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Highlights :

Cnidarians do not have vertebrate-type estrogen signaling.

A cytoplasmic factor triggers nuclear translocation of hERa-GFP in Hydra epithelium.
* Medusozoan cnidarians have a specific type of steroid-related receptor, called NR3E.
Anthozoan cnidarians have lost the NR3E receptor but can produce aromatic steroids.

NR3E has a cnidarian-specific anchor that can bind to aromatic steroids in a novel way.
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Abstract

Steroid hormone receptors are important regulators of development and physiology in bilaterian
animals, but the role of steroid signaling in cnidarians has been contentious. Cnidarians produce
steroids, including A-ring aromatic steroids with a side-chain, but these are probably made through
pathways different than the one used by vertebrates to make their A-ring aromatic steroids. Here we
present comparative genomic analyses indicating the presence of a previously undescribed nuclear
receptor family within medusozoan cnidarians, that we propose to call NR3E. This family predates
the diversification of ERR/ER/SR in bilaterians, indicating that the first NR3 evolved in the
common ancestor of the placozoan and cnidarian-bilaterian with lineage-specific loss in the
anthozoans, even though multiple species in this lineage have been shown to produce aromatic
steroids, whose function remain unclear. We discovered serendipitously that a cytoplasmic factor
within epidermal cells of transgenic Hydra vulgaris can trigger the nuclear translocation of
heterologously expressed human ERa. This led us to hypothesize that aromatic steroids may also be
present in the medusozoan cnidarian lineage, which includes Hydra, and may explain the
translocation of human ERa. Docking experiments with paraestrol A, a cnidarian A-ring aromatic
steroid, into the ligand-binding pocket of Hydra NR3E indicates that, if an aromatic steroid is
indeed the true ligand, which remains to be demonstrated, it would bind to the pocket through a

partially distinct mechanism from the manner in which estradiol binds to vertebrate ER.

Keywords : A-ring aromatic steroid, aromatization, steroid receptor, cnidarian

1. Introduction

Nuclear receptors are important regulators of life-history transitions in various phyla of bilaterian

animals. They are well documented ligand-activated transcription factors in vertebrates, arthropods

and nematodes. However, their role is largely unknown in other metazoan groups such as molluscs

or annelids [1]. In cnidarians, following initial identification through PCR screens [2, 3], some

nuclear receptors have been implicated as regulators of nervous system development [4, 5] and one
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of them was recently shown to be involved in the molecular cascade triggering the polyp-to-
jellyfish transition in the scyphozoan medusa Aurelia aurita [6]. However, the endogenous ligands,

if any, for these cnidarian nuclear receptors are still unclear.

Strictly speaking, cnidarians do not have a bilaterian-like endocrine system, with signaling
molecules transported by means of an internally circulating body fluid [7]. However, they do
regulate their physiology in response to nutritional and environmental inputs, which also makes
them sensitive to environmental pollution, and diffusible signaling molecules are involved in such

processes [8, 9].

Historically, numerous efforts have been made to search for vertebrate-like signaling features in
cnidarians, especially components of the estrogen signaling pathway, which, in vertebrates, is
primarily mediated through the estrogen nuclear receptor belonging to the NR3 family. In particular,
aromatization, the final step in the synthesis of estrogens from testosterone (Figure 1A), has been
studied in multiple species. Early attempts to detect aromatase activity in cnidarian tissues
(scleractinian corals and octocorals), using vertebrate precursors, were unsuccessful [10-12], but
subsequently, aromatization activity has been reported in anemones and scleractinian corals [13-15].
Aromatization of exogenous androgen precursors by tissue homogenates from cnidarians or
molluscs has been interpreted as evidence for the ability to endogenously synthesize vertebrate-type
estrogens [16]. However, analyses of genomic data indicate that cnidarians cannot synthesize
estrogens through the same pathways as vertebrates because essential components are lacking in
cnidarians. Specifically the CYP19 aromatase is chordate-specific, and the CYP11A1l enzyme
responsible for the early cholesterol side-chain cleavage is vertebrate-specific [17]. Moreover, there
is evidence that corals can take up vertebrate steroids from the water column, especially around
human polluted sites, so estrogen-like compounds detected in cnidarian tissues may have exogenous
origins [18, 19]. These observations are also in line with the reinterpretation of the presence of
vertebrate-type steroids in molluscs [20, 21]. Arthropod-like ecdysteroids and nematode-like
dafachronic acids have also been isolated from corals [22, 23], but have not been viewed as
evidence for ecdysozoan-type hormonal signaling in these cnidarians. In case of ecdysteroids, a
defensive role and a dietary origin are the main interpretations that have been used to explain the

presence and high abundance of those compounds [22]. Similarly, the presence and activity of
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gonadotropin-like neuropeptides in cnidarians have been used to draw parallels between vertebrate
and cnidarian reproductive signaling cascades [24]. However, here again, phylogenetic analyses
indicate that the cnidarian peptides are equally similar to arthropod neuropeptides that do not act in
reproductive signaling [25].

To date, ten distinct A-ring aromatized steroids have been identified from four different octocoral
species belonging to different genera (Alcyonium gracillimum, Capnella sp., Dendronephtya
studeri, Scleronephthya pallida). Among these steroids are aromatized pregnanes and aromatized
C9-C10 secosteroids, which are compounds that have core structures similar to progesterone and
vitamin D, respectively [26]. A third group consists of A-ring aromatized steroids bearing a variety
of side chains. These have been found in the Taiwanese octocoral Dendronephthya studeri [27], see
also Figure 1. Based on the co-occurrence of A-ring aromatic steroids and corresponding dienones
(see compounds (1) and (3) on Figure 1), that bear an additional unsaturation (in yellow on Figure
1) compared to testosterone, we hypothesize that the aromatization reaction in those corals is

distinct from that in vertebrates, as proposed for the two other groups [26].
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Aromatic steroid synthesis in vertebrates
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Figure 1. A model for A-ring aromatic steroid synthesis pathway in the octocoral cnidarian
Dendronephthya studeri, based on the molecules described in Yan et al., 2011, and the
knowledge of enzymatic pathways known from other organisms. (1): Cholesta-1,4,22-trien-3-
one; (2): (22E)-19-Norcholesta-1,3,5(10),22-tetraen-3-ol; (3): 24-Methylenecholesta-1,4,22-
trien-3-one; (4): 24-Methylene-19-norcholesta-1,3,5(10),22-tetraen-3-ol. Paraestrol A (19-
norcholesta-1,3,5(10)-trien-3-ol) has been proposed as an ancestral steroid [28]. We have named
« dienone aromatization » the proposed aromatization reaction to stress the difference from the

vertebrate case where there is no deltal-2 double bond (highlighted in yellow) on the A ring.

Among the steroids present in Dendronephthya studeri, one compound has an identical structure to
what we hypothesize to be the ancestral NR3 ligand in chordates. This compound indeed binds an
ancestral steroid receptor with low affinity [28]. Due to the combination of data discussed above,
we have previously interpreted paraestrol A (19-norcholesta-1,3,5(10)-trien-3-0l) and other
aromatized steroids from corals as defensive compounds [28]. The diversity of steroids in
cnidarians led us to reevaluate the distribution and potential signaling functions of NR3 in the
phylum Cnidaria. Our data suggest that NR3 orthologs are present in three of the four major
cnidarian lineages and that an endogenous ligand may be present based on heterologous expression
of vertebrate ERa in Hydra. Together, our data suggest that some ring-A aromatic steroids might
function as endogenous signaling molecules in cnidarians, particularly paraestrol A that has the

potential to act as a ligand for cnidarian NR3 receptors.
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2. Material and Methods

2.1. Sequence analysis

Cnidarian NR3 sequences were identified by tBLASTn and reciprocal BLASTp queries at NCBI
GenBank using human ERa and Trichoplax adhaerens NR3 (previously identified [29]). In addition
to NCBI data, putative NHRs were identified by tBLASTn searches of the de novo assembled
transcriptomes of Aurelia, Morbakka, Chironex, Tripedalia and Copula (Khalturin, unpublished
data). We required that identified sequences had to be complete or nearly complete predicted
nuclear receptor proteins (i.e., both DNA and ligand binding domains) to facilitate phylogenetic
analyses. All sequences were downloaded and, if necessary, translated into the correct reading
frame. Collected sequences were aligned using Clustal Omega [30] and alignments were checked
by eye and edited with Seaview [31]. A phylogenetic tree (Figure 2) was made using PHYML [32],
a fast and accurate maximum likelihood heuristic method, using the LG model [33] with a gamma

law. Reliability of nodes was assessed by likelihood-ratio test [34].

2.2. Heterologous hERa-GFP expression in Hydra

Nucleotide sequence of human estrogen receptor (hERa) was adjusted to fit the codon usage of
Hydra vulgaris with the average GC content reduced to 33%. A synthetic gene (shERa) produced
by GeneArt (Regensburg, Germany) was inserted into Hydra expression vector (ligAC-6) between
the actin promoter and EFGP coding region using the Sbfl and Pacl restriction sites (see Figure 3a).
The resulting plasmid ligAL-5 was propagated in E. coli and sequenced. DNA for microinjection
was prepared using the Plasmid Midi Kit (QIAGEN). Construct DNA was microinjected into
fertilized eggs of Hydra vulgaris strain AEP as described previously [35]. In about 70% of injected
embryos EGFP-positive nuclei were detectable 48 hours after microinjection. Polyps started to
hatch 2-3 weeks after microinjection and contained small patches of ectodermal epithelial cells with
clear nuclear localisation of the shERa-EFGP protein. Polyps were cultivated under intensive
feeding conditions and transgenic patches were enriched by selection of EGFP-positive buds and
removal of non-transgenic areas. Within 3 months of selection a polyp culture where ~80% of

ectodermal cells were transgenic was obtained (see Figure 3).
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2.3. Homology modeling of NR3E and paraestrol A docking

Homology modeling was performed using the program Modeller [36] (version 9.18). The selected
structural templates for the homology modeling were the crystal structure of ERa bound to 17f-
estradiol (PDB id: 1ERE) [37], ERRYy in the constitutively active conformation (PDB id: 1KV6)
[38] and apo ERRa in its active conformation (PDB id: 3D24) [39]. Missing loops in the ERa
structure, namely between residues 331-336 and 462-464, were built prior to homology modeling
[40]. Sequence alignment of target and template was performed using the align2d procedure in
Modeller, taking into account structural information from the template when constructing the
alignment, resulting in 26.2, 29.5 and 25.8% of sequence identity for the modeling using ERa,
ERRy and ERRa respectively. A total of 50 models were generated and the structure with the best
DOPE score [41], a statistical potential optimized for model assessment in Modeller, was selected
for ligand docking. Examination of the best homology models based on ERa, ERRy and ERRa
revealed that the C-alpha traces nicely follow their respective crystal structure templates with an
RMSD of 0.172, 0.289 and 0.293A respectively after sequence-structure superposition using Pymol
software and with 96.48, 95.87 and 96.36% of residues estimated in the Ramachandran favored
space using Molprobity server [42]. We noticed that homology modelling of NR3E LBD based on
the crystal structure of ERRY, led to a slight local deformation in a helix turn belonging to helix
H10. This is to maintain the structure/sequence conservation in the rest of the model, but this does

not affect the ligand-binding pocket and thus does not impact the docking results.

Docking was performed with Autodock4 [43] using the Lamarckian genetic algorithm and consisted
of 10 runs per search, with a maximum of 2.5 million energy evaluation per run and a population
size of 150. Affinity maps for the receptor were computed using Autogrid4 prior to docking, using
the default grid map spacing of 0.375A. Paraestrol A was superimposed on the 17p-estradiol ligand
in the 1ERE structure, and the homology models on the ERa protein in the same structure. Based on
this, residues in the models displaying steric clashes were selected as flexible residues in the
docking procedure. In order to compare the estimated free energies of binding, a docking run was

performed using the 17B-estradiol ligand in the ERa crystal structure with the same docking
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parameters. Interaction diagram was drawn using LIGPLOT v.4.5.3 [44]. All structure figures were
prepared using PyMOL (The PyMOL Molecular Graphics System, Version 1.7.4.0 , Schrodinger
LLC).

3. Results

3.1. NR3E is a novel nuclear receptor type present in three of the four main cnidarian lineages

We identified new nuclear receptor NR3 sequences from cnidarians that group together as a
separate family at the base of the bilaterian NR3s, suggesting they are not particularly related to one
of the bilaterian NR3 families (i.e., ER, ERR, or SR). This is also true for the Trichoplax sequence
initially described as an ERR [29]. We have previously suggested, based on the uncertainty in the
phylogenetic relationships between vertebrate ER and sequences from molluscs and annelids
described as ERs to rename the protostome clade as NR3D, to avoid misleading inferences that
estrogen would be their natural physiological ligand [45]. The most recent analyses of bilaterian
NR3s, based on extensive sampling, are in agreement with this view, putting the molluscan and
annelid NR3Ds at the base of a clade grouping the vertebrate NR3A and NR3C [46, 47]. Here,
NR3A and NR3D group together in a weakly supported node, so we do not think this grouping
contradicts these previous studies. Most importantly, the cnidarian sequences follow the known
subdivisions between the three clades in which they are present : cubozoans, scyphozoans and
hydrozoans (Figure 3). Therefore we propose to name this clade as NR3E. For the same reason, we

propose that the Trichoplax ERR should be renamed NR3F.
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NR3F Trichoplax adhaerens
NR3E Hydra magnipapillata
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Figure 2. A new NR3E family at the base of the bilaterian ER/ERR/SR clade.

The tree was calculated using maximum-likelihood. Likelihood ratio test branch support values
upper than 0.70 are indicated. Bilaterian sequences are shown in blue and cnidarian sequences in
brown. The Hydra NR3E is highlighted in red. Mollusc and annelid NR3Ds correspond to proteins
that were previously labelled as ERs [46]. Similar analyses using the LBD alone gave largely

similar results and did not affect the placement of the cnidarian nuclear receptors.

3.2. Heterologous Human ERo-GFP construct translocates into the Hydra cytoplasm

In the context of functional studies based on transgenesis in Hydra [35], we made an inducible
reporter system for Hydra based on human ERa. This was based on the assumption that the
vertebrate estrogen signaling system does not naturally function within Hydra. The approach was to

make transgenic animals where the translocation of transcription factors into the nucleus is
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controlled by addition of estrogen (in the construct hERa would be fused to the gene of interest).
Initially, a construct was made containing hERa fused to green fluorescent protein (hERa-GFP),
which theoretically should stay in the cytoplasm in the absence of exogenous estrogen. Surprisingly,
hERa-GFP was translocated to the nucleus in Hydra even without addition of estrogen (Figure 3).

At the same time pure GFP protein never concentrates in the nuclei of transgenic Hydra.

a 1.4 kb B-actin
5'region

R-actin::hER-GFP

1.4 kb B-actin
5’ region

d R-actin:hER-GFP

Figure 3. An endogenous cytoplasmic factor induces hERa-GFP translocation from cytoplasm
to nucleus in Hydra epithelial cells. a) Schematic representation of transgenic constructs with GFP
only and with human ERa-GFP driven by 1.4 kb of Hydra B-actin promoter. b) One week old
Hydra embryo injected with the control construct. GFP positive blastomeres are visible. ¢) Hydra
embryo injected with actin::ERa-GFP construct. Several GFP positive nuclei are visible and the
cytoplasm of blastomeres is not GFP positive. d) Head of transgenic Hydra polyp. €) Body column
of a transgenic polyp. Green spots are the nuclei of ectodermal epithelia cells which are filled with

hERa-GFP without addition of any ligand.

There might be several explanations for the translocation of the hERa-GFP construct. For example,
hsp90 and hsp70 of Hydra may not bind hERa-GFP properly and thus ERa would go into the
nucleus by default. However, the high level of conservation between human and cnidarian
Hsp70/90 speaks against "default" translocation. Another plausible scenario is the presence of a
cytoplasmic factor in Hydra which can specifically bind the ligand-binding pocket of the human

estrogen receptor and thus trigger nuclear translocation.
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3.3. Docking of paraestrol A inside the ligand-binding pocket of ERa-, ERRy- and ERRo-based
homology models of NR3E

Docking experiments were performed to assess the potential binding of paraestrol A to Hydra
NR3E. This was done using homology models for Hydra NR3E that were developed using the
crystal structures of ERa, ERRy and ERRa as templates. For comparison, we employed the same
parameters (see Materials and Methods) for docking the 17-estradiol in the ERa crystal structure,
estimated the corresponding binding free energy and compared it to that of paraestrol A in the
different homology models. In the case of 173-estradiol in ERa, the conformation obtained for 173-
estradiol was nearly identical to the one observed in the crystal structure (rmsd of 0.7A) and the
calculated binding free energy was estimated to be -10.32 kcal/mol.

Considering the Hydra NR3E ERa-based homology model, superimposition of paraestrol A onto
the steroid core of 17B-estradiol in the ERa-based homology model shows that paraestrol A fits
inside the ligand-binding pocket without any steric clash with the surrounding residues. As a
consequence, the initial conformations of the latter residues were maintained throughout the whole
docking procedure. The best docking pose obtained had a binding free energy of -11.28 kcal/mol
after 10 runs of docking attempts. These observations together with a comparison of the free energy
with that of 17B-estradiol in ERa suggest that paraestrol A would nicely fit inside the ligand-binding
pocket of the ERa-based homology model with interactions as described below.

For the ERRy-based model, ligand superimposition of paraestrol A onto the steroid core of 173-
estradiol indicates that residues W80 and F35 are in steric clash with the ligand. We therefore
considered them as flexible in the docking procedure, while the conformation of the other residues
inside the binding cavity was kept as modeled initially. The binding free energy of the best docking
pose was estimated to be -9.38 kcal/mol. As in the case of the ERa-based homology model, the
results suggest that paraestrol A could be well-accommodated inside the ligand-binding pocket of
the ERRy-based homology model of Hydra NR3E LBD with an interaction pattern rather similar to

the one observed for the docking in the ERa-based homology model
We further applied the same procedure to the ERRa-based homology model and observed that

several residues, especially aromatic ones, were in steric clash with the paraestrol A initial

conformation. Despite the fact that the residues in steric clash were allowed to be flexible in the
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docking procedure, no reasonable docking pose was obtained, suggesting that successful docking of
paraestrol A strongly depends on the nature of the homology model used and further supports the

validity of the docking predictions obtained in the ERa- and ERRy-based homology models.

3.4. Interactions of paraestrol A with residues inside the ligand-binding pocket

In the ERa-based homology model, paraestrol A is globally positioned in a similar manner as is
17B-estradiol in its cognate receptor (Figure 4a). In fact, the aliphatic side chain of paraestrol A is
oriented towards the helices H7 and H11, while the steroid core is positioned between helices H3
and HS and rather close to the first strand of the B-sheet (Figure 4a). Several hydrophobic residues,
including aromatic ones form stabilizing interactions with the ligand. In addition, a remarkable n- ©
interaction is observed between Trp80 in helix HS and the steroid core (Supplemental Figure 1); this

residue and the corresponding stabilizing interaction are specific to NR3E (Figure 5).
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Figure 4. Paraestrol A docking into the ligand binding pocket of an estrogen receptor o
homology-based model of Hydra NR3E. (a) Superposition of the NR3E structural model using
ERa structure (in violet) where the paraestrol A is represented in pink, the ERa structure used as
template (PDB id: 1ERE) is represented in cyan and the 17f3-estradiol in blue. (b) Detailed view of
the binding pocket of the NR3E ERa-based model, highlighting interactions (in yellow dashed
lines) between the paraestrol and residues Q42 and N79. W80 involved in the cnidarian-specific n-n
interaction is also shown. (c) Detailed view of the binding pocket of ERa, highlighting interactions
(in yellow dashed lines) between the 17B-estradiol and residues E353, R394 and HS524
(corresponding to V201 in NR3E model).

We further observe that the 3-OH group of paraestrol A is hydrogen-bonded to Asn79 (H5) with a
donor-acceptor distance of 2.9A, and examination of the surroundings of this interaction shows a
potential additional hydrogen bond with GIn42 (H3) (Supplemental Figure 1). Both residues could
form a clamp that would strongly position the ligand inside the pocket. To test this hypothesis, we
started with the paraestrol A docked conformation in the ERa-based model and performed
additional docking runs where both GIn42 and Asn79 were allowed to be flexible. Interestingly, the
best docked conformation in this case showed structural adaptation of these two residues, which are
then both implicated in hydrogen bond formation with the 3-OH group of paraestrol A (Figure 4b),
with estimated binding free energy of -11.89 kcal/mol, and a similar n-7t interaction with Trp80 in

HS5 as in the previous docking result.
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Figure 5. Alignment of H3, H4-HS and H10-H11 helices in the NR3 family, compared to NR3E

from Hydra. Residues involved in estrogen binding in ER are highlighted in green. Homologous

residues that are shared by the cnidarian NR3E and the vertebrate oxosteroid receptors (SRs) are

highlighted in pink. The cnidarian-specific N79-W80 anchor is highlighted in brown. An alignment

for the entire DNA-binding domain and ligand-binding domain is shown in Supplemental Figure 2.

The helices from the ligand-binding domain are mapped according to the structure of human ERa

[48]. Calculations of identity percentages for both domains are also provided in Supplemental Table

1.
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The relevance of these observed interactions is emphasized by the remarkable conservation of
residues W80, Q42 and N79 in cnidarian NR3 sequences (Figure 5). In fact, W80 is strictly
conserved and specific to the cnidarian NR3E, while being replaced by M/L/V/I/C/A in bilaterian
steroid receptors and ERRs as well as in Trichoplax NR3F. Furthermore, the anchoring residues
Q42 and N79 are strictly conserved in all cnidarian NR3E sequences. Q42 is also present in human
oxosteroid receptors, but replaced by E in human ERs and ERRs, as well as in Trichoplax NR3F.
N79 is also lineage-specific, being strictly conserved in cnidarian NR3E, and replaced by G/D/A/Q/
N in bilaterian steroid receptors and in 7richoplax NR3F. In human ERa bound to 17B-estradiol, the
3-OH group is stabilized by an electrostatic anchor formed by two conserved residues E353 (H3)
and R394 (H5) (Figure 4c). These residues are crucial for the positioning and the stabilization of the
natural 17B-estradiol ligand inside its cognate ligand-binding pocket. In the case of cnidarian
NR3E, the anchor is made of Q42 and N79. In this case, the 3-OH group of paraestrol A acts both as
an acceptor and a donor for these residues. An inspection of the multiple sequence alignment
together with the superimposition of the homology model with the crystal structure indicate that
Q42 in H3 is the cnidarian equivalent of human E353 that forms the first half of the electrostatic
anchor. On the other hand, the second half of the anchor differs in the two cases. Residue N79 of
Hydra NR3E is located one helix turn upstream of the position occupied by R394 and replaced by
G in human ERa (Figure 4b and 4c). Altogether, we observed that the 3-OH functional group of
paraestrol A is in an adequate environment to form complementary interactions with the conserved
electrostatic Q(H3)/N(H5) anchor and further stabilized by n- m interaction with the cnidarian-
specific W80 residue located in HS.

It is noteworthy that in our second set of docking experiments, the two best docked structures
display hydrogen-bonding with Q42 and N79, however in the third one, the distance between 3-OH
group of paraestrol A and the amide group of Q42 increases to 4.8A, leading to a severe
displacement of the ligand in the pocket, with the aliphatic side chain replacing the position of the
aromatized A-ring. This structure supports the crucial role of the anchor in positioning of the ligand

in the pocket, as strongly suggested by the sequence conservation of these residues.

The positioning of paraestrol A inside the ligand-binding pocket of the ERRy-based homology

model is similar as is its general interaction pattern with surrounding residues in the best docked
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conformation with an estimated binding free energy of -9.38 kcal/mol. Even though the exact
position of paraestrol A is slightly more towards the outside of the pocket and slightly shifted
between helices H3 and HS, WSO still can form a n-n interaction and a hydrogen bond with Q(H3)
(Supplemental Figures 3a and 3b). We then performed a similar docking experiment where this
latter structure was used and both residues Q42 and N79 are allowed to be flexible in the search.
Similarly to the previous results, adjustment of the side chains of these residues permits in the best
model hydrogen bonding with the 3-OH group of the paraestrol, leading to a more favorable
binding free energy of -11.50 kcal/mol (Supplemental Figure 3b). The three conserved residues that
were shown to be crucial for the interaction of the ligand with the ERa-based homology model

hence fulfill the same role in the ERRy-based homology model.

Altogether, our docking studies of paraestrol A in NR3E homology models suggest that paraestrol A
can be readily accommodated in the ERa-based model and depicts a binding free energy that is of
the same order of magnitude as the one calculated for 17f3-estradiol in ERa. Paraestrol A can also fit
inside the ligand-binding pocket of ERRy, with comparable energy. In both cases, we have
highlighted cnidarian-specific residues that interact with the ligand, among which two polar

residues, Q(H3)/N(H5), that define a novel anchor that stabilizes paraestrol A inside the pocket.

4. Discussion

4.1. Novel cnidarian-specific candidate players for a steroid signaling pathway

All evidence to date has shown that the vertebrate-type estrogen-ER signaling pathway is not
present in cnidarians [28]. However, recent findings, in the literature and the data presented in this
study indicate the presence both of aromatic steroids and nuclear receptors within a novel subclade
of the NR3 family (NR3E). Previous surveys of nuclear receptor diversity in cnidarian have largely
studied anthozoans due to availability of sequence data as well as interest in possible effects of

environmental pollution on reef-building corals. Our analysis here used the availability of sequence
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data from throughout the phylum and revealed NR3 members in the other three cnidarian classes
that form the medusozoan clade. The presence of these genes helps to better resolve the history of
the NR3 family in animals because NR3 was present in the placozoan Trichoplax, absent from
surveyed ctenophores and sponges, and until this study, inferred to absent from cnidarians. Our
hypothesis is thus that NR3 evolved in the common ancestor of the placozoan and cnidarian-
bilaterian with lineage-specific loss in the anthozoans.

Despite the presence of NR3 genes in cnidarians, it has not yet been demonstrated whether
these aromatic steroids or any other compounds can serve as ligands for NR3E receptors.
Interestingly, aromatic steroids have only been documented within a few species of anthozoans but
NR3E genes are only present within the medusozoa (Hydrozoa, Cubozoa, Scyphozoa). Similarly,
NR2B (RXR) homologs have been lost from the Anthozoa and are only present within Medusozoa.
The loss of these two receptors from the anthozoan lineage is of considerable interest and may be
related to the loss of the medusa (jellyfish) stage. This step implied the loss of metamorphosis
between polyp and medusa, and/or the reduction of sensory organs (eyes). Regarding aromatic
steroids in anthozoans, data about their quantitative variation under physiological conditions will be
necessary to determine if they play a defensive function, or if they may be involved in endogenous
intercellular signaling. If they do play any role in endogenous signaling, it could be mediated
through binding to different nuclear receptors from other families than NR3, or to membrane
receptors [49]. The translocation data on the shERa-GFP heterologous construct expressed in Hydra
epithelial cells suggests that there may be a cytoplasmic factor that binds to shERa-GFP and
triggers its translocation into the nucleus. Because Hydra, an hydrozoan, as other medusozoans, has
an endogenous NR3E, which is the closest relative to ER and other vertebrate steroid receptors, we
thought it would be important to explore its ability to bind an aromatic steroid which is present in

another cnidarian, even from a distantly related species.

4.2. Cnidarian-specific molecular mechanisms for ligand binding in the NR3E pocket

Docking experiments with paraestrol A inside the ligand-binding pocket of Hydra NR3E indicate
that this receptor might indeed bind an aromatic steroid. In this case, the binding would involve & -n

interactions with a tryptophan residue, which is conserved in all cnidarian sequences, and a

glutamine residue which, to date, was mainly correlated to the binding of oxosteroids, like
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progesterone, androgens and corticoids. Thus, even the most estrogen-like aromatic steroid from
cnidarians shows binding properties that are distinct from the mechanism of estradiol binding to the
vertebrate estrogen receptor. This strongly suggests that identification of endogenous ligands for the
cnidarian NR3E receptors and their concomitant functional characterization will enlarge our
knowledge of the diversity ligand-binding interactions in play between steroid hormones and their
cognate nuclear receptors. Over the last few years, a great deal of information has accumulated
about physiologically relevant alternative ligands for the human estrogen receptors [50]. In
particular, steroids without an aromatic A-ring were also reported to be able to bind ER. So far, all
those described alternative steroid ligands have a hydroxy group on carbon 3, just like the hydroxy
group on carbon 3 of estradiol. Interestingly, the distinction between binding of steroids with a 3-
hydroxy group, like estrogens, and binding of steroid with a 3-oxo group, like androgens,
progesterone and corticoids, has long been correlated to the distinction between the E and Q ligand-
binding residues in the H3 part of the ligand-binding pocket, and interpreted as an evidence for
more ancient origin of estrogen as a ligand relative to oxosteroids [51]. Docking experiments with
NR3E and paraestrol A indicate that, structurally speaking, nothing prevents a 3-hydroxysteroid
from binding the pocket through a Q residue, which is classically related to 3-oxosteroid binding.
Therefore, the distinction between the two classes of molecules may not be so clear-cut, and even in
vertebrates, we could find unexpected new selective estrogen receptor modulators by looking at
endogenous 3-oxosteroids. Many of them are indeed present in the human body as precursors in

bile acid synthesis [52].

4.3. Long distance chemical communication in the cnidarian body

Because they lack an internal circulating body fluid, cnidarians cannot have a vertebrate-like
hormonal system. This does not necessarily preclude steroid-mediated intercellular signaling in
those animals. Indeed, even in vertebrates, some steroids do not act through the canonical hormonal
pathway. Classically, hormones are defined as internally circulating molecules, which excludes
vertebrate bile acids based on this definition [53]. However, this view is changing with the
acknowledgment of their functional role not only as facilitators of lipid digestion, but also as
signaling molecules, that allow the coupling of the nutritional state with various parameters, from

digestive physiology to behavioural traits such as the regulation of appetite [54]. This example
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shows that there is no objective reason to strictly limit long-distance intercellular communication to
the internal milieu. We thus hypothesize that in cnidarians, the digestive surfaces may be a major
vehicle for signaling molecules, and that the steroids identified in these animals, if they really have
a role in distant intercellular communication, could be transported in this way. The gut lumen is
sometimes viewed as the continuation of the external milieu, because both are communicating
through the oral openings. Thus, secretions of molecules in the gut are considered as exocrine
secretions. The real chemical composition of some parts of the digestive tract is distinct from the
external environment, including secretions and selective absorption processes from the digestive
surfaces of the animal. The gut goes throughout the body for some cnidarians and is restricted to
particular regions in others (e.g. mesenteries) and could be a carrier of signaling molecules between
distant body parts or different ramets in colonial species (Figure 6). Anyways, caution is needed
before extrapolating anatomical knowledge from bilaterians to cnidarians, because the homology

between the germ layers is debated [55].
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Figure 6. A possible pathway for steroid enterocrine signaling in cnidarians. Steroids, in green,
could be produced from dietary sterols in the gut (in yellow) and go to the gonad (in orange) along
with other nutrients. Gonads may be of ectodermal or endodermal origin, depending on the species.
The pink tissue represents the mesoglea, which consists of a gelatinous matrix that contains
collagen fibers and usually some cells. The mesoglea forms a hydrostatic skeleton, but does not

contain a circulating body fluid or play a known role in circulation.

Regulation of reproduction and metamorphosis have already been proposed as potential roles for
cnidarian nuclear hormone receptors. Regulation of energetic metabolism and growth is another
prominent function of many nuclear receptors that has not yet been investigated in cnidarians.
Indeed, within the NR3 family, ERR plays important and diverse roles in energetic homeostasis in
both protostomes and deuterostomes [56, 57]. In cnidarians, regulation of energetic metabolism is
of considerable interest, but the mechanisms are still poorly understood. Many species are tightly
regulating their body size based on nutrition intake. For example, many anthozoan anemone species
can survive several months without food, during which they can exhibit negative growth, consume
stored lipids and reduce their metabolic rates [58-61]. Studies with the hydrozoan Hydra suggest an
important role of autophagy during starvation. Starving hydras do not die, but simply shrink

proportionally [62]. For both anemones and Hydra, growth rapidly resumes following feeding
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(references cited in two preceding sentences and personal observations of authors). Hence, there

must be some regulators and nuclear receptors are among the best candidates.

5. Conclusions

While molecular studies of steroid signaling in cnidarians are still in early stages, the fragmentary
data are already sufficient to state that, despite some similarities to bilaterians, cnidarians have
lineage-specific receptors and potential ligands. A detailed look at the mechanisms of steroid
signaling and receptor function is certain to give new insights on the many different possible ways
to achieve interactions between a receptor and a steroid ligand. Obviously, this also holds true for
other chemical classes of possible ligands. In comparison to anthozoans, very few chemical
analyses have targeted the steroid composition of medusozoan cnidarians [63-65]. There is growing
awareness among the global metabolomics community that « time is ripe to focus on model
organism metabolomes » [66]. Along these lines, metabolomic approaches have already proven
extremely useful in understanding phenotypic plasticity in a mediterranean zoanthid coral [67]. We
hope that our results will stimulate interest of natural product chemists in identifying potential
endogenous ligands for cnidarian nuclear receptors and particularly in determining whether A ring
aromatic sterols are present in Hydra and other medusozoan cnidarians, as well as other molecules
that could function as endogenous ligands to cnidarian nuclear receptors. This will not only
illuminate the field of cnidarian zoology but, more widely, the field of nuclear receptor

pharmacology to uncover new mechanisms of action and novel signaling molecules.
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Supplemental Figure 1. NR3E-paraestrol A interaction diagram.

The interactions shown are those mediated by hydrogen bonds, hydrophobic contacts and =n-m
interaction. Hydrogen bonds with the amino acids from the NR3E binding pocket are indicated by
dashed lines between the atoms involved, while hydrophobic contacts are represented by an arc
with spokes radiating towards the paraestrol A atoms they contact. The contacted atoms are shown
with spokes radiating back. The figure was drafted using LIGPLOT v.4.5.3 and manually edited to

add the paraestrol A carbon and ring numbering according to the [IUPAC sterol nomenclature.
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NR3E_Copula_sivickisi ceeeeenens Tem—m—ee e—— ——— CDSQ.V SHGSA.F..V ..G.T..... ..
NR3E_Chironex_ yamaguchi ceeecsesee A-—m——me e—— ———- CDTQES RHGNS.F..V ..G.T..... ..
ERRa__ _Homo_sapiens APTRCLPGHK EEEDGEG.A. PGEQGGGKLV LSSLPKR... ..G.V..... ..
ERRb_Homo_saplens TPCRKS.... YEDCA.G.IM EDSAIKCEYM LNAIPKR... ..G.I..... ..
ERRg_Homo_sapiens GPVRKL.... YDDCS.T.IV EDPQTKCEYM LNSMPKR... ..G.I..... ...A...A..
ERR_Drosophila melanogaster G...TSGG.. =—===== N.AT NASAGAGSGS V.DELRR... ..G.V...F. ...A...A..
ERR_Crassostrea gigas SPIDTSKLDF INNI--A.TS ITNSINCDQE NIELPKR... ..G.V..... ...S...A..
NR3D Crassostrea _gigas Seeeeeeeeh cmmm——m .FA DGRKLKHGAV SA.GPNK..Q ..S.N...F. ...W......
NR3D Aply51a californica SeeeeeeeeS H-—m———- .—— MK.EVGGAVP GSSIQAK..Q ..S.N...F. ...W......
NR3D_Platynereis_dumerilii SPEEEWGGQT .EPS.IDLG. HANADQLPSD GDSKDVQK.Q I.S.L...F. ...W......
ER_Branchiostoma_floridae CPDQFSKGR. D.PAS.G.SS IEN.QPQVKE LDNKARAV.R ..G.H...F. ...W......
ERa_Homo_sapiens SDNRRQGGRE STND.GS.AM ESAKETRY.A ..N.Y..... ...W.c..0.
ERb_Homo_sapiens TLKRKVSGNR C-—=—=== am— - ASPVTGP GSKRDAHF.A ..S.Y..... ...W......
SR_] Branchlostoma floridae SPOQKGTGTEE .APWTANQQV KQAANVGTAS PGSGHKPP.A ..HCPST.L. ...YA.....
GR Homo_sapiens eeeeseeess P.MR.--.DV SSPPSSSS.A TTGPP.K... ..S.E...C. ...LT.GS..
MR_Homo_saplens eeeeseeees LEYTI.E-.NV SSSTL.SVST GSSRPSKI.. ..G.E...C. ...VT.GS..
AR_Homo_sapiens eeeeseeees GDMRLE-.TA RDH--VLPID YYFPPQKT.. I.G.E...C. ..ALT.GS..
PR_Homo_sapiens eeesessssss LNYLRP-.DS -EASQS.QYS FESLPQKI.. I.G.E...C. ...LT.GS..
P-box
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NR3E_Hydractinia_symbiolongicarpus

NR3E_Aurelia_aurita
NR3E_Rhopilema_esculentum
NR3E_Podocoryna_carnea
NR3E_Nanomia_bijuga

NR3E Chlronex fleckeri
NR3E Alatlna alata

NR3E Morbakka virulenta
NR3E_Tr1peda11a_cystophora
NR3E_Copula_sivickisi
NR3E_Chironex yamaguchi
ERRa_Homo _sapiens

ERRb Homo saplens
ERRg_Homo_sapiens
ERR_Drosophila_ i melanogaster
ERR_Crassostrea glgas

NR3D _Crassostrea_gigas
NR3D Aply51a californica
NR3D_Platynereis_dumerilii
ER_Branchiostoma_floridae
ERa_Homo_saplens
ERb_Homo_sapiens
SR_Branchiostoma_floridae
GR_Homo_sapiens
MR_Homo_sapiens
AR_Homo_sapiens
PR_Homo_sapiens

NR3E_Hydra_magnipapillata
NR3F_Trichoplax_ adhaerens

NR3E_Hydractinia symbiolongicarpus

NR3E_Aurelia_aurita
NR3E_Rhopilema_esculentum
NR3E_Podocoryna_carnea
NR3E_Nanomia_bijuga
NR3E_Chironex fleckeri
NR3E_Alatina_alata
NR3E_Morbakka virulenta
NR3E_Tr1pedalla_cystophora
NR3E_Copula_sivickisi
NR3E_Chironex yamaguchi
ERRa_Homo_sapiens
ERRb_Homo_sapiens
ERRg_Homo_sapiens
ERR_Drosophila_ i melanogaster
ERR Crassostrea_gigas

NR3D Crassostrea _gigas
NR3D Aplysia californica
NR3D_Platynereis_dumerilii
ER_Branchiostoma_floridae
ERa_Homo_sapiens
ERb_Homo_sapiens
SR_Branchiostoma_floridae
GR_Homo_sapiens
MR_Homo_sapiens

AR _Homo_sapiens
PR_Homo_sapiens

. DBD

1

AFFKRSLQLK QLNYK({
Jo....1.8- sva.T,
B T s P
efseseee AT D...R
olboooooolMP IDgools
Jooeoiiis ELLLL
Y T =i S
efpecee.AA D...R
efeeeccesAA D...RH
J......Aa D...R,
efpeeee.AA D...R
efeecece..AA D...RHE
... TI.G- SIE.S.
ef+..TI.G- NIE.S.
J...7I.6- NIE.S.
efs..TI.G- NIE.T.
ef...TI.G- NIE.S.
efee..I.G- PVD.V.
efsse.I.G- PVD.I.
J......0- PVD.V,
ekeee.lI.0G .TD.IH
efee..I.G- HND.M.
efse..I.G- HND.I.
S|. .H.AHKR- AHP.V.
V. ...AVEG- .H..L.
V. ...AVEG- .H..L.
V]. .. .AAEG- KQK.L.|
V). . . .AMEG- .H..L.|
P-box

901
———————— D- -—-—--TKSKNY
K....YEKPT S...--VGQC
K....QQKP. ....R---RK
K....SK.-. ....--..KQ
K....QQKP. ....R-—--RK
K....DAAK. ....QR..KT
G....DGGKT HKS.S.KLKQ
S....DSGKN HKA.S.KLKQ
G....DSGKN HKA.S.KLKQ
G....DSAKN HKA.S.KLKQ
G....DGGKT HKS.S.KLKQ

K....YKRRP
K. ...YKRRL
K....YKRRI
K....YRRNP
K....YKRTV
SKPAATKRSR
S.SLKGKRCR
G....S..PE
K....RTHNQ
K....HKRQR
R....RQRSA
P..KKTKRSP
I......00A
I......HEE
Q......EEG
V......RAL

Supplemental Figure 2 (continued)

EVD.——————

ADSSDNTV. -
ADSSDSAV. -
EKITK.VRT-
IDVSSTADSC
DDGEGRG-E-
DEQLHCAGK-

QPQ.---00-

6/11

KVKKRDIR--
RKNRNPGGRV
GN.IKRPKQE
GN. .IKKPSR

GN.IKRAKQD
GN.IKRPKPD
GN. .IKKNAK

SQA.-..

TINKMSRK CCQACRLGKC

cKVD.QR.. «ecce..Q.0

ele eDRecee oloeele..K.fo

e esees..Role

e ssees..Rale

o elsccneeQ.le

e eeees. K.l

e esees..Rele

e esees..Role

e elscceseR.le

e oseele..R.fs

e esees..Rels

. A.....FT..

o« Sl..el.FM. s

« Se..e.FM..

. A...L.FQ.[

. AR .8.FQ.8

. Sk..5..R.[8

« Sk..t..RR.

« Se..s.FR. &

. SH. .8.YR.B

. SH. .8..R.B

o Sl..lel. cR.|s

. N.P....K..

. N.P...YR..

. NGP.8..0.8

. NEPSEl. .R.[8

. N.P....R..
PRLENPDECI

KSVTS..SF. S.STASSFSQ

SDKSS.EGFV ..STN.....

KFDDDE.RK. VEPTS.....

SDKSSSENFV ..STN.....

E.ISES.NVV ..STN.....

MSNDED.LKC VEPTS.....

MANDDD.LKC VEPTS.....

MAHDDD.LKC VEPTS.....

MSADDD.LKC VEPTS.....

MSADDD.LKC VEPTS.....

MSNDED.LKC VEPTS.....

-P.PF.GPFP AGP.AVA..G

-SSPYLSLQ. SPP--.....

-NSPYLNPQL VQP--.....

-SYQTMQLLY Q.N--.....

-PIVQQIFPM IKK-ACV..E

-PNTK.NPKE —-—---— ceeee

KSSVS.LP-- --SSASAFDK

—————————— -VGSA.....

—————————— -AKRS.....

-KTSH. .PPA .E-—-.....

QET-——=——— SENP-.....

QPPPP.PPPQ SPEE-.....

TSP-====—= TEET-.....

HAVGMSKECK
FD...IR.GV
.D......FL
NE......FL
NE......VI
.D......FL
QD......FL
.E......FL
.E......FL
E......FL
.E......FL
.E......FL
LR...L..GV
LK...L..GV
LK...L..GV
LLM..L..GV
LR...LR.GV
YE...N.GSQ
YE...N.GSQ
LE...M.RRE
LM...T.DGR
YE...M.GGI
YE...V.CGS
L.M...F.EH
LOA. .NL.AR
LOA. .NLGAR
YEA. .TLGAR
COA. .VLGGR
ADTDK.AEDN
GPRKTAAPVN
<+« .AKKPLT
«+..AKKPYN
...TTSLCDV
STKSDFSSDN
. . KGPPVENN
SRSASPTENN
«e.GD.....
eeeGG.onn
....TPPEQQ

ceeess s

GN. .IKKSTK
GN. .IKKNAK
GN. . IKKNAK
GN. .IKKNAK
RLDRVRGGRQ
RLDRVRGGRQ
RLDRVRGGRQ
RLDRVRGGRQ
RLDRVRGGRQ
RKERKGSISM
RKE..NSGNT
RRTTKKVKSP
RSGE .RGPRR
RKDR.GG.ML
RRERCGY.LV
A.PN.ATKKK
.T..--KIKG
.S..LGKLKG
.L..LGNLKL
.F. .FNKVRV

SIQS..LKIN

ceess s

ALVSHLLVV

KIVSYLLVA.
KIVSHLLVA.
KILEVLNSY.
KILTQLISIE

GQSRRVLQLE
SFeceeennn

LIVSPTLP..

ceess s



NR3E_Hydra_magnipapillata
NR3F_Trichoplax_adhaerens

NR3E_Hydractinia_symbiolongicarpus

NR3E_Aurelia aurita
NR3E_Rhopilema_esculentum
NR3E_Podocoryna_carnea
NR3E_Nanomia_bijuga
NR3E_Chironex fleckeri
NR3E_Alatina_alata
NR3E_Morbakka virulenta
NR3E_Tripedalia_cystophora
NR3E_Copula_sivickisi
NR3E_Chironex yamaguchi
ERRa_Homo_sapiens
ERRb_Homo sapiens

ERRg Homo_sapiens

ERR Drosophlla melanogaster
ERR_Crassostrea_gigas

NR3D Crassostrea_gigas
NR3D_Aplysia californica
NR3D_Platynereis dumerilii
ER_Branchiostoma_floridae
ERa_Homo_sapiens
ERb_Homo_sapiens

SR_| Branchlostoma floridae
GR_Homo _sapiens
MR_Homo_sapiens
AR_Homo_sapiens
PR_Homo_sapiens

NR3E_Hydra_magnipapillata
NR3F_Trichoplax adhaerens

NR3E_Hydractinia_symbiolongicarpus

NR3E_Aurelia_aurita
NR3E_Rhopilema_esculentum
NR3E_Podocoryna_carnea
NR3E_Nanomia_bijuga
NR3E_Chironex_fleckeri
NR3E_Alatina_alata
NR3E_Morbakka virulenta
NR3E_Tr1pedalla_cystophora
NR3E_Copula_sivickisi
NR3E_Chironex yamaguchi
ERRa_Homo_sapiens
ERRb_Homo_sapiens
ERRg_Homo_sapiens
ERR_Drosophila_melanogaster
ERR_Crassostrea_gigas
NR3D_Crassostrea_gigas
NR3D_Aplysia_californica
NR3D_Platynereis_dumerilii
ER_Branchiostoma_floridae
ERa_Homo_sapiens
ERb_Homo_sapiens
SR_Branchiostoma_floridae
GR_Homo_sapiens
MR_Homo_sapiens
AR_Homo_sapiens
PR_Homo_sapiens

. .YIDVNCT.

Qeeeeennns
ETVAVESVKT

SGEKYVIDQK
SSeceeeenn
eeeeeeeS..

ceeeseaS..

NGTSSLQ. ..
DGDSSTGREL
essee0.KKN
esse...VRE
«...ALVPQL

Supplemental Figure 2 (continued)

ce oo

EAVSPQECSP

. .AqQ.

SGHTSQEDLS

——PﬂEIEHEN IIEQIRLTHS
RDGHKQ.IVND V.KK.LEAEP

A.QS.

ST

..TQDA.L.K

..AQ.M.I..

..AQ.M.L.S
..TQDA.L.S
..TQDA.L.S

..TQDA.

. .TQ

. .TQ

DA
..TQDA.
DA

« «=4-=-PTVP
. .= JPQLTPT
STISRALTPS
HIEQYECQPI

. .QOQIQLTPP L.NL.MSIEP

7/11

L.RT.

eeees ++...EPEKL
eeees o+...EPDKL
eeees oe...EPEKI
eeees ++...EPDAL
. QLDKL

A

[P
VPMTSASQSF
eeeees oee...MRAA
H...
S
.GN.K
.GT.T
. TQKL
. SQRF

PVLESHH. .
PVMDSYH...
LVVILEENDL
EH. .RGEENH
PILYSEY...
PHVLI-S...
NPILTGY...
EVLYAGY...
EIVYAGY...
GVVCAGH...
DVIYAGH...

PSTPSPDKGY

e essess e

YAMPDPAG .
YAMPPPGM. .
YAMPDPTV..

SVQTPPPQVH
YVNTESEI..
SGSPNPAKSA
NNGASSSKSS
NLTPPPSTSS
NLWPSPLMIK
«.AP......
YN........
TIVPAT....
YIAPAKEPSV
TVS.eeeenn.
TFSPG.....

....KS.D..
.. .RVSQP..
...RVSQS..
...RVCQS..
...RVSQP..
...RVSQP..
...RVSQP..

PNGTCIFQ..

....——NH..
....—=NH..
PPKICKEPLT
PTGQOQAGN. .
eese——.P..
«++.——RP..
«e..—=NP..
eeee——.S..
eeee==.S..
eeee—.N..

eee.—=.N..

DIKILKEFIG

TTSITNDEAS
RK..ooeenn
KReveeonnn
ST....SSPS
ceeeess.DS
RSeeeeeenn

Receeennn

NT........

. .KPDTSSS.




1081 Fi:; F111'£5

NR3E_Hydra_magnipapillata THKFYGTIGK QLIHIIDWAK SDQAVLLQAT WVELMVANWL FLEITSTN-S
NR3F_Trichoplax adhaerens ITIICEMVER E.VMV..... N..V.....S .L.VFMIDLA .R|MPYD..K
NR3E_Hydractinia_ symbiolongicarpus |.Q..SW.VDQ ..V....... eee.I....A ..D.LAL..V YHL.LYVEE.A
NR3E_Aurelia_aurita .SSLCDIV.. ...AA..... N...I....G .I.MLLL..I .Y|LPH...K
NR3E_Rhopilema_esculentum --LTLDIV.. ..VAA..... N...I....G .I.MLLL..T .YL.LSHK..K
NR3E_Podocoryna_carnea VON.CW.VDQ ..V....... eeeeslee..A ..D.L.L..V YHLLCIDD.A
NR3E_Nanomia_bijuga IQ..CF.VDQ ..VR...... eeeel....A ..D.L.L..V YHLLHVSE.K
NR3E_Chironex_fleckeri .GYLCKQ.S. ..VAV..... N...I....G .I..LLL..V ..}.ERI..K
NR3E_Alatina_alata .GYLCKQ... ..VAV..... N...I....G .I..LLL..V ..L.ERI..K
NR3E_Morbakka virulenta .GHLCKQ..R ..VAV..... N...I....G .I..LLL..V ..}.ERI..K
NR3E_Tripedalia_cystophora .GYLCKQ..R ..VAV..... N...I....G .I..LLL..V ..|.ERF..K
NR3E_Copula_sivickisi .GYLCKQ..R ..VAV..... N...I....G .I..LLL..V ..lL.ERI..K
NR3E_Chironex yamaguchi .GYLCKQ.S. ..VAV..... N...I....G .I..LLL..V ..L.ERI..K
ERRa_Homo_sapiens VATLCDLFDR EIVVT.S... «..MSV..SV .M.VL.LGVA QR|LPLQD.E
ERRb_Homo_sapiens LTTLCDLADR E.VV..G... G..MS...SA .M.ILILGIV YRLLPYDD.K
ERRg_Homo_sapiens LTTLCDLADR E.VV..G... A..MS...SA .M.ILILGVV YRLLSFED.E
ERR Drosophila_melanogaster LSVLSDIYD. E.VSV.G... N..MK...VS .A.ILTLQLT .R}LPFNG.K
ERR_Crassostrea_gigas LATVSDLADR E.VIT.S... «..MN...HS .L.ILCL.LV .R|LCPYNG.Y
NR3D_Crassostrea_gigas LNSLVKLAER E.V.L.N... ...VH.IECC .M..LLL.CA .R}.EHGG.K
NR3D_Aplysia_californica LNTLIKLADR E.VYL.N... G..VH.IECC .M..LLL.CA .RLMEHEG.R
NR3D_Platynereis_dumerilii L.RLI.LADM E.VDVVN... R.RIAI.ESC .M..LCIGAA WRLRLN.T.F
ER_Branchiostoma_floridae IESVSSLVDR E.TG..C.G. N..VL.MES. .LD.LILDLV WC| .RHKG.E
ERa_Homo_sapiens MGLLTNLADR E.V.M.N... H..VH..ECA .L.ILMIGLV WR|LMEHPG.K
ERb_Homo_sapiens MMSLTKLAD. E.V.M.S... F..VR..ESC .M.VLMMGLM WR}| .DHPG.K
SR_Branchiostoma_floridae MALVTDLANR EIEGLV...A D..VN.IRTV .LD.LMLGLV WR|LMEHRG.E
GR_Homo_sapiens MTTLNMLG.R .V.AAVK... D..MT...YS .MF..AFALG WR| YRQSSAN
MR_Homo_sapiens LSTLNRLA.. .M.QVVK... E..IT.I.YS .MC.SSFALS WR| YKH..SQ
AR_Homo_sapiens LSSLNELGER ..V.VVK... D..MAVI.YS .MG...FAMG WRLF.NV.SR
PR_Homo_sapiens LTSLNQLGER ..LSVVK.S. D..IT.I.¥YS .MS...FGLG WR| YKHVSGQ
1141 H7 H8
NR3E_Hydra_magnipapillata LK-LSHTFDI SK---=—-—- —GLIYDQFLA LVHRTKGYKL DEEEISCFKA
NR3F_Trichoplax_adhaerens .V.YACDMVM GH...coou. .DE.NRHAFE ..TKYRSISM .KD.FA.L.R
NR3E_Hydractinia_ symbiolongicarpus I..F.KF.S. TY........ .EN..C.IFS .AN.A.K.NM ..|...A.L..
NR3E_Aurelia_aurita IQ.F.SNLIV CE........ .ETVHH.LSS .IT.VQ..CI ..[..FV.L..
NR3E_Rhopilema_esculentum TQ.F.ANLIV CE..cc0evvn .ETVHT.LSS .IA.VQl..GI ..V.FL.L..
NR3E_Podocoryna_carnea I..F.RY.S. TY...c.... .EN..C.V.S .AN.A.K.NM ..[....L..
NR3E_Nanomia_bijuga IR...MV.SL .F.e..oo.n.n .EE..SYLIS ..N.A.K.NI .Vl.....I..
NR3E_Chironex_fleckeri VA.F.ADVVV DD........ .DSV.S.L.P ..T.VRS.G. ..|..FV.L..
NR3E_Alatina_alata VA.F.SDVVV DD........ .DSV.S.L.P ..T.VRS.G. ....FV.L..
NR3E_Morbakka virulenta VA.F.SDVVV DD........ .DSV.S.L.P ..T.V.S.E. ..[..FV.L..
NR3E_Tripedalia_cystophora VA.F.SDVVV DD........ .DSV.S.L.P ..T. .E. ....FV.L..
NR3E_Copula_sivickisi VA.F.SDVVV DD....co. .DSV.S.L.P ..T. .E. ....FV.L..
NR3E_Chironex yamaguchi VA.F.ADVVV DD........ .DSV.S.L.P ..T. .G. ..[.FV.L..
ERRa_Homo_sapiens .A.FAEDLVL DE........ . .ELGAAL.Q ..R.L R. .YVLL..
ERRb_Homo_sapiens .V.YAEDYIM DE........ .LEL.RAI.Q ..R.Y.KL.V .FVTL..
ERRg_Homo_sapiens .V.YADDYIM DE....c... .LDLNNAI.Q ..KKY.[SM.. .FVTL..
ERR_Drosophila_melanogaster .C.FATDVWM DE........ .TEF.YHCVQ IAQ.MERISP .YYLL..
ERR_Crassostrea_gigas «« .FAEDLQL .V....o.0. SPELDGISRK .AKKFTDMEV ..YLLL..
NR3D_Crassostrea_gigas SLAFAPDLVL DR...coeo.. .TE.FE.VA. VSEQMMONH. D.LLLLQ.
NR3D_Aplysia_californica TLVFAPD.HL ER........ ..DVLE.VS. VSEQMLILHG. .LLLLQ.
NR3D_Platynereis_dumerilii QVNFAENLHF NE........ .SS.VGEIWQ ISQQFRYLE. . FMLLRYV]
ER_Branchiostoma_floridae KLL. .GGVLV NRNTISNRRN .LEMC..I.S IATKFY[EFD. .YL.L..
ERa_Homo_sapiens —~LLFAPNLLL DR....sc.. .VE.F.ML.. TSS.F N. .FV.L.S
ERb_Homo_sapiens -LIFAPDLVL DR...cconn .LE.F.ML.. TTS.FREL.. .YL.V..
SR_Branchiostoma_floridae WLVFAPDLIM DR::eeeass .EY.CTPM.E FARQFADLQV .VYV.L..
GR_Homo_sapiens .LCFAPDLI. NE........ . YDQCKHM.Y VSSELHRLQV YL.M.T
MR_Homo_sapiens FLYFAPDLVF NE........ .YELCQGMHQ ISLQF Q. .YTIM.V]
AR _Homo_sapiens MLYFAPDLVF NE........ .YSQCVRMRH .SQEF QI .FL.M..
PR_Homo_sapiens MLYFAPDLIL NE........ - YSLCLTMWQ IPQEFVKLQV SQ. .FL.M.V
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H9

H10-H11

120
NR3E_Hydra magnipapillata IILTNAETTQ LSRP-—--- —— AKVHALSN QFCSSLQYYT KNRH---JKE NPLKFAKIVL
NR3F_Trichoplax_ adhaerens LR-——f——== ———= . emm e e Fmeeed== —m———o—
NR3E_Hydractinia_symbiolongicarpus S...fe. SSS .AG.. ..E..ND.IT T.S.T..... NS|..... R. ..Q....L..
NR3E_Aurelia_aurita .G.L.[.DSRG .TGA. . +.S5..0D.V. K.SLA.N.HI SSP....J PD Q.Q..... I.
NR3E Rhopllema esculentum .G.L.[.DSRG .TGS. « «+S..Q0E.VK K.S.A.N.HI SSH.... PD Q.Q..... I.
NR3E_Podocoryna_carnea G.ooofew SSS ..V.. . «.DN.NE.IT T.S.T..... SSleee..d RD ..Q....L..
NR3E_Nanomia_bijuga Nooofeo SS. .TTS. . ..D..NE.IQ K.T.A....S T.[.S...JR. S.Q....L..
NR3E Chlronex fleckeri .G.M.[.DSCG ..GS. ..RG.QE.VR KYSMA.A.HI SS[{.... PD K.Queveeeuwoo
NR3E Alatlna alata .G.M.[.DSCG ..GS. ..RG.QE.VR KYSMA.M.HI ST{.... PD K.Quevevunn
NR3E_Morbakka_v1rulenta .G.M.[.DSCG ..GS.. . «.RG.QE.VR KYSMA.T.HI STf.... PD K.Queeewuwoo
NR3E_Tripedalia_cystophora .G.M.|.DSCG ..GS.. . ..RG.QE.VR KYSMA.T.HI NT{.... PD K.Quvovuwuo
NR3E_Copula_sivickisi .G.M.[.DSCG ..GS. ..RG.QE.VR KYSMA.T.HI NT[{.... PD K.Quevennn
NR3E Chlronex yamaguchl .G.M.[.DSCG .GS. ..RG.QE.VR KYSMA.A.HTI SS{f....d PD K.Q..v0oewn
ERRa_Homo_saplens LA. DSVH IEDA. . ..EA.EQ.RE ALHEA.LE.E AG|.AGPGGGA ERRRAGRLL.
ERRb_Homo_sapiens LA. DSMY IEDL. . ..EA.QK.QD LLHEA..D.E LSPRH..J-. E.WRTG.LL.
ERRg_Homo_sapiens A. DSMH IEDV. . ..EA.QK.QD VLHEA..D.E AGR.M..J-. D.RRAG.MLM
ERR_Drosophila_melanogaster LL.A.CD-IL .DDQ. . «.SSLR.FRD TILN..NDVV YLLLRH.../SS AVSHQQQLL.
ERR_Crassostrea_gigas MT.C.ID-VA IENS. ..EA.RQ.QD KLQD..IE.V .Y/.YV..J-G .LRRLGHLYM
NR3D_Crassostrea_gigas MV.V.l..VRR .ASY...... ..NQIFNMQQ SLLDAIVDTA QK|--Y..HPD .VRHVPAVL.
NR3D_Aplysia californica Tv.V.l. .VRP .DSF..l.... ..L.IQEMRQ LILDVFMEVA GRH-Q..QFG .WRHAPS.L.
NR3D_Platynereis_ dumerilii VTML.|. .SIR ..CL..... ..DAM.KIRQ .YLEA.HFEC GR[TLGKIYES SCVRM.Q.LC
ER_Branchiostoma_floridae T.VHGSLKG .ESD..[.... ..TQ.RQ.QD DLTDA.MDVC SE[..... AL GSRRP..ML.
ERa_Homo_sapiens L.SGVYT FLSSTLHKSLE EKDHI.RVLD KITDT.IHLM AKA-GLTHQQ QHQRL.QLL.
ERb_Homo_sapiens M..L.[SSMYP .VTATQDA.D SSR.LAH.L. AVTDA.VWVI AKS-GISYQQ QSMRL.NLLM
SR_Branchiostoma_floridae LT.YTTAVSR .QDY. ... «.RO.QOR.QH EINEA.AEAC SS[FG..J-F S.GNI.RLMM
GR_Homo_sapiens LL.LSSV--P —----.KDGLK SQELFDEIRM TYIKE.GKAI VKL.E.GNYSQ .WQR.YQLTK
MR_Homo_sapiens LL.LSTI--P ----.KDGLK SQ.AFEEMRT NYIKE.RKMV TKCP.NNYGQ SWQR.YQLTK
AR_Homo_sapiens LL I--P ----.VDGLK NQKFFDE.RM NYIKE.DRII ACKR.KNHTS CSRR.YQLTK
PR_Homo_sapiens LL I--P ----.LEGLR SQTQFEEMRS SYIRE.IKAI GL|.Q.KGYVS SSQR.YQLTK
1261 H10-H11 H12
NR3E_Hydra_magnipapillata ILPQLKYLVN EVLKVLHALN -SEKGAYL [SDLVVEMLDV KNRQ-——=== —————————e
NR3F_Trichoplax_adhaerens = = |-————————— o et B R el
NR3E_Hydractinia_symbiolongicarpus ([....... M.. Q.IEY.YTMK .NSSESN. eel.fEA Q.Leceeee ceceecanns
NR3E_Aurelia aurita  [....... V.. N.IEYFYRVK IS.--SE.Q. |[.E.L...| .EA .S.L.ceeee cooocconscse
NR3E_Rhopilema esculentum |e.e.... CV.. N.IEYFYRVK [S.--GE.Q. |[.E.L...J.EA .S.L.cccee cecececons
NR3E_Podocoryna_carnea  leeeeoss M.. Q.IEY.YKMK .ES.ESN. eeloofeEA tQ.Lceeees sesescncns
NR3E_Nanomia_bijuga  [.......... R.IEL.TKMK .HQDKCA. cel.eEA (Q.Lceeees ceecscccns
NR3E Chlronex fleckeri = |i..i.... V.. H.IEF.YRVK IS.--GE.Q. cLeoofeEA .S.Lieeeees ceececcons
NR3E_Alat1na_alata ....... V.. H.IEF.YRVK IiS.--GE.Q. cLeeoftBEA cS.L.ceeee ceeeoncnns
NR3E_Morbakka virulenta [....... V.. H.IEF.YRVK LS.--GE.Q. cLeeofeBEA tS.Liteeee soeencnnns
NR3E_Tripedalia cystophora = |eeees.. V.. H.IEF.YRVK IfS.--GE.Q. LIVeEA cS.Liceeee eeeencnnnn
NR3E_Copula_sivickisi ~ [....... V.. H.IEF.YRVK IS.--GE.Q. cLeoofeBEA tS.Leeeees osescscccns
NR3E_Chironex yamaguchi = |....... V.. H.IEF.YRVK IfS.--GE.Q. ... L...csEA .S.L.ceeee ceveseosss
ERRa_Homo_sapiens T..L. RQTAG K..AHFYGVK .—=GKVPM [HK.FL..|.EA MMD=..ccee ceeeoocons
ERRb_Homo_sapiens T..L.RQTAA KAVQHFYSVK .—=GKVPM |[HK.FL...EA .VG.EQLRGS PKDERMSSHD
ERRg_Homo_sapiens T..L.RQTST KAVQHFYNIK .——GKVPM [HK.FL..[.EA .V-=...itt ceeernnnnn
ERR _Drosophila_melanogaster L..S.RQADD ILRRFWRGIA «==EVITM [KK.FL..].EP LA.=.cccee coecsnnnns
ERR_Crassostrea_gigas L..A.NHMKL LAKQYWFDVK +=—GRIMM [HK.FL..|.EA DS==..ccee coecsnosss
NR3D_Crassostrea_gigas L.THIRQAGE RGIAFFQR.K .[E.--GVVTF [C..LK..|..A QDFLEKKSSN EGD.......
NR3D_Aplysia californica L.THIRQAGE RGITYFQK.K .—=GCVTF |C..LT..|. .A H.SSGERRRL QQQQQQPQQQ
NR3D_Platynereis_dumerilii .. .FARQVSL KAITH.FNMH .--HAVPV |G...A..[.VA QKELMTNEDS AKIIT.....
ER_Branchiostoma_floridae L.SH.RQVSA RASSH.G.VR .==LKVP. |[Y.ILLDI.TD QVSEGQRDQQ AGHHEVASSP
ERa_Homo_saplens . .SHIRHMS. KGMEH.YSMK .—=NVVP. [Y..LL..|..A HRLHAPTSRG GASVEETDQS
ERb_Homo_sapiens L.SHVRHAS. KGMEH.LNMK .—=NVVPV [Y..LL..|.NA HVLRGCKSSI TGSECSPAED
SR_Branchiostoma_floridae .VS.VRQ.SS LGVDH.NR.R .—=ETVSV |[EG.LR.IV.E PP.ITEIEDS PGSAEGNKTM
GR_Homo_sapiens L.DSMHEV.E NL.NYCFQTF K-TMSIEF [PEMLA.IITN QIPK...... . . YSNGNIKK
MR_Homo_sapiens L.DSMHD..S DL.EFCFYTF SHALKVEF |PAML..I[ISD QLPK...... . .VESGNAKP
AR_Homo_sapiens L.DSVQPIAR .LHQFTFD.L SHMVSVDF |PEMMA.I[IS. QVPK...... . « ILSGKVKP
PR_Homo_sapiens L.DN.HD..K QLHLYCLNTF SRALSVEF |PEMMS.V[IAA QLPK...... . . ILAGMVKP

Supplemental Figure 2. Full-length alignment of cnidarian NR3E with already known
members of the NR3 family.

The DNA-binding domain (DBD) is highlighted with light grey. Within it, two interaction sites
with DNA response elements (P-box and D-box) are boxed, and the nine conserved cystein residues
are highlighted in orange. The twelve helices of the ligand binding domain (LBD) are boxed based
on the human ERa sequence. As in Figure 5, residues involved in estrogen binding in ER are
highlighted in green. Homologous residues that are shared by the cnidarian NR3E and the
vertebrate oxosteroid receptors (SRs) are highlighted in pink. The cnidarian-specific N79-W80
anchor is highlighted in brown.
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DBD LBD
NR3E Hydra magnipapillata - -
NR3F Trichoplax adhaerens 66.7 28.8

NRS3E Hydractinia symbiolongicarpus 85.1 51.2
NRS3E Aurelia aurita 791 40.6
NR3E Rhopilema esculentum 791 417
NR3E Podocoryna carnea 85.1 52.1
NR3E Nanomia bijuga 83.6 49.3
NR3E Chironex fleckeri 791 42.2
NR3E Alatina alata - 427
NRS3E Morbakka virulenta 791 43.1
NR3E Tripedalia cystophora 791 42.2
NR3E Copula sivickisi 79.1 42.2
NR3E Chironex yamaguchi 791 42.2
ERRa Homo sapiens 68,2 244
ERRb Homo sapiens 66.7 26.8
ERRg Homo sapiens 66.7 26.3
ERR Drosophila melanogaster 65.2 21.2
ERR Crassostrea gigas 65.2 22.8
NR3D Crassostrea gigas 69.7 211
NR3D Aplysia californica 68,2 22.4
NR3D Platynereis dumerilii 69.7 19.7
ER Branchiostoma floridae 65.7 23.3
ERa Homo sapiens 71.2 22.8
ERb Homo sapiens 71.2 234
SR Branchiostoma floridae 53 18.2
GR Homo sapiens 56.1 19.4
MR Homo sapiens 57.6 17.5
AR Homo sapiens 515 16.6

Supplemental Table 1. Identity percentages of DBDs and LBDs when compared to NR3E
from Hydra.
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Supplemental Figure 3. Paraestrol A docking into the ligand binding pocket of estrogen
related receptor y homology-based model of Hydra NR3E. (a) Superposition of the NR3E
structural model using ERRYy structure (in dark green) where the paraestrol A is represented in light
green, the ERRy structure used as template (PDB id: 3D24) is represented in red and for
comparison the paraestrol A position found in the NR3E ER model in pink. (b) Detailed view of the
ligand binding pocket of NR3E ERRy-based model, highlighting interactions (in yellow dashed
lines) between the paraestrol and residues Q42 and N79. Results of the first round of docking
experiments are represented in grey, showing one hydrogen bond (in red dashed line) between
paraestrol and residue Q42. (c) Detailed view of the binding pocket of NR3E ERa-based model,
highlighting interactions (in yellow dashed lines) between the paraestrol and residues Q42 and N79.
Results of the first round of docking experiments are represented in grey, showing one hydrogen

bond (in red dashed line) between paraestrol and residue N79.
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