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Abstract

The mycotoxins zearalenone and alternariol may contaminate food and feed raising toxicological
concerns due to their estrogenicity. Inter-species differences in their toxicokinetics and
toxicodynamics may occur depending on evolution of taxa-specific traits. As a proof of principle,
this manuscript investigates the comparative toxicodynamics of zearalenone, its metabolites
(alpha-zearalenol and beta-zearalenol), and alternariol with regards to estrogenicity in humans
and rainbow trout. An in silico structural approach based on docking simulation, pharmacophore
modeling and molecular dynamics was applied and computational results were analyzed in
comparison with available experimental data. The differences of estrogenicity among species of
zearalenone and its metabolites have been structurally explained. Also, the low estrogenicity of
alternariol in trout has been characterized here for the first time. This approach can provide a
powerful tool for the characterization of interspecies differences in mycotoxin toxicity for a

range of protein targets and relevant compounds for the food-and feed-safety area.

Keywords: mycotoxins, zearalenone, alternariol, estrogen receptors, in silico toxicology,

toxicodynamic
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1. Introduction

Zearalenone (ZEN) belongs to a group of mycotoxins of public and animal health concern due to
its distribution worldwide, the frequencies and the levels of contamination in food and feed, and
the severity of adverse effects it may evoke in living organisms (Dong, Pan, Wang, Ahmed, Liu,
Peng, et al., 2018). From a chemical point of view, ZEN is a low-molecular weight secondary
metabolite produced by fungi belonging to Fusarium spp., mainly F. culmorum and F.
graminearum (Marin, Ramos, Cano-Sancho, & Sanchis, 2013). It is chemically described as 6-
(10-hydroxy-6-oxo-trans-1-undecenyl)-beta-resorcylic acid lactone (Figure 1). ZEN, along with
a number of cognate metabolites, can be found as contaminant in small grains, maize and derived
products. The reduced metabolites a-zearalenol and B-zearalenol (aZEL and BZEL, respectively)
are among the most abundant forms co-occurring with ZEN (Gromadzka, Waskiewicz,
Chelkowski, & Golinski, 2008), though they may be produced significantly also by the phase |
metabolism of mammals (EFSA, 2011). Besides evidences pointing to cytotoxic and genotoxic
effects, ZEN and its metabolites pose a health risk for humans and animals mainly on account of
their xenoestrogenic activity (EFSA, 2011). The main molecular mechanism underlying
estrogenicity of ZEN and its metabolites requires the direct binding and activation of estrogen
receptors (ERs), which are ligand-induced intracellular transcriptional factors belonging to the
nuclear receptor superfamily (Brzozowski, Pike, Dauter, Hubbard, Bonn, Engstrom, et al., 1997;
Spyrakis & Cozzini, 2009).

Several research efforts have described marked interspecies differences in terms of susceptibility
to the stimulation by ZEN and its metabolites (EFSA, 2017). In this respect, pigs are amongst the
most sensitive species (Binder, Schwartz-Zimmermann, Varga, Bichl, Michlmayr, Adam, et al.,

2017), while chicken are more resistant (Pitt, 2013). Inter-species differences in the toxicokinetic
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profiles of ZEN and its metabolites in animal species have been recognized as the rationale
behind species susceptibility and sensitivity (EFSA, 2017; Mally, Solfrizzo, & Degen, 2016;
Zinedine, Soriano, Molt6, & Mafies, 2007). Specifically, sensitive species primarily produce
metabolites with larger estrogenic potency compared with ZEN and this has been demonstrated
for the phase-l metabolite oZEL (Binder, et al., 2017). Conversely, species that are more
resistant to the toxicity of ZEN tend to produce larger amount of metabolites with estrogenic
potency lower than that from ZEN such as the phase | metabolite BZEL (Devreese, Antonissen,
Broekaert, De Baere, Vanhaecke, De Backer, et al., 2015). However, interspecies differences in
toxicokinetics (TK) may not fully account for species susceptibility and sensitivity to ZEN and
toxicodynamic (TD) differences may also play a role in sensitivity among species, though they
are not commonly considered. In this regard, inter-species differences in the primary sequences
of estrogen receptors (ERs) may impact binding of ZEN and its metabolites, with subsequent
consequences on ERs activation and estrogenic potency (Matthews, Celius, Halgren, &
Zacharewski, 2000). In the context of risk assessment, the molecular characterization of such TD
differences may provide precious information to better understand the species-specific
mechanisms of toxicity and to provide a more through explanation of inter-species differences.

This manuscript deals with the comparative modelling of the estrogenic activity of ZEN, aZEL
and BZEL in human and rainbow trout (Oncorhynchus mykiss) to investigate interspecies
differences as a proof of principle. To do so, a computational workflow based on molecular
modelling techniques has been used. Notably, computational methods provides valuable tools for
the characterization of biological and toxicological properties of a wide spectrum of molecules
(e.g. (Cheron, Casciuc, Golebiowski, Antonczak, & Fiorucci, 2017; L. Dellafiora, Dall’Asta,

Cruciani, Galaverna, & Cozzini, 2015; Ivanova, Karelson, & Dobchev, 2018; Lin, Zhang, Han,
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Xin, Meng, Gong, et al., 2018)).

In addition, the estrogenic potential of alternariol (AOH), an emerging mycotoxin with
estrogenic properties produced by Alternaria spp. (L. Dellafiora, Warth, Schmidt, Del Favero,
Mikula, Frohlich, et al., 2018), has also been assessed. Deepening the understanding of the
molecular aspects of ZEN and AOH estrogenicity in trout is also very relevant given the overall
paucity of data and the poor understanding of mycotoxins action in fish, even though a number
of mycotoxins, including ZEN and AOH, constitute emerging hazards to fish health in rivers and
modern aquaculture (Gongalves, Schatzmayr, Albalat, & Mackenzie, 2018; Tolosa, Font, Manes,
& Ferrer, 2014).

In this context, the computational study presented here applies a workflow based on
pharmacophoric modelling, docking simulation and molecular dynamics, which has already
demonstrated to reliably model bioactivity and toxicity of low-molecular weight compounds (e.g.
ref. (L. Dellafiora, Dall’Asta, Cruciani, Galaverna, & Cozzini, 2015)). Specifically, this work
aims to: i) Model at the molecular level the diverse inter-species toxicodynamics of ZEN, aZEL
and BZEL with regards to their interaction with ERs using a structural approach. In this respect,
the computational modeling may be a rapid and cost-effective analytical method to valuably
integrate data from in vitro and in vivo trials in the risk assessment process (L. Dellafiora,
Dall'Asta, & Galaverna, 2018; Lewis, Kazantzis, Fishtik, & Wilcox, 2007). ii) Characterize inter-
species differences in ERs binding to provide a mechanistic understanding of ZEN-related
effects among species. iii) Extend knowledge of the interspecies differences in AOH toxicity,
which is considered among the emerging mycotoxins of most concern (Gruber-Dorninger,

Novak, Nagl, & Berthiller, 2017).
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2. Materials and methods

2.1. Design of the human and rainbow trout estrogen receptor models
The model of the alpha isoform of human ER (hERa) ligand binding domain was designed from
the ZEN-bound crystallographic structure deposited in the RCSB PDB databank

(http://www.rcsb.org) with ID code 5KRC (chain A) (Nwachukwu, Srinivasan, Bruno, Nowak,

Wright, Minutolo, et al., 2017). The structure was processed using the Sybyl software, version

8.1 (www.certara.com) checking the consistency of atom and bond types assignment and

removing the co-crystalised ligand and waters, as previously reported (L. Dellafiora, Galaverna,
Dall'Asta, & Cozzini, 2015). The protein presented unresolved coordinates in the regions 332-
335 and 461-472. The sequence continuity in the region 461-472 was achieved using the “Align
Structure by Homology” tool of the Biopolymer module of Sybyl software, version 8.1

(www.certara.com) by superimposing the human ERa structure with PDB code 2YJA (Phillips,

Roberts, Schade, Bazin, Bent, Davies, et al., 2011) and linking to the model the corresponding
atomic coordinates of such region. Conversely, the continuity of the region 332-335 was
achieved using the Loop/Refine module of Modeler software (version 9.1) (Sali & Blundell,
1993) interfaced in the UCSF Chimera software (version 1.11) (Pettersen, Goddard, Huang,
Couch, Greenblatt, Meng, et al., 2004) limiting the structure refinements at the missing part only.
The number of models to generate was set at five and only the best scored model according to
GA341 and zDOPE scores was considered.

Since no rainbow trout ER (rtER) structures were available in the PDB databank

(http://www.rcsb.org) (last database access in January 17", 2019), the 3D model of the rainbow

trout ERa ligand binding domain (NCBI Reference Sequence: NP_001117821.1; residues 323-

560) was achieved through homology modeling using the hER model as a template, as
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previously reported (L. Dellafiora, Dall'Asta, & Cozzini, 2015) within the software Modeler
(version 9.1) (Sali & Blundell, 1993) interfaced in the UCSF Chimera software (version 1.11)

(Pettersen, et al., 2004) . The root-mean square deviation (RMSD) analysis of proteins backbone

between trout model and its human template was done using the “Compare Structures” tool of

the Biopolymer module of Sybyl software, version 8.1 (www.certara.com).

For sequence analysis, the global pairwise alignment of ER ligand binding domains primary
sequence was conducted using the on-line tool EMBOSS-Water Pairwise Sequence Alignment

(http://www.ebi.ac.uk) and the Needleman-Wunsch alignment algorithm.

2.2 Pharmacophoric modelling

The binding site of both hERa and rtERa models was defined using the Flapsite tool of the
FLAP software together with the GRID algorithm to investigate the corresponding
pharmacophoric space (Baroni, Cruciani, Sciabola, Perruccio, & Mason, 2007; Carosati,
Sciabola, & Cruciani, 2004). The DRY probe was applied to describe potential hydrophobic
interactions, while the sp2 carbonyl oxygen (O) and the neutral flat amino (N1) probes were used

to describe the hydrogen bond acceptor and donor capacity of the target, respectively.

2.3 Docking simulations

GOLD (Genetic Optimization for Ligand Docking) software was chosen to perform docking
studies as the appropriate tool for computing protein-ligand interactions (e.g. (Maldonado-Rojas
& Olivero-Verbel, 2011; Rollinger, Schuster, Baier, Ellmerer, Langer, & Stuppner, 2006)). The
occupancy of the binding site was set within a sphere 10 A around the centroid of the pocket.
Software setting and docking protocol previously reported were used (L. Dellafiora, Galaverna,
& Dall'Asta, 2017). As an exception, the use of external scoring functions was omitted as the

GOLD's internal scoring function GOLDScore succeeded in analyzing the reference set of
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compounds (vide infra). Specifically, GOLDScore fitness considers the external (protein-ligand
complex) and internal (ligand only) van der Waals energy, protein-ligand hydrogen bond energy
and ligand torsional strain energy. In each docking study, the proteins were kept semi-flexible
and the polar hydrogen atoms were set free to rotate. The ligands were set fully flexible.

GOLD implements a genetic algorithm that may introduce variability in the results. Therefore,
testing of the models were performed in triplicates and results were expressed as mean +
standard deviation (SD) ratio to the reference compound E2 to ensure causative scores
assignments for ER binding. In addition, molecules showing multiple poses and/or low and
variable score (coefficient of variation > 10%) were considered a priori unable to favorably bind
the pocket being unable to find a stable binding pose and were not included in the statistical

analysis (L Dellafiora, Galaverna, Cruciani, Dall'Asta, & Bruni, 2018). .

2.4 Molecular dynamic

Molecular dynamic (MD) simulations were performed to investigate the dynamic of ligands
interaction with the ligand binding site of both human and trout ER, in comparison to those of
the endogenous agonist E2. The best scored binding poses calculated by docking simulation were
used as input for MD. MD simulations were performed using GROMACS (version 5.1.4)
(Abraham, Murtola, Schulz, Pall, Smith, Hess, et al., 2015) with CHARMM27 all-atom force
field parameters support (Best, Zhu, Shim, Lopes, Mittal, Feig, et al., 2012). All the ligands have
been processed and parameterized with CHARMM27 all-atom force field using the SwissParam

tool (http://www.swissparam.ch). Crystallographic waters kept in the docking studies were

removed and protein-ligand complexes were solvated with SPCE waters in a cubic periodic
boundary condition, and counter ions (Na" and CI") were added to neutralize the system. Prior to

MD simulation, the systems were energetically minimized to avoid steric clashes and to correct
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improper geometries using the steepest descent algorithm with a maximum of 5,000 steps.
Afterwards, all the systems underwent isothermal (300 K, coupling time 2psec) and isobaric (1
bar, coupling time 2 psec) 100 psec simulations before running 50 nsec simulations (300 K with

a coupling time of 0.1 psec and 1 bar with a coupling time of 2.0 psec).

2.5 Statistical analysis

Statistical analysis of docking results was performed using IBM SPSS Statistics for Linux,
version 25 (IBM Corp., Armonk, NY). The data was analysed by one-way ANOVA (o =0.05),
followed by post hoc Fisher’s LSD test (o =0.05), except for the paired ratio comparisons that

were analyzed using paired student’s t test.

3. Results and Discussion

3.1 Design of trout ER model
There are no 3D structures of rainbow trout ER available in the PDB databank

(http://www.rcsh.org) (last database access in January 17", 2019). Therefore, the rainbow trout

ER (rbER) model was designed using homology modelling, a technique which can provide
reliable 3D models of biological targets when the structure of homologous proteins are available
(Lohning, Levonis, Williams-Noonan, & Schweiker, 2017; Monzon, Zea, Marino-Buslje, &
Parisi, 2017). Notably, homology modelling may be particularly suitable to model the ligand
binding domain of ERs given the strong conservation of 3D structures along the evolutionary
path of nuclear receptors, and especially among the ER orthologous (Pike, Brzozowski, &
Hubbard, 2000).

The alpha isoform of hER (hERa) was used as a template to model the alpha 1 isoform of rbER.

9
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The hERa and rtER orthologous addressed in this study (GenBank accession code AAD52984.1,
residues 310-547; and NCBI reference sequence NP_001117821.1, residues 323-560,
respectively) shared 64 % of sequence identity and 81 % of sequence similarity (according to

BLOSUM®62 matrix) respectively. To note, sequences sharing an identity higher than 50% are

typically though to provide high-confidence models (Dalton & Jackson, 2007). In addition, the

root-mean squared deviation (RMSD) analysis of proteins backbone between the model and its

template was done to further check the model confidence. The very low value recorded (0.74 A)

pointed to the high confidence of the model used, in agreement with previous studies (Nikolaev,

Shtyrov, Panov, Jamal, Chakchir, Kochemirovsky, et al., 2018). With regards to the ligand
binding pockets, the sequence appeared highly conserved with the exception of L349/362M and
M528/5411 substitutions (according to human and fish numeration, respectively) (Figure 2). The
geometrical reliability of rbER was checked comparing the model with the crystallographic
structures of hER. As shown in Figure 2, the overall geometrical organization of rbER was
correctly predicted in terms of ternary structure and in terms of arrangement of pocket
architecture and spatial distribution of residues, thereby supporting its use as reliable model for

the following analysis.

3.2 Pharmacophoric modeling
The pharmacophoric fingerprint of the human and trout ERs ligand binding domain pocket has

been computed using the FLAP software (further details are reported in Section 2.2). The

fingerprints of the two ER orthologous in terms of distribution of hydrophobic and hydrophilic
space appeared mainly hydrophobic with two polar patches at the two pocket terminus formed by
Glu353/366, Arg394/407 and His524/537, as previously described (L. Dellafiora, Galaverna,

Dall'Asta, & Cozzini, 2015). Nevertheless, the M528/5411 mutation was observed causing a

10
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slight pocket reshape that resulted into an extension of the hydrophobic space in hER in

comparison to rbER (Figure 2).

3.3 Docking simulations

Docking simulations may reliably assess the bioactivity/toxicity of small molecules, as
demonstrated previously (Maldonado-Rojas & Olivero-Verbel, 2011; Rollinger, Schuster, Baier,
Ellmerer, Langer, & Stuppner, 2006). In particular, molecular modeling approaches able to
estimate the capability of ligands to dock the ligand pocket of the ERs agonist conformation may
succeed in assessing their (xeno)estrogenic activity (L. Dellafiora, Galaverna, Dall'Asta, &
Cozzini, 2015; Ehrlich, Dellafiora, Mollergues, Dall'Asta, Serrant, Marin-Kuan, et al., 2015).
However, a fit-for-purpose feasibility assessment of both models was performed comparing the
experimental data of ZEN, aZEL and BZEL estrogenicity with the scores respectively calculated.
The endogenous ligand E2 and the estrogenically inactive B-sitosterol were taken as positive and
negative controls, respectively. In addition, the calculated poses of E2, ZEN and aZEL were
compared to the crystallographic architectures available so far to assess the geometrical
reliability of models.

As reported in Table 1, the docking procedure reliably categorized the set of compounds in both
models, reflecting the capability to properly compute the different capability of molecules to
comply with the physico-chemical properties of the two ER pockets. In particular, the
estrogenically inactive B-sitosterol recorded negative scores in both models pointing to its
unsuitability to satisfy the physico-chemical requirements of pockets. In addition, the high
variability of scores (coefficient of variations > 15%) suggested its incapability to stably arrange
into the ligand pocket. On this basis, it was deemed unable to dock the pocket of the agonist

conformation of ER and it was computed unlikely to act as ER agonist, in agreement with

11
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experimental data (Matthews, Celius, Halgren, & Zacharewski, 2000). Conversely, E2, aZEL,
ZEN and BZEL recorded in both models high and positive scores that were significantly different
from each other (p < 0.001 according to Fisher’LSD post hoc) and properly ranked according to
experimental data.

It is worth noticing that the mycotoxins under analysis had a diverse sensitivity in the two
species under analysis (Table 1): while aZEL showed an estrogenic potency comparably higher
than ZEN in the two species (4-fold and 5-fold higher than ZEN in human and trout,
respectively), BZEL appeared much less potent in trout than in human (about 800-fold and 2-fold
weaker than ZEN in trout and human, respectively). From a semi-quantitative point of view, the
computational analysis reliably computed such differences, being the computed ZEN/BZEL
scores ratio significantly higher in trout than in human (i.e. 1.84 £ 0.01 and 1.28 + 0.02,
respectively; p < 0.001). Conversely, the computed ZEN/oZEL scores ratios were not
statistically different between the two species (i.e. 0.96 £ 0.01 and 0.97 + 0.00 in human and
trout, respectively; p = 0.37), pointing to a comparable relative activity in both systems, in
agreement with data reported in the literature (Le Guevel & Pakdel, 2001). Therefore, the
relative potency of aZEL and BZEL to ZEN could be reliably estimated in both species on the
basis of the scores respectively computed. Conversely, the relative potencies of ZEN and aZEL
to E2 couldn’t be modeled quantitatively in neither of the two species, even though the overall
potency rank of compounds was correctly predicted in both models. Indeed, according to
experimental data, the relative potency of ZEN or aZEL to E2 was found higher in trout than in
human (namely, the estrogenicity of ZEN and oZEL in comparison to E2 was found higher in
trout than in human) (Table 1). Therefore, the computed scores ratios of ZEN and aZEL to E2

were expected to be higher in trout than in human, but it was recorded the opposite. This
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outcome pointed to the incapability of models presented to correctly predict the quantitative
relative potency among different classes of compounds. This finding was in agreement with
previous data highlighting that this kind of approaches can be used in quantitative way whether
compounds share a strong structural correlation (L. Dellafiora, Dall'Asta, & Cozzini, 2015;
Ehrlich, et al., 2015). Conversely, in the case of structurally unrelated compounds, such as ZEN
group members and E2, computational scoring can provide a sound rank of potency but are
likely to fail in providing (semi)quantitatively reliable relative potency factors. With regards to
geometric reliability, the computed poses of E2, ZEN and oZEL were found in strong agreement
with the architectures of binding reported by crystallographic studies in terms of pocket
occupancy and ligand orientation. This finding finally pointed to the geometrical reliability of
both human and trout models (Figure 3). On the basis of these results, both models appeared
reliable in predicting the potency rank and the binding geometry of compounds under analysis,
even though the relative potency factors could be modeled only within ZEN group.

Then, the binding poses of ZEN, oZEL and BZEL in the two models were inspected to
investigate the mechanistic basis of their respective activity and, in particular, to explain the
differences in terms of susceptibility to BZEL stimulation between the two species. From the
human ER model, differences between ZEN, aZEL and BZEL, which all involved the same
binding pose resembling E2 (Figure 3), could be explained in terms of pocket fitting as discussed
elsewhere by Ehrlich and co-workers (Ehrlich, et al., 2015). For oZEL, the presence of one
hydroxyl group with o isomerism in correspondence to the His524, instead of a ketone as for
ZEN, demonstrated to be a preferable feature to stably interact with the pocket, as previously
observed for steroid ligands (Sonneveld, Riteco, Jansen, Pieterse, Brouwer, Schoonen, et al.,

2006). Structurally, this finding was rationalized through the comparison of the binding poses of
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aZEL and E2, wherein the a-hydroxyl group of aZEL superimposed the 18-p hydroxyl group of
E2 (Figure 3D). Conversely, the hydroxyl group with 3 isomerism of BZEL likely superimposes
the a-hydroxyl group of 17a-estradiol, which is known to cause a reduction of pocket fitting as
testified by the lower estrogenicity of 17a-estradiol in comparison to E2 (Sonneveld, et al., 2006).
From the trout ER model, ZEN and oZEL showed the same binding pose recorded in the human
model, in spite of the presence of two mutations occurring at the binding site (L349/362M and
M528/5411 according to human and fish numeration, respectively). A different orientation was
found for BZEL instead, as shown in Figure 3E. The slight pocket reshaping due to L349/362M
and M528/5411 mutations induced BZEL to adopt a pose rotated about 180° onto the longitudinal
axis of pseudo-symmetry. In this atypical orientation, the aromatic ring of BZEL was prevented
from superimposing the aromatic ring of ZEN, oZEL and E2. Given the strict orientation the
aromatic rings must adopt into the pocket, as reported by the huge number of crystallographic
data available so far, such an uncommon arrangement did not point to a plausibly relevant
capability of BZEL to interact with the pocket. On this basis, the atypical ligand arrangement and
uncommon pocket occupancy might explain at least in part the lower capability of BZEL to
trigger estrogenic stimuli in trout ER in comparison to the human orthologous.

With regards to AOH, in the human ER model the procedure correctly predicted the potency
rank as AOH which was scored below ZEN, in agreement with the lower estrogenic activity
reported in literature (Lehmann, Wagner, & Metzler, 2006). This data further confirmed the
procedure reliability in estimating the potency rank of compounds. Notably, to the best of our
knowledge, no data were available for the estrogenicity of AOH in trout and, as shown in Table
1, AOH was expected to be qualitatively less potent than ZEN with a lower calculated score. In

addition, the comparison between the calculated poses of AOH within the human and trout ER
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revealed differences in the pocket occupancy (Figure 3F). Indeed, AOH adopted, within the
human ER model, an orientation similar to those shown by E2, ZEN and oZEL, which has been
largely described by crystallographic studies as the one properly fitting ER pocket. Conversely,
AOH within the trout ER model showed an uncommon and distorted orientation that might
suggest its unsuitability to properly fit the ER pocket. On this basis, the interaction with the trout
ER model can be concluded less likely with a potentially low capability for estrogenic activities

in comparison to the interaction with the human ER.

3.4 Molecular dynamics

MD studies were performed to integrate the results of docking simulation with the analysis of
molecular movements of ERs upon ligands binding. MDs were performed for ER of both species
in complex with E2, taken as positive control, and ZEN and BZEL in the attempt to understand
the molecular basis of inter-species differences to BZEL stimulation. It was calculated also the
ER-AOH complex to gain structural insights on the mechanisms underlying the estrogenicity of
AOH in hER and to predict its potential effects on rbER (to the best of our knowledge no data
are available so far with regards to the estrogenic activity of AOH in trout). The trajectory of
ligands and the reet-mean-square—analysis(RMSD) of protein C-alpha and ligands’ atomic
coordinates were analyzed to measure the overall structural stability of complexes, which is
crucial for determining the estrogenic activity of ligands (vide infra).

With regards to hER, as shown in Figure 4A, the complex with E2 was found the more stable
with fluctuations of slight intensity that pointed to the overall stability of hER-E2 complex.
Conversely, the complex with ZEN showed stable fluctuations resembling the ones of hER-E2

complex up to about 40 nsec of simulation while increasing the geometrical instability hereafter.
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The RMSD of hER in complex with AOH or BZEL started increasing much earlier than hER in
complex with ZEN. This finding might suggest that AOH and BZEL are less suitable than ZEN
to stabilize the agonistic conformation of hER, providing a mechanistic explanation to the lower
estrogenic potency found experimentally (Le Guevel & Pakdel, 2001; Lehmann, Wagner, &
Metzler, 2006). With regards to ligands within hER complexes, the RMSD fluctuations were
found stable and almost comparable to each other (Figure 4B). In addition, the number of
hydrogen bonds seemed not relevant to discriminate the potency of ligands, though E2 showed
the highest number of long-lasting number of hydrogen bonds along the timeframe considered
(Figure 4C). On this basis, the overall stability of hER complex could be considered an important
parameter to explain the diverse estrogenicity of ligands under investigation being found related
to their potency: the more lasting the overall geometrical stability of hER, the more higher the
estrogenic potency of ligands. Keeping in mind that the model was derived from the
crystallographic structure of hER in the agonist conformation, this finding is in agreement with
the current understanding of hER biochemistry which describes the need to keep stable the
agonist conformation of ER to elicit ligand-dependent estrogenic stimuli (Ehrlich, et al., 2015;
Spyrakis & Cozzini, 2009).

With regards to the rbER, as shown in Figure 5, rbER in complex with E2, ZEN or BZEL was
found overall stable and with comparable RMSD fluctuations. Conversely, the complex with
AOH was found more unstable showing an early (from 10 nsec) and marked RMSD increase. As
shown for hER, also in the case of rbER the number and lasting of hydrogen bonds was found
not directly correlated to the potency of ligands (Figure 5C). For the geometrical stability of
ligands, the RMSD fluctuations of ZEN, BZEL and AOH were found more pronounced than the

ones of E2. In particular, BZEL showed a drastic and discrete increase of RMSD in the second
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part of the simulation. The close inspection of the binding poses revealed that such discrete
increase was due to a change in ligand orientation, as shown in Figure 5D. Notably, the
alternative conformation of BZEL was supposed not complying with the structural requirements
of being a good ER ligand mainly due to the improper orientation of the aromatic ring that did
not retrace the common arrangement shown by crystallographic studies (Figure 5D). This
uncommon pocket occupancy might explain, at least in part, the lower activity of BZEL in rbER
in comparison to its activity reported in hER (Le Guevel & Pakdel, 2001). Given the comparable
trend of RMSD fluctuations of rbER in complex with the various ligands, the C-alpha root-
mean-square fluctuation (RMSF) analysis was performed to check possible local differences in
the protein flexibility among the different rbER complexes studied. For the rbER-BZEL complex
and using E2 as a reference, an increased local mobility of two key regions related to ER
activation was found among the regions showing differential mobility (Figure 5A). In particular,
one region included the residues 425-430, which belong to the so defined H8. That region is
proximal to the binding pocket and it was found previously related to the dissociation pathway of
ER ligands due to an enhanced local disordering (Sonoda, Martinez, Webb, Skaf, & Polikarpov,
2008). Therefore, the results collected in this work pointed to the weakness of BZEL
estrogenicity with regards to its incapability to stabilize a long-lasting agonist-like organization
ER receptor and a dissociation pathway taking advantage of the increased disorder of H8 can be
hypothesized. The second region included the residues 549-557, which forms the so defined H12.
Notably, the proper ligand-dependent stabilization of H12 in the agonist conformation is crucial
for eliciting estrogenic activity (Brzozowski, et al., 1997; Spyrakis & Cozzini, 2009). Therefore,
a ligand-dependent disrupting action on the agonist-like stabilization of H12 likely relates with

non-agonistic activity, as shown for ER (partial) antagonists (Brzozowski, et al., 1997; Spyrakis
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& Cozzini, 2009). On the basis of the results presented above, the markedly low activity of BZEL
in rbER could be explained by multiple concerted molecular events. Among them, it could be
identified the improper pocket occupancy and the ligand-dependent enhancement of local protein
mobility that may facilitate BZEL dissociation and/or impair the proper agonist conformation of
ER.

With regards to the ZEN-rbER complex, an increased disorder in comparison to E2 was
observed in the region 425-430, similarly to BZEL. Also in this case, the dissociation pathway of
ZEN might take advantage of the increased mobility of such region. On the one hand, this
finding plausibly explained the lower activity of ZEN in comparison to E2 pointing to a less
lasting and more unstable interaction of ZEN with the pocket in comparison to the endogenous
ligand E2. On the other hand, the increased mobility of such region, but not in the region of H12,
as observed for BZEL, provided a likely explanation to the different estrogenic activity the two
mycotoxins showed in rbER.

As a general remark, it is worth noticing the diverse effects that the set of ligands under analysis
exerted on the geometrical stability of ER orthologous. In the case of hER, ligands with different
potency exerted a clear and graded effect in the overall protein organization, providing a likely
rational to understand mechanistically the diverse action they may have: the more they perturb
the stabilization of agonist conformation, the weaker their estrogenic potency is, in agreement
with the current understanding of ERs biochemistry (vide infra). Conversely, the overall
structure of the trout ER protein was found geometrically less affected by ligands than the human
orthologous (with the exception of AOH, which caused early disrupting effects on the overall
rbER structure; Figure 5). Indeed, in the case of rbER, ligands were found exerting subtle

conformational changes at a local level in key regions involved in protein activity rather than
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disrupting the overall protein organization as observed for hER. This finding is in agreement
with the evolutionary biology of ER family and, more in general, with the nuclear receptor
super-family. Evolution has pushed nuclear receptors in the direction of being more ligand-
specific and more susceptible to ligand modulation (Bridgham, Eick, Larroux, Deshpande,
Harms, Gauthier, et al., 2010; Escriva, Delaunay, & Laudet, 2000). Keeping in mind that ERs
need to keep stable the agonist conformation to elicit estrogenic response (see above), the fine
ligand-dependent tuning inherently depends on the overall plasticity of receptors. Therefore,
proteins prone to relevant ligand-induced disorders as the consequence of slight changes on
ligands structure (as in the case of ZEN and its metabolites) are reasonably more selective than
those with an inherently more stable conformation. On the basis of the few data available so far,
rbER and hER, which underwent different evolutionary processes, showed an apparently
different ligand selectivity, with rbER showing a lower selectivity being able to bind ligands
encompassing a broader chemical space than hER (Matthews, Celius, Halgren, & Zacharewski,
2000). Therefore, the lower dependence of rbER from ligands in terms of overall geometrical
stability found in this study provided a reasonable explanation to the apparent diverse ligands
selectivity showed by the two ER orthologous in the few experimental trials available so far.

With regards to AOH, the rtER-AOH complex showed an early increase in RMSD values
pointing to the overall geometrical instability of the complex. In addition, the RMSF analysis
highlighted an increased mobility of the regions forming H8 and H12, as shown for BZEL, and
an additional increased mobility in the region 385-397, which is part of the so defined H5. This
region surrounds the H12 and concurs, along with H12, to form the so defined AF2 surface
groove that mediate the recruitment of co-regulators protein underlying the full activation of ER

(Brzozowski, et al., 1997; Phillips, et al., 2011). Disorders in such regions relate to non-agonist
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folding of ER (Spyrakis and Cozzini, 2009). Therefore, the concerted increases of structural
disorder in those regions led to hypothesize the strong agonistic behavior of AOH not likely. On
the basis of these results, a weak activity on the rbER accounted in this study could be
hypothesized for AOH. Nevertheless, further data need to be collected in the future on the
possible effects mediated by the other ER isoforms in order to precisely characterize the

estrogenic potency of AOH in trout.

4. Conclusion

presented here addressed the-an inter-species comparative analysis of toxicodynamic aspects of

mycotoxins, taking the estrogenicity of ZEN, oZEL, BZEL and AOH in human and trout as a

proof of principle. The study illustrated the reliability of using in silico structural approaches to
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assess and understand the inter-species differences of mycotoxins toxicity from a toxicodynamic
perspective. Contextually, the study described the structural rationale behind the mechanisms of
action underlying the estrogenic activity of ZEN, oZEL, BZEL and AOH in human and trout.
Aside the different capability of these mycotoxins to bind and fit the two ER pockets, the
possible existence of species-specific structural changes of ER after mycotoxins binding has
been investigated. In particular, hER and rtER were found mainly affected by ligand-dependent
changes at a global and local level, respectively. With regards to BZEL, a marked difference in
its docking capacity has been shown for the two ER orthologous. Specifically, the architecture of
binding calculated in the rtER did not match with the known binding mode characterized in
crystallographic studies. Therefore, the diverse capability to fit the ER pocket, along with the
differential disrupting effects on the agonist conformation of ER, provided a structural
explanation to the diverse potencies BZEL may have on human and trout ER.

On the other hand, AOH, on the basis of all data collected, was considered unable to exert a
significant activity on the trout ER. Nevertheless, the thorough evaluation of possible activity on
the other ER isoforms, along with the assessment of any relevant AOH metabolite(s), should- be

assessed critically in the future to provide a thorough -molecular characterization of AOH action

on trout ER.
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Table 1

Table 1

Table 1. Docking results on human and rainbow trout ER

H. sapiens O. mykiss

Compound Relative estrogenic activity (%0) comlziltaeg\/:core Relative estz&g;:])e nic activity comlziltit(;\/:core
E2 100° 1.000 100* 1.000
aZEL 2.47° 0.945 + 0.001 43.33° 0.851 +0.001
ZEN 0.57% 0.912 + 0.010 8.39° 0.828 £ 0.001
BZEL 0.26 % 0.711 + 0.008 <0.01° 0.451 £ 0.004
B-sitosterol Inactive ° -2.028 +0.303 Inactive ° -1.696 + 0.312
AOH 0.01° 0.814 +0.002 Not tested yet 0.709 £ 0.005

?(Le Guevel and Pakdel 2001)
® (Matthews et al. 2000)
°(Lehmann et al. 2006)
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Figure 1. Chemical structures of molecules accounted in the study.
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Figure 2. Sequence and structure alignments of human and trout ER. A. Sequence alignment of
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human and trout ER. Dots indicate conserved amino acids. The residues forming the binding site
are highlighted in yellow, while L349/362M and M528/5411 are indicated with red boxes. B.
Superimposition of the 3D structures of human (white) (PDB ID 2YJA) (Phillips et al. 2011) and
trout (yellow) ER represented in cartoon. The binding site is represented in mesh. C.
Superimposition of binding sites of human (white) (PDB ID 2YJA) (Phillips et al. 2011) and
trout (yellow) ER. D. Comparison between the shape of human (white) (PDB ID 2YJA) (Phillips
et al. 2011) and trout (yellow) ER. The shape of the pockets is retraced in cut surface. The
reshaping due to the M528/5411 mutation is highlighted by the red arrow. E. Pharmacophoric
differences between human and trout ER. The human pocket is reported and grey mesh indicates
the differences of hydrophobic regions found in the two orthologous (i.e. the hydrophobic region

found in the human pocket and not in the trout one)
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Figure 3

|

Figure 3. Binding architectures of ligands. Ligands are represented in sticks while ER is
represented in cartoon. Unless otherwise specified, the crystallographic poses are reported in
white, while in yellow and cyan are reported the computed poses within the human and trout ER,
respectively. A. Computed pose of E2 in comparison with the binding architecture reported by
crystallographic studies (PDB ID 2YJA) (Phillips et al. 2011). B. Computed pose of ZEN in
comparison with the binding architecture reported by crystallographic studies (PDB ID 5KRC)
(Nwachukwu et al. 2017). C. Computed pose of aZEL in comparison with the binding
architecture reported by crystallographic studies (PDB ID 4TUZ) (Delfosse et al. 2014). D.
Superimposition of crystallographic poses of oZEL (pale yellow) and E2 (white). E. Comparison
between the crystallographic pose of E2 (PDB ID 2YJA) (Phillips et al. 2011), with the computed
poses of BZEL within the human and trout ER. The black arrow indicates the different orientation
the ligand calculated within the trout ER in comparison to the one showed into the human
pocket. F. Comparison between the crystallographic pose of E2, with the computed poses of AOH

within the human and trout ER.
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Figure 4. Conformational changes of human ER complexes. A. RMSD plot of human ER C-a in
complex with E2, ZEN, BZEL or AOH. B. RMSD plot of E2, ZEN, BZEL or AOH. C. Hydrogen

bonds blot of human ER in complex with E2, ZEN, BZEL or AOH.
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Figure 5. Conformational changes of trout ER complexes. A. RMSD plot of trout ER C-a in

323 370 a7

Residues number
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complex with E2, ZEN, BZEL or AOH. B. RMSD plot of E2, ZEN, BZEL or AOH. C. Hydrogen
bonds blot of trout ER in complex with E2, ZEN, BZEL or AOH. D. Crystallographic pose of
ZEN (white) (PDB ID 5KRC) (Nwachukwu et al. 2017) in comparison to the two discrete
different poses of BZEL calculated along the simulation (in green is shown the starting pose,
while in blue is shown the pose adopted during the simulation). The black arrow indicates the re-
orienteering of the molecule during the simulation in respect to the optimal orientation of ZEN.
E. RMSF plot of residues C-a of trout ER in complex with E2, ZEN, BZEL or AOH. Black
boxes indicate the region found differentially flexible and related to protein activity. The
localization of such regions on the ER structure is highlighted in red in the protein representation

reported above the plot.



*Highlights (for review)

Highlights

e Accounting toxicodynamic aspects may complement mycotoxins risk assessment

Inter-species differences need to be understood to ameliorate toxicity assessment

Estrogenicity of zearalenone, its metabolites and alternariol was studied in silico

The diverse toxicodynamic of mycotoxins in human and trout was investigated

A reliable workflow to characterize dynamic differences among species was shown



