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ABSTRACT: Cancer, a life-disturbing and lethal disease with a high global { QAR modeling 1 per OECD gudelines }Da'm"”m“‘ﬂﬁi"“m

impact, causes significant economic, social, and health challenges. Breast cancer
refers to the abnormal growth of cells originating from breast tissues. Hormone- { -...erpm,..io..orm.,.ec..maescrap..,rsa..}
dependent forms of breast cancer, such as those influenced by estrogen, prompt

the exploration of estrogen receptors as targets for potential therapeutic
interventions. In this study, we conducted e-QSAR molecular docking and
molecular dynamics analyses on a diverse set of inhibitors targeting estrogen
receptor alpha (ER-a). The e-QSAR model is based on a genetic algorithm
combined with multilinear regression analysis. The newly developed model
possesses a balance between predictive accuracy and mechanistic insights adhering
to the OECD guidelines. The e-QSAR model pointed out that sp*-hybridized
carbon and nitrogen atoms are important atoms governing binding profiles. In

Model: Seven parametric model
s VY

terms of structural features
*__Thorough validation of QSAR model

+  Confirmation of QSAR analysis using External & Internal Validation:
X-ray resolved structures

R, =0.794, Q0 = 0.791,
R2,, = 0.796, CCC,, = 0.887

addition, a specific combination of H-bond donors and acceptors with carbon,
nitrogen, and ring sulfur atoms also plays a crucial role. The results are supported
by molecular docking, MD simulations, and X-ray-resolved structures. The novel results could be useful for future drug development

for ER-a.

1. INTRODUCTION

Cancer is a major global cause of death, driving research to
identify receptors for safer and more effective drug develop-
ment."” Breast cancer is the most common cancer in women
worldwide, with 2.3 million cases and 685,000 deaths in
2020.°7° It is often hormone-dependent,® ' particularly
related to estrogen overproduction. Estrogen, a vital sex
hormone, affects various physiological processes®'"""* through
two main receptors, estrogen receptor alpha (ER-a) and
estrogen receptor beta (ER-f).°”%'>">7'5 ER-q is a key focus
for breast cancer drug development due to various
advantages.”' 7"

ER-a is the primary estrogen receptor in the breast, uterus,
and ovaries, driving most estrogenic effects in these
tissues.”* 7' '¥171? It js also present in bones and fat,”’
regulating bone density and fat metabolism. Estradiol activates
ER-a, influencing cell growth, differentiation, and apopto-
sis,”' 7> with implications for diseases like breast can-
cer” > and osteoporosis.”* ER-f is expressed in various
tissues, including the brain, bones, and fat,>> where it plays
roles in regulating bone density,26 blood pressure,27 and
inflammation.”® These two receptors have distinct structures
and functions (see Figure 1), with ER- having a strong affinity
for estradiol and other ligands such as prostaglandins,”
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Figure 1. Brief description and comparison of estrogen receptors
alpha and beta. The alphabets A—F represent the different domains of
the enzyme. The percentage indicates the level of similarity.

thromboxanes,*® and transcriptional activation,"® while ER-f3
has a lower affinity and weaker activation function.®'
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Figure 2. (3, b) 3D representation of the active site of ER-o from different angles with molecular surface area (green: lipophilic, red and blue: H-
bond capable regions) along with residues. (c) 2D representation of the active site. The dots represent the proximity contour. (d) Structure of ER-

a from pdb SKCT.

In spite of their differences, the two types of ER have a
shared mechanism of action. They bind to estradiol and other
ligands, triggering a signaling pathway that activates the target
genes. The particular effects of estrogen on a particular tissue
or process depend on the presence of different ER isoforms
and the specific genes that they regulate.

Dysregulation of the estrogen pathway is linked to hormone-
related diseases, including breast cancer,"**" ovarian cancer,*
and endometriosis.>’ In breast cancer, tumor development is
tied to ER-a overexpression and ER-# absence.'**' Ovarian
cancer prognosis worsens with excessive ER-a and ER-f
expression.‘?’2 Endometriosis, where uterine tissue grows
outside the uterus, shows altered ER-@ and ER-f expression
within the affected tissue.”> These expression changes may
impact endometriosis progression.

Selective estrogen receptor modulators (SERMs) can
selectively bind to either ER-@ or ER-$,** modulating the
estrogen pathway in specific tissues. They are valuable for
treating hormone-related diseases without affecting unrelated
processes. Tamoxifen, a commonly used SERM, treats breast
cancer by inhibiting tumor growth in breast tissue.”
Raloxifene,’® another SERM, manages osteoporosis by
enhancing bone density and reducing the risk of breast cancer

and hot flashes through binding to ER-f.

16760

ER-q, a transmembrane protein with 595 residues, consists
of four domains:*” the transactivation domain (TAD) at the
amino-terminal, the hinge region, the ligand-binding domain
(LBD), and the DNA-binding domain (DBD) at the carboxy-
terminal. The LBD binds estradiol, while the TAD and DBD
activate target genes at the transcriptional level. When estradiol
binds to the LBD, ER-a is activated, causing a conformational
change. This change leads to the TAD and DBD moving to the
nucleus, activating target genes through transcriptional
activation. The active site of ER-¢ is illustrated in Figure 2
(PDB: SKCT>®), offering a 3D representation from different
angles with the molecular surface area and residues for insight
into the active site’s size, shape, and location.

Four types of transcriptional activities'”"""** are associated
with ER-a: H12 agonist, stable H12 antagonist, mobile H12
antagonist, and highly mobile H12 antagonist are related to
specific ligand-dependent coregulator complexes. Previous
QSAR studies' "' *'**%*! focused on single transcriptional
activity, used extensive descriptors, and often suffered from
overfitting (see Table 1). To address these limitations, we
conducted e-QSAR (easy, efficient, efficacious, and economical
QSAR) and molecular docking analysis on a diverse and
extensive data set of ER-a binders with dual inhibition
mechanisms.*” This study aims to identify common features
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Table 1. Some Previous QSAR Studies Reported in the
Literature for ER-a

model method and  data set
sq. end point details statistical parameters reference
1 CoMFA, CoMSIA,  train: CoMFA: R* = 0.816, Q* 11
support vector 56 =0.519
regression, and CoMSIA: R? = 0.819, Q*
linear regression — 0511 7
linear: RMSE = 0.7484
SVR: RMSE = 0.7104
2 3D-QSAR model for train: R* =096, Q* = 0.93 16
relative binding 31
affinity
3 3D pharmacophore  train: R? = 0951, Q* = 0.826 18
for pICy, 26
4 classification model  train: accuracy: 0.84, 40
VEGA — RBA 148 specificity: 0.88
S regression for pICsy  train: R* =094, Q*=0.73 41
using 20 molecular 1231

descriptors

required for next-generation ER-a binders, particularly dual-
mechanism estrogen receptor inhibitors (DMERIs).

2. METHODOLOGY

We sequentially performed the following steps to build a
widely afplicable and thriving QSAR model for ER-a binding
activity:>** (a) collection and curation of the data, (b)
generation of 3D structures and calculation of molecular
descriptors, (c) conducted objective feature selection (OFS),
(d) split the data set into training (80%) and external
validation (20%) sets, (e) conduction of subjective feature
selection (SFS), (f) building a regression model, and (g)
validation of the developed model (see Figure 3). Thus, in this
work, we adhered to the OECD-recommended guidelines for
deriving a QSAR model for ER-a binding activity.

2.1. Data Collection and Curation. The data set of ER-a
binders, which was used to construct, train, and validate the
QSAR model, was obtained from ChEMBL,*” a publicly
accessible database (https://ebi.ac.uk/chembl/ accessed on

31/05/2023). The downloaded data set consists of a diverse
range of structurally distinct 1828 molecules that have
undergone experimental testing to determine their activity
toward ER-a. These molecules include estrogen receptor
modulators (SERMs) and selective ER-a downregulators
(SERDs), which act as mixed agonists/antagonists and full
antagonists of ER-a, respectively. As part of the data curation
process, molecules with uncertain IC, values, duplicates, salts,
metal-based inhibitors, and not tested for Homo sapiens, were
excluded.*® Eventually, the data set comprises a total of 1186
molecules, exhibiting a significant variety of structural scaffolds,
all of which were experimentally tested for potency in terms of
ICy, (nM). Additional information and the complete list of
molecules can be found in the Supporting Information (see
Figure SF1). The experimental IC, values encompass a wide
range, spanning from 0.06 to 97,982 nM. Subsequently, the
IC;, values were transformed into their negative logarithmic
form (pICgy = —log;oICs,) to facilitate comparison. Table 1
and Figure 4 include a selection of the most and least active
molecules, serving as illustrative examples only.

2.2. Calculation of Molecular Descriptors and
Objective Feature Selection (OFS). The SMILES notations
were then converted into 3D-optimized (MMFF94 force field,
cutoff 0.01) structures using Openbabel 3.1Y prior to the
calculation of molecular descriptors. The success of a QSAR
analysis greatly relies on accurately calculating diverse and a
large number of molecular descriptors to enhance mechanistic
interpretation while also reducing the risk of overfitting by
eliminating noisy and redundant descriptors. To achieve these
objectives, PyDescriptor’® was employed to calculate over
30,000 molecular descriptors, encompassing both 1D- to 3D-
descriptors. Subsequently, an objective feature selection (OFS)
was conducted using QSARINS-2.2.4" to remove molecular
descriptors that were nearly constant (90% molecules),
constant, or highly intercorrelated (IRl > 0.90). The resulting
set consists of 1706 molecular descriptors, which still offer a
wide range of descriptors, ensuring comprehensive coverage of
the descriptor space.

ChEMBL e ereencd 1 Activity Removal of Removalof
Database H creer;e Tor L measured —{ Duplicate mglsa.cules with
32 omo Sapiens as ICy, ChEMBL ID missing ?MILES
notations
SMILES to Conversion Fnal Salt & metal Elimination of
Descriptor . of ICy, to - molecule [+ duplicate
. [1_3D-conversion dataset
calculation pICsy removal SMILES
Objective Data Internal (80%) Subjective QSAB Mechanistic
feature external [ Features | Modeling ™ |nterpretations
selection N (20%) sets Selection (SFS) (GA-MLR)
Internal
External Validation Validation validation
2 2
(External Set: 20%) [+ (Internal & —> (R%, Q@
Q2F", R?, RMSE,; External) RMSE,Y-
scrambling)

(a) Step-1:Collection and curation of the data,

(b) Step-2:Generation of 3D-structures and calculation of molecular descriptors,
(c) Step-3: Conducted objective feature selection (OFS),

(d) Step-4: Split the dataset into training (80%) and external validation (20%) sets,
(e) Step-5: Conduction of subjective feature selection (SFS),

(f) Step-6: Building a regression model, and

(g) Step-7: Validation and mechanistic interpretations of the developed model

Figure 3. Methodology used in the present work for robust and thriving QSAR analysis
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Figure 4. Selected high and low active ER-a binders from the present data set as representative examples only.

2.3. Splitting the Data Set into Training and External
Sets and Subjective Feature Selection (SFS). Prior to
conducting an exhaustive SFS, it is crucial to divide the data set
into appropriate training and prediction sets (also known as
external or test sets) to prevent any information leakage.”® To
ensure an unbiased approach, the data set was randomly split
into training (80% = 949 molecules) and prediction/external
(20% = 237 molecules) sets. The only use of the training set
was to select an optimum number of molecular descriptors,
while the prediction/external set was entirely set aside for the
external validation of the model (Predictive QSAR). For SFS,
the QSARINS-2.2.4 software employed the genetic algorithm
unified with multilinear regression (GA-MLR) method, using
Q%00 as the fitness parameter, to identify relevant descriptors.
It is crucial to strike a balance in developing a successful QSAR
model that avoids overfitting while maintaining acceptable
interpretability, which necessitates an appropriate number of
molecular descriptors.

In this study, a graph (refer to Figure S) was plotted to
illustrate the relationship between the number of molecular
descriptors included in the model and the corresponding
Q Loo, Values, aiming to determine the so-called breaking
point.** The number of molecular descriptors corresponding
to the breaking point was deemed to be optimal for model
construction. Analysis of Figure S indicates that the breaking
point corresponds to seven variables. Consequently, any QSAR
models with more than seven descriptors were deemed
unsuitable and rejected.

2.4. Building Regression Model and Its Validation. A
well-validated QSAR model, which has undergone thorough
assessment using various methods including cross-validation,
external validation, Y-randomization, and applicability domain
analysis (Williams plot), proves valuable for future applications
such as virtual screening, molecular optimization, and decision-
making.”">* The validation process incorporates several
statistical parameters and their recommended threshold values

16762

1

Number of Descriptors ——

Figure 5. Identification of optimal numbers of descriptors (number of
descriptors vs Q% o)

as standard criteria. These parameters are routinely employed
to evaluate and validate the model. The following parameters
and their corresponding thresholds are typically consid-

red: 49,5253

thr > 0.6, Qo0 = 0.5, Qryo = 0.6, R* > Q% R, > 0.6,
RMSE,, < RMSE_,, AK > 0.05, CCC > 0.80, Q*—F" > 0.60,
P >05 (1 —r~/r) <01,09 <k<1llor(l—r/r}) <
01,09 <k <11,lr2 -+ <0.3,alow value of RMSE,,,
and MAE,, along with high value of R%.

The formulas for calculating these statistical parameters can
be found in the Supporting Information. Additionally, a
Williams plot was generated to assess the applicability domain
of the QSAR model.

2.5. Molecular Docking and 2D-Interaction Diagrams.
For molecular docking, DockingApp, a freeware that uses
Autodock-Vina as the docking engine, was used with default
settings (exhaustiveness = 24). The X-ray resolved structure of
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ER-a (PDB 7UJO) was downloaded from the Research
Collaboratory for Structural Bioinformatics Protein Data Bank
(www.rcsb.org), due to a good resolution of 1.45 A and a
sequence length of 263. Then, protein preparation was carried
out using AutoDock4, followed by the determination of the
active site. The native ligand and literature were used to
identify the active site of ER-a (see Figure 2). The grid center
coordinates of ER-a were 16.626, — 26.928, and —72.026
along the X, Y, and Z axis, respectively, and grid sizes were 208,
20, and 25 along X, Y, and Z axis, respectively, with grid
spacing 0.375. After that virtual screening was accomplished by
using DockingApp. The docking poses with the highest
docking score and protein in the pdbqt format were imported
in PyMOL 2.5 for visual inspection of binding poses, followed
by the export of the protein—ligand complex in PDB. The 2D-
interaction between different ligands and receptors has been
generated using Biovia Discovery Studio 2020.

2.6. Molecular Dynamic and Simulation Study. ER-a
docking complexes were studied by doing molecular dynamics
(MD) simulations using the Desmond 2020.1 program
developed by Schrodinger, LLC. The focus was on
investigating the interaction between ER-a and the most
potent ligand CHEMBL149791. To ensure the reproducibility
of the findings, samples were obtained using the same
conditions for each measurement and data-collecting iter-
ation.”* The OPLS-2005 force field was used with an explicit
solvent model including SPC water molecules across the whole
system.”* The solvated system was minimized by the use of the
OPLS-2005 force field, followed by a relaxation process.”® The
Desmond 2020.1 software was used to establish the initial
parameters inside the explicit SPC water model orthorhombic
box, which had dimensions of 7.0 X 7.0 X 7.0, with the aim of
accomplishing this objective. Sodium ions (Na+) were
introduced into the system to establish physiological
equilibrium, whereas 0.15 M sodium chloride (NaCl) solutions
were used to mimic the conditions seen in humans. The
system underwent an initial equilibration phase lasting 50 ns,
during which an NVT ensemble was used to stabilize the
protein-olmesartan combination. After the previous phase, a 12
ns equilibration and minimization process were conducted
utilizing an NPT ensemble. The NPT ensemble was
established using the Nose-Hoover chain coupling technique,
ensuring the temperature was kept constant at 37 °C. The
simulations were conducted at a constant pressure of 1 bar,
with a relaxation period of 1.0 ps. The duration used was 2 fs.>°
The Martyna-Tuckerman-Klein chain coupling technique was
used to regulate pressure, with a barostat technology with a
relaxation period of 2 ps.”” We used the particle mesh Ewald
technique to calculate the long-range electrostatic interactions.
The radius for Coulomb interactions was maintained at 9 A.>"
The cohesive forces were determined for each trajectory using
a RESPA integrator with a time step of 2 fs. Multiple metrics
were used to assess the stability of the molecular dynamics
(MD) simulations. The mentioned parameters are the root-
mean-square deviation (RMSD), root-mean-square fluctuation
(RMSF), and the amount of hydrogen bonds (H-bonds).””

3. RESULTS

In the present work, comprehensive e-QSAR analysis is
performed to identify significant pharmacophoric features
associated with binding with ER-a. The robust QSAR model is
built using easily interpretable molecular descriptors to
correlate them with structural features required for effective

ER-a binding. The seven-parametric GA-MLR model has good
external predictive ability with the presence of easily
understandable molecular descriptors along with interpretation
in terms of structural features. A good number of model-fitting,
y-scrambling, cross-validation, and external validation param-
eters associated with the newly developed QSAR model were
calculated. The model-A validation parameters are presented in
Table 2.

Table 2. Model-A Validation Parameters

internal cross- external

validation validation validation

parameter value parameter value parameter value
R%, 0.797 R%, 0.793  RMSE,, 0.705

(QzLOO)

R 0.795 RMSE,, 0.697  MAE,, 0.559
LOF 0492 MAE, 0.56 PRESS,,  117.122
Kax 0237 PRESS, 461.061  R%, 0.786
AK 0.067 CCC, 0.885 Q*-F 0.785
RMSE,, 0691 Q%o 0792 QP 0.783
MAE,, 0.555 Ry, 0.007 Q-P 0.788
RSS,, 45327 Qe —-0.01 ccC,, 0.882
CCC, 0.887 R-ExPy  0.786
s 0.694 r'o? 0.741
F 526.951 K 1

Model-A: pICq, = 3.393 (£0.214) + 0.134 (£0.01) X nLipo
+ —1.158 (£0.097) X fsp3CdonlB + 0.124 (+0.01) X
da_ringC_SB —0.552 (+0.069) X sp20_sp30_9B —0.069
(£0.01) X sp2C_sp2N_SB + 0.635 (+0.12) X fsp2Csp3N4B
—3.007 (£0.559) X ringS don_6Ac

The formulas and brief description of above validation
parameters are available in the Supporting Information. The
details and description of molecular descriptors are presented
in Table S1 in the Supporting Information.

4. DISCUSSION

As per the OECD guidelines,”” which emphasize to develop
QSAR models for regulatory use should possess (1) a defined
end point, (2) an unambiguous algorithm, (3) a defined
domain of applicability, (4) appropriate measures of goodness-
of-fit, robustness, and predictivity, (5) a mechanistic
interpretation, if possible. Thus, expanding knowledge on the
mechanistic aspects involves pharmacophore or structure-
oriented linking of molecular descriptors along with properly
validating the correlation between significant molecular
features (molecular descriptors) and desired bioactivity. In
this analysis, we compared the pICy, values of different
molecules to investigate the impact of a specific molecular
descriptor. However, it is important to consider that other
molecular descriptors, structural features, or unknown factors
may also exert analogous or opposite effects, significantly
influencing the overall pIC, value of a molecule for ER-a. In
essence, a single molecular descriptor alone cannot fully
explain the experimental pIC;, value for a diverse range of
molecules for ER-a. Therefore, the successful use of the
developed QSAR model relies on simultaneously incorporating
multiple constituent molecular descriptors.

Of the seven descriptors in the QSAR model, there are four
descriptors that are based on different types of carbon atoms.
This indicates that carbon, in turn, the lipophilicity of the
molecule is a significant factor governing the ER-a binding
profile. The descriptor nLipo also vindicates this observation.
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Therefore, increasing the overall lipophilicity of a molecule
helps to increase the level of binding of a molecule with ER-a.

4.1. nLipo. The positive correlation of molecular descriptor
nLipo with pICs, points out that increasing lipophilic atoms
could lead to better binding to ER-a. The positive coefficient
of nLipo in the newly developed QSAR model further
reinforces this observation. This also raises curiosity for
clogP as a molecular descriptor. Replacing nLipo with clogP
in the QSAR model led to a model with significantly lower
statistical performance (R%, = 0.72). The descriptor nLipo has
a better association with binding affinity than clog P. A
comparison of molecule CHEMBL4228649 with
CHEMBLA4224880 reinforces this observation (Figure 6).

CHEMBL4228649 CHEMBL4224880

nLipo =22 nLipo =25
HO clogP =4.73 HO clogP = 4.35
o) pIC50 ="7.85 O pIC50=8.39

Figure 6. Comparison of nLipo and clogP on ER-a binding affinity.

Therefore, nLipo appears as a better choice. Accordingly, the
present work successfully revealed a new observation that
instead of molecular lipophilicity (clog P) a better parameter to
enhance ER-a binding affinity is the number of lipophilic
atoms.

The importance of nLipo is further confirmed and supported
by the fact that the active site of ER-a is significantly lipophilic
(see Figure 2). The lipophilic nature of the active site has been
reported by a good number of researchers.”’>°"*> In the
present data set, highly active molecules possessing pICs, from
10.22 to 8 have nLipo in the range of 11—47. This indicates
that increasing the number of lipophilic atoms is a good

strategy to have higher ER-a binding. The direct influence of
nLipo is further confirmed when the following pairs of
molecules are compared: CHEMBL4169456 with
CHEMBL4164944, CHEMBL4225599 with
CHEMBL4228388 (see Figure 7), CHEMBL4170073 with
CHEMBL4160682, CHEMBL362020 with CHEMBL178665
and CHEMBL180707, CHEMBL363412 with
CHEMBL196836, CHEMBL196131 with CHEMBL370282,
etc.

The importance of nLipo is strengthened and further
confirmed on comparing the X-ray resolved structure of
CHEMBL3775378 (PDB: 5fqp®® and ICg, = 19 nM) with
CHEMBL3775824 (PDB: 5fqr” and ICy, = 26 nM). The
former has an additional methyl group, which leads to a higher
number of lipophilic atoms and is also responsible for
lipophilic interactions with Leu428 and Phe404 (see Figure
8), which are absent in the case of CHEMBL3775824. This
difference could be accountable for the difference in their IC,
profile.

4.2. da_ringC_5B. The descriptor highlights the impor-
tance of ring carbon atoms and their relation with H-bond
donor and acceptor atoms in constituting the pharmacophoric
pattern. The positive coeflicient for da_ringC_SB in the
developed model signifies that a higher number of ring carbon
atoms close to H-bond capable groups is a good strategy to
increase pICs, for a molecule. This in turn again emphasizes
the role of the lipophilic region, as carbons are considered to
be lipophilic. However, da_ringC_SB further clarifies that the
balance of lipophilic (ring carbons) and H-bond donor and
acceptor (polar groups) requires relatively a high proportion of
ring carbon atoms with respect to H-bond donor and acceptor
groups for better binding. From this discussion, the impression
is that the number of ring carbon atoms (ringC) alone is
significant. However, replacing da_ringC_5B with ringC as a
descriptor in the QSAR model significantly reduced the
statistical performance from R%, = 0.79 to 0.68. Therefore, a
combination of ring carbons with H-bond donor and acceptor
groups is necessary. The following pairs of molecules further
support the influence of da_ringC_SB on the activity profile:
CHEMBL101807 with CHEMBL100617 (see Figure 9),

CHEMBL4169456
nLipo =17
pICs,=7.13

______

........

nLipo =17

Pl

______

CHEMBLA4225599

CHEMBL4164944
nLipo =15

- ~~

———————

Figure 7. Comparison of ER-a binding of selected molecules with respect to nLipo as representative examples (lipophilic atoms are highlighted by

gold-colored sticks).
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Figure 8. 2D- interaction diagram for CHEMBL3775378 (PDB: Sfqp) and CHEMBL3775824 (PDB: Sfqr).

H-bond donor
as well as
acceptor

CHEMBL100617
da_ringC_5B=15
pIC50 =9.15

HO

CHEMBL101807
da_ringC_5B=9
pIC50 =8.59

HO

@ ring carbon within 5 bonds from H-bond donor cum acceptor

(@)

(b)

Figure 9. (a) Representation of da_ringC_SB. (b) 2D-interaction diagram after molecular docking for selected molecules CHEMBL101807 and

CHEMBL100617.

CHEMBL100595 with CHEMBL100617, CHEMBL363412
with CHEMBL196131, CHEMBL4228649 with
CHEMBL4228617, CHEMBL179929 with CHEMBL183162,
a few to mention.

In addition, the molecular docking analysis also confirmed
that the —OH attached to the meta position of the benzene

16765

ring in CHEMBL100617 is responsible for H-bonding with
Glue419 with a distance of 3.3 A. Such an important
interaction is absent in case of CHEMBL101807 (see Figure
9). Thus, QSAR and molecular docking provided equivalent

results.
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© CHEMBL59438 )

Figure 10. Some selected examples to understand the influence of sp2C_sp2N_SB on the activity profile. (a, c) Similarity maps with respect to
lipophilic contribution. (b, d) Similarity maps with respect to partial charges (generated using RDKit).
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Figure 11. Depiction of sp20_sp30_9B using CHEMBL206349 with CHEMBL206773.

4.3. sp2C_sp2N_5B and fsp2Csp3N4B. fsp2Csp3N4B
counts the occurrence of sp>-hybridized nitrogen atoms exactly
at 4 bonds from sp>-hybridized carbon atoms. If the same sp’-
hybridized nitrogen atom is also present within <3 bonds from
any other sp*hybridized carbon atoms, then it was excluded.
The positive coefficient for fsp2Csp3N4B in the developed
model indicates that a higher value of fsp2Csp3N4B could lead
to better binding with the target receptor. This is further
supported by its positive correlation with pICg,.

The inverse is true for sp2C_sp2N_SB, which indicates that
the occurrence of sp>-N within five bonds from sp>-C does not
favor binding with ER-a. For example, CHEMBL360498 with
CHEMBL362425, CHEMBL33625 with CHEMBL286115,
CHEMBL191974 with CHEMBLS59438, CHEMBLS5074047
with CHEMBLS075144 (see Figure S4 in the Supporting
Information), etc. Some selected examples to understand the
influence of sp2C_sp2N_SB on the activity profile are
depicted in Figure 10.

The two molecular descriptors viz. fsp2Csp3N4B and
sp2C_sp2N_SB highlight the importance of sp’-carbon,
when in combination with sp*-nitrogen atoms (fsp2Csp3N4B)
or sp’-nitrogen atoms (sp2C_sp2N_SB). Generally, sp’-
carbon is possible only when carbonyl, vinyl, imine groups,
or Schiff bases are present in a molecule. That is, the presence
of these groups could be used for significantly influencing the
binding of a molecule with ER-a. The two descriptors
tsp2Csp3N4B and sp2C_sp2N_S5SB have not only opposite
sign coefficients in the QSAR model but also reverse
correlation with pICg, which gives interesting information

about the pharmacophoric requirements to be an ER-a binder.
The molecule must possess an sp*-carbon separated from the
sp-nitrogen atom, mostly either present as 1° or 2° amine to
act as a donor as well as an acceptor, exactly by four bonds.
The requirement of an sp*-carbon with sp>-nitrogen also points
out that a balance of flatness with flexibility (tetrahedral
geometry) is required to be an effective ER-a binder. This is
further vindicated by another observation that a combination
of sp’-carbon with sp’-nitrogen is not favorable for ER-a
binding as a higher value of sp2C_sp2N_5B leads to a lower
pICs,. Nantasenamat and co-workers'' have also reported that
amine, 2° carbon, conjugated double bonds, and carboxylic
acid group are important structural features associated with
ER-a binding ability. All of these features ultimately point to
sp>-carbon or 1° or 2° amine. The present work successfully
identified not only similar features but also extended them by
identifying the distance between them, their inter-relations,
and the constraints to be followed while selecting the nitrogen-
based group to have a better binding with ER-a.

4.4. sp20_sp30_9B. The descriptor sp20_sp30_9B has
a negative correlation with pICs, and also a negative coefficient
in model 1, which indicates that the presence of sp>-O within
nine bonds from sp*>-O in a molecule leads to a lower pICs,.
Therefore, such types of oxygen atoms should be kept at a
large distance, preferably 10 bonds or more in the molecule. A
plausible reason for this could be the crucial hydrogen bond
formation or polar interactions with the respective amino acids
for adequate ligand-binding affinity. This further points out to
an interesting aspect of ER-a binders that the polar regions
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Figure 12. (a) Pictorial representation for ringS don_6Ac using selected examples. (b) 3D-docking poses for CHEMBL304552 and

CHEMBL30439.

must be present at the periphery of the molecule and separated
by a longer distance. This provides a plausible reason for the
difference in the binding potential of positional isomers. For
example, a comparison of CHEMBL206349 with
CHEMBL206773 (depicted in Figure 11), and
CHEMBL240227 with CHEMBL396118, further strengthened
this observation.

Mbachu et al.°" have reported that ER-a binding increases
due to the presence of two optimally positioned hydroxyl
groups (or bioisosteres in some cases), about 11 A apart,
separated by a lipophilic core. A similar feature has been
identified in the present work. This encouraged us to study a
similar descriptor sp30_sp30_9B (total number of sp’-
hybridized oxygen atoms within 9 bonds from sp*-hybridized
oxygen atoms). This descriptor sp30_sp30_9B has a positive
correlation of 0.340 with pICg,. However, replacing
sp20_sp30_9B with sp30_sp30_9B led to a model with a
low statistical performance of R?, = 0.74. Therefore,
sp20_sp30_9B appears as a better choice from a statistical
view. A plausible reason could be that one of the oxygens from
the two oxygens, which are separated by a large distance, is a
H-bond acceptor through its interaction with His524.'° Thus,
the present work specifies that the presence of two —OH group
(sp>-oxygens) is not mandatory, instead two oxygens with a
combination of sp>- and sp’- hybridization are preferred.

4.5.ringS_don_6Ac. The descriptor ringS_don_6Ac has a
negative coefficient in the QSAR model; henceforth, its value
must be kept as low as possible. In the present data set, its
value ranges from 0.469 to 0.303, which indicates that in some
molecules the value of ringS don_6Ac is positive. There are
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42 such molecules, which are low active with pICs, in the
range of 4.33—5.66. On the other side, there are 159 molecules
with a negative value of ringS don_6Ac. Of these 159
molecules, 150 molecules have pICs, > 6.27. This indicates
that the donor atom present within 6 A from the ring Sulfur
atom must be negatively charged. This restriction cum
requirement of the existence of only negatively charged H-
bond donor indicates that either the donor should be —OH, or
a 1°/2° amine distant from the oxygen atom. From a matched
molecular pair point of view, there are very few examples to
illustrate the direct influence of ringS_don_6Ac on activity.
For example, CHEMBL304552 with CHEMBL30439 (see
Figure 12a).

Molecular docking analysis of CHEMBL304552 and
CHEMBL30439, depicted in Figure 12b, indicates that the
molecule CHEMBL304552 binds with the receptor through
H-bonding with Glu419 and Arg394 with a distance of 3.55
and 3.03 A respectively. However, compound CHEMBL30439
lacks such interactions.

4.6. fsp3Cdon1B. Of the 298 highly active molecules
possessing pICs, from 10.22 to 8, only 23 possess fsp3Cdon1B.
The highest value of fsp3Cdon1B = 3 is only for two molecules
viz. CHEMBL1453264 and CHEMBL382632, which have a
low pICs, value of 4.93 and 5.20, respectively. This indicates
that for a higher binding with ER-a, such a combination must
be avoided.

The descriptor fsp3CdonlB is associated with carbon and
H-bond donor features, but it further emphasizes that the
carbon must be sp*-hybridized to influence the binding with
ER-a. Generally, N and O atoms, which are more electro-
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Figure 13. Docking pose for the most active molecule CHEMBL149791 in the active site of ER-a.
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Figure 14. RMSD plots for (A) ER-a apoprotein and (B) ER-a with the most active ligand CHEMBL149791.

negative than carbon, act as donors in the form of —NH, the majority of molecules, such a combination is present near
—NH,, and —OH. As sp>-C is less electronegative than sp’- to central part of a molecule. All of these observations and the
and sp-C, the descriptor fsp3CdonlB indicates that a polar fact that the active site of ER-a is significantly lipophilic
moiety negatively influences binding with ER-a. Further, a (Figure 2) specify that the number of polar carbon-donor
close inspection of molecules with fsp3Cdon1B reveals that in bonds must be kept as low as possible.
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4.7. Molecular Docking Analysis. Molecular docking is a molecule with a receptor. In the present work, all 1186
branch of computer-aided drug design to identify the molecules were docked inside the active site of the receptor
prominent structural features that enhance the binding of a ER-a. For the sake of convenience, herein, we describe the
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docking pose of the most active molecule CHEMBL149791
having pICs, = 10.22. The docking pose, depicted in Figure 13,
specifies that the molecule has lipophilic, polar, and H-bonding
interactions with the receptor. One of the phenolic —OH
groups is responsible for H-bonding with Glu353 and Arg394
with a distance of 2.09 and 2.80 A respectively. Interestingly,
the molecule has adopted an almost propeller-like shape with
the three benzene rings oriented toward different pockets of
the active site, the central vinyl group as a hub/boss of the
propeller, and the ethyl acting as a shaft. The central core, ethyl
chain, as well as the benzene rings led to lipophilic interactions
with nearby residues Gly521, Leu525, Met343, Val533,
Trp383, Ala350, Leu391, Thr347, Leu349, Leu387, Leu384,
Phe404 and Leu346 (see Figure 14).

4.8. Molecular Dynamic and Simulation Analysis.
Molecular dynamics (MD) simulation is widely recognized as a
reliable technique for assessing the structural and functional
stability of proteins and protein—ligand complexes. Two
molecular dynamics and simulation (MD) studies were
conducted to assess the stability and spatial proximity of
protein complexes attached to a molecule. During the inquiry,
a series of two simulations was conducted. The first simulation
was formulated as a negative control, including just the
proteins. The second simulation served as a control test using
the pdb: 7ujo protein and a ligand. After examining the root-
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mean-square deviation (RMSD) data, it was observed that
every 100 ns simulation consistently displayed the same
conformation, as seen in Figure 14. In order to get a
comprehensive understanding of the stability and convergence
of the systems under investigation, we conducted an analysis of
the root-mean-square deviation (RMSD) values pertaining to
the atoms in the protein’s backbone. The C-a backbone of ER-
a had a variation of 2.06 A after contact in its apo form (Figure
14A), while the ligand with the highest activity
(CHEMBL149791) demonstrated a departure of 3.90 A
(Figure 14B). The RMSD value for the ligand with the
highest activity bound to 7ujo is higher than the RMSD value
of the apoprotein (apoprotein; RMSD: 2.06 A).

Remarkably, the apoprotein ER-a displayed substantial
oscillations from 70 to 90 ns and then stabilized for the rest
of the experiment, with minor variations persisting at 100 ns.
Moreover, when the highest active ligand is present, there were
no observed variations, suggesting that the protein is more
stable when it is attached to the ligand than when it is free. The
results suggest that the ligand with the highest activity, when
bound to 7ujo, has much greater stability in the complex
compared with the apoprotein. The ability of proteins to
maintain their structural stability, both before and during
simulation, may be shown by the allowable range of root-
mean-square deviation (RMSD) plots. The enhanced affinity
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of the ligand indicates that the complexes including ER-a
(7ujo) coupled with the most potent ligand exhibit
considerable stability. The RMSD charts demonstrate the
stability of the proteins in both the apo and ligand-bound
states during the whole 100 ns simulation period. These
findings indicate that the ligand with the highest level of
activity forms a stable complex when bound to the ER-a.

In order to assess the remaining variance in a 100 ns
molecular dynamics (MD) simulation, we have analyzed the
root-mean-square fluctuation (RMSF) plot for two specific
elements: the apoprotein and the 7ujo-bound most active
ligand (see Figure 14). The RMSF analysis of the apoprotein
revealed substantial modifications in several regions. The
specified sections include the loop region including amino
acids number 178-216, with particular attention to amino
acids GLNS02, TYRS26, SER527, MET528, LYS529, SERS30,
and LYSS531. In addition, the area including amino acids 15—
40 showed higher fluctuations which uniquely comprises
amino acids GLU330, TYR331, ASP332, PRO333, THR334,
ARG33S, PRO336, SER341, and MET342. Particularly, the
residues THR334, PRO333, and PRO336 fluctuate more.
Moreover, it was observed that the protein in apo form is more
stable and fluctuates more when bound to a ligand. Conversely,
the ligand that is now attached to pdb: 7ujo is very active and
shows notable differences at residues such as PRO333,
GLU419, and SER464. In addition, it was observed that the
root-mean-square fluctuations (RMSF) plots for the highly
active ligand attached to the protein structure 7ujo exhibited a
significant rise in fluctuations in certain amino acid residues.
The increase in variations remained constant throughout the
whole 100 ns experiment. Conversely, the remaining residues
had comparatively diminished levels of variance, as shown in
Figure 15. Significantly, the residues SERS530, LYS531,
SER463, and THR334 exhibited more pronounced changes
during the course of the experiment. Throughout the whole
simulation, the study of ER-&’ s root-mean-square fluctuation
(RMSF) revealed a limited range of variation, namely between
1 and 30 residues. The discovery suggests that the arrange-
ments of amino acids in ER-a stayed constant over the whole
duration of the simulation (Figure 15).

The analysis of the root-mean-square fluctuation (RMSF)
plots clearly shows that the ER-a apoprotein and the ER-a
bound to the most powerful ligand have similar fluctuation
patterns. Furthermore, the ER-a protein associated with the
most potent ligand exhibits a similar pattern of variation
throughout the course of the 100 ns simulation.

The original structure of the most active ligand in the
simulation included around three hydrogen bonds. Further-
more, it exhibited more than 10 hydrophobic interactions
during a simulated duration of 100 ns. The bonding was seen
for the whole 100 ns simulation period, as seen in Figure 16.
Throughout the 100 ns of simulation, the predominant
observations were hydrogen bonding, hydrophobic, and
water bridge interactions. In addition, we observed sustained
hydrogen bonding interactions throughout the whole 100 ns
simulation. Throughout the experiment, the ligand that
exhibited the greatest degree of activity and engaged in a
hydrogen bond with Leu346 in a typical fashion occurred with
a frequency of 10%. In addition, it formed a hydrogen bond
with Asp351 (90%) and Leu391 (5%) respectively. Water
molecules inside the ER-a protein enabled the creation of
water bridge connections, with Leu391 (20%), Arg394 (15%),

Leu403 (10%), and Leu52S (10%) being engaged throughout
the simulation period.

In addition, the formation of stable complexes was seen to
include water bridges, hydrogen bonding, and hydrophobic
contacts (Figure 16). The pi-cation interaction significantly
enhanced the stability of the drug—protein combination inside
the binding pocket of 7ujo. The ligand with the highest activity
has a strong attraction to ER-a, leading to the creation of a
substantial quantity of conventional hydrogen bonds.

5. CONCLUSIONS

The present work successfully led to the development of an e-
QSAR model satistying OECD guidelines. The developed
model has a high predictive ability reflected from high values of
different parameters viz. R%,,, Q*—F", CCC,,, R*-ExPy, etc. The
QSAR model emphasized some known pharmacophoric
features such as lipophilicity and the preference for separation
of two H-bond capable groups by a large distance to have
effective binding with ER-a. The present work successfully
extends that the ring and sp’-carbon atoms, which are
lipophilic in nature, are associated with the binding ability of
a molecule with ER-a. Likewise, the work also points out that
oxygen atoms, in turn, H-bond capable groups, separated by a
large distance of more than nine bonds, enhance ER-a binding
ability. The presence of a H-bond donor in the vicinity of ring
sulfur is a novel and unreported structural feature reported in
the present work. Similarly, the work also clarifies the position
of sp>N (ie, 1 and 2° amine) with respect to sp*-carbon
atoms required to increase binding with ER-a. The molecular
docking and molecular dynamics simulations also support the
above results. The results could be useful in the future
optimization of ER-a binders.
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