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HIGHLIGHTS

e BPA and its analogs are hazardous to
animal, human, and environmental
health.

e The interaction of BPA and its analogs
with AR in relation to DHT was studied.

e The interactions  were
confirmed both computationally and
experimentally.

e The binding of BPA and DHT was
similar, while its analogs interacted
differently.

e Only BPA disrupts DHT-induced AR
dimerization, impacting AR function.
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ABSTRACT

Bisphenol A (BPA) and its various forms used as BPA alternatives in industries are recognized toxic compounds
and antiandrogenic endocrine disruptors. These chemicals are widespread in the environment and frequently
detected in biological samples. Concerns exist about their impact on hormones, disrupting natural biological
processes in humans, together with their negative impacts on the environment and biotic life. This study aims to
characterize the interaction between BPA analogs and the androgen receptor (AR) and the effect on the re-
ceptor’s normal activity. To achieve this goal, molecular docking was conducted with BPA and its analogs and
dihydrotestosterone (DHT) as a reference ligand. Four BPA analogs exhibited higher affinity (—10.2 to —8.7 kcal/
mol) for AR compared to BPA (—8.6 kcal/mol), displaying distinct interaction patterns. Interestingly, DHT
(—11.0 kcal/mol) shared a binding pattern with BPA. ADMET analysis of the top 10 compounds, followed by
molecular dynamics simulations, revealed toxicity and dynamic behavior. Experimental studies demonstrated
that only BPA disrupts DHT-induced AR dimerization, thereby affecting AR’s function due to its binding nature.
This similarity to DHT was observed during computational analysis. These findings emphasize the importance of
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targeted strategies to mitigate BPA toxicity, offering crucial insights for interventions in human health and

environmental well-being.

1. Introduction

Bisphenol A (BPA) is a commercially synthesized chemical com-
pound widely used in the large-scale production of polycarbonate
plastics and various everyday plastic-based products. The global annual
production of BPA is estimated at approximately 8 billion pounds [19,
76]. BPA is present in numerous everyday items, and some countries
have recently banned its use in certain products, such as baby bottles
[3], due to concerns regarding its potential adverse effects on human
health as an endocrine disruptor [28,44]. Consequently, there has been
an increase in the production of BPA analogs that share similar struc-
tural or functional properties [28,44,56]. Several BPA analogs have been
detected in the environment and various biological and non-biological
samples, such as surface water, seawater, blood, urine, milk, vegeta-
bles, fruits, honey, dust, sediment, napkins, toilet paper, and textiles [1,
56,77]. Researchers compared the toxic effects of BPA and its analogs,
such as bisphenol B (BPB), bisphenol S (BPS), bisphenol F (BPF), and
bisphenol AF (BPAF), on zebrafish embryos. They found that the
reproductive neuroendocrine toxicity of BPAF closely resembles that of
BPA [55]. Certain BPA analogs may also be found in products labeled as
“BPA-free”, as their use is not currently regulated or limited [38,60].
However, the safety of these alternatives remains uncertain, as some
molecules have demonstrated effects similar to BPA in animal studies,
exhibiting endocrine-disrupting activity in both in vitro and in vivo
experiments, sometimes with even higher potency than BPA [4,60].

The estrogenic and antiandrogenic activities of BPA have been
widely documented through experimental studies in cell lines and ani-
mal models. BPA can bind to the androgen receptor (AR) and disturb its
normal activity, directly impacting male fertility [25,58,6,72]. AR
comprises three primary functional domains: the N-terminal transcrip-
tional regulation domain, the DNA-binding domain, and the
ligand-binding domain [11]. AR undergoes rapid degradation in the
absence of ligands. Nevertheless, when androgens bind to the receptor,
it gains increased stability. This binding of androgens to the AR’s
ligand-binding domain induces the separation of the receptor from
heat-shock protein 90 (Hsp90) [53,83]. The interaction of AR with BPA
and its analogs can affect its normal activity through various mecha-
nisms, including interrupting the natural interaction of androgens, sta-
bilizing AR after binding, dissociating it from Hsp90, and influencing
transcription and other biological activities [19].

Studying the interaction of BPA and its analogs with AR is a crucial
research area with potential implications for human health [44]. How-
ever, several research gaps exist in this field [41,44]. For instance, the
interaction of BPA analogs with AR has not been comprehensively
studied [59,68]. Additionally, understanding the mechanism of action
and effects of continuous exposure to BPA and its analogs, as well as
their interaction with AR, is important for public health awareness to
minimize potential adverse effects [30,37,65].

Given the harmful effects of BPA analogs, which are promoted as
safer alternatives to BPA, there is a need to understand their interactions
with AR [39,64]. This understanding can help future research directions
and potential solutions [56,70]. In this study, we conducted molecular
docking of 22 BPA analogs, including BPA itself, with AR. We also
included dihydrotestosterone (DHT), a naturally synthesized androgen
hormone, as a reference compound. The goal of this study was to
determine their binding energy and identify the specific amino acid
residues involved in the interactions. Among the tested compounds, the
top 10 that exhibited a strong binding affinity with AR, as well as the
reference DHT, were further subjected to ADMET (absorption, distri-
bution, metabolism, excretion, and toxicity) prediction analysis, mo-
lecular dynamics simulations (MDS), and Gibbs free energy landscape

(FEL) analysis, followed by experimental studies (Fig. 1). By elucidating
the mechanisms through which these compounds interact, we were able
to identify the specific amino acid residues in AR that contribute to their
binding with BPA and its analogs.

The traditional approach to understanding how hazardous chemicals
interact with human molecular targets typically involves experimental
methods, such as in vitro binding assays, cell culture, and experiments
on animal models [21,52,63]. These techniques are aimed at directly
observing how hazardous chemicals bind to specific receptors or pro-
teins and their subsequent impact on cellular function and overall health
[21]. However, these traditional methods have their limitations; they
are often time-consuming, expensive, and require significant resources
[14,80]. Moreover, they may not fully capture the complexity of in-
teractions. An alternative to these traditional methods is the use of
computational approaches, such as molecular docking, structure-based
virtual screening, and MDS [43,48]. These computational methods
rely on computer algorithms and models to predict the binding affinity
and dynamics of interactions between hazardous chemicals and their
target receptors [43]. They can also predict the dynamic behavior of
receptor-ligand complexes and provide insight into the amino acid res-
idues of the receptor involved in interactions with hazardous chemicals
[48]. Therefore, the current approach offers several advantages over
traditional methods for deciphering the interaction between bisphenols
and AR. These advantages include speed, cost-effectiveness, and insights
into molecular mechanisms. In the present study, the interactions be-
tween relevant BPA compounds and AR, predicted through computa-
tion, were further validated through experimental studies using a
bioluminescence resonance energy transfer (BRET)-based assay.

Investigating the relationship between BPA and its analogs with AR
is one of the most important, timely, and significant areas of current
scientific research [7,70]. Given how common these substances are in
everyday life, research into them is particularly important in an era
where concerns about the environment and human health are becoming
more widely recognized [27,66,71]. The study not only explores the
interactions and toxicity details of BPA and its analogs but also broadens
its scope to address wider issues, such as the possible health effects,
which have acquired attention worldwide [35]. Unraveling the intricate
interactions between these compounds and AR using state-of-the-art
methods, including molecular docking, ADMET prediction, MDS, and
extensive experimental investigations [82] provides results crucial not
only for the scientific community but also for governance,
policy-making, and real-world applications [10]. Studies of this kind are
crucial as they contribute to the development of policies aimed at pro-
tecting human health and the environment by elucidating the potential
effects of BPA and its analogs [26,78]. Therefore, the present study aims
to fill the knowledge gap between science and practical applications,
promoting a holistic strategy for addressing today’s challenges.

2. Materials and methods

2.1. Dataset of the three-dimensional (3D) structures of BPA, its analogs,
and AR

The three-dimensional (3D) structures of BPA and its analogs (a total
of 22 compounds) were obtained from the PubChem database (https://p
ubchem.ncbi.nlm.nih.gov/) in the structure-data file format (SDF) [24].
To prepare these compounds for molecular docking studies, the Open-
Babel (https://openbabel.org/wiki/Main_Page) chemical toolbox was
used to convert them into PDBQT files. These files include information
about the Protein Data Bank (PDB) format, partial charges (Q), and atom
types (T). For the receptor, the structure of AR co-crystallized with DHT
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(PDB ID: 1T63) was downloaded from the PDB database (https://www.
resb.org) [13]. To ensure accurate docking, the AR structure was visu-
alized and analyzed using UCSF Chimeral.15 [51]. Non-standard resi-
dues and the co-crystallized ligand were removed, and a PDBQT file for
AR was created using AutoDockTools1.5.6, with added charges and
polar hydrogens [15,40]. We defined the grid box size to encompass the
binding cavity of the co-crystallized ligand DHT. The grid box size was
set to 40 A in each dimension (x, y, and 2), with a grid spacing of
0.375 A. The coordinates of the center of the grid box were set to
— 29.698, 31.139, and 5.225 A, respectively. To validate the docking
parameters, we performed redocking experiments using AutoDock Vina,
where we redocked the co-crystallized ligand DHT onto its receptor [12,
73]. The accuracy of the docking was evaluated by calculating the
root-mean-square deviation (RMSD) between the co-crystallized ligand
and its re-docked conformation using the ProRMSD tool [5].
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2.2. Molecular docking of BPA and its analogs with AR

To explore the interaction of BPA and its analogs with AR, molecular
docking studies were conducted using AutoDock Vina [73]. The
co-crystallized ligand DHT was chosen as the reference. Subsequently,
UCSF Chimera 1.15 was used to generate protein-ligand complexes for
further analysis [51]. To gain insights into the specific interactions
contributing to the binding process, both two-dimensional (2D) and 3D
diagrams of the protein-ligand interaction were constructed using the
Discovery Studio Visualizer 2021 software (https://discover.3ds.
com/discovery-studio-visualizer-download). These results aid in iden-
tifying key amino acid residues involved in the binding process through
various types of interactions, including hydrogen and hydrophobic
bonding [47].

Androgen receptor (PDB id: 1T63)

Molecular doéking
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Fig. 1. Summary of work conducted to investigate interactions between bisphenol A (BPA) and its analogs with the androgen receptor (AR).


https://www.rcsb.org
https://www.rcsb.org
https://discover.3ds.com/discovery-studio-visualizer-download
https://discover.3ds.com/discovery-studio-visualizer-download

R.K. Pathak et al.

2.3. Characterization of physicochemical properties and toxicity
prediction

Characterization of physicochemical properties and toxicity analyses
were performed for the top-10 BPA compounds, along with the reference
DHT, which exhibited a stronger binding affinity with AR. Data from the
PubChem database (https://pubchem.ncbi.nlm.nih.gov/) provided
valuable information about each compound’s molecular weight, logP,
and hydrogen bond (HB) donor and acceptor, as well as their topological
surface area. Additionally, the OSIRIS Property Explorer (https://www.
organic-chemistry.org/prog/peo/) was used to predict the toxic prop-
erties of these compounds. This tool utilizes the Registry of Toxic Effects
of Chemical Substances (RTECS) database to predict toxicity. The pre-
dictive process depends on a precomputed collection of structural
fragments. These fragments trigger toxicity alerts when found in the
structure currently being examined. The lists of fragments were
compiled by analyzing all compounds in the RTECS database known to
demonstrate activity in particular toxicity classes (https://www.or
ganic-chemistry.org/prog/peo/tox.html). This tool aided in assessing
potential mutagenic, tumorigenic, and irritant properties associated
with each compound.

2.4. Molecular dynamics simulations (MDS)

The top-10 BPA compound-AR complexes, based on binding free
energy, along with the DHT-AR complex and AR, were selected for MDS.
The MDS was conducted using the GPU-accelerated GROMACS package
version 2018.1, employing the CHARMM27 all-atom force field [45,75].
Ligand topologies were generated using SwissParam [84]. A dodeca-
hedron water box was created and solvated with the TIP3P water model.
Counter ions were added to neutralize the system, which was then
minimized using the steepest descent minimization algorithm. Subse-
quently, the system was equilibrated using NVT and NPT to maintain
volume, temperature, and pressure [49,57]. The remaining parameters
were set as default. All systems underwent a 1 ps (1000 ns) simulation
time. The structural stability of AR and AR-ligand complexes was
assessed using RMSD, flexibility was analyzed using root-mean-square
fluctuation (RMSF), and compactness was evaluated using the radius
of gyration (Ry). Protein folding and stability were examined through
solvent-accessible surface area (SASA) analysis, while protein-ligand
interactions were studied using HB analysis. Structural motions were
analyzed through principal component analysis (PCA) using several
GROMACS utilities, including ’gmx,” ’rms,” ’'rmsf,” ’gyrate,” ’sasa,’
’hbond,” ’covar,’and ’anaeig.” The 2D plotting program Grace (https
://plasma-gate.weizmann.ac.il/Grace/) was employed for graphical
analysis and visualization. FEL analysis was undertaken to determine
the minimum energy states of AR, AR-DHT, and AR-BPA compound
complexes. The FEL was calculated using the 'gmxsham’ GROMACS
utility (https://www.gromacs.org/).

2.5. Experimental analyses

2.5.1. Chemicals

The reference substrates 5a-DHT (DHT, CASRN 521-18-6), mesta-
nolone (CASRN 521-11-9), bicalutamide (CASRN 90357-06-5), bis(2-
ethylhexyl)phthalate (DEHP, 117-81-7), and BPA (80—05-7) for the
BRET-based AR dimerization confirmation assay were commercially
purchased (Table S1). The stock concentration and exposure range of
each test substrate were determined according to the AR dimerization
assay included in the OECD AOP26 [29].

2.5.2. Confirmation of AR dimerization in cytosol using BRET-based assay

The substrate-induced cytosolic AR homodimerization was assessed
using an in vitro BRET-based assay [29]. HEK293 cells, which were
stably co-transfected by cloning a full sequence of an AR to the pFC31A
Nluc CMV-Hygro Flexi® vector and the pFN27AHaloTag® CMV-neo
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Flexi® vector, were obtained from routinely maintained in a 5% CO,
atmosphere at 37 °C in MEM supplemented with 10% FBS, 100 U/mL
penicillin-streptomycin, 100 pg/mL hygromycin B, and 400 pg/mL
G418. For the NanoBRET-based AR dimerization assay, cells (with or
without 100 nMHaloTag® protein [HaloTag®NanoBRET™ 618
Ligand]) were seeded at a density of 2.2 x 10° cells/mL in test medium
(MEM supplemented with 4% DCC-FBS, 100 pg/mL hygromycin B, and
400 pg/mL G418) and were incubated for 1 h at 37 °C in a 5% CO; at-
mosphere. Afterward, cells were treated with 10 pL of the prepared
chemicalsat the concentration range of 10*~107 M, determined by a
solubility test using DMSO in accordance with the optimized protocol in
our previous study [29], and incubated at 37 °C in a 5% CO; atmosphere
for 24 h. Vehicle control (VC) and positive control (PC) wells contained
0.1% DMSO and 10 n MDHT, respectively. To determine inducing AR
dimerization in the cytosol via binding to AR, 2.5 mL of test medium was
mixed with 25puL of NanoBRET™ Nano-Glo® substrate reagent
(Promega, WI, USA), and the mixture was added to the assay plates
(25 pL/well). The bioluminescence and fluorescence were measured
using the GloMax®multiplate reader within 10 min. For the cell
viability, 125 pL of CellTiter-Glo® 2.0 Cell Viability Assay reagent
(Promega) was added directly to the assay wells after the binding af-
finity, and the 96-well plate was blocked from light and left for 30 min.
The luminescence was measured using a GloMax®multiplatereader. For
the BRET-based AR dimerization assay, data transformations to relative
BRET units (RLU) were performed as follows:

RLU value of acceptor(HT)

Raw BRET unit =
aw Y= RLU value of donor(Nluc)

Raw BRET units were generated to evaluate dimerization affinity by
comparing the test chemical to the PC as follows:

Mean — corrected BRET unit of test substance
Mean — corrected BRET unit of PC
x 100

Relative BRET unit(%) =

The criterion for data interpretation was as follows: If the maximal
activity of the test chemical is equal to or exceeds 10% of the response of
the PC (10nMDHT), in the absence of cytotoxicity, it is determined to
have AR binding affinity.

3. Results

3.1. Molecular docking for quantifying the binding energy of BPA and its
analogs with AR compared to DHT

Molecular docking enables the exploration of optimal intermolecular
interactions between macromolecular targets and ligands, allowing for
the identification of the most favorable binding interactions and the
prediction of their potential to form a complex. This provides valuable
insights into the strength of the interactions between the target and
ligand by assessing the binding energy obtained during molecular
docking. In the present study, we calculated the binding energy of the
co-crystallized DHT with AR to understand how well BPA and its analogs
interacted. The binding energy of the co-crystallized ligand DHT was
— 11.0 kcal/mol, and the RMSD value between DHT and its re-docked
conformation was predicted to be 0.565 A. This serves as an important
measure of the efficiency and accuracy of the docking protocol. Gener-
ally, when a ligand exhibits low binding energy with its target, its
binding affinity is considered stronger. Therefore, the top-10 BPA ana-
logs, including BPA, which showed the lowest binding energy with AR,
were chosen for further investigation, along with DHT as a reference.
Table 1 lists the names of BPA compounds along with the reference
compound DHT, their 2D structure, PubChem ID, Chemical Abstracts
Service (CAS) registry number, binding free energy, and the specific
amino acids involved in their interactions.
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Table 1
Binding energy of DHT, BPA, and BPA structural analogs with AR along with their 2D structure, PubChem ID, CAS, interacting amino acid residues, and type of
interaction.
S.N. Compound name 2D structure PubChem CAS Binding Interacting amino Type of interactions
ID energy acid residues
(keal/
mol)
1. DHT (Reference) ! 7 10635 521-18- —11.0 Leu704, Arg752, Conventional hydrogen
[ ] 6 Phe764, Met780, bond, alkyl, pi-alkyl
[ ’ < Leu873, Thr877
2. Bisphenol A (BPA) 6623 80-05-7 — 8.6 Leu704, Asn705, Conventional hydrogen
GIn711, Met745, bond, carbon-hydrogen
‘ Met749, Phe764, bond, unfavorable
Met895 acceptor-acceptor, pi-
sulfur, pi-pi T-shaped,
‘ amide-pi stacked, pi-alkyl
3. 3-(3-Tosylureido)phenyl p- /O/ 22035425 232938- —10.2 Pro682, Gly683, Conventional hydrogen
toluenesulfonate \::j\ PN /Q\ ). 43-1 Val684, Val715, bond, pi-donor hydrogen
(Pergafast 201) A b Leu744, Ala748, bond, alkyl, pi-alkyl
Arg752, Asn756,
Pro766,Lys808
4. 2,2-Bis(2-hydroxy-5-biphenylyl) 13059052 24038- —-9.8 Pro682, Val684, Pi-cation, pi-sigma, pi-pi
propane O 68-4 Val715, Trp718, T-shaped, pi-alkyl
(Bisphenol PH, BPPH) Leu744, Ala748,
Arg752, Lys808
5. Benzenesulfonamide, N,N’- AN 3596056 151882- - 9.6 Pro682, Val684, Conventional hydrogen
(methylenebis(4,1- \O\/\ /k /C/\:\/l\ * /\/\/‘ 81-4 Val715, Trp718, bond, carbon-hydrogen
phenyleneiminocarbonyl))bis(4- / " L X Leu744, Ala748, bond, pi-sigma, pi-pi T-
methyl Arg752, Val757, shaped, alkyl, pi-alkyl
(BTUM) or 4,4"-Bis-(p- Tyr763, Val769,
tolylsulfonylureido)- Lys808
diphenylmethane
6. 4-((4-(Benzyloxy)phenyl) 113063 63134- - 87 Glu681, Pro682, Carbon-hydrogen bond,pi-
sulfonyl)phenol (BPSP) or 4-Ben- 33-8 Val715, Trp718, cation, pi-anion, pi-sigma,
zyloxyphenyl 4-hydroxyphenyl Leu744,Ala748, pi-sulfur, pi-pi T-shaped,
sulfone Trp751, Arg752, pi-alkyl
ES Lys808
7. Bisphenol AF (BPAF) 73864 1478- -85 Leu704, Leu707, Conventional hydrogen
61-1 GIn711, Trp741, bond, pi-sulfur, pi-pi T-
Met742, Arg752, shaped, alkyl, pi-alkyl
Phe764, Leu873,
Met895
8. 2,2-Bis(4-hydroxy-3,5- 79717 5613- -85 Leu701, Leu704, Conventional hydrogen
dimethylphenyl)propane 46-7 Asn705, GIn711, bond, pi-sulfur, pi-pi T-

(Bisxylenol A, BXA)

Phe764, Met787,
Thr877, Leu880

shaped, alkyl, pi-alkyl

(continued on next page)
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Table 1 (continued)
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Met749, Phe764,

shaped, amide-pi stacked,

S.N. Compound name 2D structure PubChem CAS Binding Interacting amino Type of interactions
ID energy acid residues
(kcal/
mol)
9. Bisphenol E (BPE) OH 608116  2081- —8.4 Leu704, Asn705, Carbon-hydrogen bond,
08-5 Met745, Met749, pi-sulfur, pi-pi T-shaped,
Phe764, Met895 amide-pi stacked, pi-alkyl
HO
10.  2,2-Bis(4-hydroxy-3- 6620 79-97-0 -84 Leu704, Asn705, Conventional hydrogen
methylphenyl)propane Leu707, GIn711, bond, pi-pi T-shaped,
or Bis-o-cresol A Met742, Trp741, alkyl, pi-alkyl
Phe764, Thr877
HO OH
11.  Methyl bis(4-hydroxyphenyl) HO 78805 5129- - 8.3 Leu704, Asn705, Conventional hydrogen
acetate (MBHA) o 00-0 GIn711, Met745, bond, carbon-hydrogen
Met749, Arg752, bond, unfavorable donor-
P Phe764, Met895 donor, pi-sulfur, pi-pi T-
o .
stacked, pi-alkyl
OH
12. Bisphenol P (BPP) 630355 2167- - 8.3 Pro682, Val715, Unfavorable donor-donor,
51-3 Trp718, Ala748, pi-cation, pi-sigma, pi-pi
O ‘ ‘ Arg752, Asn756, T-shaped, pi-alkyl
i Lys808
13.  Bisphenol A bis(diphenyl 9874825 5945- - 82 Glu681, Pro682, Attractive charge,
phosphate) 33-5 Val684, Val685, conventional hydrogen
| Ala748, Arg752, bond, unfavorable
= Tyr763, Pro766 positive-positive, pi-
@ cation, pi-donor hydrogen
bond, pi-sigma, pi-pi T-
shaped, pi-alkyl
Qs
-0
14. Bisphenol Z (BPZ) OH 232446 843-55- - 8.1 Leu704, Met745, Conventional hydrogen
0 Phe764, Leu873, bond, sulfur-X, pi-sulfur,
Met895 pi-pi T-shaped, alkyl, pi-
alkyl
| OH
15. Bisphenol B (BPB) 66166 77-40-7 - 8.0 Leu704, Asn705, Conventional hydrogen
GIn711, Met742, bond, unfavorable donor-
Met745, Met749, donor, pi-sulfur, pi-pi T-
Arg752, Phe764, shaped, amide-pi stacked,
o - Leu873, Met895 alkyl, pi-alkyl
16. Bisphenol F (BPF) 12111 620-92- - 8.0 Leu704, Asn705, Conventional hydrogen
8 GIn711, Met745, bond, pi-sulfur, pi-pi T-

Met895

pi-alkyl

(continued on next page)
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S.N. Compound name 2D structure PubChem CAS Binding Interacting amino Type of interactions
ID energy acid residues
(kcal/
mol)
17.  2,4-Dihydroxydiphenyl sulfone OH 79381 5397- -7.8 Pro682, Gly683, Conventional hydrogen
(2,4-BPS) 34-2 Val715, Trp718, bond, carbon-hydrogen
Leu744, Met745, bond, pi-cation, pi-sigma,
Ala748, Arg752, pi-piT-shaped, pi-alkyl
Lys808
o= =0
HO
18.  2,2-Bisphenol F(2,2-BPF) 75575  2467- -7.8 Pro682, Val715, Carbon-hydrogen bond,
02-9 Trp718, Leu744, pi-cation, pi-sigma, pi-piT-
Met745, Ala748, shaped, pi-alkyl
Arg752, Lys808
HO
19.  Phenol, 4,4-sulfonylbis[2-(2- 833466 41481- -75 Leu701, Leu704, Conventional hydrogen
propenyl) 66-7 Asn705, Gly708, bond, carbon-hydrogen
Met745, Val746, bond, pi-sulfur, pi-pi T-
Met749, Phe764, shaped, alkyl, pi-alkyl
Met780, Met787,
Leu873, Met895
20.  4-((4-(Allyloxy)phenyl)sulfonyl) OH 2054598 97042- - 7.4 Leu704, Leu707, Conventional hydrogen
phenol , 18-7 GIn711, Trp741, bond, unfavorable
\ Met745, Met749, acceptor-acceptor, pi-
\ Arg752, Phe764, sulfur, pi-pi T-shaped,
° Met780, Phe876 alkyl, pi-alkyl
SO~ yl, pi-alky!
21.  Bisphenol AP (BPAP) 623849 1571- —-6.7 Phe876, Asp879, Pi-cation, pi-anion, pi-pi
75-1 Leu880, Lys883 stacked, pi-pi T-shaped, pi-
alkyl
HO OH
22.  4-((4-Isopropoxyphenyl) 9904141 95235- - 6.7 Glu678, Glu681, Conventional hydrogen
sulfonyl)phenol ) 30-6 Pro682, Ala748, bond, pi-anion, pi-sulfur,
1 Trp751, Arg752 alkyl, pi-alkyl
oH
23.  Bis[2-(4-hydroxyphenylthio) ' 3086375 93589- — 6.6 Leu704, Trp741, Conventional hydrogen
ethoxy]methane \©\ PPN /©/ 69-6 Met742, Met780, bond, pi-sulfur, pi-pi T-

Thr877, Met895

shaped, pi-alkyl
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3.2. Structural visualization and analysis of docked complexes of DHT,
BPA, and their top-screened analogs with AR

After analyzing the binding energy, it is crucial to examine protein-
ligand interactions. Among the 22 BPA analogs, the top 10 were
selected, including BPA itself (binding energy range: —10.2 to
—8.3 kcal/mol), along with DHT (—11.0 kcal/mol), to determine their
interactions with AR. The binding site area of the co-crystallized ligand,
DHT, was targeted during molecular docking. It was predicted that the
binding characteristics of DHT and BPA were similar, whereas the top-
screened BPA analogs showed a relatively higher affinity with AR in
terms of binding energy bound to different regions on AR (Fig. 2). To
gain further insights into the interaction between these molecules and
the receptor, the same approach was used to assess the bonds formed
between the target and the ligand, which play a crucial role in the
interaction. The reference compound DHT was found to form two con-
ventional HBs with Arg752 and Thr877, in addition to five pi-alkyl
bonds with the amino acid residues Leu704, Phe764, Met780, and
Leu873 (Figs. 3A and 3B). BPA was found to interact with AR at amino
acid residues Asn705, GIn711, and Met745 through one carbon-
hydrogen bond and two conventional HBs. Amino acid residues
Leu704 and Phe764 interacted through pi-pi T-shaped and amide-pi
stacked bonds, whereas Met745 and Met749 interacted through two
pi-alkyl bonds. Additionally, Met895 interacted through one pi-sulfur
bond. The binding energy between AR and BPA was predicted to be
-8.6 kcal/mol (Figs. 3C and 3D).

Pergafast201 interacts with Pro682, Gly683, and Arg752 through
five conventional HBs; Asn756 is involved in the interaction through one
pi-donor HB. Val684, Val715, Leu744, Ala748, Pro766, and Lys808
contribute to the interaction through six alkyl bonds and three pi-alkyl

(A)

BPA

(B)

BPA

(D)
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bonds, resulting in a binding energy of -10.2 kcal/mol (Fig. 4A).
Bisphenol PH (BPPH) interacts with Pro682, Ala748, and Leu744
through five pi-alkyl bonds; Val684 and Val715 form two pi-sigma
bonds; Arg752 forms one pi-alkyl and one pi-cation bond, and Lys808
forms one pi-cation bond. Additionally, Trp718 forms one pi-pi T-sha-
ped bond, resulting in a binding energy between AR and BPPH of
-9.8 kcal/mol (Fig. 4B). Benzenesulfonamide, N,N’-(methylenebis(4,1-
phenyleneiminocarbonyl)) bis (4-methyl (BTUM) interacts with Pro682
through one conventional HB and pi-alkyl bond. Arg752 participates in
the interaction through one conventional HB, one carbon-hydrogen
bond, and one pi-alkyl bond. This amino acid forms alkyl bonds with
Val757, Tyr763, and Val769. Amino acid residues Val684 and Val715
contribute to the interaction through a pi-sigma bond, and Trp718 in-
teracts through pi-pi T-shaped and pi-sigma bonding. Leu744 is involved
in the interaction through alkyl bonding, Ala748 forms pi-alkyl bonding,
and Lys808 participates in the interaction through alkyl and pi-alkyl
bonding. The resulting binding energy of AR with BTUM is -9.6 kcal/
mol (Fig. 4C). With 4-((4-(benzyloxy)phenyl)sulfonyl)phenol (BPSP),
one carbon-hydrogen and one pi-sulfur bond are formed with Trp751;
three amino acid residues (Glu681, Arg752, and Lys808) are involved in
pi-anion and pi-cation interactions; Pro682, Leu744, and Ala748 form
five pi-alkyl bonds; and Val715 and Trp718 contribute to the interaction
through pi-sigma and pi-pi T-shaped bonding, respectively. The binding
energy between AR and BPSP is predicted to be -8.7 kcal/mol (Fig. 4D).
BPAF interacts with GIn711 and Arg752 through three conventional
HBs; Leu704 and Met742 form one alkyl bond and one pi-alkyl bond;
Leu707 forms a pi-alkyl bond; and Leu873 forms an alkyl bond. Trp741
and Phe764 participate in the interaction through pi-pi T-shaped
bonding, and Met895 forms a pi-sulfur bond, resulting in a binding
energy of -8.5 kcal/mol (Fig. 4E). Bisxylenol A (BXA) interacts with

DHT

Fig. 2. Binding characteristics of BPA and its top-screened analogs compared to DHT with AR. The figure illustrates the binding of BPA to the same regions where
DHT binds, while the interactions of other BPA analogs differ from BPA. (A) DHT interaction with AR. (B) BPA interaction with AR. (C) Interaction of DHT and BPA
with AR. (D) Interaction of BPA and its top-screened analogs (Pergafast 201, BPPH, BTUM, and BPSP) with AR compared to DHT.
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Fig. 3. Three-dimensional and two-dimensional representations of the binding interactions of the reference compound DHT and BPA with AR, highlighting key
amino acid residues that contribute to the protein-ligand interactions; (A and B) DHT and (C and D) BPA.

Asn705, GIn711, and Thr877 through conventional HBs. Leu701 and
Leu880 form an alkyl bond, Leu704 participates in the interaction
through pi-alkyl bonding, and Phe764 and Met787 are involved in the
interaction through pi-pi T-shaped and pi-sulfur bonds. The binding
energy between BXA and AR is predicted to be —-8.5 kcal/mol (Fig. 4F).
Bisphenol E (BPE) interacts with Asn705 through a carbon-hydrogen
bond, and with Leu704 and Phe764 through pi-pi T-shaped bonding.
It interacts with Met745 and Met749 through a pi-alkyl bond. It forms a
pi-sulfur bond with Met895. The binding energy is predicted to be
-8.4 kcal/mol (Fig. 4G). Bis-o-cresol A interacts with Asn705, GIln711,
and Thr877 through conventional HBs and forms two and one pi-alkyl
bond with Leu704and Leu707, respectively. Trp741 and Met742
participate in the interaction through alkyl bonds, whereas Phe764
forms one pi-pi T-shaped bond. The binding energy between AR and Bis-
o-cresol A is predicted to be —-8.4 kcal/mol (Fig. 4H). Methyl bis(4-
hydroxyphenyl) acetate (MBHA) interacts with Arg752 through con-
ventional HB. It interacts with Leu704 and Phe764 through pi-pi T-
shaped and amide-pi stacked bonds. Met745 and Met749 form pi-alkyl
bonds, and Met895 participates in the interaction through a pi-sulfur
bond. GIn711 forms an unfavorable donor-donor bond. The binding
energy between MBHA and AR is predicted to be —8.3 kcal/mol (Fig. 4I).

3.3. Evaluation of physicochemical properties and toxicity profile of BPA
and its analogs

The physicochemical properties of BPA and the BPA analogs exhib-
iting higher affinity with AR were evaluated and compared to those of
DHT as the reference. We focused on eight key principal descriptors,
including molecular weight, logP, HB donor, HB acceptor, topological

polar surface area, mutagenic, tumorigenic, and irritant properties.
Physicochemical properties were retrieved from the PubChem database,
and toxicity was predicted by the OSIRIS Property Explorer. In the
present study, most BPA analogs adhered to Lipinski’s rule of five,
indicating drug-like properties. However, three compounds, namely
BXA with a logP value of 5.5, BPPH with a logP value of 7.3, and BTUM
with a molecular weight of 592.7, and logP value of 6.1, deviated from
this pattern. These compounds exhibited characteristics similar to orally
administered drugs, suggesting easy absorbability by both humans and
animals. Additionally, these compounds had polar surface areas smaller
than 140 A2, implying that they could easily pass through cell mem-
branes, except for BTUM. Regarding toxicity prediction, BPA and its
analog Bis-o-cresol were found to have mutagenic, tumorigenic, and
irritant effects. BTUM demonstrated mutagenic and tumorigenic prop-
erties. Furthermore, most of the top-10 selected BPA analogs were pre-
dicted to have irritant properties, except for Pergafast 201, BTUM, and
MBHA. Detailed results from the analysis of both the physicochemical
properties and toxicity are listed in Table 2.

3.4. Comparative MDS and structural conformational analysis of
unbound and bound states of AR

MDS was conducted to elucidate the dynamic behaviors of AR in its
unbound state and upon binding with the reference DHT and BPA an-
alogs. Various key parameters were studied to comprehensively sum-
marize the outcomes, including RMSD, RMSF, Rg; SASA, HB
interactions, PCA, and FEL analysis.
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Table 2
Physicochemical properties and toxicity-related characteristics of DHT, BPA, and selected BPA analogs. BPA analogs are ranked according to their binding free energy
with AR.
S.N. Compound name PubChem MW (g/ LogP HB HB TPSA Mutagenic ~ Tumorigenic  Irritant
ID mol) donor acceptor (A?
1. DHT (Reference ligand) 10635  290.4 3.7 1 2 37.3 No No No
2. Bisphenol A (BPA) 6623 228.29 3.3 2 2 40.5 Yes Yes Yes
3. 3-(3-Tosylureido)phenyl p-toluenesulfonate 22035425  460.5 4.6 2 6 135 No No No
(Pergafast 201)
4. 2,2-Bis(2-hydroxy-5-biphenylyl)propane 13059052  380.5 7.3 2 2 40.5 No No Yes
(Bisphenol PH, BPPH)
5. Benzenesulfonamide, N,N’-(methylenebis(4,1- 3596056 592.7 6.1 4 6 167 Yes Yes No
phenyleneiminocarbonyl))bis(4-methyl
(BTUM)or 4,4’ -Bis-(p-tolylsulfonylureido)-
diphenylmethane
6. 4-((4-(Benzyloxy)phenyl)sulfonyl)phenol (BPSP) or 4- 113063 340.4 4.2 1 4 72 No No Yes
Benzyloxyphenyl 4-hydroxyphenyl sulfone
7. Bisphenol AF (BPAF) 73864 336.23 4.5 2 8 40.5 No No Yes
8. 2,2-Bis(4-hydroxy-3,5-dimethylphenyl)propane 79717  284.4 5.5 2 2 40.5 No No Yes
(Bisxylenol A, BXA)
9. Bisphenol E (BPE) 608116 214.26 3.9 2 3 40.5 No No Yes
10.  2,2-Bis(4-hydroxy-3-methylphenyl)propane 6620  256.34 4.7 2 2 40.5 Yes Yes Yes
or Bis-o-cresol A
11.  Methyl bis(4-hydroxyphenyl)acetate (MBHA) 78805  258.27 2.7 2 4 66.8 No No No

Mw: molecular weight; TPSA: topological polar surface area.
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3.4.1. Conformational stability analysis

The stability of AR was assessed through the RMSD analysis of the
MDS trajectory, where a lower RMSD indicates a more stable structure.
RMSD was measured over 1000 ns (1 us) to understand structural de-
viations over time. AR, as well as all selected docked complexes,
exhibited low RMSD values based on the RMSD plot of backbone C-alpha
atoms. The average RMSD of AR was calculated as 0.15 nm. This same
value was determined for the AR-MBHA complex. It was relatively lower
for six of the remaining complexes, which all had an RMSD of 0.14 nm.
Only the AR-BPSP, AR-Pergafast 201, AR-Bis-o-cresol A, and AR-BPPH
complexes had comparatively higher RMSD values, at 0.16, 0.16,
0.17, and 0.17 nm, respectively. These data suggest that AR-DHT, AR-
BPA, AR-BTUM, AR-BPAF, AR-BXA, and AR-BPE, with lower RMSD
values, form more stable complexes relative to the others. However,
throughout the simulation, all systems appeared to be well-equilibrated
and formed stable complexes (Fig. S5A).

3.4.2. Flexibility and residual mobility analysis

The results of RMSF analyses provided valuable insights into the
flexibility and mobility of protein amino acid residues. In this study, the
RMSEF of AR and AR-ligand complexes were investigated over a duration
of 1 ps. The average RMSF of AR was calculated as 0.08 nm, and this
same value was calculated for the AR-BPA, AR-BPAF, AR-BPE, AR-
BTUM, AR-MBHA complexes. A slightly lower 0.07 nm was deter-
mined for the AR-BXA and AR-DHT complexes, whereas the AR-Bis-o-
cresol A, AR-BPPH, AR-BPSP, and AR-Pergafast 201 complexes had a
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marginally higher RMSF of 0.09 nm, respectively. Higher RMSF values
were observed due to ligand binding leading to alterations in AR ge-
ometry (Fig. 5B).

3.4.3. Compactness analysis

Changes in protein structure, stability, and folding over time can be
characterized by calculating the R, values. These values are indicative of
structural compactness; therefore, Ry values were determined for AR
and its complexes. The average R, of AR was calculated as 1.81 nm. Only
AR-Bis-o-cresol A, AR-BXA, and AR-Pergafast 201 had an R, different
from this value, being slightly higher at 1.82 nm. It can be inferred from
these results that the structure of these three complexes is less compact
than the others (Fig. 5C).

3.4.4. Solvent-accessible surface area (SASA) analysis

SASA analysis throughout the 1 ps simulation duration was con-
ducted to evaluate the influence of the ligand on the SASA. The average
SASA for AR was calculated as 127.14 nmz, whereas the SASA for the
AR-BTUM, AR-BPA, AR-MBHA, AR-BPSP, AR-BPAF, AR-DHT, AR-BPPH,
AR-Bis-o-cresol A, AR-BPE, AR-Pergafast 201, and AR-BXA complexes
were 126.10, 126.92, 127.37, 127.39, 127.40, 127.50, 127.64, 128.41,
129.03, 129.14, and 129.16 nm?, respectively, The SASA for the
AR-BPE, AR-Pergafast 201, and AR-BXA complexes were higher than
that for AR-DHT and other complexes. A consistent pattern was
observed across all the systems studied, as depicted in Fig. 5D. This
suggests minimal alterations in the system upon binding of BPA and its
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Fig. 5. Stability analysis: (A) RMSD for AR, AR-DHT, and AR-BPA complexes. Flexibility analysis: (B) RMSF for AR, AR-DHT, and AR-BPA complexes. Compactness:

(C) Rg and (D) SASA analysis values over 1 ps of simulations.
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analogs.

3.4.5. Interaction analysis

HBs play a crucial role in stabilizing interactions between proteins
and ligands. To comprehensively assess these interactions, we con-
ducted an analysis of hydrogen bonding over a 1 s period. The AR-DHT
complex exhibited 0-4 HBs. This same value was calculated for almost
all of the other complexes, differing only for AR-BPE, AR-BTUM, and AR-
Pergafast 201, which showed 0-5, 0-7, and 0-10 HBs, respectively.
Based on these results, BPE, BTUM, and Pergafast 201 formed more HBs
compared to BPA and its other analogs, as well as DHT. However, all the
hazardous chemicals exhibited comparable patterns and maintained
continuous HBs similar to DHT. This observation indicates a stable na-
ture of interactions between these BPA analogs and the binding cavity of
AR (Fig. 6).

3.4.6. Essential dynamics analysis

PCA was conducted to identify significant structural alterations
when a ligand binds to the protein. Typically, the initial eigenvectors
primarily dictate the entire protein’s motion. Therefore, we selected the
first 50 eigenvectors to investigate shifts in structural dynamics. To gain
precise insights into the motions triggered by ligand binding, we
computed correlated motions as percentages from the first five eigen-
vectors. The first five eigenvectors accounted for 73.55% of the motion
for AR. However, the AR-BXA, AR-Bis-o-cresol A, AR-MBHA, AR-DHT,
AR-BPE, AR-BPSP, AR-BTUM, AR-Pergafast 201, AR-BPA, AR-BPPH,
and AR-BPAF complexes exhibited motion correlations of 58.04%,
59.68%,60.00%,60.22%,60.38%,60.95%,61.05%, 63.00%, 63.51%,
66.24%, and 68.88%, respectively. Here, we observed that the AR-BXA
and AR-Bis-o-cresol A complexes exhibited the lowest motions
compared to AR-DHT (Fig. 7A). The initial eigenvectors of the protein
capture its fundamental dynamics. Consequently, we selected and
visualized the first two of these eigenvectors in a phase space and found
stable clusters for all the complexes (Fig. 7B).

3.4.7. Gibbs free energy landscape (FEL) analysis

Gibbs FEL was calculated based on the first two principal compo-
nents (PC1 and PC2). Fig. 8 depicts the FEL for each system; the blue
color signifies the conformational state with the lowest energy (kJ mol
1), and red indicates the one with the highest energy (kJ mol™). Energy
values ranging from 0 to 18.1 (AR-BPSP), 18.3 (AR-Bis-o-cresol A), 18.7

Hydrogen Bonds

— DHT

— BPA

— Pergafast 201
Bisphenol PH
BTUM

— BPSP

— Bisphenol AF

— Bisxylenol A

— Bisphenol E
Bis-o-cresol A

— MBHA

o)}

Number

V
4 M\? o 1‘
il I

ly W I

| I\HWM A

0.1 02 03 04 05 06 0.7 08 09 1
Time (us)

Fig. 6. Number of HBs formed in each complex during the 1 ps simulations.

Journal of Hazardous Materials 469 (2024) 133935

(AR-BPE), 18.7 (AR-Pergafast 201), 19.1 (AR), 19.1 (AR-BPPH), 19.3
(AR-BPA), 19.5 (AR-BPAF), 19.7 (AR-BXA), 20.3 (AR-MBHA) 21.0 (AR-
BTUM), and 21.7 (AR-DHT) were observed. Slight variations in the en-
ergy levels of all systems could be seen, except for the AR-BPSP, AR- Bis-
o-cresol A, AR-BPE, and AR-Pergafast 201 complexes, which displayed
marginally lower values than the others. Comparing the FEL values of
the AR-DHT complex (0-21.7 kJmol™") and the AR-BPA complex
(0-19.3 kJ mol™), as well as its analog complexes, reveals that BPA and
its analogs form a more stable complex with AR compared to the
reference ligand DHT. Throughout the simulation, these compounds
followed the energetically favorable transitions.

3.5. Ligand-mediated homodimerization

The responses of the reference substrates were in line with the
anticipated reactions, and the two positive controls (DHT and mesta-
nolone) displayed AR dimerization signals, as indicated by the log PC;o
and log PCs¢ values. The log concentration of the test substrates
inducing an effect equivalent to that of a 10% effect on the positive
control (log PCy) is representative, and it is used to determine the
relative potency of an AR dimerization inducer. These log PC;( values
can be calculated by a simple linear regression using two variable data
points compared to that of the positive control (10 nMDHT). In the
experimental group, BPA and its four analogs did not trigger cytosolic
AR dimerization at non-cytotoxic concentrations (cell viability > 80.0%)
(Fig. 9).

To provide experimental evidence that the docking site of BPA to AR
is different from its four analogs by computational modeling prediction,
we confirmed the suppressing effect of BPA and its four analogs on
androgen-induced AR dimerization through competing reaction in the
cytosol according to OECD TG No.458, with a minor modification. The
suppressing effect of test substrates on androgen-induced AR dimeriza-
tion was decided by the criterion used for the classification of an AR
antagonist, which is that it has to be able to inhibit the response of 800
PMDHT by at least 30% (IC30). The log IC3q values can also be calculated
by a simple linear regression using two variable data points compared to
that of the positive control (800 pMDHT). When assessing the in-
teractions between bisphenols and AR in the presence of 800 pMDHT,
BPA, and the AR-specific antagonist bicalutamide, we observed that
bicalutamide suppressed DHT-induced AR dimerization in the cytosol at
non-toxic concentrations, with log IC3p values of — 5.48 log M and
— 6.38 log M, respectively. In contrast, four BPA analogs exhibited no
inhibitory effect against DHT-induced cytosolic AR dimerization
(Fig. 10).

4. Discussion

BPA, a well-known endocrine disruptor linked to reproductive
toxicity, even at very small doses [81]), has been associated with
adverse effects on spermatogenesis and sperm attributes, suggesting its
potential for male infertility [16]. Exposure to BPA has been reported to
reduce daily sperm production, motility, and count, in addition to
damaging the sperm acrosome, weakening the fertilizing ability of
sperm, and increasing the likelihood of sexual dysfunction [19,33,81].
In an effort to mitigate the adverse effects of BPA, researchers have
explored alternative compounds with similar properties to BPA but with
fewer risks to human health and the environment [56,61]. Conse-
quently, some related compounds were adopted for practical use under
the assumption that their impact on human health would be less harmful
compared to BPA. However, subsequent research revealed that these
substitute compounds also have the potential to affect human health
adversely [17,61]. Concentrations of bisphenol in industrial zones of
Korea, China, Japan, and India have been found to be several times
greater than in other areas [42,61,9]. Moreover, the frequent industrial
use of BPA analogs poses a serious threat to both human and environ-
mental health. Therefore, this issue has raised serious concerns.
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Like BPA, BPA analogs can bind to AR and alter various biological
processes associated with this receptor [19,72]. The aim of the present
study was to understand how BPA analogs interact with AR. Therefore,
molecular docking was conducted to investigate the key interacting
amino acid residues of AR and the binding free energy among the BPA
analogs with respect to BPA and DHT. Molecular docking analysis is a
powerful computational approach that enables the exploration of pro-
tein-ligand interactions, the visualization of amino acid residues
contributing to interactions through different types of bonding, and the
identification of the best pose with minimum binding energy [2].
Furthermore, physicochemical property analysis and toxicity prediction,
followed by MDS and FEL, were performed [18,34,74,79].

Through molecular docking, the present study investigated how BPA
and its analogs interact with AR, using DHT as a reference. In an earlier
investigation, researchers employed a combination of quantitative
structure-activity relationship (QSAR), molecular docking, and enzyme
assay experiments [82]. The findings indicated that certain analogs of
BPA demonstrated stronger inhibitory effects on the activity of human
and rat aromatase (CYP19A1), an enzyme with a key role in the catalytic
conversion of adrenal androgens. The structures of these analogs may
influence their inhibitory strength and their ability to impact estradiol
production in intact cells [82]. Studying these interactions has enabled
the identification of the 10 most promising BPA analogs, including BPA
itself, in relation to AR through molecular docking. It was predicted that
out of 10 hazardous compounds, four BPA analogs (Pergafast 201,
BPPH, BTUM, and BPSP) exhibit a higher binding affinity with AR in
comparison to BPA. However, their binding occurs differently on AR, as
revealed during the visualization and analysis of docked complexes.
Interestingly, the binding nature of BPA and DHT was observed to be
similar.

A previous study reported that BPAF demonstrated toxicity similar to
that of BPA through estrogen receptors and aromatase pathways in
zebrafish [55]. Therefore, the present study provides valuable insights
for further investigating the toxicity of BPA analogs with respect to AR in
humans. Moreover, the physicochemical properties of these compounds
and their potential toxicity were predicted, which is crucial for evalu-
ating these molecules computationally [50,67]. Most of the selected
compounds adhered to Lipinski’s rule of five [32], except for BPPH,
BTUM, and BXA, which did not fully meet these criteria. Lipinski’s rule
establishes standards for favorable ADMET properties, including a mo-
lecular weight under 500 Da, a logP value < 5, a maximum of five HB
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donors, and up to 10 HB acceptors [32,74]. Adhering to these guidelines
is important because it makes compounds behave similarly to oral
medicine, facilitating easy absorption in humans and animals [32].
Furthermore, these analogs possess characteristics that facilitate their
passage through cell membranes. The polar surface areas of BPA analogs
suggest that they can easily move across cell membranes [36]. Addi-
tionally, predictions were made that these BPA analogs might possess
harmful properties, including the potential to cause mutations, tumors,
and irritation [56].

In the field of computational toxicology and informatics, MDS is
recognized as a powerful approach for assessing the behaviors of haz-
ardous chemicals and their interactions with molecular targets in
humans and animals, as demonstrated by previous studies [31,46,8].
Here, MDS was used to study the stability of the interaction between
BPA and its analogs with AR, comparing it with the docked complex of
DHT with AR. This method helps predict how molecular targets will
behave before and after binding to any chemical compounds or ligands
[23]. When measuring the conformational behavior of AR over time
through RMSD analysis, it was found that all complexes exhibited stable
trajectories during the simulation (1 ps), confirming strong interactions
between the BPA analogs and AR [18,49]. Furthermore, this was vali-
dated by examining structural flexibility, compactness, SASA, and HBs,
in addition to conducting PCA and Gibbs FEL analysis. Furthermore, in
the experimental validation, only BPA suppressed DHT-induced AR
dimerization in the cytosol, similar to the AR-specific antagonist bica-
lutamide. This disruption by BPA in the cytosol induced the suppression
of the translocation of ligand-activated AR to the nucleus, similar to
exogenous AR antagonistic substrates, such as azole, organophosphorus
pesticides, and carbamate herbicide [20-22]. The present study
revealed that the AR-mediated endocrine-disrupting potential of BPA is
significantly higher compared to the BPA analogs, which were found to
be less effective due to their interaction with different amino acid resi-
dues and distinct binding patterns compared to BPA. Computational
analysis indicated lower binding energy for these analogs in comparison
to BPA. Furthermore, the selected top-four BPA analogs also have higher
molecular weights. Based on the obtained results, we can conclude that
BPA not only affects the conformation of AR but also disrupts its normal
activities. Therefore, this study provides valuable insights into
AR-mediated endocrine-disrupting effects by exploring
structure-activity relationships and potential therapeutic development
[19,54,62,69].
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Fig. 8. Color-coded illustration of the Gibbs FEL plotted using PC1 and PC2. The color bar indicates the Gibbs free energies (kJ mol™) for conformational states with
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AR-BXA, (J) AR-BPE, (K) AR-Bis-o-cresol A, and (L) AR-MBHA.
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5. Conclusion

In this study, we investigated the interactions between AR and BPA,
as well as BPA analogs, in comparison to the natural ligand DHT by using
cutting-edge computational methods, including molecular docking,
ADMET prediction, MDS, and experimental validation through in vitro
BRET-based assays. The binding behavior of BPA to AR is similar to the
binding behavior of DHT. However, upon comparing the top-four
screened BPA analogs with BPA, it was found that they demonstrated
a higher binding affinity to AR despite variations in their binding pat-
terns. Experimental validation results further revealed that BPA dem-
onstrates a higher level of antiandrogenic activity compared to the other
selected compounds, indicating distinct binding characteristics
compared to both BPA and DHT. This study not only provides insights
into the physicochemical and toxicity-related properties of these com-
pounds but also identifies key amino acid residues of AR that contribute
to their binding interactions. Consequently, it paves the way for a more
in-depth exploration of the toxicity of BPA analogs concerning AR in
humans. To the best of our knowledge, this is the first report demon-
strating the interaction between different BPA analogs and AR. These
results are not only crucial for the scientific community but also bear
significance for governance and real-world applications. They can
contribute to the development of policies aimed at protecting human
health and the environment.

Environmental implication
Human exposure to bisphenol A (BPA) is almost inevitable due to the

extensive use of this chemical in various industries and its widespread
presence in the environment. Recognized as endocrine disruptors, the
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negative impacts of BPA have led to the production of structural analogs.
Detected in both environmental and biological samples, their safety
remains uncertain, with some behaving like BPA in animal studies. BPA
can bind to the androgen receptor (AR) and disrupt its normal activity,
directly affecting male fertility. The present study reveals bisphenols-AR
molecular interactions, identifying key AR amino acid residues. Findings
emphasize bisphenol risks, prompting future interventions.
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