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Abstract

Amidst the emergence of SARS-CoV-2 variants and the persistence of long-term
COVID-19 complications, the search for novel therapeutics remains a global priority.
Lippia javanica, a Southern African herb traditionally used for respiratory conditions,
gained prominence as a home remedy during the COVID-19 pandemic. This

study represents the first in silico investigation into the inhibitory potential of 116
phytochemicals from L. javanica, identified through LC-MS and previous literature,
against the SARS-CoV-2 Omicron variant main protease (Mpro), with nirmatrelvir
serving as the reference inhibitor. Using a combination of molecular modelling
approaches, physicochemical and toxicity profiling, and bioactivity prediction, five
phytochemicals demonstrated competitive binding profiles relative to nirmatrelvir.
Remarkably, isoverbascoside exhibited the strongest binding affinity (-9.2 kcal/
mol), forming key hydrogen bonds, alkyl, m-alkyl, and van der Waals interactions.
Despite a few candidates violating Lipinski’s Rule of Five due to high molecular
weight, they displayed favourable lipophilicity, predicted bioactivity, and low
toxicity. MD simulations further confirmed the structural stability of isoverbascoside,
crassifolioside, and verbascoside within the Mpro binding pocket, with binding free
energies of -58.16, -48.12, and —46.54 kcal/mol, respectively, substantially surpassing
that of nirmatrelvir (-34.68 kcal/mol). Stability analyses via RMSD, RMSF, and RoG
metrics corroborated the dynamic integrity of these complexes. In all, the findings
highlight the promising inhibitory potential of L. javanica phytochemicals, particularly
isoverbascoside, against SARS-CoV-2 Mpro, warranting further experimental validation
to confirm their therapeutic applicability.

Keywords Coronavirus therapeutics, Lippia javanica, Molecular modelling approaches,
SARS-CoV-2 inhibitors, Main protease (Mpro)
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1 Introduction

Coronavirus disease (COVID-19), caused by Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2), remains one of the most devastating pandemics in modern
history, characterized by significant mortality, widespread morbidity, and economic dis-
ruption [1]. As of April 2024, over 700 million confirmed cases and more than 7 million
deaths were reported globally [2]. Although the World Health Organization declared
the public health emergency over in May 2023, long-term complications persist among
recovered patients, and socio-economic effects continue [3]. Africa, for instance, exhib-
ited comparable infection rates to other regions but still grapples with vaccine coverage
gaps and post-pandemic recovery [4]. Moreover, SARS-CoV-2 continues to evolve, with
emerging variants posing renewed challenges [5].

According to Chung, et al. [6], approximately 2,000 COVID-19-related deaths were
recorded between mid-May and mid-June 2024, and another wave was predicted due
to the rising prevalence of Omicron subvariants. Since the identification of the original
D614G variant, numerous strains have emerged, including those designated as “variants
of concern” (VOCs), such as Omicron and its subvariants BA. 1 (B. 1.1.7), BA. 2, BA.
4, BA. 5, and BA. 2.12.1 (Eris) and XBB, which exhibit higher transmissibility, immune
escape, and resistance to monoclonal antibodies [7-9]. While vaccines have reduced dis-
ease severity, their effectiveness has diminished against subvariants such as BA.4 and
BA.5, underscoring the urgent need for alternative therapeutics [10]. Remarkably, the
newer variants KP.2, KP.3, and LB.1, which are derived from JN.1, are projected to domi-
nate upcoming infections [6].

In addition to vaccines, therapeutic drugs are essential for managing infections in
high-risk populations, vaccine breakthrough cases, and immunocompromised individu-
als [11]. However, many drugs approved for emergency use by the US FDA have reduced
efficacy against newer variants [12]. Therefore, interest has grown in small molecules,
especially plant-derived compounds, as viable antiviral candidates. One strategic target
is the SARS-CoV-2 main protease (Mpro/3CLpro), a crucial enzyme in the replication of
the virus. Inhibiting Mpro has shown broad antiviral potential, as it is highly conserved
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across all coronaviruses [13]. Currently, Mpro inhibitors are grouped into non-covalent
(e.g., nirmatrelvir, remdesivir, quercetin) and covalent types (e.g., ebselen, GRL-1720,
SIMR-2418) [14]. However, limitations such as drug resistance and off-target effects
remain. For example, nirmatrelvir’s use is constrained by potential drug-drug interac-
tions and a lack of long-term efficacy [15]. This highlights the need for new scaffolds,
preferably derived from natural products, to address current therapeutic gaps [16].

Despite significant global progress in vaccination, complementary therapeutic
approaches remain crucial for comprehensive COVID-19 management, particularly
for unvaccinated individuals or those with weakened immunity [17]. Furthermore, the
declining efficacy of currently approved antiviral agents against emerging variants [18]
underscores the need to explore alternative antiviral scaffolds. Recent studies have iden-
tified several potent non-covalent Mpro inhibitors effective against Omicron and its
subvariants [19-21], reinforcing the therapeutic relevance of targeting Mpro as a central
viral enzyme.

Lippia javanica (Burm. f.), a medicinal herb native to Southeast Asia, has garnered
interest due to its traditional use in treating respiratory ailments and its potential anti-
viral properties [22]. Known locally as “fever tea” or “koorsbossie,” it was widely used
during the pandemic, particularly in rural Zimbabwe [18]. Its infusion has been shown
to suppress oxidative stress and allergic airway inflammation [23]. While limited data
exist on its activity against SARS-CoV-2, related Lippia species have demonstrated in
vitro antiviral effects against Zika, dengue, herpes simplex, and bovine viruses [24—26].
Recently, the potential of Lippia alba metabolites to be repurposed as anticoagulant
therapeutics and inhibitors against the SARS-CoV-2 main protease (Mpro) was inves-
tigated in silico [27]. Generally, the Lippia genus is rich in essential oils, including myr-
cene, limonene, and carvacrol, as well as phenolics such as apigenin and verbascoside, all
of which have demonstrated antiviral activity [28—30].

However, no study has directly evaluated L. javanica’s activity against SARS-CoV-2.
To bridge this gap, we investigated 116 phytochemicals from L. javanica identified via
LC-MS and previous literature [30] for their inhibitory potential against Omicron Mpro
using in silico methods. We performed drug-likeness, toxicity, and bioactivity predic-
tions, followed by molecular docking and dynamics simulations to evaluate binding
interactions and stability. This work offers a novel perspective on the antiviral potential
of L. javanica, particularly in targeting emerging SARS-CoV-2 variants. To our knowl-
edge, this is the first study to explore L. javanica as a natural source of Mpro inhibitors
against the Omicron variant, utilizing an integrated experimental and computational
approach. In contrast to the previous study on L. alba [27] and other related studies [20,
21], the integration of LC-MS-based metabolomic profiling with comprehensive com-
putational analysis ensures that experimentally detected L. javanica phytochemicals are
evaluated, thereby enhancing the biological relevance and reliability of the predicted
interactions. The workflow of this study is illustrated in (Supplementary Fig. 1).

2 Methodology

2.1 Preparation of Lippia javanica extract

Lippia javanica leaves were harvested in Westville, Durban, South Africa, and authen-
ticated at the Department of Horticulture, Durban University of Technology, Durban,

South Africa. Subsequently, the leaves were air-dried, pulverized using a blender, and
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stored in airtight containers at 4 °C until further use. To extract the bioactive com-
pounds, 10 g of the powdered leaves were suspended in distilled water (100 mL) and
then boiled on a magnetic stirrer for 20 min. Afterward, the infusion was cooled to room
temperature and filtered sequentially through Whatman No. 1 filter paper and a 0.20 um
syringe filter. The resulting filtrate was lyophilized and stored at -20 °C for future use.

2.2 liquid chromatography-mass spectrometry (LC-MS)

LC-MS analysis of the L. javanica aqueous extract was performed using a Waters Synapt
G2 quadrupole time-of-flight high-definition mass spectrometer (Milford, MA, USA)
linked to a Waters Acquity ultra-performance liquid chromatograph and Acquity pho-
todiode array detector. Ionization was achieved using an electrospray source, with N2
serving as the desolvation gas. A Waters UPLC BEH C18 column was used for the sepa-
ration, and the gradient followed, according to Kaigongi et al. (2020) [31], at a 0.4 mL
min~ ! flow rate. Compounds were relatively quantified against a calibration curve estab-
lished using rutin as the standard. Peak alignments were then exported to MSFinder 3.5
for compound annotation, where the m/z ions (MS2 spectra) were aligned with those
generated by in-silico fragmentation against the in-built database libraries [32].

2.3 ligand and protein preparation

Three-dimensional (3D) structures of 116 L. javanica metabolites and the reference
drug nirmatrelvir (CID: 155903259) were retrieved from PubChem [33]. These ligands
comprised 87 compounds identified via LC-MS (Sect. 2.2) and 29 additional compounds
from a prior study [30], as listed in Supplementary Table S1. Three-dimensional (3D)
structures were utilized over two-dimensional (2D) ones to accurately capture molecular
geometry, spatial orientation, and interaction sites, which are essential for robust pro-
tein-ligand binding analyses [34]. The L. javanica phytochemicals were prepared using
OpenBabel software [35]. The X-ray crystal structure of SARS-CoV-2 Omicron Main
Protease (Mpro, PDB ID: 8HOZ) was obtained from the RCSB Protein Data Bank [36].
Protein structures were processed using UCSF Chimera, which involved removing water
molecules, correcting non-standard residue names, and ensuring proper residue con-
nectivity [37]. Although higher-resolution Omicron Mpro structures exist (e.g., SHOM
at 1.56 A), SHOZ (2.83 A) was deliberately selected because it is the only available Omi-
cron Mpro structure co-crystallized with nirmatrelvir, the reference standard inhibitor
used in this study, as elucidated in Table 1. This allows for the direct overlay and com-
parison of binding modes between our phytochemicals and the clinically approved drug
within the same protein conformation and crystal packing environment, thereby elimi-
nating artifacts from ligand-induced conformational changes observed in apo or differ-
ently liganded structures. This approach is standard in benchmarking studies and has
been employed in various investigations on Mpro inhibitors [19, 21].

2.4 Molecular docking

Molecular docking was performed using AutoDock Vina (version 1.1.2) integrated
within PyRx (version 0.8) to screen 116 L. javanica phytochemicals against the catalytic
site of SARS-CoV-2 Omicron Main Protease (Mpro, PDB: 8HOZ), with nirmatrelvir
as the reference compound [38, 39]. The receptor grid box was set to 25.00 x 25.00 x
25.00 A and centered at coordinates (-17.91, 14.78, -26.16) along the X, y, and z axes to
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Table 1 Comparison of SARS-CoV-2 Omicron variant Mpro PDB structures used in recent studies

PDBID Resolution(A) Release Date  Mutation Bound Key Justification for Selection
Ligand of 8HOZ

7TLL 1.63 2022-01-26 YES None (apo)  High resolution but no co-
crystallized inhibitor

8HOM  1.56 2023-12-13 YES Ensitrelvir Highest resolution but bound to
ensitrelvir (not nirmatrelvir)

8RJZ 1.70 2024-05-29 NO GUE-3801 Good resolution; ligand not clini-
cally approved

8HOZ*  2.83 2023-03-01 YES Nirmatrelvir  selected: the only Omicron Mpro

structure co-crystallized with
nirmatrelvir (Paxlovid), enabling
direct, unbiased pose comparison
despite lower resolution[19, 21].
8CYZ 1.90 2023-08-30 NO Compound  Moderate resolution; non-clinical
C4 ligand

Table 2 Molecular Docking binding affinities (kcal/mol) of the top ten Lippia Javanica
phytochemicals and nirmatrelvir against SARS-CoV-2 Omicron Mpro (PDB: 8HOZ)

Code Ligand Docking score 1 Docking Score 2 Docking score 3 Mean+SD
LP53 Verbascoside -84 -8.5 -8.6 -8.50+0.08
LP54 Isoverbascoside -9.2 -9.3 -94 -9.30+0.08
LP58 Apigenin -7.6 -7.5 -7.7 -7.60+0.08
LP69 Crassifolioside -8.5 -8.5 -8.7 -8.57+0.09
LP70 Luteolin -7.9 -7.8 -7.9 -7.87+0.05
LP72 Chrysoeriol -7.6 -7.7 -7.8 -7.70£0.08
LP101 Secogalioside -7.5 -7.5 -74 -747+0.05
LP103 6-DTCA -8.5 -8.6 -8.7 -8.60+0.08
LP106 4-00 -8.8 -8.7 -8.8 -8.77+0.05
LP109 Monotropeine -7.5 -7.7 -7.6 -7.60+0.08
NIR Nirmatrelvir -8.8 -8.5 -8.7 -8.67+0.12

*4-00 —4-(1,3-Benzodioxol-5-yImethylidene)-3-(3-nitrophenyl)-1,2-oxazol-5-one),
*6-DTCA —(6-(5,6-Dihydroxy-4-oxo-2-phenylchromen-7-yl)oxy-3,4,5-trihydroxyoxane-2-carboxylic acid)
*Values are mean =SD from three independent docking runs using PyRx/AutoDock Vina (exhaustiveness=8)

encompass the active site fully. Docking simulations were conducted with an exhaus-
tiveness parameter of 8 and default ligand preparation settings. Gasteiger charges were
assigned to all compounds, and non-polar hydrogen atoms were merged with their
respective carbon atoms [40]. To ensure reproducibility and statistical robustness, the
top 10 phytochemicals and nirmatrelvir were subjected to three fully independent dock-
ing runs with random seeding disabled between runs, generating statistically indepen-
dent conformational sampling [39]. Binding affinities are reported as mean + population
standard deviation (SD) from these triplicate runs (n = 3). Raw PyRx output files and
screenshots confirming independent runs are provided in Table 2. Predicted binding
energies and protein-ligand interactions were visualized using BIOVIA Discovery Stu-
dio 2021 Client [41]. The highest-scoring phytochemicals were selected for subsequent
physicochemical, toxicity, and molecular dynamics analyses, with full results presented
in Supplementary Table S2.

2.5 Physicochemical properties, bioactivity, and toxicity prediction
The physicochemical properties of top-docked Lippia javanica ligands, including
molecular weight, topological polar surface area (TPSA), hydrogen bond donors (HBD),
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hydrogen bond acceptors (HBA), heavy atom count, partition coefficient (miLogP),
and Lipinski’s Rule of Five violations, were predicted alongside nirmatrelvir using Swis-
sADME [42]. Additionally, the OSIRIS Property Explorer web tool (http://www.orga
nic-chemistry.org/prog/peo/) was used to assess the potential toxicity risks, including
mutagenicity, tumorigenicity, irritancy, and reproductive effects, of these compounds
[43].

2.6 Molecular dynamics (MD) simulations

Molecular dynamics (MD) simulations were performed as described by Obakachi et al.
[44], with slight modifications. All simulations were conducted using the GPU-acceler-
ated version of the AMBER 18 package [39], which utilized the FF18SB variant of the
AMBER force field to model protein parameters [45]. System setup was completed in the
LEaP module, where hydrogen atoms and counterions (Na* and ClI") were added to neu-
tralize the systems. Each complex was solvated in a rectangular TIP3P water box with a
10 A buffer distance from any solute atom [46]. Energy minimization was conducted in
two stages. First, 2,000 steps (1,000 steepest descent and 1,000 conjugate gradient) were
applied under positional restraints of 500 kcal/mol on the solute. This was followed by
an unrestrained minimization of 1,000 steps using the conjugate gradient method. The
systems were then gradually heated from 0 to 300 K over 50 ps under the NVT ensem-
ble, with 10 kcal/mol restraints on the solute and a Langevin collision frequency of 1.0
ps™. Subsequently, 500 ps of equilibration was performed under NPT conditions at 300
K and 1 bar, using the Berendsen barostat [47]. Production runs were carried out for
100 ns per complex. This duration was selected based on literature precedent to ensure
sufficient sampling of conformational space and protein-ligand interaction stability [44,
48]. SHAKE constraints were applied to all bonds involving hydrogen atoms [44], with a
2 fs time step. The simulations employed SPFP precision under periodic boundary con-
ditions. The pressure was maintained at 1 bar using the Berendsen barostat [47], with
a pressure coupling constant of 2 ps. The Langevin thermostat was used to control the
temperature at 300 K with a collision frequency of 1.0 ps™ [49].

2.7 Post molecular dynamics analysis

The analyses of the Root Mean Square Deviation (RMSD), Radius of Gyration (RoG),
Root Mean Square Fluctuation (RMSF), Solvent Accessible Surface Area (SASA), and
hydrogen bond dynamics were carried out using the CPPTRA] module of the AMBER
18 suite [50]. Visualization and raw data plotting were performed using Origin 6.0 soft-
ware [51]. These structural and dynamic parameters were used to evaluate the stabil-
ity, flexibility, and conformational behaviour of the protein-ligand complexes during the
100 ns simulation. To further quantify the binding strength of each complex, Molecular
Mechanics/Generalized Born Surface Area (MM/GBSA) calculations were employed
[52]. The binding free energies (AG_bind) were estimated from 10,000 snapshots
extracted from the 100-ns MD trajectory, representing the last equilibrated portion of
the simulation [53]. The energy contributions from the protein, ligand, and complex
were decomposed into gas-phase interaction energies (electrostatic and van der Waals),
solvation energies (polar and non-polar), and surface area energies. A per-residue energy
decomposition (PRED) analysis was also performed to identify the key interacting
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residues that contribute to the binding energy. The binding free energy (AG_bind) was
computed using the standard MM/GBSA equation:

AG’bind = Gcomplex - _Gprotein - Ginhibitor

AC'bind = Egas + Grsol - TS
Egas = Eint + Evdw + Eele

Gsol = Gap + Gsa
Gsa = 7SASA

This method provides a balance between computational efficiency and accuracy, making
it suitable for ranking binding affinities and elucidating interaction profiles of ligand can-
didates with the SARS-CoV-2 Omicron Mpro target.

3 Results and discussion

3.1 Bioactive components of L. javanica

The LC-MS analysis tentatively identified 87 secondary metabolites in the L. javanica
aqueous extract (Supplementary file 1) with the Time-of-Flight Mass Spectrometer-
Electrospray Ionization (TOF-MS-ESI) chromatogram of the analyte presented in Fig. 1.
A broad classification of the detected compounds revealed their distribution across vari-
ous categories, including terpenoids (17), phenolics (12), glycosides (11), amino acids
and peptides (7), fatty acid derivatives (6), alkaloids (4), and others (30). The retention
times of the identified compounds were recorded to be between 4.909 and 23.234 for
uridine and citrusoside D, respectively (Supplementary file 1). Some of the major com-
ponents in the extract include 7-Epi-12-hydroxyjasmonic acid glucoside (519.3 mg/L),
allamandin (359.3 mg/L), cardiomanol (110.4 mg/L), gallocatechin (530.1 mg/L), mono-
tropein (205.9 mg/L), tuberonic acid (478.5 mg/L), secologanic acid (126.1 mg/L), sali-
cyclic acid glycoside (104.9 mg/L), secogaliosdie (433.5 mg/L), succinylglycerol (124.4
mg/L), tyrosine deriavative (238.2 mg/L), and verbascoside (238.2 mg/L). Several L.
javanica compounds in this study aligned with the findings of previous studies [54—56].
For example, verbascoside, a highly bioactive glycoside, has been consistently identi-
fied as a major constituent of L. javanica leaf extracts [54, 55]. Interestingly, the anti-
viral properties of some of these detected compounds have been highlighted in various
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studies. To mention a few, verbascoside, isolated from Lepechinia species, demonstrated
remarkable inhibitory activity against herpes simplex virus types 1 and 2 [52]. Apigenin
has also been recently shown to ameliorate pseudo-SARS-CoV-2-induced inflamma-
tory responses and pulmonary fibrosis [53], as well as inhibit SARS-CoV-2 in vitro [57].
Although local communities claim the plant has therapeutic effects against viral infec-
tions, there is currently no scientific data to substantiate these claims. However, other
plants from the Lippia genus have been demonstrated to possess antiviral properties,
such as L. alba [58] and L. graveolens [24].

3.2 Molecular docking analysis

The docking analysis evaluated the binding affinities of 116 Lippia javanica phytochemi-
cals and the reference drug nirmatrelvir against the SARS-CoV-2 Omicron main pro-
tease (Mpro) (Supplementary Table S2), with binding scores ranging from - 3.4 kcal/
mol (glycine) to -9.30 + 0.08 kcal/mol. To ensure reproducibility and statistical robust-
ness, the top 10 phytochemicals and nirmatrelvir were re-docked twice using PyRx
(AutoDock Vina 1.2) with independent random seeding after initial virtual screening.
Binding energies, expressed as the mean * standard deviation (SD) from three indepen-
dent runs, are summarized in Table 2. The table lists the top 10 ligands with their respec-
tive binding affinities, while their corresponding 2D chemical structures are illustrated
in Fig. 2. Isoverbascoside emerged as the most potent inhibitor, exhibiting a significantly
higher affinity (-9.30 + 0.08 kcal/mol) than nirmatrelvir (-8.67 + 0.12 kcal/mol; A = 0.63
kcal/mol, p = 0.003, two-tailed t-test). Four additional compounds, 4-OO (-8.77 + 0.05
kcal/mol), 6-DTCA (-8.60 * 0.08 kcal/mol), crassifolioside (-8.57 + 0.09 kcal/mol), and
verbascoside (-8.50 + 0.08 kcal/mol) also outperformed nirmatrelvir (all p < 0.05). The
top-performing ligands belong to two major chemical classes: flavonoids (apigenin,
chrysoeriol, luteolin, 6-DTCA) and phenylpropanoid glycosides (crassifolioside, isover-
bascoside, secogalioside, verbascoside). Flavonoids have previously demonstrated anti-
viral activity against human coronaviruses and other pathogens in both in vitro and in
vivo studies [59]. Notably, chrysoeriol suppresses SARS-CoV-2 entry by downregulating
ACE2/TMPRSS2, NOX2, and MCP-1 [60]. Among the glycosides, verbascoside is well-
documented for its potent inhibition of herpes simplex virus types 1 and 2 [61]. These
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results strongly support the superior binding potential of L. javanica phytochemicals,
particularly isoverbascoside, as promising Mpro inhibitors compared to the clinically
approved nirmatrelvir.

This study further elucidated the molecular interactions between the L. javanica phy-
tochemicals and the amino acid residues within the binding site of the Mpro. Binding
interactions, including the strong hydrogen bond (H-bond), alkyl, m-alkyl, -m stacked,
ni-nt T-shaped interactions, and Van der Waals (vdW) overlapping between the ligands
and protein (Fig. 3). The molecular interaction plot between the L. javanica phytochemi-
cals and Mpro showed that the phytochemicals compete favourably with nirmatrelvir,
while most exhibited more interactions than the reference drug.

(Fig. 3). In this regard, crassifolioside, isoverbascoside, verbascoside, 6-DTCA, and
4-O0 had 28, 27, 25, 20, and 17 interactions, respectively, compared to nirmatrelvir’s 26.
Furthermore, crassifolioside, verbascoside, and isoverbascoside exhibited higher num-
bers of hydrogen bonds (11, 10, and 9, respectively) than nirmatrelvir (6), thus suggest-
ing enhanced binding stability with the Mpro. Alkyl and m-alkyl interactions, particularly
in crassifolioside (4) and isoverbascoside (1 m-sigma), further reinforced hydrophobic
contacts, contributing to their strong van der Waals energies. Additionally, -1t stacking
interactions in isoverbascoside and 6-DTCA added to the stability of these complexes.
These interactions likely contribute to the high binding free energies, highlighting the
potential of these compounds as potent inhibitors of SARS-CoV-2 Mpro. Also, the
varying nature and quantity of these interactions, particularly the increased number of
hydrogen bonds and m-type contacts, suggest not only enhanced binding stability but
also improved specificity and stronger inhibition potential. Hydrogen bonds help anchor
the ligands within the binding pocket, while 1-it stacking and hydrophobic interactions
strengthen the non-covalent retention of the ligands. These features likely contribute to
longer residence time and reduced off-target binding, supporting the promise of these
phytochemicals as highly selective Mpro inhibitors.
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3.3 Physicochemical properties, bioactivity, and toxicity prediction

The Lipinski Rule of Five (Ro5) evaluates drug-likeness based on molecular weight (<
500 g/mol), lipophilicity (LogP < 5), the number of heavy atoms, hydrogen bond donors
(HBD < 5), and hydrogen bond acceptors (HBA < 10) [62]. While nirmatrelvir adhered
strictly to Rob5, it was observed that some of the L. javanica compounds exhibited some
violations; in particular, verbascoside, isoverbascoside, and crassifolioside violated three
out of the five rules as they exceeded the molecular weight limit, and possessed excessive
HBAs and HBDs, which could hinder membrane permeability and oral bioavailability
(Table 3). For example, verbascoside, with its molecular weight of 624.59 g/mol, which
is due to its many sugar and aromatic moieties, exceeded the threshold of 500 g/mol,
while its numerous hydroxyl groups, especially from its disaccharide, caffeic acid, and
hydroxytyrosol moieties ensures that it violate the hydrogen bond donors > 5 and hydro-
gen bond acceptors > 10 rules. Similarly, crassifolioside, a phenylethanoid glycoside with
a molecular weight of 742.68 g/mol, which is due to its glycosidic sugar and phenyle-
thanoid core exceeded the threshold of 500 g/mol, in addition, these rich hydroxylated
structural components are also responsible for its numerous hydroxyl groups, which also
ensures that it violate the hydrogen bond donors > 5 and hydrogen bond acceptors > 10
rules. Some glycosidic compounds are known for their significant antiviral properties,
despite violating the Ro5; a notable example is glycyrrhizin, which has been studied for
its antiviral activity against viruses such as Hepatitis C, HIV, and SARS-CoV-2, despite
violating three of the five rules [63].

However, the L. javanica compounds showed favourable lipophilicity with lower LogP
values than nirmatrelvir, potentially improving water solubility and reducing nonspecific
hydrophobic interactions. On the other hand, 4-OO was compliant with all of the 5,
while 6-DTCA violated only one of the rules. Despite the recorded violations, the com-
pounds offer unique physicochemical profiles that may enhance their interaction with
specific biological targets. Thus, L. javanica compounds, such as 6-DTCA, with fewer
violations, could serve as starting points for lead optimization through strategies like
prodrug development or alternative delivery systems, leveraging their potential benefits
against the limitations posed by Ro5. Many natural products that violate Lipinski’s rules
have been known to elicit their therapeutic activities via non-oral routes or through
metabolic transformation in the body. For instance, Bockus and McEwen [64] dem-
onstrated that some natural cyclic peptides exhibit potent biological activities and can
penetrate cells despite violating these rules. Generally, these compounds exhibit their
bioactivity because they are typically hydrolyzed into their sugar and aglycone units

Table 3 Drug likeness scores of Lippia Javanica phytochemicals

Ligand miLogP TPSA nHAtoms HBA HBD Vol M.wt nviol
Verbascoside -0.60 245.29 44 15 9 148.42 624.59 3
Isoverbascoside -049 245.29 44 15 9 14842 624.59 3
Crassifolioside -2.17 304.21 52 19 11 170.03 742.68 3
6-DTCA 022 187.12 32 1 6 106.72 446.36 1
4-00 2.28 102.94 25 7 0 91.70 338,027 0

Nirmatrelvir 1.89 131.40 35 8 3 499.53 499.53 0

** Lipophilicity (miLogP), polar surface area (TPSA), heavy atom count (nHAtoms), hydrogen bond acceptors (HBA),
hydrogen bond donors (HBD), molecular volume (Vol), molecular weight (M.wt), and Lipinski’s rule violations (nviol);

*4-00 —4-(1,3-Benzodioxol-5-yImethylidene)-3-(3-nitrophenyl)-1,2-oxazol-5-one),
*6-DTCA — (6-(5,6-Dihydroxy-4-oxo-2-phenylchromen-7-yl)oxy-3,4,5-trihydroxyoxane-2-carboxylic acid)
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(active portions) in the body. Additionally, their administration via non-oral routes also
circumvents the hurdle of oral absorption.

The toxicological profiles of L. javanica phytochemicals and the reference compound
nirmatrelvir were assessed using the OSIRIS Property Explorer. This tool evaluates
potential risks for mutagenicity, tumorigenicity, irritancy, and reproductive toxicity
based on fragment-based rules derived from chemical substructures. While OSIRIS
predictions are theoretical and not grounded in experimental datasets, the tool remains
widely used for early-stage toxicity screening in drug discovery [65, 66]. The results,
summarized in Table 4, indicate that several of the tested phytochemicals, including
verbascoside, isoverbascoside, crassifolioside, and 6-DTCA, did not exhibit any toxicity
risks in the evaluated parameters, suggesting favourable safety profiles. In contrast, the
reference drug nirmatrelvir showed concerning toxicity alerts, particularly for tumori-
genicity and irritancy, which may impact its long-term safety. One compound, 4-OO,
flagged potential risks for mutagenicity and reproductive toxicity, indicating the need for
further in-depth toxicological assessment.

3.4 Bioactivity prediction and quality assessment

To assess the bioactivity of selected ligands from L. javanica, the inhibitory constants
(Ki) of the L. javanica compounds were computed using the standard equation K; =
e AG/RT where AG represents the binding energy obtained from molecular docking stud-
ies, R is the gas constant (1.987 x 10”-3 kcal/K-mol), and T is the absolute temperature
(298.15 K) [67]. A low Ki value strongly indicates a compound’s potential as a lead mol-
ecule [68]. Isoverbascoside was observed to possess the lowest Ki value, suggesting it
has the highest potential as a lead inhibitor of Mpro (Table 5). Furthermore, the ligand
efficiency (LE) computation showed that all ligands except 4-OO possessed values lower
than the threshold value of 0.29 kcal/mol/HA. According to Schultes et al. [69], Lead-
like molecules should ideally have LE values less than 0.29 kcal/mol/HA. However, it has
been noted that LE is influenced by molecular size, which prompted the introduction of
the ligand efficiency scale (LE scale), which is independent of ligand size [68]. A LE scale
value below 0.4 indicates that a compound may exhibit potent inhibitory effects against
an enzyme [69]. As shown in Table 4, all the lead ligands have LEscale values below 0.4,
suggesting their potential effectiveness as inhibitors of catalytic function. The fit quality
(FQ) is defined as the ligand efficiency (LE) ratio to the LE scale (LEscale), with values
approaching 1 indicating stronger ligand-receptor interactions [70]. The calculation of
the FQ for each lead compound revealed that both isoverbascoside and crassifolioside
had FQ values of 1, while other compounds showed values close to 1 but required further

Table 4 OSIRIS toxicity risk assessment of Lippia Javanica phytochemicals

Ligand Mutagenicity Tumorigenicity Irritability *RE
Verbascoside No No No No
Isoverbascoside No No No No
Crassifolioside No No No No
6-DTCA No No No No
4-00 Yes No No Yes
Nirmatrelvir No Yes Yes No

*RE - Reproductive effects
*4-00 —4-(1,3-Benzodioxol-5-yImethylidene)-3-(3-nitrophenyl)-1,2-oxazol-5-one),
*6-DTCA — (6-(5,6-Dihydroxy-4-oxo-2-phenylchromen-7-yl)oxy-3,4,5-trihydroxyoxane-2-carboxylic acid)
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Table 5 Bioactivity prediction of Lippia Javanica phytochemicals

Ligand BE/DS Ki LE LEgcace FQ LELP
Verbascoside -84 0.69 0.19 0.21 0.90 -3.16
Isoverbascoside 9.2 0.18 0.21 0.21 1.00 -2.33
Crassifolioside -8.5 0.59 0.16 0.16 1.00 13.56
6-DTCA -8.5 0.59 0.27 032 0.84 -0.82
4-00 -8.8 0.70 0.35 0.39 0.89 -6.51
Nirmatrelvir -8.8 0.70 0.25 0.40 0.63 -7.56

BE-Binding energy/ DS-Docking score; Ki-Predicted inhibition constant; LE-Ligand efficiency; LEscy ¢ - Ligand efficiency
scale; FQ - Fit quality; LELP ligand-efficiency-dependent lipophilicity

*4-00 —4-(1,3-Benzodioxol-5-yImethylidene)-3-(3-nitrophenyl)-1,2-oxazol-5-one), *6-DTCA —(6-(5,6-Dihydroxy-4-oxo-2-
phenylchromen-7-yl)oxy-3,4,5-trihydroxyoxane-2

refinement. In contrast, the reference drug nirmatrelvir had an FQ value far less than
1 (Table 5). The strong FQ values for isoverbascoside and crassifolioside suggest they
may exhibit optimal binding characteristics, warranting deeper exploration into their
potential as effective therapeutic agents against the SARS-CoV-2 Omicron variant. Simi-
larly, the lipophilic efficiency of ligand binding (LELP) values for the lead compounds
provide insight into the balance between binding efficiency and lipophilicity. Among
the ligands analysed, crassifolioside stands out with a remarkably high LELP value of
13.56, indicating a strong balance between its binding efficiency and lipophilicity, mak-
ing it a promising candidate for further investigation. In contrast, nirmatrelvir and 4-OO
exhibit significantly negative LELP values of -7.56 and — 6.51, respectively, reflecting less
favourable profiles regarding binding efficiency relative to their lipophilic characteristics.
Additionally, isoverbascoside, verbascoside, and 6-DTCA display negative LELP values
of -2.33, -3.16, and - 0.82, respectively. These values suggest that while these compounds
may have good binding efficiency, they require optimization to enhance their lipophilic-
ity for improved therapeutic potential.

3.5 Molecular dynamics (MD) simulation of SARS-CoV-2 Omicron Mpro protein-ligand
complexes

MD simulation is considered a critical approach in elucidating the dynamic behaviour as
well as the stability of ligands during their interaction with protein targets [71, 72]. Thus,
the all-atom MD simulations carried out in this study show the conformational sampling
of the unbound SARS-CoV-2 Omicron Mpro (apoprotein) and complexes formed with
the best-performing ligands as observed in the Root Mean Square Deviation (RMSD),
Root Mean Square Fluctuation (RMSF), Radius of Gyration (RoG), Solvent Accessible
Surface Area (SASA), and Hydrogen bonding plots (Fig. 4) and Table 6 showing their
averages of these parameters. Furthermore, the binding energies of SARS-CoV-2 Mpro-
ligand interactions, as well as the various components of these energies, provided insight
into the different protein-ligand interactions observed in this study (Table 7).

3.5.1 Dynamic stability and flexibility of SARS-CoV-2 Omicron Mpro

The RMSD analysis, which assesses the overall structural stability of protein-ligand com-
plexes, revealed that all systems remained stable throughout the simulation, with average
deviations of less than 3.5 A. The apo-Mpro exhibited a baseline RMSD of 1.55 A, while
nirmatrelvir and isoverbascoside complexes showed slightly higher values of 2.04 A and
2.34 A, respectively, indicating stable binding with moderate structural fluctuation (Fig.
4A). Additionally, crassifolioside induced the lowest deviation among the ligands (1.63
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Table 6 Average values of parameters used to interpret structural stability for SARS-CoV-2 Omicron

Mpro

Complex RMSD (A) RoG (A) RMSF (A) SASA(A) H-Bond Number
Mpro 1554023 22024009  0.94+044 14214029 -

Mpro + Nirmatrelvir 2.04+045 22114017 1074051 14.08+0.26 40.70+8.02

1

Mpro+Verbascoside 1.82+033 22.12+0.12 1.18+0.59 13.62+0.27 142.93+8.03
Mpro+Isoverbascoside 234+0.33 2221£012 1.12+£043 13.91£0.26 141.55+7.55
Mpro+ Crassifolioside 1.63+0.37 22224015 1.194043 14:03+0.29 140.61+834
Mpro+6-DTCA 2.01+043 22.02+0.12 1.14+044 14.04+0.27 141.50+7.73
Mpro +4-00 2.59+040 22.07£0.12 1.00+0.64 13.90£0.28 142.03+7.73

Table 7 Thermodynamic binding free energy profiles for the Mpro-ligand complexes

Complex Nirmatrelvir Verbascoside Isoverbascoside Crassifolioside 6-DTCA 4-00
Binding energy (kcal/mol)

A Eqw -5265+4.05 -68.79+4.14 -68.73+5.90 -6849+5.62 -4551+£549  -4152+279
AEgjec -11.05£528 -21.95+848 -5141+£2038 -3142+£11.80 2535+£1287 -1826+458
AGgas -63.70+£6.87 -90.74+9.44 -120.13+£22.07 -99.92+11.24 -20.16+15.70 -59.78+5.29
DGy 29.02+4.88  44.20+6.30 61.97+1341 51.80+7.22 -1098+1233  2649+350
AGping -3468+3.71  -46.54+491 -58.16+9.65 -48.12+579 -31.14+£558  -33.29+2.85

A), suggesting a structural behaviour closely aligned with the unbound protein. The
RoG analysis, on the other hand, which reflects protein compactness [73], showed mini-
mal variation across all systems, with values ranging from 22.02 A (apo and 6-DTCA)
to 22.22 A (crassifolioside), indicating that ligand binding did not significantly alter the
structural compactness of Mpro (Fig. 4B). These consistent RoG values suggest that both
the reference and plant-derived compounds preserved the overall structural stability of
the protein. RMSF profiles indicated localized flexibility, with values ranging from 1.00
A (4-00) to 1.19 A (crassifolioside). Isoverbascoside showed moderate residue fluctu-
ation (1.14 A), comparable to nirmatrelvir (1.07 A), suggesting preserved residue sta-
bility across key regions (Fig. 4C). SASA values supported this trend. The apo-protein
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recorded 14.21 A? while isoverbascoside (13.67 A?) and other lead compounds exhibited
slightly reduced solvent exposure, reflecting enhanced binding compactness and struc-
tural integrity (Fig. 4D; Table 6). Hydrogen bonding analysis showed strong and consis-
tent interactions across all complexes. Isoverbascoside formed 142.39 hydrogen bonds,
nearly matching verbascoside (142.93) and exceeding the reference compound nirma-
trelvir (140.70), indicating robust and stable protein-ligand binding (Fig. 4E). Collec-
tively, these metrics confirm that isoverbascoside maintains protein structural stability
and forms strong binding interactions, reinforcing its potential as a promising SARS-
CoV-2 Mpro inhibitor.

3.5.2 Evaluation of the binding energies of SARS-CoV-2 Omicron main protease-ligand
interactions

The binding energy analysis of SARS-CoV-2 Omicron Mpro with the L. javanica com-
pounds (verbascoside, isoverbascoside, crassifolioside, 6-DTCA, and 4-OO) revealed the
competitive binding potential of the plant-derived ligands with respect to the reference
drug, nirmatrelvir (Table 7). Isoverbascoside exhibited the strongest binding free energy
(-58.16 kcal/mol), significantly surpassing nirmatrelvir (-34.68 kcal/mol). Similarly, ver-
bascoside (-46.54 kcal/mol) and crassifolioside (-48.12 kcal/mol) also demonstrated
superior binding energies compared to the reference drug, highlighting the potential
of the L. javanica compounds as Mpro inhibitors. The thermodynamic profiles suggest
that the enhanced stability of the plant compounds is primarily driven by strong van der
Waals (vdW) interactions, with isoverbascoside possessing the highest vdW contribu-
tion (-68.73 kcal/mol). Additionally, isoverbascoside displayed enhanced electrostatic
interactions (-51.41 kcal/mol), further contributing to its strong binding affinity. Com-
paratively, the electrostatic interactions for nirmatrelvir were weaker (-11.05 kcal/mol).
The gas-phase free energy (AGgas) calculations corroborated these findings, with iso-
verbascoside demonstrating the most stable gas-phase binding energy (-120.13 kcal/
mol), followed by crassifolioside (-99.92 kcal/mol) and verbascoside (-90.74 kcal/mol) in
comparison to nirmatrelvir (-63.70 kcal/mol). Despite partially offsetting these favour-
able interactions, solvation energy (AGsolv) was highest for isoverbascoside (61.97 kcal/
mol), reflecting its stability in the solvent environment, while nirmatrelvir displayed a
lower solvation energy (29.02 kcal/mol), indicating reduced compensation for its gas-
phase binding. These findings position isoverbascoside, crassifolioside, and verbascoside
as the most promising L. javanica compounds against the SARS-CoV-2 Mpro protein,
offering the potential for further therapeutic development.

To further compare the key parameters in this study, Table 8 summarizes the
comparative performance of the top three L. javanica phytochemicals versus nir-
matrelvir. Isoverbascoside exhibited the strongest binding (-58.16 +9.65 kcal/mol), sur-
passing nirmatrelvir by 23.48 kcal/mol (p<0.001), corresponding to a predicted Ki of
0.18 nM, approximately 400-fold tighter binding. Crassifolioside and verbascoside also

Table 8 Comparison of key parameters for the top three phytochemicals vs. Nirmatrelvir

Compound AGbind +SD (kcal/mol) Predicted Ki (nM) Avg RMSD (A) H-bond Count
Isoverbascoside -58.16+9.65 0.18 234 24
Crassifolioside -48.12+5.79 0.59 1.63 30
Verbascoside -46.54+4.91 0.69 1.82 24

Nirmatrelvir -34.68+3.71 0.70 2.07 11
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Fig. 5 Per-residue decomposition energy plot of SARS-CoV-2 Omicron Mpro in complex with the ligands: A ver-
bascoside, B isoverbascoside, C crassifolioside, D 6 DTCA, E 4-O0, and F nirmatrelvir

outperformed nirmatrelvir by 13.44 and 11.86 kcal/mol, respectively. All three phyto-
chemicals formed=>24 stable hydrogen bonds (occupancy=70%), more than double
that of nirmatrelvir (11), contributing to enhanced anchoring within the Mpro catalytic
pocket.

3.5.3 Per-residue decomposition energy (PERD) analysis of SARS-CoV-2 Omicron Mpro and
mechanistic insight

Per-residue energy decomposition via the MM/GBSA method reveals the individual
amino-acid contributions to the total binding free energy and clarifies the molecular
mechanism underlying Mpro inhibition. Figure 5 displays the top contributing residues
for each complex as bar charts averaged across the 100 ns trajectories [51, 74]. Per-resi-
due energy decomposition, as shown in Fig. 5, revealed that His41, Cys145, Met165, and
Glul66 were the most influential residues contributing to ligand stabilization within the
active site (Fig. 5). These residues define the catalytic core and substrate-binding archi-
tecture of Mpro, explaining their critical energetic roles. His41 and Cys145 constitute
the catalytic dyad responsible for nucleophilic attack during peptide bond hydrolysis.
The strong negative vdW and electrostatic contributions observed for these residues,
particularly for isoverbascoside and verbascoside (-1.6 to -2.3 kcal-mol™), suggest that
the ligands form tight, non-covalent contacts that could impede dyad polarization and
block substrate access, thereby inhibiting catalysis. Glul66, which stabilizes substrate
recognition at the S1 subsite, exhibited notable electrostatic interactions with all lead
compounds, consistent with the formation of persistent hydrogen bonds that help lock
the enzyme in an inactive conformation. Similarly, Met165, which forms the hydro-
phobic wall of the S2 pocket, showed dominant van der Waals (vdW) contributions (~
-3.0 kcal-mol™) across the leads, reflecting close shape complementarity and enhanced
hydrophobic packing. Stronger van der Waals (vdW) interactions denote an optimal
steric fit and greater dispersion stabilization, which collectively improve binding affin-
ity and inhibitory potential. By simultaneously anchoring to Glul66 and the catalytic
dyad while maximizing van der Waals (vdW) contacts with Met165, the Lippia javanica



Obakachi et al. Discover Chemistry (2025) 2:341 Page 16 of 19

phytochemicals achieve both structural complementarity and catalytic interference. This
combination likely underpins their lower predicted Ki and more favourable AG_bind
relative to nirmatrelvir, signifying potent inhibition driven by synergistic hydropho-
bic and electrostatic stabilization within the catalytic pocket. These findings align with
recent Omicron-specific docking studies [75, 76].

4 Conclusion

The COVID-19 pandemic highlighted the urgent need for innovative therapeutics to
combat highly transmissible and immune-evasive SARS-CoV-2 variants, particularly
the Omicron variant. This study is the first to investigate the inhibitory potential of Lip-
pia javanica phytochemicals against the SARS-CoV-2 Omicron main protease (Mpro),
a critical enzyme in viral replication. Among the screened compounds, isoverbasco-
side exhibited the most favourable binding free energy (-58.16 + 9.65 kcal/mol), outper-
forming the reference inhibitor nirmatrelvir (-34.68 + 3.71 kcal/mol). Verbascoside and
crassifolioside also showed strong binding profiles. Molecular dynamics simulations
confirmed the stability of these ligand-Mpro complexes, with consistent root mean
square deviation (RMSD), root mean square fluctuation (RMSF), and radius of gyration
(RoG) values indicating minimal structural perturbation. Toxicological assessments pre-
dicted low risks of mutagenicity and reproductive toxicity for the key phytochemicals,
further supporting their therapeutic viability. Overall, these findings highlight L. javan-
ica phytochemicals, particularly isoverbascoside, as promising leads for the development
of novel small-molecule antivirals against Omicron and other emerging SARS-CoV-2
variants. Nonetheless, experimental validation through in vitro and in vivo studies is
essential to confirm these computational insights and substantiate the traditional medic-
inal uses of L. javanica.
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