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Complicated ligand-dependent signaling pathways of bisphenol A (BPA) and its analogues involve not only
intranuclear estrogen receptor but also membrane receptor G protein-coupled estrogen receptor (GPER).
However, the structural basis for molecular recognition of GPER by the environmental chemicals remains un-
known. To reveal the structural dependence of GPER recognition by bisphenols, a systematic molecular dynamics
simulation studywas performed for selected bisphenolswith different electron hybrid orbitals and substituents on
their C atoms connecting two phenol rings. BPA was used as a control, bisphenol C(BPC) as an example for a
connecting C with sp2 hybrid orbitals to provide more ligand rigidity, bisphenol E(BPE) and bisphenol F(BPF) for
decreased steric hindrance and hydrophobicity around the connecting C, and bisphenol B(BPB) and bisphenol
AF(BPAF) for increased hydrophobicity and steric hindrance. All the tested bisphenols can bind with GPER at its
classic orthosteric site to obtain GPER-ligand complexes, while van der Waals interactions and direct inter-
molecular electrostatic energies provide the driving forces for ligand binding. Bulky substituents and structural ri-
gidity of the connecting C dramatically impair hydrogen bonding between GPER and the bisphenols, which results
in decreased contribution of both favorable intermolecular hydrogen bonds and unfavorable polar solvation effect
to complex stability of BPB and BPC since decreased number of key residues is expected. Increase in substituent
lipophilicity enhances the van der Waals interactions and favorable non-polar solvation effect. The six bisphenols
of high structural similarity shared two key recognition residues, Leu137TM3 and Trp272TM6, the latter of which
was in the highly conserved CWxPmotif of TM6 and has been reported as key residue for G protein-coupled recep-
tor activation. Based on the obtained knowledge, GPER affinity and relevant toxicity of BPA alternatives can be eas-
ily predicted, and the calculated binding free energies are consistent with the available experimental observations.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Environmental endocrine disrupting chemicals can influence the
synthesis, regulation, andmetabolism of endogenous hormones and re-
sult in severe health effect (Braun, 2017), to which environmental es-
trogens belong and interfere with normal estrogen signaling pathway
(Adeel et al., 2017). Bisphenol A (BPA), one well-known persistent
toxic substance widely used in plastics, food packaging, and other com-
mercial products, has already be proved to have estrogenic effect in vitro
and in vivo (Alonso-Magdalena et al., 2006; Wetherill et al., 2007), and
its adverse health effects as exogenous estrogen were partially recog-
nized (Rahman et al., 2017; Usman and Ahmad, 2016). BPA was once
identified to directly interfere with intranuclear estrogen receptor
(ER)-mediated genomic activities (Delfosse et al., 2012; Li et al., 2012;
Rochester, 2013). However, BPA alternatives like its analogue bisphenol
S in many BPA-free products turned out not to be much safer
(Zimmerman and Anastas, 2015). One BPA alternatives, bisphenol F
(BPF), for example, presents the same structural skeleton as BPA and
also acted as an estrogenic chemical in various cell-lines (Cabaton
et al., 2009). Actually, BPF may disrupt cell function in a manner quite
similar to that of BPA (Rochester and Bolden, 2015). Bisphenol AF
(BPAF), afluorinated analogue of BPA,was reported as a full ERα agonist
but a highly specific ERβ antagonist (Matsushima et al., 2010). The
estrogenicity of bisphenol E(BPE), bisphenol B(BPB), and bisphenol C
(BPC) via ERα binding has also been verified (Conroy-Ben et al.,
2018). Unfortunately, the frequent detection of BPA analogues in the
products, currency bills, human urine and breast milk evidences their
wide application and thus implies the human health risk they may
pose (Ashrap et al., 2018; Dualde et al., 2019; Liao et al., 2012; Philips
et al., 2018).

In fact, other targets and unintended biological effects are constantly
being discovered for BPA and its analogues. G protein-coupled estrogen
receptor (GPER) also named GPR30, a membrane estrogen receptor
structurally unrelated to nuclear ER (Barton et al., 2018), is a typical ex-
ample. A newly-published article summarized the exposure levels and
experimental evidence of GPER-mediated effect of various environmental
pollutants including BPA and its analogues, pesticides, polybrominated
diphenyl ethers and their hydroxylated metabolites, organophosphate
flame retardants, phthalates, and metalloestrogens (Qie et al., 2021).
BPA can exert estrogenic effect through GPER pathway (Sanchez et al.,
2016; Thomas and Dong, 2006), and GPER-mediated mechanisms are
vital in rapid regulation of the nongenomic action of estrogen (Lei et al.,
2017; Prossnitz and Barton, 2011; Smith et al., 2016). BPA may promote
human seminoma cell proliferation by activating cAMP-dependent
protein kinase and cGMP-dependent protein kinase rapidly via GPER at
low doses and thus can affect the developmental programming of fetal
germ cell proliferation and differentiation when crossing the placenta
(Bouskine et al., 2009). BPAF and BPB are better GPER agonist than BPA
and can induce higher estrogenic effects via the GPER-mediated pathway
in SKBR3 cell (Cao et al., 2017b). Even BPF showing undetectable GPER
binding potency in a previous study (Cao et al., 2017b) can activate ERα
and GPER-mediated signaling pathways in MCF-7 breast cancer cells
(Lei et al., 2018). Clearly, exogenous chemicalsmay disturb related down-
stream signaling cascade through their interaction with various endoge-
nous targets. Every toxicity pathway starts with a such molecular
initiating event (MIE). The interaction with GPER becomes a potential
key MIE for BPA analogues. To obtain insight into the structural basis for
GPER recognition by these chemicals is essential to avoid ‘regrettable sub-
stitutions’ (Zimmerman and Anastas, 2015).

In comparison with the classical nuclear receptor ER, the ligand
binding modes and induced-fit effects of which has been reported by
tremendous work for different chemical pollutants through both in
silico and in vitro analysis (Cao et al., 2017a; Cao et al., 2019; Li et al.,
2020; Qiu et al., 2020; Xue et al., 2019), there is no focus study for
GPER recognition mechanism as to environmental pollutants. One rea-
son is that no crystal structure available for GPER so far. Fortunately,
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previous studies have revealed important structure-function informa-
tion about the seven transmembrane-domain G protein-coupled recep-
tors (GPCRs) (Katritch et al., 2013). As a family member of GPCRs A
class, GPER may follow some common rules. In addition, molecular dy-
namics (MD), an efficient computational toxicology method, has been
successfully used to investigate the molecular mechanism of both
pollutant-protein interaction and the biomacromolecule stability (Cao
et al., 2017a; Ding et al., 2015; Mu et al., 2019; Qiu et al., 2020; Xue
et al., 2019; Yang et al., 2017). This method can provide a wealth of dy-
namic information about the recognition mechanism of GPER by the
pollutants at atomic level.

To reveal the structural dependence of GPER recognition by the BPA
analogues, a chemo-centric study on the dynamic binding processes be-
tween GPER and selected BPA analogueswas performed herein. Six rep-
resentative molecules of the BPA analogues were chosen, the structure
of which share two identical hydroxylated phenyl rings but present dif-
ferent chemical environments or electron orbital features for their C
atoms connecting two aryl rings. Specifically, BPAwas used as a control.
BPC, having a connecting Cwith sp2 hybrid orbital, may providemore li-
gand rigidity for GPER recognition. The fluorinated methyl group (-CF3)
in BPAF is hydrophobic and oleophobic. BPE and BPF exhibit decreased
steric hindrance and hydrophobicity around the connecting C, and in-
creased hydrophobicity and steric hindrance are observed for BPB.
Homology modeling was adopted to construct the 3D-structure of
human GPER (hGPER), and a long-timescale MD simulation study was
carried out to find the underlying molecular mechanism at the atomic
level. Various analysis techniques such as binding free energy calcula-
tion, primary motion analysis, and dynamic interaction network were
applied to probe the key structural features for the differentiated
ligand-receptor interaction of the BPA analogues. Additionally, experi-
mental data as relative binding affinity, if available, were also used for
the verification of the computational results. Our findings provide new
opportunities to find the alternatives of low GPER affinity and explore
GPER relevant toxicity mechanism for pollutants.

2. Computational methods

2.1. Preparation of simulation systems

Up to now, the 3D structure of GPER has not been resolved yet, and
the X-ray crystal structure of GPER is not currently available for any spe-
cies in the Protein Data Bank (PDB, https://www.rcsb.org/). Therefore, a
hGPER structure model was constructed through homology modeling
using the Modeller software (Webb and Sali, 2016). The protein se-
quence of hGPER (Accession number: Q99527) was obtained from the
National Center for Biotechnology Information (NCBI, https://www.
ncbi.nlm.nih.gov/). Three template structures (PDB ID: 4XT1, 4YAY,
4ZUD) (Burg et al., 2015; Zhang et al., 2015) were searched using the
Basic Local Alignment Search Tool (BLAST) for building the hGPER struc-
ture from Ser34 to Leu335 (Chan et al., 2018; Yuan et al., 2016). The ob-
tained model was further optimized in Chiron web site (http://troll.
med.unc.edu/chiron/login.php), and the quality of the final model
(Fig. 1A) was evaluated by PROCHECK (http://saves.mbi.ucla.edu/)
(Laskowski et al., 1996) and ERRAT (http://saves.mbi.ucla.edu/)
(Colovos and Yeates, 1993) to ensure that it fit for the subsequent
MD simulation (Fig. S1). PROPKA was adopted to calculate the
amino acid protonation states (Olsson et al., 2011).

The 6 tested chemicals were fully optimized using the density func-
tional theorymethodwith the Becke-3-Lee-Yang-Parr hybrid functional
at the 6-311G(d,p) level usingGaussian 09 program (Frisch et al., 2010),
and their molecular volumes were calculated and provided in Table S1.
The electrostatic potential surface diagrams were generated using
Gaussian 09 program based on the optimized geometries and listed in
Fig. S2 of the SupplementaryMaterial. Subsequently, we appliedmolec-
ular docking technique to acquire the initial structures for the GPER-
bisphenol complexes by the Autodock 4.2 program (Morris et al.,

https://www.rcsb.org/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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Fig. 1.Thebinding site of the tested bisphenols in the constructedhGPER-model. (A) The constructedhGPER-model. (B) The ligand cavity ofhGPER-. ThehGPER structurewas represented
using ribbon diagrams. The key residues are depicted by a grey ball-and-stick model with black label, while the bisphenols are illustrated using ball-and-stick models colored by orange,
purple, pink, cyan, green and blue for BPA, BPB, BPC, BPAF, BPE and BPF, respectively.
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2009). The Kollman charge was added to the protein. The traditional
orthosteric site between conserved CWxP motif in transmembrane
helix 6 (TM6) and extracellular loop 2 (ECL2) was used for docking
practice (Chan et al., 2018; Hua et al., 2017; Wang et al., 2013; Warne
et al., 2011), and the Autogrid was used to generate grid maps with
the original ligand location of the templates as the center of the docking
grid box (30 Å × 30 Å × 30 Å). The grid space was set as 0.375 Å. The
Lamarckian genetic algorithm (LGA) search function was adopted. The
number of genetic algorithm operation and individuals in the popula-
tion was 100 and 300, respectively. 25,000,000 and 27,000 were set
for the respective maximum number of energy evaluation and genera-
tion. Other parameters were set as default. The conformation with the
lowest energy was chosen as the starting structure for the subsequent
MD simulations (Fig. 1B).

VMD program (Humphrey et al., 1996) was used to construct a
membrane complex model composed of hGPER, membrane lipid, ions,
and water. The hGPER molecule was anchored into a 90 Å × 90 Å two-
layer phosphocholine (POPC) lipid phase, and the centers of them
were overlapped together. The built system was further filled with
TIP3P water molecules and neutralized with necessary ions in a box of
90 Å × 90 Å × 100 Å after the POPC molecules locating 3 Å away from
hGPER were removed.

2.2. Molecular dynamics simulations

The AMBER FF14SB forcefield (Maier et al., 2015), LIPID14 forcefield
(Dickson et al., 2014), IONSJC_TIP3P force field (Joung and Cheatham,
2008; Joung and Cheatham, 2009), and general AMBER force field
(Sprenger et al., 2015) were employed to set the topology parameters
of the hGPER protein, POPC, ions, and water (Jorgensen et al., 1983)
and ligands, respectively. The disulfide bonds such as Cys130ECL1-
Cys207ECL2 were bound in the simulations. To relax the whole system,
a systematic structural optimization was performed in the following
order as hydrogen atoms, water molecules, POPC and whole system.
Each attempt contained 5000 steps of steepest descent minimization
followed by 5000 steps of conjugate gradient minimization. The entire
system, with the protein, ligand, and POPC restrained by a force con-
stant of 10 kcal·mol−1·Å−2, was then gradually heated from 0 K to
310 K during 500 ps at a constant volume (NVT ensemble). Additional
2 ns and 20 ns restrained equilibration processes were then carried
3

out for water and POPC in NVT ensemble in sequence, respectively.
Finally, a 100 ns classical MD simulation without any restraints at a
constant pressure and temperature (NPT ensemble) was executed.
Temperature coupling scheme used Langevin dynamics with a colli-
sion frequency of 2 ps−1. The van der Waals interactions cut-off was
set as 10 Å, while all H-bonds were restrained by SHAKE algorithm
(Vangunsteren and Berendsen, 1977). Periodic boundary conditions
were applied to all MD simulations. The long-range electrostatic in-
teractions were calculated using Particle Mesh Ewald (PME) method
(Darden et al., 1993). The time step was 2 fs.

2.3. Analysis of molecular dynamics trajectories

To evaluate the differences among the GPER binding affinities,
ligand-receptor complex stability, and the key residues and allosteric ef-
fect for recognition of the 6 tested bisphenols, multiple data analysis
methods were adopted. Trajectories of the simulated systems were re-
corded and stored every 10 ps during the simulation. The root-mean-
square deviation (RMSD) of the movement of backbone atoms and
root-mean-square fluctuation (RMSF) of each resides in the constructed
complexes of the receptorwith BPA and its analogueswere calculated to
measure the global stability and residue-specific induced-fit flexibility
of the receptor, individually (Roe and Cheatham, 2013). The binding
free energies of the ligand-hGPER complexes obtained from the last
10 ns MD simulations, denoted as ΔG, were calculated (Lu and Luo,
2003; Miller et al., 2012) and decomposed using molecular mechanics-
generalized Born surface area (MM-GBSA) algorithm (Hou et al., 2011).
The polar and nonpolar solvation energies were computed using the gen-
eralized Born (GB) model (igb = 5) (Feig et al., 2004; Onufriev et al.,
2004) and the solvent-accessible surface area (SASA) via linear combina-
tions of pairwise overlap, separately (Weiser et al., 1999). Due to the high
computational cost, entropic contribution (−TΔS) calculations was
completed at 310 K for the simulation data of every 1 ns in the last
10 ns trajectories using the Nmode module of Amber (Mendez-
Luna et al., 2016; Miller et al., 2012; Roe and Cheatham, 2013; Xue
et al., 2019). The salt concentration was 100mM for normal physiolog-
ical condition. Furthermore, cross-correlation analysis (Hunenberger
et al., 1995), hydrogen bond occupancy (Roe and Cheatham, 2013)
and primary motion analysis via principal component analysis (PCA)
(Galindo-Murillo et al., 2014; Galindo-Murillo et al., 2015; Grant et al.,

Image of Fig. 1
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2006) were also used to understand the induced-fit effect of GPER rec-
ognition by the tested chemicals. Details of calculations such as binding
free energy calculation and primary motion analysis are described as
Text S1 and Text S2 in the Supplementary Material, respectively.

3. Result and discussion

3.1. Ligand-specific equilibrium and stability of the receptor upon ligand
binding

The constructed hGPERmodel was optimizedwith the ERRAT overall
quality factor increasing from 81.4% to 85.7%, indicating that the ob-
tained model was of good quality for non-bonded atomic interactions
(Fig. S1A). The Ramachandran plot validated the stereochemical struc-
ture of the optimizedmodel since all residues lay within the allowed re-
gions except few residues (0.4%) locating far away from the ligand
binding pocket (Fig. S1B). In fact, 90.9% residues appeared in themost fa-
vored regions. There is no irrational conformation observed for the align-
ment of various chains, bond length, and bond angle of the hGPERmodel
during PROCHECK analysis. The RMSD time profiles of Cα atoms in the
ligand-receptor complexes of BPA and its analogues indicated the sys-
tems achieved an equilibrium quickly, confirming the 100 ns simulation
time was sufficient for system stabilization (Fig. 2A). All the stabilized
receptor structures of the corresponding tested bisphenols showed a sig-
nificant deviation from their initial states obtained bymolecular docking.
The average RMSD values for the last 10 ns simulations of the corre-
sponding complex systems were used to analysis the structural fluctua-
tions of hGPER upon ligand binding. The higher the average RMSD value
was, the greater the allosteric effect of ligand binding on the protein
structure became. The 6 tested chemicals showed a receptor structure
fluctuation in descending order of the average RMSD values, BPB-
bound hGPER (5.51 Å) > BPF-bound hGPER (4.97 Å) > BPA-bound
hGPER (3.94 Å) ≈ BPAF-bound hGPER (3.77 Å) ≈ BPC-bound hGPER
(3.61 Å) ≈ BPE-bound hGPER (3.59 Å). Interestingly, the largest and
smallest ligands, BPB and BPF, induced the most significant fluctuation
in the protein structure upon ligand binding. The molecular volume of
BPB is 323.7Å3, registering a 7.2% increase over that of BPA. The volume
of BPF is reduced by 14.0% compared with that of BPA (Table S1).
However, the difference in RMSD profiles of the 6 complex systems can-
not be fully elucidated in a volume-dependent manner. BPB and BPAF
had similar molecular volume but different global stability pattern,
which was partially ascribed to the different chemical environment
around the C atoms connecting two aryl rings. The substitution of two
fluorinated methyl group for the two methyl groups in BPA not only in-
creased the molecular volume and hydrophobicity of BPAF but also
changed the electronegative surface area over the groups (Fig. S2). On
the contrary, the replace of one methyl group with an ethyl group in
Fig. 2. The ligand-specific structural stability of the receptor depicted by (A) RMSD time profi
complex systems during the 100 ns simulations and (B) RMSF of the residues relative to the
simulations.
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BPA mainly led to an increase in molecular volume and hydrophobicity
of BPB. Similarly, the complexes of the most rigid chemical BPC and the
second smallest molecule BPE had the smallest RMSD relative to their
initial structures. Besides, all the tested complex systems remained sta-
ble with an acceptable standard deviation of the RMSD values during
the last 10 ns (Deshpande et al., 2019).

3.2. Ligand-specific primary motions of the receptor in the hGPER
complexes

Evidence of the residue-specific induced-fit flexibility of the receptor
was provided by the RMSF time profiles for each residue in the protein
during the last 10 ns simulations (Fig. 2B). The RMSF values were
smaller than 2.82 Å for all the residues in the tested complexes except
for those in extracellular domain (ECD). The structural fluctuation in
the conserved motifs, DRY (residues 154–156), CWxP (residues
271–274) and NPxxY (residues 320–324), was also limited. Among
the 6 complexes, the rigid molecule, BPC, incurred the largest structural
fluctuation in transmembrane helix 2 (TM2), extracellular loop 1 (ECL1)
and the extracellular end of transmembrane helix 3 (TM3), while the
structures of ECL2 and intracellular loop 3 (ICL3) seemed more flexible
in the hGPER-BPB complex. Besides, BPA, BPF and BPAF brought larger
fluctuation in intracellular loop 2 (ICL2), and the extracellular loop 3
(ECL3) exhibited its flexicity in the complexes of BPA, BPC and BPAF.
In addition, the RMSF values of the initial pocket, constituted by the
cover residues like Glu115TM2, Asn118TM2, Glu275TM6, and Asn310TM7,
wall residues Leu137TM3, Gln138TM3, Trp272TM6 and Phe314TM7, and
bottom residues Leu108TM2, Asn140TM3, and Met141TM3, are rather
small in all tested complex systems except for Glu115TM2 and
Asn118TM2 (Figs. 1 and 2B). The hGPER interaction with the most
rigid chemical BPC made a significant structural change in not only
Glu115TM2 and Asn118TM2 but also their adjacent residues at the ex-
tracellular end of the TM2 helix and the residues in ECL1 (Fig. 2B).

The primary motions of the ligand-protein complexes provide more
information about the ligand-specific allosteric effect of hGPER upon li-
gand binding. PCA was performed on the Cα atoms of hGPER in the
tested complex systems to obtain the primary motions of the receptor
upon ligand binding. Themotion modes of the 1st principal component
(PC1), the 2nd principal component (PC2), and the 3rd principal com-
ponent (PC3) accounted for over 50% of all modes, in which PC1 ex-
plained 25.6–41.4% of all modes. Fig. S3 shows the time series of
sampled receptor structure projections onto the resulting principal
space, spanned by PC1, PC2, and PC3 corresponding to the largest
three eigenvalues of PCA. The complex structure at the equilibrium
statewasdifferentiated from that at the initial state due to significant al-
losteric effects of the receptor occurred during ligand binding for BPA
and its 5 analogues. The six complexes exhibited different global
les of the backbone atoms relative to the initial structures for the 6 tested ligand-hGPER
initial structures for the 6 tested ligand-hGPER complex systems during the last 10 ns

Image of Fig. 2
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structural transitions. Conformation shift of the hGPER complexes dur-
ing the MD was clearly depicted by their change in position of confor-
mation clusters. The initial conformation points for BPB and BPC
mainly locate in both directions of PC2 and the negative direction of
PC1, while the final points lie in both directions of PC2 and the positive
direction of PC1 (Fig. S3B and S3C). The conformation cluster for the
hGPER-BPAF complex starts from gathering at the positive direction of
PC1 and the negative direction of PC2, to finally presenting in a distinc-
tive narrow distribution in the negative directions of PC1 and PC2
(Fig. S3D). Fig. 3 visualizes the collectivemovements along PC1. The pri-
mary motions of the six complexes were different, but a basic similarity
in the ligand-induced receptor mobility between Figs. 3 and 2B was ob-
served, that is extracellular and intracellular loops that connect two
transmembrane helixes were flexible regions. Specifically, the intracel-
lular end of TM6 in the hGPER complexes except that of BPC displayed
an outward tilting compared to their position in the initial states,
which has been identified as a hallmark of GPCR activation that facili-
tates the binding of the downstream G protein (Katritch et al., 2013).
Such motion amplitude for BPAF was smaller than others along PC1.
Besides, the binding of the tested chemicals except BPC also made
TM3 or TM2 moving toward TM6 or transmembrane helix 7 (TM7),
and the cross-correlation analysis further verified the distinguishedmo-
tionmode (Fig. 4). The residue correlation profile differed among the six
complexes. For example, less positive TM2 (residues 97–120) vs TM6
(residues 260–280) correlations are evident in hGPER when it is
bound to the rigid molecule BPC. More residues in TM2 and TM3 (resi-
dues 133–153) are positively correlated with those in TM6 and TM7
(Residues 307–327) in the hGPER BPB complex. The distinguished
induced-fit effect of BPC indicated its potential antagonist activity
Fig. 3. Porcupine representation of the primary motions presented by PC1 for the receptor in th
Transmembrane helixes are labeled with black text. Arrows in black show the direction of mo
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highlighted by the inward tilting of the TM6 intracellular end for the
hGPER-BPC complex. BPS, a BPA analogue of similar molecular rigidity,
was found to disrupt E2-induced membrane-initiated cell signaling via
GPER (Vinas and Watson, 2013). Different from the conservative posi-
tion of H12 in agonist-ER complexes (Cao et al., 2017a; Cao et al.,
2019; Li et al., 2020; Xue et al., 2019), it is themotion direction of the in-
tracellular end of TM6 in the hGPER complexes that plays a crucial role
in GPCR activation.

3.3. Ligand-specific hGPER affinity and key residues for molecular
recognition

Table 1 lists the binding free energies of the six hGPER complexes for
investigation on their structure-dependent hGPER binding affinities
(Amaro et al., 2009), in which the values ofΔG for the tested complexes
are sorted in ascending order as BPC > BPB > BPAF≈ BPA > BPE > BPF.
The electrostatic solvation interactionswere unfavorable for the binding
of hydrophobic BPA and its analogues with hGPER, while the nonpolar
solvation energy of each complex was quite similar and favored the li-
gand binding. The overall stabilization energies caused by solvation
were unfavorable. Nonpolar van der Waals interactions and direct
inter-molecular electrostatic Coulomb interactions were major driving
forces for the ligand binding. A SKBR3 cell-based fluorescence competi-
tive binding assay obtained the concentrations of BPA (25.3 ±
7.2 μmol·L−1), BPB (3.3 ± 0.6 μmol·L−1), BPAF (3.0 ± 0.4 μmol·L−1),
and BPF (>100 μmol·L−1) required to displace 50% of a fluorescence
probe E2-F from hGPER (IC50), respectively (Cao et al., 2017b). The rel-
ative binding affinities (RBA) were calculated as the ratio of the IC50 of
E2 to that of the chemical or from a previous [3H]E2 displacement
e 6 tested ligand-hGPER complexes. Residues 34– 335 are represented using a color scale.
tion along PC1. The amplitude of movements is depicted by the length of arrows.

Image of Fig. 3


Fig. 4. Cross-correlationsmap of the coordinate fluctuations for Cα atoms in the hGPER complexeswith BPA and its analogues during the 100 ns simulation. The highly positive correlation
is illustrated in red, and the highly negative correlation is shown in blue.
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assay (Thomas and Dong, 2006). Both RBA and the logarithm value of
RBA are listed in Table 1. No tested bisphenols showed a RBA value
larger than 10%, and the binding affinity of BPF was too low to be
achieved experimentally (Cao et al., 2017b). The small absolute values
ofΔG indicated low hGPER affinities of the 6 bisphenols,whichwas con-
sistent with the limited experimental observations. The Spearman's
rank correlation coefficient (0.829) revealed a statistically significant
correlation between the enthalpy changes and the binding free energies
of the 6 hGPER complexes (p < 0.05). Such correlation of the 5 tested
complexes (without BPAF) could be further confirmed using Pearson's
correlation analysis with a coefficient of 0.932 at the significant level
of 0.05. BPC presented the smallest entropy change during the binding
process due to its rigid structure and thus exhibited highest binding
Table 1
Binding free energy and relative binding affinity for the hGPER complexes with BPA and its an

Complex ΔEvdwa ΔEelea ΔGGB
a ΔGSA

a

hGPER-BPC −29.45 −5.60 14.54 −3.68
hGPER-BPB −29.12 −3.20 12.48 −4.02
hGPER-BPAF −29.77 −17.43 26.83 −5.06
hGPER-BPA −26.30 −19.14 27.43 −4.21
hGPER-BPE −27.14 −10.91 19.98 −4.00
hGPER-BPF −26.25 −11.12 20.36 −3.74

a Energy unit is kcal·mol−1.
b Cited from the literature (Cao et al., 2017b).
c Cited from the literature (Thomas and Dong, 2006). NA and ND stand for not available and
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affinity with hGPER, followed by BPB with the second smallest entropy
value and the second largestΔG value. A significant negative correlation
between the entropy changes and the binding free energies of the
hGPER complexes of the 4 chemicals, BPA, BPB, BPC, and BPE, was re-
vealed by both Pearson's correlation analysis and Spearman's Rho anal-
ysis (p < 0.01), indicating a typical molecular recognition mode guided
throughunfavorable entropic contribution partially related to the ligand
flexibility (Mendez-Luna et al., 2016). The increased steric hindrance
caused by alkyl substitution on the connecting C could result in stricter
configuration limitation of the receptor complex, which caused a de-
creased entropy change upon ligand binding. The same structural
change increased hydrophobicity around the connecting C and thus
led to enhanced recognition efficacy of non-polar key residues in
alogues.

ΔHa −TΔSa ΔGa RBA(%) lgRBA

−24.19 14.66 −9.53 NA NA
−23.86 16.02 −7.84 8.8b −1.06
−25.45 20.35 −5.10 9.7b −1.01
−22.23 17.32 −4.91 1.1b, 2.2c −1.96, −1.66
−22.08 17.71 −4.37 NA NA
−20.76 17.06 −3.70 NDa ND

not detected, respectively.

Image of Fig. 4
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hGPER, while the reduced steric hindrance results in insufficient nonpo-
lar interactionswith the receptor. Stricter configuration limitation could
also be brought by the replacement of sp3 C in BPA with a sp2 C in BPC.
The simultaneous addition of lipophilic Cl atoms in BPC explained its
larger van der Waals interaction energy compared with that of BPA. In
addition, the hGPER-BPAF complex showed the largest entropy and en-
thalpy changes but the third largest binding free energy because of the
aforementioned substitution of -CF3 for -CH3 in BPA. Unlike lipophilic
C\\H bonds of -CH3 in BPA, C\\F bonds are polar covalence bonds of
high hydrophobicity, oleophobicity, and protein affinity. The special fea-
ture of the -CF3 in BPAF made it presenting the most favorable van der
Waals and nonpolar solvation interactions, the secondmost unfavorable
electrostatic solvation interactions, and the second most favorable
inter-molecular electrostatic interactions among the 6 chemicals.

The total binding free energy was decomposed into the contribution
of each residue without consideration of the entropy change to identify
the key residues responsible for hGPER recognition of the bisphenols.
Fig. 5 illustrates the key residues of each complex that provide more
than −1 kcal·mol−1 contribution to the binding energy, which play
an irreplaceable role in stabilizing the ligand-receptor -complexes. The
key residues all located on TM2, TM3, TM6 or TM7. The six tested
bisphenols of high structural similarity shared two key recognition res-
idues, Leu137TM3 and Trp272TM6, the latter of which locates in the
highly conserved CWxPmotif of TM6 and has been reported as key res-
idue for GPCRs activation (Yuan et al., 2015). Three residues on TM7 of
hGPER, Asn310TM7, Ala313TM7, and Phe314TM7, were also key residues
for these structurally similar ligands except BPC due to the difference
in the geometry of sp3 and sp2 hybridization. The three sp2 hybridized
orbitals of the connecting C atom in BPC are trigonal coplanar, while
the four sp3 hybridized orbitals of the connecting C atoms in the other
Fig. 5. Key residues and their contribution to the binding free energy for the hGPER recogni
represented using ribbon diagrams. The key residues and bisphenols are presented in a ball
binding free energy decomposition of key residues, the contribution of direct inter-molecular
is represented using columns in green, red, blue and magenta, respectively.
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five bisphenols point toward to four corners of a tetrahedron (Bloor
and Gartside, 1959). Such differentiated geometry made the key resi-
dues for BPC recognition different from that of other tested bisphenols.
In fact, no key residues were found on TM7 for hGPER recognition by
BPC. Hydrogen bonding with over 10% occupancy was established by
the two phenolic groups in BPC with the residues at adjacent trans-
membrane helixes, Ala104TM2 (29.4%) and Gln138TM3 (14.8%), respec-
tively. Despite the weak hydrogen bonding effect and limited
contribution of the direct inter-molecular electrostatic Coulomb inter-
actions, BPC still exhibited a higher hGPER affinity compared with BPA
because of enhanced van der Waals interaction and favorable non-
polar solvation effect (Fig. 5C).

Taking BPA as reference molecule, Gln138TM3, Glu275TM6, and
Asn310TM7 anchored BPA in the binding site by forming comparatively
sustained hydrogen bonds with the phenolic groups at the either ends
of a BPA molecule. Specifically, the carbonyl and hydroxyl oxygen
atoms in the carboxyl group on the side chain of Glu275TM6 formed sta-
ble hydrogen bonds of 33.1% and 36.2% occupancies with the H atom of
one phenolic group in BPA, respectively. The hydrogen bond between
the same phenolic group in BPA and the carbonyl oxygen atom in the
amide group of Asn310TM7 provided further stabilitywith an occupancy
of 18.4%. Another phenolic group in BPA established hydrogen bond of
18.7% occupancy with Gln138TM3. The binding free energy decomposi-
tion features of these key residues were consistent with the above hy-
drogen bond information. The direct inter-molecular electrostatic
Coulomb interactions provided by Glu275TM6 not only compensated
the unfavorable polar solvation effect of the same residue but also
acted as one driving force for molecular recognition that was seconded
to the favorable van derWaals interactions supported by several key res-
idues like Leu137TM3, Met141TM3 (Fig. 5A). To a certain degree, the
tion by BPA(A), BPB(B), BPC(C), BPAF(D), BPE(E), and BPF(F). The hGPER structure was
-and-stick model, which are colored by magenta and dark grey, respectively. As for the
electrostatic interactions, van der Waals interactions, polar and nonpolar solvation effects

Image of Fig. 5
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molecular recognition of BPE by hGPER resembled that of BPA, and 10
out of 11 key residues for BPA-hGPER recognition also played important
role in BPE-hGPER interactions. Glu275TM6 was the only one exception.
The replacement of -CH3 with H decreased steric effect around the
connecting C in BPE. The alky-alkyl, and π-alkyl interactions of the sur-
rounding nonpolar and aromatic residues with the alkyl fragment -CH
(CH3)- in BPE were weakened, while the sustained π-π interactions be-
tween the aromatic residues such as Trp272TM6 and Phe314TM7 and the
phenol rings became possible due to more flexible positioning of two
phenol rings in BPE. The hydrogen bond interactions between the ligand
and the receptor also changed. The carbonyl oxygen atom in the amide
group of Gln138TM3 established amost sustained hydrogen bond (41.7%
occupancy) with a phenolic group in BPA. Two carbonyl oxygen atoms
in Asn310TM7 established hydrogen bonds with two phenolic groups
in BPE (33.8 and 12.2% occupancies), respectively. The hydrogen bond
occupancy for the carbonyl oxygen atom in a polar residue Ser112TM2

with a phenolic group in BPE was 29.5% (Fig. 5E). Further replacement
of the -CH3 with H in BPE made the steric effect in BPF continue to de-
crease. The induced-fit effect was barely satisfactory for complex stabil-
ity, and the only hydrogen bond of over 10% occupancywas formed by a
nonpolar residue Leu137TM3 with a phenolic group in the molecule BPF
(Fig. 5F).

On the contrary, the replacement of Hwith -CH3 in BPA dramatically
increased steric effect around the connecting C in BPB. The alky-alkyl,
and π-alkyl interactions of the surrounding nonpolar and aromatic res-
idues with the alkyl fragment -C(CH3)2- in BPB were strengthened, and
the π-π stack between the aromatic residues like Phe314TM7 and the
phenol rings in BPB was still possible. Consequently, the increased van
de Waals interaction and favorable nonpolar solvation effect for BPB
led to higher binding affinity comparedwith BPA, BPE, and BPF although
the direct inter-molecular electrostatic Coulomb interaction provided
by the polar residues was rather limited. There was only one hydrogen
bond that had an occupancy over 10% (13.5%),whichwas formed by the
ligand and Asp111TM2 (Fig. 5B). Differently, hydrogen bonding was still
one of the driving forces for BPAF vs hGPER interaction although the re-
placement of H with F could also increase steric effect around the
connecting C in BPAF due to the aforementioned special feature of
C\\F bonds. Among all key residues for BPAF binding, Glu275TM6 con-
tributed to the total binding free energy with the most favorable elec-
trostatic energy and the most unfavorable polar solvation effect. Two
residues at TM6, Cys271TM6 and Glu275TM6, formed hydrogen bonds
of 40.2% and 27.9% occupancies with the H atom in one phenolic
group of BPAF. The occupancy reached 54.9% for the hydrogen bonding
between Ser317TM7 and another phenolic group in BPAF. Thus, en-
hanced van derWaals interaction and unimpaired hydrogen bonding ef-
fectmade BPAF a better agonist for hGPER comparedwith BPA (Fig. 5D).

4. Conclusions

Great efforts have beenmade to elucidate themolecularmechanism
of estrogen-like activity for BPA analogues via nuclear receptor binding,
which have been or might be used as alternatives in BPA-free products
globally. Recent advances in environmental toxicology and health risk
of BPA and its analogues indicates that their complicated ligand-
dependent signaling pathways involve not only intranuclear ER but
alsomembrane receptor GPER. However, the structural basis for molec-
ular recognition mechanism of GPER by the environmental chemicals
remains unknown. In order to reveal the ligand-dependent induced-fit
effect for GPER upon bisphenol binding, we performed a systematicmo-
lecular dynamics simulation study for selected bisphenolswith different
electron hybrid orbitals and substituents on their C atoms connecting
two phenol rings. 3D-structure of hGPER was obtained using homology
modeling. BPAwas used as a control, BPC as an example for a connecting
C with sp2 hybrid orbitals to provide more ligand rigidity, BPE and
BPF for decreased steric hindrance and hydrophobicity around the
connecting C, BPB for increased hydrophobicity and steric hindrance,
8

while BPAF for special -F substitution. All the tested bisphenols can
bindwith GPER at its classic orthosteric site to obtain GPER-ligand com-
plexes of low affinity, while van der Waals interactions and direct inter-
molecular electrostatic energies provides the driving forces for ligand
binding. Bulky substituents and structural rigidity of the connecting
C dramatically impair hydrogen bonding between GPER and the
bisphenols, which results in decreased contribution of both favorable
intermolecular hydrogen bonds and unfavorable polar solvation effect
to complex stability of BPB and BPC. Increase in substituent lipophilicity
enhances the van derWaals interactions. The steric hindrance caused by
alkyl substitution or sp2 hybridization of the connecting C may lead to a
favorable decreased entropy change upon ligand binding.Moreover, the
six bisphenols of high structural similarity shared two key recognition
residues, Leu137TM3 and Trp272TM6, the latter of which was in the
highly conserved CWxPmotif of TM6 and has been reported as key res-
idue for GPCRs activation. The obtained structural basis in this work an-
swers the GPER recognition mechanism by typical bisphenols, and is
helpful to improve our understanding of GPER affinity and the relevant
toxicity of BPA alternatives. To our knowledge, this is the first study on
the GPER recognition mechanism of environmental pollutants like
bisphenols at the atomic level.
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