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Abstract

Uropathogenic Escherichia coli (UPEC), a primary cause of urinary tract infections (UTIs),with increasing
antimicrobial resistance necessitating the investigation of novel antibacterial agents. Soymida febrifuga contains
bioactive phytoconstituents, including Luteolin-7-O-glucoside (L7G) with reported antimicrobial potential. This
study computationally evaluated L7G against two previously proposed UPEC-associated protein targets, D-
alanine—D-alanine ligase (Ddl) and AppA. Molecular docking followed by 100-ns molecular dynamics (MD)
simulations was performed to assess predicted ligand- protein interactions and complex stability. MM-GBSA
was used to estimate binding free energies, while SwissADME and pkCSM were employed for in silico
pharmacokinetic and toxicity prediction. L7G showed predicted docking scores of —7.6 kcal/mol against Ddl
and —8.9 kcal/mol against AppA. Both complexes showed generally stable interaction profiles during the 100-ns
molecular dynamics simulations. MM-GBSA analysis showed a modestly more favourable estimated binding
energy for AppA (—39.44 kcal/mol) than Ddl (—36.65 kcal/mol).

ADMET analysis indicated favourable solubility and low toxicity, despite low predicted gastrointestinal
absorption. Overall, these findings provide preliminary, hypothesis-generating computational evidence for L7G
interactions with the selected UPEC- associated targets; however, experimental validation, comparative
benchmarking, replicate stimulations,and strain specific target validation are required to establish biological
activity and target relevance.
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1. Introduction

Urinary tract infections (UTIs) are among the most respectively!.  Adhesion mechanisms, toxins

prevalent bacterial infections affecting the human
population, ranking second only to respiratory
infections in both community and hospital settings.
About 90% of UTIs are associated with
Uropathogenic Escherichia coli (UPEC), bacterium
responsible for both simple and complicated UTI
cases, accounting for nearly 75% and 65%
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production, iron absorption systems, and biofilm
formation are characteristics of UPEC, an
extraintestinal pathogenic E. coli (ExPEC) enabling
survival and persistence outside the intestinal tract
of the host and induce chronic infections® *,

The emergence of Multidrug resistance (MDR) by
UPEC  strains has  significantly  reduced
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effectiveness of conventional antibiotics 2-3!. This
situation has prompted research into novel drugs
and alternative therapies, focusing on plant-derived
chemicals that may serve as potential antibacterial
agents by utilizing various functional pathways and
preventing development of resistance® & 32,

Extracts of Soymida febrifuga (Indian Redwood),
an Ayurvedic medicinal herb, have demonstrated
antibacterial activity against UPEC, especially
those derived from leaves, roots, and bark”
10 Luteolin-7-O-glucoside (cynaroside), a
phytoconstituent reported from S. febrifuga, has
demonstrated antimicrobial activity against Gram-
negative bacteria, including E. coli'! 12,

Previous Computational studies have proposed D-
alanine-D-alanine ligase (Ddl) and AppA as
potential UPEC- associated protein targets involved
in distinct bacterial processes. Ddl is involved in
peptidoglycan  biosynthesis, making it a
biologically relevant protein for target based
antibacterial investigation. Previous experimental
evidence has shown that the flavonoids quercetin
and apigenin can inhibit Ddl, supporting the
investigation of flavonoid-derived compounds
against this target!3-16-37,

In silico approaches such as molecular docking,
molecular dynamics simulations, and ADMET
prediction are widely used in early stage drug
discovery to investigate predicted protein- ligand
interactions and pharmacokinetic properties while
reducing the resources required for preliminary
screening.

The present study computationally evaluates
luteolin-7-0-glucoside (L7G), a phytoconsituent of
soymida febrifuga, for its anticipated interactions
with two previously proposed UPEC-associated
protein targets, Ddl and AppA, using molecular
docking, molecular dynamics, MM-GBSA and
ADMET analyses. The objective was to
characterize the predicted interaction modes,
dynamic behaviour and binding energetics of L7G
with these selected targets and generate hypotheses
for further investigation. As a single-ligand
computational ~ study  without  experimental
validation or reference comparators, the findings
provide preliminary evidence rather than
establishing antibacterial efficacy or target
selectivity.

2. Materials and Methods

2.1 Ligand Preparation

Luteolin-7-O-glucoside  (cynaroside, L7G), a
flavonoid glycoside, was selected based on its
reported occurrence in Soymida febrifuga and
previously reported antimicrobial potential. Its
canonical SMILES was retrieved from PubChem
(CID: 45933934) and converted into a 3D structure
using Open Babel v3.1.1. The ligand was energy-
minimized and saved in PDBQT format after
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Gasteiger charge addition via AutoDockTools
v1.5.7.

2.2 Target protein preparation

Previous computational work proposed Ddl and
AppA as potential UPEC- associated protein
targets. D-alanine—D-alanine ligase (Ddl; PDB ID:
4C5B) is a cytoplasmic enzyme that catalyzes the
ATP — dependent formation of D-alanyl-D-alanine,
an important step in peptidoglycan biosynthesis®®.

AppA (PDB ID:7Z1J) is an E.coli  phytase
belonging to the histidine phosphatase family and
is involved in phosphate metabolism'®The crystal
structure was used as a representative protein
structure for computational target investigation.
Crystal structures were retrieved from Protein Data
Bank, adding polar hydrogen atoms, and assigning
Kollman partial charges; crystallographic water
molecules and non-essential heteroatoms were
removed prior to saving proteins in PDBQT format
for docking simulations'”> '8, DdI (PDB ID: 4C5B)
and AppA (PDB ID: 7Z1J) were selected as
representative E. coli protein structures for the
computational analysis based on their previously
proposed relevance as potential UPEC-associated
targets. High-affinity sites were mapped by blind
docking (Section 2.3); the highest-scoring locus
underwent targeted redocking and served as the
initial configuration for MD simulations.

2.3 Molecular Docking

Molecular docking of L7G against E. coli Ddl
(PDB ID: 4C5B) and AppA (PDB ID: 7Z1J) was
executed in AutoDock Vina v1.2.2. The PDB-
derived protein structures were prepared by
removing non-essential heteroatoms and adding
polar hydrogen atoms and Kollman partial charges
using AutoDock v1.5.7. L7G was parameterized
through energy-minimization, Gasteiger charge
computation, and PDBQT formatting. Docking was
conducted using two-stage protocol: blind docking
to identify potential binding sites, followed by
focused docking on top-ranked pocket. Grid
parameters were set for (Ddl: x =0.79,y =21.77, z
= 63.49; 48 x 56 x 46 A; AppA: x = —25.52, y =
—1.18,z=—14.88; 40 x 40 x 40 A).

Docking was performed with an exhaustiveness of
8, generating up to 10 poses per run. Predicted
docking scores were obtained using the Vina
scoring function, and top poses were selected based
on lowest energy and consistency. Interactions
were analyzed using PYMOL to evaluate hydrogen
bonding, hydrophobic contacts, and proximity to
functionally relevant residues, and best ligand—
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protein complexes were used for molecular
dynamics simulations to assess binding stability.

2.4 Molecular Dynamics Simulations

Molecular dynamics (MD) simulations were
performed using Desmond 2020.1 (Schrodinger,
LLC) for DAI-L7G (4C5B) and AppA-L7G (7Z1J)
complexes. OPLS-2005 force field was applied,
and systems were solvated in an explicit TIP3P
water model within a 10 A buffer'*?2. Counter ions
(Na*) were added to neutralize the system, with
additional NaCl included to mimic physiological
conditions.  Following energy minimization,
equilibration was conducted under NVT (10 ns)
and NPT (12 ns) ensembles using Nosé—Hoover
chain coupling scheme and Martyna Tuckerman—
Klein barostat’ 2%, A 2 fs integration step was
applied, and long-range electrostatic interactions
were treated using particle-mesh Ewald (PME)
method with a 9 A cutoff . Production simulations
were performed for 100 ns under periodic boundary
conditions. Protein and complex dynamic behavior
was evaluated using RMSD, RMSF, radius of
gyration (Rg), solvent-accessible surface area
(SASA), and hydrogen bond and salt bridge
analyses®®. A single 100-ns production trajectory
was analyzed for each protein—ligand complex,
with comparative analyses interpreted as trajectory-
specific computational observations.

2.5 Pharmacokinetics and ADMET Prediction

Physicochemical properties and pharmacokinetic
parameters  of  luteolin-7-O-glucoside  were
predicted using  SwissADME?’.  Additional
ADMET  properties, including  absorption,
distribution, metabolism, excretion, and toxicity
endpoints, were evaluated using pkCSM based on
canonical SMILES input®. Predicted parameters
included %HIA, Caco-2 permeability, volume of
distribution Vdss, clearance, CYP interactions, and
toxicity profiles. Results are summarized in Table
2.

2.6 Binding free energy analysis

Binding free energy of protein—ligand complexes
was estimated using Molecular Mechanics—
Generalized Born Surface Area (MM-GBSA)
method implemented in Prime (Schrodinger, LLC)
via thermal mmgbsa.py script. Analysis was
performed on final 50 frames of molecular
dynamics trajectories. The total binding free energy
(AG_bind, kcal'mol?) was derived from
contributions including electrostatic interactions,
van der Waals forces, lipophilic, hydrogen bonding,
and solvation energies.
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Binding free energy (AGbind) was computed using
the equation:

AGbind= AGMM + AGsolv — AGSA

Here, AG_MM represents molecular mechanics
energy difference between complex and unbound
components, AG_solv denotes differential solvation
energy, and AG_SA corresponds to surface area
energy contribution.

The MM-GBSA values were used as comparative
computational estimates rather than experimentally
measured  binding  affinities. The relative
differences between the complexes were considered
within the present computational framework, and
future studies incorporating independent simulation
replicates and experimental validation may further
clarify the binding energetics and target relevance
of L7G.

3. Results

3.1 Molecular Docking Results

Three dimensional structures of Ddl and AppA are
shown in Fig 1. Molecular docking of luteolin-7-O-
glucoside (cynaroside, L7G) against E. coli, D-
alanine—D-alanine ligase (Ddl, PDB ID: 4C5B) and
AppA (PDB ID: 7Z1J) yielded favorable predicted
docking poses for both selected protein structures
(Table 1). Highest affinity pose of L7G in Ddl
showed a binding energy of —7.6 kcal-mol™, with
additional poses ranging from —-7.4 and —7.3
kecal-mol ™.

In comparison, a more negative predicted docking
score was obtained for AppA than for Ddl under the
docking conditions used, where top-ranked pose
scoring —8.9 kcal-mol™, followed by poses at —8.8
and —8.7 kcal-mol™'. The relatively close clustering
of the AppA docking poses (RMSD 1-3 A)
indicates consistency among the predicted poses
within the selected docking protocol (Fig 2 and 3).
Overall, L7G demonstrated favourable predicted
interactions with both targets, with AppA showing
a comparatively more favourable docking Score
than DdI (Figs. 4 and 5), consistent with dynamic
stability observed in molecular dynamics
simulations.
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Figure 1. Overall three-dimensional structure of E.
coli a) D-alanine-D-alanine ligase (Ddl) and b)
AppA. Protein is displayed as a green
representation showing a-helices and B-strands that
form active-site cleft.

Figure2. Binding pocket of a) Ddl and b) AppA
showing the luteolin-7-O-glucoside
(L7G) ligand (yellow sticks) docked within the pre
dicted binding site of both the targets.
The surrounding amino acid residues (cyan sticks)
form hydrogen bonds and hydrophobic contacts
stabilizing the complex

1JDDT Volume 16 Issue 88s 2026

Figure 3. Detailed visualization of binding pocket
of a) Ddl and b) AppA showing hydrogen-bond
distances (in A) and orientation of residues forming
polar and hydrophobic contacts with the ligand.
Cyan residues denote the active-site environment,
and the ligand is displayed in yellow.

Figure 4. Solvent-accessible surface
representation of a) Ddl and b) AppA (green)
showing the location of L7G (yellow sticks) bound
in the surface cavity. The surface model reveals the
extent of the pocket and ligand burial, illustrating
how L7G fits into the accessible groove of the
enzyme.
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Figure 5. Electrostatic potential surface of a) Ddl
and b) AppA computed using APBS plugin. The
surface is colored from red (negative potential) to
blue (positive potential), with neutral regions
shown in white.

Table 1: Binding Affinities of Luteolin—7-O—
glucoside to Ddl and AppA

Mode Affinity Affinity (Kcal/mol)
(Kcal/mol) DdI | AppA
1 -7.6 -8.9
2 -7.4 -8.8
3 -7.3 -8.7
4 -7.2 -8.6
5 -7.2 -8.6
6 -7.2 -8.5
7 -7.1 -8.4
8 -7.0 -8.4
9 -7.0 -8.3

3.2 Pharmacokinetics and ADMET Predictions
Swiss ADME predicted that luteolin-7-O-glucoside
(L7G) has a molecular weight of 448.38 g/mol, a
TPSA of 190 A2 7 hydrogen bond donors and 11
acceptors, and a consensus LogP of 0.2. pkCSM
estimated intestinal absorption at 37.6%, Caco-2
permeability of ~1.8x107° cm/s, and a volume of
distribution of 7.6 L/kg (logVdss 0.884) with a
fraction unbound of 0.22. No CYP liabilities were
flagged, clearance was modest (~3.0 mL/min/kg),
and toxicity endpoints were negative (Table 2).

The predicted ADMET profile indicated that the
high polarity of L7G may influence its systemic
exposure, while its predicted solubility and
favorable toxicity profile support its further
investigation as a natural-product scaffold. The
predicted pharmacokinetic characteristics provide
insights into the absorption, distribution,
metabolism, and potential biological behavior of
L7G.

Table 2. Predicted physicochemical,
pharmacokinetic, and toxicity properties of
luteolin-7-O-glucoside (L7G)

Predi | Unit/ | Dredi
Categor | Paramete ction
v N cted Inte}'pr Sourc
Value | etation e
Molecular | C21H | — Swiss
Formula 2001 ADM
1 E
Molecular | 448.3 | g-mol™ | Swiss
Weight 8 ADM
E
TPSA 1902 | A>— | Swiss
8 high ADM
polarity | E
=low
permea
bility
Physicoc H-bond 7/11 | Slightl | Swiss
. Donors / y above | ADM
hemical ..
. | Acceptors Lipinsk | E
Properti S
es i limits
Rotatable | 4 — Swiss
Bonds ADM
E
Consensu | 0.19 Hydrop | Swiss
s LogP hilic ADM
compo | E
und
Water -3.65 | Soluble | Swiss
Solubility | /- to ADM
(Log S, 5.06/ | modera | E
ESOL/Ali | -2.10 | tely
/SILICOS soluble
-IT)
GI Low Limite | Swiss
Absorptio d oral ADM
n bioavai | E
lability
BBB No Non- Swiss
Permeant permea | ADM
nt E
P-gp Yes Possibl | Swiss
Substrate e efflux | ADM
liability | E/
Pharma pkCS
cokinetic M
S Bioavaila | 0.17 Low Swiss
bility oral ADM
Score bioavai | E
lability
Caco-2 0.248 | log pkCS
Permeabil Papp M
ity (10-°
cm/s)
— low
permea
bility
Human 37.56 | Poor pkCS
Intestinal absorpt | M
Absorptio ion
n (%HIA)
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VDss 0.884 | log pkCS
(Human) Lkg= | M
7.6
L/kg—
modera
te
distribu
tion
Fraction 0.224 | Modera | pkCS
Unbound te M
(fu) protein
binding
Total 0.478 | log pkCS
Clearance mL-mi | M
n kg
~3.0m
L/min/
kg
AMES No Non- pkCS
Mutageni mutage | M
city nic
hERG1/ | No/ Non- pkCS
11 No cardiot | M
Inhibition oxic
Hepatotox | No Safe pkCS
icity liver M
profile
Skin No Non- pkCS
Sensitizati sensitiz | M
Toxicity | on ing
Oral Rat 2.547 | mol/kg | pkCS
Acute — M
Toxicity modera
(LD50) te
toxicity
Oral Rat 4.279 | log pkCS
Chronic mg/kg | M
Toxicity bw/day
(LOAEL) ~19
mg/kg/
day

3.3 Molecular Dynamics Simulation

MD simulations were performed to evaluate
stability and convergence of 4C5B_ligand (Ddl)
and of 7Z1J ligand (AppA) complexes. Fig 6(a)
represents RSMD profile of 4C5B_ligand (Ddl),
showed a rapid increase during initial equilibration
phase (0-5) ns, followed by stabilization at an
average of 1.74 A. Minor fluctuations at 40 ns and
85-90 ns, remained within an acceptable range (<3
A), indicating a stable binding orientation
throughout 100 ns simulation. Fig 6(b) represents
RMSD profile of 7Z1J ligand (AppA) increased
gradually over first 20 ns and stabilized within 1.5-
2.0 A, maintaining an average of 1.62 A with minor
fluctuations beyond 60 ns, suggesting stable ligand
binding. Fig 7(a) represents RMSF analysis of
4C5B ligand (Ddl) revealed higher flexibility at
terminal regions, with peaks up to ~5 A at N-
terminus, while most residues showed minimal
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fluctuations (average ~0.94 A), indicating overall
stability. Similarly, 7Z1J ligand (AppA) exhibited
fluctuations below 1.5 A for most residues, except
residue 180 (~ 3 A), suggesting localized flexibility
associated with a loop region. Rg analysis of
4C5B ligand (Ddl) in Fig 8(a) indicates structural
compactness, with Rg values consistently between
4.71 A and 5.43 A. Fig 8(b) illustrates Rg analysis
of 7Z1J-ligand (AppA), showing values between
4.59 A and 5.42 A, with minor dips at 20 ns and 50
ns before stability was regained. Fig 9(a) illustrates
the hydrogen bond analysis of 4C5B_ligand (Ddl)
complex, which exhibited stability with a
consistent formation of 0-8 hydrogen bonds,
stabilizing around 2-3 after initial peaks. Fig 9(b)
shows 7Z1J ligand (AppA) complex maintaining
an average of 1-7 hydrogen bonds over the
trajectory, with occasional peaks up to 12. The
interaction analysis showed differences in the
hydrogen-bond and residue-contact profiles
between the two complexes. Fig. 10 shows the
solvent-accessible surface area (SASA) profiles of
the DdI-L7G and AppA-L7G complexes
throughout the 100-ns trajectories. The observed
SASA profiles provide information on changes in
solvent exposure and conformational behavior
within  the modeled complexes. Because
unbound/apo  protein simulations were not
performed, the present analysis does not permit
direct comparison of ligand-bound and unbound
states or conclusions regarding ligand-induced
receptor stabilization.
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Figure 6. Molecular Dynamics simulation of 100
ns trajectories of a) RMSD of Cabackbone of Ddl
(4C5B_ligand)b)RMSD of Ca backbone of AppA
(7Z1J_ligand).
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Figure 7: MD simulation analysis of 100 ns
trajectories of a) RMSF of Co backbone of Ddl
(4C5B_ligand) b) RMSF of Ca backbone of AppA
(7Z1J_ligand).
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Figure 8: MD simulation analysis of 100 ns
trajectories of a) Radius of gyration (Rg) of Ca
backbone of Ddl (4C5B_ligand) b) Radius of
gyration (Rg) of Ca backbone of AppA
(7Z21J_ligand).
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Figure 9: MD simulation analysis of 100 ns
trajectories of a) Formation of hydrogen bonds in
Ddl (4C5B_ligand) b) Formation of hydrogen
bonds in AppA (7Z1]_ligand).
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Figure 10: MD simulation analysis of 1000 Frame
work of Solvent accessible surface area of a) Ddl
(4C5B_ligand) b) AppA (7Z1J_ligand).

Protein-ligand interactions were assessed through
100 ns simulation studies. Interaction fractions
were analyzed using stacked colored bars,
indicating  significant interactions for the
complexes 4C5B ligand and 7Z1J ligand. In
4C5B ligand, key interacting residues included
ASP219 (50%), TYR216 (12%), and ARG288
(15%) for hydrogen bonds, while TYR210 (26%),
HIS280 (26%), and TYR223 (39%) formed water
bridges and ionic interactions. In 7Z1J ligand,
major residues were ASP122 (70%), ASNI126
(44%), and others, primarily interacting via water
bridges and hydrogen bonds, with HIS303 and
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ARG92  showing
interactions.

hydrophobic and ionic

4CSB-L7G (Ddl) (AGbind = —36.65 kcal/mol).
Both complexes showed strong electrostatics
(slightly higher in 7Z1J ligand, AppA); van der
Waals were stronger in 4C5B_ligand (Ddl), while
hydrogen bonding was stronger in 7Z1J ligand
(AppA), indicating differences in the estimated
interaction energetics between the two complexes.
Lipophilic stabilization was greater in 4C5B_ligand
(Ddl) than in 7Z1J ligand (AppA). This indicates
that 4C5B_ligand (Ddl) likely interacts more via
nonpolar contacts, whereas 7Z1J ligand (AppA)
relies more on polar and H-bonding interactions.
7Z1J ligand (AppA), showed slightly higher
unfavourable covalent energy and stronger packing
stabilization. Overall, the calculated energy
components indicate distinct interaction profiles,
with relatively greater electrostatic and hydrogen-
bonding contributions for AppA-L7G and
relatively greater lipophilic and van der Waals
contributions for DdI-L7G.

Table 3: Binding free energy components for the
4C5B ligand  (Ddl), 7Z1J ligand  (AppA)
calculated by MM-GBSA.

| H-bonds

Figure 11: Bar graph of Protein-ligand contacts of
a) Ddl (4C5B_ligand) b) AppA (7Z1J ligand)
showing interaction fraction of amino acid residues
over period of simulation.
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Figure 12: Protein-ligand percent interactions of a)
Ddl (4C5B ligand) b) AppA (7Z1J ligand) over
the period of simulation.
3.4 Molecular Mechanics Generalized Born
Surface Area (MM-GBSA) calculations
Utilizing MD simulation trajectory, binding free
energy along with other contributing energy in
form of MM-GBSA is determined for 4C5B_ligand
(Ddl), 7Z1J ligand (AppA) complexes. Table 3
represents the estimated MM-GBSA binding free
energy for 7Z1J-L7G (AppA) was more favorable
(AGbind = —39.44 kcal/mol) than that estimated for
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5;?1%::;1) 4C5B_ligand | 7Z1J _ligand
AGpina -36.65+2.86 | -39.4442.59
AGoinaCoulomb | -28.67+3.43 | -31.71+4.70
AGpindCovalent | 2.10+0.79 2.76£1.59
AGpinaHbond | -2.13+0.38 ~4.30+0.34
AGpinaLipo 29.32+0.53 26.19+0.30
AGyindPacking | -2.81+0.6 -3.44+0.68
AGinaSOIVGB | 36.94+3.76 32.81+2.33
AGinavdW 32.76£1.82 | -29.38+1.38

4. Discussion

The present study provides a  focused
computational analysis of L7G against two
previously proposed UPEC-associated protein
targets, Ddl and AppA, which are involved in
distinct bacterial processes'>'®. In this context,
plant-derived flavonoids such as L7G may provide
chemical diversity for early-stage drug discovery'"
12, Molecular docking is widely used in structure-
based drug discovery to investigate potential
protein—ligand interactions, while molecular
dynamics simulations can provide information on
the dynamic behavior of protein-ligand
complexes®® 3¢, The present findings are
computational and should be considered
preliminary and hypothesis-generating, with further
experimental validation required.

Distinct interaction patterns were observed for L7G
across the selected Ddl and AppA targets, with
AppA exhibiting a more favourable predicted
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docking score than Ddl. These differences may be
associated with variations in the topology and
physicochemical characteristics of the predicted
binding pockets, including hydrogen-bonding,
electrostatic, van der Waals, and other non-covalent
interactions®>. The MD simulations further showed
that both modelled complexes maintained generally
stable trajectory profiles over the 100-ns simulation
period, supporting the persistence of L7G within
the predicted binding regions under the simulated
conditions®®.Collectively these findings provide
structural and dynamic insights into the predicted
interactions of L7G with the selected targets.
Future biochemical and experimental studies may
further characterize the binding affinity, inhibitory
activity, and biological relevance of these predicted
interactions.

The MM-GBSA analysis provided additional
insight into the energetic basis of the predicted L7G
interactions with Ddl and AppA. The more
favorable estimated AG bind for AppA (—39.44
kcal/mol) compared with Ddl (—36.65 kcal/mol)
may reflect differences in the physicochemical
environments of their respective binding pockets.
In particular, the greater electrostatic and hydrogen-
bonding contributions observed for AppA suggest
that polar interactions may contribute substantially
to L7G stabilization in this complex, whereas the
relatively stronger van der Waals and lipophilic
contributions observed for Ddl indicate a
comparatively greater contribution from nonpolar
interactions. Thus, L7G appears to engage the two
modeled proteins through distinct combinations of
intermolecular interactions. Future studies using
independent  simulation  replicates, suitable
reference ligands, and biochemical assays could
further define the robustness of these energetic
differences and their biological relevance’.

From a pharmacokinetic perspective, ADMET
predictions indicated that L7G exhibits favorable
predicted toxicity-related properties, including no
major toxicity liabilities predicted by the
computational models used. Its high polarity and
limited predicted gastrointestinal absorption may
restrict systemic  bioavailability?”> 28, Future
pharmacokinetic and biological studies may further
characterize the absorption, distribution,
metabolism, and safety-related properties of L7G*"
28

Overall, the study provides preliminary
computational evidence supporting the potential
interaction of L7G with the selected UPEC-
associated protein targets. The integrated docking,
molecular dynamics, and MM-GBSA analyses
provide complementary structural and energetic
insights into the predicted L7G-Ddl and L7G-—
AppA complexes®*¥. The findings provide an
initial assessment of L7G as a natural-product
scaffold and establish a basis for further
investigation of its target-associated interactions.
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Future studies incorporating broader virtual
screening, structurally related flavonoids, suitable
reference compounds, structure—activity
relationship analyses, and experimental validation
could further contextualize the predicted
interactions and clarify the biological relevance and
antibacterial potential of L7G.

The focused design of the present computational
analysis provides several opportunities for further
investigation. The selected PDB structures (4C5B
and 7Z1J) represent E. coli protein structures, and
future sequence-based studies could further
establish their correspondence with the respective
proteins in MDR-UPEC clinical isolates. The
selected PDB structures (4C5B and 7Z1J) represent
E. coli protein structures, and future sequence-
based studies could further establish their
correspondence with the respective proteins in
MDR-UPEC clinical isolates. This consideration is
particularly relevant to Ddl because E. coli contains
two D-alanine-D-alanine ligases, DdIA and DdIB¥,
making target-specific sequence characterization an
important area for future investigation. Future
computational studies incorporating independent
MD replicates and broader comparative analyses
could provide greater confidence in the
reproducibility of trajectory behavior and the
robustness of the MM-GBSA estimates.

Further experimental investigations, including
enzyme-inhibition assays, MIC/MBC
determination, UPEC growth and biofilm assays,
and appropriate infection models, could evaluate
whether the predicted interactions translate into
measurable antibacterial activity’> 3. Broader
virtual screening, structurally related flavonoids,
validated reference compounds, and structure—
activity relationship analyses could also provide
additional context for the target-associated activity
of L7G. Together, these computational findings
provide a basis for further investigation of L7G as a
natural-product scaffold against selected UPEC-
associated targets. Future biochemical,
microbiological, pharmacokinetic, and translational
studies may further clarify the biological relevance
and antibacterial potential of L7G3> 36,

5. Study Limitations and Future Perspectives
Several considerations should be taken into account
when interpreting the present findings. The study
evaluated a single ligand, L7G, against two
selected UPEC-associated targets, Ddl and AppA,
providing a focused computational assessment.
Future studies could extend this analysis through
broader virtual screening, analogue comparison,
structure—activity relationship (SAR) analysis, and
benchmarking with validated Ddl inhibitors, AppA
ligands, antibiotics, or structurally related
flavonoids. Sequence-based characterization of the
selected PDB structures against clinical MDR-
UPEC isolates and independent MD trajectories for
each complex could further strengthen target-
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specific and trajectory-based interpretation.
Additional comparative analyses could further
clarify the relative MM-GBSA profiles and target-
associated interactions of L7G, while enzyme-
inhibition assays, MIC/MBC testing, UPEC growth
and biofilm studies, and appropriate infection
models could further evaluate its biological
relevance and antibacterial potential

6. Conclusion

This study provides preliminary computational
evidence supporting the potential interaction of
luteolin-7-O-glucoside (L7G) with the selected
UPEC-associated proteins Ddl and AppA. The
integrated docking, molecular dynamics, and MM-
GBSA analyses provide complementary structural
and energetic insights into the predicted L7G-Ddl
and L7G—-AppA complexes, with AppA exhibiting
a more favorable estimated binding energy under
the applied computational conditions. ADMET
analysis indicated favourable predicted toxicity-
related characteristics alongside limited predicted
gastrointestinal ~ absorption, providing useful
insights into the pharmacokinetic profile of L7G.
Future studies incorporating broader comparative
screening,  suitable  reference = compounds,
independent MD replicates, sequence-based target
characterization, and biochemical and
microbiological validation could further clarify the
biological relevance, target-associated activity, and
antibacterial potential of L7G against MDR-UPEC.
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