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Abstract

Crystal structures exist for human, but not rodent, estrogen receptor-a. ligand-binding domain
(ERa-LBD). Consequently, rodent studies involving binding of compounds to ERa-LBD are
limited in their molecular-level interpretation and extrapolation to humans. Because the sequences
of rodent and human ERa-LBDs are > 95% identical, we expected their 3D structures and ligand
binding to be highly similar. To test this hypothesis, we used the human ERa-LBD structure (PDB
3UUD) as a template to produce rat and mouse homology models. Employing the rodent models
and human structure, we generated docking poses of 23 Group A ligands (17R-estradiol,
diethylstilbestrol, and 21 paraben analogs) in AutoDock Vina for interspecies comparisons. Ligand
RMSDs (A) (median, 95% CI) were 0.49 (0.21-1.82) (human-mouse) and 1.19 (0.22-1.82)
(human-rat), well below the 2.0-2.5 A range for equivalent docking poses. Numbers of
interspecies ligand-receptor residue contacts were highly similar, with Sorensen Sc (%) = 96.8
(90.0-100) (human-mouse) and 97.7 (89.5-100) (human-rat). Likewise, numbers of interspecies
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ligand-receptor residue contacts were highly correlated: Pearson r=0.913 (human-mouse) and
0.925 (human-rat). Numbers of interspecies ligand-receptor atom contacts were even more tightly
correlated: r=0.979 (human-mouse) and 0.986 (human-rat). Pyramid plots of numbers of ligand-
receptor atom contacts by residue exhibited high interspecies symmetry and had Spearman r; =
0.977 (human-mouse) and 0.966 (human-rat). Group B ligands included 15 ring-substituted
parabens recently shown experimentally to exhibit decreased binding to human ERa and to exert
increased antimicrobial activity. Ligand efficiencies calculated from docking ligands into human
ERa-LBD were well correlated with those derived from published experimental data (Pearson
partial 7, = 0.894 and 0.918; Groups A and B, respectively). Overall, the results indicate that our
constructed rodent ERa-LBDs interact with ligands in like manner to the human receptor, thus
providing a high level of confidence in extrapolations of rodent to human ligand-receptor
interactions.
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1. Introduction

Numerous toxicology studies have depended on rodents as sources of /77 vivo models [1, 2]
or /n vitro screening assays [3-5] to identify and characterize suspected endocrine disrupting
compounds (EDCs). Traditional methods of generating toxicity data for risk assessment that
rely on animal models or even /n vitro assays can quickly become too costly or time-
consuming to adequately screen and establish toxicological profiles for the tens of thousands
of chemicals cataloged by the United States Environmental Protection Agency [6]. Efforts
are underway to minimize the use of rodent models and establish new approach
methodologies [7] that could be used more routinely to screen and identify suspected EDCs
via /n silico approaches [8, 9]. However, attempts to establish /n silico protocols for
identifying EDCs that act on estrogen signaling pathways are hampered due to the lack of
reported structural data for mouse or rat estrogen receptor-a (ERa) within the Research
Collaboratory for Structural Bioinformatics Protein Data Bank (RCSB PDB) [10, 11].

Interspecies sequence identities for the entire ERa. receptor are 88.5% (human-mouse),
87.5% (human-rat), and 97.5% (mouse-rat). For the ligand binding domain (ERa-LBD)
alone, the interspecies sequence identities are 95.5% (human-mouse), 95.1% (human-rat),
and 99.2% (mouse-rat) [12] (Fig. 1). We therefore hypothesized that these receptor species
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should display similar 3D structures and exhibit comparable ligand binding interactions with
known agonists. Although this contention appears logical and likely, subtle differences in the
protein sequence could affect tertiary structure and/or ligand binding to a given receptor
[13]. For example, several clinically relevant mutations resulting in single amino acid
substitutions in the human ERa-LBD have been shown to confer a ligand-independent
phenotype compared to the wild type ERa-LBD [14-16], which further demonstrates the
apparent structural and functional sensitivity of the ERa-LBD to small differences in its
primary sequence.

To determine whether the differing residues among the rodent and human ERa.-LBD
receptors could be considered neutral substitutions, we created ERa-LBD structures for the
unreported rodent species via /1 silico mutagenesis of a human ERa-LBD template using
the YASARA molecular modeling suite [17]. The construction of these /n silico receptors
allowed us to address the lack of reported mouse and rat ERa-LBD structures and compare
how each of these ERa-LBDs might interact with known or postulated ERa agonists using
molecular docking simulations. Comparative docking into rodent and human ERa-LBDs
was carried out with 23 compounds designated Group A ligands. These compounds included
17p-estradiol (E2), diethylstilbestrol (DES), 17 paraben analogs and 4 paraben metabolites
(Fig. 2, Table 1).

Molecular docking of E2, the most potent endogenous estrogen in both humans and rodents
[18, 19], with the human and rodent ERa.-LBDs provided us with a point of comparison for
analyzing ligand-residue interactions among different ERa.-LBDs agonists. For further
calibration, we included DES, a potent synthetic nonsteroidal ERa agonist [20] that has
been used as a model compound in the characterization of EDCs with estrogenic activity
[21].

Parabens (esters of p-hydroxybenzoic acid) constitute a class of chemicals that have received
considerable [3, 22] and controversial [23, 24] attention as suspected EDCs. Although they
are found in relatively low concentrations in human tissues and possess only weak
estrogenic and antiandrogenic activity [25, 26], parabens are ubiquitous in the environment
owing to their widespread use as preservatives in a variety of foods and personal care
products [27]. However, apart from concerns about potential adverse health impacts of
parabens, the main purpose of the present study was to use members of a homologous series
of paraben compounds, paraben metabolites, E2, and DES as tools in molecular docking
simulations to assess the degree of similarity of ligand binding between human and rodent
ERa-LBDs. A set of experimental estrogenic activity data for the human ERa was also
available for 13 of the parabens and E2 [28], enabling us to compare these results with
corresponding potencies derived from docking.

Recently, it has been found that various substitutions in the benzene ring of 7butyl and -
octyl parabens, especially in the 3,5-position, result in decreased binding to human ERa
with concomitant enhancement of antimicrobial activity [29]. This discovery opens up the
possibility of replacing existing parabens with analogs that are more effective preservatives
and even less likely to act as EDCs. Moreover, this publication provided us with an
additional consistent set of experimental structure-activity data on paraben analogs for
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assessing the effectiveness of our docking protocols. Accordingly, we carried out docking of
these 15 compounds (designated Group B ligands, Fig. 3, Table 2) into the human ERa-
LBD to determine the extent to which computationally predicted affinities agreed with
experimentally determined binding potencies.

A preliminary version of this work was presented at the 57t annual meeting of the Society
of Toxicology [30].

2. Materials and Methods

2.1. Receptor preparation with YASARA

The crystal structure of the human ERa-LBD (Y537S) in complex with 17p-estradiol (PDB
3UUD) [31] was downloaded and prepared for docking with the YASARA molecular
modelling suite (YASARA-Structure version 17.4.17 for Windows) [17]. This structure was
selected as a template for creating homology models of mouse and rat ERa.-LBD via /n
silico mutagenesis due to its high resolution (1.6 A) and the presence of the Y537S mutated
residue, which stabilizes the agonist-binding conformation of the receptor without
compromising the overall structure or agonist ligand-binding properties of the protein [31].
The Y537S residue in the human ERa-LBD template receptor was retained for the mouse
and rat structures created via /n sifico mutagenesis. All crystallographic waters were
removed, hydrogen atoms were added, bond orders were corrected for S-hydroxycysteine
residues, missing loops were repaired [32], and only chain-A in complex with its 17R-
estradiol ligand (E2) was retained. Differing residues between protein sequences for human
[33], mouse [34], and rat [35] ERa.-LBD were identified by protein sequence alignments
(Fig. 1) performed with Geneious bioinformatics software (version 11.1.5 for Windows) [36,
37]. These residues in the human 3D structure were then mutated /n sifico using YASARA
to create separate mouse and rat ERa-LBD receptors. The residue mutations for mouse were
L306P, 1326M, L3271, T334S, V368G, T371N, Q502R, and S527N. The residue mutations
for rat were L306P, 1326L, L3271, T334S, V368G, T371N, T483N, Q502R, and S527N.
Side-chains of mutated residues were optimized with YASARA using the SCWALL method,
which combines semi-empirical quantum mechanics, rotamer library, and steepest-descent
algorithms [38].

For the human and rodent ERa-LBD receptors created via /n sifico mutagenesis, a cubic
simulation cell was set to automatically encompass the entire receptor in YASARA plus an
additional 2.5 A margin in the x, y, and z directions. With the E2 ligand in the active site,
each prepared receptor was separately subjected to energy minimization using the
YASARA?2 force field, which is derived from AMBER14 with the addition of knowledge-
based dihedral and interaction potentials [38]. The energy-minimized structure was
subjected to a 500 ps molecular dynamics refinement in explicit water solvent using
YASARA and the YASARAZ force field [39]. Each receptor and refinement step were
analyzed for structural errors and scored using MolProbity [40, 41]. Based on their
MolProbity scores, the best ERa-LBD receptor for human, mouse, and rat was chosen for
docking comparisons among all three receptor species as described in section 2.6 below.
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2.2. Receptor preparation with UCSF Chimera

All crystallographic waters were removed, hydrogen atoms were added, and missing loops
were repaired with UCSF Chimera (version 1.11 for Windows) [42] as a graphical user
interface for MODELLER using default settings. Only chain-A with its native E2 ligand was
retained for further refinement. Differing residues between human, mouse, and rat ERa.-
LBD were identified as described in the previous section. Residue differences observed in
either mouse or rat ERa.-LBD were swapped using the Dunbrack rotamer library via UCSF
Chimera to create separate receptors using the prepared human ERa-LBD structure as a
template. All observed clashes among swapped residues were optimized by subjecting them
to energy minimization in UCSF Chimera using default settings for each ERa-LBD
receptor. Energy minimization of the entire receptor was performed for comparison using
100 steepest descent minimization steps and 10 conjugate gradient steps. Molecular
dynamics refinement in explicit solvent was performed with the YASARA molecular
modeling suite with default settings using a 500 ps simulation as described in the previous
section. Each receptor and refinement step were analyzed for structural errors and scored
using MolProbity [40, 41].

2.3. Receptor preparation with I-TASSER

The protein sequence for mouse [34] and rat [35] ERa were uploaded to the I-TASSER
online server (https://zhanglab.ccmb.med.umich.edu/I-TASSERY/) for receptor assembly by
iterative threading using default parameters [43]. I-TASSER does not produce a receptor
with a ligand bound to it. Therefore, a cubic simulation cell was fitted around the entire
mouse or rat ERa-LBD structure produced by I-TASSER plus an additional 5 A margin in
the x, y, and z directions. A docking simulation was performed with AutoDock Vina [44] for
100 runs using default parameters, and setup was conducted with YASARA as the graphical
front-end [45] using the E2 ligand extracted from the crystal structure of human ERa-LBD
(PDB 3UUD). The top pose for each docking run in the rodent receptors were selected for
further structural refinement via energy minimization using the YASARAZ2 force field as
described in section 2.7 above. The energy-minimized structure was subjected to 500 ps
molecular dynamics refinement in explicit solvent using YASARA with the YASARAZ2
force field as described in section 2.7 [39]. Each receptor and refinement step were analyzed
for structural errors and scored using MolProbity [40, 41].

2.4. Selection and preparation of Group A and Group B ligands

Group A ligands are shown in Fig. 2. These 23 compounds included E2, DES, and 21
paraben analogs. Many of the parabens in this group have been previously characterized /n
vitroin estrogen-dependent breast cancer cell lines or reporter assays, which have
demonstrated relatively weak estrogenic behavior for these compounds [3, 5, 22, 28]. We
also included (A)-and (S)-3-hydroxybutyl 4-hydroxybenzoate (30OHR and 30OHS) and 2-
hydroxy iso-butyl 4-hydroxybenzoate (20H) [46], metabolites of /-butylparaben (BuP) and
/so-butylparaben (iBuP), which we recently characterized /n vitro as weak estrogenic
compounds in human ERa-expressing breast cancer cell lines [47].

Group B ligands are shown in Fig. 3. These 17 compounds consisted of BuP and E2 along
with 15 parabens containing various substituents in the benzene ring [29].
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Initial structures for Group A and Group B ligands were generated using ChemDraw
Professional version 17.1.0.105 for Windows and saved as CDX structure files. Each CDX
file was imported into Chem3D Ultra version 17.1.0.105 for Windows and energy-
minimized using the MMFF94 functionality in Chem3D Ultra to ensure that the structures
had the correct orders, lengths, and angles for all bonds. The minimized structures were
saved as PDB files for use in the docking simulations.

Ligand PDB files were converted to SDF files using OpenBabel version 2.4.1 64-bit for
Windows [48, 49] for calculation of pKa and solvent-accessible surface area (SASA) using
SimulationsPlus ADMET _Predictor version 9.0.0.10 64-bit for Windows [50]. These values
are listed in Table 1 (Group A ligands) and Table 2 (Group B ligands).

2.5. Docking simulations

Docking was performed with AutoDock Vina [44] using default parameters, and setup was
conducted with YASARA as the graphical front-end [45, 51]. A cubic simulation cell (25 A
x 25 A x 25 A) was centered on the C9 carbon of E2 before removing the native ligand from
each receptor and set as the search space for all test compounds, which were treated as
flexible ligands. The best pose of 25 runs was selected based on two criteria: (1) as
computed by the docking algorithm, the most favorable free energy of binding (AG); and (2)
as determined by visual inspection, poses in which the 4-hydroxy group of the ligand
benzene ring was oriented toward the R394 and E353 residues in the receptor binding site
for potential hydrogen-bond formation, as seen in crystal structures of PrP, BuP, and E2 in
complex with the human ERa-LBD[31, 52, 53]. Hydrogen-bond networks of the docked
structures were optimized with YASARA [54], and protein structures of docking complexes
were aligned with MUSTANG [55] before determining interspecies root-mean-square
deviation (RMSD) values for docked ligands. Throughout this paper, ligand RMSDs are
reported as heavy-atom (all atoms except hydrogen) values that have been symmetry-
corrected to reduce false negative docking results [56]. Protein RMSDs are reported as CA
backbone values [57, 58].

Because AG for docking tends to be biased in favor of larger molecules [59], we have
expressed potency derived from docking in terms of ligand efficiency (LE). Thus, LEgock = -
AG/Ny, where Ny, = the number of heavy (non-hydrogen) atoms in the ligand) [60, 61].

In order to compare LEqqck Values with experimental data, we calculated experimental
ligand efficiencies using the general relationship, LEgyxp = p(Activity)/Ny, where LEegyp, =
experimental ligand efficiency, p(Activity) = -log(Activity), and N}, = the number of heavy
(non-hydrogen) atoms in the ligand. This comparison requires self-consistent sets of
experimental data obtained with a given method under the same assay conditions [60]. For
Group A ligands, experimental activity data meeting these criteria were available for 14 of
the 23 compounds in terms of EC20 values for transcriptional activation in an estrogen
response element (ERE) luciferase reporter assay for human ERa [28]. For Group B
ligands, experimental activity data were available for all 17 compounds (15 ring-substituted
paraben analogs along with E2 and BuP) as 1C50 values for binding to the human ERa
receptor [29].
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2.6. Receptor screening and assessment of unknown rodent structures

Prepared mouse and rat ERa-LBD receptors created with YASARA [17], UCSF Chimera
[42], and I-TASSER [43] were scored and compared using MolProbity (see Supplementary
Data, Tables S1 and S2). Side-chain optimization (SCWALL) followed by energy
minimization (EM) of the entire ERa-LBD structure in YASARA produced the highest-
scoring receptors with the fewest structural errors for ERa-LBD among all three receptor
preparation methods. MD refinement resulted in the introduction of new errors and was
therefore not used for preparation of the final models for subsequent docking simulations.
The highest-scoring rodent receptors prepared with YASARA were selected to determine
ligand-binding similarity among human and rodent ERa-LBD and to carry out the
remainder of the docking simulations conducted in this study.

Structural similarity of the highest scoring ERa-LBD receptors were determined by the
template'modeling score (TM-score) [58]. The TM-align web server (https://
zhanglab.ccmb.med.umich.edu/TM-align/) was used to perform a structural alignment and
generate TM-scores among the three species of ERa-LBD used for calibration. The TM-
scores and receptor CA backbone RMSDs between human and mouse (TM-score: 0.99;
RMSD: 0.16 A) or rat (TM-score: 0.99; RMSD: 0.17 A) were determined. The TM-score
between mouse and rat (TM-score: 0.99; RMSD: 0.03 A) was also calculated. A TM-score
of 1.00 indicates a perfect match [58], and a CA backbone RMSD < 1 A is within the
generally accepted range for equivalent protein structures [62]. Thus, our three prepared /n
silico ERa-LBD models displayed a high degree of structural similarity.

The docking results for E2 were subjected to 3D protein alignment via MUSTANG in
YASARA for human and mouse (Fig. 4A) or human and rat (Fig. 4B) ERa-LBD, which
indicated a docking preference for the known active site of human ERa. Further receptor
calibration was carried out by aligning the proteins associated with the DES docking poses
in YASARA with MUSTANG for human and mouse (Fig. 4C) or human and rat (Fig. 4D)
ERa-LBD. Protein-aligned mouse and rat docking poses for E2 (Fig. S1A) or DES (Fig.
S1B) are likewise shown. Hydrogen-bonding interactions of E2 and DES with key side-
chain residues in the ERa-LBD receptors are shown in Fig. 4. The ligand RMSD values for
the aligned docking poses of E2 and DES in Fig. 4 are summarized in Table 3. Aligned
mouse and rat ERa-LBD poses for docked E2 and DES were determined to have ligand
RMSD values of 0.18 A and 0.05 A, respectively. Given that ligand RMSD values of 2.0 to
2.5 A are the traditional cutoff range for equivalent poses [63, 64], the extremely small
values we obtained for E2 and DES to calibrate the prepared receptors indicate that our /n
sificomouse and rat ERa-LBD models produced virtually identical docking results among
the human and rodent ERa-LBD structures. These calibrated structures were therefore
selected for further analysis of ligand binding similarity.

2.7. Statistical analyses

GraphPad Prism 7.04 for Windows was used to create correlation and pyramid plots of
ligand-receptor residue or atom contacts obtained from the docking results; it was also used
to determine Pearson (/) or Spearman (r) correlation coefficients (GraphPad Software, La
Jolla California USA, www.graphpad.com). The Pearson rwas used for normally distributed
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data, and the Spearman r; was used for non-normally distributed data as determined by the
D’Agostino & Pearson and Shapiro-Wilk normality tests in Prism. Data sets were treated as
non-normally distributed if they failed to pass one or both normality tests (alpha = 0.05).
Summary statistics of non-normally distributed data are presented as median values with
95% confidence intervals (CI). Correlations of LEeyp vs. LEgqck Were obtained using
Pearson partial correlation (/) computed with OriginPro 2018b 64-bit for Windows to
correct for the Ny, covariate (OriginLab, Northampton, Massachusetts USA,
www.originlab.com). The Sorensen similarity coefficient (Sc, expressed as a percentage;
also known as the Dice or Sorensen-Dice coefficient) for each docking comparison of
ligand-receptor atom or residue contacts was obtained with the following equation: Sc =
[2(Nag)/(Na + Np)] % 100], where Nag = number of contacts for both species, Na =
number of contacts for species A, and Ng = number of contacts for species B [65, 66]. Sc
was calculated using the Python “distance” package version 0.1.3 in Anaconda Python 3.6.5
for 64-bit Linux.

3. Results

3.1. Group A ligand RMSD values indicate overall agreement of docking poses between

species

Upon calibration of the prepared ERa-LBD structures shown in Figs. 4 and S1, we used the
Group A ligands shown in Fig. 2 and Table 1 to determine ligand-receptor binding
similarities among the refined human structure and 7 sifico rodent models of the ERa-LBD.

Our first comparison was an examination of the interspecies ligand RMSD values for each
Group A compound (Table 3). Overall group RMSD values (median, 95% CI, n= 23) were
0.49 (0.21-1.82) A (human-mouse), 1.19 (0.22-1.83) A (human-rat), and 0.18 (0.12-0.34)
A (mouse-rat). By definition, RMSD (human-human) = 0.00 A. Because the generally
accepted RMSD range for equivalent docking poses is 2.0-2.5 A [63, 64], the small values
we obtained indicate excellent overall agreement in docking members of this set of ligands
into human, mouse, and rat ERa.-LBD receptors. In general, the calibration ligands, DES
and E2, showed the most favorable ligand RMSD values among the compounds tested.
Among the paraben compounds, /pentyl through /+nonyl and /isc-alkyl analogs generally
displayed more favorable RMSD values than those with shorter or longer r-alkyl chains.
This optimal behavior is likely due to a combination of factors, including an overall
reduction and constriction of possible translational motion of the relatively larger
compounds within the active site, as well as their ability to fully occupy the available space
in this binding pocket in a manner similar to endogenous ERa agonists such as E2.
Experimental data on relative estrogenic potency of paraben analogs also suggest that
optimal activity reflects an ideal juxtaposition of molecular size and hydrophobicity [28].

An example of a relatively poor docking result is shown with 7-butylparaben (BuP) docked
to human ERa-LBD and aligned with the top docking pose for mouse or rat (Fig. 5A, 5B).
The rather large ligand RMSD values for the top docking poses of BuP in Fig. 5 indicate
comparatively incongruent ligand alignment in human vs. rodent ERa-LBDs.
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In contrast, the top docking pose for iso-butylparaben (iBuP), a structural isomer of BuP,
was found to display a nearly perfect alignment between human vs. mouse or rat receptors
as evidenced by visual inspection (Fig. 5C, 5D, S2B) and by the ligand RMSDs (Table 3).
The alignment for iBuP docked to mouse vs. rat was also found to have an exceptional
ligand RMSD, as likewise observed in the case of BuP docked to mouse vs. rat receptors
(Fig. S2A, Table 3).

3.2. Numbers of interspecies ligand-receptor contacts are highly correlated

Our next comparison was an exploration of the degree of interspecies correlations of the
numbers of residue and atom receptor contacts for each compound in Group A. The numbers
of ligand-receptor residue or atom contacts between human and mouse ERa.-LBD among all
Group A ligands tested were found to have Pearson r=0.913 and 0.978, respectively (Fig
6A, 6B). Even higher correlations were obtained with the numbers of ligand-receptor
receptor or atom contacts between human and rat ERa-LBD (7= 0.925 and 0.986,
respectively, Fig. 6C, 6D). Finally, the numbers of ligand-receptor residue or atom contacts
between mouse and rat ERa-LBD gave the highest correlations of all (r=0.945 and 0.990,
respectively, Fig. S3A, S3B). The extraordinary correspondence between the numbers of
ligand-receptor interactions in mouse and rat ERa-LBDs agrees with the high level of
sequence identity between the rodent species (Fig. 1). Overall, with respect to the numbers
of residue or atom ligand-receptor contacts, the mouse and rat ERa-LBDs were found to
interact with the series of paraben analogs and known ERa agonists from Group A ligands
in a manner highly similar to that of the human ERa-LBD.

3.3. Interspecies ligand-receptor contacts arising from specific residues are highly

similar
To assess how similarly Group A compounds interacted with specific residues within the
active site of ERa, we calculated the interspecies Sorensen similarity coefficients (Sc) for
the numbers of residue contacts for each compound docked into human, rat, or mouse ERa-
LBD (Table 3). Rather than simply correlating the number of ligand-receptor residue
contacts for a given ligand between two receptors, the Sc takes into account the specific
residues in each receptor making contacts with the ligand. This analysis yielded an
interspecies Sc value for each compound. As can be seen in Table 3, low RMSD values for a
given compound tended to be reflected by correspondingly high Sc values.

The group Sc coefficients (median, 95% CI) for all residue contacts among all Group A
ligands for each pair of species were 96.8 (90.0-100)% (human-mouse), 97.7 (89.5-100)%
(human-rat), and 100 (97.8-100)% (mouse-rat). These Sc values indicate an overall high
degree of similarity between human and rodent ERa-LBDs as well as between mouse and
rat ERa-LBDs with respect to the numbers of residue contacts between ligands and
receptors arising from specific residues.

In order to gain a clearer picture of interspecies similarity of ligand-receptor atom contacts
by residue for all Group A compounds, we displayed the data in the form of “pyramid
plots”, in like manner to the classic “population pyramids” used to visually categorize
demographic information by comparing the numbers of people in different age groups by
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gender [67]. Here, we replaced age groups with protein residue sequence numbers, and we
replaced genders with species. As can be seen in Fig. 7 and Fig. S4, the remarkable
interspecies similarity in ligand-receptor atom contacts by residue is readily apparent from
the symmetry of the pyramid plots. Moreover, on a quantitative basis, Sc values were 96.9%
(human-mouse), 93.5% (human-rat), and 96.9% (mouse-rat), and r; values were 0.977
(human-mouse), 0.966 (human-rat), and 0.991 (mouse-rat). These plots were also useful for
assessing the relative prevalence of ligand-receptor interactions in a set of ligands. For
example, among Group A ligands, there were highly frequent hydrophobic interactions with
L346, L387, and F404 and less frequent hydrogen bonding interactions with R394, E353,
and H524.

Overall, the Sc values for numbers of residue contacts along with the pyramid plots and their
associated Sc values and r; coefficients demonstrate that the Group A ligands give rise to
sets of specific active site contacts that are highly similar and consistent across human and
rodent ERa.-LBDs.

3.4. Group A LEggck Values are highly correlated between species

Interspecies correlation plots of LEy,ck values for Group A ligands are shown in Fig. 8A,B
(human-rodent) and Fig. S5A (mouse-rat). Each plot also shows the partial Pearson
correlation coefficients (/) to determine the degree of correlation corrected for the covariate,
Np (number of heavy atoms). These values were 0.958 (human-mouse), 0.981 (human-rat),
and 0.960 (mouse-rat), demonstrating excellent interspecies agreement in the predicted
strength of ligand interactions with the ERa-LBD receptors.

It is also noteworthy that the three longest-chain parabens, DeP, UnDeP, and DoDeP, were
clustered at the low end of the potency scale, below LEgyqck values of 0.35 kcal/mol/Np. This
result agrees with published /7 vitro data showing that these three compounds exhibited little
Or no estrogenic activity as assessed by transcriptional activation in an estrogen response
element luciferase reporter assay [28]. However, the LEdock scores for 4OH and MeP
calculated from our docking results were near the top end of the scale, whereas these
compounds were negative in the ERE assay. Explanations of the apparently anomalous
results for these low molecular weight compounds are provided below in the Discussion
section.

3.5. Group B LEgock Values are highly correlated between species and decreased by ring
substitution

Interspecies correlation plots of LEq,ck values for Group B ligands are shown in Fig. 8C,D
(human-rodent) and Fig. S5 (mouse-rat). In these cases, values for OcP from Group A
ligands were included along with values for BuP that were already part of Group B in order
to enable direct assessment of the effect of ring substitutions on predicted ligand binding of
both n-butyl-and /+octylparabens. Values of 7, were 0.957 (human-mouse), 0.964 (human-
rat), and 0.990 (mouse-rat), indicating strong interspecies correlations.

Moreover, it was readily apparent from inspection of the plots in Fig. 8C,D and Fig. S5 that
the predicted efficiencies of ligand binding of all ring-substituted r-butyl-and -
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octylparabens (2a through 2k) were less than that of BuP. Furthermore, the LEyock Values of
all of the ring-substituted n-octylparabens (3e through 3Kk) were less than that of OcP. Thus,
molecular docking predicts that adding ring substituents to n-butyl-or r7-octylparaben as
shown in Fig. 3 will decrease the avidity of binding of these ligands to human, mouse, and
rat ERa-LBD receptors.

3.6 Human LEgock and LEgyp values display good agreement for both Group A and Group

B ligands

Fig. 9 shows correlation plots for human LEey, vs. LEgock for Group A and Group B
ligands. Self-consistent experimental data sets were available for 14 of the 23 ligands in
Group A [28] and all 17 of the ligands in Group B [29]. The 7, values were 0.894 for Group
A and 0.918 for Group B, indicating good agreement between ligand efficiencies computed
from molecular docking and those derived from experimental data. In addition, Fig. 9B
shows that both LEgock and LEeyp values for all of the ring-substituted parabens fall below
these values for BuP, which has no substituents in its benzene ring.

4. Discussion

One of the primary goals of our present work was to address the current conspicuous
absence of reported ERa-LBD crystal structures among the rodent species. Especially in
view of the extensive use of rodent models for investigations of physiological and
pathogenic processes involving the estrogen receptor [68—70], the lack of 3D structures for
the mouse and rat ERa-LBDs constituted a highly significant knowledge gap that needed to
be filled.

The frequently quoted “sequence-structure gap” between the prodigious amount of sequence
data and the sparser quantity of 3D structural data can be bridged experimentally using X-
ray crystallography, NMR, or cryo-EM [71]. Alternatively, this data disparity can be
addressed computationally using iterative threading [43] or homology modeling [72, 73]. In
our present work, we selected /7 sifico mutagenesis [74] via YASARA Structure [17] as the
means to create homology models after comparing results obtained with iterative threading
using | TASSER [43] and homology modeling employing UCSF Chimera [42].

Owing to the high degree of sequence identity between the human and rodent ERa-LBD
proteins, it has been tacitly assumed that the 3D structures and ligand-binding characteristics
of these receptors are essentially identical across species [75, 76]. Indeed, in tests of
estrogenic potential, a common scenario is to conduct ligand-binding assays using human
receptors /n vitro and to carry out in vivo assessments in rodents [77-80]. Thus, it was
reasonable for us to hypothesize that the 3D structures of the human and rodent proteins
would be highly similar and that the binding modes of agonists would likewise be highly
similar. Although this predicted outcome seemed likely, in the absence of structural data, it
was still necessary to test our contention.

We tested our hypothesis computationally by constructing homology models, assessing their
quality and structural similarity to the human protein, and carrying out comparative docking
studies of paraben analogs, E2, and DES. The results supported our hypothesis, which
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indicates that the differing residues among these receptors could be considered neutral
substitutions with little or no effect on altering the tertiary structure of the ERa-LBD or its
binding of the tested agonists. Thus, our results provide additional evidence to validate the
use of rodent models in the assessment and characterization of the estrogenic activity of
compounds arising from their interaction with the ERa.-LBD.

We have shown via MolProbity analysis that our rodent homology models are of high
structural quality and via docking studies that they can serve as viable docking targets.
Accordingly, the models could be used to test other hypotheses concerning species
differences among estrogen receptors. For example, it has been shown that there are
significant differences in ligand selectivity between ERa and ERp receptor among human,
mouse, and rat species using ligands that we did not test in our models [76]. To our
knowledge, these species differences remain unexplained. Our rodent homology models
could be used to provide insight into these observations in future work.

Likewise, homology models of the estrogen receptor have been produced for a variety of
other species, attesting to the relevance and value of computational models in the absence of
experimentally determined structures. Indeed, in recent years, homology models in general
have gained wide acceptance as a means of producing high-quality protein structures for
research investigations and as docking targets [74, 81, 82]. With respect to estrogen
receptors, homology models of ER receptors based on X-ray crystal structures of human
ERa have been created for human (ERp) [83], lizard (3 species) [84], medaka (3 varieties)
[85], rainbow trout [86], rotifer [87], and zebrafish [88]. These estrogen receptor homology
models have been used in evolutionary and physiological research and as docking targets
with applications in ecological toxicology.

Furthermore, our use of /n silico mutagenesis as a technique for creating homology models
could easily be extended to the study of mutant receptors in breast cancer and other diseases
[68, 70, 89-92]. In addition, the technique of /n silico mutagenesis could be used for the
rational design of estrogen receptors with substantially altered ligand affinities for
applications in assays and biosensors [93]. Methodologically, it is noteworthy that in the
case of the rodent ERa-LBD homology models, the simplest of the three approaches — using
YASARA-Structure for /n silico mutagenesis with optimization of side-chains and
hydrogen-bonding networks followed by energy minimization — produced the highest-
quality structures.

Another goal of the present work was to carry out comparative molecular docking
simulations with the human, mouse, and rat ERa-LBD receptors using known ER agonists
and a homologous series of parabens, considered toxicologically relevant as suspected
endocrine disrupting compounds (EDCs). In this connection, the identification and
characterization of suspected endocrine disrupting compounds EDCs using both /n vitro and
/n vivo methods has been considered a major subject of toxicology research for several
decades [94]. Furthermore, parabens represent one category of suspected EDCs that have
been investigated for their potential action on ERa and related hormone signaling pathways
[28, 47]. Although paraben compounds are generally considered weak agonists of ERa., they
are still being investigated to determine whether current exposures may lead to adverse
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impacts on human health [24, 27, 95]. For example, an epidemiological study reported a
possible association between increased BuP exposure and markers of sperm DNA damage
in men [96]. Another study showed a possible dose-response relationship between higher
paraben exposure and shorter self-reported menstrual cycle length among female Japanese
university students [95]. In addition, the detection of parabens in numerous human tissues
[27, 97-103] and their associations with possible endocrine disruption in humans further
demonstrate the toxicological relevance of these compounds as test ligands in our study.
These findings also highlight the need for the further development of jn vitroand in silico
screening methods for recognizing and categorizing EDCs.

Among computational approaches, there have been other reports on molecular docking of
parabens. While these studies differed from our investigation in several respects (e.g., fewer
paraben compounds and/or targets other than ERa.), they also provided an important degree
of corroboration and additional insight into our results. For example, molecular docking of
parabens and other known or potentially estrogenic compounds using human crystal
structures of ERa-LBD as receptors has been combined with other information from
multiple studies to predict their estrogenic potential [104, 105]. These large-scale projects
highlighted the utility of molecular docking in exploratory toxicology studies and
demonstrated a high level of consistency across studies for highly active compounds.
However, these studies also revealed a much lower level of consistency for weakly active
compounds, indicating that further research is needed to improve the reliable classification
of compounds that exhibit low potency against ERa,, such as the paraben analogs used as
ERa-LBD ligands in our study.

In a study of five r-alkyl parabens [106], docking of BuP into the human ERa-LBD was
shown to have a comparatively high RMSD from the crystal structure owing to the relatively
unconstrained r+butyl group being able to adopt multiple conformations, as noted in our
present work. In other reports [107, 108], MeP, EtP, and BzP were found to exert estrogenic
effects in a uterotrophic assay in rats, and docking was used to show that these compounds
adopted apparent bioactive conformations in the human ERa-LBD, similar to our findings.

An investigation of interactions of parabens with the human androgen receptor [25] found
that docking scores for r-alkyl parabens were found to be inversely correlated with chain
length, as shown in our study with human and rodent estrogen receptors. Moreover, dividing
their -AG values by Ny, to yield LEqqck Scores resulted in changing their relative ranking of
40H, PhP, and BzP from 7, 2, and 1 to 1, 4, and 6, respectively, compared to our relative
ranking of the same nine compounds as 1, 5, and 6, respectively.

Finally, among other related docking studies, an investigation has been conducted on the
inverse antagonistic activity of five parabens against the estrogen-related receptor gamma
(ERR-y) [26], which has recently been shown to function as a tumor suppressor in gastric
cancer [109]. The binding pocket of ERR-y is similar to that of ERa, and parabens were
found to dock in the known agonist site in like manner to our docking poses of parabens in
the human and rodent ERa.-LBD structures.

Comput Toxicol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez et al.

Page 14

Although ERB might have been examined in the present study, ERa would be expected to
contribute to a greater proportion of effects observed by binding of an ER agonist. Only the
expression of ERa, and not ER, is currently used to make clinical decisions regarding
estrogen-sensitive diseases, such as ER- positive breast cancer, primarily due to the
relatively poor understanding of the role of ERR within ERa-expressing breast tumors [110].
Further study will be needed to determine the extent to which structural differences or
differential expression of these estrogen receptor subtypes might elicit an estrogenic
response from exposures to exogenous ER agonists.

It is also important to point out that there were some apparently anomalous findings among
our results. In an experimental study comparing estrogenic activities of paraben analogs
[28], the common metabolite, 40H, failed to elicit an estrogenic response, yet we obtained a
positive docking result with this compound in the three species of ERa-LBD.

The negative experimental result with 40H is not surprising, given the fact that parabens are
neutral esters, whereas 40H is a carboxylic acid with an experimental pKa of 4.54 [111] and
a calculated pKa of 4.01 (Table 1). Therefore, this compound would be ionized at a
physiological pH of 7.4. Because of its negative charge, 40H would be expected to
encounter difficulty gaining access to the hydrophobic interior of the ERa.; however, when
docked in the active site, hydrogen bonds to the phenol group and hydrophobic interactions
with the benzene ring would serve to stabilize the complex [106].

As shown in Fig. 10A, the mean LEg,c values obtained from the docking results of all three
species of ERa-LBD displayed a strong negative correlation with the solvent-accessible
surface area (SASA) of the Group A parabens analogs, including the metabolite, 40OH. In
this plot, 40H aligns with the paraben analogs as the compound with the highest LEjock
value and the lowest SASA. At the same time, a plot of mean LEyqck Vvs. pKa (Fig. 10B)
shows that 40H clearly stands apart from the paraben analogs, which span the full range of
LEgock Values with little change in pKa. However, it is important to note that AutoDock Vina
does not make use of partial atomic charges [112], and the same result was obtained whether
40H was docked as a neutral molecule or as an ionized species (data not shown).

In comparison, Fig. 10C shows a negative correlation between the mean LEqqk values of the
Group B paraben analogs with SASA, similar to what was observed with the Group A
ligands. Note that in Fig. 10D, there is no statistically significant correlation between mean
LEgock Values and pKa, yet this representation and the data in Table 2 show that eight of the
17 compounds would be ionized to some extent at physiological pH. In the case of Group B
compounds, the ionized group would be a phenolic oxygen. Here again, whereas docking
scores were inversely related to molecular size, they were indifferent to the potential of a
given compound to ionize.

Moreover, the discrepant relative ranking of 40H potency came about from the simple
calculation of dividing —AG by the number of heavy atoms in the molecule (Ny,) to generate
LEgock Values. The motivation for this calculation arose from the fact that docking scores
tend to favor larger molecules, and the LE metric provides an expedient way to correct this
bias [60, 61]. If the Group A ligands were ranked by —AG rather than LEg,cx, 40H would

Comput Toxicol. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gonzalez et al.

Page 15

move from first to last place. Nevertheless, regardless of its relative ranking, 40H would
retain a docking score. Therefore, the compound would not be deemed completely inactive,
in keeping with its weak estrogenic activity in mouse bioassays [113] and human breast
cancer cell lines [114]. Moreover, the general notion of 40H as a ligand in complex with
proteins should not be surprising, given that it has been docked into human
cyclooxygenase-2 (COX-2) [115], despite negative results in a COX-2 dependent human
smooth muscle cell assay [116]. Furthermore, 40H is found as a bound ligand in a variety of
enzymes, including carbonic anhydrase [117], p-hydroxybenzoate hydroxylase [118], and 4-
hydroxybenzoate octaprenyltransferase [119]. Lastly, 4OH was found to have intermediate
antagonistic activity among paraben analogs against the human androgen receptor [25], and
when its reported docking score was converted to an LEqck Value, its relative rank increased
from 7! to 15 place out of nine compounds, similar to the results we obtained in the present
study.

Although LE values (LEgock and/or LEeyp) should be used and interpreted with due caution
[120, 121], their validity and utility have been well established and widely accepted [60, 61,
122]. Nevertheless, when LE values are employed to select optimally binding ligands for a
given receptor, it is important to recognize that, in general, LE is not a linear function of Ny,
[59]. In particular, based on compilations from large databases of ligand-receptor complexes,
LE values decrease markedly within an Ny, range of 10 to 20 [121]. Thus, the use of LE
values for compound selection can be problematic, especially for small molecules such as
40H and paraben analogs with relatively short alkyl chains, such as MeP.

The problem of smaller ligands having disproportionately large LE values has given rise to a
variety of compensatory methods with varying degrees of success [123]. The more effective
methods for correcting LE according to molecular size depend on deriving parameters from
curve-fitting plots of LE vs. Nj,. Obtaining meaningful values for such parameters would
require much larger data sets than the ones described in the present study. Moreover, apart
from considerations of the receptor-binding capabilities of individual parabens and the
implications this would have on assessing their potential human health impacts, the main
purpose of our investigation to use these compounds as tools to evaluate the similarity of the
human ERa-LBD structure to our homology models of mouse and rat ERa-LBDs. In this
way, our use of LEeyp-LEqock correlations along with those of other variables helped to
demonstrate the strong structural and implied functional correspondence between human
and rodent estrogen receptors.

5. Conclusions

We have demonstrated that /n7 sifico mutagenesis of the human ERa-LBD produced new
high-quality homology models of mouse and rat ERa-LBD, as assessed by MolProbity
analysis. Because there are currently no experimentally determined 3D structures of mouse
or rat ERa-LBD in the PDB, our computational results serve to bridge this significant data
gap by providing modeled 3D structures of the rodent receptors.

We compared three methods for producing the homology models: (1) /n silico mutagenesis
with YASARA-Structure; (2) /in silico mutagenesis with UCSF Chimera; and (3) iterative
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threading with I-TASSER. Furthermore, each of the three methods included two additional
refinement procedures consisting of energy minimization and a brief molecular dynamics
simulation in explicit solvent. The best overall results were obtained with the simplest
procedure: /n sifico mutagenesis and energy minimization with YASARA-Structure. This
technique could be employed in future studies to gain insight into species differences in
ligand binding [76], evolutionary or physiological investigations [84, 87, 88], studies of
ERa-LBD mutations in breast cancer or other diseases [68-70, 89, 90, 92], ecological
toxicology [85, 86, 124], and genetic engineering of mutant ERa-LBDs for use in bio-
detection of ligands in assays or biosensors [93].

We have also shown that our /n silico receptor structures are viable docking targets capable
of reliably recognizing the known potent agonists E2 and DES as well as a homologous
series of weak agonists consisting of parabens and metabolites. These results are in
agreement with /n vitro data regarding the ability of these compounds to bind to mammalian
estrogen receptors and modulate estrogen signaling pathways [3, 5, 28, 47, 53, 125].
Moreover, our detailed comparisons of docking results consistently revealed high similarity
between human and rodent ligand-receptor complexes in support of our working hypothesis
and indicating that the interspecies sequence differences in these receptors could be regarded
as neutral substitutions. Overall, the molecular docking results serve to bolster confidence in
the application of computational techniques that have proved successful in drug discovery to
the fields of computational and predictive toxicology.

In particular, our specific docking studies of the novel ring-substituted paraben analogs
synthesized by Bergquist et al. [29] furnish computational corroboration of the decreased
potencies of these compounds against the human ERa-LBD relative to their unsubstituted
counterparts. These important new findings validate the use of ring-substituted parabens to
decouple ERa agonist activity from their antimicrobial properties. In combination with data
from Bergquist et al. [29], our results also have significant implications for improving
product safety through the design and manufacture of consumer goods that would contain
appropriately modified paraben analogs instead of the compounds currently employed.

Lastly, this paper has introduced from other fields ways of depicting and comparing data that
to our knowledge are new to computational toxicology. For example, ligand efficiency,
borrowed from medicinal chemistry, provides a simple way to compensate for the bias in
docking scores favoring larger molecules [60]. The Sorensen similarity coefficient has been
used in ecology, genetics, and other fields [126], but we are unaware of its previous use in
computational or general toxicology. Moreover, we found that the Sorensen coefficient
yielded scores that were more intuitively aligned with expectation than other similarity
metrics, such as the Tanimoto coefficient, which is widely used in cheminformatics [127].
Finally, to our knowledge, our adaptation of population pyramid plots [67] for displaying
docking information is novel. Furthermore, we found that our pyramid plots provided a
visually appealing and pragmatic way to depict simultaneously the overall symmetry or
asymmetry of ligand-receptor interactions between species along with quantitative
information about the number of ligand contacts for each residue in the receptors.
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Highlights:

. Rodent ERa-LBDs were produced by /n silico mutagenesis of the human
receptor.

. Docking poses of parabens were highly similar between rodent and human
ERa-LBDs.

. Sorenson coefficient proved useful as a new similarity metric for docking
results.

. Pyramid plots are effective graphical representations of ligand-receptor
contacts.

. 3,5-disubstitution of parabens decreases predicted affinity toward ERa-LBD.
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MTMTLHTKASGMALLHQIQGNELEPLNRPQLKIPLERPLGEVYLDSSKPAVYNYPEGAAYEFNAAA===== AANAQVYGQ
MTMTLHTKASGMALLHQIQGNELEPLNRPQLKMPMERALGEVYVDNSKPTVENYPEGAAYEFNAAAA-AAAAASAPVYGQ
MTMTLHTKASGMALLHQIQGNELEPLNRPQLKMPMERALGEVYVDNSKPAVENYPEGAAYEFNAAAAAAAAGASAPVYGQ

85 95 105 115 125 135 145 155

TGLPYGPGSEAAAFGSNGLGGFPPLNSVSPSPLMLLHPPPQLSPFLQPHGQQVPYYLENEPSGYTVREAGPPAFYRPNSD

SGIAYGPGSEAAAFSANSLGAFPQLNSVSPSPLMLLHPPPQLSPFLHPHGQQVPYYLENEPSAYAVRDTGPPAFYRSNSD
SSITYGPGSEAAAFGANSLGAFPQLNSVSPSPLMLLHPPPHVSPFLHPHGHQVPYYLENEPSAYAVRDTGPPAFYRSNSD

165 175 185 195 205 215 225 235

C (DNA Binding)
NRRQGGRERLASTNDKGSMAME SAKETRYCAVCNDYASGYHYGVWSCEGCKAFFKRS I QGHNDYMCPATNQCT I DKNRRK

NRRQNGRERLSSSNEKGNMIMESAKETRYCAVCNDYASGYHYGVWSCEGCKAFFKRS I QGHNDYMCPATNQCT | DKNRRK
NRRQNGRERLSSSSEKGNMIMESAKETRYCAVCNDYASGYHYGVWSCEGCKAFFKRS IQGHNDYMCPATNQCT I DKNRRK

245 255 265 275 285 295 305 318

C (DNA Binding) D (Hinge) | E(ligandBin...
SCQACRLRKCYEVGMMKGG | RKDRRGGRMLKHKRQRDDGE GRGEVGSAGDMRAANLWP SPLMIKRSKKNSLALSLTADQM
SCQACRLRKCYEVGMMKGG | RKDRRGGRMLKHKRQRDDL EGRNEMGASGDMRAANLWPSPLV | KHTKKNSPALSLTADQM
SCQACRLRKCYEVGMMKGG | RKDRRGGRMLKHKRQRDDL EGRNEMGTSGDMRAANLWPSPLV I KHTKKNSPALSLTADQM

325 335 345 355 365 375 385 395

VSALLDAEPPILYSEYDPTRPFSEASMMGLLTNLADRELVHMINWAKRVPGFVDLTLHDQVHLLEXAWLE I LMIGLVWRS
VSALLDAEPPMIYSEYDPSRPFSEASMMGLLTNLADRELVHMINWAKRVPGFGDLNLHDQVHLLECAWLE I LMIGLVWRS
VSALLDAEPPLIYSEYDPSRPFSEASMMGLLTNLADRELVHMINWAKRVPGFGDLNLHDQVHLLECAWLE I LMIGLVWRS

405 415 425 435 445 455 465 a75

MEHPGKLLFAPNLLLDRNQGKCVEGMVE | FDMLLATSSRFRMMNLQGEEFVCLKS I ILLNSGVYTFLSSTLKSLEEKDHI
MEHPGKLLFAPNLLLDRNQGKCVEGMVE | FDMLLATSSRFRMMNLQGEEFVCLKS I ILLNSGVYTFLSSTLKSLEEKDHI
MEHPGKLLFAPNLLLDRNQGKCVEGMVE | FDMLLATSSRFRMMNLQGEEFVCLKS I ILLNSGVYTFLSSTLKSLEEKDHI
485 495 505 515 525 535 545 555
[ ] [ ]
o E(igandBindingDomain/AF2/PDB3VUD) F
HRVLDK ITDTL IHLMAKAGLTLQQQHQRLAQLLLILSHI RHMSNKGMEHLYSMKXKNVVPLSDLLLEMLDAHRLHAPTSR
HRVLDK ITDTL IHLMAKAGLTLQQQHRRLAQLLL I LSHIRHMSNKGMEHL YNMKCKNVVPLYDLLLEMLDAHRLHAPASR
HRVLDK INDTL IHLMAKAGLTLQQQHRRLAQLLL I LSHIRHMSNKGMEHL YNMKCKNVVPLYDLLLEMLDAHRLHAPASR
565 575 585 595

F (Ligand Binding Domain / AF2 Extension)
GGASVEETDQSHLATAGSTSSHSLQKYYITGEAEGFPATV
MGVPPEEPSQTQLATTSSTSAHSLQTYY IPPEAEGFPNTI
MGVPPEEPSQSQLTTTSSTSAHSLQTYY IPPEAEGFPNTI

Fig. 1.
Multiple protein sequence alignment of human, mouse, and rat ERa.. Residues differing

from the human in any sequence are shaded gray. Domains: A/B (AF1) = magenta; C (DNA
binding) = yellow; D (Hinge region) = light red; E (Ligand Binding Domain /AF2; region
encompassed by PDB 3UUD) = green; F (C-terminal extension of Ligand Binding Domain/
AF2) = light blue. The “X” residues 381 and 530 marked with orange annotations in the
human sequence are hydroxyCys that were kept as Cys in the mouse and rat homology
models. S537 marked with a red annotation in the human sequence is the Y537S mutation
that was introduced to stabilize the agonist conformation in PDB 3UUD; the mouse and rat
homology models were likewise mutated to serine residues at this site. Sequences were
downloaded from Uniprot (www.uniprot.com). Alignment was carried out by Geneious
11.1.5 (Geneious, 2018; Kearse et al., 2012) using the Clustal-Omega algorithm. Domain
assignments were adapted from Uniprot (2018a-c) and Sanchez et al. (2002).
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Structures of Group A ligands used for docking studies. R-groups for parabens are listed in

Table 1.
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Fig. 3.
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Structures of Group B ligands used for docking studies. Compounds are parabens with
various substituents in the benzene ring. Compound designations are the same as in
(Bergquist et al., 2018) as listed in Table 2. R” = butyl; R"" = octyl.
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Fig. 4.
Docking comparisons of known ERa agonist ligands in human and rodent ERa-LBD

receptors. (A) E2 human and mouse. (B) E2 human and rat. (C) DES human and mouse.
(D) DES human and rat. Ligand colors: gray = human, magenta = mouse, orange = rat.
Hydrogen bonds are represented as yellow dashes. Oxygen and nitrogen atoms are colored
red and blue, respectively. Active site helix labels (H5, H11, and H12) are displayed in bold
face. Hydrogen-bonding residues are displayed and labeled.
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Fig. 5.
Docking comparisons of Group A paraben ligands in human and rodent ERa-LBD

receptors. (A) BUP human and mouse. (B) BuP human and rat. (C) iBuP human and mouse.
(D) iBuP human and rat. Ligand colors: gray = human, magenta = mouse, orange = rat.
Hydrogen bonds are represented as yellow dashes. Oxygen and nitrogen atoms are colored
red and blue, respectively. Active site helix labels (H5, H11, and H12) are displayed in bold
face. Hydrogen-bonding residues are displayed and labeled.
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Mouse Atom Contacts
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Page 31
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Correlations of numbers of contacts for Group A ligands docked into human and rodent
ERa-LBD receptors. (A) Human-mouse residue contacts. (B) Human-mouse atom contacts.
(C) Human-rat residue contacts. (D) Human-rat atom contacts. Residue contacts = filled
circles, atom contacts = open circles. Each data point is labeled with the ligand name (See
Fig. 2 and Table 1). The Pearson correlation coefficient (/) and associated p-value are shown

in each panel.
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Fig. 7.
Numbers of ligand-receptor atom contacts by residue for all Group A ligands docked into

human and rodent ERa-LBD receptors. (A) Human (blue bars on left) and mouse (green
bars on right) receptors. Human (blue bars on left) and rat (red bars on right) receptors. The
Sorensen similarity coefficient (Sc, expressed as a percentage) along with the Spearman
correlation coefficient () and associated p-value are shown in each panel. Vertical axis =
ERa-LBD sequence number; horizontal axis = number of atom contacts by residue.
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Human-rodent LEyck correlations for Group A and Group B ligands. (A) Human-mouse,
Group A ligands. (B) Human-rat, Group A ligands. (C) Human-mouse, Group B ligands.
(D) Human-rat, Group B ligands. LE ek = -AG/Np, Where LEgqck = ligand efficiency for
docking, AG = free energy of ligand-receptor binding from docking results, and Ny, =
number of heavy (non-hydrogen) atoms in the ligand. Each point is labeled with the name of
the ligand (Group A ligands = closed circles, see Fig. 2 and Table 1; Group B ligands = open
circles, see Fig. 3 and Table 2). The Pearson partial correlation coefficient (p, to correct for

the covariate, Nj) and associated p-value are shown in each panel.
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LEgock and LEexp correlations for Group A and B ligands with human ERa-LBD. (A) Group
A ligands (filled circles) with names (Fig. 2, Table 1). (B) Group B ligands (open circles)
with names according to Bergquist et al. (2018) (Fig. 3, Table 2). LEyock = -AG/Np, where
LEgock = ligand efficiency for docking, AG = free energy of ligand-receptor binding from
docking results, and Ny, = number of heavy (non-hydrogen) atoms in the ligand. The Pearson
partial correlation coefficient (s, to correct for the covariate, N) and associated p-value are

shown in each panel.
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Fig. 10. Correlations for Group A and Group B ligands with physiochemical parameters.
(A) LEgock VS. SASA for Group A ligands. (B) LEgeck Vs. pKa for Group A ligands. (C)

LEgock VS, SASA) for Group B ligands. (D) LEgeck vs. pKa for Group B ligands. Group A =
closed circles; see Fig. 2 and Table 1 for names. Group B = open circles, see Fig. 3 and
Table 2 for names. Each point = mean + SEM, 7= 3 for human, mouse, and rat. In most
cases, the error bars fall inside the diameter of the data markers. LEgock = -AG/Np, where
LEgock = ligand efficiency for docking, AG = free energy of ligand-receptor binding from
docking results, and Ny, = number of heavy (non-hydrogen) atoms in the ligand. SASA =
solvent-accessible surface area of the ligand (A2). The Pearson correlation coefficient (/) and
associated p-value are shown in each panel. In panel (B), note that 40H is a carboxylic acid,
pKa = 4.01, that would be ionized at pH 7.4. The other Group A ligands are neutral esters
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with pKa values for their phenol groups within a narrow range, whereas their LEyqck Values
span a wide range. In panel (D), note that some of the ring substitutions in the Group B
ligands result in considerable lowering of the pKa of the phenol group, yet a strong
correlation between LEyock and SASA is maintained (panel C).
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Table 1

Group A ligands and their computed pKa and SASA values.

Compound Paraben R-group® pKab SASA (A)°
or Chemical Name
Parabens
MP Methyl 8.43 322.94
EP Ethyl 8.54 353.49
Prp Propyl 8.67 382.68
BuP Butyl 8.78 412.14
PeP Pentyl 8.88 441.39
HxP Hexyl 8.96 471.17
HpP Heptyl 9.02 499.83
OcP Octyl 9.08 529.01
NnP Nonyl 9.13 552.71
DecP Decyl 9.18 581.77
UnDecP Undecyl 9.22 611.46
DoDecP Dodecyl 9.26 640.59
iPrP Iso-propyl 8.61 378.45
iBuP Iso-butyl 8.77 403.42
iPeP Iso-pentyl 8.87 432.28
PhP Phenyl 8.53 405.94
BzP Benzyl 8.73 435.85
Parabens metabolites
40H 4-hydroxybenzoic acid 4.01 280.28
20H 2-hydroxy-/iso-butyl 4-hydroxybenzoate 8.75 410.28
30HR (R)-3-hydroxy r-butyl 4-hydroxybenzoate | 8.77 416.90
30HS (S)-3-hydroxy r+butyl 4-hydroxybenzoate | 8.77 415.76
Established ERa agonists
E2 17p-estradiol 10.06 | 457.02
DES diethylstilbestrol 10.31 | 489.45

a . .
Unless designated otherwise,

all alkyl groups are normal (7) straight chains.

bMost acidic pKa computed with ADMET_Predictor 9.0.

cSoIvent-accessibIe surface area computed with ADMET_Predictor 9.0.
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Group B ligands and their computed pKa and SASA values.

Table 2

Compoundal Added Ring b pKaC SASA (AZ)d

Substituents
n-Butyl parabens
BuP None 8.78 412.14
2a 2,3,5,6-tetrafluoro | 3.73 434.90
2b 3,5-dichloro 5.28 465.74
2c 3,5-dibromo 5.30 483.57
2d 3-bromo 7.03 447.79
2e 3,5-diiodo 4.69 508.60
2f 3-iodo 6.68 460.43
29 3,5-dimethyl 8.94 471.89
2h 3,5-di-tert-butyl 9.50 601.17
2i 3,5-dihydroxy 7.51 431.45
2j 3,5-dimethoxy 8.68 506.35
2k 3,5-dinitro 2.96 482.96
n-Octyl parabens
OcP None 9.08 529.01
3e 3,5-diiodo 5.08 625.49
39 3,5-dimethyl 9.27 | 588.38
3i 3,5-dihydroxy 7.90 548.40
3k 3,5-dinitro 3.87 | 599.88
Established ERa agonist

None 10.31 | 457.02
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aParent n-butyl and r-octyl paraben and 17B-estradiol (E2) names from Group A (Fig. 2; Table 1). Ring-substituted paraben names from Fig. 3

(Bergquist et al., 2018).

b4-position in each case occupied by a hydroxyl group.

DMost acidic pKa computed with ADMET_Predictor 9.0.d

dSoIvent-accessibIe surface area computed with ADMET_Predictor 9.0.
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Table 3

Interspecies ligand RMSD values and Sc indices for ligand-receptor residue contacts of Group A ligands
docked into human, mouse, and rat ERa-LBD receptors.

Compound RMSD (A)2 Sc index (%)°
Human/Mouse | Human/ Rat | Mouse/Rat | Human/Mouse | Human/Rat | Mouse/Rat
Parabens
MeP 1.82 1.83 0.08 84.8 84.8 100
EtP 251 2.96 1.05 727 743 93.8
PrP 1.20 1.33 0.47 84.2 89.5 95
BuP 3.22 3.30 0.10 81.0 81.0 100
PeP 0.31 0.21 0.19 100 100 100
HxP 0.18 0.16 0.12 100 100 100
HpP 0.21 0.13 0.13 100 100 100
OcP 0.49 0.47 0.15 100 97.9 97.9
NnP 0.23 0.27 0.23 100 100 100
DecP 3.60 3.57 0.12 90.6 90.6 100
UnDecP 3.45 1.19 3.52 96.0 98.0 93.9
DoDecP 0.66 3.62 3.64 94.1 92.3 96.3
iPrP 0.36 1.74 1.54 97.0 86.5 88.9
iBuP 0.14 0.18 0.09 100 100 100
iPeP 0.46 0.50 0.24 97.7 97.7 100
PhP 1.79 1.72 0.13 95.5 97.7 97.8
BzP 2.09 211 0.09 89.4 89.4 100
Parabens metabolites
40H 0.15 0.27 0.34 96.8 89.7 93.3
20H 2.09 2.08 1.02 88.4 88.4 100
30HR 1.79 1.73 0.18 90.0 90.0 100
30HS 0.15 0.13 0.16 97.7 97.7 100
Established ERa agonists
E2 0.08 0.22 0.18 100 100 100
DES 0.11 0.14 0.05 100 100 100

aSymmetry—corrected heavy-atom interspecies ligand RMSD values for Group A ligands docked into mouse and rat ERa-LBD receptors. Overall
group RMSD values (median, 95% CI, /7= 23) were 0.49 (0.21, 1.82) A (human-mouse), 1.19 (0.22, 1.83) A (human-rat), and 0.18 (0.12, 0.34) A
(mouse-rat). By definition, RMSD (human-human) = 0.00 A.

bSorenson similarity coefficient (Sc) = [2(NAB)/(NA + NB)] x 100, where NA = number of contacts in receptor A, NB = number of contacts in
receptor B, and NAB = number of contacts shared by receptors A and B. In this case, contacts are ligand-receptor residue contacts. Sc values
(median, 95% CI, n=23) for all ligands were 96.8 (90.0, 100)% (human-mouse), 97.7 (89.5, 100)% (human-rat), and 100 (97.8, 100)% (mouse-
rat). By definition, Sc (human-human) = 100%.
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