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ABSTRACT

Background. The increasing resistance of Candida albicans to conventional azole therapies necessitates
the discovery of novel antifungal agents that target both metabolic pathways and virulence factors. This in
silico study investigated the potential of pomegranate leaf phytochemicals as dual inhibitors of lanosterol
14a-demethylase (CYP51), essential for ergosterol biosynthesis, and secreted aspartic protease 2 (SAP2),
a mediator of fungal virulence.

Material and methods. A consensus docking approach was employed using three independent engines:
AutoDock Vina, AutoDock4, and LeDock. Seven phytochemicals were screened against crystal structures
of CYP51 and SAP2. Reliability was validated by redocking, and binding interactions were analysed using 3D
and 2D visualisations in Discovery Studio Visualizer (2025). The pharmacokinetics, drug-likeness, and toxic-
ity of the compounds were assessed using the SwissADME and pkCSM tools.

Results. Consensus Z-scores identified two distinct classes of inhibitors. Quercetin was predicted as the pri-
mary consensus lead against CYP51 (Z-score: -0.98), outperforming fluconazole (Z-score: 0.77) by targeting
residues in the substrate-access channel (Ser378, Leu87) rather than traditional heme coordination. Ellag-
ic acid was the primary consensus lead for SAP2, predicted to act as a molecular wedge that may restrict
mobility of the enzyme's flexible flap region (Tyr84). Luteolin and apigenin, identified as secondary lead can-
didates, exhibited consistent binding across both targets. All prioritised compounds demonstrated favour-
able ADMET profiles, adhering to Lipinski's Rule of Five with high gastrointestinal absorption.

Conclusions. The findings suggest a specialist-generalist dichotomy among pomegranate phytochemicals.
While quercetin and ellagic acid suggest high-potency targeted inhibition, the dual-target engagement of
luteolin and apigenin may offer a predicted strategic advantage in reducing the evolutionary probability of
resistance. These results provide a molecular framework for the development of plant-derived multi-target
antifungal therapies.

Introduction antifungals that target both classical and non-

classical virulence mechanisms. In recent years,
The growing azole resistance crisis reflects the natural products have gained renewed attention
need to identify alternative or complementary as valuable sources of diverse bioactive com-
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pounds with antimicrobial efficacy. Plant-derived
polyphenols, particularly flavonoids, have dem-
onstrated broad antifungal activity through multi-
ple mechanisms, including membrane disruption,
enzyme inhibition, oxidative stress induction, and
modulation of virulence factors [1]. The structur-
al complexity and multi-target potential of these
compounds make them promising candidates in
the search for novel antifungal leads.

Punica granatum L. (pomegranate), a species
with a long history of traditional medicinal use, is
abundant in polyphenols, flavonoids, and tannins,
which have been associated with antimicrobial
and antioxidant activities [2,3]. Previous investi-
gations have demonstrated the antifungal activi-
ty of pomegranate extracts, particularly peel phe-
nolics such as punicalagin and punicalin, against
pathogenic fungi [4]; however, most studies have
focused on fruit peel-derived phenolics. In con-
trast, the phytochemical composition and tar-
get-specific antifungal potential of leaf-derived
constituents of pomegranate leaves remain com-
paratively underexplored. Although there is grow-
ing recognition that other plant parts, such as
leaves, may harbour unique bioactive compounds
that could interfere with essential fungal targets
or modulate virulence pathways [2], systemat-
ic, target-based investigations of pomegranate
leaf phytochemicals are currently lacking. While
pomegranate peel is a well-documented source of
hydrolysable tannins, the leaf metabolome offers
a different profile characterised by a higher den-
sity of specific flavonoids. Previous HPLC, FAB-
mass spectrometry, and NMR phytochemical
profiling studies have confirmed the presence of
flavonoids and related polyphenols in hydroetha-
nolic P. granatum leaf extracts [5-8]. Quantitative
analyses reported ellagic acid concentrations
ranging from approximately 1.30 to 6.46 mg/g
dry weight, depending on seasonal and extrac-
tion conditions. At the same time, total flavonoid
yields in leaf extracts reached up to 147.4 mg/g
dry weight [9,10]. Quercetin and related flavonoids
have also been identified as significant bioactive
constituents of the leaf metabolome [7,11].

In silico approaches have become indispens-
able tools in early-stage drug discovery [12],
enabling efficient screening of candidate com-
pounds, elucidation of molecular interactions,
and prediction of absorption, distribution, metab-
olism, excretion, and toxicity (ADMET) properties.
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These computational approaches offer insights
into ligand—protein binding affinities and inter-
action geometries, thereby guiding the identi-
fication of promising lead compounds before
experimental validation. While molecular dock-
ing has become a cornerstone of virtual screen-
ing, traditional workflows often rely on a single
docking engine. Such single-engine approaches
are frequently limited by scoring bias, in which
the mathematical algorithm may overpredict the
affinity of certain chemical classes while produc-
ing false positives for others. By combining mul-
tiple independent docking algorithms, each with
different scoring functions, consensus methods
can cancel out individual software errors, provid-
ing a more robust and validated ranking of poten-
tial leads. To date, no molecular docking studies
have systematically evaluated major leaf-derived
phytoconstituents of P. granatum against vali-
dated antifungal targets, such as lanosterol 14a-
demethylase (CYP51) and secreted aspartic pro-
teinase 2 (SAP2) of C. albicans.

Given the increasing resistance to conven-
tional antifungal agents and the limited structural
characterisation of pomegranate leaf phytochem-
icals in an antifungal context, a focused compu-
tational investigation is warranted. Therefore, the
present study aimed to evaluate major bioactive
constituents identified from P. granatum sys-
tematically leaves for their predicted inhibitory
potential against CYP51 and SAP2 using consen-
sus molecular docking, binding interaction anal-
ysis, and ADMET profiling, to identify promising
multi-target antifungal lead candidates for future
experimental validation.

Materials and methods

Protein selection and preparation

Two Candida albicans proteins: (CYP51, PDB ID:
5V5Z and SAP2, PDB ID: 1EAG) were selected.
High-resolution crystal structures (< 3.0 A) were
downloaded from the Protein Data Bank (PDB;
https://www.rcsb.org). Protein preparation was
performed using AMDock v1.4.x [13], which inter-
nally uses routines from AutoDock Tools v.1.5.7
[14] to prepare receptor structures. This automat-
ed procedure included the removal of co-crystal-
lised ligands and water molecules, the addition of
polar hydrogens, the merging of non-polar hydro-
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Figure 1. Workflow of the in silico molecular docking study.

gens, the assignment of Kollman charges, and
the conversion of the structures into PDBQT for-
mat suitable for docking.

Ligand selection and preparation

Compounds were selected based on published
phytochemical profiling studies. These include
catechin, kaempferol, quercetin, and apigenin
[15], ellagic acid [16], gallic acid [17], and luteolin
[18]. Three-dimensional structures of the select-
ed phytochemicals were obtained from PubChem
(https://pubchem.ncbi.nlm.nih.gov) in SDF for-
mat. The structures were converted to PDB for-
mat using Open Babel v2.4.1 [19] and subsequent-
ly energy-minimised using the MMFF94 force
field in Avogadro [20] to obtain stable conforma-
tions. Ligands were prepared for docking using
AMDock v1.4.x [13] which automatically assigns
Gasteiger charges, detects rotatable bonds, adds
hydrogens, and converts the ligands to PDBQT
format compatible with the docking engine. Flu-
conazole and Pepstatin A were included as ref-
erence ligands for CYP51 and SAP2, respectively,
and prepared using the same procedure.

Redocking validation and visualisation

To validate the docking protocol, the co-crystal-
lised ligands were re-docked into their respec-
tive binding sites. Redocking validation was per-

’ SwissADME/pkCSM - Toxicity « AMES mutagenicity

formed using the online web server LigRMSD
[21], which compared the predicted poses with
the experimental crystallographic conforma-
tions. The redocked poses showed high geomet-
ric similarity to the native ligands, yielding root-
mean-square deviation (RMSD) values of 0.34 A
for CYP51 and 0.73 A for SAP2, confirming the
reliability of the docking parameters. The super-
imposition of the native and redocked ligands is
shown in Supplementary files 1 and 2.

Consensus docking

Consensus docking was performed using three
docking platforms to evaluate the robustness
of binding predictions. The study employs a tri-
engine consensus docking workflow to calcu-
late a consensus Z-score to eliminate algorithmic
bias. Docking simulations were performed on
a laptop running Windows 11 (64-bit) equipped
with an Intel® Core™ i7-10510U processor and
16 GB RAM. Molecular docking was carried out
using the following docking engines:

AMDock v1.4.x [13]: For the CYP51 protein tar-
get, the search space was defined using a grid
box of 39.0 A x 39.0 A x 39.0 A centered at coor-
dinates (X: -44.8, Y: -10.7, Z: 22.3) and grid box of
27.0 Ax27.0 Ax 27.0 A centered at coordinates (X:
41.97,Y:22.59, Z: 11.47 for SAP2) with an exhaus-
tiveness value of 8. Each ligand was docked inde-
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pendently against each protein target, and the
best binding pose was selected based on the
lowest binding affinity (kcal/mol).

LeDock [22]: Ligand and protein files were
prepared in accordance with LeDock require-
ments. The protein structure was first prepared
using the LePro program, which automatically
added hydrogen atoms, assigned CHARMM force
field charges, and removed water molecules and
cofactors. Ligands were prepared in SYBYL Mol2
format, and energy minimisation was performed
to ensure an optimal starting 3D conformation.
The docking parameters were defined in a con-
figuration file (dock.in), with the search space and
coordinates similar to those of AutoDock Vina
and AutoDock4. For each ligand, 20 docking runs
were executed with an RMSD clustering tolerance
of 1.0 A. Top-ranked poses were selected based
on predicted binding energy and orientation.

Binding affinities and interaction features
were tabulated. Consensus Z-scores were cal-
culated by averaging the standardised Z-scores
from the three docking platforms for each ligand
using the formula:

Z =

X—H

ag

(where x is the score, p is the mean, and o is the
standard deviation). Docked complexes were
visualised and analysed using Discovery Stu-
dio Visualizer 2025 [23]. Interactions such as
hydrogen bonding, hydrophobic contacts, and
n-T interactions were examined using two-di-
mensional interaction diagrams. Key interacting
residues were compared with previously reported
active site residues for each protein.

ADMET and drug-likeness prediction
Pharmacokinetic and toxicity profiles were evalu-
ated using the web-based tools SwissADME [24]
and pkCSM [25]. Parameters analysed included
Lipinski's Rule of Five compliance, gastrointesti-
nal absorption, blood—brain barrier permeability,
and cytochrome P450 inhibition. These data were
used to assess drug-likeness, pharmacokinetic
suitability, and potential drug—drug interaction
risks, and to prioritise ligands for further study.

Results

Binding affinity against CYP51 and SAP2
Among all tested compounds, quercetin exhibited
the strongest binding affinity across all docking
engines toward CYP51 (see Table 1), outperform-
ing the reference antifungal drug fluconazole. At
the same time, ellagic acid exhibited the stron-
gest binding affinity towards SAP2 (see Table 2).
Luteolin and apigenin also demonstrated notable
affinities, ranking second and third, respectively,
towards both CYP51 and SAP2. In contrast, gallic
acid exhibited weaker binding energies across all
docking engines.

Binding interaction and residue analysis of
CYP51

The docked complex reveals that quercetin is
stably accommodated within the enzyme's cata-
lytic pocket, forming multiple non-covalent inter-
actions with functionally relevant amino acid
residues. Quercetin, as a primary lead, forms
hydrogen-bond interactions with the Ser378 resi-
due located in proximity to the catalytic region of

Table 1. Consensus docking scores of P. granatum leaf compounds against CYP51.

Compound PubChem Vina score AD4 score LeDock score Consensus Ranking
CID (kcal/mol) (kcal/mol) (kcal/mol) Z-score
Apigenin 5280443 -8.7 -7.90 -A74 -0.50 3
Catechin 9064 -8.8 -1.16 -4.92 -0.43 4
Ellagic acid 5281855 -79 -7.66 -4.71 -0.13 6
Gallic acid 370 -5.9 -5.18 =342 1.97 8
Kaempferol 5280863 -8.7 -7.05 -4.61 -0.15 5
Luteolin 5280445 -8.6 -1.94 -4.85 -0.55 2
Quercetin 5280343 -8.7 -7.93 -5.44 -0.98 1
Fluconazole 3365 -7.8 -5.55 -4.37 0.77 7

Note: The consensus Z-score represents the mean standardised docking performance across the three docking platforms. A Z-score of 0 rep-
resents the average docking performance of all screened compounds, negative values indicate stronger-than-average predicted consensus
binding affinity, and positive values indicate weaker-than-average predicted binding performance.
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CYP51 (see Figure 2A). These hydrogen bonds
contribute to the stabilisation of the ligand within
the active site and indicate a favourable orienta-
tion of quercetin hydroxyl groups toward polar
residues. The m-mn stacking interactions with
Phe233 and Ser453 suggest a potential channel-
occlusion mechanism that, if sustained, could
interfere with catalytic activity. Similarly, api-
genin and luteolin, as secondary lead candidates,
formed hydrogen bonds with key residues such
as Ser378, Tyr460, and Gly466, and engaged in
n—Tinteractions with aromatic residues including
His377, Phe228, and Phe233 (see Table 3). These
interactions are critical for maintaining ligand
stability within the heme-binding pocket and may
contribute to inhibition of sterol biosynthesis. In
contrast, gallic acid displayed limited interac-
tion with CYP51, forming no significant hydro-
gen bonds and only weak m—m interactions with
Phe463, which may account for its poor docking
performance.

Binding interaction and residue analysis of SAP2
For SAP2, ellagic acid, the top-ranked primary
consensus lead, demonstrated strong binding
through hydrogen bond interactions with cata-
lytic residues Asp86 and Ser88, as well as n—n
stacking with Tyr84, a key residue within the flap
region (see Figure 2C). These interactions sug-
gest potential anchoring within the active site
and possible restriction of the enzyme's flex-
ible regions. Luteolin and apigenin also showed
favourable binding patterns, forming hydrogen
bonds with Asp120 and m—mt interactions with
Tyr84, indicating consistent engagement with
critical residues involved in protease activity. This
suggests that secondary compounds, such as
ellagic acid, may contribute to restricting flap-re-
gion mobility of SAP2. Gallic acid, as a compara-
tive candidate, however, exhibited hydrogen-bond
interactions with Asp86 and Gly83, with no m—mn
stacking, which possibly explains its lower bind-
ing affinity observed with SAP2 (see Table 3).

Table 2. Consensus docking scores of P. granatum leaf compounds against SAP2.

Compound PubChem Vina Score AD4 Score LeDock Score Consensus Ranking
CID (kcal/mol) (kcal/mol) (kcal/mol) Z-score
Apigenin 5280443 -7.6 -6.59 -4.32 -0.26 3
Catechin 9064 -1.4 -6.11 -4.12 0.06 6
Ellagic acid 5281855 1.7 -5.79 -5.26 -0.64 1
Gallic acid 370 -5.2 -3.89 -3.53 1.84 8
Kaempferol 5280863 -1.6 -6.00 -4.50 -0.21 4
Luteolin 5280445 17 -6.26 -4.49 -0.31 2
Quercetin 5280343 1.7 -6.24 -4.85 -0.52 7
Pepstatin A 5478883 -7.8 -3.21 -5.20 0.05 5

Note: The consensus Z-score represents the mean standardised docking performance across the three docking platforms. A Z-score of 0 rep-
resents the average docking performance of all screened compounds, negative values indicate stronger-than-average predicted consensus
binding affinity, and positive values indicate weaker-than-average predicted binding performance.

Table 3. Residue interactions of primary, secondary, positive, and negative controls with CYP51 and SAP2.

Protein Compound Amino acid residues involved
H-bond Pi-stacked
CYP51 Quercetin Ser378 Phe233
Apigenin Ser378, Tyr460, Gly466 His377
Luteolin Ser378, His377 His377, Phe228, Tyr118, Phe233
Fluconazole 1le471 His468, Phe463
Gallic acid = Phe463
SAP2 Ellagic acid Asp86, Ser88 Tyr84
Apigenin Asp120 Tyr84
Luteolin Asp120 Tyr84
Pepstatin A = -
Gallic acid Asp86, Gly83 -

Only high affinity hydrogen bonds with interatomic distances < 3.5 A are listed. Standard hydrophobic interactions
(<5.0 A) providing auxiliary stability are discussed in text. Quercetin and ellagic acid = primary leads; apigenin and
luteolin = secondary leads; fluconazole and pepstatin A = positive control; Gallic acid = negative control.
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Figure 2. 3D/2D interactions of (A) Quercetin and (B) Fluconazole with CYP51. Figure (C) shows Ellagic acid and (D) Pepstatin A with
SAP2. Hydrogen bonds are shown in green dashed lines, hydrophobic contacts in purple/magenta.
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Physicochemical properties and
drug-likeness

Table 4 shows that both the primary (querce-
tin and ellagic acid) and secondary (luteolin and
apigenin) lead compounds exhibit higher drug-
likeness profiles compared to the peptide-based
inhibitor, pepstatin A. All identified leads strictly
adhered to Lipinski's Rule of Five (MW < 500 Da,
HBD < 5, HBA < 10, and Log P < 5). Conversely,
pepstatin A exhibited significant violations (MW:
685.89, HBD: 8), suggesting suboptimal oral bio-
availability. Furthermore, the compounds dem-
onstrated low molecular complexity, with rotat-
able bond counts between 0 and 1, and moder-
ate Topological Polar Surface Area (TPSA) values
(90.90-131.36 A2?), all below the critical 140 A2
threshold, which are indicative of favourable oral
bioavailability.

All prioritised primary and secondary lead
compounds demonstrated high gastrointestinal
(Gl) absorption, comparable to the clinical stan-
dard, fluconazole. Additionally, unlike the refer-
ence compounds, the leads were not identified as
substrates for P-glycoprotein (P-gp), suggesting
areduced risk of efflux-mediated drug resistance.

Metabolic profiling indicated that quercetin, lute-
olin, and apigenin may inhibit the cytochrome
P450 enzymes CYP3A4 and CYP2D6. In contrast,
ellagic acid exhibited no such inhibition, present-
ing a more favourable metabolic profile. Further-
more, synthetic accessibility scores (2.96-3.23)
categorise these natural compounds as highly
feasible to synthesise or isolate. All compounds,
except apigenin, triggered one PAINS alert.

Comparative pharmacokinetic and toxicity
analysis

ADMET profiling further confirmed that the pri-
mary consensus lead (quercetin) and second-
ary candidates (apigenin and luteolin) exhibit
potentially enhanced safety and absorption pro-
files relative to conventional antifungal agents
(see Table 5). Quantitative in silico predictions of
Human Intestinal Absorption (HIA) revealed high
absorption percentages, especially for ellagic
acid (86.68%) and for the secondary lead, api-
genin (93.25%). These values represent a marked
improvement over the protease inhibitor pep-
statin A, which demonstrated negligible absorp-
tion (4.33%). Furthermore, Caco-2 permeability

Table 4. In silico drug-likeness, absorption and physicochemical properties of selected compounds.

Parameter Quercetin Ellagic acid Luteolin Apigenin Fluconazole Pepstatin A
Physicochemistry
MW (g/mol) 302.24 302.19 286.24 270.24 306.27 685.89
TPSA (A?) 131.36 141.34 11113 90.90 81.65 223.26
HBD 5 4 4 8 1 8
HBA 7 8 6 5 7 9
Rotatable bonds 1 0 1 1 5 27
Lipophilicity
Consensus Log P,,,, 1.23 1.00 1.73 2.11 0.88 2.37
Log P,,, (XLOGP3) 1.54 1.10 2.53 3.02 0.35 2.99
Solubility class Soluble Soluble Moderate Moderate Very soluble Poorly
Pharmacokinetics
Gl absorption High High High High High Low
BBB permeant No No No No No No
P-gp substrate No No No No Yes Yes
CYP inhibitor:
- CYP3A4 Yes No Yes Yes No No
- CYP2D6 Yes No Yes Yes No No
- CYP2C9 No No No No No No
Lipinski Yes Yes Yes Yes Yes No
Bioavailability score 0.55 0.55 0.55 0.55 0.55 0.11
PAINS (alerts) 1 1 1 0 0 0
Synthetic accessibility 3.23 317 3.02 2.96 2.45 6.65

MW = Molecular weight; TPSA = Topological polar surface area; HBD = Hydrogen bond donor; HBA = Hydrogen bond acceptor; Log P =
Lipophilicity; GI = Gastrointestinal; BBB = Blood brain barrier; PAINS = Pan-assay interferences compounds
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Table 5. Comparative pharmacokinetic and toxicity profiles of compounds.

Compound  PubChem Water Caco-2 HIA Skin(logKp) VDss BBB(logBB) AMES Hepatotoxicity
CID solubility (logP,,) (%) Permeability (logL/kg) Permeant toxicity
(log mol/L)
Apigenin 5280443 -3.32 1.00 93.25 -2.73 0.82 -0.73 No No
Catechin 9064 -3.11 -0.28  68.82 -2.73 1.02 -1.05 No No
Ellagicacid 5281855 -3.18 0.33  86.68 -2.73 0.37 -1.27 No No
Gallic acid 370 -2.56 -0.08  43.37 -2.73 -1.85 -1.10 No No
Kaempferol 5280863 -3.04 0.03 7429 -2.73 1.27 -0.93 No No
Luteolin 5280445 -3.09 0.09 81.13 -2.73 1.15 -0.90 No No
Quercetin 5280343 -2.92 -0.22 7720 -2.73 1.55 -1.09 No No
Fluconazole 3365 -3.02 -0.38  85.47 -3.29 -1.32 -1.07 Yes Yes
PepstatinA 5478883 -3.06 -0.20 433 -2.73 -1.70 -1.31 No Yes

HIA = Human intestinal absorption; VDss = Volume of distribution at steady state; BBB = Blood brain barrier.

assays identified apigenin as a highly permeable
candidate (log P,,, = 1.00), while fluconazole and
quercetin exhibited more moderate permeability
coefficients of -0.38 and -0.22, respectively. The
steady-state volume of distribution (VD) and
blood-brain barrier (BBB) metrics indicate that
quercetin had a significantly higher VD (1.55 log
L/kg) than fluconazole (-1.32 log L/kg), suggest-
ing more extensive distribution into peripheral
tissues. Regarding safety, all primary and sec-
ondary leads were classified as non-permeant to
the BBB, with log BB values ranging from -0.73 to
-1.27.

Evaluation of mutagenic potential using the
AMES test revealed that all lead compounds were
non-mutagenic (AMES-negative). In contrast, the
clinical standard, fluconazole, yielded a positive
AMES result, suggesting a potential risk of genet-
ic toxicity. Furthermore, organ toxicity predic-
tions indicated that all lead phytochemicals were
non-hepatotoxic. This stands in marked contrast
to both fluconazole and pepstatin A, which were
flagged for potential hepatotoxicity.

Discussion

This study employs a consensus docking work-
flow to evaluate selected pomegranate leaf phy-
tochemicals against Candida albicans targets:
lanosterol 14a-demethylase (CYP51) and secret-
ed aspartic protease 2 (SAP2). Based on repro-
ducible tri-engine consensus Z-scores, quercetin
and ellagic acid are designated as primary con-
sensus leads due to their target-preferential bind-
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ing. Luteolin and apigenin, while demonstrating
consistent cross-target affinity across all dock-
ing platforms, are discussed as secondary can-
didates. The ADMET and dual-target character-
istics of the secondary leads are interpreted as
comparative candidates.

Quercetin consistently ranked as the top pri-
mary consensus lead for CYP51 across all three
docking engines (consensus Z-score = -0.98),
surpassing the reference antifungal fluconazole
(consensus Z-score = 0.77). Hydrogen bonds
mediate its binding to Ser378, m-m interac-
tions with Phe233, and stabilisation by Ser453,
Gly466, and Tyr460 within the C-terminal loop,
which is part of the heme-binding region in many
CYP51 structures. This orientation is predicted to
occlude the substrate access channel, suggest-
ing a potential mechanism of competitive inhibi-
tion of lanosterol entry and subsequent suppres-
sion of ergosterol biosynthesis—a hypothesis that
requires MD simulation and experimental assay
to confirm, which is mechanistically distinct
from heme-iron coordination typically observed
with azoles. While prior studies [26,27] focused
primarily on azole coordination with heme iron,
the present findings indicate that quercetin pref-
erentially targets residues lining the substrate
access channel, providing a potential mechanism
to bypass resistance arising from alterations in
heme coordination. Experimental studies confirm
that quercetin inhibits biofilm formation, reduces
adherence and hyphal transition, and downregu-
lates virulence-associated genes (ALS1, ALS3,
HWP1) in both planktonic and biofilm models
[28]. Furthermore, when combined with flucon-



azole, quercetin synergistically inhibits biofilms
in fluconazole-resistant C. albicans isolates and
reduces the pathogenic burden in murine vul-
vovaginal candidiasis models [29]. These experi-
mental results highlight that quercetin’s antifun-
gal potential extends beyond predicted binding
energies, suggesting broader modulation of cell-
surface properties, virulence mechanisms, and
biofilm dynamics [30].

Ellagic acid was identified as the top prima-
ry consensus lead for SAP2 (consensus Z-score
= -0.64), surpassing Pepstatin A (consensus
Z-score = 0.05) across all consensus docking
engines. Key interactions involve catalytic resi-
dues Asp86 and Ser88 and engagement of the
flexible flap region via n—m stacking with Tyr84.
The mobility of the flap region is critical for sub-
strate binding and catalytic turnover, and Tyr84
has been identified as essential for flap clo-
sure and catalytic efficiency [31]. Ellagic acid
is predicted to act as a molecular wedge that
may restrict flap mobility, potentially favouring
an inactive-like conformation of SAP2—though
whether this predicted restriction translates to
sustained inhibition under dynamic physiologi-
cal conditions requires MD simulations to con-
firm. This aligns with prior studies suggesting
that targeted immobilisation of flap residues can
effectively suppress protease activity [3233].
While inhibitors targeting SAP2's flap region are
uncommon, this mode of interaction suggests
that flavonoids can act beyond simple active-site
competition, disrupting enzyme flexibility and
substrate processing. These structural insights
complement functional studies showing that
ellagic acid suppresses hyphal transition and
HWP1 expression [34], providing a mechanistic
explanation linking phenotypic inhibition to direct
molecular interactions within the SAP2 active
site. Physiologically, ellagic acid exhibits broad
antifungal activity against Candida species and
other fungi, including inhibition of ergosterol bio-
synthesis and disruption of membrane integrity.
In certain cases, its antifungal potency matches
that of fluconazole, and it has been reported to
reduce CYP51 enzymatic activity in model sys-
tems, reflecting multifaceted effects on fungal
physiology [35,36].

In contrast to the target-preferential behav-
iour of quercetin and ellagic acid, the secondary
comparative lead candidates, luteolin and api-

genin, consistently exhibited dual-target behav-
iour across CYP51 and SAP2 and showed repro-
ducible binding across all three docking engines.
This stability suggests genuine multi-target
potential rather than algorithm-specific arte-
facts. Luteolin interacts with Ser378 in CYP51
and Tyr84/Asp120 in SAP2, indicating dual-target
engagement, whereas apigenin exhibits a similar
cross-target binding pattern. Flavonoids are well
documented to act on multiple fungal processes,
including inhibition of efflux pumps, membrane
permeabilisation, biofilm suppression, and direct
protein interactions [1]. Previous work has dem-
onstrated that flavones and flavonols, including
apigenin derivatives, perturb fungal membranes,
inhibit hyphal growth, and downregulate genes
involved in virulence and biofilm formation, fur-
ther supporting their multi-target potential [37].
The present in silico predictions and residue-
level insights reinforce the notion that flavonoids
act as diverse antifungal agents through multiple
mechanisms. These secondary-lead multi-tar-
get inhibitors identified in this study may impose
a greater evolutionary burden on C. albicans, as
resistance would require concurrent adaptive
mutations across multiple enzyme systems [37].
Collectively, these findings support the concept
that the antifungal activity of plant phenolics
arises from converging mechanisms rather than
a single binary mode of action, providing a ratio-
nale for prioritising these flavonoids for further
experimental validation.

SwissADME and pkCSM analyses corroborat-
ed the pharmacokinetic suitability of the primary
and secondary prioritised compounds, consistent
with their consensus-based selection. All pri-
mary and secondary prioritised lead compounds
were predicted to be non-hepatotoxic, non-
mutagenic, and non-BBB-permeant, suggest-
ing favourable preliminary safety profiles. High
human intestinal absorption (HIA) is essential
for oral treatment of systemic candidiasis; api-
genin and ellagic acid demonstrated particularly
high HIA, comparable to or exceeding that of flu-
conazole. Apigenin exhibited the highest perme-
ability across Caco-2 cells, suggesting efficient
passive diffusion. In contrast, quercetin exhibited
lower permeability, consistent with the literature
indicating that flavonoid bioavailability is often
limited by rapid Phase Il metabolism [38], which
may necessitate nanoformulations or liposomal
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delivery for clinical translation. Notably, querce-
tin, luteolin, and apigenin interacted with CYP3A4
and CYP2D6, which could lead to metabolic inter-
actions with commonly prescribed drugs, par-
ticularly in polypharmacy contexts [39,40]. By
contrast, ellagic acid showed no inhibitory activ-
ity against the tested CYP isoforms, suggesting
a favourable metabolic safety profile. Except for
apigenin, all compounds triggered PAINS alerts,
a common occurrence among polyphenolic natu-
ral products due to multiple hydroxyl groups [41];
however, observed hydrogen bonding, n—m stack-
ing, and site-specific residue interactions sug-
gest target-directed binding rather than nonspe-
cific surface interference. Despite these favour-
able in silico predictions, experimental enzymatic
assays remain essential to confirm antifungal
efficacy and specificity.

Limitations of the study

Several limitations of this study should be explic-
itly acknowledged. Firstly, molecular docking is
inherently static: it captures a single low-energy
binding pose. Still, it cannot fully model the con-
formational flexibility of protein—ligand complex-
es over time, solvent-mediated thermodynamic
effects, or induced-fit conformational changes
that may alter binding geometry under physiolog-
ical conditions. Accordingly, the binding affinities
and consensus Z-scores reported here repre-
sent predictive prioritisation metrics rather than
experimentally determined binding constants.
Molecular dynamics (MD) simulations, preferably
extending beyond 100 ns, constitute a necessary
next step to evaluate complex stability, charac-
terise conformational persistence, estimate bind-
ing free energies through MM-GBSA or MM-PB-
SA approaches, and determine whether the pro-
posed interaction mechanisms particularly the
SAP2 flap-locking effect of ellagic acid and the
CYP51 substrate-channel blockade by quercetin,
remain stable under dynamic conditions. Sec-
ondly, although SwissADME and pkCSM provide
useful preliminary pharmacokinetic estimates,
these platforms rely on descriptor-based pre-
dictive models and possess inherent limitations.
Predicted HIA and Caco-2 permeability values do
not account for active transport processes, efflux
systems, metabolic instability, or microbiome-
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mediated biotransformation. In addition, the
PAINS alerts observed for quercetin, ellagic acid,
and luteolin necessitate experimental counter-
screening assays to exclude nonspecific reactiv-
ity or assay interference. Thirdly, no experimental
cytotoxicity or selectivity data against mammali-
an host cells were generated in the present study.
Therefore, selectivity indices and therapeutic win-
dows remain unknown and must be established
experimentally before any translational consider-
ation. In vitro minimum inhibitory concentration
(MIC) assays against both planktonic and biofilm
forms of C. albicans, followed by in vivo validation
in appropriate candidiasis models, are essential
for determining whether the computational con-
sensus prioritisation reported here translates into
genuine antifungal efficacy. Until such validation
studies are performed, the compounds identified
in this work should be regarded strictly as com-
putationally prioritised antifungal candidates.

Conclusions

This study used tri-engine consensus docking
(AutoDock Vina, AutoDock4, LeDock) to evaluate
P. granatum leaf phytochemicals as dual-target
inhibitors of Candida albicans CYP51 and SAP2.
Quercetin and ellagic acid emerged as primary
lead target-specific specialists, with quercetin
predicted to interact with the CYP51 substrate
access channel through a mechanism poten-
tially distinct from azole resistance pathways.
In contrast, ellagic acid was predicted to restrict
the mobility of the Tyr84 flap of SAP2, offering
a structural basis for its reported anti-virulence
effects—both hypotheses requiring MD simu-
lation and experimental validation to confirm.
Among the secondary comparative candidates,
luteolin and apigenin acted as multi-target gen-
eralists, showing consistent binding across all
platforms, suggesting a higher evolutionary bar-
rier to resistance. ADMET profiling indicated
favourable drug-likeness, pharmacokinetics, and
toxicity for all leads. The consensus docking pri-
oritisation and ADMET profiling present a coher-
ent case for advancing quercetin and ellagic acid
as primary leads, and luteolin and apigenin as
secondary multi-target candidates into molecu-
lar dynamics simulation and experimental anti-
fungal validation.
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