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T eleost vlr-related ora genes consti-
tute a small and highly conserved
olfactory receptor gene family, and their
direct orthologs are present in lineages as
distant as cartilaginous fishes. Recently,
the first member of the ora gene family
was deorphanized. ORA1l detects p-
hydroxyphenylacetic acid with high sen-
sitivity and specificity. This compound
elicits olfactory-mediated  oviposition
behavior in adult zebrafish mating pairs,
suggesting a potential function as a
reproductive pheromone for pHPAA
itself or a related substance. This associa-
tion of an odor and its cognate receptor
with an oviposition response may provide
a molecular basis for studying neural cir-
cuits involved in fish reproduction.

Pheromones are chemical signals pro-
duced by a species and recognized by the
olfactory system of the conspecific to
mediate behavioral functions such as mat-
ing preferences and individual recogni-
tion. In mammals, vomeronasal sensory
neurons (VSNs) express members of 2
large olfactory receptor gene families, v7r
and v2r, which are thought to mediate
pheromone detection." V2Rs recognize
peptides, whereas V1R ligands are found
among low molecular weight molecules,
such as steroids."” The mammalian »/r
receptor family is large, with over 100
genes in rodent species, and undergoes fre-
quent species-specific expansions.4 Inter-
estingly, all mammalian »/r genes are
monophyletic with only 2 teleost ora
genes, oral and 0r42.° Tn drastic contrast
to the rapidly evolving mammalian v/
genes, the teleost ora gene family is highly
conserved between all teleost species ana-
lyzed, and consists of the same 6 genes,
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with an occasional gene loss.” Even in car-
tilaginous fishes some direct orthologs are
observed.® Thus it was unclear, whether
teleost ora genes, despite their different
evolutionary dynamics, might also have a
pheromonal function like their mamma-
lian counterparts. Two research groups
teamed up a while ago to attempt deor-
phanization of teleost ora genes, the
Korsching lab in Cologne and the Meyer-
hof lab in Potsdam. Recently they
reported the deorphanization of ORAL,
which they found to detect p-hydroxyphe-
nylacetic acid (pHPAA) with high sensi-
tivity and specificity.” Moreover, behavior
analysis suggested that pHPAA induces
olfactory-mediated oviposition behavior
in adult zebrafish pairs’, which implies its
possible function as a putative fish
pheromone.

A Convoluted Path toward
Identification of an Olfactory
Ligand

The search for an ORA1 ligand turned
out to be quite the detective story. In the
end, a contaminant of the inidally sus-
pected ‘ligand” was identified as a sensitive
and specific agonist. Initial screening for
ligand identification was performed with
known odors for fish, including amino
acids and some reproductive phero-
mones.®* " Interestingly, all tested phero-
mones failed to activate ORA1, whereas a
strong activation response was elicited
with a mixture of the 20 proteinogenic
L-amino acids. Testing of the individual
amino acids indicated that activation was
due to L-tyrosine alone. Alas, this was an
old lot of tyrosine, and a freshly prepared

lot of L-tyrosine failed to reproduce the
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Figure 1. Graphical representation of key findings. Calcium imaging in a heterologous expression
assay identified p-hydroxyphenylacetic acid as a agonist of ORA1 receptor. Perception of p-hydrox-
yphenylacetic acid by the olfactory system of female zebrafish in the presence of a male can induce

activation response. This suggested to the
researchers that the active compound
might be a degradation product of
L-tyrosine. In fact, tyrosine is known to be
sensitive to oxidation upon prolonged
storage. Therefore, to test this hypothesis,
a fresh lot of L-Tyrosine was oxidized by
incubation with hydrogen peroxide, and
indeed strong agonist activity was
observed in the reaction product (hydro-
gen peroxide itself had no activity). This
suggested that the active substance in the
aged L-tyrosine originated from oxidative
decay of L-tyrosine. Subsequently, analyti-
cal HPLC chromatography on a reverse
phase column showed the agonist activity
in a single peak. To hunt the agonist
down, Meyerhof and Korsching solicited
the help of the Rawel group in Berlin to
obtain sufficient HPLC-purified material
for subsequent structural analysis. For
structure  determination these groups
joined efforts with the Hofmann group in
Munich, which used a combination of
LC-TOF/MS and proton NMR to
unravel the structure. The contaminant
was finally identified as pHPAA, and
functional testing of the synthetic com-
pound elicited a strong activation response
even at very low concentrations, with a
half-maximal response (ECsg) at 2 nM.

Could pHPAA be the Endogenous
Ligand?

Dose response analysis suggested that

pHPAA is recognized by ORAl with
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much higher affinity compared to food

9,11,12
or even

13

odors such as amino acids
the

Furthermore, thorough testing of many

death-associated odor cadaverine.

structurally related compounds did not
reveal any substance with better potency
or efficacy for ORAI. Any modification of
the carboxyl group such as amidation or
methylation reduced the affinity at least
2 orders of magnitude, and shortening the
distance of the carboxyl group to the ben-
zene ring by eliminating a methylene
group abolished agonist activity alto-
gether. Somewhat less severe constraints
were observed for the para hydroxy group,
whose elimination results only in a one
order of magnitude loss for the affinity.
However, a bulky group in this position
such as an acetyl group destroys agonist
activity completely. Interestingly, the effi-
cacy, i.e. the maximal response, varied
somewhat independently from the affin-
ity, as estimated by ECs, determination.
Both efficacy and affinity were maximal
for pHPAA. So, could the authors have
hit on the endogenous ligand for the
ORALI receptor?

Any endogenous signaling molecule
should fulfill 2 requirements: firstly there
should be a biosynthetic path generating
the molecule, and secondly it should have
a biological function. pHPAA is a product
of a minor catabolic pathway for tyro-
sine,14 which would seem to fulfill the first
requirement. Indeed it has been reported
that pHPAA is produced by diverse organ-

isms, such as humans, insects, fungi and
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bacteria. As for the second requirement,
biological functions for pHPAA have been
reported in a variety of species, ranging
from an antimicrobial property’® for
defense in several species to a component
of sexual display pheromone in felines.'
Unfortunately, none of these species
included fish, and so the authors set out in
search of a possible behavioral answer to

pHPAA.

What is the Impact of pHPAA on
Zebrafish Behavior?

The authors had recently shown an
aversive response of zebrafish to the death-
associated odor cadaverine,'? and so began
to search for either aversive or attractive
responses to pHPAA. However, none of
the motion parameters analyzed showed
significant differences in the presence of
pHPAA. Again, an accidental observation
came to the help of the researchers. When
adult fish were tested in pairs, they noticed
sometimes deposition of eggs (oviposi-
tion). The effect turned out to be highly
significant in mixed gender pairs, and also
was observed at similarly low concentra-
tions as the ligand activation of the ORA1
receptor.

Admittedly, pHPAA does not show
much similarity to known classes of teleost
fish reproductive pheromones, which com-
prise several steroids and their sulfated
metabolites, as well as some prostaglan-
dins. Furthermore, those steroids and pros-
taglandins tested as possible agonists did
not activate ORA1.%'” However, knowl-
edge of fish reproductive pheromones is
sdll sketchy, and it is known that some
components are still unidentified.>'® Thus
the findings discussed here allow the
fascinating interpretation that the authors
have chanced onto a novel biological class
of reproductive pheromones (Fig. 1). Of
course, much remains to be done to shore
up this hypothesis and to rule out more
mundane alternative explanations.

What Do We Know About the
Cells Expressing ORA1?

The characteristic sparse expression
pattern of olfactory receptor genes in
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distributed neurons within the sensory
surface is also observed for zebrafish
ORA1.” However, the cell type and the
signal transduction cascade of ORAI
expressing neurons are still elusive. Four
different types of olfactory sensory neu-
rons are known in zebrafish, ciliated and
microvillous neurons as major popula-
tions'” and small populations of crypt and
kappe neurons.”™*! These 4 cell types dif-
fer in molecular markers, but also in mor-
phology and spatial distribution within
the olfactory epithelium.”*?* In situ
hybridization showed ORAIl-expressing
neurons in apical positions within the
olfactory lamellae, which seems to exclude
the more basally located ciliated neu-
rons.”* Among the other 3 types, crypt
neurons are known not to express
ORA1,%? which leaves microvillous neu-
rons or kappe neurons as candidates. Both
are present in the superficial layers.*’
However, it is also conceivable that yet
another, so far undetected class of olfac-
tory sensory neurons
ORAL.

Olfactory receptors such as the oma
genes belong to the superfamily of G pro-
tein-coupled receptors, and are expected
to signal through trimeric G proteins.

would  express

Recently a comprehensive evaluation of
zebrafish G o proteins has shown the
expression of Gol, Go2, Gi, and Golf in
the olfactory epithelium.** Of these, one
of the 2 Go isoforms, or possibly G,
would be candidates for signal transduc-
tion of ORAI1, since the association of
Golf with ciliated neurons would seem to
rule out an expression in ORA1l-positive
neurons.”>*® Direct evidence will be pro-
vided by double labeling experiments
using ORA1 77 situ probe together with G
protein or cell type-specific markers.

Open Questions

unclear whether the
olfactory-mediated oviposition behavior
elicited by pHPAA is driven by ORALI as
a sole or major receptor. Alternatively,
additional receptors may be contributing
to this phenotype. To address this ques-
tion, double labeling experiments with
ORA1 probe and established neuronal
activity markers could be performed.

So far it is
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Neuronal activity markers such as cFOS,
phospho-ERK, egr-1, c-jun and Arc have
been successfully used in similar studies.””
Moreover, new genome editing techniques
like CRISPR/Cas or TALEN can be used
to knock out ORAIL in zebrafish.*® If
pHPAA-mediated oviposition will be
reduced or eliminated in such knock-outs,
this would constitute strong evidence for
the pHPAA effect being mediated by
ORAIl. CRISPR/Cas and TALEN may
also be useful for knock-in of marker
genes into the ORAL locus, allowing to
identify the ORALI target glomerulus in
the olfactory bulb. A knock-in of channel
rhodopsin® in the ORA1 locus could rig-
orously restrict neuronal activation to only
thus
would present another possibility to exam-
ine whether ORAL1 activation by itself
would be sufficient to generate the ovipo-
sition response. Beyond the olfactory

ORA1l-expressing and

neurons,

bulb, it may be possible to map the
pHPAA-activated neural circuits with sin-
gle cell resolution in the intact zebrafish
brain using a combination of high-speed
light-sheet microscopy with genetically
encoded calcium indicator (GCaMP5/6),
¢/ Finally it will be interesting to exam-
ine, whether pHPAA is indeed the endog-
enous ligand of ORA1, in which case one
would expect to find a biosynthetic path-
way as well as a path to delivery of pHPAA
in the context of mating behavior.
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