi-cis-sesquisabinene 
hydrate

-2.09

Beta-Sesquiphellandrene -3.90

Desulphosiniqrin -3.15

35 Beta vulgaris

2’’,2’’’-di-O-α- rhamnopyra-
nosyl-vicenin 
II

-9.22

(Betancur-Galvis et 
al. 1999)Herbacetin 3-O-β- xylopyra-

nosyl-(1”’→2”)- O-β-glucopy-
ranoside

-4.03

36 Hordeum vulgare

Tricin -3.89

(Sinha et al. 
2012

Gallocatechin -3.64

Catechin -3.09

Epicatechin -3.07

Procyanidin B3 -4.62

Prodelphinidin B3 -4.44

37 Musa acuminata

Umbelliferone -1.08

(de Camargo et al. 
2020)

31-norcyclolaudenone -5.76

Cycloartenol -4.16

24-trimethyl-5a-cholesta- 
8,25(27)-dien-3b-ol

-5.13

4-Epicyclomusalenone -5.51

Cycloeucalenol acetate -5.24

38 Lens culinaris

Lensoside Aβ -9.88

(Chatzivassiliou et 
al. 2016, Wang 

et al. 2021)

Keto-2-hydroxyglycitein -3.10

Stachyose -3.26

Arbutin -3.17

Hypaphorine -5.17

4-chloro-1H-indole-3-N- 
methylacetamide

-3.17
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39 Apium graveolens

Luteolin 7-O-[β-D- apiofu-
ranosyl(1→2)-(6′′- O-malo-
nyl)]-β-D- glucopyranoside

-4.08

(Choochote et al. 
2004)

Apigenin 7-O-[β- Dapiofu-
ranosyl(1→2)-(6′′- O-malo-
nyl)]-β-D- glucopyranoside

-4.81

Chrysoeriol 7-O-β- Dapiofu-
ranosyl(1→2)-β- D-glucopy-
ranoside

-5.84

Apigenin 7-O-β-D-
apiofuranosyl(1→2)-β-D- glu-
copyranoside

-8.76

Luteolin 7-O-β-D- apiofura-
nosyl(1→2)-β-D- glucopyra-
noside

-4.60

Luteolin 7-O-β-D- glucopyra-
noside

-4.51

Butylphthalide -2.14

Senkyunolide A -4.81

Sedanolide -4.81

p-hydroxyphenethyltrans- 
ferulate

-4.71

Bergapten -1.73

Scopoletin -4.81

40 Allium porrum

Persicoside A -4.97

(Keyaerts et al. 
2007, Chen et al. 

2011)

Persicoside B -4.97

Persicoside C -5.22

Persicoside D -9.27

Persicoside E -4.05

Persicoimidate -5.97

N-feruloyl tyramine -4.49

41 Curcuma longa

o-Cymene -0.86

(Ichsyani et al. 
2017)

4-isopropenyl-1,2- dimethyl-
cyclohexan2-enol

-1.97

2-ethenyl-1,1- dimenth-
yl-3-methylene-cyclohexane

-1.26

α-Thujone -1.40

cis-Sabinol -1.85

2-isopropylidene3-
methylhexa-3,5- dienal

-1.76

2-methoxy-4-vinylphenol -1.53

m-Eugenol -2.02

Hemellitol -0.99

α-Cedrene -1.22

Table S1 	 Continued

continued



©Forest Research Institute Malaysia 64

Journal of Tropical Forest Science 37(Special Issue) (2025) Maram BA et al.

No Medicinal plants Constituent
Free binding 

energy
(kcal/mol)

References

β-caryophyllene -0.98

β-bisabolene -1.59

β-vatirenene -1.90

β-tumerone -1.74

Curcumin -5.03

42 Lagenaria siceraria

4-hydroxymethyl-phenyl- 
6-O-caffeoyl-b-D- glucopyra-
noside

-4.14

(Kumar et al. 
2015)

3,4-dimethoxy cinnamic acid -4.18

Campesterol -5.21

Racemosol -8.66

Stigmasterol -4.56

Stigmasta7,22-dien-3β,4β-
diol

-8.61

Table S1 	 Continued

Following the validation, the docking 
of the selected phytochemical compounds 
revealed several candidates with binding 
energies lower than -2 kcal/mol compared to 
N3, indicating stronger interactions with 3CLpro 
(Al-Thiabat et al. 2021b, Amir Rawa et al. 2022, 
Shalayel et al. 2020). Compounds with more 
negative binding energies were considered 
for further analysis. Among these, the top 11 
compounds included lensoside Aβ (-9.88 kcal/
mol), persicoside D (-9.27 kcal/mol), 2’’,2’’’-di-
O-α-rhamnopyranosyl-vicenin II (-9.22 kcal/
mol), quercetin-7-O-rutinoside (-8.97 kcal/
mol), officinoterpenoside E (-8.91 kcal/mol), 
basilmoside 24-ethyl-25-methylcholesta-5,22-
dien-3-β-O-D-glucoside (-8.87 kcal/mol), 
apigenin 7-O-β-D-apiofuranosyl (1→2)-β-D-
glucopyranoside (-8.76 kcal/mol), racemosol 
(-8.66 kcal/mol), stigmasta-7,22-dien-3β,4β-diol 
(-8.61 kcal/mol), α-hederine (-8.14 kcal/mol), 
and inermidioic acid (-8.05 kcal/mol). The 
molecular interactions and binding energies of 
these compounds are detailed in Table 1 and 
Figure 2.

Figure 2	 2D binding interactions between the SARS-
CoV-2 main protease (3CLpro) (PDB 
ID: 6LU7) and various phytochemicals, 
including lensoside Aβ (a), persicoside 
D (b), 2’’,2’’’-di-O-α-rhamnopyranosyl 
vicenin II (c), quercetin-7-O-rutinoside 
(d), officinoterpenoside E (e), basilmoside 
24-ethyl-25-methylcholesta-5,22-dien-3-
β-O-D-glucoside (f), apigenin 7-O-β-D-
apiofuranosyl(1→2)-β-D-glucopyranoside 
(g), racemosol (h),stigmasta-7,22-dien-
3β,4β-diol (i), α-hederine (j), inermidioic 
acid (k), and the co-crystallized ligand, 
Michael acceptor inhibitor (N3) (l)
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Lensoside Aβ demonstrated several 
key interactions within the 3CLpro active site. 
Hydrogen bonds were formed with residues 
THR26 (3.12 Å), ASN119 (4.40 Å), PHE140 
(2.95 and 3.40 Å), CYS145 (3.01 Å), HIS164 (3.01 
and 3.31 Å), GLU166 (2.65, 2.85, and 2.91 Å), 
and GLN189 (2.96 Å). Additionally, a Pi-anion 
interaction was observed with GLU166. The 
significant interaction with HIS41 and CYS145, 
part of the catalytic dyad of 3CLpro, indicates 
a strong potential for inhibiting the protease, 
much like N3, which also interacts with CYS145 
(Ferreira et al. 2021, Shalayel et al. 2020, Zanetti-
Polzi et al. 2021). The multiple hydrogen bonds 
and Pi-anion interaction suggest that lensoside 
Aβ may be a potent inhibitor, with interactions 
closely resembling the nature of the active 
site residues. Similarly, persicoside D formed 
hydrogen bonds with THR24 (2.67 Å), ASN119 
(2.44, 2.97, and 3.03 Å), and ASN142 (2.69 Å). 
It also exhibited hydrophobic interactions with 
residues LEU27, HIS41, CYS145, HIS163, and 
HIS172. The interaction with HIS41 and CYS145 
are particularly noteworthy, as it is crucial for 
the enzyme’s catalytic function (Ferreira et al. 
2021, Shalayel et al. 2020, Zanetti-Polzi et al. 
2021). The combination of hydrogen bonding 
and hydrophobic interactions, especially 
with catalytic residues, makes persicoside D a 
promising candidate for further investigation.

2’’,2’’’-di-O-α-rhamnopyranosyl-vicenin II 
formed hydrogen bonds with THR26 (3.04 Å), 
SER46 (2.68 and 2.99 Å), PHE140 (3.14 Å), 
GLY143 (2.78 and 3.2 Å), CYS145 (3.29 Å), 
HIS163 (2.97 Å), HIS164 (3.27 Å), GLN189 
(2.62 Å), and THR190 (2.69 Å). A Pi-sigma 
interaction was observed with GLN189, while 
hydrophobic interactions occurred with HIS41 
and MET165. The involvement of key residues 
such as CYS145 and HIS41 in both hydrogen 
bonding and hydrophobic interactions suggests 
that 2’’,2’’’-di-O-α-rhamnopyranosyl-vicenin 
II could effectively inhibit 3CLpro by stabilising 
the enzyme-inhibitor complex, similar to the 
mechanism observed with N3. Quercetin-7-O-
rutinoside formed multiple hydrogen bonds 
with THR24 (2.81 and 3.29 Å), THR25 (2.95 
Å), THR26 (2.74 and 3.23 Å), HIS41 (2.82 Å), 
THR45 (2.62 and 2.91 Å), SER46 (3.15 Å), 
LEU141 (2.71 Å), GLY143 (3.13 and 3.24 Å), 
SER144 (2.52 and 3.38 Å), CYS145 (3.14, 3.04, 
and 3.66 Å), HIS163 (3.00 Å), and GLN189 

(3.40 Å). It also exhibited Pi-sigma interactions 
with THR25 and hydrophobic interactions 
with HIS163 and HIS172. The involvement 
of multiple hydrogen bonds with CYS145 and 
HIS41, alongside its favourable Pi interactions, 
suggests that quercetin-7-O-rutinoside may 
have potential as a 3CLpro inhibitor.

Officinoterpenoside E formed hydrogen 
bonds with THR24 (2.89 Å), PHE140 (2.74 and 
3.04 Å), GLY143 (2.68 Å), CYS145 (3.06 and 
3.75 Å), and HIS163 (2.81 and 3.09 Å). A Pi-
sigma interaction was observed with HIS41, and 
hydrophobic interactions occurred with HIS41, 
MET49, and MET165. The presence of multiple 
interactions with key residues such as CYS145 
and HIS41, as well a map of hydrophobic 
interactions, indicates that officinoterpenoside 
E has a binding pattern similar to N3 and could 
potentially act as a potent inhibitor. Basilmoside 
24-ethyl-25-methylcholesta-5,22-dien-3-β-O-
D-glucoside created hydrogen bonds with 
ARG188 (2.59 Å), THR190 (2.57, 2.69, and 
3.39 Å), and GLN192 (3.14 Å). Hydrophobic 
interactions were observed with HIS41, 
MET49, and CYS145. Despite fewer hydrogen 
bonds, the involvement of CYS145 and HIS41 
in hydrophobic interactions suggests that 
basilmoside 24-ethyl-25-methylcholesta-5,22- 
dien-3-β-O-D-glucoside may still effectively 
bind to the 3CLpro active site and inhibit its 
activity.

Apigenin 7-O-β-D-apiofuranosyl 
(1→2)-β-D-glucopyranoside formed hydrogen 
bonds with THR26 (2.94 and 3.21 Å), THR45 
(2.49 Å), SER46 (3.11 Å), LEU141 (3.01 Å), 
CYS145 (3.06 and 3.40 Å), HIS164 (3.20 Å), and 
GLU166 (2.70, 2.77, and 3.92 Å). A Pi-anion 
interaction was observed with HIS41, suggesting 
strong binding stability, especially through its 
interaction with the key residue CYS145, which 
parallels the inhibitory mechanism of N3. 
Racemosol formed hydrogen bonds with THR26 
(2.59 Å) and displayed Pi-sigma interactions 
with HIS41. Hydrophobic interactions were 
observed with LEU27, HIS41, MET49, CYS145, 
HIS164, and MET165. These interactions 
suggest strong binding affinity, particularly 
through its hydrophobic interactions with the 
catalytic dyad (HIS41 and CYS145), making 
racemosol a strong candidate for further 
study. Stigmasta-7,22-dien-3β,4β-diol formed 
hydrogen bonds with THR26 (2.61 and 3.40 Å) 
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and exhibited Pi-sigma interactions with HIS41. 
Hydrophobic interactions were observed with 
LEU27, HIS41, MET49, CYS145, and MET165, 
indicating a stable binding conformation similar 
to N3 and further supporting its potential as a 
3CLpro inhibitor.

α-Hederine formed hydrogen bonds 
with THR24 (2.99 Å), THR26 (3.06 Å), ASN142 
(4.35 Å), and HIS164 (2.72 Å). Pi-sigma 
interactions were observed with HIS41, and 
hydrophobic interactions with MET49. The 
involvement of key residues such as HIS41 and 
CYS145 suggests that α-hederine may have a 
similar inhibitory mechanism to N3, but further 
validation is necessary to confirm its potential. 
Finally, inermidioic acid created hydrogen 
bonds with ASN142 (2.87 Å) and CYS145 
(2.74 Å). Pi-anion interactions were observed 
with HIS41 and HIS163, while hydrophobic 
interactions occurred with MET49 and CYS145. 
The strong interaction with CYS145 and Pi-
anion interactions with HIS41 suggest that 
inermidioic acid could serve as an effective 
3CLpro inhibitor, similar to N3.

DISCUSSION 

Lensoside Aβ, derived from Lens culinaris 
(lentils), exhibited the strongest binding energy 
of -9.88 kcal/mol and demonstrated significant 
interactions with key residues in the 3CLpro 
active site, including CYS145, HIS164, and 
GLN189. Lentils are well-known for their rich 
nutritional profile and antioxidant properties, 
contributing to overall health and immune 
support (Riaz et al. 2024). A study by Prashanth 
et al. (2024) highlighted the anti-inflammatory 
and antioxidant properties of Lens culinaris, 
which could complement the antiviral potential 
of lensoside Aβ. The strong hydrogen bonding 
and Pi-anion interactions with GLU166 suggest 
that this compound could effectively inhibit 
the enzymatic activity of 3CLpro. Therefore, 
Lens culinaris, with its nutritional and bioactive 
properties, can be explored as part of a 
natural therapeutic strategy during COVID-19 
treatment, particularly due to lensoside Aβ’s 
strong inhibitory interactions with the 3CLpro 
active site.

Similarly, persicoside D, isolated from 
Allium ampeloprasum (leek), displayed a 
binding energy of -9.27 kcal/mol and formed 

critical hydrogen bonds with THR24, ASN119, 
and ASN142. Allium ampeloprasum has been 
studied for its antioxidant and immune-boosting 
effects, with previous research indicating its 
use in traditional remedies for respiratory and 
viral infections (Yan et al. 2023). Additionally, 
it engaged in hydrophobic interactions with 
LEU27, HIS41, and CYS145, key residues 
involved in the catalytic function of 3CLpro. 
Given the immune-boosting and antimicrobial 
properties of Allium ampeloprasum, persicoside 
D could serve as a complementary treatment in 
managing viral replication during COVID-19, 
especially in strengthening the body’s natural 
defenses against viral infections.

2’’,2’’’-Di-O-α-rhamnopyranosyl vicenin 
II, found in Beta vulgaris (beetroot), also 
exhibited strong binding with 3CLpro, with 
a binding energy of -9.22 kcal/mol. This 
compound formed multiple hydrogen bonds 
with crucial residues such as CYS145, HIS163, 
and GLY143, alongside Pi-sigma interactions 
with GLN189. Beta vulgaris is rich in bioactive 
compounds, known for their antioxidant, 
anti-inflammatory, and immune-modulating 
properties (Varshney & Mishra 2022). Recent 
research by Ritz et al. (2021) suggested that 
beetroot extracts could enhance immune 
function and protect against oxidative stress, 
which is crucial in combating viral infections. 
The potential of 2’’,2’’’-di-O-α-rhamnopyranosyl 
vicenin II as a 3CLpro inhibitor suggests that 
consuming Beta vulgaris or using its extracts 
could offer a natural therapeutic advantage 
in fighting COVID-19 by directly inhibiting 
the viral protease and supporting the immune 
system.

Quercetin-7-O-rutinoside, isolated from 
Asplenium nidus, had a binding energy of 
-8.97 kcal/mol and demonstrated interactions 
with several important residues, including 
CYS145, HIS163, and GLN189. Studies have 
long established quercetin as a potent antiviral 
agent, capable of inhibiting the replication of 
various viruses, including influenza and herpes 
simplex virus (Agrawal et al. 2020, Behl et al. 
2021, Carrillo-Martinez et al. 2024). It also 
formed Pi-sigma interactions with THR25 and 
hydrophobic contacts with HIS172, further 
stabilizing its binding. Asplenium nidus has 
traditionally been used for its anti-inflammatory 
properties, and the presence of quercetin-
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7-O-rutinoside in this plant strengthens its 
potential as a therapeutic agent in COVID-19 
management (Ali & Abdulwahab 2024). The 
ability of quercetin derivatives to inhibit viral 
enzymes and modulate immune responses 
makes Asplenium nidus a promising candidate 
for further exploration in combating SARS-
CoV-2.

Officinoterpenoside E, sourced from 
Solanum melongena (eggplant), showed strong 
binding energy at -8.91 kcal/mol, interacting 
with key 3CLpro residues such as CYS145 and 
HIS163. Eggplant extracts have been studied 
for their anti-inflammatory, antioxidant, and 
antimicrobial properties (Bouhajeb et al. 
2020, Zearah 2024), and research has pointed 
to its bioactive compounds having protective 
effects against respiratory infections (Govender 
et al. 2022). Officinoterpenoside E also 
formed Pi-sigma interactions with HIS41 and 
hydrophobic interactions with MET49 and 
MET165, indicating its potential to disrupt 
the viral protease’s function. Given the health-
promoting properties of Solanum melongena 
and the significant molecular interactions of 
officinoterpenoside E, this compound could 
be explored further as an effective natural 
inhibitor of SARS-CoV-2 replication.

Basilmoside 24-ethyl-25-methylcholesta-
5,22-dien-3-β-O-D-glucoside, from Ocimum 
basilicum (basil), exhibited a binding energy of 
-8.87 kcal/mol and formed key hydrogen bonds 
with ARG188 and THR190. Ocimum basilicum 
has been traditionally used for its antiviral, 
anti-inflammatory, and antioxidant properties, 
with studies demonstrating its efficacy against 
respiratory viruses like influenza and RSV 
(Bhattacharya et al. 2024, Venu & Austin 2020). 
The compound also engaged in hydrophobic 
interactions with HIS41 and CYS145, critical 
for inhibiting 3CLpro. The antiviral and 
anti-inflammatory properties of Ocimum 
basilicum make it an attractive candidate for 
further investigation in COVID-19 treatment, 
particularly for its potential role in inhibiting 
viral replication and alleviating respiratory 
symptoms.

Apigenin 7-O-β-D-apiofuranosyl(1→2)-
β-D-glucopyranoside, from Apium graveolens 
(celery), displayed a binding energy of -8.76 
kcal/mol and interacted with key residues such 
as CYS145, HIS164, and GLU166. Apigenin, a 

well-known flavonoid, has been documented for 
its anti-inflammatory and antiviral properties, 
with studies highlighting its ability to inhibit 
viral replication in dengue, influenza, and 
other viruses (Zakaryan et al. 2017). Pi-anion 
interactions were also observed with HIS41, 
indicating strong binding stability. Apium 
graveolens has been used in traditional medicine 
for its immune-boosting and anti-inflammatory 
effects (Dogara et al. 2023), making it a valuable 
plant to explore in therapeutic strategies for 
managing COVID-19.

Interestingly, the results showed that 
both racemosol and stigmasta-7,22-dien-3β,4β-
diol, derived from the same plant, Lagenaria 
siceraria (bottle gourd), exhibited strong 
binding affinities with 3CLpro, with binding 
energies of -8.66 kcal/mol and -8.61 kcal/mol, 
respectively. Racemosol interacted with key 
3CLpro residues, including CYS145, HIS41, and 
MET49, and demonstrated a strong Pi-sigma 
interaction with HIS41, suggesting its potential 
as a stable inhibitor of the protease. Similarly, 
stigmasta-7,22-dien-3β,4β-diol engaged in both 
Pi-sigma and hydrophobic interactions with the 
same critical residues, indicating its inhibitory 
potential. Lagenaria siceraria has been 
traditionally used to treat respiratory illnesses, 
and recent studies have highlighted its anti-
inflammatory, hepatoprotective, and antiviral 
properties (Roy et al. 2022, Saeed et al. 2022), 
making it a promising candidate for further 
research in the context of COVID-19 therapy.

α-Hederine, sourced from Nigella sativa 
(black cumin), exhibited a binding energy of 
-8.14 kcal/mol and formed hydrogen bonds 
with THR24, THR26, and HIS164, along with Pi-
sigma interactions with HIS41. Nigella sativa has 
been widely recognised for its immune-boosting 
and antiviral properties, with numerous studies 
documenting its use in respiratory infections, 
including asthma and bronchitis (Hussain et 
al. 2024, Ojueromi et al. 2022). The molecular 
interactions of α-Hederine with 3CLpro reinforce 
its potential as a natural antiviral agent for 
COVID-19 treatment, particularly for its ability 
to modulate immune responses and directly 
inhibit viral replication.

Lastly, inermidioic acid, isolated from 
Lawsonia inermis (henna), displayed a binding 
energy of -8.05 kcal/mol, forming hydrogen 
bonds with ASN142 and CYS145, and Pi-anion 
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interactions with HIS41 and HIS163. Lawsonia 
inermis has been traditionally used for its 
antimicrobial, antiviral, and anti-inflammatory 
effects, with studies showing its efficacy against 
various viral pathogens (Singam et al. 2020). 
The strong binding of inermidioic acid with 
critical 3CLpro residues suggests that it could be 
explored as a natural inhibitor of SARS-CoV-2, 
supporting the use of Lawsonia inermis in 
complementary COVID-19 therapies aimed at 
reducing viral load and alleviating symptoms.

This study provides preliminary insights 
into the potential use of phytochemical 
compounds and medicinal plants for the 
inhibition of SARS-CoV-2 main protease 
(3CLpro). While the results from the in silico 
analysis are promising, it is important to 
acknowledge that they are theoretical and 
require further validation. Future studies should 
incorporate advanced computational methods, 
such as molecular dynamics simulations, to 
assess the stability and dynamics of the identified 
compounds within the binding site. Additionally, 
in vitro and in vivo experiments are necessary 
to validate the efficacy of these compounds and 
their potential as therapeutic agents. This would 
provide a more comprehensive understanding 
of their antiviral activity and pave the way for 
their development into clinical treatments.

CONCLUSION

In this study, eleven medicinal plants 
known for their bioactive compounds 
demonstrated strong inhibition of SARS-
CoV-2 3CLpro compared to the reference 
inhibitor N3. The top compounds, including 
lensoside Aβ from Lens culinaris, persicoside 
D from Allium ampeloprasum, 2’’,2’’’-di-O-α-
rhamnopyranosyl vicenin II from Beta vulgaris, 
quercetin-7-O-rutinoside from Asplenium 
nidus, officinoterpenoside E from Solanum 
melongena, basilmoside from Ocimum 
basilicum, apigenin 7-O-β-D-apiofuranosyl 
glucopyranoside from Apium graveolens, 
racemosol and stigmasta-7,22-dien-3β,4β-diol 
from Lagenaria siceraria, α-hederine from 
Nigella sativa, and inermidioic acid from 
Lawsonia inermis, exhibited stronger binding 
affinities than N3. These findings suggest 
that these plants and their compounds could 
contribute to the prevention and management 

of COVID-19 as alternative therapies. However, 
our findings require further validation through 
in vitro assays, animal models, and ideally 
clinical trials to confirm their efficacy and 
safety in humans. The study underscores the 
potential of phytochemicals as alternative or 
complementary treatments for COVID-19 and 
other viral infections. Continued research in 
this area is essential to develop these promising 
compounds into effective natural antiviral 
agents, offering potential new therapeutic 
options in the ongoing fight against COVID-19 
and emerging infectious diseases.
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