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Abstract

A novel androstendiol derivative, monoxetanol (MON), was synthesized from androsta-5,15-diene-3p-ol-17-one via a
multistep route and evaluated for its anticancer potential. In vitro cytotoxicity was assessed using an MTT assay against
human prostate cancer cell lines PC-3 and LNCaP-Al. MON exhibited marked cytotoxicity, with inhibition rates of 79.8%
(PC-3) and 64.7% (LNCaP-Al) at 10.0 uM. To rationalize these effects and explore its therapeutic potential, an integrated
in silico approach comprising molecular docking, ADMET prediction, molecular dynamics (MD) simulations, MM/PBSA
binding free energy calculations, and density functional theory (DFT) analyses was performed, using abiraterone (ABT) as
a reference. Docking results indicated that MON displayed consistently stronger binding affinities toward key oncogenic
targets, including epidermal growth factor receptor (EGFR), cytochrome P450 17A1 (CYP17A1), and extracellular signal-
regulated kinase 2 (ERK2). ADMET profiling suggested favorable pharmacokinetic properties and drug-likeness, with no
major toxicity concerns. MD simulations confirmed the conformational stability of MON—protein complexes, supported
by favorable MM/PBSA binding free energies predominantly driven by van der Waals and electrostatic contributions.
Per-residue decomposition highlighted a broader and more favorable interaction network for MON, particularly within
CYP17A1 and ERK2 active sites. DFT calculations further revealed a larger HOMO-LUMO energy gap for MON than
ABT in both gas and aqueous phases, indicating enhanced chemical stability. Collectively, these findings position MON
as a promising lead scaffold for further optimization and experimental validation in prostate cancer therapy.
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Introduction

Prostate cancer (PCa) is the second most common invasive
malignancy among men worldwide (Kania et al. 2025).
The enzyme 170-hydroxylase/C17,20-lyase (CYP17A1), a
cytochrome P450 monooxygenase, plays a pivotal role in
androgen and corticosteroid biosynthesis and has emerged
as a critical therapeutic target in prostate cancer therapy
(Kmet'ova Sivoniova et al. 2017). Pharmacological inhi-
bition of CYP17A1 suppresses androgen production and
represents a central strategy in both clinical treatment and
drug development for advanced PCa (Hartmann et al. 2002;
Vasaitis et al. 2011). Steroidal derivatives bearing five- or
six-membered 17(B-exo nitrogen-containing heterocycles,
including steroidal azoles, have demonstrated potent inhibi-
tion of CYP17A1 (Njar et al. 1998). These compounds block
early steps in adrenal androgen synthesis and therefore hold
significant promise as anti-prostate cancer agents (Moreira
et al. 2008a,b). In 2005, Handratta et al. 2005reported the
synthesis of galeterone (Fig. 1, compound 1) and its A*-3-
keto derivative as steroidal antiandrogens. Galeterone was
later developed by Tokai Pharmaceuticals as a dual-action
therapeutic agent targeting CYP17A1 for prostate cancer
treatment (Vasaitis et al. 2008). However, patients with
castration-resistant prostate cancer (CRPC) have shown sig-
nificant benefit from the FDA-approved CYP17A1 inhibitor
abiraterone acetate (Zytiga, compound 2) (Potter et al. 1995,
Bryce and Ryan 2012). In parallel, Hartmann and co-work-
ers synthesized several novel CYP17 inhibitors, reinforcing
the therapeutic relevance of CYP17A1 blockade in prostate
carcinoma (Hu et al. 2010).

Building on our recent work on the synthesis and phar-
maceutical activity of D-ring-modified steroids at the C-3
and C-17 positions (Abdul-Rida et al. 2021; Al-Masoudi et
al. 2014; Al-Masoudi et al. 2018; Al-Masoudi et al. 2016;
Al-Masoudi et al. 2015a; Al-Masoudi et al. 2015b; Banday
et al. 2021), we report here an integrated in silico inves-
tigation of our newly synthesized steroid, monoxetanol.
Molecular docking, MD simulations, MM/PBSA binding
free energy calculations, ADME—tox profiling, and density
functional theory (DFT) analyses were performed to sup-
port its potential activity against prostate cancer.
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1. Galeterone 2. Abiratirone acetate

Fig. 1 Potent steroidal CYP17A1 inhibitors as therapeutic agents for
prostate cancer
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Results and discussion
Chemistry

((Androsta-5-ene-3p,17B-diol-150-yl)thio)propanehydrazide
(6) was previously synthesized in our laboratory (Abdul-Rida
et al. 2021) from the readily available steroid androsta-5,15-
diene-3B-ol-17-one (3) through a multistep synthetic route.
Compound 6 was subsequently reacted with the non-steroidal
anti-inflammatory drug naproxen in the presence of phos-
phoryl chloride (POCI;) at 8090 °C for 8 h. After chromato-
graphic purification, this reaction afforded the target derivative,
150-((2-(5-(1-(6-methoxynaphthalen-2-yl)ethyl)-1,3,4-oxadi-
azol-2-yl)ethyl)thio)-androsta-5-ene-3,17B-diol (abbreviated
as MON), in 52% isolated yield (Scheme 1).

The structure of MON was confirmed by 'H and '*C NMR
spectroscopy. In the '"H NMR spectrum, two multiplets at &
291 and 2.75 ppm were assigned to the methylene protons
of the CH,CH,S and CH,CH,S groups, respectively. A trip-
let at 6 5.32 ppm (J,,,=2.2 Hz) corresponded to the olefinic
H-6 proton. A broad singlet at 6 4.07 ppm was attributed to
the 3-OH proton, overlapping with the methine proton of the
CHMe group, while a singlet at 6 3.88 ppm was assigned to the
17-OH proton. Multiplets at 6 2.35 and 2.19 ppm were ascribed
to H-4a/H-7a and H-4b/H-7b/H-16Db, respectively. Additional
multiplets at J 3.40, 3.25, and 2.52 ppm were assigned to H-17,
H-3, and H-15, respectively. The remaining aliphatic protons
resonated between J 1.71 and 0.95 ppm. Aromatic proton sig-
nals were fully characterized in the Experimental section.

In the '3C NMR spectrum, downfield resonances at & 164.4
and 160.4 ppm were assigned to C-2 and C-5 of the oxadia-
zole ring. Signals at 6 31.7 and 29.5 ppm corresponded to the
carbon atoms of the CH,CH,S and CH,CH,S groups. Reso-
nances at 0 141.9, 75.4,767.4, and 55.7 ppn; were attributed
to C-5, C-17, C-3, and C-9 of the androstenediol backbone,
respectively. Additional signals at 6 48.9, 45.1, and 44.7 ppm
were assigned to C-14, C-13, and C-4, together with the CHMe
carbon. The resonances at d 37.1 and 36.1 ppm were attributed
to C-1, C-10, and C-12, while the signal at J 34.2 ppm cor-
responded to C-16. Furthermore, the resonances at 6 31.3 and
30.7 ppm were assigned to C-2, C-6, and C-7, and to C-8 and
C-15, respectively. The resonance at § 20.4 ppm was attributed
to C-11 together with the methyl carbon of the CHMe group.
Aromatic carbon signals were fully characterized in the Exper-
imental section.

In vitro cytotoxic activity

The anticancer activity of the newly synthesized steroid
MON was evaluated in vitro using the MTT assay (Mosmann
1983) against human prostate carcinoma cell lines (PC-3
and LNCaP-Al) and normal human prostatic epithelial cells
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Scheme 1 Synthesis of steroid (monoxetanol) from androsta-5,15-diene-17-one analog 3

Table 1 In vitro cytotoxic activity of MON and ABT after 72 h at 10
uM

Compd Cytotoxic(%)

PC-3* LNCaP-ATI* RWPE1®
MON 79.8 64.7 0.5%
ABT 92.4 nd 1.2%

%% inhibition from three independent experiments at 10 pM;
PRWPE1: human prostatic epithelial cell lines

Table 2 RMSD values (A) and predicted binding affinities (kcal/mol)
of the native ligands, MON, and ABT against EGFR, CYP17A1, and
ERK2

Target EGFR CYP17A1 ERK2

RMSD 1.783 0.398 0.678
NL —7.55 -9.44 -7.90
MON —10.64 - 13.67 —11.51
ABT -9.78 —10.13 —9.41

(RWPE-1). ABT was employed as a positive control. The
results are summarized in Table 1. After 72 h of treatment at
10 uM, MON exhibited significant cytotoxic activity against
PC-3 and LNCaP-AlI cells, with inhibition values of 79.8%
and 64.7%, respectively, while displaying negligible toxicity
toward RWPE-1 cells (0.5%). In comparison, ABT showed
stronger growth inhibition against PC-3 cells (92.4%) but was
also associated with measurable toxicity toward RWPE-1 cells
(1.2%).

Computational studies
Molecular docking study

Binding affinity analysis The reliability of the molecular
docking protocol was first validated by re-docking the co-
crystallized native ligands into the active sites of EGFR
(PDB ID: 1M17), CYP17A1 (PDB ID: 3RUK), and ERK2
(PDB ID: 4ZZN). Superimposition of the re-docked poses
with their corresponding crystallographic conformations
showed good agreement, yielding RMSD values of 1.783 A
for EGFR, 0.398 A for CYP17Al, and 0.678 A for ERK2
(Table 2). All RMSD values were below the accepted
threshold of 2.0 A, confirming that the docking protocol
could reliably reproduce the experimental binding modes
and validating the accuracy of the docking setup (Fig. 2).

The predicted binding affinities of the native ligands (NL),
MON, and ABT toward the three-prostate cancer—related
targets are summarized in Table 2. Overall, MON exhibited
consistently stronger binding affinities than both the native
ligands and the ABT across all investigated targets, indicat-
ing a favorable interaction profile. In the case of CYP17A1,
a key enzyme in androgen biosynthesis, the NL displayed
a binding energy of — 9.44 kcal/mol, whereas ABT showed
an affinity of— 10.13 kcal/mol. MON exhibited the stron-
gest interaction, with a binding energy of— 13.67 kcal/mol,
indicating a substantially higher predicted affinity toward
this validated therapeutic target. While CYP17A1 target-
ing is associated with inhibition of androgen biosynthesis,
EGFR and ERK2 represent complementary non-androgen
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Fig. 2 Superimposition of co-crys-
tallized native ligands (magenta)
and re-docked poses (green) within
the active sites A EGFR, B ERK2,
and C CYP17A1

signaling pathways involved in tumor progression and resis-
tance, supporting their inclusion in this study.

EGFR is a well-established target in prostate cancer,
particularly in the transition to castration-resistant prostate
cancer (CRPC), where it can act as an alternative pathway
bypassing androgen receptor (AR) signaling (Schlomm et
al. 2017). In this study, the NL showed a binding energy of—
7.55 kcal/mol, while ABT bound with an affinity of— 9.78
kcal/mol. Notably, MON demonstrated a stronger interac-
tion with EGFR, exhibiting a binding energy of— 10.64
kcal/mol, suggesting enhanced stabilization within the
EGFR active site.

ERK2 (Extracellular Signal-Regulated Kinase 2), a key
component of the MAPK/ERK signaling pathway, plays
a critical role in prostate cancer progression by regulating
cell proliferation, survival, and metastasis (Chen et al. 2013,
2017). For ERK2, the NL bound with an affinity of— 7.90
kcal/mol, while ABT exhibited a binding energy of— 9.41
kcal/mol. MON again showed superior binding, with a
binding energy of— 11.51 kcal/mol, suggesting strong sta-
bilization within the ERK2 binding pocket.

Collectively, the docking results demonstrate that MON
consistently outperforms ABT and the native ligands in
terms of predicted binding affinity across all examined
targets. The particularly strong interaction observed with
CYP17A1 is noteworthy given its central role in prostate
cancer therapy. These findings suggest that MON possesses
a favorable molecular interaction profile and justify its fur-
ther evaluation using molecular dynamics simulations and
MM/PBSA binding free energy calculations.

Interaction analysis with BSA For EGFR, the NL formed

hydrogen bonds with MET98 and GLY 101 (2.65-3.98 A)
and hydrophobic contacts with VAL31, LYS50, LEU93,

@ Springer

THR95, and LEU149 (2.74-3.96 A) (Table S1). ABT
interacted through a hydrogen bond with THR95 (3.38 A),
hydrophobic contacts with ALA48, LYS50, LEU82, LEU93,
THR95, and MET98, and a salt bridge with LYS50 (5.00 A).
In contrast, MON exhibited enhanced stabilization, forming
hydrogen bonds with LYS50 and GLU67 (2.65-3.96 A) and
extensive hydrophobic interactions with LEU23, VAL31,
ALA48, LYS50, LEU97, MET98, LEU149, and THR159
(3.09-3.77 A), indicating improved complementarity within
the EGFR active site (Fig. 3).

In the CYP17A1 binding site, the NL formed a hydrogen
bond with ASN172 (2.03 A) and hydrophobic interactions
with ALAS3,PHE84, ILE175, ALA263, and VAL443 (3.38—
3.97 A) (Table S2). ABT engaged in hydrogen bonds with
ARG209, ILE404, and GLY405 (2.95-4.09 A) and hydro-
phobic contacts with ALAS83, ILE175, ILE176, ALA263,
GLU266, THR267, and ILE332 (3.39-3.86 A). Notably,
MON formed multiple hydrogen bonds with ARG209,
ALA263, and ALA409 (3.04-3.61 A), together with exten-
sive hydrophobic interactions involving ALA83, PHES84,
ILE176, ASP259, ILE260, ALA263, GLU266, ILE332,
ILE404, LEU408, VAL443, and VAL444 (3.09-3.83 A),
reflecting stronger stabilization within the CYP17A1 bind-
ing pocket (Fig. 4).

For ERK2, the NL formed a hydrogen bond with MET98
(2.87-2.98 A) and hydrophobic contacts with ILE2I,
VAL29, ALA42, and GLN95 (3.41-3.99 A) (Table S3).
ABT established hydrogen bonds with ARG57, MET9S,
ASN144, and ASP156 (2.86-3.76 A), hydrophobic inter-
actions with ALA25, VAL29, LYS44, and LEU146 (3.31—
3.58 A), and a salt bridge with LYS141 (3.45 A). MON
exhibited multiple hydrogen bonds with GLU23, LYS44,
GLU99, LYS141, SER143, and ASP156 (2.54-4.00 A), and
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Fig. 4 3D binding interactions of A NL, B ABT, and C MON within the CYP17A1 active site
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Fig. 5 3D binding interactions of A NL, B ABT, and C MON within the ERK2 active site

hydrophobic interactions involving ILE21, ALA25, TYR26,
LYS44, LYS104, and LEU146 (3.12-3.93 A), indicating a
more extensive and cohesive interaction network within the
ERK2 active site (Fig. 5).

Overall, MON consistently exhibited more hydrogen
bonds and hydrophobic contacts across all three targets
compared with ABT and the native ligands. This expanded
interaction network provides a structural rationale for its
more favorable docking scores and supports its predicted
higher binding stability.

ADMET and drug-likeness evaluation

The pharmacokinetic and toxicity profiles of ABT acetate
and MON were assessed using in silico ADMET predictions
(Table 3) to evaluate their drug-likeness, bioavailability, and
safety characteristics. ABT exhibited high gastrointestinal
(GI) absorption, consistent with its moderate molecular
weight (399.61 g/mol), low topological polar surface area
(TPSA=38.33 A?), and favorable lipophilicity (consensus
LogP=4.92). In contrast, MON showed low predicted GI

@ Springer
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Table 3 In §i1ico ADME proper- Parameter ABT MON Parameter ABT MON
ties, drug-likeness parameters, Nt o 399.61 602.83 CYP3A4 No No
and toxicity predictions of ABT.
and MON Num HBA 3 6 Log Kp (cm/s) -4.70 -4.97

Num HBD 1 2 Lipinski Yes 1V No 2V
Consensus LogP 4.92 6.24 Ghose Yes No 4V
TPSA (A?) 38.33 113.91 Veber Yes Yes
MW: molecular weight; HBA: LogS (ESOL) —5.70 — 782 Egan Yes No 1V
hydrogen bond acceptors; HBD: GI absorption High Low Muegge No 1V No 1V
hydrogen bond donors; TPSA: P-gp substrate No No BAS 0.55 0.17
total polar surface area; GI gas- BBB permeant Yes No Carcinogenicity Inact70% Inact51%
trointestinal: P-gp: P glycopro- 1 iy (o gy 830 560 Immunotoxicity  Act87% Act99%
tein; BAS: bloavallabl.hty SCOTes; Toxicity class 4 4 Mutagenicity Inact85% Inact63%
V: violation; Act: Active; Inact:
Inactive Hepatotoxicity Inact61% Inact52% Cytotoxicity Inact83% Inact74%
Table 4 MD simulation parameters of ABT and MON complexes with EGFR, CYP17A1, and ERK2
EGFR CYP17A1 ERK2
ABT MON ABT MON ABT MON
RMSD (nm) 0.739 0.818 0.283 0.341 0.155 0.225
RMSF (nm) 0.275 0.387 0.113 0.108 0.083 0.094
SASA (nm?) 190.405 187.772 221.157 220.573 162.591 160.143
Rg (nm) 2.363 2.349 2.308 2.311 2.139 2.182
H-bond 0.089 1.010 0.204 1.767 0.139 0.818

absorption, attributable to its high molecular weight (602.83
g/mol) and elevated polarity (TPSA=113.91 A?), which are
known to limit passive intestinal permeability.

Both compounds were predicted not to be P-glycopro-
tein (P-gp) substrates, suggesting a reduced risk of efflux-
mediated bioavailability loss. Skin permeability values
(log Kp) indicated low dermal penetration for both ligands,
with slightly lower permeability predicted for MON. ABT
was predicted to be blood—brain barrier (BBB) permeant,
in line with its high lipophilicity and low TPSA, whereas
MON was not BBB permeant, likely due to its larger size
and increased polarity. Neither compound was predicted to
inhibit CYP3A4, suggesting a low potential for drug—drug
interactions.

Regarding drug-likeness, ABT satisfied most rule-based
filters, with only one Lipinski violation related to lipophi-
licity (MLOGP>4.15). It complied with the Ghose, Veber,
Egan, and Muegge criteria, reflecting an overall acceptable
medicinal chemistry profile. In contrast, MON violated mul-
tiple rules across Lipinski, Ghose, Egan, and Muegge filters,
primarily due to excessive molecular weight and high lipo-
philicity, which are expected to compromise oral bioavail-
ability despite compliance with Veber’s rule. Its predicted
bioavailability score (0.17) was markedly lower than ABT
(0.55), indicating a need for caution in oral administration.

Toxicity predictions classified both compounds into
toxicity class 4, indicative of moderate acute toxicity, with
MON showing slightly lower predicted LDs, (560 mg/kg
vs. 830 mg/kg for ABT). Neither compound was predicted
to be carcinogenic, mutagenic, hepatotoxic, or cytotoxic,

@ Springer

with high inactivity probabilities. However, immunotoxic-
ity was predicted as active for both ligands, with a notably
higher probability for MON (99%) than for ABT (87%)).

Collectively, ABT demonstrated a more favorable
ADMET profile, with superior absorption, bioavailabil-
ity, and overall drug-likeness (Pires et al. 2015). Although
MON exhibited promising docking and interaction pro-
files, its suboptimal absorption properties and multiple
drug-likeness violations highlight potential limitations
for oral bioavailability and systemic exposure. To address
these challenges, structural optimization, such as reducing
molecular size or polarity, or formulation strategies, includ-
ing nanoparticle-based delivery or prodrug design, could
be pursued to improve absorption and drug-likeness while
retaining anticancer activity.

MD simulation analysis

Molecular dynamics (MD) simulations were conducted to
evaluate the structural stability, flexibility, compactness,
and intermolecular interactions of the ABT— and MON—
protein complexes with EGFR, CYP17A1, and ERK2. The
dynamic behavior of the complexes was analyzed using
RMSD, RMSF, radius of gyration (Rg), SASA, and hydro-
gen bond (H-bond) metrics, as summarized in Table 4 and
Fig. 6.

The RMSD profiles (Fig. 6A) showed that most com-
plexes reached equilibrium within the first 3 ns and remained
stable throughout the simulation. An exception was
observed for the EGFR-MON system, which exhibited a
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Fig. 6 Molecular dynamics analysis of ABT and MON complexes: A RMSD, B RMSF, C Rg, D SASA, and E number of H-bonds

prolonged equilibration phase, stabilizing at approximately
65 ns compared to~35 ns for ABT. This behavior suggests
progressive conformational adaptation of EGFR to MON.
After equilibration, both EGFR complexes remained stable
with comparable RMSD values, confirming the formation
of persistent binding conformations. In the CYP17A1 and
ERK2 systems, ABT displayed marginally lower average
RMSD values; however, the RMSD values observed for
MON (0.341 nm for CYP17A1 and 0.225 nm for ERK2)
remained well within the accepted range for stable protein—
ligand complexes, indicating robust structural stability.

The comparatively higher RMSD values observed for the
EGFR complexes likely reflect intrinsic domain flexibility
in EGFR and ligand-induced conformational rearrange-
ments rather than complex instability, as supported by the

stable Rg and SASA profiles. The RMSF analysis (Fig. 6B)
revealed that MON induced slightly higher residue-level
fluctuations in EGFR (0.387 nm) compared to ABT (0.275
nm). For CYP17A1 and ERK2, RMSF values for MON
were comparable to those of ABT, indicating that MON
binding does not induce unfavorable global flexibility and
preserves the structural integrity of the proteins.

The radius of gyration profiles (Fig. 6C) demonstrated
that all complexes maintained an overall compact structure
throughout the simulation. In EGFR, MON exhibited early-
stage Rg fluctuations, consistent with its longer equilibration
phase observed in the RMSD analysis. Following equilibra-
tion, the EGFR-MON complex stabilized with an average
Rg value (2.349 nm) comparable to that of ABT (2.363 nm),
indicating equivalent final compactness. For CYP17Al,

@ Springer
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both ABT and MON complexes showed nearly identical
Rg values (~2.31 nm), while in ERK2, the ABT complex
exhibited a slightly lower average Rg (2.139 nm) than MON
(2.182 nm), suggesting marginally enhanced compactness.
Overall, these results confirm that MON preserves protein
compactness across all targets.

The SASA profiles (Fig. 6D) showed comparable sol-
vent exposure for ABT- and MON-bound complexes across
all proteins. Notably, MON exhibited slightly lower SASA
values for EGFR and ERK2 compared to ABT, suggesting
improved burial of the ligand within the binding pocket, a
feature commonly associated with enhanced binding stabil-
ity. Hydrogen bond analysis (Fig. 6E) revealed that MON
formed a higher average number of hydrogen bonds with all
three protein targets compared to ABT. In particular, MON
exhibited substantially stronger hydrogen bonding with
CYP17A1 (1.767 vs. 0.204) and ERK2 (0.818 vs. 0.139),
indicating more persistent polar interactions that likely con-
tribute to its stable binding mode.

Although ABT demonstrated marginally lower RMSD
values in certain systems, MON consistently exhibited
stronger intermolecular interactions, enhanced hydrogen
bonding, and comparable compactness across all targets.
The adaptive conformational changes observed upon MON
binding, particularly in EGFR, suggest a stable and well-
accommodated binding mode.

Collectively, these findings support MON as a dynami-
cally stable ligand and a promising alternative to the refer-
ence drug ABT, despite its less favorable ADMET profile.

MM/PBSA binding free energy analysis

The MM/PBSA method was applied to quantify the binding
energetics of MON and ABT toward EGFR, CYP17A1, and
ERK2. The decomposed energetic components and total
binding free energies are summarized in Table S4 and illus-
trated in Fig. 7.

Across all three targets, MON exhibited significantly
more favorable total binding free energies (AGy,;,4) than ABT,
indicating stronger and more stable complex formation. In

Fig. 7 Decomposition of MM/ 50
PBSA binding free energy
components for MON and ABT
complexes with EGFR (1M17),
CYP17A1 (3RUK), and ERK2
(4ZZN)

-50

Energy (Kcal/mol)

-100

the EGFR system, MON achieved a AGy;,q of — 72.26+7.04
kcal/mol, compared to — 58.31+4.80 kcal/mol for ABT.
This enhancement is primarily attributable to substantially
stronger van der Waals (AE, ) and electrostatic (AE.)
contributions, reflecting improved shape complementarity
and reinforced polar interactions within the binding pocket.
A similar trend was observed for CYP17A1, where MON
displayed the most favorable binding among all studied
systems, with a AGy;,q of — 106.48+5.40 kcal/mol, sig-
nificantly exceeding that of ABT (— 67.52+5.24 kcal/mol).
The dominant contribution arose from highly favorable
gas-phase interaction energies (AGg,,), particularly van der
Waals interactions (— 80.78+2.86 kcal/mol), highlighting
strong hydrophobic packing and close ligand—protein con-
tacts. These findings are consistent with the compact bind-
ing mode and elevated hydrogen bond persistence observed
during the MD simulations.

In the ERK2 complexes, MON again outperformed
ABT, exhibiting a AGy;,q of — 55.54+5.99 kcal/mol versus
— 32.63+5.85 kcal/mol for ABT. Notably, MON formed
significantly stronger electrostatic interactions with ERK2,
consistent with the higher number and stability of hydro-
gen bonds identified in the MD trajectories, underscoring
the role of polar interactions in stabilizing this complex.
Although MON incurred higher polar solvation penalties
(AEpg) than ABT across all systems, these unfavorable con-
tributions were fully compensated by markedly stronger van
der Waals, electrostatic, and nonpolar solvation (AEypp)
terms. This energetic balance suggests deep insertion of
MON into the binding cavities, enabling extensive hydro-
phobic and electrostatic contacts despite increased desolva-
tion costs.

Collectively, the MM/PBSA results strongly corrobo-
rate the molecular docking and MD simulation findings,
confirming that MON consistently exhibits superior bind-
ing affinity and interaction strength relative to ABT across
all investigated targets. While the absolute free energies
may be affected by the omission of entropic contributions,
the relative trends strongly support MON as a promising
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lead compound for subsequent structural optimization and
experimental validation.

Per-residue binding free energy analysis

To identify key amino acid residues responsible for ligand
stabilization and to rationalize the observed binding free

energies, per-residue MM/PBSA energy decomposition
was performed for the EGFR, CYP17A1, and ERK2 com-
plexes. The residue-wise energy contributions are summa-
rized in Tables S5-S7 and illustrated in Figs. 8, 9 and 10,
respectively.

As shown in Fig. 8 and Table S5, both ligands interacted
with residues lining the EGFR binding pocket; however,
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MON exhibited a broader and more favorable interaction
profile. MON formed stabilizing interactions with several
key residues, including GLN96, LEU97, MET98, GLY 101,
and CYS102, which displayed moderate to strong negative
energy contributions. In contrast, these residues contributed
weakly or were not significantly involved in ABT binding.
Notably, MON showed stronger ligand self-contributions
(LIG: — 22.97+2.77 kcal/mol) than ABT (— 20.34+2.43
kcal/mol), indicating a more energetically favorable binding
mode. Although both ligands exhibited unfavorable contri-
butions from charged residues such as LYS50 and ASP105,
the enhanced hydrophobic and polar contacts formed by
MON compensated for these penalties, consistent with its
improved total MM/PBSA binding free energy.

The per-residue decomposition for CYP17A1 (Fig. 9,
Table S6) revealed pronounced differences between MON
and ABT. MON established strong stabilizing interactions
with multiple residues within the catalytic cavity, includ-
ing ASN172 ( — 2.514+0.82 kcal/mol), ILE175, ILE176,
ALA263 (— 3.68+0.43 kcal/mol), CYS403, and GLY264.
These residues contributed only weakly or not at all to ABT
binding. Importantly, ABT exhibited a highly unfavorable
contribution from ASP259 (7.48+4.03 kcal/mol), which
was absent in the MON complex, indicating reduced elec-
trostatic strain upon MON binding. The ligand contribu-
tion term further confirmed the superiority of MON (LIG:
— 32.95+2.44 kcal/mol) compared to ABT (— 23.68+1.13
kcal/mol), explaining the markedly stronger binding affinity
of MON toward CYP17A1 observed in the total MM/PBSA
analysis.

In the ERK2 system (Fig. 10, Table S7), MON again
exhibited enhanced residue-level stabilization relative
to ABT. MON formed favorable interactions with sev-
eral hydrophobic and polar residues, including ILE21
(—1.98+0.53 kcal/mol), VAL29, LEU97, GLU99, ASN144,
and LEU146, whereas ABT interacted with a more limited
number of residues and with weaker energetic contribu-
tions. Although MON showed unfavorable contributions
from charged residues such as LYS44 and GLUG61, these
effects were outweighed by strong ligand-centered stabili-
zation (LIG: — 21.4342.19 kcal/mol), which was more than
double that of ABT (— 9.81+2.12 kcal/mol). This residue-
level behavior corroborates the stronger total binding free
energy and enhanced interaction persistence observed dur-
ing the MD simulations.

Across all three protein targets, per-residue energy
decomposition consistently demonstrated that MON
engages a larger number of stabilizing residues and exhib-
its stronger ligand-centered energetic contributions than the
reference drug ABT. The enhanced binding of MON is pri-
marily driven by improved hydrophobic packing and favor-
able polar interactions, which compensate for occasional
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electrostatic penalties. These findings provide residue-level
mechanistic support for the superior binding affinities of
MON observed in docking, MD simulations, and MM/
PBSA analyses.

DFT analysis

Frontier molecular orbital (FMO) theory provides insight
into the electronic structure and reactivity of molecular sys-
tems through analysis of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) (Bendaas et al. 2024). The HOMO-LUMO energy
gap (AE=E; ymo —Enomo) reflects kinetic stability, chemical
reactivity, and the potential for intramolecular charge trans-
fer, which can influence ligand—protein interactions. The
HOMO-LUMO distributions and corresponding molecular
electrostatic potential (MEP) surfaces of MON and ABT in
both gas and aqueous phases are shown in Figs. 11 and 12,
while the calculated quantum chemical descriptors are sum-
marized in Table 5.

For ABT, the HOMO and LUMO are mainly distributed
over the 3-(cyclopentenyl)pyridine moiety, indicating that
this region as the main site for electron donation and accep-
tance. In contrast, the HOMO and LUMO of MON are pre-
dominantly localized on the methoxynaphthalene scaffold
and adjacent functional groups, suggesting these regions
as the key pharmacophoric sites likely to participate in
hydrogen bonding, n—n stacking, and electrostatic interac-
tions within protein binding pockets. These patterns persist
in both gas and aqueous phases, indicating intrinsic orbital
stability under physiological-like conditions.

The MEP surfaces reveal distinct electrostatic features
for MON and ABT (Figs. 11 and 12). In MON, electro-
negative regions are concentrated around the oxygen atoms
of the hydroxyl and methoxy groups, as well as the nitro-
gen and oxygen atoms of the oxadiazole ring, identifying
these sites as favorable hydrogen bond acceptors. while
the electropositive region is primarily associated with the
hydroxyl proton, indicates hydrogen bond donation capabil-
ity. In contrast, ABT exhibits negative electrostatic regions
mainly localized on the pyridine nitrogen and acetate oxy-
gen, indicating fewer but more spatially confined interaction
hotspots.

MON exhibits significantly lower HOMO energies than
ABT in both environments (gas: — 7.79 vs. — 6.11 ¢V, water:
—7.85 vs — 6.11 eV), indicating reduced electron-donating
ability. Conversely, ABT, with its higher HOMO energy,
may act as a stronger electron donor. MON also displays
higher LUMO energies than ABT, implying a lower elec-
tron-accepting tendency. Consequently, the HOMO-LUMO
energy gap of MON is substantially larger than that of ABT
in both phases (gas: 10.32 vs. 5.15 eV; water: 10.19 vs. 5.09
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LUMO

Fig. 12 HOMO, LUMO, and molecular electrostatic potential surfaces of A MON and B ABT in the aqueous phase

eV). A larger AE is generally associated with higher kinetic
stability and lower chemical reactivity, whereas a smaller
AE reflects increased softness and reactivity (Bendaas et al.
2024). Thus, ABT is predicted to be intrinsically more reac-
tive, while MON demonstrates greater electronic stability, a
favorable feature for minimizing nonspecific interactions in
drug candidates.

The global reactivity descriptors derived from FMO
energies (Table 5) further support these trends. MON dis-
plays higher global hardness (1) and lower softness (S) than
ABT, confirming its resistance to electronic deformation. In
addition, the electrophilicity index (@) of MON is markedly
lower than that of ABT in both phases, indicating that MON

behaves as a weaker electrophile. This reduced electro-
philic character may contribute to improved selectivity and
a lower likelihood of off-target reactivity. Conversely, ABT
shows higher electronegativity () and electrophilicity, con-
sistent with its smaller AE and greater chemical reactivity,
which may enhance interaction strength but also increase
susceptibility to nonspecific or metabolic reactions.
Collectively, the DFT results reveal that MON’s stable
electronic structure, well-defined frontier orbital localiza-
tion, and complementary electrostatic profile facilitate
favorable and selective interactions with EGFR, CYP17A1,
and ERK2, providing a molecular rationale for its superior
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Table 5 Frontier molecular orbital energies (eV) and global reactivity
descriptors (eV) of MON and ABT calculated in the gas and aqueous
phases

Gas Water

MON ABT MON ABT
HOMO -17.79 -6.11 —-7.85 -6.11
LUMO 2.52 -0.96 2.34 - 1.03
AE 10.32 5.15 10.19 5.09
IPE 7.79 6.11 7.85 6.11
EA -2.52 0.96 -234 1.03
% 2.63 3.54 2.75 3.57
n —2.63 —-3.54 -2.75 -3.57
n 5.16 2.58 5.10 2.54
S 0.10 0.19 0.10 0.20
® 0.67 243 0.74 2.51
o 2.64 4.52 2.76 4.61
o 0.00 0.98 0.00 1.04

binding and reinforcing its potential as a robust lead com-
pound for prostate cancer therapy.

Experimental
Materials and methods

Melting points were determined using a Biichi B-545 melt-
ing point apparatus (Biichi Labortechnik AG, Switzerland)
and are reported uncorrected. NMR spectra were recorded
on 400 MHz ('H) and on 75 MHz ('*C) spectrometers
(Bruker DPX-400, Germany) with tetramethylsilane (TMS)
as an internal standard. Chemical shifts (J) are reported in
parts per million (ppm). Proton signal assignments were
performed using selective proton decoupling or by COSY
spectroscopy. Infrared (IR) spectra were recorded on a
Shimadzu spectrophotometer. Thin-layer chromatography
(TLC) was performed on silica gel 60 F254 plates (Merck),
and chromatograms were visualized under UV light (254—
266 nm) and by iodine vapor staining.

((Androsta-5-ene-3f,17p-diol-15a-yl)thio)
propanehydrazide (6) (Abdul-Rida et al. 2021)

A mixture of methyl ((androsta-5-ene-3p,17p-diol-15a-yl)
thio)propanoate (4) (500 mg, 1.23 mmol) and an excess of
hydrazine hydrate (80%, 5 mL) in EtOH (15 mL) was heated
under reflux for 10 h. Reaction progress was monitored by
TLC using n-hexane—ethyl acetate (4:1) as the eluent. After
completion, the reaction mixture was concentrated by evap-
oration and allowed to cool to room temperature. The result-
ing solid was filtered, dried, and recrystallized from ethanol
to afford compound 6 (350 mg, 70% yield) as a yellow
powder; m.p.: 152-153 °C; R=0.32; FTIR (v, cm ):

max>
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3442 (OH), 3421, 3284 (NH,), 2964, 2933 (CH,;,) 1660
(C=0,niqe)> 1633 (NH), 1633 (C=C). '"H NMR (DMSO-
dg): 0 9.06 (s, 1H, NH,,i4.), 6.88 (br s., 2H, NH,), 5.28
(t, 1H, Jg;=2.3 Hz, H-6), 4.53 (br s., 1H, 3-OH), 3.72 (br
s., 1H, 7-OH), 3.44 (m, 1H, H-17), 3.27 (br s., 1H, H-3),
3.06 (m, 1H, H-15), 2.64 (m, 2H, 2.67 (m, 2H, CH2- 21),
2.45 (m, 2H, CH2-22), 2.36 (m, 1H, H-16a), 2.31 (m, 1H,
H-7a), 2.14 (m, 2H, CH,-4), 1.81 (m, 1H, H-1a), 1.76 (m,
1H, H-12a), 1.68 (m, 1H, H-2a), 1.55 (m, 2H, H-8+H-16b),
1.55 (m, 1H, H-7b), 1.49 (m, 1H, H-11a), 1.39 (m, 1H,
H-2b), 1.35 (m, 1H, H-11b), 1.25 (m, 1H, H-14), 0.96 (m,
4H, Me-19+H-12b), 0.83 (m, 2H, H-1b+H-9), 0.71 (s, 3H,
Me-18). 3C NMR (DMSO-d,): 6 170.5 (C=0,iqc)> 141.6
(C-5), 120.9 (C-6), 80.5 (C-17), 70.5 (C-3), 54.4 (C-14),
50.5 (C-9), 43.6 (C-13+C-16), 42.7 (C-4+C-15), 37.7
(C-12) 37.5 (C-1), 36.7 (C-10+CH,-22), 31.8 (C-2), 31.3
(C-7), 29.8 (C-8), 28.7 (CH,-21), 20.5 (C-11), 19.5 (Me-
19), 14.2 (Me-18). Anal. calc. for C,,H;,N,0,S (408.60): C,
64.67; H, 8.88; N, 6.86. Found: C, 64.59; H, 8.80; N, 6.93.

15a-((2-(5-(1-(6-Methoxynaphthalen-2-yl)ethyl)-
1,3,4-oxadiazol-2-yl)ethyl) thio)androsta-5-ene-
3B,17B-diol (monoxetanol)

To a mixture of naproxene (75 mg, 0.32 mmol) in POCl,
(8 mL) was added the steroid 6 (130 mg, 0.31 mmol) very
slowly at room temperature. The mixture was heated at
80-90 °C for 8 h and the reaction was monitored by TLC
(hexane—ethyl acetate 3:2). The reaction mixture was cooled
and poured on ice-water to give a white product, which was
partitioned between ethyl acetate (2 %20 mL) and NaHCO,
(20 mL) and the combined organic extract was dried
(Na,S0,), filtered and evaporated to dryness. The residue
was purified on a short column of silica gel (5 g), using hex-
ane—cthyl acetate 3:2 as an eluent to give pure product 7 (mg,
52%) as a crystalline product, m.p. 158-161 °C, R;=0.25;
FTIR (v,,,, cm '): 3442 (OH), 2964, 2933 (CH,jiph ) 1660
(C=0,nige)> 1633 (NH), 1633 (C=C). '"H NMR (DMSO-dy):
0 7.97 (d, 1H, J, ,=7.8 Hz, H,y -1) 7.85 (d, 1H, J54=7.6
Hz, Hyo -5), 7.62 (s, 1H, H,, -4), 7.59 (d, 1H, J;,=7.8
Hz, H,,,-2), 7.30 (br s., 2H, H,. .., -5+ H,;on-8), 5.32 (t,
1H, Jg7=2.2 Hz, Hy,gr051a.-6)> 4.07 (br s., 2H, 3-OH+CH-
Me), 3.88 (s, 1H, 17-OH), 3.54 (s, 3H, OMe), 3.40 (m, 1H,
H-17), 3.25 (m, 1H, H-3), 2.91 (m, 2H, CH,-CH,-S), 2.75
(m, 2H, CH,-CH,-S), 2.52 (m, 1H, H-15), 2.35 (m, 2H,
H-4a+H-7a), 2.19 (m, 3H, H-4b+H-7b+H-16b), 1.71 (m,
4H, H-10a+CH-Me), 1.61 (m, 3H, H-2a+H-11a+H-12a),
1.48 (m, 4H, H-la+H-11b+H-12b+H-13), 1.24 (m, 3H,
H-2b+H-8+H-9), 1.05 (m, 4H, H-1b+Me-19), 0.95 (s, 3H,
Me-18). '*C NMR (DMSO-dy): 6 164.4 (C,agingore-2)s 160.4
(Coxadiazole_s)’ 149.8 (Carom.'OMe)’ 141.9 (Candrosten._s)’
138.3 (Cyrom-3)> 135.3 (Cprom-82), 131.1 (C,, o -4a), 130.4

arom.
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(Carom,'s)’ 128.7 (Carom,'z)’ 127.0 (Carom,'4): 124.6 (Carom._
1), 118.7 (Cyrom-6), 106.2 (Corom-8) 754 (Congrosten-17)s
67.4 (Cyndgrosten-3)> 00.0 (OMe), 55.7 (Cuudgrosten-9)> 48.9

(Candrosten.'l4)’ 45.1 (Candrosten._ls)’ 44.7 (Candrosten._4+Q['
Me)’ 37.1 (Candrosten.'l+Candrosten.'10)9 36.1 (Candrosten.'lz)’
34.2 (Candrosten._16)’ 317 (C—I—IQCHZS)ﬂ 31.3 (Candrosten.'2+
Candrosten.'6 + Candrosten.'7)9 30.7 (Candrosten.'8 + Candrosten.' 1 5)7
29.5 (CH,CH,S), 20.4 (Cyngrosa 11+ CHMe), 18.7 (Me-19),
14.4 (Me-18). Anal. calc. for C;,H,cN,04,S (602.32): C,
71.73; H, 7.69; N, 4.65. Found: C, 71.73; H, 7.81; N, 4.71.

In vitro cytotoxic assay

The in vitro cytotoxic activity of MON and ABT against
two human prostate cancer (PCa) cell lines, PC-3 (andro-
gen receptor—negative) and LNCaP-Al (androgen recep-
tor—positive), as well as the normal prostate epithelial cell
line RWPE-1, was evaluated using the standard MTT assay
(Mosmann 1983), as previously described. Briefly, the
human PCa cell lines PC-3 and LNCaP-Al were obtained
from the American Type Culture Collection (Rockville,
MD). LNCaP-Al, PC-3, and RWPE-1 cells were cultured
in RPMI medium supplemented with 5% fetal bovine serum
(FBS, Gibco) and 1% penicillin—streptomycin. Cells were
seeded into 96-well plates at a density of approximately
1.0 x 10* cells per well and incubated for 24 h under con-
trolled conditions (37 °C, 5% CO,). After incubation, the
cells were treated with MON or ABT at a concentration of
10.0 uM (5 pL per well) for 48 h. The experimental setup
included untreated control cells and blank wells without
cells. Following a total incubation period of 72 h, 100 puL
of MTT solution (2 mg/mL in PBS) was added to each well,
and the plates were incubated for an additional 3 hat 37 °Cin
a humidified atmosphere containing 5% CO,. The medium
was then removed, and 100 pL of DMSO was added to dis-
solve the resulting purple formazan crystals for 10 min.
Absorbance was measured at 570 nm using a spectropho-
tometer (Molecular Devices SpectraMax 190, USA). Each
experiment was performed three times in quadruplicate.

Computational evaluations
DFT calculations

Density Functional Theory (DFT) calculations were per-
formed to investigate the electronic structure and chemical
reactivity of MON in comparison with ABT. All quantum
chemical calculations were carried out using Gaussian 16W
software (Frisch et al. 2016). The molecular geometries of
both compounds were fully optimized using the B3LYP
hybrid functional in conjunction with the 6-31+G(d,p)
basis set (Becke 1993). To verify that the optimized

structures correspond to true minima on the potential energy
surface, harmonic vibrational frequency calculations were
conducted at the same level of theory, and the absence of
imaginary frequencies was confirmed (Messaadia et al.
2020). Electronic properties relevant to molecular reactivity
and intermolecular interactions were subsequently evalu-
ated. Frontier Molecular Orbital (FMO) analysis was per-
formed to determine the energies of the highest occupied
molecular orbital (Eyape), the lowest unoccupied molecu-
lar orbital (E; ;y0), and the corresponding HOMO-LUMO
energy gap (AE), which provides insight into chemical sta-
bility, electronic transitions, and potential biological activ-
ity. Molecular electrostatic potential (MEP) surfaces were
generated to identify electron-rich and electron-deficient
regions that may participate in non-covalent interactions
with biological targets. Based on the FMO energies, global
reactivity descriptors were calculated within the framework
of conceptual DFT, including ionization potential (IPg),
electron affinity (EA), chemical potential (p), global hard-
ness (1), global softness (S), electronegativity (), and elec-
trophilicity index (®). The ionization potential and electron
affinity were approximated as —Epomo and —Erumo
, respectively. The remaining descriptors were computed
using the following equations (Bendaas et al. 2024):

X=-u=IPgp+EA)/2 (D
n=(Pg—EA)/2 2
S=1/(2n) ©)
w=x>/(2n) “4)

To account for environmental effects, DFT calculations were
performed in both the gas phase and in aqueous medium using
the Conductor-like Polarizable Continuum Model (CPCM)
(Takano and Houk 2005), thereby approximating physiologi-
cal conditions. Visualization of optimized geometries, MEP
maps, FMO distributions, and electronic density features was
performed using GaussView 06 (Dennington et al. 2016).

Molecular docking

Molecular docking was performed to investigate the bind-
ing behavior and interaction profiles of MON in comparison
with ABT, a clinically approved prostate cancer drug, against
key protein targets implicated in prostate cancer progression
and androgen signaling pathways (Castellan et al. 2019). The
selected targets included epidermal growth factor receptor
(EGFR, PDB ID: 1M17), cytochrome P450 17A1 (CYP17A1,
PDB ID: 3RUK), and extracellular signal-regulated kinase
2 (ERK2, PDB ID: 4ZZN). The three-dimensional crystal
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structures of these proteins were retrieved from the Protein
Data Bank (PDB) (Berman 2000).

Prior to docking, protein structures were prepared by remov-
ing co-crystallized ligands, water molecules, and other het-
eroatoms, followed by the addition of polar hydrogen atoms.
Kollman charges were assigned to the protein structures, while
Gasteiger charges were applied to the ligands using AutoDock
Tools (ADT) version 1.5.7 (Morris et al. 2009). All prepared
structures were saved in PDBQT format.

The three-dimensional structures of MON and ABT were
obtained from their geometry-optimized conformations
derived from DFT calculations. Docking simulations were
carried out using the Lamarckian Genetic Algorithm (LGA)
implemented in AutoDock 4.2 (Morris et al. 2009). For all pro-
tein targets, a grid box of 70 x 70 x 70 points with a spacing of
0.375 A was employed to adequately cover the active bind-
ing regions. The grid box centers were set at (20.085, 0.296,
52.815) for EGFR, (27.878, — 1.781, 32.252) for CYP17Al,
and (— 15.575, 14.176, 42.346) for ERK2. For each docking
experiment, 100 independent runs were performed to ensure
sufficient conformational sampling. Docked poses were ranked
according to predicted binding free energy (kcal/mol), and the
lowest-energy conformation was selected as the most favor-
able binding mode for subsequent analyses (Bekkar et al. 2024;
Benamor et al. 2025a; Bendaas et al. 2025).

To validate the reliability of the docking protocol, redock-
ing of the co-crystallized ligands into their respective protein
binding sites was performed, and the reproduced poses were
compared with the corresponding experimental conformations
(Bendaas et al. 2024; Benamor et al. 2025b). Key amino acid
residues involved in ligand recognition and stabilization within
the active sites were identified using PyMOL and the Pro-
tein—Ligand Interaction Profiler (PLIP) (Salentin et al. 2015;
Schrodinger and DeLano 2020), based on interaction patterns
observed for both the docked ligands and the native co-crystal-
lized ligands.

ADMET and drug-likeness prediction

The pharmacokinetic and toxicity profiles of ABT and MON
were assessed using in silico ADMET predictions. Swis-
sADME and pkCSM web servers were used to evaluate drug-
likeness, oral bioavailability, and gastrointestinal absorption,
while ProTox-II was used to predict toxicity endpoints includ-
ing acute toxicity, hepatotoxicity, and immunotoxicity (Pires et
al. 2015; Daina et al. 2017; Banerjee et al. 2018). These tools
provided complementary predictions for absorption, distribu-
tion, metabolism, excretion, and toxicity properties, which
were analyzed to assess the pharmacokinetic suitability of the
compounds.
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Molecular dynamics simulation

Molecular dynamics (MD) simulations were performed to
evaluate the conformational stability, dynamic behavior, and
intermolecular interaction patterns of the selected protein—
ligand complexes. The lowest-energy docked poses obtained
from AutoDock were used as the initial coordinates for all sim-
ulations. MD simulations were conducted using GROMACS
2024 on a GPU-accelerated computing platform (Van Der
Spoel et al. 2005).

The CHARMM36 force field was applied to describe the
protein structures, while ligand topology files and force-field
parameters for MON and ABT were generated using the Swis-
sParam web server to ensure compatibility with the CHARMM
force field (Bugnon et al. 2023). Each protein—ligand complex
was placed in a cubic simulation box with a minimum dis-
tance of 10 A from the box edge and solvated using the TIP3P
water model, followed by the addition of appropriate Na* and
Cl™ counterions to neutralize the system and mimic physi-
ological ionic strength (Ayrim et al. 2025; Bekkar et al. 2025a).
Energy minimization was performed using the steepest descent
algorithm until the maximum force on any atom was reduced
below 10.0 kJ/mol 'nm™, thereby removing steric clashes and
unfavorable contacts (Samah et al. 2025; Boudebia et al. 2025).
The minimized systems were subsequently equilibrated in two
stages. First, NVT equilibration was conducted for 100 ps at
300 K using the velocity-rescale (V-rescale) thermostat with a
coupling constant of 0.1 ps. This was followed by NPT equili-
bration for 100 ps at 1 bar using the Berendsen barostat with a
pressure coupling time of 2.0 ps, allowing system density sta-
bilization (Adaika et al. 2025; Lanez et al. 2025). Following
equilibration, production MD simulations of 100 ns were per-
formed for each system under the NPT ensemble with periodic
boundary conditions. Long-range electrostatic interactions
were treated using the Particle Mesh Ewald (PME) method
with a real-space cutoff of 12 A, while van der Waals inter-
actions were truncated at 12 A using a force-switch smooth-
ing function applied between 10 and 12 A. Temperature was
maintained at 300 K using the velocity-rescale thermostat, and
pressure was controlled at 1 bar using the Parrinello-Rahman
barostat. Trajectory coordinates were saved every 10 ps for
subsequent analyses (Bekkar et al. 2025b; Abdul-Ridha et al.
2025; Abdul-Rida et al. 2026). Post-simulation analyses were
carried out to assess the dynamic stability and structural integ-
rity of the complexes. The root mean square deviation (RMSD)
of the protein backbone was calculated to monitor overall sys-
tem stability. Root mean square fluctuation (RMSF) analysis
was performed to evaluate residue-level flexibility. The radius
of gyration (Rg) was computed to examine the compactness
of the protein structures, and the solvent-accessible surface
area (SASA) was calculated to assess changes in protein sur-
face exposure upon ligand binding. In addition, protein—ligand
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hydrogen bonds were monitored throughout the simulations to
evaluate their persistence and contribution to complex stabil-
ity. Although replicate simulations were not performed, these
analyses confirmed system convergence and overall stabil-
ity, providing confidence that the observed interaction trends
reflect equilibrated protein—ligand complexes.

MM/PBSA binding free energy and per-residue
decomposition analysis

To complement the MD simulations and quantitatively eval-
uate ligand binding affinities, Molecular Mechanics Pois-
son—Boltzmann Surface Area (MM/PBSA) calculations were
performed using the gmx MMPBSA package (Kumari et al.
2014). Trajectory snapshots were extracted from the final 10
ns of each equilibrated MD trajectory at 10 ps intervals, yield-
ing 1000 frames per system and providing adequate conforma-
tional sampling for statistically reliable free energy estimation.

The binding free energy (AGy;,q) Was calculated accord-
ing to:
AC;(B’ind = Gcomplew - (Gp'r'otein + Gligand) (5)
where Geomplezs Gprotein, and Giigand tepresent the free
energies of the protein—ligand complex, receptor, and
ligand, respectively.

Each free energy term was further decomposed into
molecular mechanics and solvation contributions as follows:

AG = AEGas + AGyore — TAS (6)

The gas-phase interaction energy (AE,,) consists of van der
Waals (AE, 4y ) and electrostatic (AE,,,) components, while the
solvation free energy (AGy,,) includes a polar solvation term
(AGpp), computed using the Poisson—Boltzmann model, and a
nonpolar solvation term (AGypp), estimated from the solvent-
accessible surface area (SASA). The entropic contribution
(— TAS) was not included in the present analysis. This approxi-
mation is widely adopted in comparative MM/PBSA studies
because entropy calculations are computationally expensive
and often introduce substantial statistical noise, while having
a limited impact on relative binding affinity trends between
structurally related ligands (Gogoi et al. 2021). To identify
key residues responsible for ligand stabilization and binding
specificity, per-residue binding free energy decomposition was
carried out within the MM/PBSA framework (Chaudhary and
Aparoy 2020). This analysis partitions the total binding free
energy into individual amino acid contributions, enabling
residue-level interpretation of dominant hydrophobic, elec-
trostatic, and polar interactions governing ligand recognition.
Final MM/PBSA binding free energies and per-residue energy

contributions were reported as mean+standard deviation (SD)
over all analyzed snapshots.

Conclusion

Monoxetanol (MON), a newly synthesized androstenediol
derivative synthesized via a multistep route, demonstrated
significant in vitro cytotoxic activity against human prostate
cancer cell lines PC-3 and LNCaP-Al, with inhibition rates
of 79.8% and 64.7% at 10.0 pM, respectively, while exhibit-
ing negligible toxicity toward normal prostate epithelial cells.
These findings establish a preliminary experimental basis for
its anticancer potential. An integrated in silico strategy com-
bining molecular docking, ADMET prediction, molecular
dynamics (MD) simulations, MM/PBSA binding free energy
calculations, and density functional theory (DFT) analyses
was applied to assess the anticancer potential of MON rela-
tive to ABT. Molecular docking suggested that MON may
exhibit stronger binding affinities than ABT toward key pros-
tate cancer—related targets, including EGFR, CYP17A1, and
ERK2, supported by favorable interactions with catalytically
and regulatory important residues. While these docking results
are predictive in nature and cannot alone confirm biological
activity, they provide supportive evidence for the compound’s
potential. ADMET predictions indicated that MON possesses
acceptable drug-likeness and no major toxicity alerts; however,
its elevated molecular weight and lipophilicity may limit oral
bioavailability, highlighting the need for formulation or struc-
tural optimization. MD simulations confirmed the dynamic
stability of MON—protein complexes, as reflected by favorable
RMSD, RMSF, radius of gyration, SASA, and hydrogen bond
profiles. These observations were further supported by MM/
PBSA calculations, which indicated favorable binding free
energies primarily driven by van der Waals and electrostatic
interactions. Per-residue energy decomposition highlighted
broader and stronger stabilizing contributions for MON, par-
ticularly within the catalytic regions of CYP17A1 and ERK2.
Complementary DFT analyses showed that MON possesses a
larger HOMO-LUMO energy gap (AE) than ABT in both gas
and aqueous environments, suggesting enhanced chemical sta-
bility and reduced intrinsic reactivity. Collectively, the conver-
gence of experimental cytotoxicity, strong binding affinities,
stable dynamic behavior, favorable energetic contributions,
and robust electronic properties identifies MON as a promising
lead compound for prostate cancer therapy. Further structural
optimization, pharmacokinetic refinement, and in vivo valida-
tion are warranted to advance its development toward a viable
therapeutic candidate.
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