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um mechanics/molecular
mechanics (QM/MM) methods to understand the
charge density distribution of estrogens in the
active site of estrogen receptors†

C. Kalaiarasi, S. Manjula and P. Kumaradhas *

The ligand binding to protein and host–guest interactions are ubiquitous for molecular recognition. In drug

design, the ligand binding to the active site of proteins is influenced by the charge density distribution and

the electrostatic interactions of ligands and the nearby amino acids of the protein. The charge density

analyses of ligand–protein complexes need accurate positions of hydrogen atoms and their valence

electron distribution and the fine structure of proteins. Such information cannot be obtained from the

conventional protein X-ray crystallography analysis in the resolution range of 1.5 to 3.5 �A. This can be

realized from QM/MM based structure and charge density analysis of estrogens with the estrogen

receptor. The charge density properties such as electron density, Laplacian of electron density and

electrostatic properties of estrogens in the presence of active site amino acid residues have been

determined and compared with the isolated estrogen molecules from theory and experimental. The

present study reveals the chemical bonding nature of estrogen molecules and the strength of the

intermolecular interactions in the active site of estrogen receptor, and also the importance of p/p

interactions between the estrogens and Phe404 amino acid residue and protonation state of His524

amino acid residue have been identified using electrostatic potential maps. The difference in the

electrostatic potential map of estrogens displays the hormone dependent actions of estrogen receptor.

This method is very helpful to derive the charge density distribution of macromolecules to understand

their biological recognition and interactions.
Introduction

In medicinal chemistry, the structure activity relationship and
molecular recognition of drugs in the receptor at an electronic
level is very much important for pharmacological drug design.
The molecular recognition process is subject to intermolecular
interactions such as steric and also the complementary elec-
trostatic interactions.1,2 The intermolecular interactions are well
characterized by the charge density analysis from X-ray
diffraction techniques. The small molecule charge density
analysis at high resolution is a plausible one. The charge density
gives information about the bonding and the topology of elec-
tron density of intermolecular interactions and the strength of
interactions which are requisite for molecular recognition
process.3–5 In protein structures, the position of hydrogen atoms
and their valence electron distributions are very important to
understand the physical and chemical properties, because the
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hydrogen atoms are essential for the intermolecular interac-
tions and the stability of the structure. To model the charge
density distribution of molecules high resolution X-ray diffrac-
tion intensity data (1.0�A) is required. As in the case of crystals of
small molecules, the charge density analysis from the sub-
atomic resolution X-ray diffraction data allows an under-
standing of the topological properties of electron densities of
molecules. Such kinds of experimental charge density analysis
have also been performed for the crystals of ligand–protein
complexes, which gives the information about the topological
and electrostatic properties of ligand–protein complexes.6–12 In
recent years, the charge density analyses of ligand–protein
complexes have been reported at sub-atomic resolution such as
Crambin (0.54 �A),6 antifreeze protein (0.62 �A),7 human aldose
reductase (0.66�A),8 rubredoxin (0.69�A),9 syntenin (0.73�A)10 and
lysozyme (0.65 �A).11 Interestingly, Hirano and co-workers re-
ported the charge density analysis of metallo proteins at an
ultra-high resolution (0.48 �A).12 This is possible because of the
advent of advanced X-ray diffractometers and the availability of
synchrotron radiation sources, which attains sub-atomic reso-
lution.13,14 However, the protein structures at sub-atomic reso-
lution are very much limited due to the low quality of the
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 The QM/MM scheme of estrogens. The ligand containing active
site amino acids are considered as QM region. The remaining amino
acids and solvent molecules are considered as MM region.
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crystals, disorder, solvent effects and also the limitation of
synchrotron radiation sources. To overcome these shortcom-
ings, several methods are proposed to derive the electron
density distribution at high resolution itself, namely invariom
renement, theoretical structure factor from the wave function
and QM/MM methods.15–17 The present study explores the
charge density distribution of ligand molecules in the binding
pocket as a QM region and the remaining part of the amino
acids as the MM region. The present charge density study of
ligand–protein complexes is the model analysis of the binding
pocket of estrogen receptors using QM/MM energy minimiza-
tion coupled with the QTAIM study.

Estrogens are the hormones, which are essential for the
development and maintenance of female reproductive system,
responsible for the secondary female sex characteristics. And
also it is present in the other tissues like bone, liver, uterus, skin
and brain. The major estrogens are estrone (E1), estradiol (E2)
and estriol (E3). These estrogens exert their function by binding
to the estrogen receptors (ER). In the agonist position, the
hormone molecule binds with the Helix3 (H3), H6 and H11 and
closes the ligand binding domain (LBD); this could be the result
of activation or repression of the genes.18–25 The activated
complex then binds to the DNA, i.e., estrogen response
elements and then cell dimerization occurs. In some cases, in
the presence of DNA genetic errors leads to the rapid cell
proliferation and also the genotoxic effect of estrogen metabo-
lites damages the DNA causing cellular transformation and
tumor cell growth.26–30 However, the exact mechanism of the
estrogen in the initiation of breast cancer still to be elucidated.
To elucidate the exact mechanism and the role of estrogen
molecules in the breast cancer, the knowledge of the intermo-
lecular interactions, electronic structure and the electrostatic
potential need to be understood. The experimental electron
density analysis of several hormone molecules such as estrone,
17b-estradiol, 17a-estradiol, estriol and synthetic steroid
hormone molecules such as genistein and diethylstilbestrol are
reported from crystallographic studies. The present study is
mainly focused to understand the charge density distribution of
estrone, 17b-estradiol and estriol molecules and their interac-
tions with the active site amino acids of estrogen receptor. The
charge density study on the above said estrogen–receptor
complexes have been performed from the QM/MM calculation
coupled31 with the Bader's quantum theory of atoms in mole-
cules.32 The detailed topological properties of electron density
and the electrostatic properties of these estrogen molecules
have been discussed.

Materials and methods
The QM/MM method

The hybrid QM/MM methods were proposed and developed by
Warshel and Levitt.31 In the QM/MM approach, the ligand and
protein molecule are separated by two domains. The ligand
molecule associated with the small region (active site) of protein
in the ligand–protein complex is considered as QM region and
the remaining part of the complex is considered as MM region
(Fig. 1). The QM region was treated by quantum mechanical
This journal is © The Royal Society of Chemistry 2019
methods, whereas the MM region was treated by MM force
elds. These two regions are connected through the electro-
static interactions. Then the Hamiltonian of the hybrid QM/MM
is expressed as,33,34

H ¼ HQM + HMM + HQM/MM (1)

The effective Hamiltonian consists of three terms, rst one is
the QM region, the second the MM region and last one is the
interaction region. The interaction term is the interaction
between the MM point charges with electrons in the QM system
and also interaction between MM charges with the QM nuclei.
In which, the interactions are not covalent one, but in which the
Hamiltonian is the sum of electrostatic and Lennard Jones
potential.
Computational details

The initial structure of hormone molecules estrone, 17b-estra-
diol and estriol are drawn using ChemDraw soware. Then
these structures were optimized using B3LYP method35 with 6-
311G** basis set36 in Gaussian03 soware.37 To perform dock-
ing study, the human estrogen receptor protein ligand binding
domain has been downloaded from the RCSB PDB with the PDB
id 3ERT with the resolution of 1.9 �A.38 During the protein
preparation, all the crystallographic water molecules were
retained; the hydrogen atom and kollman charges were added
to the protein using AutoDockTools. The grid size of dimension
70 � 62 � 74 �A has been constructed with the grid spacing of
0.375 �A. Further, the Lamarckian algorithm has been used to
perform the exible molecular docking of estrogen molecules
with the estrogen receptor-a (ERa) using AutoDock 4.2
package.39 Among the different conformers obtained, the lowest
docked conformer has been chosen for further QM/MM study.
RSC Adv., 2019, 9, 40758–40771 | 40759
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The QM/MM study of ERa with the estrogen molecule
complexes were performed using AmberTools14 (ref. 40–42)
with the help of Amberff14SB force led.43 The active site amino
acid residues Glu353, Leu387, Leu391, Met388, Leu428, Ile424,
Arg394, Met421, Gly521, Leu525, His524, Leu384, Leu346,
Phe404 along with the estrogen molecule were considered as
the QM region to achieve better approximation; whereas, the
other amino acid residues and solvents were treated as MM
region using MM force elds. The complex has been immersed
in the solvent using TIP3P water box44,45 at 8 �A and 3 Na+ ions
has been added to this mesh to neutralize the charges of the
whole system. The QM cutoff was xed as in the non-bonded
cutoff region at 8 �A. The minimization of entire system has
been performed for the 2000 steps, in which the rst 500 steps
the steepest descent minimization, aer 500 steps the mini-
mization was switched to steepest descent to conjugate gradient
method. During the entire minimization, the SHAKE algorithm
has not introduced and as for the interaction terms the Ewald
and particle mesh Ewald methods46 were used for the long
range electrostatics. The QM restraint has been applied for the
Glu535, Arg394, His524 and HOH2 molecules with the restraint
weight equal to 1 for the entire QM/MM minimization. The
semi-empirical PM3 method was used for the QM calculations,
whereas, for the MM region Amberff14SB force led was used.
Results and discussion
Molecular docking studies

To explore the estrogenic activity of estrogen molecules such as
estrone, 17b-estradiol and estriol (Fig. 2), the docking analysis
has been carried out with the ERa using AutoDock soware39

and the corresponding binding free energy of 10 different
conformers are given in Table 1. Among the different
conformers obtained, the lowest docked energy conformer of
estradiol (conformer-2), estrone (conformer-2) and estriol
(conformer-1) has been selected for the analysis of intermolec-
ular interaction and QM/MM calculations. The active site amino
acid residues interact with the three hormone molecules are
found to be same and are: Glu353, Leu387, Leu391, Met388,
Leu428, Ile424, Arg394, Met421, Gly521, Leu525, His524,
Leu384, Leu346 and Phe404. All the three molecules bind in the
cavity of Helix H3, H5 and H6 and forms hydrogen bonding
interactions with the Glu353, Arg394, His524 and HOH2.38 The
intermolecular interactions of estrogen molecules with the
estrogen receptor are shown in Table 2.
Estrone–ERa interactions

In E1 molecule, the hydroxyl group (OH) of aromatic A-ring
forms strong hydrogen bonding interactions with the Glu353
(OE1, OE2 atoms) residue at the distance of 1.7, 2.5�A. Similarly,
the O-atom of hydroxyl group of A-ring form hydrogen bonding
interaction with the Arg394 residue at the distance of 2.1 �A. In
the D-ring, the O(2) atom forms hydrogen bonding interaction
with the NH group of His524 amino acid at the distance of 2.5�A.
The E1 molecule also forms several hydrophobic interactions
with the other amino acid residues and create the hydrophobic
40760 | RSC Adv., 2019, 9, 40758–40771
groove. And, the O-atom in the D-ring also forms hydrogen
bonding interaction with the active site water molecule HOH2
at the distance of 2.8�A. This water molecule acts as a bridge and
forming a link between the ligand and ERa as ligand–HOH2–
Arg394, ligand–HOH2–Glu353 at the distances of 2.6 and 2.0 �A
respectively (Table 2). Apart from these interactions, several
hydrophobic interactions also stabilize the ligand binding
cavity in the ERa.

17b-Estradiol–ERa interactions

In the A-ring of the E2 molecule, the hydroxyl group H(6) atom
forms strong hydrogen bonding interaction with the Glu353 at
the distance of 1.7 �A. The O-atom in the hydroxyl group forms
strong hydrogen bonding interaction with the Arg394 residue at
the distance of 2.2 �A. In addition to this, the O-atom forms
strong hydrogen bonding interaction with HOH2 molecule at
the distance of 2.6 �A, in which the water molecule acts as
a bridge between ligand–HOH2–Arg394, Glu353 amino acid
residues. The H(3) atom of D-ring of the molecule forms strong
hydrogen bonding interaction with the His524 residue (ND1
atom) at the distance of 2.5 �A. In the active site of estrogen
receptor, two protonation state of His524 residue is observed.
The two isoforms of His524 residue rotated appropriately to
form stable interaction with the estrogens. In the case of E2
molecule, the estradiol molecule act as a hydrogen bond donor
and His524 is an acceptor. Whereas for the E1 and E3 mole-
cules, the ligand molecule acts as hydrogen bond acceptor and
His524 residue is a donor. In addition to this, the aromatic ring
of the E2 molecule forms p/p aromatic T-shaped interactions
with the Phe404 amino acid residue at the distance of 4.83 �A;
this is a very important interaction for the estrogenic activity.
Apart from this, the A-ring of the molecule forms p/alkyl
interactions with the amino acid residues Ala350, Met387,
Met388, Met391, and the B-ring of the molecule forms p/alkyl
interaction with the Met388, Met391 and Phe404 residues. This
interaction is not observed between E1, E3 molecules with ERa.
The estrogen molecules are highly hydrophobic in nature,
hence they form several hydrophobic interactions with the
active site residues of ERa and forms strong hydrophobic
groove in the active site.

Estriol–ERa interactions

In the estriol molecule, the hydroxyl group H(6) atom of A-ring
forms hydrogen bonding interaction with the Glu353 residue at
the distance of 2.4 �A, the distance between the donor and
acceptor is very large compared with the E1 and E2 molecules.
The ligand–water–amino acid interactions (water molecule acts
as a bridge) also found for the estriol molecule. Hence, this
water molecule interaction is very essential for the stabilizing
the active site of the ERa. In addition to this, the D-ring hydroxyl
group connected at the C(16) position forms hydrogen bonding
interaction with the Gly521 residue at the distance of 2.5�A. The
D-ring hydroxyl group in the C(15) position forms hydrogen
bonding interaction with the His524 residue at the distance of
1.7 �A. This interaction is considered to be very strong interac-
tion on compared with all other interactions.
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The chemical structure and energy minimized structure with atom numbering scheme of estrogens.
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QM/MM interactions

Aer the QM/MM minimization, the important intermolecular
interactions between the estrogen molecules with the ERa have
been compared with the docking studies and are presented in
Table 3. The QM/MMminimized estrogen receptor complex and
the corresponding interactions are shown in Fig. 3. The
hydrogen bonding interactions between the hydroxyl group of
aromatic A-ring of E1 and E2 molecules with the Glu353 residue
is not altered (1.7�A) and are remains same before and aer the
QM/MM minimization, whereas in E3 molecule this distance
This journal is © The Royal Society of Chemistry 2019
reduces to 1.8�A. The hydrogen bonding interaction between the
Arg394 residue with the O-atom of the hydroxyl group of
aromatic ring of E1 and E2 molecules are 2.2 and 2.1 �A,
respectively; these values are found slightly varying, notably in
E1 it decreases to 1.9�A, whereas in E3 molecule, it increases to
2.6�A. Similarly, the His524 hydrogen bonding interactions also
shows some difference for all molecules. In E1, the H-bond
distance decreases from 2.5 to 1.8 �A; in E2 molecule, the vari-
ation is found to be small (2.2 to 2.3�A), whereas in E3 molecule,
similar trend has been observed, the variation is 1.7 to 1.9 �A.
RSC Adv., 2019, 9, 40758–40771 | 40761
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Table 1 Binding free energy (kcal mol�1) of estrogens frommolecular
docking analysis

Conformers 17b-Estradiol Estriol Estrone

1 �9.40 �8.28 �9.20
2 �9.40 �8.35 �9.20
3 �9.40 �8.35 �9.20
4 �9.38 �8.32 �9.20
5 �9.40 �8.30 �8.62
6 �9.40 �7.56 �9.20
7 �9.39 �8.29 �9.20
8 �9.40 �8.34 �9.20
9 �9.40 �8.21 �9.21
10 �9.39 �8.35 �9.20
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This kind of small variation also found for water (HOH2)
molecule, which involved estrogen–HOH2–ERa interactions.
This is trend is same in all estrogen–ERa complexes. The T-
shaped p/p aromatic interaction in the E2 molecule also
slightly decreases from 4.83 to 4.79�A. This indicates that, aer
the QM/MM minimization, the intermolecular interactions
between the estrone and estradiol molecules with ERa not
much altered only slight variation in the interaction distances is
observed, whereas in the case of estriol molecule, large variation
has been observed. This indicates that the E1 and E2 molecules
are more stable in the active site of estrogen receptor. However,
among all hormone molecules, the E2 molecule shows the
highest binding affinity towards ERa.
Molecular conformation

The geometry of estrogen molecules in the gas phase, docking
structure (lied from the active site of docking), QM/MM
minimization were compared. In all estrogen molecules, in
bond lengths, bond angles and torsion angles, there is not
much variation has been found between the gas phase and the
active site structure of estrogens obtained from the molecular
docking. Whereas, the conformation of the estrogen molecules
aer QM/MM minimization, it has been largely varied (Table
S1†). In E1 molecule, the C(17)–C(16)–C(15)–O(2) torsion angle
of D-ring in the gas phase is �175.4�, which decreases to 145.2�

in both molecular docking and QM/MM minimized structure;
this indicates that the bonds are exhibit trans conformation in
the gas phase, whereas in the active site (when the molecules
present) and the torsional angles of these bonds are altered to
anticlinal conformation this facilitates to form intermolecular
interactions with the nearby amino acids present in the active
site of estrogen receptor. In the case of E2 and E3 molecule, the
torsion angle of C(18)–C(13)–C(15)–O(2) bond of the ve
membered D-ring shows a considerable variation and exhibit
anticlinal conformation. The above results reveal that the
conformation of D-ring of the three estrogens has been largely
altered in docking and QM/MM minimized structures
compared to the gas phase structure, this conrm that the ve
membered D-ring of the estrogen molecules play an important
role in the active site of ERa as it strongly interact with the active
site amino acids.
40762 | RSC Adv., 2019, 9, 40758–40771
Charge density analysis

The Bader's quantum theory of atoms in molecules is a power-
ful tool to describe the charge density distribution of chemical
bonds (QTAIM).32 From the charge density analysis, we can
understand the chemical bonding nature, atomic interactions,
reactivity and stability of molecular systems. From the Bader's
QTAIM theory, the point where the rst derivative of electron
density vanishes is called critical point (CP) in that bond. A
bond critical point (bcp), r,c is classied based on its rank and
signature. The local curvatures are expanded as nine partial
second derivatives in three dimensional space, this forms the
Hessian matrix of r(r). The diagonalization of Hessian matrix
gives the second derivative of electron density V2r(r), which
provides themeasure of local charge concentration. IfV2r(r) > 0,
the charges are locally depleted; if V2r(r) < 0, the charges are
locally concentrated. The Laplacian of electron density at the
bond critical point gives the measure of charge concentration/
depletion at the bcp. The single point energy calculation has
been performed for all estrogenmolecules along with the amino
acid residues around 4�A has been included in the calculation to
provide the polarization effect. This is the exact situation as in
the protein environment with the ligand molecule, i.e., biolog-
ically active environment. The wave function obtained from the
above calculations, the topological properties of estrogen
molecules in the active site environment has been determined.
The topological parameters such as electron density, Laplacian
of electron density of estrogen molecules have been determined
from the QM/MMminimization, which present in the active site
amino acids environment. These charge density parameters are
compared with the corresponding reported charge density
parameters of estrogen molecules.47–50
Electron density

The electron density of QM/MM minimized structure of
estrogen molecules are compared with the reported experi-
mental and gas phase studies. The calculated electron density
rbcp(r) values of all the bonds agree with the reported values
(Table S2†). The electron densities of C–C bonds of A, B, C rings
of estrogens are not much altered for the QM/MM minimized
molecules on compare with the reported experimental47–50 and
the gas phase structures. Whereas, for the D-ring of E1 and E2
molecules, the electron density of C–C bonds has been varied
considerably, which are relatively high on compare with E3
molecule. In E1, the maximum deviation of electron density
value of C–C bonds are �0.2 eÅ�3, whereas for E2 molecule the
difference is �0.1 eÅ�3; this variation may be due to the inter-
molecular interactions with the His524 residue; and the charges
of these bonds are dried. In the case of QM/MMminimized E3
molecule, all the C–C bonds only exhibit considerable variation
on compared with the reported experimental structure.50 The
rbcp(r) value of C–O bonds in the E1 and E2 molecules are
showing some difference (�0.1 e�A�3) when compare with the
experimental values. In E1 molecule, the C(15)]O(2) bond has
high electron density (2.771 e�A�3), whereas for E3 molecule, the
electron density is 1.764 e�A�3 and the difference is very small
(�0.07 e�A�3) when compare with the experimental values. The
This journal is © The Royal Society of Chemistry 2019
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Table 2 The intermolecular interactions of estrogen and ERa complex

Amino acid
residue 17b-Estradiol

Distance
(�A) Estrone

Distance
(�A) Estriol

Distance
(�A)

Hydrogen bonding interactions
Glu353 H(6)/Glu353(OE2) 1.7 H(6)/Glu353(OE2) 1.7 H(6)/Glu353(OE2) 2.4

H(6)/Glu353(OE1) 2.5
Arg394 O(1)/Arg394(2HH2) 2.2 O(1)/Arg394(2HH2) 2.1 O(1)/Arg394(2HH2) 2.2
His524 H(3)/His524 (ND1) 2.2 O(2)/His524(HE2) 2.5 O(2)/His524 (HE2) 1.7
Gly521 — — — — H(3)/Gly521(O) 2.5
HOH2 O(1)/HOH(H1) 2.6 O(1)/HOH(H1) 2.8 O(1)/HOH(H1) 2.0

Water-bridge bond interactions
HOH2 HOH2(O)/Arg394(2HH1) 1.9 HOH2(O)/Arg394(1HH1) 2.6 HOH2(H2)/Glu353(OE2) 2.0

HOH2(O)/Arg394(2HH2) 2.9 HOH2(O)/Arg394(2HH2) HOH2(O)/Arg394(1HH1) 2.6
HOH2(H2)/Glu353(OE1) 2.7 HOH2(H2)/Glu353(OE2) 2.0 HOH2(H1)/Leu387(O) 2.0
HOH2(H1)/Leu387(O) 3.1 HOH2(H1)/Leu387(O) 2.0

Hydrophobic interactions
Glu353 H(5)/Glu353(OE2) 2.6 H(5)/Glu553(OE1) 3.9 H(5)/Glu553(OE1) 1.6
Leu391 C(5)/Leu391(H07) 3.4 C(5)/Leu391(H07) 3.1 C(5)/Leu391(H07) 3.3

C(5)/Leu391(H06) 2.7 C(5)/Leu391(H06) 2.9 C(5)/Leu391(H06) 3.7
C(5)/Leu391(H03) 2.3
C(5)/Leu391(HN) 3.1

Leu387 O(1)/Leu387(H01) 3.4 O(1)/Leu387(H01) 3.4 O(1)/Leu387(H01) 3.5
O(1)/Leu387(H03) 3.0 H(5)/Leu387(O) 3.7

Met388 C(9)/Met388(H01) C(9)/Met388(H01) 2.6 C(9)/Met388(H05) 2.4
H(10A)/Met388(SD) C(9)/Met388(H04) 2.9 C(9)/Met388(H04) 2.7
H(10A)/Met388(CG) C(10)/Met388(H06) 2.8 C(9)/Met388(H04) 2.5
C(10)/Met388(H07) C(10)/Met388(H07) 3.6 C(10)/Met388(H02) 2.8

H(9A)/Met388(CE) 2.7 C(10)/Met388(H07) 2.4
H(9A)/Met388(CG) 3.1 C(10)/Met388(H04) 3.1
H(10A)/Met388(CA) 3.0 H(9A)/Met388(CG) 2.5
H(10A)/Met388(CG) 2.8 H(9A)/Met388(SD) 3.5

H(10A)/Met388(CB) 3.0
Arg394 O(1)/Arg394(NH2) 3.1 O(1)/Arg394(NH2) 2.4 O(1)/Arg394(NH2) 2.6
Met421 H(16B)/Met421(CE) 2.9 H(16B)/Met421(CE) 3.0 H(16)/Met421(CE)

H(16B)/Met421(SD) 3.1 H(16B)/Met421(SD) 2.4 H(16)/Met421(SD)
H(17A)/Met421(SD) 2.6 H(16A)/Met421(SD) 3.1 C(17)/Met421(H01)
H(17A)/Met421(CG) 2.2 O(2)/Met421(H07) 2.7 H(17A)/Met421(CE)

Ile424 H(17B)/Ile424(CD1) 2.3 H(17B)/Ile424(CD1) 2.9 H(16B)/Ile424(CD1) 2.2
Gly521 H(16A)/Gly521(O) H(16A)/Gly521(O) 3.1 O(3)/Gly521(H01) 2.7

C(16)/Gly521(H01) C(16)/Gly521(H07) 2.9 O(3)/Gly521(H03) 2.3
C(16)/Gly521(H0\2) C(17)/Gly521(H01) 3.1 H(3)/Gly521(O)

Phe404 C(10)/Phe404(H06) 2.5 C(10)/Phe404(H06) 2.8 C(10)/Phe404(H06)
H(10A)/Phe404(CE1) 2.5 H(10A)/Phe404(CE1) 3.1 H(10A)/Phe404(CE1)

Leu525 C(12)/Leu525(H06) 2.7 C(18)/Leu525(H09) 3.4 O(2)/Leu525(H01) 1.9
H(12A)/Leu525(CD2) 2.8 O(2)/Leu525(H09) O(2)/Leu525(H09) 2.8
O(2)/Leu525(H09) 2.0 O(2)/Leu525(H08) H(4)/Leu525(CD2) 2.8
H(3)/Leu525(HN) H(15)/Leu525(CD1) 2.6

Leu384 C(18)/Leu384(H06) 3.1 C(9)/Leu384(H05) 2.2 H(14)/Leu384(CD1) 2.7
H(18C)/Leu384(CD2) 3.5 H(9A)/Leu384(CD1) 2.3 C(14)/Leu384(H05) 2.9

Leu346 C(9)/Leu346(H08) 2.7 H(11B)/Leu346(CD2) 2.7 C(18)/Leu346(H03) 3.1
H(9B)/Leu346(CD1) 2.7 C(11)/Leu346(H03) 2.6 C(18)/Leu346(H02)
H(14)/Leu346(CD1) 3.1 H(11B)/Leu346(CG) 3.1

H(11B)/Leu346(CB) 3.3
H(12A)/Leu346(CD1) 2.8
C(12)/Leu346(H10) 3.2
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above results conrm that, the intermolecular interactions in
the active site residues are not much altered the electron density
values of estrogen molecules.
This journal is © The Royal Society of Chemistry 2019
Laplacian of electron density

The Laplacian of electron density of all the bonds of estrogen
molecules determined from the QM/MM minimized structure
are showing large difference when compare with the
RSC Adv., 2019, 9, 40758–40771 | 40763
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Table 3 The intermolecular interactions of estrogens-ERa after QM/MM minimization

Amino acid residue/17b-estradiol
Distance
(�A) Amino acid residue/estrone

Distance
(�A) Amino acid residue/estriol

Distance
(�A)

H(6)/Glu353(OE2) 1.7 H(6)/Glu353(OE2) 1.7 H(6)/Glu353(OE2) 2.4
1.7 1.7 1.8

H(6)/Glu353(OE1) 2.5
3.1

O(1)/Arg394(2HH2) 2.2 O(1)/Arg394(2HH2) 2.1 O(1)/Arg394(2HH2) 2.2
1.9 1.9 2.6

H(3)/His524 (ND1) 2.2 O(2)/His524 (HE2) 2.5 O(2)/His524 (HE2) 1.7
2.3 2.3 1.9

H(3)/Gly521(O) 2.5
O(1)/HOH2(H1) 2.6 O(1)/HOH2(H1) 2.8 O(1)/HOH2(H1) 2.0

2.8 2.8 2.4
HOH2(O)/Arg394(2HH1) 1.9 HOH2(O)/Arg394(1HH1) 2.6 HOH2(O)/Arg394(1HH1) 2.6

1.8 1.8 2.6
HOH2(H2)/Glu353(OE1) 2.7 HOH2(H2)/Glu353(OE2) 2.0 HOH2(H2)/Glu353(OE2) 2.0

3.0 2.6 1.8
HOH2(H1)/Leu387(O) 3.1 HOH2(H1)/Leu387(O) 2.0 HOH2(H1)/Leu387(O) 2.0

3.1 3.1 2.7
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corresponding the experimental values (Table S2†).47–50 From
the Laplacian of electron density, the charges in the A-ring are
more concentrated than all other rings of the estrogen mole-
cules, which indicate the p-character of the A-ring. On
comparing the QM/MM minimized structures, the Laplacian of
electron density of C–C bonds are almost equal for all the
molecules, whereas the Laplacian of C–C bonds of the D-ring
decreases on compare with the experimental and gas phase
DFT studies, the difference is 0.02 e�A�5. This variation may be
due to the intermolecular interactions of D-ring with the
neighboring amino acids present in the active site. The Lap-
lacian of electron density of C–O bond of all the molecules are
almost equal and comparable with the respective experimental
values. In E1 molecule, the Laplacian of C]O bond shows some
discrepancy with the reported experimental values, this is
Fig. 3 The intermolecular interactions of (a) 17b-estradiol (b) estrone (c

40764 | RSC Adv., 2019, 9, 40758–40771
attributed to the large difference in eigen values of this
bond.51–55 The l3 value is lower for all the bonds in the molecule
except the C]O bonds. And the l3 value in theory is two times
higher than the experimental value and l1, l2 values are almost
equal in both theory and experiment; the contribution of l3 to
the Laplacian value leads to have small Laplacian of electron
density for this bond. Among all the bonds, the C]O bond is
highly polarized and its bcp position is 16.03% away from the
midpoint. The bond ellipticity values of aromatic A-ring of
estrogens exhibit high ellipticity than all other rings in the
molecule and the value is 0.22, which indicates that the p-
electrons are fully delocalized and also the A-ring of the mole-
cules are showing high electron density and high negative
Laplacian values at the bcp.
) estriol molecules with estrogen receptor after QM/MM minimization.

This journal is © The Royal Society of Chemistry 2019
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Atomic charges and volume

Atomic charges were derived from the integration of atomic
basin by the zero ux surfaces based on the Bader's quantum
theory of atoms in molecules.32,56 From the atomic charges, the
electrophilic and nucleophilic attack and possible hydrogen
bonds i.e., donor/acceptor nature of the atoms can be well
understood. The AIM derived charges56 and Mulliken Pop-
ulation Analysis57 (MPA) charges of estrogens isolated molecule
in gas phase and QM/MM minimized structure are shown in
Table S3.† Here, in the QM/MM minimized structure, the
atomic charges (MPA and AIM) of almost all the atoms are
slightly increased when compared to the isolated gas phase
molecule. The difference is more pronounced in the case of
polar groups and the corresponding linked atoms. The calcu-
lated MPA charges are similar to the monopole charges derived
from the multipolar renement. The aromatic hydroxyl group
connected to the carbon atom (C(6)) of all the molecules exhibit
high positive charge 0.5e and the corresponding bonded
hydrogen atom H(6) also exhibit high positive charge, this due
to the polarization of carbon and hydrogen atoms towards high
electronegative oxygen atom O(1) (MPA: �0.37e, AIM: �1.07e).
This trend also found in the QM/MM minimized structure, in
which the charges are found to be increased and the difference
is 0.1e, when compared to isolated molecule in the gas phase.
This conrms that the polarization effect of amino acid residues
which are well included in the calculation. The high negative
charge of the O(1) atom act as a acceptor to form hydrogen
bonding interaction with the Arg394 H atom (0.48e) and H atom
of the water molecule (0.59e), whereas the positive charge of the
H(6) atom act as a donor and attracts towards the Glu353
residue O-atoms (�1.18e). Similarly for E2 and E3 molecules,
the high positive hydrogen atom H(3) (0.54e) of D-ring attracts
towards the electronegative N-atom (�1.04e) of His524 residue.
In E1 molecule, the C]O group charges are very highly negative
compared to all atoms in the molecule, the corresponding AIM
charge of C(15) atom is 1.0e and the AIM charge of O(2) atom is
�1.11e, this charges are slightly decreases for the QM/MM
minimized structure. In E2 and E3 molecules, the charges of
–OH group connected to the D-ring exhibits high polarization
towards the carbon and hydrogen atoms which is high on
compared to the A-ring –OH group charges. On comparing the
gas phase and the QM/MMminimized structure of E2molecule,
in the latter case the charges of atoms have been increased
largely; whereas the charges of E1 and E3 molecules are
decreases, this may be due to involvement of their intermolec-
ular interaction. The methyl group C(18) atom exhibits high
negative charge and the corresponding hydrogen atoms typi-
cally carry neutral or positive charge.

The atomic volume is dened as the volume bounded by an
electron density distribution and the interatomic surfaces of the
atom.32 The atomic volume of estrogens for isolated molecule
and for the QM/MMminimized structures are calculated (Table
S3†) based on the density value of 0.01 au using AIM theory,
these are good agreement with the experimentally reported
structures. The carbon atom has volume range from 6 to 13 �A3

and hydrogen atoms have volume range from 2 to 8 �A3. The
This journal is © The Royal Society of Chemistry 2019
atomic volumes of the polar oxygen atoms has high volume
compared to all other atoms in the molecule and the corre-
sponding bonded hydrogen atom has less volume when
compared to other hydrogen atoms in the molecule, because
these hydrogen atoms are involving in intermolecular interac-
tions. This effect reduces the volume approximately half of its
original volume. Similar trend also found for H(3), H(4), H(6)
atoms and this effect is more pronounced in the corresponding
donor/acceptor atoms. The decreased volume and increased
charge of hydrogen atoms is the criteria for hydrogen bonding
expressed by the Koch and Popelier.58
Topological analysis of electron density of estrogens–ERa
interactions

The intermolecular interactions between the estrogens with the
estrogen receptor are analyzed using the AIM theory.32 The AIM
theory is a powerful tool to analyze the strength of intermolec-
ular interactions and the type of interactions to be classied
which are important for the molecular recognition.59,60 This is
a new method to identify and calculate the strength of the
intermolecular interactions between ligand and protein
complex computationally. In the active site of estrogen receptor,
the estrogens form important hydrogen bonding interactions
with Arg394, Glu353, His524 residues and the water molecule
HOH2. A cp search has been performed for the estrogens and
the interacting active site residues which are forming hydrogen
bonding interactions, found bond path and viral path32,61 (Table
4). The deformation of electron density and the Laplacian of
electron density maps of estrogens are generated for all the
important interactions and are shown in Fig. 4(a) and (b). In
estrogens, the O-atom of hydroxyl group of A-ring has two lone
pairs act as an acceptor forming hydrogen bonding interaction
with the H-atom of Arg394 residue and the H-atoms of water
molecule (HOH2). Here, the lone pair positions of O-atom are
aligned in the direction of hydrogen bonding interactions with
the residues. The lone pair positions of O-atoms are clearly
visible and are shown in Fig. 4b. From the CP analysis, the
electron density, Laplacian of electron density of these inter-
actions have been determined. Among all the molecules, E2
molecule shows high electron density 0.203 e�A�3 and positive
Laplacian 2.734 e�A�5 for O(1)/Arg394(2HH2) interactions.
Similarly, the H-atom of hydroxyl group has positive charge
(0.56 e) act as a donor forming hydrogen bonding interaction
with the Glu353 residue; the lone pair position of O-atoms of
Glu353 is visible (Fig. 4). In the Glu353 residue, the one lone
pair of O-atom aligned in the direction of H-bond interactions
with the estrogens and the other lone pair aligned in the
direction of H atom of water molecule HOH2. The E3 molecule
possess high electron density (0.289 e�A�3) and positive Lap-
lacian value (3.068 e�A�5) for H(6)/Glu353(OE2) interaction.
Similarly, the D-ring of the estrogens form interaction with the
His524 residue and their corresponding CP has been found for
all molecules, which displays the high electron density and
positive Laplacian value (Table 4).

The dissociation energy has been estimated for all interac-
tions. Among all interactions, the E3 molecule has high
RSC Adv., 2019, 9, 40758–40771 | 40765
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Table 4 Topological properties of electron density of hydrogen bonding interactions for estrogens and ERa complex

Bonds rbcp(r) V2r(r) l1 l2 l3 V(r) G(r) H(r) d1 d2 D

Estrone
H(6)/Glu353(OE2) 0.279 3.082 �1.61 �1.564 6.256 �0.251 0.233 �0.018 1.159 0.599 146.94
O(1)/Arg394(2HH2) 0.198 2.665 �1.035 �0.987 4.686 �0.16 0.173 0.013 0.68 1.211 87.15
O(1)/HOH2(H2) 0.021 0.307 �0.059 �0.043 0.409 �0.013 0.017 0.004 1.202 1.72 3.17
HOH2(O1)/Arg394(2HH1) 0.251 3.13 �1.464 �1.361 5.955 �0.221 0.22 �0.001 1.17 0.628 0.0477
O(2)/His524(HE2) 0.266 2.537 �1.463 �1.414 5.414 �0.218 0.198 �0.02 0.623 1.227 134.28

17b-Estradiol
H(6)/Glu353(OE2) 0.269 3.026 �1.527 �1.483 6.036 �0.239 0.225 �0.014 0.605 1.164 138.75
O(1)/Arg394(2HH2) 0.203 2.734 �1.071 �1.028 4.832 �0.166 0.179 0.013 1.206 0.676 90.64
O(1)/HOH2(H2) 0.027 0.382 �0.081 �0.069 0.532 �0.017 0.022 0.005 1.67 1.162 4.4
HOH2(O1)/Arg394(2HH1) 0.258 3.22 �1.536 �1.4 6.156 �0.231 0.228 �0.003 0.622 1.165 131.02
H(3)/His524(ND1) 0.102 1.061 �0.397 �0.386 1.844 �0.052 0.063 0.011 1.483 0.815 29.4

Estriol
H(6)/Glu353(OE2) 0.286 3.068 �1.612 �1.557 6.238 �0.259 0.237 �0.022 1.163 0.612 152.49
O(1)/Arg394(2HH2) 0.056 0.715 �0.172 �0.107 0.994 �0.039 0.045 0.006 1.651 1.52 12.38
O(1)/HOH2(H2) 0.027 0.382 �0.081 �0.069 0.532 �0.017 0.022 0.005 1.67 1.162 4.44
HOH2(O1)/Arg394(2HH1) 0.054 0.634 �0.187 �0.151 0.972 �0.03 0.037 0.007 0.983 1.557 11.48
H(4)/His524(ND1) 0.195 2.798 �0.954 �0.889 4.641 �0.162 0.179 0.017 0.725 1.214 85.87
Glu353(OE1)/HOH2(H2) 0.237 2.976 �1.278 �1.211 5.464 �0.206 0.207 0.001 1.182 0.64 114.8
O(3)/Gly521(O) 0.042 0.538 �0.138 �0.124 0.8 �0.027 0.033 0.006 1.101 1.549 8.1
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dissociation energy of 152.5 kJ mol�1 for H(6)/Glu353(OE2)
interaction. However, in E2 molecule all the important
hydrogen bonding interactions exhibit high electron density,
positive Laplacian value and |V|/G > 1 andH(r) < 0 indicates that
all the important hydrogen bonding interactions are partial
covalent bonding interactions. The less electron density, posi-
tive Laplacian value and |V|/G < 1 and H(r) > 0 indicates the
Fig. 4 (a) The deformation density map of hydrogen bonding interactio
density map of hydrogen bonding interactions between estrogens and
e�A�5, where N ¼ 2, 4 and 8 � 10n, n ¼ �2, �1, 0, 1, 2. Solid blue lines and

40766 | RSC Adv., 2019, 9, 40758–40771
closed shell type of interaction.62 The estimated dissociation
energy is high for all the interactions for E2 molecule when
compared to the respective interactions of E1 and E3 molecules
indicate that the E2 molecule is more stable in the active site of
the estrogen receptor; hence the hormone dependent actions
are takes place. The relief map and gradient plot of the
ns of estrogens with estrogen receptor. (b) The Laplacian of electron
estrogen receptor. Contours are drawn in a logarithmic scale, 3 � 2N

dotted red lines represent positive and negative contours, respectively.

This journal is © The Royal Society of Chemistry 2019
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intermolecular hydrogen bonding interactions of E2 molecule
with the amino acid residues are shown in Fig. 5.

Electrostatic potential and binding affinity

The electrostatic potential map of estrogen molecules for QM/
MM minimized structure and the gas phase structure have
been shown in Fig. 6. The ESP map is a potent tool to evaluate
the reactive locations and chemical reactivity of the molecules.63

The positive regions in the ESP map is the electrophilic regions
and negative regions are expected to where the nucleophilic
attack takes place. The difference in the ESP regulates the bio-
logical activity of the estrogen receptor i.e., hormone dependent
genes. The gas phase ESP map of estrogens, the electronegative
regions of hydroxyl group of aromatic ring is found high when
compare with the D-ring of all estrogen molecules. In E2
molecule, the large negative p-electron cloud is found above
and below the aromatic ring, whereas in E1 and E3 molecule
this p-electron cloud is found to be less. Notably, the estrogens
in the active site of estrogen receptor, the hydroxyl group of
aromatic ring acts as a donor for Glu353 residue, whereas it act
as a acceptor for Arg394 residue. The p-electron in the aromatic
ring form T-shaped p/p interaction with the Phe404 residue in
the active site and it is shown in Fig. 7. The D-ring of the
molecule forms intermolecular interaction with the His524
residue. In the His524 residue there are two protonation states
Fig. 5 The relief map and gradient vector plot of hydrogen bonding int

This journal is © The Royal Society of Chemistry 2019
are existing, either hydroxyl group of estrogen act as a donor or
acceptor or His524 residue ND1 atom act as a hydrogen bond
acceptor or donor, in the case of E1 molecule, the His524 ND1
atom only act as a acceptor. Aer the QM/MM minimization of
estrogens along with the active site amino acid residues, the ESP
map has been altered considerably. The electronegative regions
of hydroxyl group of aromatic ring are reduced and extended in
Arg394 residue facilitates to form hydrogen bonding interaction
with the Arg394 residue and also the high electronegative region
in the Glu353 residue extended to form hydrogen bonding
interaction with the H atom of the hydroxyl group, this scenario
is common for all the estrogens. For p/p interaction, the
negative ESP observed around aromatic ring and the Phe404
residue. The p/p interaction between the aromatic ring and
the Phe404 residue is only observed in E2 molecule aer the
QM/MM minimization, which indicates that relatively the E2
molecule is more stable in the active site of the estrogen
receptor. In E3 molecule, the D-ring electronegative region is
largely reduced and forms interactions with the His524 and
Gly521 residue, which indicates that the hormone dependent
action of E3 molecule is different from the E1 and E2 molecule.
Based on the above discussion, it may be conrmed that for the
hormone dependent actions, both A and D-rings of estrogens
are contributes equally. However, the D-ring intermolecular
interaction is not stable, if the hormone molecule approaches
eractions of 17b-estradiol and estrogen receptor-a.

RSC Adv., 2019, 9, 40758–40771 | 40767
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Fig. 6 Showing the electrostatic potential map of estrogens in gas phase andQM/MMminimized structure. The positive surface value is 0.7 e�A�1

and the negative surface value is �0.05 e�A�1.

Fig. 7 The ESP map showing the p/p interaction between 17b-estradiol molecule A ring and Phe404 amino acid residue of estrogen receptor-a.
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the estrogen receptor, because of the uncertainty of His524
residue orientation.
Conclusion

This QM/MM calculation is the new method to understand the
charge density distribution and electrostatic properties of
ligand molecule in the active site of proteins. In this present
study, the intermolecular interactions and its strength of three
estrogen molecules with ERa have been well characterized by
QM/MM based charge density analysis. From the electrostatic
potential maps, the regions of donor and acceptor atoms,
protonation state of His524 residue and p/p interactions are
identied. The above study reveals the hormone dependent
actions of estrogens are depends on the D-ring and the
protonation state of His524 amino acid residue. In E2 molecule
the His524 residue is more stable than all other molecules
indicates that more binding affinity of E2 towards estrogen
receptor-a. This theoretical study is a very useful method to
understand the charge density distribution and electrostatic
properties of ligands in the binding pocket of proteins and it is
a complementary to the experimental charge density distribu-
tion from the high resolution diffraction data.
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1 G. Náray-Szabó and G. G. Ferenczy, Molecular Electrostatics,
Chem. Rev., 1995, 95, 829–847.

2 M. Mladenovic, M. Arnone, R. F. Fink and B. Engels,
Environmental effects on charge densities of biologically
active molecules: do molecule crystal environments indeed
approximate protein surroundings?, J. Phys. Chem. B, 2009,
113, 5072–5082.

3 A. Schmidt and V. S. Lamzin, Cell. Mol. Life Sci., 2007, 64,
1959–1969.

4 R. E. Cachau and A. D. Podjarny, J. Mol. Recognit., 2005, 18,
193–202.

5 P. Luger, Fast electron density methods in the life sciences –
A routine application in the future?, Org. Biomol. Chem.,
2007, 5, 2529–2540.

6 C. Jelsch, M. M. Teeter, V. Lamzin, V. Pichon-Pesme,
R. H. Blessing and C. Lecomte, Accurate protein
crystallography at ultra-high resolution: valence electron
distribution in crambin, Proc. Natl. Acad. Sci. U. S. A., 2000,
97, 3171–3176.
This journal is © The Royal Society of Chemistry 2019
7 T.-P. Ko, H. Robinson, Y.-G. Gao, C.-H. C. Cheng,
A. L. DeVries and A. H.-J. Wang, The rened crystal
structure of an eel pout type III antifreeze protein RD1 at
0.62-A resolution reveals structural microheterogeneity of
protein and solvation, Biophys. J., 2003, 84, 1228–1237.

8 A. Podjarny, E. Howard, A. Mitschler, B. Chevrier,
C. Lecomte, B. Guillot, V. Pichon-Pesme and C. Jelsch, X-
ray crystallography at subatomic resolution, Europhys.
News, 2002, 33, 113–117.

9 H. Bönisch, C. L. Schmidt, P. Bianco and R. Ladenstein,
Ultrahigh-resolution study on Pyrococcus abyssi
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Triclinic lysozyme at 0.65 Å resolution, Acta Crystallogr.,
Sect. D: Biol. Crystallogr., 2007, 63, 1254–1268.

12 Y. Hirano, K. Takeda and K. Miki, Charge-density analysis of
an iron-sulfur protein at an ultra-high resolution of 0.48 Å,
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