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Abstract
In the search for xenoestrogens within food additives, we have analyzed the Joint FAO-WHO expert
committee database, containing 1500 compounds, using an integrated in silico and in vitro approach.
This analysis identified 31 potential estrogen receptor α ligands that were reduced to 13 upon applying
a stringent filter based on ligand volume and binding mode. Among the 13 potential xenoestrogens,
four were already known to exhibit an estrogenic activity, and the other nine were assayed in vitro,
determining the binding affinity to the receptor and biological effects. Propyl gallate was found to
act as an antagonist, and 4-hexylresorcinol was found to act as a potent transactivator; both ligands
were active at nanomolar concentrations, as predicted by the in silico analysis. Some caution should
be issued for the use of propyl gallate and 4-hexylresorcinol as food additives.

Introduction
Estrogen receptors (ERs)1 are ligand-activated transcription factors belonging to the super
family of nuclear receptors. ERs mediate a broad spectrum of physiological effects in different
organs and tissues and are involved in a range of diseases, such as breast and endometrial
cancer, osteoporosis, and prostate hypertrophy (1). Recently, estrogens and their receptors have
also been implicated in cardiovascular and central nervous system disorders (2). Two receptor
subtypes have been identified to date, ERα and ERβ. In some organs and tissues, they are
expressed at similar levels, while in others, one subtype is predominant (3). Ligand binding
promotes the dimerization of the receptor and stabilized ER in the cell nucleus where ERs
interact with specific estrogen response cis DNA elements (ERE), triggering the transcription
of specific genes. For its activity on transcription, ERs requires the interaction with coactivators
or corepressors, allowing a fine modulation of the final response in different tissues (4,5). In
addition to binding to ERE, ERs can affect gene expression by protein—protein interaction
with other transcription factors or with molecules involved in the signaling of membrane
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receptors. A variety of synthetic and natural chemicals are known to bind to ER, exerting a
certain degree of estrogenic activity (6-8). These environmental estrogens, also called
xenoestrogens, belong to the category of the endocrine disruptors, defined by the European
Commission as “an exogenous substance or mixture that alters functions of the endocrine
system and consequently causes adverse health effects in an intact organism or its
progeny” (http://ec.europa.eu/environment). Because of the increasing concern regarding the
possible adverse effects of these compounds, in 1996, the U.S. Congress passed the Food
Quality Protection Act (6), while in 1999, the European Commission adopted the Community
Strategy for Endocrine Disrupters. Both documents highlighted the relevance of developing
and implementing screening strategies aimed at the rapid identification of xenoestrogens, in
particular those of harm for human health (6). Given the large number of compounds that bind
ERs, there is considerable interest in developing computational methods for the prediction of
the affinity of compounds for the ER. Previous computational approaches were based mainly
on regression techniques, such as quantitative structure—activity relationship (QSAR) and
comparative molecular field analysis (CoMFA) (9,10), and on molecular dynamics (MD)
(11,12).

An intrinsic complexity in the identification by computational methods of ligands to ERα is
due to the flexibility of the binding site. Structural studies on the ligand binding domain (LBD)
of ERα indicate that agonists, selective estrogen receptor modulators (SERMs), such as
tamoxifen and raloxifene, and full antagonists bind at the same site but induce different
conformations of the carboxy-terminal helix-12 (H12). Agonists stabilize a receptor “closed”
conformation with H12 packed against helices 3, 5, 6, and 11, thus sealing the binding site
(Figure 1a), whereas SERMs and antagonists stabilize an “open” conformation, in which H12
occupies a portion of ERα coactivator binding groove (Figure 1b) (13, 14). In addition to the
flexibility of H12, ERα shows a number of active site residues whose side chains display
different orientations in various ERα complexes (Figure 2) (15-17).

As changes in the receptor conformation might have a dramatic impact in docking results
(18-20), protein flexibility should be taken into account in searching for ERα ligands by
computational approaches. The methods so far proposed may (21-24,25) be classified in two
main groups: those exploring the receptor conformations during the docking procedure
(induced-fit approach) (17,26-28) and those that dock ligands against multiple rigid protein
conformations, obtained from X-ray crystallography (29,30), NMR spectroscopy (31-33), or
generated by computational routines (16,34-36), mainly MD. Attempts to combine the two
approaches have also been reported (37). In the present work, we applied an in silico screening
for the identification of xenoestrogens among a library of commonly used food additives. This
was achieved by combining the docking program GOLD (38) and the scoring function HINT
(39,40), a method that has been proved to be very powerful in the evaluation of the binding
free energy between proteins and ligands, proteins and water molecules, and proteins and DNA
(41-47). The H12 flexibility, which cannot be reproduced with the current docking protocols,
was taken into account by carrying out the screening procedure on both the open and the closed
receptor conformation. The computationally identified xenoestrogens were then assayed in
vitro.

Experimental Procedures
Molecular Modeling Studies

The program Sybyl version 7.0 (Tripos, Inc., St. Louis, MO; www.tripos.com), used for this
work, was installed on a FUEL Silicon Graphics workstation running o.s. IRIX 6.5. The
program HINT (39,40) 3.11 β test version (eduSoft, LC, Ashland, VA; www.edusoft-lc.com)
was used as an add-on module within Sybyl. The program GOLD (38) version 3.1 (CCDC,
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Cambridge, United Kingdom; www.ccdc.cam.ac.uk) was installed on a dual Pentium
processor, running operative system Linux Red Hat Enterprise 3.0.

Protein and Ligand Structure Preparation
The three-dimensional coordinates of protein—ligand complexes were retrieved from PDB
(48) (www.rcsb.org) and imported into the molecular modeling program Sybyl. All structures
were checked for chemical consistency of atom and bond type assignment. Amino-terminal
and carboxyl-terminal groups were set to be protonated and deprotonated, respectively.
Hydrogen atoms, not present in the PDB files, were added using Sybyl Biopolymer and Build/
Edit menu tools. To avoid steric clashes, added hydrogen atoms were energy minimized using
the Powell algorithm, with a convergence gradient of 0.5 kcal (mol Å)−1 for 1500 cycles. This
procedure affected only hydrogen atoms. In the absence of available three-dimensional
coordinates, ligands were built using the Sybyl Build/Edit menu tools and then energy
minimized with a convergence gradient of 0.05 kcal (mol Å)−1 for 100 cycles.

The experimental value of binding affinity for the ERα receptor ligands contained in our data
set was determined as IC50. In our analysis, these values were treated as proportional to Ki
(49). Our data set did not contain compounds for which affinity was expressed as EC50.

Selection of the Database
The two major freely available food additive databases are the EAFUS (Everything Added to
Food in the United States) database maintained by the U.S. Food and Drug Administration and
the Combined Compendium of Food Additive Specifications of the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) (www.fao.org/ag/agn/jecfa-additives). More than
3000 substances are listed in EAFUS, but the chemical structures of various compounds are
not comprised within the database, making it not usable for a screening procedure. The JECFA
compendium includes about 1500 additives and is divided in two sections: One contains food
additives used for purposes other than as flavoring agents, and the other contains flavoring
agents. Because only the former includes the chemical structures of all of the listed compounds,
we focused on this database containing 495 food additives. Because the chemical structures
are not provided using 2D or 3D file formats, they were manually built.

Gold
The protein target and the ligands were prepared for docking using Sybyl (see above). Water
molecules were removed from the PDB structure of the target protein. The input files were
generated as.mol2. A radius of 20 Å, from the center of the active site, was used to direct site
location. For each of the genetic algorithm run, a maximum number of 100000 operations were
performed on a population of 100 individuals with a selection pressure of 1.1. Operator weights
for crossover, mutation, and migration were set to 95, 95, and 10, respectively. The number of
islands was set to 5, and the niche size was set to 2. Fifty genetic algorithm runs were carried
out in each docking experiment. The default GOLDScore fitness function (38) was utilized for
performing the energetic evaluations. The distance for hydrogen bonding was set to 2.5 Å, and
the cutoff value for van der Waals calculation was set to 4.0 Å.

Water Molecules in ERα Complexes
A water molecule was present within the cavity of several ER complexes, predominantly
interacting with Arg394 and Glu353. The energetic contribution of the water molecule to the
binding free energy was analyzed for 24 ligand—ERα complexes. We found that the water—
ligand HINT score (HS) ranged between 7 and 85 units, which was a negligible value with
respect to the total HS for ligand—ERα complexes found to be in the order of 1500−3000. In
agreement with this analysis, by applying the Rank method implemented in HINT software
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(41), the water molecule was predicted as “high probably conserved”, indicating that it cannot
form other strong hydrogen bonds with ligands (unpublished data). Thus, in our in silico
analysis, this water molecule was neglected.

Hydropathic Analysis
The software HINT (Hydrophatic Interactions) was used as a postdocking processor tool (45,
50). All of the 50 solutions proposed by GOLD for each ligand were rescored with HINT (the
higher the HS the lower the predicted negative ΔG°) to predict the best binding mode. HINT
first calculated LogPo/w for each component (protein and ligand) of the complexes. A partial
LogPo/w value ai and a solvent-accessible surface area Si were assigned to each interacting
atom. For the protein, the partition methods were dictionary, where HINT used a lookup table
of parameters based on residue type and solvent condition. The “neutral” option was chosen
as the solvent condition for protein partitioning (lysine and arginine side chains were
protonated, while glutamic acid and aspartic acid side chains were deprotonated). A new HINT
option that corrected the Si terms for backbone amide hydrogens by adding a 20 Å2 (51) was
used in this study. This correction improved the relative energetics of inter- and intramolecular
hydrogen bonds involving backbone amides, which were deemphasized in previous versions
of HINT. For the ligands, the partitions were performed using the calculate method, an
adaptation of the CLOG-P method of Leo (52). For both protein and ligand, a new
“semiessential hydrogens” partition mode that treats polar hydrogens and hydrogens bonded
to unsaturated carbons and carbons α to heteroatoms explicitly was used. In addition, hydrogens
bonded to unsaturated carbons were, along with polar hydrogens, allowed to act as hydrogen
bond donors. This was in accordance with several recent observations suggesting that some C
—H···O hydrogen bonds were possible (53,54).

After LogPo/w calculations, HINT provided a quantitative evaluation of the association process,
as a sum of all single atom—atom interactions, using the following equation:

where bij is the interaction score between atom i and j, a is the hydrophobic atomic constant,
S is the solvent accessibile surface area, Tij is a logic function assuming +1 or −1 values,
depending on the nature of interacting atoms, and Rij and rij are functions of the distance
between atoms i and j (40).

Postdocking Local Optimization
Genetic algorithms are not always suited for local optimization (55). Therefore, to allow a more
accurate evaluation of the binding free energy, a local optimization, based on the HS, of the
ligand rotatable bonds was performed after docking. This optimization generally affected only
hydroxyl groups on the ligands.

Experimental Measurements
Unless otherwise specified, chemicals were purchased from Merck (Germany), culture media
and additives were from Invitrogen Corp. (Scotland, United Kingdom), steroids were from
Sigma Chemical Co. (MO), and food additives (curcumin, capsaicin, propyl gallate, octyl
gallate, delphinidine, peonidine, malvidine, erythrosine B, and 4-hexylresorcinol) were from
Sigma-Aldrich (Italy).
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Cell Culture and Transactivation Studies
All studies were carried out using the B17 clone of MCF-7 obtained in our laboratory by stable
transfection of a plasmid containing the luciferase gene under the control of an estrogen
responsive promoter (56). Cells were grown in RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) (Euroclone, United Kingdom), 50 U/mL penicillin G, 50 μg/mL
streptomycin sulfate, 2 g/L sodium carbonate, and 0.11 g/L sodium pyruvate at 37 °C at 99%
humidity and 5% CO2. Cells were split twice a week by seeding 2 × 106 cells in 100 mm
diameter Petri (Corning, MA) dishes.

For transactivation studies, 105 cells/well were seeded in 24 well plate in phenol red-free RPMI
1640 medium (Sigma-Aldrich, MO) supplemented with 10% dextran-coated charcoal-stripped
FBS, 1% essential amino acid, 1% vitamin mixture, 50 U/mL penicillin G, 50 μg/mL
streptomycin sulfate, 2 g/L sodium carbonate, and 0.11 g/L sodium pyruvate and kept at 37 °
C in a humidified incubator for 24 h. The culture medium was replaced with RPMI 1640 with
1% stripped FBS, and cells were incubated for a minimum of 4 h before adding 17β-estradiol
or additives (at concentrations between 1 pM and 10 μM). After 24 h, cells were rinsed once
with PBS before preparing the protein extract for the determination of luciferase content as
previously described (56). Each experiment was carried out in triplicate. As a control, all
compounds were run in parallel with 17β-estradiol. The average EC50 measured for 17β-
estradiol was 0.02 nM, in good agreement with literature values.

Binding Studies
For binding analysis, 105 MCF-7 cells/well were seeded in 24 well plate in phenol red-free
RPMI 1640 medium supplemented with 10% charcoal-stripped FBS and incubated at 37 °C
in a humidified incubator for 24 h. The medium was replaced with fresh medium and 0.5 nM
[2,4,6,7 3H] estradiol (Amersham, NJ) and increasing concentrations of cold competitors
(additives or 17β-estradiol at concentrations of 1 nM to 0.25 μM). Nonspecific binding was
assessed in the presence of 1 μM 17β-estradiol. Cells were incubated at 37 °C in a humidified
incubator for 2 h to reach equilibrium of the binding reaction. Cells were then rapidly rinsed
with cold PBS three times to eliminate unbound ligand, to separate bound from free radioligand,
and then, the radiolabeled 17β-estradiol was extracted by treating the cells with 0.5 M NaOH
for 30 min. Radioactivity in 450 μL of cellular extract was quantified by addition 4 mL of
scintillation fluid (high flash point LSC-cocktail, PerkinElmer, MA) in the Liquid Scintillation
Analyzer (Tri-Carb 1600 TR, Packard, MA). Data were analyzed by “plot sigmoidal one site
competition curve” using a dedicated software (Prism5—GraphPad Software Inc., CA). Each
experiment was carried out in triplicate. The binding affinity of 17β-estradiol was Ki = 0.03
nM. This value was in agreement with the values found in the literature. Analysis of binding
data was performed by a nonlinear least-squares fitting using PRISM5 software (GraphPad
Software Inc.) implemented with LIGAND program equations, to provide the basic molecular
and cellular parameters for each ligand studied. Evaluation of the statistical significance of the
parameter difference was based on the F test for the extra sum of squares principle (57).

Results
In Silico Screening Procedure. Prediction of Ligand Binding Modes to ERα

Prior to performing the screening on food additives to identify potential xenoestrogens, the
computational procedure was validated by applying it to ligands for which ERα—ligand
complexes are crystallographically determined. Thirty nonredundant X-ray structures of ERα
—ligand complexes are deposited in the Protein Data Bank (PDB). For each of these
complexes, the ligand was extracted and then redocked into the ERα binding site, using the
GOLD docking package (38) to generate a set of 50 plausible ligand poses. The HINT program
(39,40) was used as a postdocking processor tool to select the best ligand conformation (see
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the Experimental Procedures and ref 45 for a detailed description of the procedure). The
accuracy of this computational approach in reproducing the crystallographically detected
conformation was estimated on the basis of the root-mean-square-deviation (rmsd) between
the ligand coordinates in the HINT top docking pose and in the crystal structure. As shown in
Table 1, the predicted binding modes reproduced very well the crystallographically determined
ligand conformations. The best docking poses selected by HINT for 29 out of 30 compounds
show rmsd values lower than 1.50 Å from the crystallographic binding mode, with a mean
rmsd of 0.80 Å. For a single complex (PDB code: 2IOK), a rmsd of 2.55 Å was obtained.
However, even in this case, the key interactions undertaken by the compound with ER were
correctly predicted.

Correlation between HS and Ligand Binding Affinity to ERα
The next step of the procedure was to analyze a wider and more heterogeneous set of ligands
with known affinity for ERα, with the aim of verifying the reliability of the procedure in the
prediction of the ligand binding free energy, a key step in virtual screening investigations. The
set included 15 of the crystallographic ligands, for which affinity values were available in
literature, and another 42 compounds including drugs, natural hormone metabolites,
phytoestrogens, and xenoestrogens for which the affinities to the ERα were known from
literature. The whole data set comprising 57 ERα ligands is reported in Table 2. Because the
backbone flexibility of ERα cannot be properly reproduced by the current docking programs,
we carried out the docking analysis using two receptor structures, representative of the receptor
“closed/agonist” and of the receptor “open/antagonist” conformations, respectively (see the
Discussion). The two crystallographic structures that were selected among those available in
PDB were the ERα-diethylstilbestrol complex (PDB code: 3ERD), representative of the
“closed” conformation, and the complex between ERα and a dihydrobenzoxathiin derivative
(PDB code: 1XPC), representative for the “open” conformation. This selection was dictated
by the high quality of these crystallographic structures and by the low B-factors assigned to
the binding site residues, mainly His524, in comparison with other structures of ERα
complexes. Agonists were docked into the ERα “closed” binding site conformation, while
antagonists/SERMs were docked in the open binding site conformation. The ligand pose
showing the highest HS was considered as the most fitting candidate. The resulting correlation
between the HINT scoring function and the experimentally determined binding affinities is
shown in Figure 3. Data points were fitted to a linear regression (42,44,45):

(1)

with a r2 of 0.55 and a standard error of ± 1.18 pKi units, corresponding to 1.6 kcal mol−1. This
calibration of the HS, specifically obtained for the ERα system (45), provides the basis for the
affinity prediction during the following screening of food additives.

Screening of Food Additives
Among the 495 food additives found in the JECFA database (see the Experimental Procedures),
inorganic compounds, polymers, enzymes, polysaccharides, natural amino acids, sugars, fatty
acids, nucleotides, vitamins, and redundant compounds (some entries report different salts of
the same compound) were excluded. The remaining set includes a total of 112 additives that
were examined using our docking/scoring procedure. Each additive was docked in both the
closed/agonist and the open/antagonist conformation of ERα. The score of the best pose
selected by HINT for each ligand was used to predict the binding affinity. Thirty-one potential
ligands with a predicted pKi greater than 4.00 (Ki < 100 μM) were retained for the postdocking
analysis. This analysis was based on (i) the evaluation of the ligand volume buried within the
protein binding site (58) and (ii) the visual inspection of the docked complexes. Ligand volumes
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buried within the protein binding site were calculated using the software GRASP (59). Ligands
with a buried volume lower than 150 Å3 were excluded from further analyses, as explained in
the Discussion. The visual inspection of the retrieved docked candidates was carried out to
evaluate (i) the chemical-geometric compatibility of conformation of the ligand in the binding
site, (ii) the absence of charged groups adjacent to hydrophobic groups, and (iii) the presence
of at least one hydrogen bond between protein and ligand (60,61). By applying these criteria,
13 out of 31 potential ERα ligands were retained (Table 3). Among these 13 potential ligands,
nine compounds were selected for experimental testing, since for four compounds data were
already present in the literature assessing their binding capability to ERα. In particular,
nordihydroguaiaretic acid, propyl p-hydroxybenzoate, and butyl p-hydroxybenzoate are
known to bind to ER (6), thus indicating that the in silico screening procedure correctly
identified them as xenoestrogens.

In Vitro Determination of Ligand Binding Affinity to ERα and Transactivation Potency
The nine compounds that were identified by in silico screening as potential ERα ligands were
evaluated experimentally to determine their binding affinity to the receptor and their ability to
elicit a ERα-dependent biological activity, that is, the transcription of genes that are under the
control of the ERα response element, requiring a fully competent transcriptosome. The nine
compounds exhibit LogP values between 1.43 and 4.85 (Table 3), thus ensuring easy diffusion
through the cell membrane to reach the target receptor. The representative binding titration of
propyl gallate to the ERα, carried out using the competition with radioactive-labeled estradiol
(Figure 4a), can be fitted with a binding constant of 54 nM, in excellent agreement with the
predicted value (Table 3). The corresponding transactivation potency assay (Figure 4b)
indicates that propyl gallate is inactive, suggesting that it may act as a pure antagonist. Indeed,
in the transactivation assay, propyl gallate blocked 17β-estradiol activity at a concentration
compatible with its affinity: Figure 4f shows that propyl gallate at 10 and 100 nM was able to
antagonize a 10-fold higher concentration of 17β-estradiol activity by 33 and 40%,
respectively. In the case of 4-hexylresorcinol, the reverse behavior was found (Figure 4c,d).
No binding to the receptor was detected in the competition assay (Figure 4c), but a very high
potency was observed with a binding constant of 7 nM (Figure 4d) (see the Discussion). The
comparison between predicted and experimental pKi, reported in Table 3, shows that in the
case of octyl gallate, curcumine, and capsaicin, there is a large discrepancy between predicted
and experimental behavior. The results can be explained by inspecting the predicted binding
modes for these additives that are shown in Figure 5 (see the Discussion). Overall, the in silico
screening procedure was able to identify food additives showing estrogen activity in the
nanomolar range with a success rate of 23%.

Discussion
The application of docking-based virtual screening to drug discovery speeds up the
identification of potential ligands for a given receptor when screening large amounts of
compounds. The main issue for in silico screening analysis lies in the difficulty of correctly
ranking different compounds, that is, in correctly evaluating the relative free energy of binding.
In this work, we have used the HINT force field that was shown to be a reliable tool for
predictions of binding affinity in several studies of protein—ligand as well as protein—DNA
interactions (42,44-46,62). Moreover, the results obtained correlating the HS and the
experimentally determined binding affinities of crystallographically and noncystallographially
ligand—ERα complexes (Figure 3) were remarkably good, indicating the robustness of HINT
as postdocking scoring function. However, when examining a wide number of ligands
characterized by very different chemical structures and unknown activity, failures of the
scoring functions in discriminating between true ligands and nonbinders are common, and
several studies report a large number of false positives among the predicted binders (63-66).
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Therefore, a careful analysis on the results generated from docking runs is mandatory (58,
67-69). We have adopted two filtering modes: (i) calculation of the ligand volume buried within
the protein binding site using the software GRASP (59) and (ii) visual inspection of ligand
binding mode generated through docking. The first approach, proposed as a good filter method
by Stahl and Bohm (58), allows the identification of ligands leaving a large amount of empty
space within the active site, which has to be filled by water molecules with an entropic penalty,
particularly relevant for a closed hydrophobic cavity like the ERα binding pocket. None of the
known ERα ligands exhibits a volume lower than about 200 Å3, and many of them (such as
tamoxifen and raloxifene) display buried volumes around 300 Å3. The nonstringent buried
volume cut off of 150 Å3, below which ligands were discarded, generated a selection among
the potential binders, decreasing its number from 31 to 25. The visual inspection of the retrieved
candidates was carried out evaluating the following compound features: (i) chemically
plausible conformation of the bound ligand, (ii) the absence of charged groups adjacent to
hydrophobic groups, and (iii) the presence of at least one hydrogen bond between protein and
ligand. The two latter criteria are not particularly stringent, as often made in virtual screening
studies (60,70-72). This choice was made, even at the cost of a possible higher number of false
positives, in order not to preclude the docking routine from identifying genuine ligands of
ERα that bind with unusual modes. The inspection of the structures of the 13 compounds that
were identified as potential ligands (Figure 5) indicates that capsaicin and erythrosine are
placed within the active site with a binding mode that was not previously observed for estrogen
ligands, that is, without hydrogen bond formation with Glu353. Indeed, none of these ligands
resulted active in in vitro assays, suggesting that it is unlikely to observe estrogen ligands with
binding modes different from the classic one.

Four among the 13 food additives identified as potentially estrogenic were predicted to
preferentially bind to ERα in the “open” (SERM) conformation (Figure 5i—l). They are
nordihydroguaiaretic acid, capsaicin, curcumin, and erythrosine. The other nine additives were
predicted to bind to the ERα “closed” (agonist) conformation. The binding mode predicted for
nordihydroguaiaretic acid (Figure 4i) is particularly interesting, because this compound is
already known as a ERα ligand, but its activity as agonist or SERM has not yet been completely
characterized (73). Our computational analysis may suggest a possible SERM-like nature of
this compound that might deserve further investigation. The predicted binding modes of almost
all of the food additives show a hydrogen bond between a phenolic group on the ligand and
the carboxylate of Glu353 within the ERα binding site. Only capsaicin (Figure 5j) and
erythrosine (Figure 5l) do not display hydrogen bonds with this glutamate residue, but both of
them resulted inactive during in vitro assays. This is in line with previous reports indicating
that hydrogen bonding with Glu353 is an essential feature for binding to ERα (13, 74).
Furthermore, almost all known binders show a phenolic group, which mimics that of the 17β-
estradiol A ring, acting as a hydrogen bond donor to the carboxylate of Glu353 and as a
hydrogen bond acceptor from the guanidinium group of Arg394. Eight of the proposed hits
possess this feature: propyl and butyl p-hydroxybenzoate (Figure 5a), butyl hydroxyanisole
(Figure 5b), propyl gallate (Figure 5g), octyl gallate (Figure 5h), curcumin (Figure 5k), and
nordihydroguaiaretic acid (Figure 5i). Among these compounds, we found the most active
ligands (propyl gallate, 4-hexylresorcinol, and nordihydroguaiaretic acid) and also the two
weak binders propyl and butyl p-hydroxybenzoates (Table 3). Most likely, the use of more
stringent criteria during the visual inspection of the docking hits would have avoided some of
the false positives collected at the end of the screening. It can also be noted that a number of
ligands do not fully occupy the ERα binding cleft. This condition is energetically unfavorable
because it causes the formation of lipophilic cavities (ERα binding site is mainly hydrophobic)
that have to be filled by water molecules. However, 4-hexylresorcinol and propyl gallate, even
if they fall in this category of ligands (Figure 5d,g, respectively) resulted experimentally strong
xenoestrogens. This finding supports the choice of being relatively permissive in terms of
buried ligand volume in the postdocking filtering.
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The different activity profiles (Table 3) of propyl gallate and octyl gallate are somehow
surprising. The number and the geometrical quality of the hydrogen bonds formed by the two
additives with Glu353 and Arg394 are the same. Octyl gallate fills the binding pocket better
than propyl gallate (ligand buried volume of 249 vs 176 Å3). Nonetheless, only the propyl
gallate resulted active during experimental testing (Table 3). A possible explanation resides in
the high flexibility of the octyl gallate long alkyl chain, whose confinement within the binding
site may give rise to an entropic cost. Such negative contribution cannot be revealed by the
scoring function. Similarly, curcumin, where the long alkyl chain that acts as a spacer between
the two phenyl rings might increase ligand flexibility, was found to lack binding activity.
Furthermore, this long chain does not allow the interaction of curcumin with the closed
conformation of the ERα binding pocket (the molecule is too long).

The identification of novel molecules that bind to ERα in the micromolar range is of value both
in the perspective of ligand optimization, the step following screening practices in drug
discovery campaign, and in the search of food additives with estrogenic activity. However, it
should be considered that xenoestrogens endowed with micromolar binding affinity for ERα
might not be relevant because only ligands with a binding affinity in the nanomolar or in the
low micromolar range might have the capability of interfering with endogenous ligands such
as estradiol. In any event, three among the 13 potential xenoestrogens, nordihydroguaiaretic
acid, propyl gallate, and 4-hexylresorcinol, exhibit a nanomolar binding affinity/potency, thus
able to significantly compete with estradiol. This is a hit rate of 23%, well within the success
rate of screening with heterogeneous compound libraries, usually of the order of 10−30%
(64,75). Furthermore, success rates reported in the literature are usually built considering as
hits compounds that bind in the micromolar range (76) (or even in the hundreds of micromolar
range). Applying this criterion to our results, we would obtain a hit rate of 38% (5/13). It should
be also pointed out that four of the tested additives (delphinidin, malvidin, peonidin, and
erythrosine) were predicted to be weak binders (Table 3). Considering only the predicted top
binders (nine compounds), the hit rate of the computational protocol would rise to 56%.

Nordihydroguaiaretic acid was already known as an ERα binder (6), while for propyl gallate,
only limited data showing transactivation activity in the high micromolar range were reported
(77). To our knowledge, the 7.39 pKi (54 nM) that we found for propyl gallate in the present
study identifies this compound as the strongest ligand among xenochemicals currently known
as ERα binders. Propyl gallate showed another interesting feature. The compound was able to
bind to ERα in the nanomolar range but did not show any transactivation activity at the
concentrations used in the biological assay. Indeed, in a competition study, propyl gallate
proved to be able to antagonize 17β-estradiol transactivation ability. On the other hand, 4-
hexylesorcinol is very active in the transactivation assay but does not exhibit a direct binding.
It is well-known that ligand—receptor interaction is necessary but not sufficient to activate the
transcription machinery, and coregulators are attracted by the receptor to the promoter, and
these molecules are responsible for the final activity of the receptor on transcription. Thus, the
lack of correlation between receptor binding activity and transcriptional ability of the two
compounds above suggests that each of them induces a different receptor conformation,
attracting corepressors or coactivators able to stabilize the ER-DNA binding, resulting in
transcription initiation. Alternatively, in the case of hexylresorcinol, it may be hypothesized
that this compound has an indirect effect and facilitates the interaction between unliganded ER
and coactivators, inducing the transcription of the reporter. As propyl gallate is a widely used
antioxidant with an acceptable daily intake established by JECFA of 0−1.4 mg/kg
(www.fao.org/ag/agn/jecfa-additives), some caution note might be issued for this additive.
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Conclusions
The identification of xenoestrogens is of great interest, given the increasing concern regarding
the possible adverse health effects of these compounds. The application of an integrated in
silico and in vitro approach allows us to increase the speed in the analysis of food additives
databases for the identification of potential xenoestrogens. The developed protocol was
validated and allowed us to identify two new xenoestrogens, propyl gallate and 4-
hexylresorcinol, exhibiting activity in the nanomolar range.
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Figure 1.
Ribbon and surface representation of ERα in complex with the agonist diethylstilbestrol (a)
(PDB code: 3ERD), closed conformation, and with a dihydrobenzoxathiin SERM (b) (PDB
code: 1XPC), open conformation. H12 (red) exhibits different orientations in the two
complexes.
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Figure 2.
Overlay of the ERα binding site complexed with 17β-estradiol (PDB code: 1ERE, yellow), 4-
hydroxytamoxifen (PDB code: 3ERT, blue), and raloxifene (PDB code: 1ERR, light-blue).
Only the ligands and the key interacting residues are represented in capped sticks. Glu353 and
Arg394, which interact with the estradiol A ring, show a very similar behavior in the different
complexes. On the contrary, His524, which interacts with the estradiol D ring, displays
different orientations in different complexes, reflecting the higher degree of freedom of ligand
molecules in this portion of the binding pocket. The side chain of Asp351 shows two distinct
orientations, depending on the presence (SERMs) or absence (agonist) of a bulky side chain
able to interact with this residue.
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Figure 3.
Correlation between the experimental pKi and the HINT-calculated pKi for the 57 ERα—ligand
complexes.
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Figure 4.
Binding titrations for propyl gallate (a) and 4-hexylresorcinol (c) and transactivation assays
for propyl gallate (b), 4-hexylresorcinol (d), and 17β-estradiol (e). The antagonist activity of
propyl gallate was tested in a transactivation assay (f). Each experiment was carried out in
triplicate, according to the procedure reported in the Experimental Procedures.
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Figure 5.
Predicted binding modes for the 13 food additives identified as potential ERα ligands by virtual
screening. (a) Propyl 4-hydroxybenzoate and butyl 4-hydroxybenzoate, (b) butyl
hydroxyanisole, (c) delphinidin, (d) 4-hexylresorcinol, (e) malvidin, (f) peonidin, (g) propyl
gallate, (h) octyl gallate, (i) nordihydroguaiaretic acid, (j) capsaicin, (k) curcumin, and (l)
erythrosine.
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Table 1
Results of Docking Predictions on ERα–Ligand Complexes

PDB code res. (Å) ref ligand rmsd (Å)

1ERE 3.10 (13) 17β-estradiol 0.51

1X7R 2.00 (78) genistein 0.31

3ERD 2.03 (14) diethylstilbestrol 1.10

3ERT 1.90 (14) 4-hydroxytamoxifen 1.42

1ERR 2.60 (13) raloxifene 0.49

1SJ0 1.90 (79) dihydrobenzoxathiin derivative 0.69

1XP1 1.80 (80) dihydrobenzoxathiin derivative 0.19

1XP6 1.70 (80) dihydrobenzoxathiin derivative 0.18

1XP9 1.80 (80) dihydrobenzoxathiin derivative 0.23

1XPC 1.60 (80) dihydrobenzoxathiin derivative 0.45

1YIN 2.20 (81) chromane derivative 0.62

1YIM 1.90 (81) chromane derivative 0.18

1X7E 2.80 (82) WAY-244 1.01

1UOM 2.28 (83) tetrahydroisoquinoline derivative 1.18

1XQC 2.05 (83) tetrahydroisoquinoline derivative 1.23

1L2I 1.95 (84) tetrahydrochrysene derivative 0.63

2B1V 1.80 (85) OBCP-1M 1.34

2FAI 2.10 (85) OBCP-2M 1.23

1ZKY 2.25 (85) OBCP-3M 1.54

2B1Z 1.78 a 17-methyl-17α-dihydroequilenin 0.33

2G5O 2.30 a 2-(but-1-enyl)-17β-estradiol 0.55

2I0J 2.90 (86) hexahydrocyclopenta[c]chromene derivative 0.58

1R5K 2.70 (87) GW5638 0.99

2G44 2.65 a OBCP-1M-G 1.38

2Q70 1.95 (88) hexahydrocyclopenta[c]chromen-8-ole derivative 0.31

2QE4 2.40 (89) benzopyran derivative 0.38

2P15 1.94 (90) orthotrifluoro-methyl-phenyl-vinyl estradiol 0.47

2AYR 1.90 (91) naphthalen-2-ole derivative 0.92

2IOG 1.60 (92) 2-aryl indole derivative 1.06

2IOK 2.40 (92) 2-aryl indole derivative 2.55

a
To be published.
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Table 2
Structural and Experimental Affinity Data for the 57 ERα–Ligand Complexes

apIC50.
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Table 3
List of the 13 Food Additives Identified as Potential ERα Ligands by Virtual
Screening

aAdditives for which experimental data were already available in the literature.

bLogPo/w calculated by HINT.
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