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A B S T R A C T

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonate (PFOS) have been reported to cause adverse health
effects on wildlife as well as humans. Numerous studies demonstrated that PFOA and PFOS could interfere with
the transcriptional activation of estrogen receptor α (ERα) by mimicking the function of endogenous ligand,
whereas some reports suggested that the two compounds present non-estrogenic activities. These conflicting
results bring a confusion to understand their molecular mechanism on the ERα-mediated signaling pathway. To
address this issue, we performed the molecular docking and molecular dynamics simulations to elaborate the
structural characteristics for the binding of PFOA and PFOS to ERα. Our results indicated that the two opposite
binding orientations were modulated by the protonation states of key residue His524. In sub-acidic condition,
PFOA and PFOS prefer to form the H-bonding interactions with the protonated His524, whereas Arg394 pro-
vided the H-bonding interactions for stable binding in sub-alkaline condition. Conformational analyses implied
that the diverse binding modes were closely related to the conformational propensity of ERα for subsequent
coactivator recruitment and transcription activation. Generally, our findings provide a flexible strategy to assess
the pH impacts of microenvironment on the toxicities of perfluoroalkyl acids by their interactions with proteins.

1. Introduction

Perfluoroalkyl acids (PFAAs) including the perfluorocarboxylated
acids (PFCAs) and perfluorosulfonatedacids (PFSAs) are a group of
highly stable man-made compounds used in surfactants, fluorinated
polymers, and fire-resistant foams. Due to the stable carbon–fluorine
bonds, PFAAs exhibit unique thermal and acid resistance and hydro-
and oleophobic properties in the environment (Calafat et al., 2007;
Houde et al., 2006; Wei et al., 2018). Perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonate (PFOS) as typical PFAAs have been ex-
tensively detected in the air, drinking water, wildlife and humans
(Giesy and Kannan, 2001; Gao et al., 2015; Chen et al., 2018). The poor
elimination and metabolism rate of PFOA and PFOS resulted in their
long half-life in human blood (Olsen et al., 2007; Fu et al., 2016).

Though PFOS and its precursors were listed as persistent organic pol-
lutants of UNEP Stockholm Convention in 2009, the health risks of
PFAAs could not be eliminated so far due to their high bioaccumulative
capacities.

PFOA and PFOS generally distribute to the blood and liver in a
protein-bound form once entering into the human body. Therefore their
adverse health effects are mainly attributed to the capacities of binding
to certain proteins, thereby disrupting the normal biological functions
(Chen and Guo, 2009; Steenland et al., 2010; Vested et al., 2013; Wang
et al., 2014; Zhang et al., 2014). Interestingly, several studies indicated
that PFOA and PFOS could partially activate the estrogen receptor α
(ERα) and induce the estrogenic activities as environmental estrogens
(Liu et al., 2007; Wei et al., 2007; Tilton et al., 2008; Benninghoff et al.,
2011; Fang et al., 2012; Gao et al., 2012b; Henry and Fair, 2013;
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Kjeldsen and Bonefeld-Jørgensen, 2013; Du et al., 2013). However,
other studies proposed the contrary point of view that PFOA and PFOS
neither induced the proliferation of human breast cancer cells nor
caused any estrogenic effects (Maras et al., 2006; Ishibashi et al., 2007;
Wang et al., 2012). Moreover, the competitive binding assay demon-
strated that the two chemicals are weak binders for the trout liver ERα
and human ERα with dissociation constants of 2.19 and 107 μM, re-
spectively (Benninghoff et al., 2011; Y. Gao et al., 2012). Based on these
reports, we therefore speculated that the recognitions of PFOA and
PFOS by ERα may be involved in a complex mechanism and have
distinct underlying molecular basis, thereby eliciting the differentiated
effects on the cellular ERα-mediated signaling pathway.

With pKa values below 0.3, PFOA and PFOS are dissociated com-
pletely under the physiological pH condition (Goss, 2007; Vierke et al.,
2013). As anions forms with –COO- and –SO3- groups, their molecular
structures are very different from the known neutral binders of ERα
such as estradiol (E2) and phytoestrogen genistein with –OH group. The
H-bonding recognition network of acidic groups of PFOA and PFOS
might be different in the E2-bound pocket of the ligand binding domain
(LBD) of ERα (Brzozowski et al., 1997). Particularly, the key residue
His524 in the binding pocket of ERα is sensitive to the microenviron-
ment changes under various subcellular pH conditions in different tis-
sues. The tautomers of His524 (neutral or positive charge forms) have
been demonstrated to be important in regulating the different types of
ligand recognitions (Celik et al., 2008; Mizutani et al., 2012; Gao et al.,
2012a). Thus, we speculated that the protonation state change of
His524 might influence the binding affinities and modes of PFOA and
PFOS, thereby leading diverse transcriptional activities of ERα.

To test the hypotheses, in the present work, the computational
models including molecular docking (Sheng et al., 2016; Sheikh et al.,
2017; Zhang et al., 2018) and molecular dynamics (MD) simulations
(Han et al., 2013; Metskas and Rhoades, 2015; Cao et al., 2018) were
employed to explore the recognition mechanisms between PFAAs and
ERα. Contributions of protonation states of His524 to the interactions
between two 8-carbon PFAAs (PFOA and PFOS) and ERα were thor-
oughly investigated. The multiple binding modes of PFOA and PFOS
were assessed in the aqueous environment through the MD simulations.
Analyses of conformational changes and binding free energy calcula-
tions indicated that the different protonation states of His524 caused
the changes of binding orientation and strength, and thus induced the
differentiated conformational changes of ERα for the recruitment of
coactivators. The current computational workflow provides a flexible
strategy to explore the impacts of pH changes on the structural features
of PFAAs binding to biomacromolecules.

2. Molecular modeling methods

2.1. Structural preparations of protein and ligands

The crystal structure of ERα in complex with E2 (PDB ID: 1ERE) was
used as the receptor template of docking calculations. The structure was
prepared in Swiss PDB viewer (Johansson et al., 2012) by adding
missing hydrogen atoms and repairing incomplete residues. These re-
paired residues were listed in the Supporting Information (SI text). The
co-crystal water molecules were deleted during the docking calcula-
tions. The structural optimizations of tested chemicals were performed
by Gaussian 09 at the B3LYP/6-311++G(d,p) level with IEFPCM
solvent model (Mennucci et al., 1997).

2.2. Ligand-protein docking

To explore the potential binding modes of ligands in different pro-
tonation states of His524, the LeDock program was adopted to perform
the ligand-protein docking. Docking power of this program has already
been verified in the recent studies (Wang et al., 2016; Cao et al.,
2017a). Prior to docking calculations, the protonation states of His524

were set separately to HIE (neutral ε-tautomer form) and HIP (proto-
nated form with +1 charge) models to mimic the pH at sub-alkaline
and sub-acidic conditions, respectively. The ligand molecules were set
to be flexible, while the protein structure was treated as rigid structure
throughout the docking process. The binding cavity was generated and
centered on the E2-bound site of ERα-LBD with the box size extending
in x, y, and z directions with a radius of 5 Å. 100 independent runs were
implemented for each docking calculation, aiming to obtain adequate
conformations of the ligands. After docking calculations, the pose cutoff
was set to 3.0 Å for the clustering analysis and the binding pose with the
best docking score in each cluster were retained for post-analysis.

2.3. MD simulations

The classical MD simulations of complex systems were performed
using the AMBER12 software. The AMBER99SB force field (Hornak
et al., 2006) and the general AMBER force field (GAFF) (Wang et al.,
2004) were utilized to establish the topology parameters of ERα and
ligands, respectively. The partial charges of ligands were generated by
the RESP fitting approach at HF/6–31G* level using Antechamber
module of AmberTools13. Hydrogen atoms were added to the ERα
structure using the LEaP module. The protonation states of ionizable
residues except His524 were defined by the H++3.0 program
(Anandakrishnan et al., 2012) at pH 7.0 condition. Subsequently, each
ERα-ligand complex were solvated in a cubic periodic box of the TIP3P
(Jorgensen et al., 1983) water model with 10 Å distance extending the
solute surface. The Na+ ions were added in the above simulation sys-
tems for electroneutrality. Detailed parameters of minimization,
heating, equilibrium and production simulations were abided by our
previous MD settings (Cao et al., 2017a). Finally, a 100 ns simulation
for each complex system was obtained for trajectories analysis.

To evaluate the changes of His524 protonation states, the constant
pH molecular dynamics (CpHMD) was implemented in the current si-
mulations. The same force field (AMBER99SB) was adopted to construct
the topology parameters of ERα without E2 and water molecules. The
20 ns CpHMD simulations were severally performed at pH 7.5, 7.0 and
6.5 conditions with the Onufriev–Bashford–Case model (GBOBC1) as
implicit solvent model (Onufriev et al., 2004) and nonbond interactions
cutoff was set to 30 Å. All the histidine residues were defined as the
titrating residues for the prediction of pKa. Other MD parameters
during entire simulation procedures were abided by the classical MD
parameters.

2.4. Binding free energy calculations

Binding free energy calculations based on the Molecular Mechanics/
Generalized Born Surface Area (MM/GBSA) algorithm were employed
in the current study. The GBOBC1 model (Onufriev et al., 2004) was
adopted to evaluate the polar energy contribution of the solvation free
energy. All energy components were calculated using 500 snapshots
extracted from last 50 ns simulations. The contribution of each residue
to total binding free energy was estimated by energy decomposition
module of MMPBSA.py (Miller et al., 2012). The entropic contributions
(TΔS) were estimated by using the Nmode program (Miller et al., 2012).
Due to the high computational demand, only 40 snapshots were used to
calculate the entropic contributions.

2.5. Conformational entropy calculations

Conformational entropies were calculated using the CENCALC
software package (Suárez et al., 2013), which uses both topology in-
formation and trajectory coordinates to determinate the rotatable di-
hedral angles to characterize the conformational states of the complex
structure. In the current study, the correlation-consistent multibody
local approximation (CC-MLA) method (Suárez and Díaz, 2014) was
utilized to discretize the time evolution of the selected dihedral angles
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and calculate the probability mass functions of the individual torsions
for conformational entropy estimations. The inter-atomic distance ma-
trix of each system derived from the 100 ps interval MD trajectory
sampling (1000 snapshots) was used to define the correlation effects
with a predefined cutoff of 8 Å. The mean value of conformational
entropy during last 20 ns was used to compare the structural stability of
each complex.

2.6. Peptide-protein docking

The SCR-2 box 2 peptides motif (KILHRLLQE) was docked into the
AF-2 site of ERα surface by means of the online FlexPepDock program
in the computational environment of Rosetta (London et al., 2011). The
resultant conformations of ERα after the 100 ns MD simulations were
submitted as the input structures of protein for flexible docking calcu-
lations. The Rosetta binding energy of each top model was used to
compare the recruitment capacity of the tested peptides motif for the
different ligand-ERα complex systems.

3. Results and discussion

3.1. Changes of protonation states of His524 from sub-alkaline to sub-acidic
conditions

The 20 ns CpHMD simulations were performed to evaluate the
protonation states of His524 under different pH conditions. The results
showed that all the systems reached the equilibrium stage after ~7.5 ns
simulations (Fig. S1). Thus, the last 10 ns simulations were used to
calculate the populations of every state for His524. As shown in Fig. 1,
we found that the proportion of HIP model obviously decreased from
91.34% (pH 6.5) to 22.81% (pH 7.5), suggesting that the protonated
His524 was the dominating form in sub-acidic condition. Conversely,
the proportion of HIE model increased from 8.21% (pH 6.5) to 76.85%
(pH 7.5), which accounts for the main deprotonated model as the
neutral state. Generally, the above results suggested the changes of pH
condition had significant effects on the protonation states of His524
from sub-alkaline to sub-acidic conditions. Moreover, for the physio-
logical pH 7 condition, the HIP and HIE models of His524 had com-
parable populations (51.92% versus 32.97%), which means that the
two models of His524 might exist simultaneously under the slight
change of intracellular microenvironment, thus leading the differ-
entiated recognition mechanisms upon the ligands binding.

As previously reported, the HIE and HIP models were selected to
simulate the ERα-ligand complex at pH 7.5 and 6.5 states, respectively
(L. Gao et al., 2012). They could provide the hydrogen atom of Nε as a
donor of H-boding to interact with the carbonyl group of Glu419
backbone. The amino group of Glu419 backbone further stabilized the
electrostatic interaction between Lys531 and Glu339 (Celik et al.,
2007). Thus, the HID model was previously excluded from the possible

protonation forms of His524 (L. Gao et al., 2012). Similarly, previously
computational studies usually adopted the HIE model rather than the
HID model to perform the docking calculations or MD simulations to
explore the molecular basis of ERα-ligand complex at pH 7 state
(Alvarez et al., 2015; Cao et al., 2017b, 2018; Shtaiwi et al., 2018).
Likewise, the current CpHMD simulations indicated the HID model was
present 15.11% of the time at pH 7% and 0.33% of the time at pH 7.5.
Therefore, the HID model might not be the main neutral state, which
was not involved in the following docking calculations and MD simu-
lations.

3.2. Binding modes of ligands in different protonation states of His524

The docking performance of LeDock was assessed in the current
docking protocol. E2 was re-docked into its crystal complex (1ERE), the
root-mean-square-deviation (RMSD) of heavy atoms between the best-
scoring pose and native conformation of ligand in crystal structure was
calculated. Two protonation states of His524 (HIE and HIP) were con-
sidered in the docking evaluations by corresponding modification in the
receptor structure. As depicted in Fig. S2, the alignment conformations
showed low RMSD values for both HIE (0.28 Å) and HIP (0.56 Å)
model, indicating that the current docking protocol was reliable to
predict the binding pose of ligand in the active pocket of ERα-LBD. For
subsequent analysis, the respective binding modes of E2 were named
the E-E2 and P-E2 for the HIE and HIP models, respectively.

To investigate the structural features of PFOA and PFOS binding to
ERα, we docked the two ligands in the E2-bound active pocket of ERα
(Fig. 2). As shown in Table 1, we summarized the detailed docking
results of each compound including the number of docking poses and
the best docking score in each cluster as well as the orientation of ligand
acid group in the binding pocket. All the docking poses for each com-
pound were classified into two clusters. Based on the acid groups of
ligands either point to His524 or Arg394, the respective binding pose of
each cluster was termed as follow: (1) for the HIE model, the acid group
of ligands toward to His524 termed as E-524OA and E-524OS for PFOA
and PFOS, respectively, while toward to Arg394 termed as E-394OA
and E-394OS for PFOA and PFOS, respectively; (2) for the HIP model,
the acid group of ligands toward to His524 termed as P-524OA and P-
524OS for PFOA and PFOS, respectively; while toward to Arg394
termed as P-394OA and P-394OS for PFOA and PFOS, respectively
(Table 1). Generally, the prefix “E” or “P” represents the adopted HIE or
HIP forms of His524, while the suffix “OA” or “OS” signifies the tested
compounds PFOA or PFOS. The central number “524” or “394” between
prefix and suffix means the binding orientations of ligand acid groups.

In the HIE model, PFOS had lower docking score than PFOA, in-
dicating its stronger binding affinity. In addition, when the protonation
state of His524 was set to HIE, the acid groups of PFOA and PFOS in the
first cluster were inclined to close to Arg394 by means of the H-bonding
interactions with the side-chain of Arg394 (left panes in Fig. 2A).

Fig. 1. Populations of protonation states (HIP, HIE and HID) for His524 at pH 6.5, 7.0 and 7.5 in the CpHMD simulations.
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Conversely, in the second cluster, the acid groups of ligands were to-
ward His524 without the hydrogen bond interaction with any residue
(right panes in Fig. 2A). The results implied that PFOA and PFOS
mainly rely on the recognition of Arg394 for the stable binding in the

active site of ERα in sub-alkaline pH condition. Interesting, with regard
to the representative pose of first cluster in the HIP model, the or-
ientation of acid groups had completely flipped due to the H-bonding
interactions with His524 when compared to the corresponding HIE

Fig. 2. Respective docking poses of PFOA and PFOS with best docking scores in each cluster under the HIE (A) or HIP (B) models of His524.

Table 1
Detailed docking results of LeDock.

Ligand Cluster ranking Best docking score Number of docking pose His524 state Orientation of acid group Nomenclature

PFOA 1 −5.08 61 HIE 394 E-394OA
2 −4.94 39 524 E-524OA

PFOA 1 −5.19 56 HIP 524 P-524OA
2 −4.90 44 394 P-394OA

PFOS 1 −6.06 49 HIE 394 E-394OS
2 −5.89 51 524 E-524OS

PFOS 1 −5.93 44 HIP 524 P-524OS
2 −5.85 56 394 P-394OS
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model (left panes in Fig. 2B). In representative poses of second cluster,
their binding modes were similar to the results of first cluster in the HIE
model (right panes in Fig. 2B). Collectively, the above findings sug-
gested that in sub-acidic pH condition, the protonated His524 could
induce the inversion of binding modes of ligands to form more stable H-
bonding with His524 instead of Arg394.

In the previous report, the H-bonding interactions of Arg394 were
identified as the important structural characteristics for the recogni-
tions of PFOA and PFOS (Benninghoff et al., 2011). Later, the in silico
computational model of Y. Gao et al. (2012) indicated the similar
binding modes of the tested chemicals. Likewise, in the current docking
results, regarding the HIE model, the H-bonding interactions between
Arg394 and the acid groups of PFOA and PFOS were also observed.
Thus, we speculated that the HIE model of His524 might be used in the
two previous docking calculations (although the authors did not un-
ambiguously point out the protonation state of His524). However, for
the HIP model, we observed that the protonated His524 had the
stronger capacity to attract the acid tails of PFOA and PFOS than
Agr394, thereby inducing a flipped binding mode relative to that in the
HIE model. This implied that His524 as a key residue might be re-
sponsible for the control of binding of anion chemicals in different pH
conditions. Moreover, we evaluated the effects of different His524
models on the recognition of 2-Perfluorohexyl ethanol (6:2 FtOH) based
on the same docking method. Docking results indicated that compared
to anion forms of PFOA and PFOS, neutral form of 6:2 FtOH always
formed the H-bonding interactions with the side-chain of Glu353 re-
gardless of the protonation states of His524 (Fig. S3). This meant that
PFOA and PFOS as anion chemicals were more sensitive to the proto-
nation states of binding microenvironment than neutral 6:2 FtOH.

Furthermore, we evaluated the binding affinities and modes of other
PFAAs to ERα in different protonation states of His524. Docking results
showed that the ligands with 8–10 fluorinated carbon chains had the
stronger binding affinities of ERα among the tested PFCAs, while PFOS
was strongest binder among the four PFSAs (Fig. S4). This is consistent
with the results of previous binding assay (Y. Gao et al., 2012). The
tested PFAAs had relative lower docking scores in the HIP model than
in the HIE model, suggesting that PFAAs had the stronger binding to
ERα in sub-acidic condition than sub-alkaline condition (Fig. S4).
Furthermore, the comparisons of binding orientations indicated that the
chemicals with higher binding affinities, such as perfluorononanoic
acid (PFNA) and perfluorodecanoic acid (PFDA) preferred to form the
H-bonding interactions with the protonated His524 in the HIP model. It
was attributed to the two chemicals can fit into the binding pocket of
ERα in a fully stretched state, and thus the carboxylic acidic groups
exhibited the electrostatic attractions for the selective recognition of
positively charged residues Arg394 or protonated His524 which are
located on both ends of the binding pocket. However, molecular
structures with long carbon chain (> 10) would have to bend over to fit
the binding pocket, resulting in decrease of the contact possibility of
acidic groups with protonated His524. Meanwhile, their binding affi-
nities to ERα began to lower with the increase of carbon chain because
the bent states of the ligands have unfavorable intramolecular torsional
energy and large electrostatic repulsions from the –CF2 groups to ap-
proach each other (Fig. S4).

3.3. Stability evaluations of different simulation systems

Based on the clustering analysis of docking, the best-scoring poses of
PFOA and PFOS from each cluster were selected as the initial con-
formations to build the complex structures. Their binding stabilities
were investigated by explicit solvent MD simulations. Comparing the
RMSD values of backbone Cα after the mass-weight fit, we found that
all the complex systems reached the equilibrium state after ~38 ns si-
mulations (Fig. S5). Low RMSD with small amplitude represents a
stable protein structure, while high RMSD with large amplitude implies
that the structural coordinates move away from the initial position.

Based on the evaluation criterion, the stability order of PFOA-bound
systems was P-524OA (1.95 ± 0.12 Å)> P-394OA (2.15 ±
0.14 Å)>E-394OA (2.25 ± 0.21 Å)> E-524OA (2.68 ± 0.22 Å),
while that of PFOS-bound systems was P-524OS (1.74 ± 0.12 Å)> E-
524OS (1.99 ± 0.12 Å)> P-394OS (2.00 ± 0.18 Å)>E-394OS
(2.25 Å ± 0.18 Å). The results suggested that the E-524OA system has
relative larger structural fluctuations than other complex systems. Si-
milar results were observed in analysis of H-bonding number (Fig. S6).
We therefore inferred that the binding mode of PFOA with no H-
bonding interaction with His524 might decrease the structural stability
of ERα and induce the conformational deviations from initial agonistic
conformation. Additionally, conformational entropies of ERα-ligand
complexes involving rotatable dihedral angles were calculated to assess
the structural stabilities of complex systems. The results showed that
the stability order was correlated with the results of RMSD and H-
bonding analysis (Fig. S7). Taken together, these analyses of structural
stabilities suggested that compared to the HIE model, the ERα structure
was more stable in the HIP model.

The Cα root-mean-square fluctuation (RMSF) of each residue was
used to estimate the flexibility of the complex during last 60 ns simu-
lations. Large RMSF values represent more extensive fluctuations in this
region of protein upon the ligand binding. The E-E2 and P-E2 system
exhibited slight oscillations, while other systems showed large fluc-
tuations in different structure domain of protein (Fig. 3A). For example,
the P-394OA system showed the large RMSF in the beginning part of
protein structure (residues no.: 305–307), while the E-524OA system
displayed the large RMSF in the three different regions (residues no.:
334–341, 371–377 and 461–470). However, in the PFOS-bound sys-
tems, the E-394OS system showed large RMSF value in the residues
465–469, while large RMSF value appeared in the terminal of H12
(residues no.: 548) for the P-394OS system. By comparing the RMSF
mean values of all residues in each system, we found that the E-E2, P-E2
and P-524OS systems have relative lower values than others (Fig. 3B).
The above results implied that the different binding modes of PFOA and
PFOS might induce the differential conformational signaling of ERα.

3.4. Different binding modes are evaluated by the MM/GBSA calculations

We further evaluated the binding affinities of different binding
modes of PFOA and PFOS using the MM/GBSA method. Table 2 dis-
played that the E-E2 and P-E2 systems had similar binding free energies
(ΔGcal) (−23.05 versus −23.09 kcal/mol), meaning that the changes of
protonation states of His524 had hardly effects on the E2 binding to
ERα. However, the binding free energies of PFOA and PFOS highly
depended on the adopted binding modes and protonation states of
His524, showing a relative large change range. For example, PFOA had
the most favorable binding free energy in the P-524OA system
(−9.00 kcal/mol), while the worse one was observed in the E-524OA
system (−2.07 kcal/mol). Other PFOA-bound system such as E-394OA
and P-394OA displayed the similar binding affinities of ligand (−8.54
versus −8.36 kcal/mol), suggesting that regardless of effect of proto-
nation states of His524, the acid group of PFOA could stabilize the
formed H-bonding with the positively charged side-chain of Arg394.
For the PFOS-bound system, we found that the binding free energy of
PFOS was −11.78 kcal/mol in the P-524OS system, which was superior
to others (−8.49 to −10.22 kcal/mol). This result suggested that the
protonated His524 was a primary element for the recognition of acid
group of PFOS in the sub-acidic environment, while the other binding
mode might emerge at binding process along with chemical micro-
environment change of binding site as well.

Having elucidated the dominating force in binding process, we
compared the contribution of individual energy term to total binding
free energy. As shown in Table 2, ΔEvdW as van der Waals force con-
tribution was identified as the dominated force for all complex systems.
The hydrophobic property of long linear chain [–(CF2)6CF3] of PFOA
and PFOS could mimic the functions of aromatic rings and cycloalkanes

H. Cao et al. Ecotoxicology and Environmental Safety 171 (2019) 647–656

651



in E2 structures. Likewise, ΔGSA, which is representative of non-polar
contributions of solvation, also showed the favorable contributions in
all complex systems. The phenomenon was commonly observed in the
protein–ligand complexes based on the MM/GBSA calculations (Hou
et al., 2011). Notably, the P-E2 system had more negative ΔEele value
than the E-E2 system (−27.73 versus −20.9 kcal/mol), which means
that the positively charged form of His524 (HIP model) enhanced the
electrostatic contributions to E2 binding in the active pocket of ERα.
Conversely, most PFOA/PFOS-bound systems exhibited the positive
ΔEele value. Only the P-524OA and P-524OS systems had the negative
ΔEele value, which suggested that the stable binding of PFOA and PFOS
depended on the formed H-bonding to provide the favorable energy
contributions for the interactions between the acid groups of ligands
and the positively charged side-chain of protonated His524. Moreover,
ΔGGB was a polar contribution of solvation free energy, which could be

a positive or negative value to complement the total polar contributions
for different complex systems.

To quantitatively discern the contribution of each residue in the
complex systems, the total binding free energies were further decom-
posed into individual residue. The results displayed that Met343,
Leu346, Ala350, Glu353, Leu384, Leu387, Met388, Leu391, Phe404,
Met421, Gly521, His524 and Leu525 could serve as essential residues in
the E2 binding (≤ −1 kcal/mol) (Fig. 4A). As for the key residue
His524 and its surrounding residues, we found that the contribution
sum of His524 and Leu525 is −3.16 kcal/mol in the E-E2 system, which
is comparable that of Gly521, His524 and Leu525 (−3.26 kcal/mol) in
the P-E2 system. As illustrated in Fig. 4B and C, several key residues for
E2 binding, such as Ala350, Met388, and Glu353 reduced their energy
contributions to PFOA and PFOS, thereby decreasing their binding
potencies of ERα relative to E2. It should be noted that Arg394 and

Fig. 3. Root mean squared deviation (RMSF) of backbone Cα atoms (A) and corresponding mean value (B) for all simulation systems.

Table 2
Binding free energy componentsa of complex simulation systems (unit: kcal/mol).

System ΔEvdW ΔEele ΔGGB ΔGSA ΔH TΔS ΔGcal ΔGexp

E-E2 −42.17 (2.68) −20.90 (3.98) 25.37 (1.83) −6.65 (0.12) −44.34 (2.58) −21.29 (2.28) −23.05 −12.91
P-E2 −41.69 (2.55) −27.73 (6.58) 30.67 (4.18) −5.44 (0.11) −44.19 (3.10) −21.10 (2.70) −23.09 −12.91
E-394OA −30.63 (2.23) 46.13 (11.82) −35.63 (9.55) −5.61 (0.22) −25.75 (3.35) −17.21 (4.18) −8.54 −5.4
E-524OA −29.59 (1.90) 47.89 (10.41) −34.10 (9.52) −5.38 (0.20) −21.19 (2.25) −19.12 (2.29) −2.07 −5.4
P-394OA −30.47 (2.18) 24.92 (10.80) −15.45 (8.03) −5.62 (0.19) −26.61 (4.49) −18.25 (4.36) −8.36 −5.4
P-524OA −30.62 (2.26) −12.34 (8.14) 21.33 (8.23) −5.71 (0.18) −27.34 (2.45) −18.34 (2.60) −9.00 −5.4
E-394OS −38.26 (1.87) 44.51 (7.77) −28.80 (7.41) −6.38 (0.18) −28.94 (2.64) −20.45 (3.35) −8.49 −7.69
E-524OS −37.93 (1.90) 55.60 (11.06) −41.25 (10.45) −5.95 (0.27) −29.54 (3.08) −20.13 (4.25) −9.41 −7.69
P-394OS −37.63 (2.19) 34.96 (8.05) −19.61 (6.78) −6.49 (0.19) −28.76 (3.90) −18.54 (4.25) −10.22 −7.69
P-524OS −38.66 (2.45) −2.21 (8.10) 15.49 (8.09) −6.64 (0.19) −32.03 (2.66) −20.25 (3.15) −11.78 −7.69

a ΔH=ΔEvdW +ΔGSA +ΔEele + ΔGGB; ΔGcal = ΔH – TΔS; Standard error of mean values is displayed in parenthesis. ΔGexp were calculated by the equation ΔGexp
= RT ln(Kd), Kd is the dissociation constants taken from the reference (Gao et al., 2012b).
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His524 were identified as the most significant residues for ligand re-
cognitions in the E-394OA, P-394OA, P-524OA, E-394OS, P-394OS and
P-524OS systems (Fig. 4B and C).

To further decipher the effects of the above key residues on the
binding process, H-bonding interactions were estimated for all complex
systems. The occupancies of H-bonding with more than 10% were
summarized in Table S1. For the E-E2 and P-E2 systems, the H-bonding
network between Glu353 or His524 and E2 were very stable with high
occupancies. Similar results were also observed in the crystal structure
of ERα-E2 complex (Brzozowski et al., 1997). Especially for the P-E2
system, it formed an additional H-bonding between the backbone
oxygen atom of Gly521 and –OH group of E2 (34.65%, 3.2 Å), which
was in line with the result of energy decomposition (Fig. 4A). In the
PFOA-bound complex systems, the P-524OA system formed two very

stable H-bonding with His524 (occupancies more than 60%), while the
P-394OA systems also formed secondary stable H-bonding interactions
between the side-chain of Arg394 and the carboxylic acid group of
PFOA (49.7%, 2.84 Å). Conversely, in the E-394OA and E-524OA sys-
tems, the H-bonding occupancies were relative lower (40.42%, 2.88 Å;
26.09%, 2.85 Å). Among the PFOS-bound complex, the P-524OS system
formed the stable H-bonding between the side-chain of protonated
His524 and the sulfonic acid group of PFOS (48.95%, 2.8 Å), whereas
relative low occupancies of H-bonding appeared in the E-394OS, P-
394OS and E-524OS systems. Thus, we confirmed that in the proto-
nated His524 model (P-524OA and P-524OS systems), PFOA and PFOS
tended to form more stable H-bonding for recognizing the positively
charged side-chain of His524.

Furthermore, we investigated the role of fluorine in the H-bonding

Fig. 4. Residue contribution spectrums for E2-bound (A), PFOA-bound (B) and PFOS-bound (C) simulation systems.
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analyses from the same MD trajectories because of that fluorine atoms
are likely to behave as hydrogen bond acceptors (Lu et al., 2010). Re-
sults showed that the fluorine atoms occupancy ratios of H-bonding for
all simulation systems were very low (<1%), suggesting that the
fluorine atoms could not form stable hydrogen bonds with ERα. This
was different from our previous study (Feng et al., 2017) on the ad-
sorption of PFOS on the hydrated hematite surface. It might be attrib-
uted to the different interaction system. In hydrated hematite surface,
PFOS could adsorb in the relative rigid hydrated hematite surface in a
“horizontal” manner with higher frequencies to form the H-bonding
interactions between the fluorine atoms of PFSA and the oxygen atoms
of hydrated hematite surface. Conversely, in the biological systems, the
flexible residues of protein decreased the possibility of forming the H-
bonding for fluorine atoms of ligands. For example, the acid groups of
PFOA and PFOS mainly formed the H-bonding interactions with the Lys

residues of proteins in the complex systems of binding the human serum
albumin (Luo et al., 2012) or transthyretin (Zhang et al., 2016) (Fig S8).

3.5. Effects of ligand binding on the conformational changes of ERα

The different binding modes caused by the protonation state
changes of His524 were considered to be an important factor to in-
itialize the structural rearrangement of complex. The conformation
changes of His524 were firstly explored to clarify the structural char-
acteristics in the binding process of ligands. As previous simulations for
the E2-ERα complex (Celik et al., 2007), the side-chain dihedral angles
of His524 was found as a gauche conformation between 45° and 60° for
χ1 (C-Cα-Cβ-Cγ) and a –gauche conformation between 270° and 290°
for χ2 (Cα-Cβ-Cγ-Nδ). As shown in Fig. S9, it was obvious that both the
E-E2 and P-E2 system generated a reasonable dihedral angle

Fig. 5. Variations in the salt bridge between Glu353 and Arg394 for PFOA-bound (A) and PFOS-bound (B) simulation systems. The conformations changes (C) of
Glu353, Arg394, His524 and ligand at 0 ns (while carbon atoms), 20 ns (green carbon atoms), 40 ns (cyan carbon atoms), 60 ns (magenta carbon atoms), 80 ns (blue
carbon atoms) and 100 ns (orange carbon atoms) time.
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distribution, indicating that E2 could adopt the different protonation
states of His524 as H-bonding donor (HIE model) or acceptor (HIP
model) for the stable binding. Among the complex systems, the P-
524OA and P-524OS systems maintained this dihedral angle distribu-
tion in the whole simulations, while others showed large distribution
range. For another key residue Agr394, it formed a conserved salt
bridge with Glu353. This salt bridge was considered to associate with
the conformational changes of ERα. Fig. 5A showed that the E-524OA
and P-524OA systems could remain the exist of the salt bridge during
almost the entire simulation, while the E-394OA and P-394OA system
broke this salt bridge and made the distance beyond the accepted range
(> 5 Å). Similar results were also observed in the PFOS-bound systems
(Fig. 5B). By the superimposition of the respective conformation of
binding modes (Fig. 5C), we found that the P-524OA and P-524OS
system could hold the salt bridge, whereas the conformations of Glu353
tended to move away from the binding pocket of ERα in the E-394OA
and E-394OS systems due to the electrostatic repulsions from same
negative charges groups between the acid groups of ligands and the
carboxylic acid side-chain of Glu353.

The above conformational analysis implied that the H-bonding in-
teractions between the acid groups of PFOA/PFOS and protonated
His524 triggered the transcriptional activities like as the E2-induced
signaling output, whereas other binding modes led to the differentiated
conformational change which differed from the E2-induced one. As the
previous study, we observed that the dynamic binding modes of bi-
sphenol compounds were coupled to the conformational stabilities and
transcriptional activities of ERα (Cao et al., 2017b). Regarding the
partial agonist WAY-166916 (Bruning et al., 2010) and resveratrol
(Nwachukwu et al., 2014), two different binding orientations of the
ligands were also found in the crystal structures of the ERα-ligand
complexes (Bruning et al., 2010). These previous studies suggested that
different binding modes of ligands could induce the active and inactive
population of ERα conformer ensemble, therefore implying a graded
signaling output. To further probe the effects of different PFOS/PFOA-
induced conformational changes on the transcriptional activities of
ERα, we assessed the coactivator recruitment capacities of ligand-in-
duced ERα for the different binding modes. The P-524OA and P-524OS
systems were selected as the respective binding modes of ligands in sub-
acid condition, while the E-394OA and E-394OS systems as the re-
spective binding modes in sub-alkaline condition. The Rosetta binding
energy scores displayed that the P-524OA and P-524OS system were
more favorable for the coactivator recruitment than the E-394OA and E-
394OS systems, which means that in sub-acidic pH environment, the
binding of PFOA and PFOS could induce more stable conformation of
ERα for the coactivator recruitment at the AF-2 site of surface (Fig.
S10).

4. Conclusion

In this study, we performed the docking method to predict the
binding modes of PFOA and PFOS in the E2-bound pocket of ERα.
Docking results revealed that the different protonation states of His524
could induce the opposite binding orientations for both the two ligands.
Binding free energy calculations indicated that these binding modes
had obvious affinity differences. Conformational analyses suggested
that the different binding modes could induce the differentiated con-
formational changes of ERα for subsequent coactivator recruitment and
transcription activation. This meant that the estrogenic or non-estro-
genic activities of PFOA and PFOS were rather susceptible to the in-
tracellular microenvironment of different cell lines. Generally, the
current computational workflow combining the molecular docking and
the MD simulations provided a flexible strategy to evaluate the effects
of pH on the relative binding affinities of PFAAs with biomacromole-
cules and gave a deep understanding of their mechanisms of toxicity
involving in the pH changes of intracellular microenvironment.
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