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Abstract

Although the acute phase of the SARS-CoV-2 pandemic has subsided, the continued emer-
gence of viral variants underscores the need for structurally diverse antiviral inhibitors.
In this study, molecular docking followed by molecular dynamics (300 ns) simulations
and binding free energy calculations using the Molecular Mechanics Poisson—-Boltzmann
Surface Area (MM-PBSA) method were employed to evaluate substituted flavonoids de-
rived from Taraxacum officinale and Urtica dioica as potential inhibitors of the SARS-CoV-2
main protease (Mpro/3CLpro). Docking analysis identified several derivatives with favor-
able binding scores; however, dynamic refinement revealed differential stability among
the ligand—protein complexes. Among the evaluated compounds, the luteolin derivative
LND-17 showed the most consistent performance, exhibiting binding free energy estimates
approaching those obtained for the reference inhibitors nirmatrelvir and ensitrelvir, sus-
tained catalytic pocket occupancy, and energetic contributions involving the catalytic dyad
(His41 and Cys145). Additional derivatives, including LNG-04, QND-07, and QNG-20,
showed moderate stabilization but lower overall consistency. These findings highlight
glycosylated flavonoids as promising scaffolds for future structure-based optimization and
provide structural insights to guide experimental validation.

Keywords: SARS-CoV-2; main protease; Mpro; antivirals; flavonoids

1. Introduction

The COVID-19 pandemic has been one of the most devastating global public health
emergencies in recent history, although its impact has been substantially mitigated by
advances in epidemiology, virology, and biomedical technologies. While the acute phase
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of the crisis has subsided, SARS-CoV-2, responsible for COVID-19, will persist within
the human population, likely causing periodic or seasonal respiratory infections. Some
of these cases will necessitate hospitalization and, unfortunately, a portion will result in
fatalities. The existence of effective vaccines for prevention, along with specific drugs to
reduce the mortality risk among the most vulnerable patients, remains crucial. However,
the continuous evolution of SARS-CoV-2 may compromise the long-term effectiveness of
both preventive and therapeutic strategies.

SARS-CoV-2 belongs to the genus Betacoronavirus within the family Coronaviridae,
which also includes other highly pathogenic viruses such as severe acute respiratory
syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome coronavirus
(MERS-CoV). The virion is pleomorphic, predominantly spherical, and enveloped, dis-
playing prominent spike (S) glycoprotein on its surface, along with membrane (M) and
envelope (E) proteins. Its genome consists of a positive-sense single-stranded RNA of
approximately 30 kb (GenBank accession: NC_045512), encoding two large polyproteins
(ppla and pplab), which are proteolytically processed into 16 non-structural proteins (nsp1-
nsp16). In addition, four structural proteins and several accessory proteins are expressed
from subgenomic RNAs [1-3].

Proteolytic cleavage of these polyproteins is mediated by two viral proteases: the
papain-like protease (PLpro, nsp3) and the main protease (3CLpro or Mpro, nsp5). Among
these enzymes, Mpro catalyzes 11 of the 14 proteolytic cleavage events within ppla and
pplab, whereas PLpro mediates the remaining three cleavages [4,5].

Structurally, Mpro is a highly conserved cysteine endopeptidase. Since the first works
on coronaviruses, this protein has garnered significant attention due to its pharmacological
potential, particularly with the emergence of clinically relevant viral species like SARS-CoV,
MERS-CoV, and SARS-CoV-2 [6-8]. Mpro functions as a homodimer, with each monomer
comprising three domains. The catalytic dyad His41 and Cys145 is located in a substrate-
binding cleft formed between domains I and II [9]. Due to its essential role in viral
replication and the absence of closely related homologues in humans, Mpro represents an
attractive and selective antiviral target.

Although vaccination campaigns have substantially reduced COVID-19-related mor-
tality [10-12], SARS-CoV-2 continues to circulate globally, with periodic waves driven
by the emergence of new variants. Consequently, effective preventive and therapeutic
strategies remain particularly important for high-risk populations, including older adults
and individuals with underlying medical conditions [13,14].

Consequently, the development of drugs, particularly antivirals targeting the virus
or its components, is imperative. Much of the drug research and development against
COVID-19 relies on computational tools, predicting interactions between proteins and small
molecules that can serve as enzyme inhibitors, thus streamlining drug research [15-17].

Currently authorized antiviral therapies include molnupiravir, which induces lethal
mutagenesis [18], and protease inhibitors such as nirmatrelvir (administered with ritonavir)
and ensitrelvir [19,20]. Although these agents remain effective for reducing the risk of
severe COVID-19, reports of post-treatment viral rebound and the emergence of resistance-
associated mutations underscore the importance of identifying additional Mpro inhibitors
with alternative chemical scaffolds [21-25].

Natural products, particularly flavonoids, constitute a chemically diverse class of bioactive
compounds with reported antiviral properties. Extracts and fractions obtained from Taraxacum
officinale and Urtica dioica have previously demonstrated in vitro antiviral activity against dengue
virus (DENV) [26]. Furthermore, in silico studies suggest that certain flavonoids present in these
fractions interact with the NS3 protease of DENV, indicating a potential capacity to target viral
proteases and to serve as a structural basis for further optimization [27].
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Given the conserved mechanistic relevance of viral proteases as essential mediators
of polyprotein processing and viral replication, these findings support the exploration of
flavonoid-based compounds against other clinically significant viruses. In this context, the
present study aims to employ molecular docking and molecular dynamics (MD) simulations
to identify potential inhibitors of the SARS-CoV-2 Mpro protease, a key enzymatic target in
the viral replication cycle.

2. Materials and Methods
2.1. Ligand Preparation

Sixteen phytochemicals, including flavonoids and two hydroxylated phenylpropanoid
derivatives, were selected as candidate ligands. The initial selection was based on
flavonoids previously reported in phytochemical analyses of Taraxacum officinale and
Urtica dioica. To broaden the structural scope of the analysis, additional structurally related
flavonoids sharing the same core scaffold and substitution patterns were incorporated,
given their reported antiviral properties and potential to interact with viral proteases
(Table 1 and Table S1). Additionally, two clinically approved Mpro inhibitors, nirmatrelvir
and ensitrelvir, were included as reference ligands for comparative analysis (Table 1).
For clarity and consistency, commonly used trivial names were adopted throughout the
manuscript. Compound identity was unequivocally defined by the corresponding Pub-
Chem Compound Identification (CID) number from the PubChem database (National
Center for Biotechnology Information, Bethesda, MD, USA), which served as the primary
chemical reference [28]. Files were downloaded in SDF format and converted to the mol2
format using UCSF Chimera 1.14 (Resource for Biocomputing, Visualization, and Infor-
matics, University of California, San Francisco, CA, USA) [29]. The energy minimization
was performed in Avogadro 1.1.1 (Avogadro Chemistry Project) [30]. Ligand geometry
optimization was conducted employing the MMFF94s force field [31], selected due to its
reliable parametrization for small organic molecules and its widespread application in
preliminary geometry optimization prior to docking studies. Energy minimization was
carried out using the steepest descent algorithm until convergence criteria were achieved,
with a minimum of 100 steps per update.

Table 1. PubChem accession code of ligands analyzed in present study.

Compound Name PubChem CID Molecule Code
Control ligand

Nirmatrelvir CID 155903259 Nirmatrelvir
Ensitrelvir (5-217622) CID 162533924 Ensitrelvir
Experimental ligand

3,5-Dicaffeoylquinic acid CID 6474310 DCA-01
4,5-Dicaffeoylquinic acid CID 6474309 DCA-09
Kaempferol-3-glucoside CID 5282102 KFG-19
Luteolin 7,3'-diglucoside CID 44258089 LND-15
Luteolin 7,4'-diglucoside CID 44258093 LND-16
Luteolin 3’ 4'-diglucoside CID 44258099 LND-17
Luteolin-7-O-glucoside CID 5280637 LNG-04
Luteolin-7-O-rutinoside CID 14032966 LNR-13
Quercetin 3,4'-diglucoside CID 5320835 QND-07
Quercetin 3,7-diglucoside CID 10121947 QND-10
Quercetin 3-diglucoside CID 10211337 QND-11
Quercetin 7,4'-diglucoside CID 11968881 QND-12
Quercetin 3,5-O-diglucoside CID 44229098 QND-14
Quercetin 3,3'-diglucoside CID 44259153 QND-18
Quercetin 3-galactoside CID 5281643 QNG-20
Quercetin 3-rutinoside CID 5280805 QNR-05

Shaded rows indicate the compounds with the best characteristics, evaluated in silico, as potential ligands to
inhibit SARS-CoV-2 Mpro.
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2.2. Selection and Preparation of the Crystallographic Structure of Mpro

Crystallographic structures were obtained from the Research Collaboratory for Structural
Bioinformatics (RCSB) Protein Data Bank (PDB) (Rutgers University, Piscataway, NJ, USA) [32].
Structures were screened according to the following criteria: resolution of <3 A, absence
of mutations in the catalytic site, and acceptable refinement statistics (Ryork < Reree Values
within standard crystallographic quality thresholds) [33]. Based on these criteria, the struc-
ture with PDB ID 6ZRU was selected due to its high resolution and structural completeness
of the catalytic dyad (His41 and Cys145) [34].

Protein preprocessing was performed using Chimera 1.14. Co-crystallized ligands,
solvent molecules, and DMSO were removed. Protonation states were manually assigned to
physiological pH (7.4), and hydrogen atoms were added using the Dock Prep module. Par-
tial charges were assigned according to the AMBER £f14SB force field [35], the most recent
force field available in Chimera Dock Prep. Subsequent receptor preparation for AutoDock
Vina 1.1.2 (The Scripps Research Institute, La Jolla, CA, USA) and AutoDock FR (ADFR)
1.0 (Molecular Graphics Laboratory, The Scripps Research Institute, La Jolla, CA, USA)
followed the charge assignment procedures implemented in their respective docking plat-
forms. The processed structure was saved in mol2 format for docking with AutoDock
Vina [36]. For ADFR [37] the structure was separately prepared using AutoDock Tools 1.5.6.
Polar hydrogens were added and Kollman charges assigned [38]. The final receptor file
was saved in pdbqt format.

2.3. Molecular Docking Assays

The molecular docking simulations were conducted at the National Supercomputing
Laboratory of Southeastern Mexico using AutoDock Vina and AutoDock FR. In all simula-
tions the receptor was treated as rigid. For AutoDock Vina calculations, the search space
centered on the catalytic cavity using the coordinates x = —17.78, y = —15.49, z = 16.83. Grid
box dimensions were set to 30 x 30 x 30 A3, encompassing the active site region. Docking
calculations were performed using an exhaustiveness parameter of 64, while restricting the
output to the three highest-ranked binding poses for each ligand. This strategy prioritized
the most favorable binding conformations while maintaining computational efficiency [39].

For ADFR calculations, the same grid center coordinates were used x = —17.78,
y = —15.49, z = 16.83, while grid dimensions were defined as 26.00 x 29.75 x 21.50 AS.
The grid map (.trg file) was generated using AGFR. Docking simulations were performed
using 100 runs and allowing up to 25 million energy evaluations per ligand, generating
500 docking poses per compound. Docking clusters containing at least 10% of the generated
poses were considered indicative of recurrent binding modes and were prioritized during
pose inspection. This threshold was used as a practical criterion to identify consistently
sampled conformations rather than as a statistical cutoff.

To capture both high-ranking candidates and structural diversity, molecular dynam-
ics simulations were performed on eight ligand—protein complexes. Four top-ranked
flavonoids (LND-17, LNG-04, QND-07, and QNG-20) were selected based on their docking
performance. Baicalein was included as a structurally related flavonoid previously reported
as an Mpro inhibitor [40], serving as a comparative reference. In addition, DCA-09, a hy-
droxylated phenylpropanoid dis-playing the fifth-highest docking score, was incorporated
to evaluate the dynamic behavior of a compound representing a distinct chemical scaffold.

2.4. Molecular Dynamics

Molecular dynamics simulations were conducted using the Amber20 and Amber-
Tools21 packages (University of California, San Francisco, CA, USA) [41]. Protein prepara-
tion for MD was conducted independently from the docking protocol. The proteins were
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parameterized using the ff19SB force field, as recommended in AMBER20 manual, whereas
ligand parameters were generated with the General AMBER Force Field (GAFF2) using
AM1-BCC atomic charges.

Each protein-ligand complex was solvated in an Optimal Point Charge (OPC) water
box with a 10 A buffer surrounding the system. Sodium and chloride ions were added
to neutralize the system. Following energy minimization, systems were gradually heated
to 300 K under NVT conditions and equilibrated under NPT conditions at 1 atm. Pro-
duction simulations were subsequently carried out using Particle Mesh Ewald Molecular
Dynamics (PMEMD) with a 2 fs time step. Covalent bonds involving hydrogen atoms were
constrained using the SHAKE algorithm, and long-range electrostatic interactions were
treated with the Particle Mesh Ewald method using a non-bonded cutoff of 10 A.

Production simulations were run for 300 ns per system, and three independent replicas
were performed to improve sampling and assess trajectory reproducibility. Trajectory
analysis was carried out using cpptraj. Relative binding free energies were estimated
using the MM-PBSA (Molecular Mechanics Poisson-Boltzmann Surface Area) method
implemented in MMPBSA.py. Calculations were performed using an ionic strength of
0.15 M, an internal dielectric constant of 4.0, an external dielectric constant of 78.0, and
100 evenly spaced frames extracted from the final 2000 trajectory frames of each simulation.

MD simulations were performed for eight complexes: including the reference in-
hibitors nirmatrelvir and ensitrelvir, the four top-ranked flavonoids (LND-17, LNG-04,
QND-07, and QND-20), baicalein (reference flavonoid), and DCA-09 as a representative
hydroxylated phenylpropanoid. Each system was simulated under identical conditions as
described above.

3. Results
3.1. Molecular Docking Using AutoDock Vina

Docking simulations performed with AutoDock Vina (Figure 1A) yielded mean dock-
ing scores of —7.42 + 0.54 kcal/mol for nirmatrelvir and —7.85 £ 0.21 kcal/mol for
ensitrelvir. These clinically approved SARS-CoV-2 Mpro inhibitors SARS-CoV-2 Mpro
inhibitors were included as reference compounds to provide a qualitative framework for
interpreting the docking performance of the evaluated phytochemicals.

Most of the evaluated compounds exhibited docking scores within the range observed for
the two reference inhibitors, whereas several derivatives displayed more favorable predicted
docking scores. In particular, LND-17 (—8.2 £ 0.22 kcal/mol), LNR-13 (—8.31 % 0.21 kcal/mol),
QND-10 (—8.54 % 0.30 kcal/mol), and QNR-05 (—8.27 £ 0.18 kcal/mol) showed lower docking
scores than both reference compounds, suggesting a favorable predicted interaction with the
Mpro active site.

Although docking scores provide only an empirical estimate of ligand—protein interac-
tions and are not quantitative binding free energies, they constitute a useful initial criterion
for prioritizing candidate molecules. Consequently, compounds exhibiting favorable dock-
ing performance were selected for subsequent analyses using AutoDock FR and molecular
dynamics simulations to further evaluate the stability and consistency of their predicted
binding modes.
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Figure 1. Mean molecular docking scores (kcal/mol) obtained for the evaluated compounds. Values
are presented as mean + SD. (A) AutoDock Vina results based on 10 docking poses. (B) ADFR results
based on 500 docking poses. Nirmatrelvir (blue dot) and ensitrelvir (pink dot) were included as
reference compounds for comparison.

3.2. Molecular Docking Using ADFR

In a parallel docking analysis using ADFR (Figure 1B), 500 interaction decoys per
ligand were generated and grouped into clusters based on pose similarity (Root Mean
Square Deviation, RMSD < 10 A). Unlike AutoDock Vina, which reports a limited number of
top-ranked poses, ADFR samples a broader conformational space, allowing the recurrence
of similar binding modes to be evaluated through cluster analysis.

Mean docking scores were calculated from all 500 generated poses for each ligand.
The reference inhibitors nirmatrelvir and ensitrelvir yielded average docking scores of
—8.88 £ 0.90 kcal /mol and —8.34 + 0.46 kcal/mol, respectively. The evaluated flavonoids
displayed mean docking scores ranging from approximately —5 and —8 kcal/mol, with
the five more favorable values corresponding to LNG-04 (—7.50 &£ 0.37 kcal/mol), QNG-20

https:/ /doi.org/10.3390/scipharm94030064


https://doi.org/10.3390/scipharm94030064

Sci. Pharm. 2026, 94, 64

7 of 19

(—7.42 £ 0.40 kcal /mol), KFG-19 (—7.08 £ 0.53 kcal/mol), LND-17 (—6.88 &£ 0.90 kcal /mol),
and QNR-05 (—6.70 £ 0.92 kcal/mol).

An important feature of ADFR is the identification of recurrent binding modes through
pose clustering. The proportion of poses contained within the largest cluster was used as an
indicator of conformational convergence and reproducibility. The largest clusters comprised
127 of 500 poses for nirmatrelvir and 107 of 500 poses for ensitrelvir. Several flavonoids
exhibited even greater clustering, including QNG-20 (273/500), KFG-19 (223/500), LND-17
(216/500), LNG-04 (203 /500), LND-16 (176 /500), and QND-07 (133/500). For LNG-04 and
LND-16, the most populated cluster also contained the lowest-energy docking pose (Table S2),
suggesting structural convergence toward a stable binding orientation.

Candidate selection for molecular dynamics simulations was based on an integrative
assessment that considered docking performance in AutoDock Vina, mean docking scores in
ADFR, recurrence of binding poses (largest cluster > 100/500 decoys), convergence between
the lowest-energy pose and the most populated cluster and visual inspection of interactions
within the catalytic dyad (His41-Cys145) and neighboring active-site residues. Under this
integrative approach, four ligands emerged as the most consistent candidates: LND-17
(Figure 2C), LNG-04 (Figure 2D), QND-07 (Figure 2E), and QNG-20 (Figure 2F). Although
QND-10 and QNR-05 achieved more favorable docking scores in AutoDock Vina, they
showed lower conformational convergence or clustering robustness in ADFR. Conversely,
QND-07 and LNG-04 exhibited highly recurrent binding modes despite not ranking among
the top-scoring compounds in AutoDock Vina, suggesting greater consistency across the
two docking approaches.

A B /

s GRS O by

W : Ox M0
Ne— =
Q. PN
T
Bl
N
Nirmatrelvir Ensiltrevir

Vina: -7.42 kcal/mol Vina: -7.85 kcal/mol
ADFR: -8.88 kcal/mol ADFR: -8.34 kcal/mol

o
He HO,
0
OH C
HO"

/
HO
OH d OH
LND17 LNG-04
Vina: -8.2 kcal/mol Vina: -7.7 kcal/mol
ADFR: -6.8 kcal/mol ADFR: -7.5 kcal/mol
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E F -
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o OH
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HO O (o}
HO' OH
QND-07 QNG-20
Vina: -7.6 kcal/mol Vina: -7.2 kcal/mol
ADFR: -6.1 kcal/mol ADFR: -7.4 kcal/mol

Figure 2. Chemical structure of notable ligands. (A,B) Reference ligands. (C—F) Experimental ligands
with the flavonoid core highlighted. The average AG calculated in each molecular docking program
is indicated under each structure.
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3.3. Receptor-Ligand Interactions in Molecular Docking Models

For interaction analysis, the top-ranked docking pose obtained with AutoDock Vina
and the representative structure of the most populated cluster generated by ADFR were
selected for each ligand. The representative ADFR structures analyzed corresponded
to the lowest-energy conformations within their respective dominant clusters (Table S2).
The catalytic pocket of SARS-CoV-2 Mpro was analyzed according to its structurally defined
subsites S1’, S1, S2, and S4, as described in crystallographic studies (Table 2). Figure 3
illustrates the selected docking models, with subsites color-coded to facilitate structural
interpretation. Only these structurally established subsites (S1/, S1, S2, and S4) were
considered in the interaction analysis. The four selected flavonoids are arranged in rows,

whereas the corresponding 3D and 2D models are arranged in columns.

S1

HO/NW QOH
o S2 S4
st
I OH

LNG-04; 203/500; -7.5 kcal/mol

° S4

0 S2
t +Cr
-OH
p /
4 OH

LNG-04; -7.7 kcal/mol

Hi

OH

HO,
'OH
Hox d
st o g0
HO,
[
Sha
‘OH

QNG-20; -7.2 kcal/mol b j ‘ _ QNG-20; 273/500; -7.4 kcal/mol

Figure 3. Receptor—ligand interactions of featured flavonoids. For each ligand, the model with the
most negative AG obtained with Autodock Vina (A,C,E,G), and the most frequent conformation
in ADFR (B,D,F, H) is shown. In the 3D representations of the models, the regions of the catalytic
cavity are delimited by colors: S1: red; S1’: yellow; S2: blue; S4: green. In the 2D representations, it is
specified which part of the molecule interacts with the catalytic cavity region.

https://doi.org/10.3390/scipharm94030064


https://doi.org/10.3390/scipharm94030064

Sci. Pharm. 2026, 94, 64

90f19

Table 2. Structural features and preferred substrate residues of the SARS-CoV-2 Mpro substrate-
binding subsites.

Subsites Major Residues Preferred Substrate Residues
S1’ 127, H41, C145 Ala, Ser, Gly, Asn

S1 F140, G143, S144, H163, E166 GIn

S2 H41, M49, M165, V186, D187, R188, Q189 Leu, Phe, Met, Val

S4 M165, L167, Q189, T190, A191 Ala, Val, Pro, Thr

Colors indicate the same substrate-binding subsites depicted in Figure 3.

For LND-17 (Figure 3A,B) differences between Vina and ADFR models are attributable
to ligand orientation within the catalytic cavity. In both docking approaches, LND-17
occupies regions corresponding primarily to S1, S2, and 5S4, with additional contacts
extending toward S1’. This ligand establishes up to six hydrogen bonds involving Thr26,
His41, Asn142, Phe140, Leul41, Glul66, Argl88, Thr190, and GIn192. Notably, hydrogen
bonding with His41 places the ligand in proximity to the catalytic dyad. Hydrophobic
interactions are observed with Thr25, Leu27, Met49, Cys145, His163, His172, Met165, and
GIn189, potentially contributing to ligand stabilization within the binding cleft.

In the case of LNG-04 (Figure 3C,D), both docking programs predict distinct ligand
conformations; however, the binding location remains consistent within subsites S1, S2, and
S4. The glucose moiety extends toward the solvent-exposed region while the flavonoid core
occupies the central pocket. Up to five hydrogen bonds are formed, primarily involving
Phe140, Ser144 and GIn192. Recurrent hydrophobic contacts include His41, Leu141, His163,
His164, Met165, Glul66, Leul67, Pro168, Argl188 and GIn189. Although LNG-04 does not
form a hydrogen bond directly with His41, it maintains hydrophobic interactions with
residues lining the catalytic region, including Cys145.

Analyzing QND-07 (Figure 3E,F) reveals occupation of subsites S1, S1/, and S2 in Vina
and ADFR. This ligand demonstrates the highest hydrogen bonding capacity among the
selected flavonoids, forming up to nine simultaneous hydrogen bonds involving His41,
Phel40, Leul41, Asn142, Ser144, His164, Glul66 and Thr190. Hydrophobic interactions are
observed with Met49, Cys145, His163, Met165, Asp187, Arg188 and GIn189. The hydrogen
bond with His41 further supports positioning within the catalytic region.

For QNG-20 (Figure 3G,H), both docking programs predict highly similar orientations,
indicating structural consistency. The ligand occupies subsites S1, S1/, and S2, maintaining a
stable positioning across both methodologies. Five hydrogen bonds are observed, primarily
involving Ser144, Leul41, Argl88 and Thr190. Hydrophobic interactions occur with Met49,
Phe140, Cys145, His163, Met165, Glu166, Asp187 and GIn189. The similar orientations predicted
by both docking approaches support the consistency of the proposed binding mode.

Among the selected flavonoids, LND-17 and QND-07 establish hydrogen bonds with
His41, a residue belonging to the catalytic dyad (His41-Cys145). LNG-04 and QNG-20
interact with His41 and Cys145 predominantly through hydrophobic contacts. All four
ligands established multiple interactions with residues lining the S1 and S2 subsites, while
hydrogen bonds were mainly distributed within the S1 and 5S4 regions and hydrophobic
contacts predominated in S2. Overall, the interaction patterns predicted by both docking
approaches supported the selection of these four flavonoids for subsequent molecular
dynamics simulations.

3.4. Receptor-Ligand Stability During MD

The RMSD profiles (Figure 4) revealed distinct dynamic behaviors among the evalu-
ated protein-ligand complexes. Nirmatrelvir exhibited the highest structural stability, main-
taining low-amplitude deviations throughout the 300 ns simulations (Video S1). Ensitrelvir

https:/ /doi.org/10.3390/scipharm94030064


https://doi.org/10.3390/scipharm94030064

Sci. Pharm. 2026, 94, 64

10 of 19

showed moderate fluctuations during the intermediate stage but remained consistently
posicioned within the catalytic cavity (Video S2).

A [ - P Loy B [ [ PP R
4 - 4 -
= 5 L =, L
T T
7] 7]
Ez—mwmwwwmmw- E 2 -
1 - 1 o
O Trorrrrrror rrrrrrrror O Trrrrrrror Trrrrrrror
0 100 200 300 0 100 200 300
C [ EErErE—— Lo v v v v aay Lo v v a0y D [ | PR AT AR Ly v v o v uaay
4- = 4 -
< 34 L < 3 L
T T
7] n
£ 2 ! EZ_WWM%W'
14 = 1 -
0+ e ! 0+ B e
0 100 200 300 (] 100 200 300
E F
[~ I AT AT A Lo s s 03000y Las s [T SRR S | IR A R | IR AR
4+ - 4 -
< 3 L = 3] L
3 2
E 2- - E 21 -
1 L 1 L
0 LB LB O T T T T T T
0 100 200 300 0 100 200 300
G H
5' ......... | IR R A A A | IR A A AT A 5I ......... | IS S S T R A | IS T T T T S A
4 - 4 =

rmsd (A)
N
rmsd (A)

Time (ns) Time (ns)

Figure 4. Root mean square deviation (RMSD) of the receptor backbone during molecular dynam-
ics simulations. Panels correspond to (A) Nirmatrelvir, (B) Ensitrelvir, (C) LND-17, (D) LNG-04,
(E) QND-07, (F) QND-20, (G) Baicalein, and (H) DCA-09.

Among the flavonoids selected from docking, LND-17 and QNG-20 demonstrated
stability profiles comparable to the reference inhibitors, maintaining sustained positioning
within the active site (Videos S3 and S4). In the case of LND-17, remained consistently
positioned within the catalytic pocket, with only minor displacement of the flavonoid core
over time. LNG-04 displayed two distinguishable stability regimes (Video S5), suggesting
conformational rearrangements within the binding pocket while maintaining continuous
occupancy of the catalytic site.

In contrast, QND-07 showed increased conformational mobility, reflected by higher RMSD
fluctuations and progressive positional adjustments within the binding pocket (Video S6).
Baicalein exhibited a similar dynamic behavior, suggesting that this flavonoid scaffold may
allow greater flexibility within the catalytic cavity. DCA-09 presented the highest sustained
deviations among all systems, indicating lower dynamic stability relative to the other ligands.
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Despite these differences in conformational behavior, none of the protein-ligand complexes
exhibited dissociation from the catalytic cavity during the simulations.

3.5. Mpro Flexibility Profiles During MD (RMSF)

The RMSF analysis (Figure 5) revealed similar flexibility patterns among all simulated
systems, particularly in residues 45-50, which form part of the S4 subsite. This region
exhibited greater flexibility in the QND-07 and baicalein complexes than in those containing
LND-17, QNG-20, or the reference inhibitors, consistent with the higher conformational
mobility observed in their RMSD trajectories. Terminal residues displayed higher flexibility
in all systems; however, due to their spatial separation from the catalytic dyad (His41 and
Cys145), these fluctuations are unlikely to directly affect catalytic function. Among the
evaluated ligands, DCA-09 induced broader fluctuation patterns across multiple regions,
reinforcing its comparatively weaker stabilization profile and aligning with its dynamic
behavior observed in trajectory analysis.
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Figure 5. Trajectory of the receptor-ligand complexes. The trajectories show the average three
repetitions of the simulation. For each repetition, 300 ns were simulated. Panels correspond to
(A) Nirmatrelvir, (B) Ensitrelvir, (C) LND-17, (D) LNG-04, (E) QND-07, (F) QND-20, (G) Baicalein,
and (H) DCA-09. The x-axis represents simulation time in nanoseconds. The arrow indicates amino
acids 45-50, whose RMSF is notable for its proximity to the catalytic cavity. (I) Visualization of amino
acids 45-50 (pink). For reference, His41 is marked in blue and Cys145 is marked in yellow.
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3.6. Relative Binding Free Energy Analysis (MM-PBSA)

The MM-PBSA binding free energy estimate (Figure 6) were consistent with the
dynamic behavior observed. Among the reference compounds, nirmatrelvir and en-
sitrelvir exhibited the most favorable free energies (—33.18 and —32.52 kcal/mol, re-
spectively). Baicalein showed a substantially less favorable binding free energy esti-
mate (—21.35 kcal/mol), consistent with its greater conformational mobility observed
in the RMSD and RMSF analyses. Similar energetic profiles were obtained for QND-07
(—21.94 kcal /mol) and QNG-20 (—20.43 kcal/mol), whereas DCA-09 exhibited an interme-
diate binding energy (—24.36 kcal /mol) despite displaying comparatively higher confor-
mational fluctuations throughout the simulations.

0

AG Mean (kcal/mol)
=
1L ! 1
—e— ;
. ,
—4—

Nirmatrelvir =
Ensitrelvir=
Baicalein -
DCAQ9-
LNG-04 -
QND-07 =
QNG-20 -
LND-17 =
LND-17-2

Figure 6. MM-PBSA binding free energy estimates (kcal/mol) calculated from 300 ns molecular dynamics
simulations. Values are presented as mean + SD from three independent simulations. Nirmatrelvir (boue
dot) and ensitrelvir (pink dot) were included as reference compounds for comparison.

Notably, LND-17 exhibited the most favorable energetic profile, with a binding free energy
estimate (—33.2 kcal/mol), comparable to those obtained for the reference inhibitors. This result
was consistent with its stable RMSD profile, reduced residue flexibility, and persistent occu-
pancy of the catalytic pocket throughout the simulations. Visual inspection of the trajectories
(Video S3), indicated that structural rearrangements were primarily limited to the orientation of
the glycosidic substituent, whereas the luteolin scaffold remained stably anchored within the
catalytic cavity, maintaining interactions across the S2 and 54 subsites.

To further elucidate the energetic basis of this favorable energetic profile, a per-residue
MM-PBSA decomposition analysis was performed (Figure 7). The largest energetic con-
tributions originated from His41, Cys145, Met165, Glu166, Leul67, Val186, and GIn189.
Notably, His41 and Cys145 constitute the catalytic dyad of Mpro, whereas Glul66 and
GIn189 play key roles in defining the S1 and S4 subsites. These results indicate that the
binding free energy of LND-17 is distributed across both catalytic and substrate-recognition
residues rather than being dominated by a single interaction, supporting a balanced binding
mode within the catalytic cleft.
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Figure 7. Per residue contribution to binding affinity from MMPSA. Energetic contributions to
LND-17 are shown. The values were obtained from three repetitions of the MD.

Based on these observations, a rational derivative of LND-17 was designed by intro-
ducing an additional glycosyl substituent into the luteolin scaffold, generating LND-17-2
(Table S1). The modification was intended to increase subsite occupancy and promote
additional polar interactions within the binding pocket. However, the resulting com-
pound exhibited only a marginal improvement in the estimated binding free energy
(—34.52 kcal /mol), suggesting that further glycosylation provides limited energetic bene-
fit within the evaluated binding model. Together, these findings identify LND-17 as the
flavonoid with the most favorable combination of dynamic stability and predicted binding
affinity among the compounds evaluated.

4. Discussion

The present study combined molecular docking, long-timescale molecular dynam-
ics simulations (300 ns), and MM-PBSA free energy calculations to identify substituted
flavonoids with inhibitory potential against the SARS-CoV-2 Mpro. While docking served
as an initial screening tool, dynamic and energetic refinement identified LND-17 as the
most structurally and energetically consistent candidate.

Previous benchmarking studies [42,43] have demonstrated that SARS-CoV-2 Mpro
remains a challenging target for docking-based virtual screening, as docking scores alone do
not consistently predict stable binding modes or inhibitory activity. Consequently, relying
exclusively on docking may lead to false-positive prioritization of candidate compounds.
To address this limitation, we adopted a hierarchical computational workflow in which a
focused library of flavonoid derivatives was evaluated using two complementary docking
programs, followed by extended molecular dynamics simulations and MM-PBSA binding
free energy analyses to refine ligand selection. Nirmatrelvir and ensitrelvir, two approved
Mpro inhibitors, were included as reference compounds throughout the computational
workflow to provide qualitative benchmarks for comparison.

Although AutoDock Vina predicted favorable docking scores for multiple flavonoids,
the molecular dynamics simulations revealed that not all docking-favored compounds
maintained stable binding throughout the simulations. This highlights the importance of
complementing docking with dynamic analyses when evaluating Mpro inhibitors. Among
all evaluated ligands, LND-17 consistently exhibited the most favorable profile, combining
stable occupancy of the catalytic pocket, limited conformational fluctuations, and a MM-
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PBSA binding free energy estimate comparable to those obtained for the reference inhibitors.
Furthermore, per-residue energy identified substantial energetic contributions from His41
and Cys145, the catalytic dyad, together with Glul66, Met165, Leul67, Val186, and GIn189,
which define key subsites. Rather than depending on a single dominant interaction, these
results indicate that the stability of LND-17 arises from a balanced interaction network
distributed across the catalytic cavity.

A rational optimization strategy was applied to LND-17 by introducing an additional
glycosidic moiety to generate LND-17-2. Although this modification produced a slightly
more favorable MM-PBSA binding free energy estimate, the improvement was modest
and was not accompanied by enhanced dynamic stability. These observations suggest that
LND-17 may already achieve near-optimal occupancy of the catalytic cavity and that simple
glycosyl extension does not necessarily increase affinity. Rather, these findings indicate
possible steric and hydrogen-bonding saturation within the active site, providing structural
insight for future design strategies that may require alternative functional groups rather
than additional glycosidic units.

Interestingly, DCA-09 exhibited a distinct flexibility profile compared with the
flavonoid derivatives evaluated. This behavior may be associated with its phenylpropanoid
scaffold, which differs substantially from the flavonoid framework and may provide greater
conformational freedom, potentially related, at least in part, to a higher number of rotat-
able bonds. However, the specific structural determinants underlying this behavior were
beyond the scope of the present study and warrant further investigation.

Currently, no flavonoid-based anti-COVID-19 treatment is authorized, although clinical
investigations have reported heterogeneous outcomes. For example, quercetin supplementation
showed no significant difference in clinical progression in a Turkish cohort [44], whereas a study
conducted in Pakistan reported accelerated recovery among patients receiving quercetin supple-
mentation [45]. A 2023 systematic review concluded that quercetin may reduce hospitalization
and mortality risks, although variability among studies remains substantial [46]. Luteolin has
been proposed primarily for post-COVID-19 neurological or neuropathic complications, likely
due to its immunomodulatory and anti-inflammatory properties [47,48].

Beyond SARS-CoV-2, quercetin has demonstrated antiviral activity against herpes
simplex virus, hepatitis B and C viruses, influenza virus, enterovirus, Coxsackie virus,
HIV-1, and filoviruses such as Ebola [49], although its precise molecular mechanisms
remain incompletely characterized. Similarly, luteolin exhibits antiviral effects against
influenza, hepatitis viruses, enteroviruses, papillomaviruses, chikungunya virus, and
several plant viruses [50]. Both flavonoids have been evaluated against coronaviruses;
Ryu et al. demonstrated inhibition of SARS-CoV Mpro by quercetin and luteolin [51]. For
SARS-CoV-2, quercetin has been proposed as a 3CL protease inhibitor [52], while luteolin
may interfere with viral entry through interaction with the spike protein [53], supported
primarily by in silico analyses. Both compounds have also been reported to inhibit viral
RNA polymerase and protease activity [54,55].

However, studies focusing on structurally substituted derivatives of these flavonoids
remain limited. The present findings suggest that glycosylated derivatives such as LND-17
may exhibit distinct interaction patterns, achieving direct engagement with catalytic
residues and dynamic stability comparable to approved antivirals. This distinction is
critical: rather than evaluating flavonoids as generic nutraceuticals, the present work
supports their development as rationally optimized antiviral scaffolds. Given the im-
munopathogenic component of severe viral infections, including COVID-19, influenza,
and dengue, characterized by excessive proinflammatory cytokine production [56-58],
flavonoids derivatives combining direct antiviral activity with anti-inflammatory proper-
ties may represent attractive candidates for further development [59-61].
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Considering the ongoing evolution of SARS-CoV-2 variants, continued identification of
structurally diverse inhibitors remains essential. The computational workflow employed in
the present study demonstrates that integrating complementary docking approaches with
extended molecular dynamics simulations and MM-PBSA analyses provides a rigorous strategy
for prioritizing candidate inhibitors before experimental evaluation. Nonetheless, enzymatic
inhibition assays, cellular antiviral models, pharmacokinetic characterization and toxicity will
be required to confirm the therapeutic potential of LND-17 and related derivatives.

5. Conclusions

The hierarchical computational workflow employed in this study, integrating complemen-
tary docking approaches with long-timescale molecular dynamics simulations and MM-PBSA
binding free energy analyses, enabled the identification of promising flavonoid derivatives
targeting SARS-CoV-2 Mpro. Among the evaluated compounds, LND-17 exhibited the most
favorable overall computational profile, combining stable occupancy of the catalytic pocket
with binding free energy estimates comparable to those obtained for the reference inhibitors.
Although the rationally designed derivative LND-17-2 produced only modest energetic improve-
ments, the results provide useful insights for future structure-based optimization of glycosylated
flavonoids. Overall, this study supports LND-17 as a promising candidate for further investi-
gation and highlights the value of integrating docking, molecular dynamics, and free energy
calculations for computational lead prioritization. Experimental validation will be essential to
confirm its antiviral activity and therapeutic potential.

Supplementary Materials: Supporting documentation is available at http://doi.org/10.6084/m9
figshare.28373492. Table S1. Chemical structure of ligands analyzed in this study. Table S2. Molecular
docking results in supercomputing. Video S1. Mpro protease domains 1 (bottom) and 2 (top) non-
covalently bound to nirmatrelvir (file name control). Three trajectories of 300 ns are concatenated
together to show the general evolution of the system. Although the simulation was run in explicit
solvent, no water molecules or ions are shown. Secondary structures are indicated as yellow (f3 sheets),
and magenta (o helices). Video S2. Mpro protease domains 1 (bottom) and 2 (top) non-covalently
bound ensitrelvir (file name S-21622-MPEG1). Three trajectories of 300 ns are concatenated together
to show the general evolution of the system. Although the simulation was run in explicit solvent,
no water molecules or ions are shown. Secondary structures are indicated as yellow (3 sheets),
and magenta (x helices). Video S3. Mpro protease domains 1(bottom) and 2 (top) non-covalently
bound LND-17 (coded L34G-MPEG1). Three trajectories of 300 ns are concatenated together to
show the general evolution of the system. Although the simulation was run in explicit solvent,
no water molecules or ions are shown. Secondary structures are indicated as yellow ( sheets),
and magenta (o helices). Video S4. Mpro protease domains 1 (bottom) and 2 (top) non-covalently
bound QNG-20 (coded Q3C). Three trajectories of 300 ns are concatenated together to show the
general evolution of the system. Although the simulation was run in explicit solvent, no water
molecules or ions are shown. Secondary structures are indicated as yellow (3 sheets), and magenta
(o helices). Video S5. Mpro protease domains 1 (bottom) and 2 (top) non-covalently bound LNG-04
(coded L7OG-MPEGT1). Three trajectories of 300 ns are concatenated together to show the general
evolution of the system. Although the simulation was run in explicit solvent, no water molecules
or ions are shown. Secondary structures are indicated as yellow (3 sheets), and magenta (o helices).
Video S6. Mpro protease domains 1 (bottom) and 2 (top) non-covalently bound QND-07 (coded
Q34C). Three trajectories of 300 ns are concatenated together to show the general evolution of the
system. Although the simulation was run in explicit solvent, no water molecules or ions are shown.
Secondary structures are indicated as yellow (3 sheets), and magenta (« helices).
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