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The fish olfactory receptor ORA family is orthologous to the
mammalian vomeronasal receptors type 1. It consists of six
highly conserved chemosensory receptors expected to be essen-
tial for survival and communication. We deorphanized the
zebrafish ORA family in a heterologous cell system. The six
receptors responded specifically to lithocholic acid (LCA) and
closely related C,, 5B-bile acids/salts. LCA attracted zebrafish
as strongly as food in behavioral tests, whereas the less potent
cholanic acid elicited weaker attraction, consistent with the in
vitro results. The ORA-ligand recognition patterns were probed
with site-directed mutagenesis guided by in silico modeling. We
revealed the receptors’ structure—function relationship under-
lying their specificity and selectivity for these compounds. Bile
acids/salts are putative fish semiochemicals or pheromones
sensed by the olfactory system with high specificity. This work
identified their receptors and provided the basis for probing the
roles of ORAs and bile acids/salts in fish chemosensation.
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Semiochemicals such as pheromones play vital roles in sur-
vival and behavioral functions, such as mating preferences,
aggression control, individual recognition, and migration. In
mammals, the pheromonal signals are detected by vomeronasal
receptors type 1 and 2 (V1Rs and V2Rs)® (1). V1Rs respond to
low molecular weight molecules (2, 3), whereas V2Rs recognize
peptides (4, 5). Fish orthologs of V1Rs are named ORAs, olfac-
tory receptors related to class A G protein—coupled receptors
(GPCRs).

The ORA gene family has only six genes (ORA1-ORA®6) that
code for chemosensory receptors expected to detect phero-
mones (6, 7). Compared with the rapidly evolving mammalian
VIR genes, the ORA genes are strikingly conserved among
teleost species (7—11). The high conservation of ORA suggests
possible co-evolution with a conserved ligand repertoire of
functional importance. Zebrafish ORA1 has been found to
detect 4-hydroxyphenylacetic acid, a biogenic compound
showing pheromonal effects on reproductive behavior with
high specificity and sensitivity (12). Otherwise, little is known
by far about the ligands or the functions of ORAs (7). Deorpha-
nization of these receptors is thus an essential step toward
decoding their structure—function relationships as well as their
chemosensory function.

Structurally, ORAs are G protein— coupled and likely con-
serve the typical three-dimensional structure of class A
GPCRs, which span the cell membrane with seven trans-
membrane helices (TM1-TM?7) connected by intracellular
and extracellular loops (13). Within this family, the 7-TM
bundle houses a canonical ligand-binding pocket that may
extend ~10 A from the extracellular membrane boundary.
Across different GPCR families, several sequence motifs are
conserved in the TM domain, consistent with a common
mechanism of signal transmission toward the inside of the
cell. However, the residues within the ligand-binding pocket
generally show high sequence divergence to accommodate
varied stimuli from the external environment (14). Con-

® The abbreviations used are: VIR, vomeronasal receptors type 1; V2R, vome-
ronasal receptors type 2; GPCR, G protein-coupled receptor; ORA, olfac-
tory receptor related to class A GPCR; TM, transmembrane; LCA, lithocholic
acid; ChA, cholinic acid; NLCA, norlithocholic acid; MEM, minimum essen-
tial medium.
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Figure 1. Deorphanization of zebrafish ORAs with bile acids/salts. A, heat map of the steroid compounds’ potency for zebrafish ORAs in Hana3A cells. The
data are provided in Table S2. n.r., no response. B, dose-response curves for ORA5 and ORAG. Error bars indicate S.E. C, molecular structures of NLCA, LCA, and

ChA.

served features in class A GPCR structures enable molecular
modeling of olfactory receptors whose structures are so far
unknown. The in silico approach combined with in vitro
assays has led to significant insights into human and mouse
olfaction in our previous work (15-18).

In this study, we deorphanized all the six zebrafish ORAs by
in vitro screening of steroid compounds. The ORAs selectively
responded to nine bile acids/salts, showing general preference
for those sharing the same steroid ring as lithocholic acid
(LCA). Alternation in the ligands’ steroid ring structure or the
side chain resulted in complementary ORA-subtype selectivity.
Subtype-selective and nonselective ORA ligands both elicited
attraction to zebrafish in behavioral tests. We modeled the
three-dimensional structures of the ORAs, as well as their
interaction patterns with the ligands, which were assessed by
site-directed mutagenesis and functional assays. The results
revealed discrepancies within the ligand-binding pocket that
correspond to the receptors’ differential responses to the
ligands. However, an anchor for acids turned out to be con-
served in the pocket of all the six ORAs, despite the high
sequence variation. A focus on ORA5 and ORAG6 identified the
specific residues within the pocket that control ORA6’s selec-
tivity and specificity for ChA. The in silico models provided
detailed and accurate descriptions of the receptor-ligand inter-
actions, which enabled reprogramming ORAS5 to gain the func-
tion to recognize ChA.

The results demonstrated that zebrafish ORAs detected bile
acids/salts with high selectivity and specificity. Variation within
their ligand-binding pocket results in complementary recogni-
tions of these structurally similar steroid molecules. Combina-
torial activation is common in chemosensory receptors (partic-
ularly in olfactory receptors) to generate highly specific and
sensitive signaling codes. Therefore, the ORAs may be special-
ized to detect the “molecular fingerprints” of mixtures of such
putative fish semiochemicals (reviewed in Ref. 19) in the envi-
ronment. Indeed, fishes are sensitive to steroids and rich evi-
dence supports pheromonal roles of excreted steroids in mod-
ulating/guiding fish behaviors such as reproduction, migration,

SASBMB

and communication (reviewed in Ref. 20). In particular, olfac-
tory receptor neurons of sharks and rays had been found to
distinguish bile acids/salts with a high degree of specificity (21).
However, the steroid-detecting receptors in fish remained
unknown (20). Here, we have demonstrated for the first time a
specific steroid-sensitive chemosensory receptor family in
zebrafish. The work is expected to advance the investigation of
fish chemosensation to excreted steroids and the function of
the highly conserved fish ORA genes.

Results
ORAs show differential responses to similar bile acids in vitro

We screened 30 different steroid compounds (Table S1) in
the heterologous Hana3A cell line, and identified 9 potential
ORA ligands whose EC;, values ranged from 10 uMm to 1 mm
(Fig. 1A, Fig. S1, and Table S2). All the ligands identified are C.,,
5B-bile acids or their conjugate salts sharing a common steroid
ring structure, with no more than two hydroxyl or carbonyl
groups on the ring (Table S1). The side chain varies, so do their
molecular size and solubility (Table S1). In fact, C,, 5B-bile
acids/salts are the most common profile of bile acids/salts
found in teleost fishes (22). All the six zebrafish ORAs turned
out to respond to both norlithocholic acid (NLCA) and LCA
with different potency (Fig. 1A and Fig. S1). NLCA was the most
potent ligand for ORA1-ORA4 (the most responsive being
ORAZ2 with an EC value of 11 uMm), as LCA was for ORA5 (22
uM) and ORA6 (48 um). Note that the receptors’ sensitivities in
heterologous systems are often much lower than in vivo
because of various factors, such as compromised cell viability,
low cell-surface receptor expression, inefficient coupling with
stimulatory G proteins, and stimulus application (23, 24). We
used rhodopsin tags (Rho tags, the first 20 residues of rhodop-
sin) to facilitate the surface expression of the receptors (Fig. S2,
A and B), following a protocol developed with mammalian
olfactory receptors (23). This influenced to some extent the
receptors’ responses to a few compounds (Fig. S2, C—H). All the
ORAs except ORAG6 also responded to the conjugate salts of
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Figure 2. Zebrafish behavioral responses to LCA and ChA. A, zebrafish traveling tracks (blue trajectories) recorded before and after adding stimuli. Red dots
indicate the initial placement of the fish. Green arrows indicate the site of stimulus addition. B, attraction was quantified by mean displacements from initial
position as a percentage of tank length (TL). Addition of tank water showed no apparent effect, whereas food, LCA, and ChA elicited attraction. C, average
velocities of the fish before and after stimuli addition. Error bars indicate S.E. Significance was tested by one-way analysis of variance (ANOVA) and corrected
with Holm-Sidak multiple comparison test: ns, not significant; *, p < 0.05; ***, p < 0.001.n = 5, 6, 12, and 11 for water, food, LCA, and ChA, respectively. Data

are available in Table S3.

LCA, taurolithocholic acid and glycolithocholic acid. There-
fore, the ring structure of LCA/NLCA (with only one 3a-hy-
droxyl group) appeared to be generally recognized, suggesting
conserved ligand profile for the ORA family (Fig. 1A). Intrigu-
ingly, ChA differs from LCA by only the 3a-hydroxyl group but
was unable to activate the receptors except for ORA6 (Fig. 1B
and C). Also, none of the receptors responded to iso-LCA (with
a 3B-hydroxyl group) or any of the compounds with a 38-
hydroxyl, suggesting their specificity for 3a-hydroxyl bile
acids/salts.

Zebrdfish are attracted by ORA ligands in vivo

We examined the behavioral responses of zebrafish to LCA
and ChA using a valence assay (see “Materials and methods”)
developed by Korsching and co-workers (24). They previously
demonstrated that food odor and repulsive odors elicited
strong attraction and aversion on zebrafish, respectively (24),
whereas an ORA1 ligand, 4-hydroxyphenylacetic acid, modi-
fied the fish’s reproductive behavior without apparent attrac-
tion or aversion effects (12). We tested the odorants at a con-
centration in nanomolar to low micromolar range, by adding
180 ul of 1 mMm odorant solutions into a fish tank with 9 liters of
water (final concentration 20 nm). LCA and ChA both evoked
displacements of the fish toward the odorant adding site. The
attractive effect of LCA was as strong as food, whereas that of
ChA was modest but significant compared with the negative
control (tank water) (Fig. 2, A and B, and Table S3). The fish’s
average traveling velocity showed no significant change after
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the stimuli addition, indicating that the displacements were
not because of mobility loss (Fig. 2C and Table S3). The
compounds’ degrees of attraction correlated with their in
vitro potency and activation spectrum for the ORAs (Fig.
1A), suggesting that ORAs are central to their detection in
vivo.

The detection thresholds of the odorants in vivo were diffi-
cult to determine because of their rapid dilution in the tank. We
estimated it to be similar to that of the putative reproductive
hormone, 4-hydroxyphenylacetic acid, tested by Korsching and
co-workers at the same concentration (12), which should be
one order of magnitude lower than typical food odors (e.g.
amino acids, in vivo ECg, values in 10—-100 um range (25)).
These data confirm that bile acids are potent semiochemicals
for zebrafish.

ORA selectivity for bile acids is controlled by few residues
within the binding pocket

To elucidate the structural basis of the ORASs’ selectivity and
specificity for these compounds, we studied the binding of LCA
and ChA to ORA5 and ORA6, using molecular modeling
assessed by site-directed mutagenesis.

Fish ORAs are GPCRs and are related to the class A (7, 26).
Indeed, sequence alignment of the six ORAs reveals several
conserved motifs/residues similar to those in class A GPCRs
(Fig. S3), including the “GN” motif in TM1, residue P>*° in
TMS5 (superscript refers to the Ballesteros-Weinstein notation
(27)), F¢**and W48 in TM6, P”*° (of the NPXXY motifin class
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Figure 3. In silico ORA models verified by site-directed mutagenesis. A,
simplified presentation of ORA transmembrane helices. Conserved motifs in
class A GPCRs are indicated on each helix, with those conserved in ORAs
colored in black. B, extracellular view of LCA-binding pose in ORA5. Residues
within 3 A proximity to LCA are shown in balls and labeled with Ballesteros-
Weinstein numbers. C, mutations in the predicted binding pocket remarkably
affected the efficacy of LCA on ORA5 and ORA6. We initially confirmed that
the altered responses in the mutants were not because of changes in receptor
surface expression, because live cell immunostaining demonstrated no sig-
nificantly different expression level for the mutants and the WT (Fig. S4).
Shown hereis a heat map colored by LCA's efficacy for each mutant relative to
the WT receptor (in %). Blank cells indicate “not tested.” The mutant/WT effi-
cacy ratio and statistical significance are given in Table S5.

A GPCRs) in TM7, and two cysteines that correspond to the
conserved TM3-ECL2 disulfide bond in class A GPCRs. Given
the well-conserved packing of the TM region and the conserved
motifs, GPCR homology modeling has been successful even for
low sequence similarities (down to 20%) (14). Similarly, we used
the above conserved motifs to verify the multiple sequence
alignment of the ORAs’ seven TM helices to the structural tem-
plate, human angiotensin Il receptor typel (hAGTR1), a class A
GPCR (Fig. S3 and Table S4). The homology models obtained
(Fig. 3A) were then used for docking the ligands to the canonical
ligand-binding pocket.

The models predicted similar orientation of LCA in the
pocket of ORA5 and ORA6 (Figs. 3, B and C, and 4). Major
differences were in the residues interacting with the carboxyl
and the 3a-hydroxyl groups of the ligand. In ORA5, the car-
boxyl was predicted to bind between R12"*? and K2697-°. Site-
directed mutagenesis showed that the former is rather dispens-
able whereas the latter is critical for the response (Fig. 44). In
ORAG, only R48'%? is present around the position of the car-
boxyl, and the R48"'*°A mutation nearly abolished the rece-
ptor’s response in vitro (Figs. 3C and 4B). The 3a-hydroxyl
group of LCA was predicted to form hydrogen bonds
(H-bonds) with D87%%* and E90>?° in ORA5 (Fig. 44). In
ORAG®6, the 3a-hydroxyl was located at the same position form-
ing hydrogen bonds with E124%3¢ and K215°*° (Fig. 4B). It
made, however, unfavorable contacts with residue V121333,
Consistently, substitution of V121> in ORA6 with the nega-
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tively charged aspartic acid (V121*>*°D) notably increased
ORAG6’s response to LCA in vitro (Figs. 3C and 4B). Likewise, in
ORA5, N2727°° was predicted to be one of the major LCA-
interacting residues; however, the polar end of its side chain
appeared unfavorable for the hydrophobic part of LCA. Con-
sistently, the N27273°A mutation reduced the receptor’s
response in vitro, whereas substitution with a bulky phenylala-
nine (N2727?°F) enhanced it (Figs. 3C and 4A). More generally,
in vitro dose-dependent responses assessed the functional role
of residues predicted to be within 3 A of the ligand in both
ORAs (Figs. 3, B and C, and 4). Control mutations of residues
predicted around the binding pocket but not in contact with
LCA showed marginal or no effects on the receptors’ response
to the ligand (Fig. S5).

The models were finally assessed by their predictive power to
reprogram ORAS5 into a ChA-responsive receptor. The binding
poses of ChA in ORA5 and ORA6 were predicted to be very
similar to LCA, which was expected given its nearly identical
structure to the latter (Fig. S6). Without the 3a-hydroxyl group,
ChA fit better in the more hydrophobic pocket of ORA6 (Auto-
Dock Vina score —10.1 kcal'mol !, Haddock score —96.8 +
2.7) than in ORA5 (AutoDock Vina score —6.7 kcal.mol™?,
Haddock score —68.4 + 0.6). Based on the models, we designed
point mutations in the ORA5 pocket to optimize the interac-
tions with the ligand. Four reprogrammed ORA5 mutants
gained the function to recognize ChA in vitro (Fig. 5), suggest-
ing the accuracy of the in silico models.

Ligand-binding pockets in ORAs are diverse and
complementary with conserved patterns

The site-directed mutagenesis data have verified the in silico
models of the binding pocket in ORA5 and ORAG6 (Fig. 64). We
then assessed and compared the pocket properties in all the six
ORAs. The pocket turned out to vary significantly in volume
and hydrophobicity within the family (Fig. 6B). The ORA5
pocket is the largest and the most hydrophilic. The one of
ORAG is the smallest and the most hydrophobic, consistent
with its distinct ligand selectivity: high response to ChA (small
and hydrophobic) and no response to taurolithocholic acid or
glycolithocholic acid (both large and hydrophilic). ORA1 and
ORA2 showed most similarities in the pocket, in terms of
sequence (62% identity) and physiochemical properties (Fig.
6C). These two receptors also respond to the same ligands
among those tested here, with different potencies (Fig. 14).
ORA3 and ORA4also possess relatively similar pockets (52%
sequence identity) (Fig. 6). However, their responses to the
ligands differed remarkably in selectivity and potency (Fig.
1A).Phylogenetically the six ORAs divide into three pairs,
ORA1-ORA2, ORA3-ORA4, and ORA5-ORA6 (7), which is
reflected to some extent in their pocket profiles.

The acid anchor residues identified in ORA5 (K269”¢) and
ORAG6 (R48'3°) turned out to be not conserved in the ORA
sequences. However, ORA1-ORA4 all share a positively
charged R**” (Fig. 6C), which is located near K269”>° and
R48'3? in the three-dimensional models. In the predicted bind-
ing pose of NLCA and LCA in ORA2 (Fig. 7), R61**” indeed
appeared to play the same role of an acid anchor. Consistently,
the ORA2 R61*°”A mutant was unable to respond to LCA in
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Figure 4. Predicted binding mode of LCA in WT ORA5 and ORAG6. A, LCA (balls and sticks)-binding mode in ORA5 (yellow ribbons). B, LCA-binding mode in
ORAG. Left and right panels represent extracellular view and side view, respectively. Residues within 3 A of LCA are shown in sticks and molecular surface (white).
Dose-response curves of mutants versus the WT receptors confirm the predicted binding pose. The mutant/WT efficacy ratio and statistical significance are

given in Table S5.

vitro (Fig. 7). Thus, R**” is likely the conserved acid anchor in
ORA1-ORA4, where its slightly shifted location compared
with ORA5 and ORA6 may explain why the former respond
more strongly to NLCA than LCA. The two ligands have the
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same steroid ring structure but with a differently positioned
acid moiety. These findings emphasize how ORAs conserved
the capacity to recognize bile acids whereas the pocket diversity
enables differentiation of distinct ligand structures.
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dose-response curves (normalized to the maximum response) demonstrate the gain of function in the mutants. The mutant/WT efficacy ratio and statistical

significance are given in Table S5.
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Figure 6. ORA pocket residues and properties. A, snake-plot of ORA5 with pocket residues colored: those predicted to be within 3 A of LCA are squares,
whereas those verified by mutagenesis are colored in red. B, pocket volume and hydrophobicity assessed with 100 in silico models of each ORA. Error bars
represent mean = S.E. C, pocket residues of the six ORAs with Ballesteros-Weinstein notation above and consensus sequence logo underneath.
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Figure 7. NLCA and LCA adopt similar binding poses in ORA2. In both cases, residue R61%*” is the anchor for the ligand carboxyl group. The hydrogen bond
acceptor for the ligands’ 3a-hydroxyl group differs. The steroid ring of LCA appears to make less favorable contacts with several polar residues on TM6 and TM7,
which may account for LCA’s lower activity than NLCA. The dose-response curves show that the R61%*”A mutation diminished the receptor’s response to LCA.

The mutant/WT efficacy ratio and statistical significance are given in Table S5.

Discussion

Bile acids/salts are major end-metabolites of cholesterol.
They are putative fish semiochemicals carrying information
about foraging, migration, reproduction, nearby fish popula-
tions, risk, and so on (19). Similar to mammals, fish release
steady compositions and amounts of bile acids/salts, mostly in
their feces (28). Our assays in a heterologous system showed
that zebrafish ORAs detect specifically C,, 53-bile acids/salts
with EC,, values in 10 umM—1 mM range. Behavioral tests indi-
cated that the ORASs’ sensitivity to bile acids/salts is much
higher than this threshold, likely in nanomolar to low micro-
molar range. The ORAs’ detection spectrum may not be limited
to the C,, 58 profile. This remains to be assessed with extensive
screening of more compounds of diverse structures. C,, bile
acids and their conjugate salts are the most common type of bile
acids/salts in fish species (22). Fish bile acids/salts have been
found to be less variable (independent of diets) than in other
vertebrate species (22, 29). Therefore, the high conservation of
fish ORA genes likely reflects their specialized function to
detect bile acids/salts, because the latter preserve stable pro-
files. The identification of ORAs as the specific receptors for
bile acids/salts is an important step forward in the research of
fish chemosensation.
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The molecular modeling combined with site-directed
mutagenesis decrypted how the zebrafish ORAs recognize
these bile acids/salts and differentiate among them. We pin-
pointed the receptor residues outlining the ligand-binding
pocket and could reprogram the receptors’ selectivity and spec-
ificity with gain-of-function mutations. The ligand-binding
pocket shows high variation yet a relatively conserved acid
anchor within the family, indicating their common capacity to
recognize acidic compounds. We hypothesize that the six
ORAs have evolved with complementary selectivity for such
odorants, so that different odorant mixtures could be discrim-
inated through combinatorial activation of multiple ORAs.
This is a common strategy in odor detection throughout the
animal kingdom, where numerous olfactory receptors enable
precise detection of the immense chemical space of olfactory
cues for survival and communication. These GPCRs comprise
various families that sense odor molecules, pheromones, and
diverse other chemicals. Decoding the structure—function rela-
tionship of olfactory receptors is key to understanding their
functions and their remarkable discriminatory capacity for che-
mosignals. In fishes, the ORA family is ancestral to the mam-
malian pheromone receptors VIRs. Here we found that
zebrafish ORAs are selective for a class of steroid compounds
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known to have pheromonal effects on fishes. This study opened
the way to in-depth investigations of the physiological roles of
these important receptors and the molecular mechanisms con-
trolling fish detection and responses to semiochemicals.

Materials and methods
Chemicals

All bile acids used in this study were kind gifts from Dr. Mat-
thew Krasowski (University of Iowa). Bile acids were first dis-
solved in DMSO to make stock solution, then freshly diluted in
Opti-MEM (Thermo Fisher) just before the experiment. The
bile acid concentration in dose-dependent assays ranged from
0.1 pum to 300 pm.

Cell culture and transfection

We used Hana3A cells, a HEK293T-derived cell line that sta-
bly expresses receptor-transporting proteins (RTP1L and
RTP2), receptor expression-enhancing protein 1 (REEP1) and
olfactory G protein (Gea,) (23). Cells were grown in MEM
(Corning) supplemented with 10% (v/v) FBS (Thermo Fisher),
added with 100 pg/ml penicillin-streptomycin, 1.25 ug/ml
amphotericin, and 1 ug/ml puromycin.

Our plasmid construction was based on the plasmids of the
mouse olfactory receptor Olfr62 from the Matsunami labora-
tory. The coding regions of the ORAs were cloned from the
cDNA of zebrafish olfactory tissue and ligated into pCI vector
with Rho tag at the N terminus. ORA sequences were con-
firmed by sequencing using both forward and reverse primers.
All constructs were transfected into cells by using Lipo-
fectamine 2000 (Thermo Fisher) according to the product man-
ual. Hana3A cells, were plated on 96-well plates (NEST) and
incubated overnight in MEM with 10% FBS at 37 °C and 5%
CO,. The following day, cells were transfected using Lipo-
fectamine 2000. For each 96-well plate, 2.4 ug of pRL-SV40, 2.4
g of CRE-Luc, 2.4 ug of mouse RTP1S, and 12 g of receptor
plasmid DNA were transfected.

Live cellimmunostaining

Cells were seeded into 24-well plates at 10° cells per well. To
monitor the transfection efficiency, 0.14 ug of GFP was co-
transfected with 0.14 ug of RTP1s and 0.72 ug of ORA in each
well. Twenty-four h after transfection, cells were incubated
with primary antibody solution (mouse anti-rhodopsin, Rho
4D2, Abcam) on ice for 1 h. After rinsing the cells three times,
secondary antibody solution (Alexa Fluor 568 —conjugated
anti-mouse IgG) was added onto the cells. After 45 min of
incubation on ice, the cells were fixed with 2% paraformal-
dehyde, and mounted with VECTASHIELD mounting
medium (Vector Laboratories). After mounting, a confocal
laser-scanning microscope (Zeiss LSM 510) was used to
examine immunofluorescence.

The surface expression of each ORA was quantified by the
Rho/GFP intensity ratio. For each plate, the total fluorescence
intensity (after background subtraction) was measured for both
red (Rho) and green (GFP) channels.
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Luciferase assay

Luciferase assay was performed with the Dual-Glo Luciferase
Assay kit (Promega) following the protocol in Ref. 23. ORA
activation triggers the olfactory G protein—driven AC-cAMP-
PKA signaling cascade and phosphorylates cAMP-response
element-binding protein. Activated cAMP-response element-
binding protein induces luciferase gene expression, which can
be quantified luminometrically (measured here with a biolumi-
nescence plate reader (BioTek)). Cells were co-transfected with
firefly and Renilla luciferases where firefly luciferase served as
the cAMP reporter. Renilla luciferase is driven by a constitu-
tively active SV40 promoter (pRL-SV40; Promega), which
served as a control for cell viability and transfection efficiency.
Therefore, normalized ORA activity is calculated as (L —
L)/ (Lo — L), where Ly is the luminescence of firefly
luciferase in response to the steroids, and L ;, and L are the
minimum and maximum luminescence values on a plate,
respectively. The assay was carried out as follows: 24 h after
transfection, medium was replaced with 100 ul of odorant solu-
tion (at different doses) diluted in Opti-MEM (Thermo Fisher),
and cells were further incubated for 4 h at 37 °C and 5% CO,.
After incubation in lysis buffer for 15 min, 20 ul of Dual-Glo™
Luciferase Reagent was added to each well of 96-well plate and
firefly luciferase luminescence was measured. Next, 20 ul Stop-
Glo Luciferase Reagent was added to each well and Renilla
luciferase luminescence was measured. Data analysis followed
the published procedure in Ref. 23. Dose-response curves were
fitted by GraphPad Prism with the four-parameter logistic
regression. Hana3A cells, GFP, RTP1S, CRE-Luciferase, and
SV40-Renilla constructs were kind gifts from Dr. Hiroaki Mat-
sunami (Duke University).

Zebrafish behavioral assay

Adult zebrafish between 6 and 12 months of age (Ab/Tu
strain) were habituated for 45 min in an elongated tank (10
cm X 10 cm X 100 cm length) filled with 9 liters fresh filtered
water. Individual fish movements were recorded using EthoVi-
sion” (Noldus, Beijing, China) at 30 frames per second for 5 min
before and after stimulation with 180 ul of tank water (negative
control) or 1 mm LCA, ChA, or food extract.

The animal experiments were approved by the Shanghai
Medical Experimental Animal Administrative Committee
(Permit Number: 2009 —0082). All efforts were made to mini-
mize suffering and reduce the number of animals used.

Molecular modeling

Homology modeling and docking—The HHpred webserver
(30) was used to determine the structure template and the
sequence alignments. We built 100 models for each ORA with
Modeler v9.15 (31) using the crystal structure of human angio-
tensin II receptor type 1 (PDB ID 4ZUD) (32) as template.
MDpocket (33) was used to statistically assess the pocket prop-
erties using the 100 models. For docking, we chose the model
with the lowest DOPE score for each ORA. AutoDock Vina (34)
and the Haddock 2.2 webserver (35) were used to identify a
common top-ranked binding pose. Residues in the putative
ligand-binding pocket were set flexible during docking.
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Molecular dynamics—The Desmond-Maestro (v2016.1,
noncommercial distribution) tools (36) were used to predict the
protonation states and to embed the receptor in a bilayer of
POPC, the most abundant phospholipid in animal cell mem-
branes (37). The system was solvated in a periodic 75 X 75 X
105 A® box of explicit water and neutralized with 0.15 M Na™
and Cl™ ions. Finally, each simulation system consisted of
~50,000 atoms, including ~10,000 water molecules, 31 Na*
and 39 CI™ ions. The Amber lipid 14 (38), Amber99SB-ildn
(39), TIP3P (40), and the Joung-Cheatham (41) force field
parameters were used for the lipids, the protein, the water
molecules, and the ions, respectively. After energy minimi-
zation, each system was gradually heated to 310 K with 200
kcal'mol **A~! restraints on the protein atoms. Bonds
involving hydrogen atoms were constrained using the
SHAKE algorithm (42), allowing for a 2-fs time step. van der
Waals and short-range electrostatic interactions were cut off
at 8 A. Long-range electrostatic interactions were computed
using particle mesh Ewald summation. Two phases of 200-ps
equilibration with 15 and 5 kcal'mol *-A ! restraints on the
protein, respectively, were performed in the NPT-ensemble
(p = 1 bar, T = 310 K) using the Langevin thermostat and
anisotropic pressure coupling (43), followed by 1 ns of nonre-
strained MD for each system. Cluster analysis of the ligand-
binding pose was carried out on the nonrestrained trajectory
using g_cluster in Gromacs tools with the GROMOS method
(44). The middle structure of the most populated cluster was
selected as the final binding pose.
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