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Abstract

Benzophenones (BPs) and their hydroxylated derivatives exhibited low estrogenic activity in human breast cancer cell.
However, the available reported data are insufficient to describe structure modification relationship of these molecules that
can be developed as a potential breast cancer drug. In this work, we present a 240-ns molecular dynamics (MD) simulation
analysis on the conformational flexibility and changes of both the monomer and dimer forms of human estrogen receptor o
(hERa) upon binding with the newly designed morpholine ether benzophenone (BP). The structural stability and confor-
mational changes of an apo conformation hERa with respect to Helix 12 (H12) upon binding were determined by analyzing
the H-bond formation, radius of gyration, root mean square deviation (RMSD) and root mean square fluctuation (RMSF).
Molecular mechanics Poisson-Boltzmann surface area (g mmpbsa) method was used to predict binding free energies and to
estimate the energy contribution per residue to the binding energy of the complexes. Our results revealed low energy values
for Leu525 and Ala350 residues in both monomer and dimer forms of hERa complexes. On the other hand, the hydrogen
bonding formation between the host and the ligand in the binding pocket involved Glu353, Arg394, Asp351 and Lys529
amino acid residues, indicating that morpholine ether BP has stable interaction with hERa by mimicking the behavior of
17p-estradiol. Furthermore, transition paths analysis of H12 reveals a new stable hER« apo conformation during the simula-
tion time.
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1 Introduction

Nuclear hormone receptors (NRs), which are transcrip-
tion regulators modulated by ligand binding, play impor-
tant roles in ligand-activated transcription factors involved
in a number of biological processes such as homeostasis,
lipid metabolism and cell death [1-3]. Thus, they are sig-
nificantly related to breast and prostate cancers [4]. NRs are
composed of three domains. Starting from N-terminal, the
principal domains are (1) the N-terminal domain (NTD);
(2) DNA-binding domain (DBD); and (3) ligand-binding
domain (LBD) (Fig. 1) [5]. LBD is composed of 12 helices
pack into a three-layer sandwich motif, contains hormone
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binding pocket [6], and is responsible for ligand recognition
and dimerization interface [7, 8]. Transcription behavior of
NR differs when different ligands bind to its LBD, especially
the C-terminal, Helix 12 (H12), orientation which changes
when different ligands interact to NR. It is reported [6, 9]
that the transcriptional activity changes with the location of
H12. The position of H12 is far from the binding site in the
apo form [10], whereas the H12 is located near the ligand
binding site when the ligand is bound. The position of the
H12 depends on the kind of ligand binds to the NR. When
the agonist ligands bind to the LBD, the H12 is repositioned
to cap ligand binding site, allowing the co-activator pro-
tein to bind and the transcription to take place [11, 12]. On
the other hand, the H12 lay over the co-activator groove in
antagonist state, thus preventing dimerization and transcrip-
tion from occurring [13]. Agonist and antagonist forms have
similar binding site region, but with a major difference in the
H12 location [14].

The extended apo conformation of retinoic X receptor-o
(RXRa) was mostly described in 1995 [15]; the H12 in
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Fig. 1 Functional domains of human estrogen receptor o (hER)

RXRa is extended away from the LBD core. Similarly, the
apo-form human estrogen receptor hERa (PDB ID: 1A52,
Fig. 2a) also has unfolded H12 conformation [10]. The apo
hERa 1A52 shows that H12 is highly flexible compared
to known apo structures of other NRs [10, 15-17]. Many
studies have considered the apo hERa 1A52 as the best
available model of an apo ERa LBD form [18, 19].

It has been shown that the apo dimer conformation
of ER is more stable than monomer form and the stabil-
ity increases when it interacts with various ligands [20].
Antagonist ligands such as 4-hydroxytamoxifen and
raloxifene enhance the stability of ER dimer by provid-
ing greater kinetic stabilization more than agonists like
17p-estradiol, and final C-terminal encodes the LBD,
which forms a hydrophobic binding pocket responsible
for estrogen and antiestrogen binding [13]. This domain
also contains a second ligand dependent activation factor,
AF2, which activates ER in response to 17f-estradiol or
synthetic agonists. Due to the implication of controlling
ER activity through its modulation, the LBD is important
for the development of synthetic agonists and antagonists
[9].

Several computational studies were performed in order
to further understand the molecular mechanism of the
ERa. The fragment molecular orbital (FMO) method has
been employed to study the binding energies between ERa
and several ligands; the calculated binding energies were

Fig.2 a Backbone structure of
apo ERa bound to 17f-estradiol
(PDB ID: 1A52). b Molecular
structure of newly designed
morpholine ether BP ligand
used in this study [29]
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found in good agreement with the experimental values
[21-23].

Also, 158 ns MD simulations were performed for apo,
agonist and antagonist conformations of hERa describ-
ing the binding of the 17p-estradiol (E2) in the presence
and absence of co-activator protein [24]. The results from
MD studies did not show any transition for the apo mono-
mer to either an agonist or an antagonist state. In addition,
2.2 ps MD runs were performed for ERa using the acceler-
ated molecular dynamics (aMD) method [25]. The transi-
tion paths of unfolded apo state to either an agonist or an
antagonist state were investigated. It was observed that the
H12 transition occurs in the dimer form and is not governed
only by the presence of a ligand. However, the dimerization
state is essential to get separated landscapes for agonist and
antagonist conformations of H12.

The present study aims to investigate the stability of
hERa forming complex with the newly designed morpho-
line ether BP (Fig. 2b) through MD simulation. In addi-
tion, to describe the transition path of the extended H12
in the PDB ID: 1A52 structure during simulation time, we
treated the apo structure as monomer and dimer forms, even
though other MD studies proposed that the position of the
H12 will not be influenced by the choice of monomer or
dimer conformation [19, 24], but up to nine independent
accelerated MD simulations of apo ERa showed the same
behavior and reproduced H12 states from apo to agonist or
even antagonist conformations only after dimer formation
while no transition has been observed in the monomer com-
plex [25]. In addition, the authors presumed that the ligands
do not directly determine the H12 orientation but stabilize
or destabilize substructural parts of the protein, which in
turn affects the dimerization and H12 conformation. In this
study, we applied normal MD simulations to understand the
dynamics of apo ERa in dimer and monomer forms with
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or without the newly designed morpholine ether (BP) as a
ligand [29].

2 Methods
2.1 Molecular dynamics simulation protocol

The X-ray crystal structure of apo human estrogen recep-
tor hERa, PDB ID: 1A52, was retrieved from the Protein
Data Bank (www.rcsb.org). The ligand, 17p-estradiol bound
to apo 1A52, was removed from the crystal structure; the
hydrogen atoms were added to the protein, and the missing
residues were fixed. The protonation state of the key residue,
His524 imidazole ring, was set as neutral in which the H
atom was assigned to the epsilon (Ne) and His524 (No) was
pointing toward the ligand.

The starting ligand structure was generated and optimized
using a semi-empirical PM3 method [27] available in Gauss-
ian 2003 software [28] and was used as the initial ligand
structure in the docking calculation with hERa receptor [29].
The lowest binding energy which corresponds to the most
stable conformation complex from the docking calculation
was used in the present MD simulation. Additional param-
eters were added to the ligand by using the ACPYPE in the
Amber Tools package.

All MD simulations were carried out using the Gromacs
5.0.7 program with the AMBER FF99SB-ILDN force field
for hERa receptor [26]. The TIP3P model [30] was used
for the water molecules in a cubic box with the distance
from the box to the surface of the protein set to be at least
12 A. The general AMBER force field (GAFF) was used
for the parameters of the BP ligand. To neutralize the sys-
tems, counter ions were added to balance the charge of the
protein. The systems were minimized using the steepest
descent method for 6000 steps followed by the Berendsen
thermostat [31] equilibration run in NVT (constant number
of particles, volume and temperature) ensemble for 200 ps at
300 K. Then the production runs were performed using Par-
rinello-Rahman barostat [32] in the NPT (constant number
of particles, pressure and temperature) ensemble for 1 ns at
1 bar and 300 K. After the temperature and pressure adjust-
ments, a 60-ns MD simulation was performed for the four
systems at 1 bar and 300 K. The cutoff for Coulomb and
van der Waals interactions was set to 12 A and was updated
every 2 fs. The particle mesh Ewald [33, 34] method was
used to correct the electrostatic interactions. The LINCS [35,
36] algorithm was used to constrain the bonds with hydrogen
atoms. A total of four different models of the system were
investigated (see Table 1 for details).

The analysis of the computed trajectories were conducted
using root mean square deviation (RMSD), radius of gyra-
tion (Rg) and root mean square fluctuation (RMSF), and

Table 1 The four different models used in MD simulations of apo
ERa 1AS52 for 60 ns

Model no. Initial conformation Ligand

MF Monomer None

ML Monomer Morpholine ether (BP)
DF Dimer None

DL Dimer Morpholine ether (BP)

the VMD 1.9.3 [37] software was used to visualize the
interaction.

2.2 Free energy calculations

Free energy calculations were performed by the molecular
mechanics Poisson—Boltzmann surface area (MM-PBSA)
method available in GROMACS software packages using
g_mmpbsa tool [38]. In this study, the last 20 ns for simula-
tion of complex was chosen as an equilibrium part of the
trajectory for energy analysis. MM-PBSA was applied to
predict average binding free energies using python script,
MmPbSaStat.py, available in the g_mmpbsa package; two
output files summary_energy.dat and full_energy.dat were
obtained; summary_energy. dat contains average of all ener-
getic components including the binding energy, polar solva-
tion energy AG ., solvent accessible surface area (SASA)
AG, gppolars electrostatic interaction AE,, and van der Waals
interaction E, 4y, Whereas full_energy.dat contains the values
of energetic terms as a function of time which were plotted
with Xmgrace software. On the other hand, to calculate aver-
age contribution of the residues to the binding energy [39], a
python script MmPbSaDecomp.py was used, and the results
including binding energy for each residue were plotted using
file energyMapIn.dat with Xmgrace software. Furthermore,
energy2bfac tool was used to visualize the contribution
energy of residue with its structure using VMD program.

3 Results and discussion
3.1 Conformational stability of simulations

For all simulations, the calculated RMSDs reach stable
values after approximately 10 ns. The RMSDs for MF and
ML reach the average value of 4.4 A (Fig. 3a) while the
dimer ligand complex model DL is more dynamic and has
the RMSD average value of 5.4 A. The free dimer DF, on
the other hand, has lower RMSD values, between 2 to 4 A
(Fig. 3b). While initially this may indicate unstable simu-
lations of the apo dimer complex, DL, such high RMSD
values which correspond to the conformational changes of
H12 are not very surprising.
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Fig.3 The RMSDs of all backbone atoms of the apo hERa LBD throughout simulations for a free and monomer-ligand complex, b free and

dimer ligand complex

The larger RMSD values in the free and complex apo
forms appear to have occurred due to the large fluctuation
in the extended H12. This is in agreement with most apo
hER« studies compared to the folding conformations of
hERa in agonist and antagonist forms [24, 25]. For exam-
ple, Fratev [25] also reported high conformational flex-
ibility with respect to H12, thus affecting the stability of
the overall hERa structure compared to the folding of H12
conformation. Similar results were also reported by Celik
et al. [24]. The results from MD runs showed high RMSD
value, around 4 A for apo hERa (PDB: 1A52) bound to
17B-estradiol, whereas the RMSD values for the antagonist
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and agonist were around 3 and 2 A, respectively. Therefore,
the rather high RMSD values obtained with our morpholine
ether benzophenone ligand with the apo dimer are in agree-
ment with the previous reports.

Consistently, the RMSFs of the monomer model are
smaller than those of the dimer complex DL. Further anal-
ysis reveals that the RMSFs of the beginning of C-terminal
of H3, loops 330-340 between H1 and H3, the beginning
of C-terminal of H9, loops 556-565 between H8 and H9,
and the end of H11, loops 531-536 between H11 and
H12, are relatively higher than other regions in all apo
hERa LBD models. Thus, helix—loop—helix segments of

2.6 T T T T T
2.51- -
E
Ei5:q =
50
(-4
23F
59 ] I I | |
70 10000 20000 30000 40000 50000
Time (ps)
(b)

Fig.4 Variation of radius of gyration, Rg, of the apo hERa LBD a monomer and b dimer forms. Black and red lines represent free and complex

conformations of hER«, respectively

@ Springer



Theoretical Chemistry Accounts (2018) 137:101

Page50f10 101

Hl H3 H4 H5 H6 H7 HS8 H9  HIO HIl HI2

08— T T T T T T T T

— hER(Apo) Monomer
—— hER(Apo)_Complex

RMSF (nm)

| | 1 1 | | 1 1 | ]
350 375 400 425 450 475
Residue number

(a)

RMSF (nm)

Hl H3 H4 H5 H6 H7 HS8 H9 ” “ ”” HI2

L1 T T T T T T T T

— hER(Apo) Dimer
—— hER(Apo) Dimer_Complex

091

0.8

0.7

375 400 425 450 475 500

Residue number

(b)

525

Fig.5 RMSEF profiles of the apo hERa LBD a monomer and b dimer forms. Black and red lines represent free and complex conformation of

hERa, respectively

H3 (loops 330-340), H9 (loops 556-565), H11 (loops
531-536) and H12 are the most flexible regions in the apo
hERa LBD. We further analyzed the stability of the apo
hERa LBD models during the simulation in terms of the
radius of gyration (Rg). The plot of the variation of radius
of gyration of each monomer and dimer models with time
is shown in Fig. 4. Due to the orientational difference of
H12, the hERa dimer DL complex has higher Rg values
compared to the free dimer, DF. The Rg profile obtained
from MD simulations reveals that the free receptors are
more stable than the ligand-bound receptors with respect
to both monomer and dimer forms.

The root mean square fluctuations (RMSF) per resi-
due were also analyzed to identify the regions of high

Fig.6 Snapshot obtained for morpholine ether BP (green) dur-
ing 60 ns superimpose with the crystal structure of 17f-estradiol
(orange), PDBID: 1AS52, hydrogen bonds are represented in black
dashed lines

fluctuations. Results are summarized in Fig. 5. In general,
hERa LBD dimer, DF, is more stable than its monomeric
form, MF, and the upward movement of the linker region
between H8 and H9 was observed for the monomer, but
not for the dimer. This is due to the dimerization which
constraints the movement of the linker region, thus mak-
ing the dimer form more stable compared to the monomer.
We found that the observed high RMSD fluctuations of the
apo ERo/morpholine ether BP complex are mainly due to
the long loop region between H1 and H3, H8 and H9 and
H12. These regions are found to be highly flexible during
the MD simulation in both the monomer and dimer forms.
Analysis of the hydrogen bonding formation between the
morpholine ether BP and the monomer and dimer forms
reveals high similarity for both complexes. The hydrogen
bonding formation between the hERa and morpholine
ether BP in the binding pocket involved Glu353, Arg394,
Asp351 and Lys529 amino acid residues (Fig. 6), indicat-
ing that morpholine ether BP has stable interaction with
hERa by mimicking the behavior of 173-estradiol (Fig. 7a,
b). Both were observed to form hydrogen bonds mainly
with Glu353 residue throughout the simulation period
(Fig. 8a, b), thus suggesting that the stability of the com-
plexes is due to hydrophobic interactions. Further analysis
based on the free energy analysis results for individual
contributions of the residues during ligand receptor inter-
action in Sect. 3.3 confirms this assumption.

3.2 Transition path analysis of H12 in dimer form
To illustrate the dynamics of H12 in the free and ligand

bound dimer, distance analysis was also performed on eight
key residues of H12 for chains A and B in the dimer models,
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Fig.7 Variations in the number of hydrogen bonds between the apo hERa LBD bound with morpholine ether BP in a monomer and b dimer
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Fig.8 a Variations in the number of hydrogen bonds between the Glu353 residue with hydroxyl group in morpholine ether BP. b Details of the
important residues and hydrogen bonding contacts between morpholine ether BP with Glu353 in the hERa apo conformation

DF and DL (Fig. 9). The minimum-distance analysis for DF
showed distance between H12 in chain A and chain B was
within the range of 4.5 nm, indicating that H12 swung up
toward the binding pocket for both chains during the simu-
lation (Fig. 10a). In DL, the dynamics of H12 is studied in
the presence of morpholine ether BP ligand in both chains.
Interestingly and in contrast to the free dimer form, this
simulation reveals a new stable conformation of apo hERa
complex after 15 ns to the end of the simulation time with
dramatic changes in the behavior of the dimer. H12 is very
dynamic and travels from chain A to interact with H12 in
chain B within the range of 0.2 nm (Fig. 10b).

@ Springer

3.3 Free energy analysis

The MM-PBSA method has been applied to predict bind-
ing free energies and to evaluate the relative stabilities
and molecular interactions of the whole apo ERa ligand
binding domain with morpholine ether BP. The calcu-
lated energies including the total binding energy and the
separate energy components for MD trajectories from
40 to 60 ns are listed in Table 2. As shown in Fig. 11,
the calculated binding free energy of monomer complex
ML (—126.13 kJ/mol) is higher than dimer complex,
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Fig.9 The minimum distance analysis between chain A and chain B
of H12 of apo hERa LBD. Black and red lines represent the free and
dimer complex conformations, respectively

DL (—359.40 kJ/mol). The results demonstrated that the
dimer form promoted stability to the apo ERa and mor-
pholine ether BP complex more than the monomer confor-
mation. In order to understand the molecular interaction
of apo ERa/morpholine ether BP complex, it would be
helpful to determine the ERa residues that interact with
the morpholine ether BP. The g_mmpbsa tool decomposes
the total binding energy into the contributions made by
each residue, thus enabling the comparison of the rela-
tive residue contribution to the overall binding energy.

@

“H12@60 ns

’} H12@30 ns

H12@1 ns
(a)

oy

We calculated per residue energy contributions for both
monomer and dimer complexes in Fig. 12a, b, respec-
tively. As it can be seen, during the initial transition to
the stable forms, the energy contribution came mainly
from the binding site residues of H3, H5 and H11. The
hydrophobic residues strongly interacting with morpho-
line ether BP are Leu525, Ala350, Leu346 and Leu387 in
both monomer and dimer forms. Weak interactions were
observed between the morpholine ether BP and many
surrounding charged/polarized residues, such as Glu353,
Lys529, Glu419 and Gly521 for monomer (see Fig. 13a)
and Glu353, Lys529, Arg394 and His524 for the dimer
form (see Fig. 13b), suggesting that the stability of the
apo ERo/morpholine ether BP complex is mainly due to
hydrophobic interactions.

Table2 The total binding energy and its components of monomer
and dimer (ML and DL) complexes obtained from g_mmpbsa

Energy components kJ/mol ML DL

van der Waals —232.33 —471.75
Electrostatic —38.24 —78.22
Polar solvation 166.06 233.34
SASA -21.62 —42.77
Total binding energy —126.13 —359.40

H12@60 ns
H12@30 ns
H12@1 ns

-

(b)

Fig. 10 Overlay of snapshots of the conformational dynamics of a free DF and b dimer complex DL. For the H12 snapshots, red after 1 ns,
green after 30 ns, and magenta after 60 ns. Important helices in the binding cavity are highlighted
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Fig. 11 Total binding free energy of monomer and dimer (ML and
DL) complexes calculated by g_mmpbsa tool. Black and red lines
represent monomer and dimer complexes, respectively

4 Conclusion

The interactions between the human ERa both in monomer
and in dimer forms with morpholine ether BP were studied
using MD simulation. Our results shed light on the struc-
tural fluctuation of the ERa apo state and its structural
change upon morpholine ether BP binding. It was observed
that the fluctuation of the H12 is much larger than other
helices as determined from the MD trajectories. Further-
more, this study reveals a new stable dimer conformation
during the simulation time as well as identifies that the
motions of the H12 in the dimer form swing toward each
other until the end of the simulation time. From g_mmpbsa
analysis, the calculated binding free energy of dimer com-
plex DL is more stable than the monomer complex ML.
Furthermore, significant interactions of the ligand, mor-
pholine ether BP, with the dimer form were found to occur
with the same amino acid residues observed in the mono-
mer complex. Strong interactions were observed between
the morpholine ether BP and several hydrophobic residues,

Chain B

GLU353

-4.49

-8 70
-12.91

=) msa

|£U525

GLU353

(a)

(b)

Fig. 12 Energetic contributions of apo hER« residues. Energies are given as kJ per mole. The mapping of energy contribution on the structures
of a ML complex b DL complex. The energy mappings are prepared using energy2bfac
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Fig. 13 The energy contribution of amino acid residue of apo hERa complex of a Monomer (ML) and b Dimer (DL) with morpholine ether BP

in particular for leucine (Leu525, Leu346, Leu387) and
alanine Ala350. The interaction of ligand and surrounding
charged/polar residues with the highest energy was found
for Glu353, suggesting the stability of the apo ERa/mor-
pholine ether via hydrophobic interaction.
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