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Abstract
The emergence of multidrug-resistant (MDR) Gram-negative bacteria, including 
Escherichia coli and Pseudomonas aeruginosa, poses a critical global health 
challenge, necessitating innovative antimicrobial strategies. Leveraging Africa’s 
rich phytochemical diversity, this study integrates molecular docking and 
in  silico pharmacokinetic profiling to identify natural compounds with dual-
target potential. Ten bioactive phytochemicals from ethnomedicinal plants were 
screened against four validated bacterial targets: LasR (2UV0), AcrB efflux pump 
(5NC5), DNA gyrase B (6F86), and TEM-1 β-lactamase (1BTL) with AutoDock Vina 
implemented in PyRx, and the resulting protein–ligand interactions analyzed in 
Discovery Studio. Docking identified luteolin as exhibiting the highest binding 
affinity for LasR (−10.8 kcal/mol) and TEM-1, indicating dual inhibition of quorum 
sensing and β-lactamase activity. Rutin (−9.2 kcal/mol) exhibited high affinity for 
AcrB, indicating potential efflux pump inhibition, while ellagic acid (−8.3 kcal/
mol) targeted DNA gyrase, potentially impairing bacterial replication. Absorption, 
distribution, metabolism, excretion, and toxicity analyses, along with ProTox-3 
predictions, indicated that luteolin exhibited high gastrointestinal absorption 
and moderate systemic toxicity. Ellagic acid exhibited excellent biocompatibility, 
whereas rutin showed favorable drug-likeness but low permeability. Collectively, 
luteolin, rutin, and ellagic acid emerged as promising computational leads with 
complementary inhibitory mechanisms. This study highlights the translational 
potential of African phytochemical scaffolds in rational, computer-aided 
antimicrobial design and provides a foundation for subsequent in vitro and in vivo 
validation toward novel anti–MDR therapeutics.
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1. Introduction
The global emergence of antimicrobial-resistant 
microorganisms poses a severe threat to public health and 
food security, largely due to the proliferation of multidrug-
resistant (MDR) Gram-negative bacteria such as Escherichia 
coli, Klebsiella pneumoniae, and Pseudomonas aeruginosa.1 
These pathogens have evolved through diverse resistance 
mechanisms, including β-lactamase production, efflux 
pump overexpression, and target modification, enabling 
them to withstand multiple antibiotic classes, such as 
β-lactams, fluoroquinolones, and aminoglycosides.2 The 
World Health Organization (WHO) has designated these 
species as “critical priority pathogens” requiring urgent 
discovery of new therapeutic agents.3

Despite continuous pharmaceutical research, the 
antibiotic development pipeline remains stagnant, with 
most new approvals in recent decades being structural 
modifications of existing scaffolds rather than truly 
novel compounds.4 Plant-derived natural products 
offer promising potential as alternatives owing to their 
structural diversity, ecological abundance, and long history 
of therapeutic use.5

Medicinal plants are particularly rich in bioactive 
compounds, such as flavonoids, which have shown 
significant antimicrobial properties. Recent studies 
indicate that these phytochemicals can modulate microbial 
activity and contribute to host health.6

In particular, African medicinal plants widely applied 
in ethnomedicine for the treatment of infectious diseases 
remain underexplored for their antimicrobial potential 
in modern drug discovery.7,8 Advances in computational 
biology now enable high-throughput in silico screening 
of natural products against validated microbial targets, 
integrating techniques such as molecular docking, 
pharmacokinetic (absorption, distribution, metabolism, 
excretion, and toxicity [ADMET]) profiling, and molecular 
dynamics (MD) simulations.9,10 This approach is well-
suited for identifying “dual-action” compounds capable of 
exerting direct antibacterial activity while simultaneously 
modulating bacterial virulence factors, including quorum 
sensing (QS) and biofilm formation.11,12

Targeting QS systems, such as P. aeruginosa LasR and 
the universal LuxS/autoinducer-2 signaling pathway, offers 
a potential strategy to attenuate pathogenicity without 
applying direct selective pressure, thereby potentially 
reducing resistance emergence.13,14 Several classes of plant-
derived compounds, including flavonoids, terpenoids, and 
coumarins, have demonstrated both QS inhibition and 
direct interference with bacterial enzymes such as DNA 
gyrase and β-lactamases.15,16

Given the rich yet underutilized phytochemical diversity 
of African flora, this study aims to computationally evaluate 
bioactive compounds from 10 ethnomedicinal plants for 
their dual-action potential against MDR Gram-negative 
pathogens.17 Specifically, molecular docking was used to 
identify promising phytochemicals capable of inhibiting 
bacterial enzymes and QS targets, followed by ADMET 
prediction to assess their drug-likeness and potential safety 
profiles.

2. Materials and methods
2.1. Selection of medicinal plants and 
phytochemicals

Table  1 lists the scientific names, families, and selected 
phytochemicals of 10 African medicinal plants chosen for 
their ethnomedicinal relevance, documented antimicrobial 
activity, and/or QS inhibitory potential, as reported in 
previous ethnobotanical and phytochemical studies.7,8 
Major bioactive compounds from each plant were 
identified via literature mining and retrieved in Structure 
Data File format from the PubChem database (https://
pubchem.ncbi.nlm.nih.gov/, accessed on August 5, 2025).

2.2. Protein structure retrieval and preparation

Crystal structures of bacterial protein targets associated 
with virulence and antimicrobial resistance were retrieved 
from the RCSB Protein Data Bank (PDB; https://www.
rcsb.org/, accessed on August 5, 2025) in the Biological 
Assembly 1 format. The selected targets included:
(i)	 LasR QS regulator from P. aeruginosa (PDB ID: 2UV0)
(ii)	 AcrB efflux pump transporter from E. coli (PDB ID: 

5NC5)
(iii)	DNA gyrase subunit B from E. coli (PDB ID: 6F86)
(iv)	 TEM-1 β-lactamase from E. coli (PDB ID: 1BTL)

Protein preprocessing was performed using UCSF 
Chimera Classic version 1.16 (UCSF, USA)18 to eliminate 
crystallographic artifacts (e.g., designed ankyrin repeat 
proteins, sulfate ion, hydrogen bonded moieties [OH···N], 
and cyclotryptophan-(D)-tryptophan fragments), 
detergents, and solvent molecules, followed by protonation 
at pH  7.0 using Dock Prep (Resource for Biocomputing, 
Visualization, and Informatics (RBVI), University of 
California San Francisco, USA) and geometry optimization 
using the Amber force field. Chain selection and correction 
of alternate conformations were carried out where applicable. 
Non-standard residues, such as selenomethionine (MSE), 
were converted to methionine (MET).

Protein structure preprocessing was carried out 
using UCSF Chimera Classic version  1.16 (Resource 
for Biocomputing, Visualization, and Informatics, 
University of California, San Francisco, USA) to eliminate 
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crystallographic artifacts, including designed ankyrin 
repeat proteins (DARPins), sulfate ions, hydrogen-bonded 
moieties (OH···N), and cyclotryptophan-(D)-tryptophan 
fragments.

Each prepared protein was imported into PyRx 
version  0.9.8 (Scripps Research Institute, USA)19 as a 
macromolecule and converted to PDBQT format for 
docking. A blind docking protocol was applied to span the 
entire protein surface, ensuring that all potential binding 
sites were explored.

The stereochemical quality of all prepared proteins 
was validated using the Ramachandran plot (RamPlot) 
server (https://www.ramplot.in/),20 which generated 
two- and three-dimensional Ramachandran plots. Residue 
distributions in favored and allowed regions were used to 
confirm the structural reliability before docking.

2.3. Ligand preparation

Ligands were retrieved from PubChem in Structure Data 
File format and processed using Open Babel version 3.1.1 
(Open Babel Team, USA) integrated within PyRx 
version  0.9.8.21 The workflow included conversion to 
three-dimensional structures, energy minimization using 
the universal force field, and conversion to PDBQT format 
for compatibility using AutoDock Vina (Scripps Research 
Institute, USA).

2.4. Molecular docking

Molecular docking was carried out using AutoDock Vina 
version 1.1.2 integrated within PyRx version 0.9.8.22 Blind 
docking grids were set to span the entire protein structure. 
For each ligand–protein pair, multiple conformations were 
generated and ranked based on binding affinity (kcal/mol).

The top-ranked docking poses were visualized using 
BIOVIA Discovery Studio Visualizer version 21.1.0.20298 

(Dassault Systèmes, USA) and LigPlot+ version  2.2 
(European Bioinformatics Institute (EMBL-EBI), United 
Kingdom), in which hydrogen bonds, π–π stacking, 
hydrophobic interactions, and other non-covalent 
interactions were analyzed.

2.5. ADMET and drug-likeness prediction

The highest-affinity phytochemicals for each protein target 
were subjected to in silico pharmacokinetic and toxicity 
prediction using:
(i)	 SwissADME (http://www.swissadme.ch/, accessed 

on August 6, 2025) to evaluate Lipinski’s rule of five, 
water solubility, gastrointestinal (GI) absorption, and 
blood–brain barrier permeability.10

(ii)	 pkCSM (http://biosig.unimelb.edu.au/pkcsm/, 
accessed on August 6, 2025) to predict metabolic and 
excretion profiling.

(iii)	ProTox-II (https://tox-new.charite.de/protox_II, 
accessed on August 6, 2025) for oral toxicity 
classification and median lethal dose (LD50) prediction.

No MD simulations were conducted in this study; 
instead, molecular docking and ADMET profiling were 
used as the primary computational screening approach.

3. Results and discussion
3.1. Molecular docking analysis

Molecular docking revealed strong binding affinities 
between the selected phytochemicals and key bacterial 
resistance and virulence proteins, as shown in Table  2. 
Protein–ligand interactions were visualized using BIOVIA 
Discovery Studio Visualizer.23 Structural validation was 
performed using the RamPlot server. ADMET and drug-
likeness predictions were carried out using SwissADME 
and ProTox-II, respectively.

Table 1. African medicinal plants and their selected phytochemicals

Plant (scientific name) Family Selected phytochemical PubChem CID Class

Ocimum gratissimum Lamiaceae Eugenol 3314 Phenylpropanoid

Moringa oleifera Moringaceae Quercetin 5280343 Flavonoid

Vernonia amygdalina Asteraceae Kaempferol 5280863 Flavonoid

Tithonia diversifolia Asteraceae Luteolin 5280445 Flavonoid

Garcinia kola Clusiaceae Catechin 9064 Flavan‑3‑ol

Citrus aurantifolia Rutaceae Naringenin 932 Flavanone

Terminalia catappa Combretaceae Ellagic acid 5281855 Polyphenol

Ficus exasperata Moraceae Gallic acid 370 Phenolic acid

Newbouldia laevis Bignoniaceae Rutin 5280805 Flavonoid glycoside

Clerodendrum volubile Lamiaceae Apigenin 5280443 Flavonoid

Abbreviation: CID: Compound ID.
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To better understand the molecular basis of these 
binding affinities, the top-scoring complexes were 
subjected to detailed residue-level interaction analysis, 
highlighting hydrogen bonds, van der Waals interactions, 
and π-related interactions.

3.1.1. Interaction studies

Protein–ligand interactions of the top-scoring complexes 
were analyzed in BIOVIA Discovery Studio Visualizer 
version 21.1. The most favorable complexes were selected 
for detailed analysis based on docking affinities: CID 
5280445 with 1BTL (−8.3 kcal/mol), CID 5280445 with 
2UV0 (−10.8 kcal/mol), CID 5280805 with 5NC5 chain 

A (−9.5 kcal/mol), and CID 5281855 with 6F86 (−8.3 
kcal/mol). These ligands were chosen as representative 
inhibitors, as they demonstrated the strongest binding 
to their respective targets. Table  3 provides residue-level 
interaction details for each protein–ligand complex, 
including specific residues involved in hydrogen bonding, 
van der Waals interactions, π interactions, and unfavorable 
interactions.

In the 1BTL-CID 5280445 complex, the ligand formed 
a hydrogen-bonding network with ASN132, SER235, 
and ARG244, anchoring it within the active site. Van 
der Waals interactions with SER70, SER130, PRO167, 
LYS234, GLY236, and ALA237 contributed to structural 

Table 2. Summary of protein–ligand interactions for top‑scoring complexes

Protein (PDB ID) Ligand 
(CID)

Binding affinity 
(kcal/mol)

Key interacting residues Interaction types

1BTL (Escherichia 
coli)

5280445 −8.3 ASN132, SER235, ARG244 Hydrogen bonds

SER70, SER130, PRO167, LYS234, GLY236, 
ALA237

Van der Waals

TYR105 π–π stacking

ARG244 π–cation, donor–donor (unfavorable)

2UV0 
(Pseudomonas sp.)

5280445 −10.8 SER80, ASP123, LYS173 Hydrogen bonds

GLN81, PRO124, LEU172, GLY174, TYR176 Van der Waals

PHE175, LEU178 π–alkyl

HIS177 Donor–donor (unfavorable)

6F86 
(Escherichia coli)

5281855 −8.3 GLU274, LYS305, TYR309 Hydrogen bonds

THR271, ALA273, LEU308 Van der Waals

PHE310 π–π stacking

GLY272 amide–π

GLU274 π–anion

TYR309 π–donor, hydrogen bond

5NC5 chain A 
(Escherichia 
coli AcrBZ)

5280805 −9.5 ASN100, ASP153 Hydrogen bonds

GLY72, ILE101, VAL155 Van der Waals

PHE102, LEU150 π–alkyl

‑ Fewer stabilizing interactions in the pump‑associated 
complex; donor–donor clashes present

Abbreviations: CID: Compound ID; PBD: Protein Data Bank.

Table 3. Summary of binding affinities and interaction types for selected protein–ligand complexes

Protein (PDB ID) Ligand 
(CID)

Binding affinity 
(kcal/mol)

No. of hydrogen 
bonds

Key interaction types

1BTL (Escherichia coli) 5280445 −8.3 3 Hydrogen bonds, van der Waals, π–π stacking, π–cation

2UV0 (Pseudomonas sp.) 5280445 −10.8 3 Hydrogen bonds, van der Waals, π–alkyl

6F86 (Escherichia coli) 5281855 −8.3 3 Hydrogen bonds, van der Waals, π–π stacking, π–anion, amide–π

5NC5 chain A 
(Escherichia coli AcrBZ)

5280805 −9.5 2 Hydrogen bonds, van der Waals, π–alkyl (pump‑associated form 
showed reduced affinity)

Abbreviations: CID: Compound ID; PBD: Protein Data Bank.
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complementarity. TYR105 engaged in π–π stacking, 
while ARG244 contributed a π–cation interaction, 
partially offsetting one unfavorable donor–donor clash. 
This balanced network of hydrogen bonds, van der Waals 
forces, and π-related interactions resulted in moderate to 
strong binding stability.

The 2UV0–CID 5280445 (Figure  1) exhibited the 
strongest binding affinity among all proteins. Hydrogen 
bonds with SER80, ASP123, and LYS173 provided strong 
directional stabilization. Van der Waals interactions with 
GLN81, PRO124, LEU172, GLY174, and TYR176 promoted 
tight ligand accommodation. π–alkyl stabilization with 
PHE175 and LEU178 added hydrophobic reinforcement, 
while a donor–donor clash with HIS177 was present but 
outweighed by favorable interactions. This cooperative 
network of polar and hydrophobic interactions explains 
the exceptionally high affinity observed.

While hydrogen bonding and electrostatic contacts 
contribute to initial stabilization, hydrophobic interactions 
play a crucial role in ligand accommodation and binding 
pocket complementarity, highlighting the need for a 
dedicated analysis.

Binding was stabilized by hydrogen bonds with 
GLU274, LYS305, and TYR309, complemented by van der 
Waals interactions with THR271, ALA273, and LEU308. 
Aromatic residues made critical contributions: PHE310 
formed π–π stacking, GLY272 participated in amide–π 
interactions, and GLU274 engaged in a π–anion contact. 
TYR309 contributed a π–donor hydrogen bond, reinforcing 
complex stability. The diverse range of polar and aromatic 
interactions highlights the chemical complementarity 
between the ligand and the binding pocket.

Hydrogen bonds with ASN100 and ASP153 anchored 
the ligand within the binding site, supported by van der 

Waals interactions with GLY72, ILE101, and VAL155. 
π–alkyl interactions with PHE102 and LEU150 provided 
additional stabilization. In contrast, when chain A was 
docked with the efflux pump, the affinity decreased and 
unfavorable donor–donor interactions emerged, indicating 
that pump association introduces steric hindrance and 
reduces effective ligand accommodation. Thus, the isolated 
chain A environment was more favorable for ligand 
binding.

Across all proteins, phytochemical inhibition was 
mediated by a synergistic balance of hydrogen bonding, van 
der Waals stabilization, and  interactions. The strongest 
inhibition was observed for 2UV0 with CID 5280445 
(−10.8 kcal/mol), reflecting a highly complementary 
binding environment. 5NC5 chain A with CID 5280805 
(−9.5 kcal/mol) also exhibited strong inhibition, although 
affinity decreased in pump-associated forms, highlighting 
the effect of accessory proteins on ligand accessibility. 
Both 1BTL and 6F86 complexes demonstrated moderate 
affinities (−8.3 kcal/mol each) but were stabilized by 
diverse polar and aromatic interactions, as shown in 
Figures  1-4. Together, these findings confirm that the 
selected phytochemicals formed stable binding networks 
within their target proteins, supporting their potential as 
effective inhibitors.

To further elucidate the role of non-polar stabilization, 
a dedicated hydrophobic interaction analysis was 
performed. These findings, including hydrophobic residue 
mapping, interaction profiles, and surface visualizations, 
are discussed in the following section.

3.2. Hydrophobic interaction analysis

Hydrophobic interactions were further examined to 
evaluate their contribution to ligand stabilization and 

Figure 1. 1BTL (Escherichia coli)–CID 5280445 complex (−8.3 kcal/mol)
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solvent exclusion within the binding pockets, as shown in 
Table 4. Hydrophobic maps were generated using BIOVIA 

Discovery Studio Visualizer version  21.1, with particular 
attention to van der Waals interactions, π–alkyl interactions, 

Figure 2. 2UV0 (Pseudomonas sp.)–CID 5280445 complex (−10.8 kcal/mol)

Figure 3. 6F86 (Escherichia coli)–CID 5281855 complex (−8.3 kcal/mol)

Figure 4. 5NC5 Chain A (Escherichia coli AcrBZ)–CID 5280805 complex (−9.5 kcal/mol)
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and aromatic stacking residues. These interactions provide 
a non-polar environment that complements hydrogen 
bonding and electrostatic stabilization, and are often 
critical determinants of binding affinity.

Beyond non-polar interactions, charged and polar 
residues contributed additional stabilization through 
electrostatic complementarity, synergistically enhancing 
overall binding affinity.

3.3. Per-protein hydrophobic mapping

Figure  5A-D illustrates the hydrophobic mapping of 
ligand–protein complexes.

For the 1BTL–CID 5280445 complex (−8.3 kcal/mol; 
Figure  5A), hydrophobic stabilization was mediated by 
van der Waals interactions with SER70, SER130, PRO167, 

LYS234, GLY236, and ALA237, creating a compact non-
polar microenvironment. TYR105 provided π–π stacking 
with the ligand’s aromatic ring, while ARG244 engaged in 
π–cation stabilization.

For the 2UV0–CID 5280445 complex (−10.8 kcal/mol; 
Figure  5B), the most extensive hydrophobic network 
was observed, involving van der Waals interactions with 
GLN81, PRO124, LEU172, GLY174, and TYR176. π–alkyl 
interactions with PHE175 and LEU178 further shielded 
the ligand from solvent exposure, consistent with the 
highest observed affinity.

For the 6F86–CID 5281855 complex (−8.3 kcal/mol; 
Figure  5C), non-polar stabilization was mediated by 
THR271, ALA273, and LEU308. In addition, aromatic 
residues PHE310 and TYR309 contributed to π–π stacking 

Table 4. Hydrophobic interactions observed in the selected protein–ligand complexes

Protein (PDB ID) Ligand 
(CID)

Binding affinity 
(kcal/mol)

Key hydrophobic residues Interaction types

1BTL (Escherichia coli) 5280445 −8.3 SER70, SER130, PRO167, LYS234, GLY236, 
ALA237, TYR105, ARG244

Van der Waals, π–π stacking, π–cation

2UV0 (Pseudomonas sp.) 5280445 −10.8 GLN81, PRO124, LEU172, GLY174, TYR176, 
PHE175, LEU178

Van der Waals, π–alkyl

6F86 (Escherichia coli) 5281855 −8.3 THR271, ALA273, LEU308, PHE310, TYR309 Van der Waals, π–π stacking, π–donor

5NC5 chain A 
(Escherichia coli AcrBZ)

5280805 −9.5 GLY72, ILE101, VAL155, PHE102, LEU150 Van der Waals, π–alkyl

Abbreviations: CID: Compound ID; PBD: Protein Data Bank.

Figure 5. Hydrophobic surface mapping of ligand–protein complexes: (A) 1BTL–CID 5280445 (−8.3 kcal/mol), (B) 2UV0–CID 5280445 (−10.8 kcal/mol), 
(C) 6F86–CID 5281855 (−8.3 kcal/mol), and (D) 5NC5 chain A–CID 5280805 (−9.5 kcal/mol)
Abbreviation: CID: Compound ID.

DC

BA
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and π–donor hydrogen bonding, respectively, effectively 
positioning the ligand within a hydrophobic cavity

For the 5NC5 chain A–CID 5280805 complex 
(−9.5   kcal/mol; Figure  5D), van der Waals interactions 
with GLY72, ILE101, and VAL155 provided a hydrophobic 
framework, supplemented by π–alkyl stabilization 
from PHE102 and LEU150. The loss of several of these 
hydrophobic interactions in the pump-associated complex 
correlated with reduced affinity.

Hydrophobic stabilization was found to be a consistent 
determinant of binding strength across all studied complexes. 
The 2UV0–CID 5280445 complex exhibited the densest 
hydrophobic packing, consistent with its strongest binding 
affinity (−10.8 kcal/mol). The 5NC5 chain A–CID 5280805 
complex also showed significant hydrophobic reinforcement 
(−9.5 kcal/mol), although steric effects in the pump-associated 
form led to reduced binding stability. Both 1BTL and 6F86 
demonstrated moderate hydrophobic contributions, with 
stabilization strongly dependent on key aromatic residues 
(TYR105 and PHE310/TYR309, respectively). These findings 
underscore the crucial role of hydrophobic complementarity 
in determining phytochemical-mediated inhibition of 
bacterial target proteins.

3.4. Ionizability and electrostatic interaction analysis

Electrostatic complementarity between ionizable residues 
in the protein and the polar or charged groups of the 

ligands was analyzed to evaluate their contribution to 
binding stability. Charged residues frequently stabilized the 
ligand through salt bridges, ionic interactions, or charge-
assisted hydrogen bonds. These interactions helped orient 
the ligands within the binding pocket and synergistically 
enhanced affinity in cooperation with hydrophobic 
packing, as shown in Figure 6A-D.

For the 1BTL–CID 5280445 complex (−8.3 kcal/mol; 
Figure  6A), electrostatic stabilization was mediated by 
ARG244, which formed a charge-assisted hydrogen bond 
with the ligand’s polar group while also engaging in π–
cation interactions. The dual role of this residue highlights 
its importance in anchoring the ligand despite the presence 
of a donor–donor clash.

For the 2UV0–CID 5280445 complex (−10.8 kcal/mol; 
Figure  6B), strong ionic contributions were observed 
from ASP123 and LYS173, which formed polar hydrogen 
bonds with the ligand’s functional groups. These residues 
generated a stabilizing electrostatic environment that 
complemented the extensive hydrophobic pocket, 
thereby explaining the exceptionally high affinity of this 
complex.

For the 6F86–CID 5281855 complex (−8.3 kcal/mol; 
Figure  6C), electrostatic interactions were primarily 
mediated by GLU274 and LYS305. GLU274 provided a π–
anion interaction with the ligand’s aromatic group, while 
LYS305 stabilized the binding through a conventional 

Figure 6. Electrostatic interaction mapping of ligand–protein complexes: (A) 1BTL–CID 5280445 (−8.3 kcal/mol), (B) 2UV0–CID 5280445 (−10.8 kcal/
mol), (C) 6F86–CID 5281855 (−8.3 kcal/mol), and (D) 5NC5 chain A–CID 5280805 (−9.5 kcal/mol)
Abbreviation: CID: Compound ID.

DC

BA
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hydrogen bond. Together, these ionizable residues balanced 
the polar–non-polar interactions within the binding cavity.

However, for the 5NC5 chain A–CID 5280805 complex 
(−9.5 kcal/mol; Figure 6D), electrostatic interactions were 
comparatively weaker, limited to polar interactions with 
ASN100 and ASP153. While not as extensive as those in the 
2UV0–CID 5280445 complex, these residues nevertheless 
provided key anchoring points for the ligand within the 
AcrBZ chain A binding pocket. In the pump-associated 
form, steric interference reduced both hydrophobic and 
electrostatic contacts, resulting in decreased binding 
stability.

Electrostatic interactions played a supportive yet 
essential role in stabilizing the docked phytochemicals. 
Complexes with higher affinity (2UV0 and 5NC5 chain 
A) displayed well-distributed ionic interactions involving 
both acidic (ASP, GLU) and basic (ARG, LYS) residues, 
which complemented the dense hydrophobic packing. 
In contrast, complexes with moderate affinity (1BTL and 
6F86) exhibited fewer electrostatic interactions, relying 
more heavily on aromatic and van der Waals interactions, 
as presented in Table  5. These findings indicate that 
ionizability and charge complementarity are critical 
determinants in fine-tuning phytochemical inhibition of 
bacterial targets.

To further assess how ligand positioning and burial 
within the binding pocket influence binding strength, 
solvent-accessible surface (SAS) analyses were conducted.

3.5. Solvent-accessible surface analysis

To assess the degree of ligand burial within the protein 
cavities, SAS areas were calculated and visualized using 
BIOVIA Discovery Studio Visualizer v21.1. This analysis 
provides insights into the extent of ligand exposure to 
solvent versus its encapsulation within the binding pocket. 
A reduced SAS typically indicates deeper ligand insertion 
and stronger hydrophobic stabilization, whereas higher 
SAS values suggest partial solvent exposure and weaker 
binding, as illustrated in Figure 7A-D.

For the 1BTL–CID 5280445 complex (−8.3 kcal/mol; 
Figure 7A), the ligand was moderately buried within the 
binding pocket, with aromatic moieties partially shielded 
by TYR105 and ARG244. SAS mapping revealed that while 
hydrophobic residues contributed to partial encapsulation, 
some solvent exposure remained, consistent with its 
intermediate binding affinity.

For the 2UV0–CID 5280445 complex (−10.8 kcal/
mol; Figure 7B), the ligand displayed the deepest insertion 
among all complexes, with SAS mapping revealing 
near-complete encapsulation by hydrophobic residues 
GLN81, PRO124, LEU172, and PHE175. This low solvent 
accessibility correlated with the highest binding affinity, 
reflecting efficient desolvation and tight packing within the 
non-polar pocket.

For the 6F86–CID 5281855 complex (−8.3 kcal/mol; 
Figure 7C), the ligand was partially embedded, with SAS 
analysis showing moderate burial. While PHE310 and 
TYR309 shielded the aromatic ring system, other portions 
of the ligand remained solvent-exposed. This balance 
between burial and exposure likely contributed to the 
moderate binding affinity of this complex.

For the 5NC5 chain A–CID 5280805 complex 
(−9.5 kcal/mol; Figure  7D), the ligand exhibited strong 
burial within the chain A pocket, with van der Waals 
and π–alkyl interactions reducing solvent exposure. SAS 
visualization confirmed that the isolated chain A complex 
had greater encapsulation compared with the pump-
associated form, where steric interference increased 
solvent accessibility and reduced affinity.

Solvent-accessible surface analysis confirmed that 
ligand burial strongly correlated with binding affinity. The 
2UV0–CID 5280445 complex demonstrated the lowest 
solvent exposure, consistent with its highest affinity (−10.8 
kcal/mol). The 5NC5 chain A–CID 5280805 complex also 
exhibited strong burial, although this effect was reduced 
when docked with the efflux pump. In contrast, the 1BTL 
and 6F86 complexes showed partial solvent exposure, 

Table 5. Ionizable residues and electrostatic interactions in the selected protein–ligand complexes

Protein (PDB ID) Ligand 
(CID)

Binding affinity 
(kcal/mol)

Key ionizable 
residues

Electrostatic interaction types

1BTL (Escherichia coli) 5280445 −8.3 ARG244 Charge‑assisted hydrogen bond, π–cation, donor–donor clash

2UV0 (Pseudomonas sp.) 5280445 −10.8 ASP123, LYS173 Ionic hydrogen bonds, salt bridge stabilization

6F86 (Escherichia coli) 5281855 −8.3 GLU274, LYS305, 
TYR309

π–anion (GLU274), charge‑assisted hydrogen bond (LYS305), 
polar hydrogen bond donor (TYR309)

5NC5 chain A (Escherichia 
coli AcrBZ)

5280805 −9.5 ASN100, ASP153 Polar hydrogen bonds (acidic/basic complementarity)

Abbreviations: CID: Compound ID; PBD: Protein Data Bank.
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aligning with their moderate binding affinities. Together, 
these findings highlight that reduced SAS (greater 
ligand encapsulation) serves as a key determinant of 
phytochemical-mediated protein inhibition.

Complementing the solvent exposure data, hydrogen-
bond length analysis provided insights into the precise 
geometries of hydrogen bonds and other stabilizing 
contacts that underpin complex stability.

3.6. Bond length analysis and its impact on 
interaction strength

3.6.1. 1BTL–ligand complex

The docking analysis of 1BTL with the ligand (CID 
5280445) revealed hydrogen bonds with ASN132, 
SER235, and ARG244, with bond lengths ranging from 2.7 
to 2.9 Å, consistent with strong stabilizing interactions. 
Van der Waals interactions with SER70, SER130, 
PRO167, LYS234, GLY236, and ALA237 supported 
close packing, while π–π stacking with TYR105 and 
π–cation interaction with ARG244 enhanced binding 
affinity. Despite a donor–donor repulsion observed with 
ARG244, the unfavorable contact occurred at a relatively 
longer bond length (>3.1 Å), thereby minimizing its 
destabilizing effect. Overall, the shorter hydrogen bond 
distances outweighed the penalty from unfavorable 
contacts.

3.6.2. 2UV0–ligand complex

In the 2UV0 complex, multiple stabilizing hydrogen bonds 
were observed with GLY120, GLY123, SER44, ASP43, and 
THR80, with bond lengths clustered around 2.8–3.0 Å, 
indicating stable anchoring. Van der Waals interactions 
with ALA121, HIS119, and PRO41, together with π–alkyl 
interactions (LEU125, LYS42), complemented the hydrogen 
bonding. An unfavorable donor–donor clash with ARG122 
was detected, but its longer bond distance (approximately 
3.2 Å) reduced its destabilizing contribution. Overall, the 
predominance of shorter hydrogen bonds and hydrophobic 
stabilization compensated for the repulsive contact.

3.6.3. 6F86–ligand complex

The ligand bound to 6F86 through hydrogen bonds with 
ASN46, GLY77, ARG76, and ILE78, exhibiting bond lengths 
of 2.6–2.9 Å, characteristic of strong interactions. π–anion 
interaction with GLU50 and amide–π stacking with PRO79 
and ILE94 provided additional stabilization. A combination of 
π–donor hydrogen bonding and van der Waals forces further 
optimized the ligand’s orientation. No significant unfavorable 
interactions were observed at short distances, making this 
complex one of the most stable based on its bond length profile.

3.6.4. 5NC5 (chain A, B, and C)–ligand complexes

In 5NC5, the effect of the pump protein was evident when 
comparing the isolated chains to chain–pump complexes. 

Figure  7. Solvent-accessible surface mapping of ligand–protein complexes: (A) 1BTL–CID 5280445 (−8.3 kcal/mol), (B) 2UV0–CID 5280445 
(−10.8 kcal/mol), (C) 6F86–CID 5281855 (−8.3 kcal/mol), and (D) 5NC5 chain A–CID 5280805 (−9.5 kcal/mol)
Abbreviations: CID: Compound ID; SAS: Solvent-accessible surface analysis.
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For chain A, hydrogen bond lengths averaged 2.7–2.9 Å, but 
the presence of an additional donor–donor clash with ARG 
introduced local instability. Chain B displayed hydrogen bonds 
with bond lengths of approximately 2.85 Å, but simultaneous 
acceptor–acceptor repulsions at 2.95 Å weakened stability, 
resulting in slightly lower binding affinity. Chain C exhibited a 
comparable binding affinity to chain A, although unfavorable 
interactions were present at shorter distances, increasing 
repulsive effects. Overall, the isolated chains (without pump) 
demonstrated shorter, more stable hydrogen bonds and hence 
stronger affinities than their pump-associated counterparts. 
The results are provided in Table 6.

3.7. Ramachandran plot analysis

Ramachandran plots were generated for all proteins to 
assess stereochemical quality and backbone conformational 
preferences. In these plots, residues are distributed across 
favorable, allowed, and disallowed regions, with additional 
frequency maps providing insights into the dominant 
secondary structure motifs.

For 1BTL (Figure  8), the standard plot showed 
that the majority of residues were concentrated in 
favorable α-helical and β-sheet regions, with very few 
residues occupying disallowed zones (Figure  8A). The 
corresponding frequency plot revealed a high density in 
the helical region, confirming the structural dominance 
of α-helices (Figure  8B). Residue-specific maps further 
demonstrated the expected flexibility of glycine residues 
and the conformational restriction of proline residues 
(Figure  8C), while the extended map confirmed overall 
stereochemical stability with minimal strain (Figure 8D). 
With the protein structures validated, attention was then 
turned to the predicted toxicity profiles of the ligands to 
evaluate their potential systemic risks.

Similarly, the Ramachandran plots of 2UV0 
demonstrated strong clustering of residues in favorable 

regions, particularly within β-strand conformations 
(Figure  9). The frequency distribution displayed a 
prominent density peak in the extended β-sheet region, 
supporting the prevalence of this secondary structure 
(Figure 9B). Glycine residues exhibited broader scattering 
across allowed regions, reflecting their inherent flexibility, 
whereas proline residues remained confined to restricted 
zones. The extended conformational overview suggested 
excellent stereochemical quality, with negligible outliers 
(Figure 9C).

For 5NC5 (chain A), the majority of residues were 
distributed within favorable regions, although a small 
proportion appeared in disallowed zones, likely due to 
loop conformations (Figure  10). The frequency map 
indicated a mixed distribution between α-helical and 
β-strand regions, consistent with its composite secondary 
structure (Figure 10B). Glycine residues displayed a wider 
conformational spread, whereas proline residues occupied 
the expected φ–ψ ranges. Despite a few deviations, the 
extended analysis confirmed that the structure retained 
acceptable stereochemical quality for docking (Figure 10C).

For 6F86, the plots confirmed the highest degree of 
stereochemical refinement among the analyzed proteins 
(Figure  11). The majority of residues clustered within 
favorable regions, with the frequency map showing a sharp 
density peak in the α-helical zone, indicating the structural 
dominance of α-helices (Figure  11B). Glycine residues 
displayed broader conformational variability, while proline 
residues remained appropriately confined. The extended 
conformational analysis reinforced the overall stability 
of this protein, with only rare outlier residues observed 
(Figure 11D).

3.8. Toxicity prediction (ProTox analysis)

The toxicity of ligands CID 5280445, CID 5280805, and CID 
5281855 was predicted using the ProTox-3.0 platform. The 

Table 6. Bond length analysis and stability assessment

Protein–ligand 
complex

Key hydrogen‑bonding 
residues

Favorable bond 
lengths (Å)

Unfavorable interactions 
(type and length)

Stability assessment

1BTL–ligand ASN132, SER235, ARG244 2.7–2.9 (hydrogen bonds) Donor–donor with ARG244 
(>3.1 Å)

Stable; short hydrogen bonds outweigh 
weak repulsion

2UV0–ligand GLY120, GLY123, SER44, 
ASP43, THR80

2.8–3.0 (hydrogen bonds) Donor–donor with ARG122 
(~3.2 Å)

Stable; strong hydrogen‑bond network 
compensates for minor repulsion

6F86–ligand ASN46, GLY77, ARG76, 
ILE78

2.6–2.9 (hydrogen bonds); 
π–anion, π–π stacking

None significant Very stable; multiple favorable short 
interactions

5NC5 chain A–ligand Multiple hydrogen bonds 2.7–2.9 (hydrogen bonds) Donor–donor with ARG 
(~3.0 Å)

Stable overall, slight perturbation from 
clash

5NC5 chain B–ligand SER–ligand (hydrogen bond) 2.85 (hydrogen bonds) Acceptor–acceptor (~2.95 Å) Less stable; repulsion weakens bond

5NC5 chain C–ligand Multiple hydrogen bonds 2.8–3.0 (hydrogen bonds) Short unfavorable contacts 
(<3.0 Å)

Moderately stable; repulsion slightly 
reduces affinity
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predicted toxicological profiles encompass organ-specific 
toxicities, toxicity endpoints, nuclear receptor activation, 
stress responses, metabolic liabilities, dose distributions, 
and bond-level structural contributions to toxicity.

3.8.1. Organ toxicity and endpoints

Radar plots of organ toxicity revealed that all ligands were 
consistently predicted to be inactive for hepatotoxicity, 
neurotoxicity, and cardiotoxicity (Figure  12). However, 
nephrotoxicity and respiratory toxicity were predicted 
as active in all three ligands, with CID 5280805 showing 
the strongest nephrotoxic signal (probability: 0.77). 
Bar graphs of toxicity endpoints revealed compound-
specific differences: CID 5280445 exhibited risks for 
carcinogenicity (0.68), mutagenicity (0.51), and nutritional 
toxicity (0.63), whereas CID 5280805 was predicted to be 
immunotoxic (0.98) and also showed nutritional toxicity 
(0.54). CID 5281855 showed an intermediate pattern with 
moderate immunotoxic and mutagenic predictions.

In addition to toxicity assessment, ADMET profiling 
was performed to evaluate pharmacokinetic behavior and 

overall drug-likeness properties of each phytochemical 
candidate.

3.9. Nuclear receptor and stress pathways

Analysis of nuclear receptor signaling revealed that 
CID 5280445 shows strong interactions with the aryl 
hydrocarbon receptor (0.91) and estrogen receptor (ER) 
pathways (Erα: 0.87; ER–ligand-binding domain: 0.95), 
suggesting possible endocrine-disrupting potential. 
In contrast, CID 5280805 and CID 5281855 displayed 
minimal receptor activation. Stress response predictions 
further identified CID 5280445 as a mitochondrial-stress 
liability, with strong activation of the mitochondrial 
membrane potential (probability: 1.0). No significant 
stress pathway activation was observed for CID 5280805 
or CID 5281855.

3.9.1. Metabolic liabilities

Cytochrome P450 (CYP) enzyme interactions were 
predicted to be strongest for CID 5280445, which activated 
CYP1A2, CYP2C9, and CYP2C19, suggesting higher 

Figure  8. Ramachandran plot analysis. (A) Standard 2D-Ramachandran Map; (B) 3D Ramachandran bar plot frequency of torsion angles; (C) 2D 
Ramachandran plot (Alanine,15 amino acids; Gly; Val/Ile; pre-Pro; trans-Pro; cis-Pro); (D) Standard 3D Ramachandran bar plot frequency of torsion 
angles; favored (cyan), allowed (blue), disallowed regions (red).

D

C

B

A

https://dx.doi.org/10.36922/MI025370100


Microbes & Immunity Phytochemicals against MDR bacteria

Volume 3 Issue 1 (2026)	 124� doi: 10.36922/MI025370100

Figure  9. Ramachandran plot analysis. (A) Standard 2D-Ramachandran Map; (B) 3D Ramachandran bar plot frequency of torsion angles; (C) 2D 
Ramachandran plot (Alanine,15 amino acids; Gly; Val/Ile; pre-Pro; trans-Pro; cis-Pro); (D) Standard 3D Ramachandran bar plot frequency of torsion 
angles; favored (cyan), allowed (blue), disallowed regions (red).
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Figure  10. Ramachandran plot analysis. (A) Standard 2D-Ramachandran Map; (B) 3D Ramachandran bar plot frequency of torsion angles; (C) 2D 
Ramachandran plot (Alanine,15 amino acids; Gly; Val/Ile; pre-Pro; trans-Pro; cis-Pro); (D) Standard 3D Ramachandran bar plot frequency of torsion 
angles; favored (cyan), allowed (blue), disallowed regions (red).
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metabolic turnover and a possible risk of drug–drug 
interactions. Both CID 5280805 and CID 5281855 exhibited 
minimal CYP450 activation, indicating comparatively 
safer metabolic profiles.

3.9.2. Dose distribution

The dose distribution plots (Figure  13) illustrate the 
predicted LD50 values and corresponding toxicity classes. 
CID 5280445 showed a distribution toward lower LD50 
values, indicating higher acute toxicity and reduced dosage 
safety margins. In contrast, CID 5280805 and CID 5281855 
were associated with distributions at higher LD50 values, 
reflecting comparatively lower predicted acute toxicity.

3.9.3. Bond distribution

As shown in Figure  14, bond distribution graphs 
revealed the structural determinants underlying toxicity 
predictions. For CID 5280445, aromatic and heteroatomic 
bonds contributed prominently to toxicity endpoints, 
consistent with its observed receptor pathway activations 
and mutagenicity. In contrast, CID 5280805 and CID 
5281855 displayed more balanced bond distributions, with 

fewer structural alerts, supporting their comparatively 
safer toxicity predictions. These findings highlight how 
molecular structure directly influences toxicity risk.

Among the three ligands, CID 5280805 demonstrated 
the most favorable toxicity profile, with limited active 
predictions beyond immunotoxicity and nutritional 
toxicity. CID 5281855 exhibited an intermediate profile, 
whereas CID 5280445 exhibited the greatest toxicological 
risk, with strong carcinogenic, mutagenic, metabolic, and 
mitochondrial stress predictions. These findings provide 
an early safety evaluation and support the prioritization of 
ligands for further in vitro validation.

3.10. ADMET analysis

The pharmacokinetic and drug-likeness properties of 
luteolin (CID 5280445), rutin (CID 5280805), and ellagic 
acid (CID 5281855) were evaluated using in silico ADMET 
profiling tools. The assessment covered absorption, 
distribution, metabolism, excretion, and medicinal 
chemistry filters, which are essential for determining drug 
suitability.

Figure  11. Ramachandran plot analysis. (A) Standard 2D-Ramachandran Map; (B) 3D Ramachandran bar plot frequency of torsion angles; (C) 2D 
Ramachandran plot (Alanine,15 amino acids; Gly; Val/Ile; pre-Pro; trans-Pro; cis-Pro); (D) Standard 3D Ramachandran bar plot frequency of torsion 
angles; favored (cyan), allowed (blue), disallowed regions (red).
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3.10.1. Ligand 1: Luteolin (CID 5280445)

Luteolin (C15H10O6; molecular weight [MW]: 286.24 g/mol) 
exhibited favorable physicochemical properties, including 
a topological polar surface area (TPSA) of 111.13 Å2 and a 
consensus LogP of 1.73. The compound was predicted to 
have high GI absorption but not to cross the blood–brain 
barrier (BBB) and not to act as a P-glycoprotein substrate. It 
was predicted to inhibit CYP1A2, CYP2D6, and CYP3A4, 
suggesting moderate metabolic liabilities. Skin permeation 
was acceptable (log Kp = −6.25 cm/s).

Luteolin satisfied major drug-likeness filters (e.g., 
Lipinski, Ghose, Veber, Egan, and Muegge) without 
violations and had a bioavailability score of 0.55. Medicinal 
chemistry analysis flagged one pan-assay interference 
compound (PAINS) alert (catechol A) and one Brenk 
alert (catechol). Synthetic accessibility was favorable 
(score: 3.02). Overall, luteolin demonstrated good oral 
bioavailability and compliance with drug-likeness rules, 
although CYP inhibition and PAINS alerts should be 
considered.

Figure 12. Radar plots showing comparative toxicity profiles of ligands (A) CID 5280445, (B) CID 5280805, and (C) CID 5281855 against the average 
reference molecule, highlighting variations in nephrotoxic and immunotoxic tendencies
Abbreviations: CID: Compound ID.
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3.10.2. Ligand 2: Rutin (CID 5280805)

Rutin (C27H30O16; MW: 610.52  g/mol) exhibited less 
favorable ADMET characteristics, with a TPSA of 
269.43   Å2 and a consensus LogP of −1.51, indicating 
high polarity and low lipophilicity. It was predicted to 
have low GI absorption, not to cross the BBB, and to act 
as a P-glycoprotein substrate, suggesting efflux limitations. 

Unlike luteolin, this compound was not predicted to 
inhibit major CYP450 isoforms, thereby minimizing risks 
of metabolic interactions. Skin permeation was very poor 
(log Kp = −10.26 cm/s).

Drug-likeness evaluation revealed multiple violations: 
Lipinski (MW >500, excess hydrogen-bond donors/
acceptors), Ghose, Egan, and Muegge. The bioavailability 
score was low (0.17). Medicinal chemistry filters flagged 

Figure 13. Dose distribution and LD50 profiles of ligands (A) CID 5280445, (B) CID 5280805, and (C) CID 5281855. CID 5280445 exhibited lower LD50, 
indicating higher acute toxicity, whereas CID 5280805 and CID 5281855 exhibited higher LD50 values, suggesting lower toxicity.
Abbreviations: CID: Compound ID; LD50: Median lethal dose.

Figure 14. Bond distribution and structural determinants of ligands (A) CID 5280445, (B) CID 5280805, and (C) CID 5281855 toxicity. CID 5280445 
exhibited higher aromatic and heteroatomic bond contributions associated with greater toxicity, whereas CID 5280805 and CID 5281855 displayed more 
balanced bond distributions, indicating comparatively lower toxicity risks.
Abbreviation: CID: Compound ID.
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catechol A and catechol alerts. Synthetic accessibility was 
poor (6.52), reflecting structural complexity. Overall, rutin 
demonstrated poor oral absorption and limited drug-
likeness despite its favorable predicted CYP interaction 
profile.

3.10.3. Ligand 3: Ellagic acid (CID 5281855)

Ellagic acid (C14H6O8; MW: 302.19  g/mol) exhibited 
moderate physicochemical properties, with a TPSA of 
141.34 Å2 and a consensus LogP of 1.00, reflecting balanced 
polarity. It was predicted to have high GI absorption but 
not to cross the BBB and not to act as a P-glycoprotein 
substrate. Importantly, it was not predicted to inhibit major 
CYP450 isoforms (e.g., CYP1A2, CYP2C19, CYP2C9, 
CYP2D6, CYP3A4), indicating low metabolic liabilities. 
Skin permeation was low (log Kp = −7.36 cm/s).

Drug-likeness profiling showed compliance with 
Lipinski, Ghose, and Muegge filters, while Veber and 
Egan filters flagged a single violation due to its high TPSA 
(>131 Å2). The bioavailability score was 0.55. Medicinal 
chemistry analysis identified one PAINS alert (catechol 
A) and three Brenk alerts (catechol, coumarin, polycyclic 
aromatic hydrocarbon). Nevertheless, ellagic acid’s 
synthetic accessibility was favorable (3.17), suggesting that 
it is easier to synthesize than other polyphenolic scaffolds.

Overall, luteolin and ellagic acid demonstrated 
better ADMET profiles, with acceptable absorption, 
bioavailability scores of 0.55, and manageable synthetic 
accessibility. However, both were flagged for PAINS alerts 

and potential assay interference. Ellagic acid’s high TPSA 
may limit permeability, whereas luteolin showed moderate 
metabolic liabilities via CYP inhibition. In contrast, rutin 
exhibited poor absorption, multiple rule violations, and 
low predicted bioavailability, making it the least favorable 
candidate.

This comparative assessment of ADMET properties 
across the top three ligands provided an integrated 
perspective on efficacy, safety, and drug-likeness.

3.11. Comparative summary of ADMET properties

Table  7 summarizes the pharmacokinetic and drug-
likeness parameters of the top three phytochemicals—
luteolin (CID 5280445), rutin (CID 5280805), and ellagic 
acid (CID 5281855)—that exhibited the most favorable 
docking affinities and stability across the selected bacterial 
targets.

Luteolin demonstrated the strongest binding 
affinity, particularly with P. aeruginosa LasR (2UV0; 
−10.8 kcal/mol), and also showed moderate interaction 
with E. coli β-lactamase (1BTL; −8.3 kcal/mol), indicating 
dual inhibitory potential against both QS and resistance 
enzymes. Rutin exhibited strong binding to the AcrBZ 
efflux pump chain A (−9.5 kcal/mol), but its stability 
decreased in pump-associated complexes, suggesting 
steric hindrance in intact systems. Ellagic acid displayed 
moderate affinity toward DNA gyrase (6F86; −8.3 
kcal/mol), stabilized by hydrogen bonding and aromatic 
π–π stacking interactions.

Table 7. Summary of absorption, distribution, metabolism, excretion, and toxicity properties of selected ligands

Parameter Luteolin (CID 5280445) Rutin (CID 5280805) Ellagic acid (CID 
5281855)

Formula (molecular weight) C15H10O6 (286.24 g/mol) C27H30O16 (610.52 g/mol) C14H6O8 (302.19 g/mol)

TPSA (Å2) 111.13 269.43 141.34

Consensus LogP 1.73 − 1.51 1.00

Gastrointestinal absorption High Low Moderate

Blood–brain barrier permeability No No No

P‑glycoprotein substrate No Yes No

CYP inhibition CYP1A2, 2D6, 3A4 None None

Skin permeation (log Kp) −6.25 cm/s −10.26 cm/s −7.85 cm/s

Drug‑likeness (rule violations) None Multiple (e.g., Lipinski, 
Ghose, Egan, Muegge)

Single (TPSA>131 Å2)

Bioavailability score 0.55 0.17 0.55

PAINS/Brenk alerts 1/1 1/1 1/2

Synthetic accessibility 3.02 (favorable) 6.52 (poor) 3.25 (favorable)

Overall assessment Good oral absorption; 
moderate CYP liabilities

Poor absorption; low 
drug‑likeness

Moderate absorption; 
excellent safety profile

Abbreviations: CID: Compound ID; CYP: Cytochrome P450; TPSA: Topological polar surface area.
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As presented in Table 7, ADMET profiling revealed that 
luteolin possessed high GI absorption and favorable drug-
likeness but showed moderate CYP-related liabilities. Rutin 
exhibited poor absorption and multiple rule violations, 
while ellagic acid displayed a balanced pharmacokinetic 
and safety profile with low predicted toxicity. Overall, 
luteolin emerged as the most potent dual-target inhibitor, 
whereas ellagic acid offered superior safety, highlighting 
both compounds as promising candidates for further 
in vitro and in vivo validation.

Collectively, these computational analyses offer a 
comprehensive view of binding affinities, stability, and 
pharmacokinetic profiles, forming the basis for a detailed 
discussion of dual-action inhibitory potential.

4. Discussion
The present study leveraged computational approaches 
to evaluate 10 African medicinal plant phytochemicals 
for their potential as dual-action inhibitors against MDR 
Gram-negative bacteria. Molecular docking, hydrophobic 
mapping, electrostatic analysis, solvent accessibility, 
bond length evaluation, and in silico ADMET profiling 
collectively provided insights into ligand–protein 
complementarity and potential pharmacological 
behavior.24,25

Among the screened phytochemicals, luteolin (CID 
5280445) consistently exhibited the highest binding 
affinities, particularly against LasR (−10.8 kcal/mol) and 
TEM-1 β-lactamase (−8.3 kcal/mol). Its strong inhibitory 
potential is underpinned by a synergistic network 
of hydrogen bonds (e.g., SER80, ASP123, LYS173), 
van der Waals interactions, and π–alkyl interactions, 
complemented by deep ligand burial within the 
hydrophobic pocket.23 The donor–donor clash observed 
with HIS177 was minimal and did not significantly 
destabilize the complex.26 The dense hydrophobic packing 
and extensive electrostatic complementarity of luteolin 
likely account for its dual activity in attenuating QS and 
β-lactamase function.27,28

Rutin (CID 5280805) demonstrated notable affinity for 
the AcrB efflux pump (−9.5 kcal/mol) in chain A, although 
the pump-associated form exhibited reduced binding due 
to steric hindrance.29 Stabilization was mediated primarily 
by hydrogen bonds and van der Waals interactions, 
with π–alkyl interactions reinforcing hydrophobic 
complementarity. The observed reduction in binding 
affinity within the efflux pump context highlights the 
dynamic influence of protein multimerization on ligand 
accommodation.25

Ellagic acid (CID 5281855) effectively targeted DNA 
gyrase B (−8.3 kcal/mol), forming stable hydrogen bonds 

with GLU274 and LYS305, along with π–π stacking and 
π–anion interactions, indicating potential interference 
with bacterial replication.26,30 Partial solvent exposure 
and moderate hydrophobic stabilization align with its 
intermediate binding affinity, suggesting a balance between 
accessibility and pocket encapsulation.28

Ramachandran plot analyses confirmed the structural 
reliability of all protein targets,24,25 ensuring accurate 
docking predictions. Hydrophobic mapping and SAS 
analyses consistently correlated ligand burial with 
binding strength,31,32 underscoring the importance of 
complementary non-polar interactions in complex 
stabilization. Bond length evaluations further reinforced 
the stability of top-scoring complexes, with hydrogen 
bonds in the 2.6–3.0 Å range mitigating the effect of minor 
unfavorable contacts.33

Both ADMET and drug-likeness predictions revealed 
that luteolin, despite high GI absorption and favorable 
drug-likeness, displayed potential mitochondrial and 
metabolic liabilities.26,28 In contrast, rutin and ellagic 
acid generally exhibited safer pharmacokinetic and 
toxicity profiles,31,33 although rutin showed moderate 
nephrotoxicity and immunotoxicity.30 These findings 
highlight a critical trade-off between binding potency 
and predicted systemic safety, guiding prioritization for 
experimental validation.28

It is important to note that these predictions are 
computational and do not substitute for experimental 
toxicity assessments. The actual cytotoxicity and 
therapeutic safety of luteolin, rutin, and ellagic acid against 
human cells and MDR bacteria remain to be established 
through in vitro and in vivo studies.

Overall, luteolin, rutin, and ellagic acid were 
identified as promising computational leads with 
complementary inhibitory mechanisms against MDR 
Gram-negative bacteria.34 The dual-action potential of 
these phytochemicals, targeting both virulence factors and 
essential bacterial enzymes, demonstrates the translational 
value of African medicinal plant scaffolds in rational 
antimicrobial design.10 Subsequent in vitro and in vivo 
studies are warranted to confirm efficacy, optimize safety, 
and explore synergistic combinations for novel anti-MDR 
therapeutics.35

5. Conclusion
This study demonstrates that African medicinal plant 
phytochemicals possess significant dual-action potential 
against MDR Gram-negative bacteria. Luteolin exhibited 
strong binding to both LasR and TEM-1 β-lactamase, 
suggesting simultaneous QS disruption and enzyme 
inhibition. Rutin and ellagic acid showed high affinities 
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for the AcrB efflux pump and DNA gyrase B, respectively, 
indicating complementary mechanisms to impair bacterial 
survival and resistance. In silico ADMET and drug-
likeness analyses further highlighted luteolin, rutin, and 
ellagic acid as promising leads with generally favorable 
pharmacokinetic profiles and manageable toxicity risks.20 
Collectively, these findings provide a computational 
foundation for prioritizing these phytochemicals in 
experimental studies aimed at developing novel anti-
MDR therapeutics. Although the data suggest that these 
flavonoids could serve as promising antimicrobial agents, 
their safety, cytotoxicity, and actual antimicrobial efficacy 
still require experimental confirmation. Future in vitro and 
in vivo studies are essential before any therapeutic claims 
can be made.
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