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Abstract

This study employed a multifaceted computational approach to identify potential inhibitors of aquaporin 3
(AQP3) derived from phytochemicals found in the Santalum album as potential drug candidates for melanoma
treatment. Initially, the AQP3 structure was modeled using SWISSMODEL, which yielded a satisfactory GMQE
score of 0.70 and a MolProbity score of 1.61. The QMEAN Z-score (-3.29) indicated acceptable quality, and
Ramachandran analysis revealed that 95.12% of the residues were within the favored region. Virtual screening of
phytochemicals utilized AutoDock Vina to identify compounds with strong binding affinity for AQP3.
Phytochemicals exhibiting docking scores of -7 or less were selected for further analysis. The physicochemical
properties and drug-likeness were evaluated using SWISS ADME, revealing compounds with favorable solubility,
permeability, and gastrointestinal absorption. Biological activity prediction through the PASS web server indicated
significant probabilities of dermatologic and antineoplastic activities for selected compounds. ADME/T properties
were analyzed using the ADMET Lab 2.0 server, demonstrating favorable pharmacokinetic characteristics and safety
profiles for compounds such as alpha-bergamotenol, himachalol, lupeol, levomenol, and sclareol. Except for
himachalol, the other phytochemicals showed good safety profiles. Apart from himachalol, the remaining
phytochemicals demonstrated favorable safety profiles. Molecular dynamics (MD) simulations provided insights
into the stability and flexibility of receptor-ligand complexes over time, with compounds such as sclareol and
levomenol exhibiting stable interactions. This comprehensive computational investigation highlights the potential of
phytochemicals from S. album, particularly levomenol and sclareol, as inhibitors of AQP3. Further experimental
validation is necessary to explore their clinical application in treating dermatologic conditions and cancer.
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Health Challenge
Melanoma, a form of skin cancer, poses a

significant global health concern. In 2020, an
estimated 324,635 new cases and 57,043


mailto:gh7949@myamu.ac.in

Alam M. et al. / IJPS 2024; 20 (4): 293- 314

deaths due to melanoma were
The
melanoma have steadily increased over the

reported

worldwide [1]. incidence rates of
past few decades, making it one of the most
rapidly increasing cancers in many parts of the
world [2].
Cutaneous malignancies constitute a
spectrum of neoplasms, including basal cell
carcinomas (BCCs), squamous cell carcinomas
(SCCs), and malignant melanomas [3]. SCC
and BCC are classified as non-melanoma skin
cancers (NMSCs), distinct from the more
aggressive and potentially metastatic malignant

melanoma [4].
1.2. Aquaporins and Their Role in Cancer

Aquaporins (AQPs) are transmembrane protein
complexes facilitating the transport of selective
water and small solutes across cell membranes.
They are composed of four identical subunits,
with each monomer forming a pore that
selectively allows the passage of water
molecules [5]. AQPs are categorized into
orthodox aquaporins, specifically water
transport, and aquaglyceroporins, which also
allow the passage of small solutes like glycerol
[6]. Among the recognized AQP isoforms,
AQP1 (present in endothelial cells) and AQP3
(present in the basal layer of human
keratinocytes) have been extensively studied in
cancer research [7]. AQP3, in particular, has
attracted increased attention due to its abundant
expression in the skin and strong association

with melanoma [8].
1.3. AQP3 and Its Role in Cancer Progression

The overexpression of AQP3, a water/glycerol
channel, has been linked to increased glycerol

294

uptake, facilitating tumor growth, angiogenesis,
and metastasis [15]. In addition to melanoma,
AQP3
cancers, including lung [16, 17], colon [18],

is overexpressed in various other
esophageal and oral squamous cell carcinoma
[19], and hepatocellular carcinoma [20]. One of
the mechanisms by which AQP3 contributes to
cancer progression is by facilitating the
transport of hydrogen peroxide (H?0?) across
cellular membranes [24]. This influx of H20?
potentiates the phosphorylation and activation
of crucial signaling kinases, such as Akt and
Erk [25],

proliferation and survival. Additionally, AQP3

which are involved in cell
overexpression upregulates the expression and
activity of matrix metalloproteases (MMPs),
increased
by
degrading tissue barriers [26]. Furthermore, the

contributing to cancer cells'

invasiveness and metastatic potential

facilitated transport of glycerol mediated by
AQP3 generates ATP, promoting the growth
and survival of tumor cells. Targeting the
expression of AQP3 can attenuate intracellular
signaling cascades, such as MAPK, PI3K/Akt,
Wnt/B-catenin, and Notch signaling pathways,
leading to reduced cell proliferation, migration,
and invasion [28].

1.4. Potential of Natural Compounds as AQP3
Inhibitors

Inorganic compounds containing metals like
mercury, silver, and gold have shown potential
of AQPs [29].
Subsequent studies have explored the inhibitory

as selective inhibitors
potential of metal-based drugs, including those
used for rheumatic, cancer, and antibacterial
therapies, against AQP1 and AQP3, yielding
promising results [30]. Efforts have also been
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made to characterize and synthesize gold-based
compounds as novel AQP3 inhibitors [31, 32].
However, the use of metal-based compounds as
AQP3 inhibitors may be associated with potential
toxicity concerns. Therefore, exploring natural
compounds as AQP3 inhibitors could offer a safer
and more effective therapeutic approach.

1.5. Santalum album and Its Phytochemicals

Santalum album, commonly known as
sandalwood, is a valuable plant species renowned
for its fragrant heartwood, essential oil, and
[33].

phytochemicals derived from S. album have been

pharmacological  properties Various
reported to possess anticancer activity against
various cancer cell lines, including melanoma
[36], breast cancer [37], and prostate cancer [38].
One of the major components of sandalwood oil,
a-santalol, has been shown to induce apoptosis,
inhibit cell proliferation, and suppress metastasis
through various mechanisms, such as modulating
signaling pathways, inducing oxidative stress, and
disrupting the cell cycle [39]. Additionally,
studies on immortalized human keratinocytes
(HaCat cells) have demonstrated that Indian
sandalwood oil induces autophagic cell death,
prevents UV-induced apoptosis, and inhibits
cellular proliferation in skin cancer cells [40-42].
Phytochemicals from S. album exhibit selective
cytotoxicity toward cancer cells while exhibiting
minimal toxicity toward normal cells, making
candidates  for  further

them  promising

investigation as potential AQP3 inhibitors [43].
1.6. Research Objectives

In this in-silico research study, we aimed to use
molecular docking, molecular dynamics (MD)
simulations, ADME/T predictions, and biological
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activity prediction using various computational
the
phytochemicals derived from S. album as
inhibitors of AQP3. By identifying potent and
selective AQP3 inhibitors from natural plant
this
developing novel therapeutic strategies for skin

tools to investigate potential  of

sources, research could contribute to
cancer, with the potential for lower toxicity and
improved treatment outcomes.

2. Materials and Methods
2.1. Prediction of Plant Species

The DISPEL (Diseases Plants Eliminate) online
platform [44] was utilized to identify suitable plant
species for evaluating their phytochemicals against
the target protein, aquaporin-3 (AQP3). DISPEL is
a comprehensive database containing over 60,000
connections  between medicinal plants and
diseases, encompassing approximately 5,500
plants and 1,000 diseases globally. It is a valuable
resource for addressing infectious and non-
infectious human diseases. The platform enables
users to search for specific plant diseases or
perform comparative analyses involving multiple
plants and diseases. Interactive visualizations, such
as network graphs, facilitate the interpretation of
connections  between medicinal plants and
diseases. In this study, a search for "skin cancer"
was conducted, and the Santalum album (Indian
sandalwood) was identified as a potential

therapeutic plant for skin cancer (Figure 1).

2.2. Evaluation of Phytochemicals Present in
Santalum album
The phytochemicals present in S. album were
analyzed using the Indian Medicinal Plants,
Phytochemistry and Therapeutics 2.0 (IMPPAT
2.0) server [45].
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Disease

Best Match (Plant)

Santalum),

Skin cancer
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Ihflammato
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SPermatorrhea

uscle pain

Figure 1. Suitable plant species with therapeutic effects on skin cancer.

IMPPAT 2.0
curated systematically by digitizing data from

is an extensive database

more than 100 traditional Indian medicine texts,
over 7,000 published research articles, and
other credible sources. Compared to its
predecessor, IMPPAT 1.0, this version offers
significant enhancements and expansions,
the

compilation of phytochemical

representing most  comprehensive
information
from Indian medicinal plants. The sdf files of
the selected phytochemicals were obtained

from the PubChem database.
2.3. Protein Modeling and Structure Validation

The AQP3 protein sequence was retrieved from
the UniProt database (accession ID: Q92482)
with a high annotation score of 5 out of 5,
indicating strong experimental validation
through methods such as Edman sequencing,
mass spectrometry, X-ray or NMR structure

determination, protein-protein interactions, and

296

antibody detection. Homology modeling of the
AQP3 3D structure was performed using the
SWISS-MODEL server [46], which employs
the ProMod3 [47] comparative modeling
engine based on OpenStructure. The modeling
process involved extracting initial structural
information  from  template  structures,
addressing insertions and deletions through
sequence alignment, and selecting final
candidates using statistical scoring methods
based on mean force potentials. Non-conserved
side chains were modeled using an in-house
rotamer library and optimized using the
TreePack algorithm [48] and SCWRL4 energy
function [49].
performed using the OpenMM library [50] and
the CHARMM22/CMAP force field [51].

The quality and reliability of the AQP3

model were evaluated using multiple analytical

Energy minimization was

techniques, including Ramachandran plot
analysis, MolProbity [52] for stereochemical

quality assessment, Global Model Quality
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Estimate (GMQE) [53], MolProbity score, and
QMEAN Z-score. Specific parameters and
settings used in these analyses are provided in
the Supplementary Information.

2.4. Ligand Retrieval and Preparation

The selected phytochemicals were retrieved
from the PubChem database using the sdf file
PubChem is a
repository for chemical compounds and their

format. comprehensive
interactions with biological assays, maintained
by the National Center for Biotechnology
Information (NCBI), a division of the National
Library of Medicine (NLM) under the United
States National Institutes of Health (NIH). The
ligands were prepared using UCSF Chimera
version 1.15 [54],
structure visualization and analysis software.

a versatile molecular

Structure optimization was performed using the
steepest descent and conjugate gradient energy
minimization methods within UCSF Chimera.
The ligands selected for virtual screening and
their respective PubChem IDs and molecular
weights (MWSs) are listed in Table 1.

2.5. Virtual Screening of Phytochemicals

the selected

carried

Virtual
phytochemicals using
AutoDock Vina 1.2.0 [55], integrated into
PyRx 0.8 [56], a computational tool commonly

screening  of

was out

employed in drug discovery for virtual

screening of compound libraries against
potential drug targets. AutoDock Vina is a
widely used open-source docking software
known for its efficiency and scoring
mechanism. The specific docking parameters
and settings used in this study are detailed in the

Supplementary Information.
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Table 1. Chosen phytochemicals with their
molecular weights (MWs) and PubChem IDs.
Ligands Publgt;em Mﬁé?gﬁtlg '
(MWs)
Ximenynic acid 5312688 278.4
1-Triacontanol 68972 438.8
Palmitic acid 985 256.42
Betulinic acid 64971 456.7
gamma-Curcumene 12304273 204.35
Alpha-Bergamotenol 5368743 220.35
Beta-Santalene 10889018 204.35
Levomenol 442343 222.37
6-Epi-beta-bisabolol 12300148 222.37
Acoradiene 90351 204.35
trans-alpha-ergamotene 6429302 204.35
Campherene-2,13-diol 42608198 238.37
Himachalol 121536 222.37
germacrene C 25244915 204.35
Sclareol 163263 308.5
Cuparene 86895 202.33
Beta-Oplopenone 14038847 220.35
Lupeol 259846 426.7
Norecasantalic acid 100966488 180.24
Nuciferol 6430906 218.33

2.6. Visualization of Docking Results

The visualization and analysis of the best-
docked poses of the hit compounds were
conducted using Discovery Studio 4.5 [57].
This software facilitated the exploration of the
binding modes and ligand-receptor interactions
through 2D and 3D representations.

2.7.
Property Prediction

Drug-likeness and Physicochemical

The SWISS ADME web server [58] was
employed to evaluate the physicochemical
properties and drug-likeness of the compounds.
This tool computes various descriptors, such as
topological polar surface area (TPSA), xlogp3
(lipophilicity), logS (solubility), the number of
hydrogen acceptors and donors, and molecular
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weight. Additionally, it identifies instances
where compounds violate Lipinski's Rule of
Five [59], which outlines essential criteria for

demonstrate
The
parameters and thresholds used for drug-

orally  active drugs to

pharmacological  efficacy. specific

likeness assessment are provided in the
Supplementary Information.

2.8. Prediction of Biological Activity

The PASS web server

(http://www.pharmaexpert.ru/passonline) [60]
was used to predict the biological activities of
the selected molecules. PASS Online leverages
detailed atom neighbor descriptors to forecast
diverse biological activities, encompassing
pharmacological effects, mechanisms of action,
toxic and adverse effects, interactions with
metabolic enzymes and transporters, and
impacts on gene expression, among others. The
specific activity prediction criteria and
thresholds used in this study are detailed in the
Supplementary Information.

2.9. ADME/T Analysis

The ADMETIab 2.0 web server [61] was
employed for the compounds' Absorption,
Distribution, and
Toxicity (ADME/T) analysis. ADMETIab 2.0

offers a significant expansion in supported

Metabolism, Excretion,

ADME/T-related endpoints compared to its
previous version, nearly doubling the number
of endpoints covered. This includes predictions
for 17
medicinal chemical properties, 23 ADME

physicochemical properties, 13
properties, 27 toxicity endpoints, and eight
comprising 751
ADME/T

rules
The

toxicophore

substructures. specific
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parameters and prediction models used in this
study are provided in the Supplementary
Information.

2.10. Molecular dynamic simulation

Molecular dynamics (MD) simulations were
performed on the modeled AQP3 structure in a
complex with selected phytochemicals. These
the
WEBGRO Macromolecular Simulations server

simulations were carried out using
(https://simlab.uams.edu/ProteinWithLigand/p
rotein_with_ligand.html) provided by the
University of Arkansas for Medical Sciences
(UAMS) the GRACE High-
Performance Computing Facility. Prior to the

through

MD simulations, molecular topologies for the
specified compounds were generated using the
GlycoBioChemPRODRG2
(http://davapcl.bioch.dundee.ac.uk/cgi-bin/prodrg).
The GROMOS9 43A1 force field was
employed for MD simulations of AQP3 with

server

the identified compounds, utilizing the SPC
water model within a triclinic system and
sodium chloride. Energy minimization of the
formed complexes was conducted using a
steepest descent integrator, followed by
equilibration under NVT/NPT conditions at
300 K and 1 bar pressure. The MD simulations
were performed with a Leap-Frog integrator,
spanning a simulation time of 50 ns (subject to
available computational resources) with a fixed
frame count of 1000 frames. The parameters
and settings used for energy minimization,
equilibration, and MD simulations are detailed
The

trajectories obtained from the MD simulations

in the Supplementary Information.

were analyzed to evaluate the following

parameters: root-mean-square  deviation
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(RMSD), fluctuation
(RMSF), radius of gyration (Rg), and solvent-
accessible surface area (SASA) at 300 K. These
analyses provide insights into the dynamics and
stability of the  AQP3-phytochemical

complexes. The results from the various

root-mean-square

computational analyses were interpreted and
integrated to conclude the potential of the
selected phytochemicals as inhibitors or
modulators of AQP3. Specifically, the docking
results were evaluated based on the binding
affinities and interactions between the
phytochemicals and the AQP3 protein
structure. The drug-likeness and ADME/T
predictions were used to assess the
pharmacokinetic ~ and  pharmacodynamic
properties of the compounds, as well as their
potential for further development as drug
candidates. The MD simulations provided
valuable insights into the dynamic behavior and
stability of the AQP3-phytochemical complexes
over time. The RMSD, RMSF, Rg, and SASA
analyses were used to assess the complexes'

conformational changes, flexibility, compactness,

)° L g e L7 Y

and solvent exposure [62-64]. These analyses
aided in identifying the most promising
phytochemicals  with  favorable  binding
stability  profiles. The

interpretation of the computational results was

interactions and

further supported by comparative analyses with
existing literature and experimental data, where
available. Limitations and potential sources of
error in the computational approaches were also
acknowledged and discussed.

3. Results and Discussion

3.1. Structure prediction, modeling, and
validation of target protein

The AQP3 sequence obtained from UniProt
(accession ID: Q92482) was the reference
sequence for modeling AQP3 using the
SWISSMODEL server.

BLAST was employed to identify a suitable
template sequence, leading to the selection of the
crystal structure of human AQP10 as the template
sequence (with a 50.76% identity) for modeling
AQP3. The 3D structure of the modeled AQP3 is
depicted in Figure 2.

Local Quality Estimate - All Chains

Figure 2. Depiction of the Ramachandran plot (a), local quality estimate (b), and sequence alignment (c) of the
modeled structure. It was observed that 95.12% of the residues lie in the favored region.
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Furthermore, the modeled structure was
validated based on various scores to evaluate its
quality and reliability. The GMQE (Global Model
Quality Estimation) score, ranging from 0 to 1,
indicates the model's overall quality. A higher
GMQE closer to 1 indicates a more satisfactory
structure. In this instance, the GMQE for the
modeled structure was 0.70, suggesting relatively
good quality. The MolProbity score, with an
observed value of 1.61, is another critical metric
for assessing model quality. A MolProbity score
greater than -4 and less than two is appropriate for
the modeled structure, providing insights into
steric clashes and overall geometry.

Additionally, the QMEAN Z-score was used
to evaluate the global and local quality of the
modeled structure, where a score below -4
indicates low quality.

In this case, the QMEAN Z-score was -3.29,
suggesting acceptable quality. Furthermore,
Ramachandran analysis was conducted to
assess the backbone conformation, revealing
that 95.12% of the residues were within the
favored region of the Ramachandran plot,
indicating good stereochemical quality. Figure
2 shows the Ramachandran plot and local
quality estimate, which provides visual insights
into the quality of the modeled AQP3 structure.
These validation metrics collectively enhance
confidence in the reliability and utility of the
modeled AQP3 structure for further studies and
analyses.

3.2. Virtual screening of phytochemicals

The docking study utilized the modeled 3D
crystal structure of AQP3, with AutoDock Vina
accessed through PyRx 0.8 serving as the
analysis tool. The Dockprep feature of UCSF
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Chimaera was utilized to prepare the protein for
The
macromolecule, and the selected compounds

docking. protein  transformed a

underwent initial minimization using the
mmff94 force field while polar hydrogens were
added. Subsequently, the compounds were
converted to pdbqt format using Open Babel
within PyRx. For the blind docking procedure,
a grid box with dimensions of 67.48 A x 80.90
A x 76.14 A was employed, centered at the
-64.68, and

64.65). The exhaustiveness level was set to the

following coordinates (77.71,

default value of 8. Specific details regarding the
ligands or compounds and their respective
docking scores (kcal/mol) are provided in
Figure 3. Docking scores reflect the binding
affinity of a ligand toward its target protein,
offering insights into the potential effectiveness
of the ligand as a therapeutic agent. Lower
docking scores typically signify stronger
binding affinity and greater potential for drug
efficacy. Phytochemicals with docking scores
of -7 or less were selected for further analysis.

3.3. Evaluation of physiochemical properties
and drug-likeness

The SWISS ADME webserver was utilized to
analyze the physicochemical properties of the
sorted phytochemicals from previous steps
(Table 2).
solubility (LogS), skin permeation (Log Kp),

Various parameters, including
hydrogen bond acceptors (Accept H), hydrogen
bond donors (Donor H), topological polar surface
area (TPSA), and gastrointestinal (GI) absorption,
were assessed. The drug-likeness properties of the
phytochemicals were evaluated based on
Lipinski’s rule of five, where adherence to the rule
suggests  favorable

drug-like  properties.
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Acoradiene exhibits a relatively high LogS value,
indicating good agueous solubility. However, it is
predicted to have low GI absorption, suggesting
limited oral bioavailability due to its lack of
hydrogen bond acceptors and donors. Alpha-
bergamotenol demonstrated moderate LogsS value
and high Log Kp, indicating good solubility and

but limited permeability and is predicted to have

low GI absorption, similar to Cuparene,
Germacrene C, and Trans-alpha-Bergamotene.
With multiple hydrogen bond acceptors and
donors, betulinic acid shows excellent solubility
but poor permeability, suggesting potential

interactions with biological targets but low Gl

permeability with favorable Gl absorption absorption.
potential. Beta-santalene displays good solubility
Ligands Docking scores
-4 - (kcal/mol)

1»TCI Ximenynic acid (XA) -7.0
4.4 1-Triacontanol (1-TC) -4.4
5 Palmitic acid (PA) -4.8
Betulinic acid (BA) 94
Gamma-Curcumene (y CU) -6.1
5 " Alpha-Bergamotenol (o BM) -7.2
g Beta-Santalene (8 SL) -6.7
?g it psL  6EBB  CAMD chom61101 (.LM) -7.8
X 6-Epi-beta-bisabolol (6-EBB) -6.7
) 7 XA -/S‘7 p7 Acoradiene (AD) -7.1
8 7 79 - trans-alpha-Bergamotene (TAB) -7.6
g aBM D Campherene-2,13-diol (CAMD) [ -6.6
£ g 78 Himachalol (HC) -7.5
§ LM Germacrene C (GC) 7.2
[a] Sclareol (SC) -7.4
9 Cuparene (CP) -7.2
Beta-Oplopenone (BO) -6.6
BA_94 Lupeol (LU) -94
Norecasantalic acid (NA) -5.9
B o o o o e e o e I B L L B B I L L R Ea e Nuciferol (NU) -5.9

Figure 3. Docking score (kcal/mol) of the chosen phytochemicals.

Table 2. Physiochemical properties and drug-likeness properties of phytochemicals according to the SWISS

ADME server.
Ligands LogS LogKp, AcceptH DonorH TPSA(A) Glabsorption Drug-likeness
Acoradiene 5.12 -3.91 0 0 0 Low Yes
Alpha-Bergamotenol -4.22 -3.95 1 1 20.23 High Yes
Beta-Santalene -4.81 -3.15 0 0 0 Low Yes
Betulinic acid -7.71 -3.26 3 2 57.53 Low Yes
Cuparene -4.77 -3.65 0 0 Low Yes
Germacrene C -4.54 -3.61 0 0 Low Yes
Himachalol -3.42 -5.18 1 1 20.23 High Yes
Lupeol -8.64 -1.90 1 1 20.23 High Yes
Levomenol -3.34 -4.97 1 1 20.23 High Yes
Sclareol -4.59 -4.46 2 2 40.46 High Yes
Ximenynic acid -5.17 -3.05 2 1 37.30 High Yes
Trans-alpha-Bergamotene  -4.97 -2.97 0 0 0 Low Yes

301
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Phytochemicals such as alpha-bergamotenol,
Himachalol, Lupeol, Levomenol, Sclareol, and
Ximenynic Acid exhibit good solubility and
permeability, along with high Gl absorption
potential, making them suitable candidates for
their Gl
absorption properties, phytochemicals with low

oral administration. Based on
Gl absorption were excluded from further
analysis, while those with high Gl absorption

were selected for further investigation.

3.4. Biological
phytochemicals

activity  prediction  of

PASS webserver was used to predict the biological
activity of the

“Dermatologic” and “antineoplastic” activity was

identified phytochemicals.

considered (Table 3). The probability of being
active (Pa) for dermatologic properties ranged
between 0.473 and 0.736, while the probability
of being inactive (Pi) ranged between 0.006 and
0.038.

For antineoplastic properties, the value of Pa
ranged between 0 and 0.950. A Pa value that
surpasses the Pi value indicates the probable
presence of the specified biological activity.
The summarized outcomes are presented in
Table 3. Lupeol demonstrates exceptionally
high probabilities of dermatologic and
antineoplastic activities, indicating its potential
as a multifunctional therapeutic agent.

Similarly, Himachalol, Sclareol, and
Levomenol exhibit significant probabilities of
dermatologic and antineoplastic activities,
suggesting  their  promising  roles in
dermatological and anticancer applications.
Alpha-bergamotenol presents moderate
probabilities of dermatologic and antineoplastic
activities, indicating its potential utility in skin-
and treatment.

related disorders cancer
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Ximenynic acid was excluded from subsequent
analysis due to its absence of predicted
antineoplastic  activity, as indicated by
predictions of the PASS server.

Table 3. Biological activity prediction of
compounds (Pa= probability of being active; Pi=
probability of being inactive).

Ligands Blolgg_mal Pa Pi
activity
Alpha- Dermatologic 0.57 0.02
Bergamotenol  aptineoplastic 051 0.06
Dermatologic 0.59 0.01
Himachalol
Antineoplastic 0.65 0.03
Dermatologic 0.65 0.01
Levomenol
Antineoplastic 0.65 0.03
Dermatologic 0.73  0.006
Lupeol
Antineoplastic 095 0.004
Dermatologic 0.60 0.01
Sclareol
Antineoplastic 0.64 0.03
Dermatologic 0.47 0.03

Ximenynic acid
Antineoplastic

3.5. ADME/T analysis

The ADMET Lab 2.0 server was used to analyze
their ADME/T properties. The various properties
considered and their respective observed values are
given in Table 4. The optimal range for different
values is defined in the Table legend. The moderate
permeability of alpha-Bergamotenol across Caco-
2 cells signifies its potential for intestinal
absorption, which is a pivotal factor in drug
bioavailability. Notably, its neutrality as both a
substrate and inhibitor of P-glycoprotein suggests
an absence of active efflux or transport inhibition.
This characteristic, coupled with its moderate
tissue distribution and negligible metabolism by
the key CYP enzyme CYP2D6, indicates favorable
pharmacokinetic properties.
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Furthermore, its high clearance rate and
absence of observed toxicity across various
endpoints, including carcinogenicity,
hepatotoxicity, AMES toxicity, and respiratory
toxicity, underscore its potential safety profile.
Himachalol, which exhibits comparable
permeability across Caco-2 cells, also has the
potential for intestinal absorption potential. Its
neutral interaction with P-glycoprotein and
moderate tissue distribution reinforces this
likelihood. Although it was identified as a
substrate for CYP2D6 and CYP2C9,

potential metabolism, moderate clearance rate,

its

and lack of toxicity across various endpoints

suggest favorable pharmacokinetic
characteristics.  However, the observed
respiratory  toxicity = warrants  careful

consideration, prompting its exclusion from
further analysis due to potential safety concerns
in this context. Sclareol, like its counterparts,
shows moderate permeability across Caco-2
cells, suggesting plausible intestinal absorption.

The lack of discernible interactions with P-
glycoprotein, relatively high tissue distribution,
and identification as a substrate for CYP2C9
suggest  potential  metabolic  pathways.
However, its high clearance rate and absence of
toxicity across various endpoints support its
for  further

pharmacokinetic  suitability

evaluation. Lupeol has rapid elimination
kinetics and is distinguished by its minimal
metabolism by the key CYP enzymes CYP2D6
and CYP3A4 and its high clearance rate.
Moreover, its nontoxic profile across

evaluated endpoints bolsters its
pharmacokinetic feasibility for consideration in

drug development endeavors. Levomenol,

by
distribution and identification as a substrate for
CYP2C9,
pathways. Like Lupeol's, its high clearance rate

characterized relatively low tissue

suggests  potential  metabolic

signifies  efficient  elimination  Kinetics.
Furthermore, its nontoxicity profile across
various endpoints supports its pharmacokinetic

suitability for further exploration.

Table 4. ADME/T analysis of selected phytochemicals as predicted by ADMET LAB 2.0. Optimal value: Caco-
2 permeability; >5.15 log unit, volume distribution; 0.04 to 20 L/kg, clearance; (high=>15 mL/min/kg: moderate=

5-15 mL/min/kg: low= <5 mL/min/kg).

Parameters Alpha- Himachalol Sclareol Lupeol Levomenol
ergamotenol
Caco-2 Permeability -4.344 -4.485 -4.627 -5.020 -4.387
P-glycoprotein substrate Negative Negative Negative Negative Negative
P-glycoprotein inhibitor Negative Negative Negative Negative Negative
Distribution
Volume distribution 3.141 243 3.16 1.73 3.37
Metabolism
CYP2C9 substrate Non-substrate Substrate Substrate Non-substrate Substrate
CYP2D6 substrate Substrate Substrate Non-substrate Substrate Non-substrate
CYP3A4 substrate Non-substrate  Non-substrate  Non-substrate Substrate Non-substrate
CYP1A2 inhibition Non-inhibitor Non-inhibitor  Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor
CYP2C9 inhibition Non-inhibitor Non-inhibitor  Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor
CYP2D6 inhibition Non-inhibitor Non-inhibitor  Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor
CYP2C19 inhibition Non-inhibitor Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor ~ Non-inhibitor
Excretion
Clearance 17.33 9.81 17.66 17.92 17.91
Toxicity
Carcinogenicity Inactive Inactive Inactive Inactive Inactive
Hepatotoxicity Inactive Inactive Inactive Inactive Inactive
AMES Toxicity Inactive Inactive Inactive Inactive Inactive
Respiratory toxicity Inactive Active Inactive Inactive Inactive
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3.6. Molecular dynamic simulation

Through meticulous exploration of receptor-
inhibitor complexes using MD analysis, this
study aimed to determine RMSF, RMSD,
SASA, and Rg parameters. These simulations
contribute significantly to understanding the
strength  of interactions between these
molecules, aiding in predicting the stability of
the receptor-ligand complex.

The RMSD trajectories derived from the
MD simulations validated the data acquired
from the docking studies (Figure 4). Among
the

demonstrated the lowest RMSD fluctuation,

selected  phytochemicals,  sclareol

0.38
0.36
0.34 -
0.32
0.30 4
0.28
0.26
0.24 -
0.22

0.20

Root mean standard deviation (nm)

0.18

indicating higher stability of the AQP3-sclareol
complex than the complexes formed with other
ligands. Lupeol exhibited high fluctuation
around 25 ns but stabilized after that, while
alpha-bergamotenol showed significant
fluctuation around 43 ns, suggesting relatively
lower stability of these complexes.

Analysis of the radius of gyration (Rg)
revealed that sclareol maintained maximum
compactness of the AQP3 structure, as
evidenced by its minimal Rg values (Figure 5).
In contrast, levomenol and lupeol exhibited
significant  fluctuations in  compactness,
implying reduced stability of their respective

complexes with AQP3.

Levomenol
— Lupeol

Alpha-Bergamotenol
_— Sclareol

30 40 50

Time (nanoseconds)

Figure 4. Root mean square deviation of receptor-ligand complex: alpha-bergamotenol
(yellow), levomenol (red), lupeol (magenta), and sclareol (golden).

2.78
2.76—-
2.74 4
2724

2.70

Radius of gyration (nm)

Alpha-Bergamontenol
—— Levomenol
~— Lupeol

Sclareol

T v T v
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T
20000

T T T
30000

T T T )
40000 50000

Time (picoseconds)

Figure 5. The radius of gyration (Rg) of the receptor-ligand complex: alpha-bergamot enol
(yellow), levomenol (red), lupeol (magenta), and sclareol (golden).
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The RMSF analysis (Figure 6) indicated
that sclareol exhibited the least fluctuation
compared to other ligands, suggesting its
potential as a more effective inhibitor of AQP3.
Among the selected ligands, sclareol displayed
the lowest SASA values, further reinforcing the
compactness and stability of the AQP3-sclareol
complex (Figure 7).

380 4
360 4
340 4

320 4

Area (nm°)

300

These analyses suggest that sclareol forms
the most stable complex with AQP3 among the
selected phytochemicals, potentially making it
the most promising candidate for further
evaluation as an AQP3 inhibitor.

Alpha- Bergamotenol
——Levomenol

Lupeol
— Sclareol

280 —
10000

T
20000

T T T 1
30000 40000 50000

Time (picoseconds)

Figure 7. Solvent-accessible surface area (SASA) evaluation of various receptor-ligand complexes: alpha-
bergamot enol (yellow), levomenol (red), lupeol (magenta), and sclareol (golden).

0.9 4
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0‘2—.

0.1+

Root mean square fluctuation (nm)

Alpha-Bergamotenol
— Levomenol
—— Lupeol

Sclareol
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100
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Figure 6. Root mean square fluctuation (RMSF) of the receptor-ligand complex: alpha-bergamot enol (yellow),
levomenol (red), lupeol (magenta), and sclareol (golden).
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3.7. Visualization and interaction of the best- compounds (Table 5), namely, alpha-

docked poses bergamotenol, levomenol, lupeol, and sclareol

A schematic representation of the best-docked with AQP3 is depicted in Figure 8 (a-d).
pose and interaction of each of the hit

5 S

Figure 8. Schematic representation of best-docked poses and interaction of the ligands with the active site of the
target protein: (a) alpha-bergamotenol (b) levomenol (c) lupeol (d) sclareol.
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Table 5. The chosen phytochemicals (ligands) interact with the active site of the target protein AQP3,
demonstrating various types of interactions such as van der Waals, alkyl, and hydrogen bonding interactions. The
table details the interacting residues and the type of interaction observed.

Ligands

Interactions

Amino acids Bond length (A)

van der Waals

Phel93A, Phel97A,
Phe65B, Leu61C, Gly64C,
Thr68C, Gly196C,
Leu200C, Leu61D

Leul97C 4.73,5.46
Leul97D 471
Alkyl
Alpha-bergamotenol L eu200D 4.57
Levomenol Leu35C 4.78
Val67C 4.10, 4.32
lle71C 3.76,5.13, 6.04
Val77C 4.06
Leu82C 4.26, 4.56, 4.99
Val88C 5.05, 5.69
Leul71C 5.04, 6.61
Alkyl
Vall75C 4.74
Val199C 4.20,6.91
Val214C 4.15,6.63
Hydrogen bonding Leu82C 2.57
Thr52A, Phe56B, Thr52B,
Ser138B, Gly139B,
van der Waals Val143B, Alal44B,
Gly145B, Gly211B
Val46B 4.67
11e59B 4.20, 4.24, 5.06
Alkyl Val137B 5.24
Sclareol Arg73A, Gly75, GIn76A,
van der Waals Asn183B, Asn184B,
1le265B
Leu30A 4.03
Leu72A 4.61
1le73A 4.61
Alkyl Vall73B 4.89,5.37
Alal77B 3.79,4.81
Met264B 4.80, 4.86
Hydrogen bonding Leu72A 2.57

Alpha-bergamotenol interacts with aromatic
residues such as phenylalanine (Phe) and
hydrophobic residues such as leucine (Leu)
through van der Waals interactions. The
absence of the bond length suggests that
interactions are more based on proximity and
shape complementarity than direct bonding. It
with Leul97C,

forms alkyl interactions
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Leul97D, and Leu200D, with bond lengths
ranging from 4.57 to 5.46 A. These interactions
involve hydrophobic contacts between the
ligand's alkyl groups and the hydrophobic side
chains of the amino acids. Levomenol primarily
engages in alkyl interactions with various
residues such as Leu, valine (Val), and
isoleucine (lle) at different positions.
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Additionally, there is a hydrogen bonding
interaction with Leu82C, which has a bond
length of 4.49 A. Alkyl interactions facilitate
hydrophobic interactions, while hydrogen
bonding increases the specificity and stability
of the ligand-protein complex. Lupeol interacts
via van der Waals forces with residues such as
threonine (Thr), Phe, and glycine (Gly). It also
forms alkyl interactions with varying bond
lengths with Val46B, 11e59B, and Vall137B.
Sclareol interacts through van der Waals forces
with residues such as arginine (Arg), Gly, and
glutamine (GIn). It forms alkyl interactions
with Leu, lle, Val, Ala, and Met residues with
varying bond lengths. Sclareol also participates
in a hydrogen bonding interaction with
Leu72A, with a bond length of 2.57 A. Among
the amino acids identified in the interactions,
Leu is the most abundant in the binding pocket
of AQP3. This high frequency suggests Leu
residues play a significant role in mediating
ligand binding, likely due to their hydrophobic
nature and involvement in alkyl interactions
with the ligands. In addition to leucine, valine
is the second most abundant amino acid,
reinforcing its importance in contributing to the
hydrophobic interactions that stabilize protein-
ligand complexes.

Considering the presence of hydrogen
bonding and the number of interactions,
compared with the other ligands listed in the
table, sclareol and levomenol appear to have the
potential to form a more stable complex with
the protein. The hydrogen bonding interaction,
in addition to van der Waals and alkyl
interactions, contributes to the specificity and
the
potentially leading to increased stability.

strength  of ligand-protein  complex,
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3.8. Limitations and future directions

While the computational approaches employed in
this study provide valuable insights into the
potential of the selected phytochemicals as AQP3
inhibitors, it is important to acknowledge certain
limitations. Firstly, the accuracy of the molecular
dynamics simulations and subsequent analyses
depends on the accuracy of the initial homology
model of AQP3.

Furthermore, the computational predictions
and assessments may not fully capture the
complex biological environment and interactions
in living systems.

Future research directions could involve
experimental validation of the computational
findings, including in vitro and in vivo studies,
to assess the efficacy and safety of the identified
phytochemicals as AQP3 inhibitors. Additionally,
the most promising candidates' structural
optimization and chemical modifications
could be explored to enhance their potency
and pharmacokinetic properties further.
Lastly, investigating the potential synergistic
effects of these phytochemicals in
combination with other therapeutic agents
may provide opportunities for more effective
treatment strategies.

The

comprehensive computational

present  study employed a

approach to
identify potential aquaporin-3 (AQP3) protein
inhibitors derived from phytochemicals found
in the Santalum album. This investigation is
relevant in developing novel therapeutic
strategies for melanoma and other skin cancers,
as AQP3 has been implicated in tumor growth,
angiogenesis, and metastasis. The initial step
involved homology modeling of the AQP3

structure, which yielded a satisfactory model
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with acceptable quality scores, including the
GMQE, MolProbity, and QMEAN Z-scores.
The
phytochemicals using AutoDock Vina enabled

subsequent  virtual  screening  of
the identification of compounds with binding
solid affinities for AQP3, focusing on those
exhibiting docking scores of -7 or lower. This
the

computational docking simulations to prioritize

approach  leveraged strength  of
potential hit compounds for further evaluation.
the
properties and drug-likeness using SWISS
ADME provided insights into the selected

compounds'

Evaluation  of physicochemical

solubility, permeability, and
Adherence to
the

identification of compounds suitable for oral

gastrointestinal  absorption.

Lipinski's Rule of Five facilitated
administration, a critical consideration for drug
development. The biological activity prediction
using the PASS webserver revealed the
potential dermatologic and antineoplastic
activities of phytochemicals such as alpha-
bergamotenol, lupeol, himachalol, sclareol, and
levomenol, highlighting their multifunctional
therapeutic potential.

The ADME/T analysis using the ADMET
Lab 2.0 server offered valuable information
regarding the compounds' pharmacokinetic
properties and safety profiles. Compounds like
alpha-bergamotenol, sclareol, levomenol, and
lupeol demonstrated favorable properties,
including intestinal absorption potential and no
observed toxicity, while himachalol exhibited
respiratory toxicity, prompting its exclusion
from further consideration.

MD simulations provided insights into the
dynamic behavior and stability of the receptor-

ligand complexes over time. Analyses of
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RMSD, Rg, RMSF, and SASA revealed that
compounds such as sclareol and levomenol
exhibited stable interactions with AQPS3,
reinforcing their potential as potent inhibitors.
The visualization and interaction analysis of the
best-docked poses further elucidated the
binding mechanisms, highlighting the presence
of hydrogen bonding interactions and alkyl
interactions with key residues, contributing to
the stability of the receptor-ligand complexes.
It is that

computational approaches provide valuable

important to note while
insights and prioritize potential hit compounds,
experimental validation is crucial to confirm the
efficacy and safety of these compounds as
AQP3 inhibitors. Future research directions
could involve in vitro and in vivo studies to
the identified

activities and pharmacokinetic

evaluate phytochemicals'
biological
properties. Additionally, the most promising
candidates' structural  optimization and
chemical modifications may further enhance
their potency and pharmacokinetic characteristics.
the

synergistic effects of these phytochemicals in

Furthermore, exploring potential
combination with other therapeutic agents
could pave the way for more effective treatment
strategies. It is also essential to consider the
identified compounds' potential off-target
effects and toxicity profiles, as these factors can
their  clinical

significantly  influence

applicability and safety profiles.

4, Conclusion

A comprehensive molecular docking study of
phytochemicals derived from S. album that
inhibit AQP3 vyielded promising results, as
detailed various

through computational
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analyses. This research integrated structural
modeling, virtual screening, physicochemical
property

prediction,

evaluation, biological
ADME/T analysis,
dynamic simulations, and interaction analysis

activity
molecular

to identify potential therapeutic candidates. The
AQP3
coupled with validation

structural  modeling  of
SWISSMODEL,
metrics such as the GMQE score, MolProbity

using

score, QMEAN Z-score, and Ramachandran
analysis, ensured the reliability and quality of
the modeled AQP3 structure. This provided a
robust foundation for subsequent molecular
Virtual
phytochemicals involved meticulous protein

docking  studies. screening  of
and compound preparation, followed by blind
docking using AutoDock Vina. The assessment
of docking scores facilitated the identification
of compounds with potential therapeutic
efficacy against AQP3, focusing on those
exhibiting docking scores of -7 or less. Using
SWISS ADME to evaluate physiochemical
highlighted

solubility,

properties and drug-likeness
with

permeability, and gastrointestinal absorption.

compounds favorable
Lipinski’s rule of five aided in selecting
compounds suitable for oral administration.
The PASS webserver's Biological activity
prediction revealed the potential dermatologic
and antineoplastic activities of selected
phytochemicals. Compounds such as alpha-
bergamotenol, lupeol, himachalol, sclareol, and
levomenol exhibited significant probabilities of
both activities, suggesting their multifunctional
therapeutic potential. Subsequent analysis of
ADME/T properties using the ADMET Lab 2.0
server provided insights into the compounds'
pharmacokinetic characteristics and safety
profiles. such  as

Compounds alpha-
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bergamotenol, sclareol, levomenol, and lupeol
demonstrated favorable properties, including
intestinal absorption potential and no toxicity,
while himachalol exhibited respiratory toxicity.
simulations  allowed

Molecular  dynamic

exploration of the dynamic interactions
between the receptor and ligands over time.
RMSD, Rg, RMSF, and SASA analyses
provided valuable insights into the receptor-
ligand complexes' stability, compactness, and
flexibility. Compounds such as sclareol and
levomenol exhibited stable interactions with
AQP3, suggesting their potential as potent
inhibitors. Finally, visualization and interaction
analysis of the best-docked poses provided a
detailed the

mechanisms of the phytochemicals with AQP3.

understanding  of binding
Compounds such as sclareol and levomenol

displayed hydrogen bonding and alkyl
interactions with key residues, indicating their
potential for stable complex formation. This
comprehensive computational study identified
phytochemicals levomenol and sclareol from S.
album as promising inhibitors of AQP3, with
potential

therapeutic ~ implications  in

dermatologic  conditions and melanoma
treatment. Further experimental validation is
warranted to confirm the efficacy and safety of

these compounds for clinical application.
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