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To explore the use of molecular docking as a high throughput in silico screening tool for identifying

chemicals of environmental health concern, we conducted a case study to assess endocrine disruption

effects due to targeting of nuclear receptors (NRs) by chemicals with backbone structures like

bisphenols, but with varied functional groups. The molecular docking analysis elucidates how functional

groups of the chemicals, such as NH2, Cl, and OCH3, influence their interaction with the human

estrogen receptor alpha (hERa), a key player in endocrine regulation. Through comparative docking

analysis, we examined how bisphenol analogs interact with three distinct conformations of hERa: the

apo structure and two structures with bound agonist and antagonist ligands. Water molecules within the

protein and surrounding the ligand binding domain (LBD) were found to have little impact on the affinity

of compounds binding to the receptor across various conformations. This can be attributed to the

hydrophobic nature of the ligand-binding pocket, which consists mainly of hydrophobic amino acid

residues and binding sites. In the assessment of bisphenol analogs compared to well established

endocrine disrupting chemicals (EDCs), it was observed that these analogs exhibit characteristics

commonly associated with endocrine disruptors. While compounds like BPA and BPF exhibited partial

agonist activity, stimulating hERa activity to varying degrees, other compounds displayed non-agonist

behavior, suggesting a different mode of interaction with the receptor. Further analysis revealed the

significance of specific functional groups, such as hydroxyl or amine groups, on the aromatic ring of

these compounds in modulating their binding affinity to hERa. Within the ligand binding site of hERa,

amino acid residues Glu353, Arg394, and His524 have the capacity to form hydrogen bonds with

hydroxyl or amine groups. Protonation or deprotonation of these groups can further alter their binding

affinity, thereby influencing their interaction with estrogen receptors and subsequent estrogenic effects.

Via this case study, we demonstrate the potential and provide best practices of using molecular docking

as a new approach methodology (NAM) for chemical assessments and regulations.
Environmental signicance

Environmental processes and impact assessment of a large number of synthetic chemicals needs high throughput screening and prioritization. Various in silico

models have been developed and used as cost-effective approaches to prioritize chemicals for environmental health risk assessment but there is a need to extend
external exposures to chemical binding to specic receptors causing toxic effects within the body. This study explores the application of molecular docking as
a New Approach Methodology for chemical assessment. Binding of chemicals with similar backbone structures and different functional groups to an estrogen
receptor linked to endocrine-disrupting effects was explored. The inuences of receptor conformations, ligand conformers, protonation/deprotonation states,
and inclusion/exclusion solvent molecules within the binding pocket of a receptor on the ligand–receptor binding are explored and necessary considerations for
the applications of molecular docking are highlighted. Molecular docking as a mechanistic based model that captures physicochemical interactions between
ligands and receptors has its advantage in screening chemicals in structures because it is independent of data used for training other in silico models.
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Introduction

An increasing number and larger quantities of chemicals have
been produced and used in industry, agriculture, and consumer
products around the globe.1 Comprehensive environmental and
health risk assessment is not feasible for all these chemicals
due to the high cost associated with obtaining experimental
data, essential for risk characterization of each chemical.2

Although regulatory frameworks such as REACH have started to
address the safety evaluation of chemicals produced before
1981, which account for over 97% of major chemicals in use,
there is still a substantial data gap, with toxicity information
missing for about 86% of these substances.3 Traditional
experimental methods, such as in vivo and in vitro testing, are
oen too slow, costly, and ethically constrained to keep up with
the large number of new chemicals being introduced into the
environment. Furthermore, these tests do not always predict
how chemicals will affect humans very well.3–5 Because of the
large number of chemicals that need to be tested, it is essential
to develop faster and robust methods that can screen many
chemicals for their safety.3 These considerations together have
resulted in a shi from in vivo methods to in vitro or in silico
approaches for chemicals' risk assessment.6

In silico approaches based on quantitative structure–activity
relationships (QSARs),7 environmental fate and human expo-
sure modeling,8 and machine learning9 have proved effective in
screening large numbers of chemicals and prioritizing them for
more comprehensive risk assessment.10 While process-based
mechanistic models have been effectively used for screening
the environmental persistence, long-range transport and bi-
oaccumulation11 of many chemicals, in silico toxicity screening
for a large number of chemicals remains challenging because
available QSARs developed based on experimental data are not
available to capture different modes of action.12 Available
computational approaches such as molecular dynamic simu-
lations allow modelling of the role of xenobiotics in biochem-
ical processes,13 but such approaches are oen computationally
too intensive to be applied to large numbers of chemicals over
a reasonable amount of time. For identication purposes,
a high throughput method is preferred.14

Molecular docking is a powerful high-throughput in silico
approach widely used in drug discovery and environmental
toxicology to predict how small molecules, including environ-
mental contaminants, t and interact with biological targets
such as proteins and receptors based on molecular mechanics
and force elds.15,16 Within environmental toxicology, molec-
ular docking plays a key role in clarifying the molecular mech-
anisms of toxicity by demonstrating how contaminants interact
and disrupt the structure and function of vital proteins that
regulate physiological functions.17–19 By calculating different
binding poses that show the orientation of a small molecule
within the active site of a protein, molecular docking provides
information about binding affinity, specicity, and the poten-
tial for disrupting normal protein function. These insights are
essential for understanding how environmental chemicals may
trigger adverse biological outcomes, such as endocrine
This journal is © The Royal Society of Chemistry 2025
disruption or enzyme inhibition, even before in vitro or in vivo
testing.20 For example, endocrine disruptors can bind to
estrogen receptors by occupying hormone-binding sites and
prevent normal hormone–receptor interactions and hormonal
signaling pathways.21,22 Additionally, the rapid screening capa-
bility of molecular docking enables the evaluation of large
libraries of environmental chemicals, supporting early hazard
identication and prioritization for further investigation of
contaminants against relevant biological targets.17,18,23 Among
these, endocrine-related proteins involved in hormone regula-
tion and susceptible to disruption by environmental chemicals
are frequently studied, with particular attention to the estrogen
receptor (ER).21,23–26

ERs are functional proteins belonging to the nuclear
receptor (NR) superfamily. These proteins serve as ligand-
activated transcription factors and are essential to numerous
biological processes, such as lipid metabolism, embryonic
development, homeostasis, and cell death.27–31 They typically
consist of three functional domains; the N-terminal trans-
activation domain, the central DNA binding domain, and the C-
terminal ligand binding domain (LBD), which contains the
activation function-2 (AF-2).32–34 The activity of the human
estrogen-related receptor (hERR) is signicantly inuenced by
the conformation of the LBD, which is dependent on ligand
binding. X-ray crystallography of the nuclear receptors has
revealed three primary structural conformations of the LBD –

apo, agonist and antagonist bound conformations (Fig. S1) –
with distinct positions of the 12 helix determined by the bio-
logical properties of the ligand, whether it functions as an
agonist or antagonist.25,35–38 Because the structural conforma-
tion of the LBD controls receptor activity, any compound
capable of binding to this domain has the potential to alter
normal receptor signaling.35,37 This property makes estrogen
receptors a key target for endocrine-disrupting chemicals
(EDCs), which can mimic or inhibit endogenous hormones and
thereby modulate physiological pathways.24,29 Among
endocrine-disrupting chemicals, bisphenol A (BPA) has
emerged as a prominent compound of concern, with signicant
impact on human health, causing e.g. diabetes, obesity,
cardiovascular diseases, reproductive disorders, and cancer.39–43

For decades, bisphenol compounds exemplied by BPA have
been pervasive in plastics widely utilized for food storage
purposes. Bisphenol polymers can release monomers into food
and drinks, potentially disrupting endocrine pathways by acting
like estrogen.44,45 As a result, numerous countries have imposed
restrictions or completely banned the use of BPA in food-related
applications.46,47 In response to these concerns, a new genera-
tion of materials marketed as “BPA-free” has emerged.
However, many of these alternative compounds, such as bi-
sphenol F (BPF) and bisphenol S (BPS), may still possess
endocrine-disrupting capabilities by interacting with ERs.46,48–50

Besides BPA alternatives, there are many other industrial
chemicals and their transformation products that share similar
backbone chemical structures but with different functional
groups. These chemicals are likely to act as endocrine-
disrupting compounds akin to BPA.48,50 For example, chlori-
nated BPA has been reported as an endocrine disruptor.51,52
Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207 | 3193
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Evidence also suggests that hydroxyl polychlorinated biphe-
nyls53 and hydroxyl polycyclic aromatic compounds54,55 as
environmental transformation products are also likely to
interact with ERs and cause endocrine disrupting effects. As
a result, hERRs are considered as one potential target of
chemicals that possibly act as EDCs.25,27,28,56 Given the large
number of chemicals produced and used, a high-throughput in
silico screening method is needed to identify chemicals with
potential risk of endocrine disruption by targeting NRs.26 In this
study, bisphenol A, bisphenol F, and bisphenol S were selected
due to their widespread use, well-documented endocrine-
disrupting effects, and extensive existing literature, which
provides a solid foundation for molecular docking
studies.40–45,48,49,57–62

This article highlights the potential and versatility of
molecular docking as a high-throughput in silico screening tool
for fast assessment of chemicals with potential NR-related
endocrine disruption effects. We employed three distinct
conformations of the estrogen receptor alpha (ERa) to model
NRs. As a case study, we selected thirty chemicals with struc-
tures resembling bisphenol A (BPA), bisphenol F (BPF), and
bisphenol S (BPS) and 40 well-known EDCs63 as benchmarks for
the screening. Through this case study, we examine the various
factors that cause variability in the predicted docking scores
and how the results can be interpreted to identify chemicals
with high binding affinities to proteins, and thus implications
for human population and environmental health.
Method
Study design

Fig. 1 shows the workow of using molecular docking to screen
chemicals with binding affinities to health impact related
protein. The Open-Eye soware was used to conduct molecular
docking simulations for assessment of bisphenol analogs.
Fig. 1 Study design of using themolecular dockingmethod to characteri
(protein related to health impact).

3194 | Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207
Receptor preparation involved two versions: one with water
molecules removed and another with water molecules
preserved to assess the impact of solvent presence on docking
results. Ligands were geometry-optimized, protein-docked, and
the resulting binding affinity was evaluated. Post-docking
analysis involved the inuence of water molecules on binding
interactions, the effects of KOW values, and protonation/
deprotonation states of ligands on binding predictions. Addi-
tionally, we applied the same molecular docking workow to
known EDCs and use the results as benchmarks to screen our
targeted chemicals (BPA analogs). This benchmark based
approach helps eliminate systematic error possibly originated
from assumptions and simplications of molecular docking.
Ligand selection and preparation

The thirty selected compounds with structural frameworks
similar to bisphenol A (BPA), bisphenol F (BPF), and bisphenol
S (BPS) are listed in Table S1. These compounds share the
backbone structure of bisphenols, with different functional
groups such as NH2, Cl, and OCH3 as OH substituents. Addi-
tionally, 40 well-known EDCs63 with the same functional groups
on the aromatic ring and without long carbon chains (Table S2)
were selected as benchmarks for comparison and evaluation of
the estrogenic binding affinity of the investigated compounds.
The .sdf les representing chemical structures of the ligands
were retrieved from PubChem. In instances where structures of
the molecules were not accessible via PubChem, they were
drawn using ACD ChemSketch Freeware Version.64 Both neutral
and protonated/deprotonated forms of the chemicals were
included to account for the different ionization states and cor-
responding interactions with the receptors. The 3D geometry of
all ligands was optimized using SZYBKI 2.7.0.3 with default
approaches and parameters – the MMFF94 force eld and the
Sheffield solvation model with AM1BCC solution charges. This
approach adds an additional electrostatic term to accurately
ze interactions between ligands (chemical contaminants) and receptors

This journal is © The Royal Society of Chemistry 2025
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model the solution environment.65 Conformers for each ligand
were generated using OMEGA 5.0.0.3,66,67 a tool for generating
a diverse set of 3D conformers of molecules. Estradiol (E2) was
employed as a positive control for both the apo and agonist
conformers due to its well-established role as a potent agonist of
estrogen receptors. In fact, E2 is chosen as the positive control
because it is the native ligand that naturally binds to estrogen
receptors, providing a biologically relevant and standardized
reference point for evaluating the effects of experimental
compounds on estrogen receptor activity.68 On the other hand,
4-hydroxytamoxifen (4-OHT) was selected as the positive control
specically for the antagonist conformer. 4-OHT is a well-
known selective estrogen receptor modulator (SERM) that acts
as an antagonist by blocking the binding of estrogen and
inhibiting receptor activation.38,69
Protein preparation

Precise evaluation of receptor–ligand binding affinities through
molecular docking calculations requires the selection of suit-
able template structures.70 It is oen impractical to select
a single ideal receptor structure for in silico investigations, and
focusing on molecular docking studies with a single receptor
structure may not be suitable for assessing the binding affinities
of diverse chemicals. In such scenarios, employing statistical
analyses of binding affinity values obtained from molecular
docking calculations with multiple receptor structures could
effectively minimize prediction errors.25 Hence, the protein
receptor structures selected in this work includes the apo
conformation of hERR (complexed to E2), the agonist confor-
mation with bound E2, and the antagonist conformation with
bound 4-OHT. These structures represent different functional
forms of the receptor, and allow a comprehensive investigation
of how different ligands interact with the hERR LBD. The
binding of an agonist induces conformational change in the
receptor, transitioning it from its inactive form to an active
conformation in which the receptor is capable of initiating
a signal transduction pathway or cellular response. On the other
hand, the receptor antagonist conformation is stabilized upon
binding of an antagonist, causing inactivation or blocking its
transition to an activated form.71 The protein structures of the
apo conformation (1A52),36 the agonist conformation (1GWR),37

and the antagonist conformation (3ERT)38 were retrieved from
the Protein Data Bank (PDB). The receptors were prepared using
the Spruce 1.5.3.3 (ref. 72) module of the Open Eye Scientic
Soware package, which corrects for structural gaps, such as
incomplete side chains and loops, renement of hydrogen atom
positions and assessment of various tautomer states of the
ligands and cofactors to ensure compatibility within the
biomolecule structure. The binding pocket size was determined
based on a default distance of 5.0 Å from the ligand, and
maximum limit for processing atoms in the entire system was
set to 50 000. The ligand binding pockets of all receptors were
generated around the structure of active ligands and all recep-
tors were visualized by the Make Receptor soware. The ligand
binding pockets generated for the 1A52, 1GWR, and 3ERT
receptor conformations have volumes of 2602 Å3, 2444 Å3, and
This journal is © The Royal Society of Chemistry 2025
8967 Å3, respectively. These volumes represent the conned
spaces within which interactions between the receptors and
other molecules can be studied or simulated. To assess the
impact of solvent molecules in the LBD on molecular docking
results, the receptors were prepared in two different ways: one
with water molecules removed and another with water mole-
cules preserved. This approach allows for a detailed investiga-
tion of how the inclusion or exclusion of water affects the
receptor–ligand binding interactions and overall molecular
docking performance.

Molecular docking

The docking simulations were conducted using FRED
4.3.0.3.73–75 FRED carries out docking of different conformations
of a molecule into a single receptor through an exhaustive
search method. It methodically examines all possible rotations
and translations of each ligand conformation within the
receptor's active site. Chemgauss3 (Ch3) served as the default
exhaustive scoring function in FRED. The Chemgauss3 scoring
function assesses how well ligand poses t into the active site
using Gaussian smoothed potentials. It takes into account
several types of interactions, including: shape complementarity,
hydrogen bonding, and hydrogen bonds with implicit solvent
and metal–chelator interactions. In the docking calculations,
binding energies are reported such that negative values indicate
stabilizing interactions, with more negative energies corre-
sponding to stronger predicted binding. This convention clar-
ies that compounds with the lowest (most negative) energies
are expected to have the strongest interactions with the target
receptor. The standard approach, using a 1.0 Å translational
step size and a 1.5 Å rotational step size, was employed to
manage the resolution of docking throughout both the
exhaustive search and optimization phases.74 VIDA 5.0.5.3 (ref.
76) was employed for the visualization of structures, analysis of
molecular surfaces, and examination of protein–ligand inter-
actions. To investigate the inuence of solvent on the docking
results, we carried out docking calculations using the same
LBD, with and without water molecules. Water molecules play
a crucial role as spacers or mediators of hydrogen bonds
between ligands and residues within the ligand binding pocket
(LBP).77 To evaluate the accuracy of docking protocol, docked
ligands, including the positive controls estradiol (E2) and 4-
hydroxytamoxifen (4-OHT), were aligned to their corresponding
crystal structures using PyMOL, and RMSD values were calcu-
lated with rms_cur command. Only heavy atoms were included,
excluding hydrogens, to avoid bias from differences in
protonation.

Conformational preference of ligands

Ligands were docked to all three hERR protein conformations.
The ligand binding preference for one conformation or the
other could signicantly inuence their biological activity, i.e.
whether they behave as agonist or antagonist. To establish
a quantitative measure for discriminating between agonist and
antagonist behavior, we adopted the conformational prefer-
ences (Cpf) factor, dened as:24
Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207 | 3195
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Cpf = DG (agonist conformation)

− DG (antagonist conformation) (1)

where DG (agonist conformation) is the binding affinity ob-
tained from molecular docking calculations using the hERR
agonist conformation (1GWR), while DG (antagonist confor-
mation) is that derived using the hERR antagonist conforma-
tion (3ERT). This parameter can be used to determine the
specicity of ligands towards hERR, whether they tend to
behave as agonists or antagonists of the receptor.

Results and discussion
Docking accuracy and validation

To assess the reliability of our docking protocol, we rst vali-
dated it with well-known reference ligands. Estradiol (E2) and 4-
hydroxytamoxifen (4-OHT) were docked into the receptor's
ligand-binding domain, and their RMSD values were calculated.
The RMSD analysis of these positive controls indicated that the
docked ligands matched their crystal structures very closely.
Estradiol (E2) showed an RMSD of 0.7 Å, and 4-hydroxytamox-
ifen (4-OHT) had an RMSD of 1.1 Å (Fig. S2). These low values
show that the docking method can reproduce the experimen-
tally observed binding poses. The close agreement also indi-
cates that the receptor/ligand preparationmethods and docking
settings used in this study were appropriate, which gives
condence in the docking and structure–activity analysis of
bisphenol analogs.78

Effects of water molecules within the LBP on ligand docking
calculations

Comparison of molecular docking results with and without water
molecules reveal that the presence of solvent within the protein
and LBP has negligible inuence on the binding affinity of the
compounds (Tables S3–S5). The maximum difference in binding
affinity between the results obtained with water molecules and
those without water molecules was found to be 1.06 kcal mol−1,
which is obtained for 4-[2-(4-hydroxyphenyl)propan-2-yl]phenol
docked in the apo conformer (Fig. S3). The average difference
Fig. 2 Comparison of ligand binding affinities with andwithout watermo
ID: 1GWR), (B) apo conformation (PDB ID: 1A52), (C) antagonist conform

3196 | Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207
and the root mean square deviation (RMSD) between the binding
affinities with and without water were 0.19 and 0.24 kcal mol−1,
respectively, which are relatively small compared to the large
deviation observed between bisphenol analogs and the positive
control E2, which showed an RMSD of 5.34 kcal mol−1 and
absolute differences ranging from 4.38 to 7.2 kcal mol−1. This
suggests that water molecules do not dramatically affect binding
interactions. Similar ndings have been reported in another
study.25 This observation can be related to the predominantly
hydrophobic nature of the LBP, which is mainly made up of
multiple hydrophobic amino acid residues.79

Also, the molecular docking analysis indicates that the
binding affinity of compounds is inuenced by several factors
associated with the binding site's characteristics. These factors
include shape energy, hydrogen bond energy, protein des-
olvation, and ligand desolvation energy. Shape refers to the
volume of a molecule, and in Chemgauss, shape energy is
related to the ligand's spatial arrangement and interactions of
its heavy atoms within a protein's active site.75,80 As detailed in
Fig. S4, shape energy of all ligands accounts for more than 80%
of the total binding energy, while hydrogen bond energy
contributes around 20%. This major contribution of shape
energy indicates that the main determinant of binding strength
is the spatial alignment between the ligand and the receptor,
which is inuenced by the properties and arrangement of the
residues within the ligand-binding pocket. These ndings show
that the inclusion of water molecules does not impact the
binding affinity of the ligands, which highlights the robustness
of the spatial complementarity and the hydrophobic interac-
tions within the ligand-binding pocket (Fig. 2). Thus, for the
following analysis, water molecules in the LBP crystal structures
were retained.

Inuence of ligand conformers on binding affinity

We examined the impact of conformational analysis of the
compounds on binding affinity toward the receptors. The
maximum difference in binding affinity observed between
various conformers of a ligand was −2.44 kcal mol−1, as illus-
trated by 4-[(4-aminophenyl) methyl]aniline ligand. This
lecules towards three ER conformations: (A) agonist conformation (PDB
ation (PDB ID: 3ERT).

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Differences in interaction energies between BPA analogs ligand conformers with the highest and lowest binding affinities against the apo
form of the human estrogen receptor.
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variance in binding affinity is a result of multiple factors that
inuence how the ligand interacts with the receptor. As previ-
ously discussed, these factors include shape energy, hydrogen
bond energy, protein desolvation energy, and ligand des-
olvation energy. For compounds capable of forming hydrogen
bonds, the difference in binding affinity (DG) between the
conformers with the highest and lowest affinities is predomi-
nantly attributed to variations in hydrogen bond energy (Fig. 3).
In fact, different conformations of a ligand can signicantly
alter the positioning of functional groups within the active site
of a receptor, affecting the formation and strength of hydrogen
bonds with amino acid residues. This conformational vari-
ability can lead to substantial differences in binding affinity. As
illustrated in Fig. S5, which presents the binding “ngerprints”
of 4-[(4-aminophenyl)methyl]aniline conformers with the
highest and lowest affinities, these differences are evident. The
conformer with the highest binding affinity is positioned within
the active site in such a way that its functional groups are
optimally aligned to form hydrogen bonds with several key
amino acid residues, including Glu353, His524, Gly521, and
Leu346. This favorable interaction pattern enhances its overall
binding strength. In contrast, the conformer with the lowest
binding affinity is only able to form hydrogen bonds with
Glu353, limiting its interaction with the receptor and resulting
in a weaker binding affinity. For ligands containing chlorine or
methoxide groups, shape energy becomes the predominant
factor inuencing the DG difference between conformers. This
indicates that, for these types of ligands, the geometric t and
shape complementarity between the ligand and the receptor are
more critical in determining binding affinity than hydrogen
bonding. The alignment and spatial arrangement of the
ligand's functional groups in relation to the receptor's binding
site are crucial for achieving optimal interaction. Consequently,
the differences in binding affinity observed across various
conformers of these ligands are closely tied to how well each
conformer matches the receptor's shape and structural
requirements.

Comparison of the estrogenic activity of bisphenol analogs
with well-known EDCs

The estrogenic activity of bisphenol derivatives were assessed in
comparison to those of established the Endocrine Disrupting
This journal is © The Royal Society of Chemistry 2025
Chemicals.63 Our evaluation focused on assessing the binding
affinity of selected EDCs, such as bisphenol B, 4-tert-octylphe-
nol, phenol, etc., among a total of 40 compounds, with three
distinct conformers of the human estrogen receptor a. The
benchmark EDCs included in this analysis have well-
documented estrogenic activity. For example, bisphenol B
(BPB) has been shown to activate both ERa and ERb, disrupt
steroidogenesis, and induce reproductive toxicity in vivo via
both genomic and non-genomic pathways.81–83 Similarly, 4-tert-
octylphenol has been widely used as a model alkylphenol EDC.
It binds ERa with high affinity and stimulates uterine growth in
uterotrophic assays.84 An integrated approach to testing and
assessment (IATA) case study demonstrated that substituted
phenols, including alkyl- and aryl-substituted analogues, can be
reliably predicted to activate the estrogen receptor using
combined in vitro reporter gene assays and structure–activity
relationship models.85 Among the investigated EDCs when
tested against the apo, agonist, and antagonist conformers of
the estrogen receptor we observed diverse binding affinities.
Particularly, binding affinities ranged between
−13.65 kcal mol−1 to −9.44 kcal mol−1 for the apo conformer,
−14.11 kcal mol−1 to −9.23 kcal mol−1 for the agonist
conformer, and −14.18 kcal mol−1 to −9.87 kcal mol−1 for the
antagonist conformer. Contrarily, the binding affinity ranges
for the bisphenol analogs exhibited almost same range values,
spanning from −13.83 kcal mol−1 to −9.57 kcal mol−1 for the
apo conformer, −13.72 kcal mol−1 to −8.91 kcal mol−1 for the
agonist conformer, and −14.16 kcal mol−1 to −9.95 kcal mol−1

for the antagonist conformer (Fig. 4). To visualize binding
trends between benchmark EDCs and bisphenol analogs, we
mapped shape energy against H-bond energy (Fig. S6). As shown
in Fig. S6, most compounds clustered within a shape energy
range of −13 to −10 kcal mol−1and an H-bond energy range of
−3 to 0 kcal mol−1. Some bisphenol analogs displayed stronger
steric complementarity with the ERa binding pocket, as re-
ected by more negative shape energy values around
−14 kcal mol−1. These lower shape energy values indicate
a better geometric t between the ligand and the receptor's
hydrophobic cavity, and suggests that these compounds may
adopt conformations that maximize van der Waals interactions
and minimize steric clashes. In parallel, other analogs
demonstrated more favorable hydrogen bonding interactions,
Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207 | 3197
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Fig. 4 Binding affinity (DG (kcal mol−1)) of known EDCs, bisphenols, E2, 4-OHT, and 4-tert-butylphenol against three conformations of human
estrogen-related receptor ligand binding domain (LBD) (A) binding affinity of known EDCs, binding affinity of bisphenols against (B) apo
conformation (PDB ID: 1A52), (C) agonist conformation (PDB ID: 1gwr), (D) Antagonist conformation (PDB ID: 3ert). E2 and 4-OHT are designated
as positive controls, while 4-tert-butylphenol represents the lowest-affinity compound in the benchmark set.
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with H-bond energy values below −3 kcal mol−1. This increase
in polar interaction strength indicates the formation of stable
hydrogen bonds with key polar amino acid residues in the ERa
3198 | Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207
ligand-binding domain, such as Glu353, Arg394, or His524. The
overlap in docking energies, particularly in the region of shape
energy around −12 to −11 kcal mol−1 and H-bond energy
This journal is © The Royal Society of Chemistry 2025
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around −2 kcal mol−1, suggests that some bisphenol analogs
mimic the binding behavior of known EDCs, and analogs that
fall outside the main EDC cluster may possess distinct binding
proles. These ndings together suggest that the most bi-
sphenol analogs analyzed in this study demonstrate character-
istics commonly associated with endocrine disruptor
chemicals, which can interfere with hormonal signaling path-
ways. Such interference can disrupt normal endocrine function
and have adverse effects on physiological processes regulated by
hormones.44

Is octanol–water partitioning coefficient a good predictor for
the binding affinities?

Aer examining the docking results, it became evident that BPA
analogs showed an overall strong binding affinity toward three
different forms of estrogen receptors (ER) when compared to
their counterpart BPF and BPS analogs (Fig. 4B–D). One plausible
explanation for the observed differences lies in the nature of the
binding site on the ER. Among the amino acids within the ligand
binding site, Glu353, Arg394, and His524 possess side chains
capable of forming hydrogen bonds with the ligands. Apart from
these three residues, the binding site mainly consists of hydro-
phobic amino acids, making it well-suited for accommodating
the endogenous steroid ligand, estradiol (E2).79 The calculated
log KOW values for BPA, BPF, and BPS were 3.25, 2.63, and 0.65,
respectively (Table S6), and among these three compounds, BPA
with higher logKOW showed higher binding affinity (Fig. S7). The
KOW values indicate the level of hydrophobicity of the bisphenols,
which could inuence their interactions with ERa. Since the
binding site on the ER tends to prefer hydrophobic interactions,
it is anticipated that analogs with higher hydrophobicity, like
BPA analogs, are more likely to bind strongly. However, this rule
does not apply to each category of bisphenol analogues with
different functional groups (Tables S3–S5). For example, in the
BPA analog, 4-[2-(4-aminophenyl)propan-2-yl]aniline has the
lowest logKOW value (2.70) but high binding affinity (−13.64,
−13.72, and −13.99 kcal mol−1 against apo, agonist, and antag-
onist conformers of ERa, respectively) in the category (Fig. S8).
This indicates that increased hydrophobicity alone does not
signicantly impact the binding affinities without considering
the functional groups that can form hydrogen bonds and the
steric effects, which appear to be additional factors in the
reduction of estrogenic activity (EA).

Screening for agonist/antagonist differentials

Docking analysis of chemicals behavior towards ERa conforma-
tions indicated that the activation conformation offers greater
affinity for agonist E2 (−16.59 kcal mol−1 toward agonist
conformation and −14.16 kcal mol−1 toward antagonist confor-
mation), whereas antagonist 4-OHT exhibited higher affinity in
the inactivation conformation (−16.5 kcal mol−1 toward antag-
onist conformation and −11.18 kcal mol−1 toward agonist
conformation). To classify the agonist or antagonist activity of
chemicals, we used the agonist/antagonist factor as a parameter
to evaluate conformational preferences based on binding affinity.
Agonists display an affinity for binding to templates that already
This journal is © The Royal Society of Chemistry 2025
bound by agonists, whereas antagonists exhibit a preference for
templates bound by antagonists. This differential binding pref-
erence signicantly inuences the biological activity of various
ligands.71 By plotting the binding affinity (DG) and the agonist/
antagonist factor (Cpf) for E2, 4-OHT, known EDCs, and bi-
sphenol analogs, distinct patterns were observed (Fig. 5). E2
appeared as the most effective agonist, with the highest and the
strongest affinity toward agonist activity. Conversely, 4-OHT was
the most potent antagonist, displaying the strongest preference.
When comparing the absolute values of the agonist/antagonist
factor, it was observed that most BPA and BPF analogs fall
within the range of −1 to 1. This range is used as a tolerance
window that reects the limitations of molecular docking accu-
racy. Docking scoring functions typically have an error margin of
about ±1 kcal mol−1, and many studies have noted that differ-
ences smaller than 1–2 kcal mol−1 fall within the noise of the
method and should not be over interpreted.86–88 Energy differ-
ences within this range are generally not considered reliable for
distinguishing between binding modes or affinities. This
suggests that BPA and BPF derivatives have the potential to act as
both agonists and antagonists of the ER based on their structural
and environmental context. This ability emphasizes the dual
nature of BPA and BPF derivatives, which can lead to varied
biological effects and potential endocrine-disrupting properties.
On the other hand, BPS analogs displayed a higher tendency
against antagonism. This observation suggests that BPS deriva-
tives are more likely to inhibit ER activity than promote it. This is
supported by experimental studies showing BPA acts as an ER
agonist in many human cell lines, promoting transcription and
proliferation at micromolar levels, but can also display partial
antagonist activity depending on concentration and context.59,61

BPF similarly shows agonistic effects in breast cancer cells and
zebrash assays, though with less antagonist activity than BPA.59

Additionally, bisphenol S (BPS) demonstrates both agonist and
antagonist behaviors, with some evidence suggesting it acts more
antagonistically toward ERa by reducing receptor protein levels
in certain biological systems.59,60 These ndings validate the
predicted binding preferences between ER conformations
observed in computational studies.

To strengthen the dual activity of BPA and BPF, a compara-
tive analysis of docking ngerprints was performed in the
agonist and antagonist conformations of ERa (Fig. S9 and S10).
In both cases, the conformational preference (CPF) values were
close to zero, indicating no strong preference for either
conformation and supporting their dual binding capability. The
results showed that BPA and BPF engage similar key residues in
both conformations, displaying nearly identical interaction
proles. For BPA, hydrogen bonding occurs with Arg394,
Glu353, and Thr347 in both conformations (Fig. S9), suggesting
a stable binding mode that does not favor either the agonist or
antagonist state, whereas BPF in the agonist conformation
forms hydrogen bonds with Glu353, Gly521, and His524, but
lacks the optimal hydrogen donor interaction with His524 in
antagonist conformation (Fig. S10), which may account for its
less antagonistic activity compared to BPA.

As shown in Fig. 5 bisphenol analogs functionalized with
NH2–Cl and NH2–OCH3 groups demonstrate enhanced binding
Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207 | 3199
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Fig. 5 The analysis of conformational preferences method involved plotting the agonist/antagonist factor (DDG) versus the calculated binding
affinity values. DDG was determined by subtracting the binding affinity of the agonist-bound receptor from that of the antagonist-bound
receptor, based on the docking calculations. The small dots represent known endocrine-disrupting compounds (EDCs).
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affinity toward the antagonist conformation of the estrogen
receptor (ER). The amino (NH2) group serves as a strong
electron-donating moiety, inuencing the electron density
distribution on the aromatic ring and promoting stronger polar
interactions with receptor residues. Also, the presence of chlo-
rine and methoxy substituents (steric bulk) increases the overall
molecular volume, which may hinder the proper positioning of
helix 12 in the AF-2 domain, and stabilize the receptor's
antagonist conformation.89 Bisphenol analogs with NH2–NH2,
OH–OH, and NH2–OH functional groups exhibit comparable
binding affinities toward both the agonist and antagonist
conformations of the estrogen receptor (ER). This dual affinity
arises from the exibility of these groups to act as both
hydrogen bond donors and acceptors, which allows them to
form favorable interactions within the distinct binding pocket
of each receptor. Their relatively small size and polarity mini-
mize steric hindrance and electronic bias, enabling accommo-
dation without inducing signicant conformational preference.
Unlike bulkier or strong electron-donating/withdrawing
substituents, these groups cannot selectively stabilize one
receptor conformation over the other, resulting in similar
binding energies for both agonist and antagonist forms.

The structural differences between BPA, BPF, and BPS are
likely related to their varying degrees of antagonistic activity.
Understanding these differences is crucial for assessing the
safety and biological impact of these chemicals, especially given
their widespread use in consumer products and potential
health implications.
Protonation and deprotonation states of ligands on binding
affinity

Protonation and deprotonation alter the electrostatic charges
on the ligand can affect ionic interactions and hydrogen
3200 | Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207
bonding with the receptor.90 Protonated/deprotonated forms of
the chemicals showed different binding affinity compared to
their neutral form. In most cases, both the deprotonated and
protonated forms of the ligands showed a decrease in binding
affinity (Fig. S11, Tables S7–S9). This decrease can be attributed
to hydrogen binding and electrostatic interactions as well as
ligand desolvation. A signicant decrease in the binding affinity
among BPA analogs is related to BPA when it undergoes
deprotonation, resulting in a−2 charge. In its neutral form, BPA
exhibited binding energies of −13.35 kcal mol−1,
−13.46 kcal mol−1, and −13.37 kcal mol−1 against the apo,
agonist, and antagonist forms of the estrogen receptor (ER),
respectively. However, when ionized, the binding energies
shied to −10.26 kcal mol−1, −9.78 kcal mol−1, and
−11.36 kcal mol−1, respectively. This reduction is mainly due to
the loss of hydrogen bonding. In its neutral form, BPA forms
hydrogen bonds with Glu353, His524, and Gly521, with
a hydrogen bonding energy of −2.86 kcal mol−1. Upon depro-
tonation, however, BPA loses the capacity to form these
hydrogen bonds, leading to a drastic reduction in hydrogen
bonding energy to −0.28 kcal mol−1. Additionally, the ligand
desolvation energy in ionized form is higher compared to its
neutral form (2.35 and 1.19 kcal mol−1). This means the
increased negative charge enhances solvation energy and
makes the ligand more likely to remain in the solvent than
binding to the protein, further diminishing the binding affinity.
Also, in residue ngerprint showing which residues (amino
acids) in the receptor site the ligand is interacting with
(Fig. S12), the number of interacting amino acids decreased in
overall binding strength, or it may bind differently, leading to
a change in the biological activity of the ligand. These obser-
vations are consistent almost across BPF and BPS ionized
ligands. The signicant difference in binding affinity between
the neutral/ionized BPF and BPS analogs is related to 4-[(4-
This journal is © The Royal Society of Chemistry 2025

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em00084j


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
se

pt
em

br
ie

 2
02

5.
 D

ow
nl

oa
de

d 
on

 0
1.

03
.2

02
6 

20
:1

3:
47

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
aminophenyl)methyl]aniline and 4-(4-aminophenyl)sulfonyl
aniline (with differences of 3.1 and 2.86 kcal mol−1, respec-
tively) when they undergo protonation, resulting in a +2 charge.
This difference is mainly due to the ability to form hydrogen
bonds, as the hydrogen bond energy decreases from −2.91 to
−0.93 kcal mol−1 in ionized 4-[(4-aminophenyl)methyl]aniline
and from −2.60 to −0.07 kcal mol−1 in ionized 4-(4-amino-
phenyl)sulfonyl aniline. This indicates that ionization can
signicantly alter binding affinity. This alteration, in turn, can
inuence the chemical's endocrine-disruptive properties. Ioni-
zation may affect how a ligand interacts with its target receptor,
potentially enhancing or diminishing its ability to disrupt
endocrine function.
Structure–activity analysis of bisphenol analogs

The common ERa agonist estradiol (E2) and the antagonist (4-
OHT) were utilized as positive controls. The binding of E2 with
binding affinity −16.59 kcal mol−1 (against ERa agonist
conformer) involves the formation of hydrogen bonds with
Arg394, His524, Glu353, and Gly521 within the binding pocket.
Fig. 6 3D visualization of bisphenols interactions within the active site
Hydrogen bonds between bisphenols and residues are indicated by green
propan-2-yl]phenol, 4-[(4-aminophenyl) methyl]aniline, and 4-(4-amino
Show the binding pose of 4-[2-(4-aminophenyl)propan-2-yl]aniline, 4-[(
within the active site of agonist conformer. (G–I) Present the binding p
methyl]aniline, and 4-(4-aminophenyl)sulfonyl aniline within the active s

This journal is © The Royal Society of Chemistry 2025
In contrast, 4-OHT with binding affinity −16.50 kcal mol−1

(against ERa antagonist conformer) establishes hydrogen
bonds with Glu353 in the binding site with the alkyl amine side
chain of 4-OHT tting into the antagonist structure (Fig. S13).

Building on these ndings, BPA analogs, characterized by
the presence of hydroxyl and amine groups on the rings,
including compounds like 4-[2-(4-aminophenyl)propan-2-yl]
phenol, 4-[2-(4-aminophenyl)propan-2-yl]aniline, and bi-
sphenol A exhibited remarkable binding affinities across apo
and agonist conformers of ERa by the formation of hydrogen
bonds with Gly521, Arg394, His524, Leu346, and Glu353 in the
binding site. They exhibited binding affinities to the apo
conformer at −13.83 kcal mol−1, −13.64 kcal mol−1, and
−13.35 kcal mol−1, and to agonist conformers at
−13.05 kcal mol−1, −13.72 kcal mol−1, and −13.46 kcal mol−1,
respectively. Notably, for antagonist conformer of ERa,
compounds 4-[2-(4-aminophenyl)propan-2-yl]phenol, 4-[2-(4-
aminophenyl)propan-2-yl]aniline, and 4-[2-(4-chlorophenyl)
propan-2-yl]aniline showed highest affinity with binding affin-
ities of −14.16 kcal mol−1, −13.99 kcal mol−1, and
−13.72 kcal mol−1, respectively (Fig. 6).
of three conformers of ERa, highlighting residues involved in binding.
dashed lines. (A–C) Display the binding pose of 4-[2-(4-aminophenyl)
phenyl)sulfonyl phenol within the active site of apo conformer. (D–F)
4-aminophenyl)methyl]phenol, and 4-(4-aminophenyl)sulfonyl phenol
ose of 4-[2-(4-aminophenyl)propan-2-yl]phenol, 4-[(4-chlorophenyl)
ite of agonist conformer.
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Interestingly, among the BPF analogs, compounds such as 4-
[(4-aminophenyl)methyl]aniline, 4-[(4-aminophenyl)methyl]
phenol, and bisphenol F exhibited signicant binding affini-
ties towards both the apo and agonist conformers of ERa. This
affinity is primarily due to the formation of hydrogen bonds
with key residues His524, Gly521, Leu346, and Glu353 within
the binding site. For the apo conformer, the binding affinities
were recorded at −13.41 kcal mol−1, −13.28 kcal mol−1, and
−13.07 kcal mol−1, respectively. Similarly, for the agonist
conformer, these compounds showed binding affinities of
−12.97 kcal mol−1, −13.32 kcal mol−1, and −12.61 kcal mol−1,
respectively. In addition to their interaction with the apo and
agonist conformers, these compounds also demonstrated
notable binding affinities (establishing hydrogen bonds with
Glu353 and Leu346 in the binding site) towards the antagonist
conformer of ERa. Specically, 4-[(4-chlorophenyl) methyl]
aniline, 4-[(4-aminophenyl)methyl]aniline, and 4-[(4-
methoxyphenyl)methyl]aniline exhibited binding affinities of
−12.94 kcal mol−1, −12.77 kcal mol−1, and −12.76 kcal mol−1,
respectively (Fig. 6).

For BPS analogs, 4-(4-aminophenyl)sulfonyl phenol, bi-
sphenol S, and 4-(4-chlorophenyl)sulfonyl phenol showed
highest binding affinity towards apo and agonist conformers.
They exhibited binding affinities to the apo conformer at
−11.06 kcal mol−1, −10.65 kcal mol−1, and −10.49 kcal mol−1,
and to agonist conformers at −10.78 kcal mol−1,
−10.52 kcal mol−1, and −10.27 kcal mol−1, respectively. While
compounds 4-(4-aminophenyl)sulfonyl aniline, bisphenol S,
and 4-(4-aminophenyl)sulfonyl phenol with binding affinity of
−12.69 kcal mol−1, −12.29 kcal mol−1, and −12.24 kcal mol−1,
respectively, showed more affinity to antagonist conformer
(Fig. 6). Fig. S14 shows the superimposition of BPA, BPF, and
BPS analogs with the highest binding affinity toward the three
conformers of ER, comparing how each ligand ts into the
binding site.

These analysis revealed that bisphenol analogs with high
agonistic activity exhibited interactions with many of the same
key amino acid residues observed for the natural agonist 17b-
estradiol (E2), including Glu353, Arg394, His524, Leu387,
Leu391, and Gly521, and compounds with higher affinity for the
antagonist conformation display interaction ngerprints
resembling those of 4-hydroxytamoxifen (4-OHT), with amino
acid residues within or near the AF-2 region of ERa (Fig. S13 and
S14). This similarity suggests that these compounds may be
associated with H12 positioning. Since H12 acts as a confor-
mational switch controlling coactivator recruitment, ligand
interactions with these residues likely modulate the receptor's
functional state.27,79 Like E2 and 4-OHT, which are known to
stabilize agonist and antagonist conformations by altering H12
orientation respectively, our compounds may similarly inu-
ence the dynamic positioning of H12, thereby affecting agonist
versus antagonist activity. From the data, it is evident that bi-
sphenol analogs with hydroxyl (OH) and amine (NH2) groups at
the para-position exhibit higher binding affinities compared to
those with methoxide (OCH3) and Cl groups at the same posi-
tion. This difference in binding affinity can be attributed to the
hydrogen bonding capabilities of the hydroxyl and amine
3202 | Environ. Sci.: Processes Impacts, 2025, 27, 3192–3207
groups. These functional groups can form strong hydrogen
bonds with key amino acid residues within the binding site of
the target receptor, such as Glu353 and Arg394. Hydroxyl groups
are known to be excellent hydrogen bond donors due to the
presence of a polar oxygen–hydrogen bond, which can interact
favorably with electron-rich acceptor atoms in the binding
pocket. Similarly, amine groups can act as both hydrogen bond
donors and acceptors, further enhancing their ability to form
stable interactions with the receptor.

The number of hydrogen bond acceptors and donors in
a ligand can correlate with its binding affinity to a target
protein. Generally, ligands with higher counts of both hydrogen
bond acceptors and donors are expected to exhibit higher
binding affinity. 4-[2-(4-Aminophenyl)propan-2-yl]phenol that
has 2 hydrogen bond acceptors and 2 donors, showed the
highest binding affinity among the tested compounds. The
lowest binding affinity, however, was not observed in
compounds with chlorine at the R1 and R2 positions, which
have 0 acceptors and 0 donors. Instead, it was found in
compounds featuring methoxide groups at the R1 and R2
positions, which have 2 acceptors and 0 donors. Methoxide
groups, while capable of participating in hydrogen bonding to
a lesser extent, primarily act as hydrogen bond acceptors and
lack the versatility of hydroxyl and amine groups. Chlorine
atoms, being highly electronegative, do not participate in
hydrogen bonding and instead rely on van der Waals interac-
tions, which are generally weaker than hydrogen bonds.
Consequently, derivatives with methoxide and chlorine groups
at the para-position demonstrate lower binding affinities due to
their reduced capacity to form strong and stable interactions
with the receptor. These observations highlight the critical role
of functional group chemistry in determining the binding
affinity of bisphenol derivatives and underscore the importance
of hydrogen bonding in receptor–ligand interactions.
Concluding remarks and outlook on the uses of molecular
docking for contaminant assessment

This study provides a comprehensive ranking of bisphenol
analogs and well-known endocrine-disrupting chemicals
(EDCs) based on docking scores. It facilitates a better under-
standing of their agonist and antagonist potential relative to
known reference compounds. These ndings show how minor
structural differences among investigated compounds can
affect their interaction with the receptor's active site. Among the
investigated compounds, several bisphenol analogs demon-
strated binding affinity almost similar to traditional EDCs.
Within this benchmark, 4-[2-(4-aminophenyl)propan-2-yl]
phenol exhibited the strongest binding affinity comparable to
that of reference EDCs such as bisphenol B against three
conformers of ER. Conversely, 1-methoxy-4-(4-methoxyphenyl)
sulfonyl benzene showed the weakest binding affinity, indi-
cating lower estrogenic potential relative to the benchmark set.
Our analysis further revealed that adding certain functional
groups, such as amines and hydroxyl groups, can enhance EDC
activity by increasing binding affinity toward the estrogen
receptor through hydrogen bonds. These stronger interactions
This journal is © The Royal Society of Chemistry 2025
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oen lead to increased agonistic activity, which means these
compounds can activate the receptor more effectively and
disrupt normal hormonal functions. In contrast, introducing
groups like methoxy (–OCH3) or bulky substituents can change
the compounds' interaction within the receptor, sometimes
promoting antagonistic behavior that blocks receptor activa-
tion. The presence of amine groups in these antagonists can
also help form alternative hydrogen bonds that stabilize the
receptor in its inactive state.

From this study, we demonstrated that it is essential to
consider factors that affect binding affinity to ensure proper
setting up of the parameters when applying molecular docking.
Factors to consider when applying molecular docking include
solvent water molecules within the binding pocket within the
receptor, ligand conformers, ligands' ionization states, and
structural features of ligand and receptors. Water molecules
within the receptor's ligand-binding pocket can play important
roles due to hydrogen bonds between ligands and residues.77 In
cases when hydrogen bond has lower contributions to the
binding than the hydrophobic interactions, whether to include
water molecules has little effect on the predicted binding affinity.
Therefore, to decide whether water molecules within the binding
pocket should be included, it is essential to understand the
interactions between the ligands and binding sites at the
receptor. The ionization state of a ligand also has an impact on its
binding affinity at the receptor. Protonation and deprotonation
states can change charge distributions and alter electrostatic
interactions as well as hydrogen bonds within the binding site.90

Similar to the treatment of different conformers of a ligand by
adopting the maximum binding affinity among those derived for
all conformers as the binding score, the common practice for
virtual screening using molecular docking only considers the
neutral form of ionizable chemicals,21,24,25 because the neutral
species would result in higher binding affinity due to lower
desolvation energy from the water. Theoretically, we can derive
the binding affinity of ioniazable chemicals by considering the
speciation and binding affinities of natural and ionizable forms
with their pKa and pH. However, the pH at themicroenvironment
within the binding pocket of the receptor is oen unknown and
can be highly dynamic and inuenced by numerous factors. For
screening purpose, we argue that it is unnecessary and for most
cases impossible to derive a bulk binding affinity considering the
speciation of ionization chemicals. However, instead of deriving
the binding affinities for neutral species only, deriving the
binding affinity and pKa for ionization species would help
determine chemicals whose bulk binding affinity can hardly vary
due to speciation at pH range of organisms. Additional analysis
from this study also suggests that octanol–water partition coef-
cient, a useful value for predicting hydrophobicity, is not always
a good predictor for binding affinity, as other factors also play
important roles in ligand binding affinity.

As a high throughput in silico tool, molecular docking is
invaluable for screening anthropogenic chemicals on their
potential toxicity determined by well-known mechanism of
actions and toxicity pathways.20,22 This approach would be
useful to assess newly synthesized chemicals as replacements of
existing commercial chemicals or environmental
This journal is © The Royal Society of Chemistry 2025
transformation products following similar backbone structures.
Despite of alternative approaches such as QSARs and machine
learning models to characterize interactions between ligands
and receptors, molecular docking quanties the interactions of
atom pairs between ligands and their target proteins as a func-
tion of distance.15 Such mechanistical simulations of intermo-
lecular interactions make molecular docking not restricted to
a given protein or group of ligands used to develop QSARs or
machine learning models. As such, molecular docking is
applicable to a larger chemical space. Additionally, molecular
docking can tackle different proteins relevant to different
biochemical processes or mechanisms of actions for toxic
effects. From this study, we demonstrate the importance of the
3D shape of molecules and their conformations would affect
their binding to proteins such interactions can be described by
QSARs based on 2D molecular descriptors.

Despite capturing 3D shape related energy, it is worth noting
that the force eld used for molecular docking is a simplication.
Molecular docking commonly assumes rigid structures for both
ligands and receptors and the dynamic processes of the chemical
system are not considered. This treatment makes molecular
docking unable to capture the full complexity of molecular
interactions in vivo. However, the dynamic nature of the receptor
can be partly accounted for in molecular docking by considering
receptors of different conformations as snapshots of the highly
dynamic structures of the protein.15,70 Due to the simplications
of molecular docking, the binding energy output should not be
used directly and docking results from different docking soware
with different force elds and treatment of solvation processes
should not be compared. Instead, the binding energy from
molecular docking should be viewed as a scoring system for
ranking and screening chemicals. To apply docking to screen new
sets of chemicals, it is essential to include control and benchmark
chemicals that are well known for their interactions with the
protein and mechanism of action to intervene biochemical
processes causing effects such as endocrine disruption.91

Overall, molecular docking has emerged as a valuable
approach for screening chemicals in environmental and expo-
sure assessments.18,92 Docking allows rapid screening of large
chemical libraries and prioritizes compounds for further
experimental validation based on predicted binding affinities
and interactions. Combining docking results with experimental
data (e.g., toxicity assays, bioavailability studies) enhances
condence in predictions and improves decision-making.92–94

There is great potential for molecular docking to be used as part
of NAMs for assessment and screening of new and existing
industrial chemicals.95
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