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Bisphenols are widely used in polymer and packaging industries. But they are contaminating the environment
and food chain by degradation, particularly affecting to the human endocrine system. Herein, we have inves-
tigated the physicochemical, spectral, biological and pharmacokinetic properties of some selected bisphenol
analogues utilizing computer-aided drug design methods. Geometry optimization has been performed by
employing density functional theory with B3LYP/6-311g++ (d, p) basis set. Geometrical, thermodynamical,
molecular orbital and electrostatic potential studies have been calculated to investigate their physical and
chemical behavior. Meanwhile, FT-IR, Raman and UV-Vis’s spectra have been measured and compared with the
experimental values. Molecular docking and dynamics simulation studies have been performed against human
estrogen-related receptor protein to investigate their binding affinity, mode and interactions with the receptor.
ADMET prediction has been performed to compare their absorption, distribution, metabolism and toxicity.
Among the studied analogues, Bis AF has the highest free energy and Bis E has highest binding affinity.
Meanwhile, Bis S shows the highest dipole moment and the chemical reactivity. Most of them have inhibitory
property to the CYP2C9 and Bis S shows the carcinogenic property. Based on the comparative physicochemical,
spectral, biological and ADMET calculation, this study can be helpful to understand more deeply about their
biochemical impact on the environment and human being.

1. Introduction

Bisphenols (Bis) are widely used in polymer and packaging industries
[1]. The core structure of bisphenol made by two hydroxyphenyl func-
tional groups which are connected through a bridging carbon. The
insertion of different functional groups at the phenolic ring and bridging
carbon differentiates them into various analogues [2]. Bis A is used in
the production of polycarbonate plastic and epoxy resins, containers,
electronics and medical equipment’s [3,4]. It degrades in several ways
and produce some more toxic intermediates; meanwhile completely
degraded products are relatively less toxic than that of Bis A [5-7]. It
detected everywhere in the environment and human are exposed to this
chemical via food, inhalation of household dust and dermal exposure [1,
3,8]. Previous researches have confirmed the presence of Bis A in human

urine, serum, breast milk, placental tissue, umbilical cord blood, fetal
livers, follicular and amniotic fluid [3]. It is described as endocrine
disruptor chemical (EDC), able to bind and activate the human estrogen
receptor [9,10]. In particular, some crucial adverse effects on repro-
duction i.e., fertility, male sexual function, sperm quality, sex hormone
concentration, breast cancer, miscarriage and premature delivery;
development i.e., birth weight, male genital abnormalities, neuro-
development and childhood asthma; metabolic diseases i.e., type-2
diabetes, hypertension, cardiovascular diseases; others effect i.e.,
inflammation, oxidative stress, immune function, epigenetics and gene
expression [1,11-13]. It may breakdown the double stranded DNAs and
interfere in normal human development [14]. Resulting, Canadian [4]
and French government [15] banned the usages of products containing
Bis A in 2010. Similarly, European Union in 2011 [4] and Food and Drug
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Fig. 1. Chemical structures of bisphenol analogues with PubChem ID.

Administration in 2012 [16] prohibited the use of Bis A in baby feeding
bottles [17].

To overcome these difficulties, some other analogues such as; Bis B,
Bis C, Bis E, Bis F, Bis AF, Bis S etc. have been introduced in the
manufacturing of food contact materials [18]. Among these, Bis F has
various applications, including food packaging, coating, oral prosthetic
devices, dental sealants, lacquers and varnishes [19]. Bis AF is a
cross-linker in optical fibers and fluor elastomers, a high-performance
monomer in polyamides, polyesters and in waveguides and plastic op-
tical fibers [20,21]. Bis S is an anti-corrosive agent in epoxy glues and a
polymer reaction [22], as an additive in dyes and tanning agents [23].
Unfortunately, these analogues also have some toxic effects to the
environment and human beings. Their endocrine disrupting effects,
reproductive toxicity, neurotoxicity, cytotoxicity, genotoxicity and
dioxin-like toxicity already reported by many researchers [4]. Bis S and
Bis F are not safe alternative of Bis A; which is notified in several studies
[24]. Some bisphenol analogues such as Bis B, Bis F, Bis AF and Bis S
have almost similar or even more significant genotoxicity and estrogenic
activity than Bis A [2,25]. Bis AF and Bis B show a higher estrogenic
effect than Bis A [26]. Bis AF also causes the reduction of testosterone
hormone in adult male rat [27]. These side effects suggest to awareness
about the safety concern of bisphenol analogues and think deeply about
their applications as replacement of Bis A. Previously, numerous re-
searches have been reported about the synthesis, detection, removing,
human exposure and toxicity of Bis A and some of its selected analogues,
still gap of knowledge and research are required to this field.

Herein we have reported the thermodynamic, molecular orbital,
electrostatic potential, geometrical, FT-IR, Raman, UV-Vis, molecular
docking, dynamics simulation, non-bonding interactions and ADMET
analysis of seven selected Bis analogues. To the best of our knowledge,
we are the very first doing such investigations which containing all
above-mentioned characteristics collectively. Definitely this study will
help to understand the physical, chemical, spectral, biological and
toxicological behaviors of mentioned analogues and to design relatively
safe candidates.

2. Methods and materials
2.1. Geometry optimization details

The initial geometry of all analogues (Fig. 1) was collected from an
online structure database PubChem. Geometry optimization and further
calculation were carried out by utilizing Gaussian 09W Revision (D.01)
[28] software. Density functional theory (DFT) along with Backe’s (B)
three-parameter hybrid model; Lee, Yang and Parr’s (LYP) correlation
functional under Pople’s 6-311g++ (d, p) basis set was employed to
calculate their physicochemical and spectral properties. Time dependent
density functional theory (TD-DFT) has been incorporated to investigate
the electronic excited states. Global chemical reactivity has been
calculated by analyzing molecular orbital features using following

equations;

_ [eLUMO — eHOMO] , 1

Gap (AE)=[eLUMO — eHOMO]; 5

2 Ty

[eELUMO + eHOMO] [eELUMO + eHOMO)] p?
1= 3 YX= T ) ; 0= ﬁ

2.2. Protein preparation, docking simulation, analysis and visualization

3D crystal structure of human estrogen-related receptor protein
(2E2R), co-crystallized with Bis A ligand was retrieved from RCSB
protein data bank (PDB) at 1.60 A resolution in pdb format. Hetero
atoms, water molecules and co-crystallized ligand were deleted to pre-
pare the protein chain using PyMol (1.3), then subjected for energy
minimization to remove the bad contacts of protein utilizing Swiss-PDB
Viewer (4.1.0). Finally, docking simulation was performed using PyRx
(0.8) software considering the protein as macromolecule and com-
pounds as ligand by maintaining grid box size 56.39, 46.77 and 43.14 A
along X, Y, and Z directions respectively, where the whole protein was
covered by grid box. Both the protein and docked structure were saved
in pdb format to calculate the non-bonding interactions. Discovery
Studio Visualizer was utilized to predict, analyze and visualize the in-
teractions between ligand and amino acid residues of receptor protein.

2.3. Molecular dynamics simulation

The molecular dynamics simulation study was conducted in YASARA
dynamics with the aid of the AMBER14 force field [29,30]. The docked
complexes were initially cleaned and optimized, and hydrogen bond
networks were oriented. The cubic simulation cell was created with
TIP3P solvation model with periodic boundary conditions [31]. The
physiological states of the simulation’s cells were set as 310K, pH 7.4,
and 0.9% NaCl. The energy minimizations of the simulations systems
were done with the aid of the steepest gradient algorithms (5000 Cycles)
by simulated annealing methods. The simulation time step was set as 2.0
fs. The long range electrostatic interactions were calculated by the
Particle Mesh Ewalds algorithms by a cut off radius of 8.0 A [32,33]. The
simulation trajectories were saved after every 100 ps. By following the
constant pressure and Berendsen thermostat, the simulations were run
for 100 ns [34]. The simulation trajectories were utilized to calculate the
root mean square deviations, the root mean square fluctuations,
hydrogen bonds, solvent accessible surface area and radius of gyration
[35-39].

2.4. ADMET prediction
Pharmacokinetic parameters are related to drug absorption, distri-

bution, metabolism and toxicity were calculated utilizing online server
AdmetSAR. Structure data files and simplified molecular-input line-
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Table 1
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Molecular formula (MF), molecular weight (MW), dipole moment (Debye) and energies (Hartree) of bisphenol analogues.

Name MF MW Dipole moment Internal energy Enthalpy Free energy
Bis A Ci5H1602 228.286 0.920 —731.590 —731.589 —731.648
Bis B Cy6H1802 242.313 0.872 —770.882 —770.881 —770.943
Bis C C17H2002 256.340 1.932 —810.186 —810.185 —810.252
Bis E C14H1402 214.260 2.545 —692.300 —692.299 —692.357
Bis F Cy3H1202 200.233 2.356 —653.008 —653.007 —653.062
Bis AF C15H10F602 336.229 4.752 —1327.266 —1327.265 —1327.333
Bis S C12H10048 250.270 5.571 ~1162.342 ~1162.341 ~1162.400

Table 2

Energy (eV) of HOMO-LUMO, gap, hardness (1), softness (S), chemical potential (1), electronegativity (y) and electrophilicity (w) of bisphenol analogues.
Name eHOMO eLUMO Gap n S " x 0]
Bis A —5.990 —0.625 5.365 2.683 0.186 —3.308 3.308 2.039
Bis B —-5.975 —0.616 5.359 2.679 0.186 —3.296 3.296 2.028
Bis C —5.829 —0.456 5.373 2.686 0.186 —3.143 3.143 1.839
Bis E —6.008 —0.623 5.385 2.693 0.186 -3.316 3.316 2.042
Bis F —6.052 —0.698 5.354 2.677 0.187 -3.375 3.375 2.127
Bis AF —6.621 —-1.070 5.551 2.775 0.180 —3.846 3.846 2.665
Bis S —6.766 —1.494 5.272 2.636 0.190 —4.130 4.130 3.235

entry system strings were utilized throughout the conversion procedure.
3. Result and discussion
3.1. Thermodynamic analysis

Thermochemical calculations help to predict the reaction kinetics
and chemical stability of the reaction products. Mainly free energy and
enthalpy are related to the absorption or release of energy in a chemical
reaction and a molecule’s chemical stability [40,41]. The free energy
value is the key factor in study about the easy binding potential with the
other compounds where both sign and magnitudes are bear unique
characteristics of a compound. The negative sign reveals the sponta-
neous binding and the high value alludes to the more available bindings
[42,43]. Here, the free energy and enthalpy values of all the compounds
are negative (Table 1), which turns no external energy will be needed for
bindings. The high electronegative molecules (fluorine and oxygen)
present in Bis AF and Bis S show a high energy value than the other Bis
analogues. The rest of the compounds show fewer binding interactions
than Bis AF and Bis S. The improved thermodynamic properties of Bis AF
and Bis S relative to the other Bisphenol analogues are indicated by
higher energy values (internal and free energy) and enthalpy values with
a negative sign. Here, the enthalpy values of Bis AF and Bis S are
—1327.266 Hartree and —1162.342 Hartree respectively where that of
Bis C is —810.186 Hartree, which is the third-highest value. On the other
hand, Bis AF and Bis S are containing CF3 and SO functional groups in
their chemical structures have relatively higher free energy values
which are —1327.333 Hartree and —1162.400 Hartree.
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The dipole moment value of a molecule is very significant to describe
its electronic property, where a high dipole moment value of a molecule
plays more intermolecular interactions. High dipole moment value re-
veals more polar nature [44-46]. From Table 1, Bis AF (4.762 Debye)
and Bis S (5.571 Debye) has a relatively high dipole moment value that
is the evidence of a molecule’s high binding affinity, hydrogen bond
formation, and non-binding interactions in drug receptor complex [47,
48]. While Bis A, Bis B and Bis C show fewer binding interactions, due to
their relatively low dipole moment. Therefore, Bis S and Bis AF show
relatively more binding interactions to 2E2R.

3.2. Molecular orbital analysis

Frontier molecular orbitals result carry a significant role to predict
the possible required energy for chemical reaction. The HOMO (highest
occupied molecular orbital) and the LUMO (lowest unoccupied molec-
ular orbital) are substantial for many chemical reactions [49,50]. Elec-
tronic absorption relates to the transition from HOMO to LUMO [51].
Chemical hardness and softness are influenced by the HOMO-LUMO
gap’s value [52,53]. The extended energy gap of a molecule relates to
high chemical stability and low chemical reactivity. A low energy gap is
related to low chemical stability and high chemical reactivity because of
ease transition of electrons [54]. From Table 2 and Fig. 2, the Bis AF has
slightly higher energy gap value (5.551 eV), and the Bis S has slightly
lower energy gap value (5.272 eV) than that of the other analogues. Bis
AF has chemical hardness and softness value 2.775 eV and 0.180 eV,
where the hardness value is highest among all the compounds. On the
other hand, Bis S has the lowest chemical hardness (5.272 eV) as well as
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Fig. 2. DOS plot and HOMO-LUMO energy gap of (a) Bis A, (b) Bis AF and (c) Bis S.
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Fig. 3. Molecular electrostatic potential map of bisphenol analogues.
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Fig. 4. (a) FT-IR and (b) Raman spectra of bisphenol analogues.

highest chemical softness (0.190 eV). Bis S has SO, functional group in
the bridging carbon which is the reason behind this high chemical
reactivity.

3.3. Molecular electrostatic potential map analysis

Molecular electrostatic potential (MEP) map indicates the total
charge of electron and nuclei and give some idea about the nature of
electronegativity, partial charge, dipole moment and chemical reactivity
of the molecule [55,56]. It represents the possible electrophilic and
nucleophilic attack by means of blue and red colors respectively [44].
From MEP map (Fig. 3), maximum negative potentiality has found in
oxygen atom and the highest positive potentiality has found for
hydrogen atom. Here, Bis S shows the maximum negative potential
value (—0.2288 a.u.), meanwhile Bis AF exhibits the highest positive
potentiality (+0.2360 a.u.).

3.4. Equilibrium geometry

Because of the presence of different function group at the core
structure, it’s important to calculate the possible changes in bond
lengths and angles to know in details of equilibrium geometry [57].
Results present in Table S1 (atom numbers are indicated in optimized

structures Fig. S1). No significant changes in bond lengths, but a very
small higher bond angle value was observed in the bridging carbon
(C3-C11-C14) of Bis F.

3.5. Vibration frequency and Raman analysis

Vibrational spectroscopy, a combination of FT-IR and Raman spec-
troscopy known as fingerprint spectroscopic technique, demonstrates
unique fingerprint spectra of each molecule by the interaction of elec-
tromagnetic radiations in infrared regions (400-4000 cm 1) with the test
samples. Both vibrational spectra are highly specific for the identifica-
tion and structural elucidation of the functional groups in the molecule
[58]. The calculated FT-IR vibrational wavenumbers of the Bis ana-
logues have multiplied by the scale factor 0.9679 for the accuracy in
their agreement with the experimental data and their tentative vibra-
tional assignments presented (Fig. 4a) [59-61]. The band for O-H
stretching vibration in the other analogues exists between 3830 cm ™! in
Bis S and 3843 cm™! in Bis C, which has shown a significant variance
with a small Raman shift from the experimental wavenumbers at
3409.585 and 3372.944 cm™! respectively but supports the established
computational calculation (Table S2) [62,63]. The multiple adjacent
peaks at 3100-3200 cm ™! for C-H stretching around the rings which was
found within 3028-3186 cm ™! in another study for Bis S [62]. Raman
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Fig. 5. UV-Visible spectra of bisphenol analogues.

experimental peaks within 3166 cm ! to 3050 cm ™! have appointed to
3068 and 3087 cm™! for aromatic C-H stretching [63] and 3000-2850
cm ™! aliphatic C-H stretching out of the rings having an agreement with
the experimental results (Fig. 4b, Table S2) [64]. In Bis C, a moderate
band at 2997 cm ™! have observed due to the symmetric stretching of
C-H vibrations at the methyl side groups at ortho/meta position of the
rings representing a little deviation from other analogues. There has no
detectable peak existing in the range of 1700-2900 cm L. The two sharp
peaks for aromatic C-C stretching existed at 1539 and 1652 cm ™' are
marked out for the experimental peaks at 1510 and 1612 cm ™! [65]. The
multiple peaks in1539, 1627, 1638, 1652, 1654, and 1655 cm ! are
assigned to the Raman experimental peaks 1584 and 1602 cm ™! [66].
The dull peaks at 1204, and 1241 cm ™! correspond to R1-C-R2
stretching vibration with a mild torsion in the rings [64]. The next
bands with low intensities from 1275 to 1292 cm ™! have tabulated for

Informatics in Medicine Unlocked 25 (2021) 100706

C-O stretching with a slight alteration to ~1211 cm ™" in Bis C. In Bis S,
the S=O stretching vibrations at 1271 and 1119 cm ™! show consistency
with 1282 and 1139 cm ™! for FTIR and Raman vibrational calculation.
Any mode of vibration for aliphatic C-C-C stretching has not been seen in
compounds except Bis AF where another stretching of C-F bond due to
R1-C-R2 vibration was produced at 1239 cm™'. In brief, the highest
intensity at ~842 cm™! in the whole experimental spectra corresponds
to Raman frequency have attributed to 835, 841, 842, and 843 cm™ L
These modes include one or more variations of C-C stretching and
scissoring in the rings, C-O stretching and wagging of the attached
hydrogen atoms.

The R1-S-R2 stretching vibration calculated at 682 cm ! have
assigned at 687 cm ™! by the Raman spectrum. These results agree with
the experimental molecular orbital analysis of Bis S in which FTIR and
Raman frequencies for S-C stretching modes were observed at 690 cm ™!
and 646 cm ™!, respectively [66]. The lower peaks between 555 and 560
em ™! are assigned to the experimental peak at 557 cm™! which repre-
sents the twisting of the rings involving C-C-C out-of-plane bending vi-
brations [62]. The similarity in the assignments occurs for the other
three vibrational modes in different combinations of the analogues.

3.6. UV-Vis spectral analysis

The UV-visible spectroscopy using Time-dependent density func-
tional theory (TD-DFT) method is a benchmark for the molecular orbital
analysis of fused aromatic ring-system, ensuring the balance between
accuracy and computational expense. Each of the two characteristic
electronic transition states from the analogues is presented in Table S3
and Fig. 5. In this study, kinetic stability and reactive sites depend on the
first electronic transition from the ground state (Sp) to singlet (S1). Bis S
and Bis C show broad absorption bands at 254.10 nm and 252.34 nm
along with their oscillator strengths 0.14 and 0.085. Charge transfer of
the electron to the excited state Sy — S; results in the maximum wave-
length of the configurations; [(H-4—L), (H—L)] for Bis S and [(H-
3-L+4), (H-2—L+5), (H-L)] for Bis C.

Fig. 6. (a) Docked conformation of bisphenol analogues at inhibition binding site of receptor protein (2E2R), (b) Superimposed view of Bis (A, S, C, F) after

docking simulation.
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Table 3
Average binding affinity and nonbonding interactions of bisphenol analogues
with the receptor protein (2E2R).

Name Binding affinity (kcal/ Residues in Interaction Distance
mol) contact type @A)
BisA —-8.93 ARG316 PC 4.19395
ARG316 PC 3.65255
CYS370 PC 3.99565
GLU275 Pan 3.87359
ILE249 PD 2.62099
PRO246 A 4.09117
ILE249 A 4.52328
VAL278 A 4.57943
PRO246 A 4.11531
LYS248 PA 5.08491
ILE249 PA 4.66299
BisB —7.67 GLU245 Pan 4.0273
LYS363 A 5.24348
TYR315 PA 4.88683
ARG316 PA 3.83312
LYS248 PA 5.46922
ARG316 PA 4.3969
BisC —8.07 GLU245 Pan 4.01549
LYS248 A 4.09495
LYS363 A 5.11157
LYS248 A 4.53438
TYR315 PA 4.88097
LYS248 PA 5.49904
ARG316 PA 4.40099
ARG316 PA 3.90697
BisE -9.5 LEU309 PS 2.5889
MET306 PSu 5.39146
TYR326 PPS 5.6921
TYR326 PPTSh 5.26702
ALA272 A 4.45968
MET306 A 5.19285
PHE435 PA 4.2293
PHE450 PA 5.421
LEU342 PA 5.22637
LEU345 PA 5.47238
ALA431 PA 4.97765
ALA272 PA 4.89559
VAL313 PA 5.47073
BisF —8.23 ILE249 H 2.36325
ARG316 PC 3.80934
GLU275 Pan 4.70324
ILE249 Pan 4.09848
LYS248 PA 2.49763
ILE249 PA 5.11064
PRO246 PA 4.47379
Bis AF —9.17 GLU275 H 2.12444
CYS269 C 2.75346
LEU268 X 2.97084
LEU268 X 3.09454
LEU309 PS 2.68089
MET306 PSu 5.57372
TYR326 PPS 5.33854
TYR326 PPTSh 5.18059
ALA272 A 4.40779
ALA272 A 4.30239
MET306 A 4.70941
LEU309 A 5.02463
LEU268 A 4.23416
PHE435 PA 4.78658
PHE435 PA 4.77895
LEU342 PA 5.23909
ALA431 PA 5.41519
VAL272 PA 4.78173
VAL313 PA 5.40919
BisS -7.40 GLU275 H 2.22174
LEU309 PS 2.75394
MET306 PSu 5.58285
TYR326 PPS 5.54976
TYR326 PPTSh 5.15888
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Table 3 (continued)

Name Binding affinity (kcal/ Residues in Interaction Distance
mol) contact type &)

LEU342 PA 5.07996

ALA431 PA 5.22758

ALA272 PA 4.74129

VAL313 PA 5.48252

H = conventional hydrogen bond, A = alkyl, PA = pi-alkyl, PC = Pi-cation, Pa =
pi-anion, X = Halogen bond, Pd = Pi-donor, PS = Pi-sigma, PSu = Pi-sulfur, PPS
= Pi-Pi stacked, PPTSh = Pi-Pi T-shaped.

Both of the broadband absorption wavelengths at 254.10 nm and
252.34 nm with the highest intensities are mainly due to the electronic
transition from HOMO to LUMO. HOMO's electron density focuses C-C
double bonds (pi-electrons) in both rings. In contrast, LUMO’s electron
density is located primarily on the S atom of the S-C bond and the H
atom of the O-H bond. The lower energy of excitation corresponding to
the HOMO-LUMO energy gap maximizes the chemical reactivity and
minimizes kinetic stability [54]. Thus, Bis S and Bis C have more reac-
tion sites, which are confirmed by their low excitation energies, 4.879
and 4.913 eV, respectively.

On the contrary, Bis AF has the least reaction sites with high exci-
tation energy 5.061 eV and tropical oscillator strength 0.022 for the
transition Sy — S;. There are three C-F bonds in each of the carbons
connected to the bridging carbon between the rings in Bis AF. These
bonds reducing their polarizability provide an electrostatic balance in
the core making the molecule least reactive. The calculated absorption
spectral data of Bis S is in good agreement with its experimental spectra
[67]. The other significant excited states exist in Bis A, E and F, having
transition energies 5.022, 5.020 and 5.002 eV with a moderate reactive
site in their hydroxyl groups.

3.7. Molecular docking and interactions analysis

Electrostatic potential map of receptor protein (Fig. S2) represents
the nature of charge and/or potentiality of the protein which may assist
to assume the mode of binding mode of ligands. Molecular docking is an
important mechanism for hit identification, lead optimization, biore-
mediation as well as for rational drug design is the interaction of two or
more molecules to give the stable adduct. Hereafter, for the establish-
ment of neoteric bioactive substances computer-based biomolecular
docking and new lab-based techniques would be the complement each
other [68]. However negative values of binding affinity mean the
stronger bonding within the receptor protein and Bis analogues (Fig. 6a
and b). The non-covalent interactions such as hydrogen bond, halogen
bonds as well as hydrophobic interactions are related to the binding of
examined structures (Table 3 and Fig. S3). However, strong hydrogen
bonding with less than 2.3 A are subject to dramatically increase the
binding affinity [35,69,70]. In docking study, the binding affinity value
of Bis E is —9.50 kcal/mol which is highest among all the other de-
rivatives. The binding affinity value of Bis AF (—9.17 kcal/mol) is also
high due to strong hydrogen bonds with GLU275 with a distance of 2.12
A respectively. On the other hand, binding affinity value of Bis B (—7.67
kcal/mol) and Bis S (—7.40 1.08 kcal/mol) are relatively lowest which
indicates that these cannot bind properly with receptor protein which
means their less estrogenic alteration capacity. Though Bis F contains
hydrogen bond, it has relatively low binding affinity value because of
larger distance interaction (2.36 f\) than experimental limit (2.30 A).
Moreover, binding affinity or docking score of ubiquitous used analogue
Bis C (—8.07 kcal/mol) is less than Bis A (—8.93 kcal/mol) which certify
that bond capacity of later one is stronger [71]. The diverse pharma-
cokinetic parameters (except toxicity) as well as molecular docking
support the derivative Bis A than Bis S. Former study found that Bis A
forms hydrogen bonds with GLU275 with binding affinity —8.78
kcal/mol [72]. But, the same interaction of Bis AF and Bis S with the



M. Uzzaman et al.

SASA(A2)

Informatics in Medicine Unlocked 25 (2021) 100706

24,500

24,000

]
]
L
g8

'y

23,000

22,500

45
(c)
40
g E
i 2 400
-
£as 2
0 £ 390
>
k- £
- 380
30
B i S e A e e o o e e S S B e
0 20 40 60 80 )
Time{ns) Time(ns)
3
] (e)
2.54
2
< ] |
5 1.5 |
2 3
n: 1 I [
- ]! I
1 RO O LA
e N »
0.5+
-
I] llllllll'l'l'l"l_l'lIII_I"I_I'I'IIIIIII
1] 100 200 300 400 500 600
Amino Acid Residues

Fig. 7. Result of 100 ns MD simulation of 2E2R in complex with Bis (A, AF, E, AS) ligands (a) RMSD values of docked complexes from C-a atoms. The structural
changes of receptor protein by means of (b) SASA, (c) Rg, (d) number of hydrogen bond formed and (e) RMSF respectively.

same residue was found in present investigation. The remaining ana-
logues (Bis A, Bis B, Bis C and Bis F) except Bis E interact with GLU245
with pi-anion bonding instead of hydrogen bond indicating that gluta-
mine, the common residue, interacts with all analogues. Though there is
no hydrogen bond in Bis E and conventional hydrogen bonds are found
in Bis AF with GLU275 residues only a single carbon hydrogen bond is in
Bis AF with CYS269 residue, they play a significant role in binding af-
finity of Bis E (—9.50 kcal/mol) and Bis AF (—9.17 kcal/mol) which are
the highest among the all analogues. Alkyl interactions are found in

almost all derivatives with the PRO246, ILE249, VAL278, LYS363,
LYS248, ALA272, MET306, LEU309, LEU268 residues respectively.

3.8. Molecular dynamics simulation analysis

The molecular dynamics simulation study of the docked complexes
have analyzed to understand the structural variations and stability of the
complexes. The Root-Mean Square Deviations (RMSD) of the C-alpha
atoms of the complexes have analyzed from the simulation trajectories
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Table 4

Pharmacokinetic properties of bisphenol analogues.
Name Absorption Distribution Metabolism Toxicity

HIA HOB BBB P-Gpl/P-GpS CYP3A4I/CYP3A4S CYP450 2C9 ERB ARB hERG AOT Carcinogen RAT

Bis A -0.720 —0.600 +0.691 —0.938/-0.932 —0.831/-0.700 NI(0.875) +0.970 +0.875 WI(0.974) III —0.945 1.816
Bis B -+1.000 -0.643 +0.819 —0.952/-0.918 —0.661/-0.670 1(0.842) +0.937 +0.870 WI(0.936) III —0.563 1.691
Bis C +0.995 +0.557 +0.801 —0.893/-0.949 —0.827/-0.718 1(0.669) +0.968 +0.674 WI(0.960) 111 —0.680 1.696
Bis E +0.995 —0.543 +0.954 —0.954/-0.938 —0.789/-0.797 1(0.679) +0.891 +0.870 WI(0.951) I —-0.671 1.719
Bis F -+0.989 —0.614 +0.741 —0.957/-0.971 —0.784/-0.783 NI(0.583) +0.904 +0.678 WI(0.811) III —0.742 1.638
Bis AF +1.000 -0.571 +0.924 —0.871/-0.943 —-0.721/-0.729 NI(0.611) +0.897 —0.870 WI(0.934) 111 —0.690 2.026
Bis S +0.903 +0.514 +0.786 —0.949/-0.991 —0.865/-0.775 1(0.705) +0.891 +0.870 WI(0.969) 111 +0.566 1.771

HIA=Human Intestinal Absorption, HOB=Human Oral Bioavailability, BBB=Blood-Brain Barrier, P-GpI = P-Glycoprotein Inhibitor, P-GpS = P-Glycoprotein Substrate,
CYP3A4I = CYP3A4 Inhibition, CYP3A4S = CYP3A4 Substrate, ERB = Estrogen Receptor Binding, ARB = Androgen Receptor Binding, hERG = human either a-go-go-
gene, AOT = Acute Oral Toxicity, RAT = Rat Acute Toxicity (LDso mol/kg), I=Inhibition, NI= Non-Inhibitor, WI= Weak Inhibitor.

to understand the complexes rigidity. Fig. 7a indicates that, the control
as well as the complexes had initial upper rise due to the higher flexi-
bility of the complexes. However, these complexes tend to follow the
stable state after 30 ns of time. The complexes Bis AF, and Bis S had
higher degree of flexibility compared to the to the complexes which
indicates the complexes more flexible nature. However, all complexes
had lower RMSD than 2.5 A at the whole simulations periods which
correlates with the complex’s stability.

Moreover, the Solvent Accessible Surface Area (SASA) was analyzed
to understand the changes in the protein volume where higher SASA
related with the expansion of the surface area and the lower SASA de-
fines the truncated nature of the complexes. Fig. 7b indicates that all
complexes has similar lower fluctuations in SASA and did not change
much volumes of the complexes. The complex Bis E have lower SASA
profile than other complexes which correlates with the condensed na-
ture of the complexes. The radius of gyration (Rg) of the complexes has
analyzed to understand the mobility of the complexes where the higher
Rg defines the higher flexibility. Fig. 7c indicates that the complexes
exhibit stable Rg profile across the simulation trajectories.

The hydrogen bond of the systems was also analyzed to find out the
stable nature of the complexes, where in Fig. 7d indicate that the com-
plexes have steady hydrogen bonds trend in the simulation. Also, the
Root-Mean Square Fluctuations (RMSF) of the complexes have analyzed
to understand the flexibility across the amino acid residues of the
complexes. Fig. 7e indicates that, almost every residue has lower RMSF
than 2.5 A which defines the complexes stability.

3.9. ADMET analysis

ADMET stands for the absorption, distribution, metabolism excretion
and toxicity, the bodies’ action on drug which is studied in pharmaco-
kinetics [73]. Hence, it’s very important for early drug discovery and
development as well as ADMET testing used to investigate all of the
properties of a potential drug [74,75]. AdmetSAR represents the Admet
score of 18 different properties by value ranging from 0 to 1 where,
0 indicates harmful/toxic and 1 indicates the best. Among the tabulated
(Table 4) Admet data HIA (human intestinal absorption), p-glycoprotein
inhibitor and substrate, CYP3A4 inhibitor and substrate, hERG (human
ether-a-go-go-related gene), acute oral toxicity and carcinogenicity are
in listed 18 properties [76]. However, results of AdmetSAR (Table 4)
reveal that, most of them also show positive response for HIA except Bis
A which denotes that Bis A is the better one because it can be excreted
efficiently by urinary and rectal ways comparatively. Bis C and Bis S
show positive human oral bioavailability which will able to create
health problem while the others are in negative response but all of them
are in relatively lower bioavailability value. All the compounds exhibit
positive response for the blood-brain barrier, predicting that these
compounds will go through BBB which is alarming. All of the derivatives
have negative P-glycoprotein inhibition value that means no inhibition
to P-glycoprotein and it indicate that they cannot interrupt in the ab-
sorption, permeability and retention [77]. The P-glycoprotein substrate

usually acts as an inducer or inhibitor according to its functions and it
also cause reduction in the bioavailability of the drug if it induced [78].
These bisphenol derivatives show no inhibition to CYP3A4 inhibition
and substrate. CYP2C9 is an important cytochrome P450 enzyme where
Bis A, Bis F as well as Bis AF show no inhibition. Inhibition causes many
of the adverse drug reactions that are associated with the enzyme [79,
80]. Estrogen receptor binding and androgen receptor binding are
important pharmacokinetic parameters because it can alter the endo-
crine system and also cause adverse health effect [81]. All the bisphenol
derivatives are positive in estrogen receptor and all of them except Bis
AF also show positive response in androgen receptor binding which
leads to danger health problems. All the bisphenol derivatives except Bis
S are non-carcinogenic and all of them have lowest carcinogenic value.
All  of the derivatives have weak inhibition to human
ether-a-go-go-related gene (hERG) which may lead to long QT syn-
drome, several cardiac side effects and sudden death [82]. Acute toxicity
considered as adverse effects which indicates the actions of chemical on
human and other living things by different biochemical mechanisms.
Acute oral, dermal and inhalation rodent toxicity etc. are important
parameters to study about the risk of toxicological effect of chemicals
[83]. Moreover, as all of the derivatives exhibit acute oral toxicity in
category III, they are comparatively less harmful except Bis E which
exhibits acute oral toxicity category II [45]. Here all the bisphenol de-
rivatives LDs( values are relatively safe in the range of 1.691-2.026
mol/kg.

4. Conclusion

This investigation reveals the comparative physical, chemical, ther-
modynamical, spectral, biological and pharmacological analysis of
seven most significant bisphenol analogues. Thermodynamic and orbital
studies expose their chemical stability and reactivity respectively.
Spectral data disclose the comparative characterization of all analogues.
Molecular docking, dynamics simulation and nonbonding interactions
calculation with the receptor protein (2E2R) express comparative
endocrinal effects of bisphenol analogues to the biological system and/
or human. ADMET predictions depict their absorption, metabolism, and
toxic features. Based on above analysis, this study can be helpful to
understand more deeply the biochemical behavior and biological effects
of bisphenols, to design alternative candidate and to aware the people
about their adverse effects.
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