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Polymodal Sensory Function of the Caenorhabditis elegans
OCR-2 Channel Arises from Distinct Intrinsic Determinants
within the Protein and Is Selectively Conserved in
Mammalian TRPV Proteins
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Caenorhabditis elegans OCR-2 (OSM-9 and capsaicin receptor-related) is a TRPV (vanilloid subfamily of transient receptor potential
channel) protein that regulates serotonin (5-HT) biosynthesis in chemosensory neurons and also mediates olfactory and osmotic sensa-
tion. Here, we identify the molecular basis for the polymodal function of OCR-2 in its native cellular environment. We show that OCR-2
function in 5-HT production and osmotic sensing is governed by its N-terminal region upstream of the ankyrin repeats domain, but the
diacetyl sensitivity is mediated by independent mechanisms. The ocr-2(yz5) mutation results in a glycine-to-glutamate substitution
(G36E) within the N-terminal region. The G36E substitution causes dramatic downregulation of 5-HT synthesis in the ADF neurons,
eliminates osmosensation mediated by the ASH neurons, but does not affect the response to the odorant diacetyl mediated by the AWA
neurons. Conversely, wild-type sequence of the N-terminal segment confers osmotic sensitivity and upregulation of 5-HT production to
anormally insensitive C. elegans homolog, OCR-4, but this chimeric channel does not respond to diacetyl stimuli. Furthermore, expres-
sion of either the mouse or human TRPV2 gene under the ocr-2 promoter can substantially restore 5-HT biosynthesis in ocr-2-null
mutants but cannot improve the deficits in osmotic or olfactory sensation, suggesting that TRPV2 can substitute for the role of OCR-2 only
in serotonergic neurons. Thus, different sensory functions of OCR-2 arise from separable intrinsic determinants, and specific functional

properties of TRPV channel proteins may be selectively conserved across phyla.
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Introduction

Detecting and responding to external signals involve activation of
plasma membrane receptors. Most receptors are modality spe-
cific; each receptor is activated by a unique stimulus, such as an
odorant, a taste, or a hormone, to induce a specific cellular and
behavioral response, such as attraction, repulsion, or growth. The
specificity of the signaling is believed to form the fundamental
basis of sensory discrimination and behavioral sensitivity. Re-
markably, every TRPV (vanilloid subfamily of transient receptor
potential channel) studied to date can be activated by multiple
distinct stimuli (Gunthorpe et al., 2002; Clapham 2003). In the
case of vertebrate TRPV1, which can be activated by vanilloid,
heat, and acids, it is thought that the channel integrates diverse
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stimuli into the perception of pain, and the activity of the channel
reflects combinations of the stimuli (Tominaga et al., 1998; Ca-
terina et al., 2000). On the other hand, TRPV2 can be activated by
noxious heat in heterologously expressed systems (Caterina et al.,
1999) and by insulin-like growth factor (IGF)-induced subcellu-
lar translocation (Kanzaki et al., 1999), and TRPV4 senses 0s-
motic stimuli, heat, and fatty acids (Guler et al., 2002; Watanabe
etal., 2002; Alessandri-Haber et al., 2003; Liedtke and Friedman,
2003). These stimuli are likely to produce distinct perceptions
and thereby to cause different responses. An intriguing question
is how does a TRPV channel discriminate sensory signals in an
organism exposed to the complex environment and produce spe-
cific sensory perception and behavioral responses?

TRPV proteins are a subfamily of the TRP superfamily of
cation channel proteins. TRP proteins form tetrameric ion chan-
nels with each subunit containing six transmembrane segments, a
P loop that forms a central pore, a cytoplasmic N terminus, and a
cytoplasmic C terminus (Clapham, 2003). The N-terminal region
of TRPV proteins characteristically contains three or more
ankyrin motif repeats, which are followed by the conserved trans-
membrane domain, but the sequence before the ankyrin repeats
is less conserved among the family members (Montell et al.,
2002). In some cases, sensory modalities must be governed by
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intrinsic properties of individual channel proteins because heter-
ologously expressed channels can be activated by diverse stimuli.
This notion is further supported by the identification of amino
acid residues in the transmembrane domain of the TRPV1 pro-
tein necessary and sufficient to confer vanilloids sensitivity (Jordt
and Julius, 2002). However, IGFs and other sensory signals ap-
pear to regulate TRPV channels indirectly (Colbert et al., 1997;
Boels et al., 2001). TRPV channels are expressed broadly in both
the peripheral nervous system and the CNS (Tominaga et al.,
1998; Mezey et al., 2000; Delany et al., 2001). Therefore, one
TRPV channel may fulfill a range of roles in detecting and re-
sponding to environmental signals. It is unclear what role TRPV
channel proteins play in the selectivity of signaling transduction
in the native cellular environment of an organism.

The functions of the TRPV channel encoded by the Caeno-
rhabditis elegans ocr-2 and osm-9 genes in chemosensory neurons
have been studied genetically (Colbert et al., 1997; de Bono et al.,
2002; Tobin et al., 2002; Zhang et al., 2004). ocr-2 and osm-9 are
coexpressed in four pairs of chemosensory neurons: the ADF
serotonergic chemosensory neurons, the AWA olfactory neu-
rons, the ASH osmotic sensory neurons, and the ADL chemosen-
sory neurons (Tobin et al., 2002). These chemosensory neurons
have ciliated sensory endings exposed to the external environ-
ment (White et al., 1986). Both OSM-9 and OCR-2 are localized
to the cilia, as well as to the plasma membrane (Tobin et al.,
2002). Null mutations in either ocr-2 or osm-9 cause downregu-
lation of the expression of the tph-1 gene, which encodes the key
serotonin (5-HT) biosynthetic enzyme tryptophan hydroxylase,
in the ADF neurons (Zhang et al., 2004), and the odr-10 gene,
which encodes a receptor for the odorant diacetyl (Sengupta et
al., 1996), in the AWA neurons (Tobin et al., 2002). Both OCR-2
and OSM-9 also are required for ASH-mediated osmotic sensa-
tion and ASH- and ADL-mediated olfactory avoidance (Colbert
et al., 1997; Tobin et al., 2002); however, several efforts have not
been able to identify an effect of the activity of this channel on the
expression of sensory components in ASH and ADL (I. Sokolchik
and J. Sze, unpublished observations). OCR-2 and OSM-9 re-
quire each other for routing to the sensory cilia of the chemosen-
sory neurons (Tobin etal., 2002), although the exact stoichiomet-
ric composition of the functional channel has not been
determined. The essential function of OCR-2 in these sensory
neurons provides us a tractable system in which to investigate in
vivo the role of a TRPV protein in specific sensory functions.

Previous studies imply that the OCR-2/OSM-9 TRPV channel
regulates different sensory functions via distinct signaling trans-
duction pathways (Zhang et al., 2004). The odr-3 gene encodes a
Ga-protein and is expressed in all ocr-2-expressing amphid che-
mosensory neurons. ODR-3 is an essential component for the
OCR-2/OSM-9 channel to mediate the olfactory and osmotic
sensation (Colbert et al., 1997; Roayaie et al., 1998; Tobin et al.,
2002). However, ocr-2- and osm-9-dependent transcriptional
regulation of tph-1 expression in the ADF neurons is unaffected
by deletion mutations in odr-3 or two other Ga-proteins ex-
pressed in ADF (Zhang et al., 2004). Furthermore, the ASH neu-
rons mediate osmotic sensation as well as social behavior, and
both responses are dependent on OCR-2 and OSM-9; only os-
motic sensation, not the social behavior, requires ODR-3 (de
Bono et al., 2002). The effect of ODR-3 on olfactory and osmotic
sensation indicates that some signaling components are common
for different OCR-2/OSM-9 signaling pathways. However, nor-
mal 5-HT synthesis and social behavior in odr-3 mutants suggest
that the OCR-2/OSM-9 channel controls these behavioral out-
puts by interacting with other signaling components.
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Here we identify intrinsic properties of the ocr-2 protein that
discern OCR-2/OSM-9 channel functions. We show that OCR-2
uses distinct structural determinants to dictate different func-
tional modalities. We discover that the cytoplasmic N-terminal
region upstream of the ankyrin repeats domain of OCR-2 specif-
ically dictates the 5-HT synthesis and osmotic sensation. We find
that both mouse and human TRPV?2 can substantially activate the
ADF neurons to upregulate tph-1 expression in ocr-2 deletion
mutants, but neither of them improves the olfactory or osmotic
sensory deficits. We propose that polymodal function of TRPV
channels arises from multiple structural determinants within the
channel protein, with each determinant coupled to a specific sig-
naling transduction cascade.

Materials and Methods

Worm strains. Maintenance and manipulation of C. elegans have been
described previously (Brenner, 1974). Worms were cultivated at 20°C
and fed with Escherichia coli OP50. Wild type (WT) is Caenorhabditis
elegans variety Bristol strain (N2). The following genes and alleles were
used in this work: 0sm-9(yz6) (Zhang et al., 2004), ocr-2(yz5) (Zhang et
al., 2004), ocr-2(ak47) (Tobin et al., 2002), odr-10(ky225) (Sengupta et
al., 1996), ocr-2(ak47);0sm-9(ky10) (Tobin et al., 2002), ocr-2(yz5);0sm-
9(yz6) (Zhang et al., 2004), and osm-3(n1540) (Shakir et al., 1993).

Constructs and transgenic lines. All of the fusion constructs were gen-
erated by PCR. A 2.5 kb sequence upstream from the translational start of
the ocr-2 gene was used to direct the expression of all of the transgenes,
and every construct had the sequence corresponding to the FLAG
epitope (Sigma, St. Louis, MO) inserted at the end of coding sequence,
which was then fused to the unc-54 3'-untranslated sequence in the plas-
mid pPD97.75 (from A. Fire, Stanford University, Stanford, CA). Coding
sequences in individual transgenes are as follows: OCR-2(+), introns
and exons of ocr-2 amplified from WT genomic DNA; OCR-2(G36E),
introns and exons of ocr-2 amplified from ocr-2(yz5) mutants and the
sequence corresponding to the RFP (red fluorescent protein) in the plas-
mid pPD95.75-DsRed2 (from O. Hobert, Columbia University, New
York, NY); OCR-4, introns and exons of WT ocr-4 and the RPF sequence;
OCR-2::0CR-4, the genomic sequence from the translational start to
codon 186 of ocr-2 fused to the ocr-4 genomic sequence spanning codons
145 to the end of the coding region; mTRPV2, the cDNA sequence of
mouse TRPV2 in a American Type Culture Collection (Manassas, VA)
clone, IMAGE ID 3487527; hTRPV2, the cDNA sequence from human
TRPV2 in the American Type Culture Collection clone, IMAGE ID
4298484; and rTRPV4, the cDNA sequence from rat TRPV4 (from W.
Liedtke, Duke University, Durham, NC).

For each construct, products from at least two independent PCR reac-
tions were pooled to reduce potential errors from PCR. Purified PCR
products (70 ng/ul) were microinjected into ocr-2(ak47) mutant worms
carrying an integrated tph-1::¢fp reporter (Sze et al., 2000). Therefore, the
same GFP (green fluorescent protein) reporter was observed in different
genetic backgrounds. A plasmid containing elt-2:¢gfp (a gift from J.
McGhee, University of Calgary, Calgary, Canada) was coinjected as a
transgenic marker. Except for hTRPV2, which has one transgenic line,
two to four transgenic lines from each construct in at least three genera-
tions were examined. To test the effect of the transgenes on sensory
behaviors, the tph-1::gfp reporter was outcrossed from the corresponding
transgenic lines, i.e., the same TRPV transgenes were tested in different
neuronal functions.

GFP expression and immunoanalysis. Animals from various develop-
mental stages were examined using a Zeiss (Oberkochen, Germany) Axio
plan IT equipped with a fluorescence light source. The expression pattern
of the integrated tph-1::gfp transgene in WT, ocr-2, and osm-9 mutant
animals has been published previously (Sze et al., 2002; Zhang et al.,
2004).

To quantify GFP intensity of tph-1::¢fp expression in the ADF neurons,
the images were captured with a Zeiss AxioCam digital camera at a fixed
exposure time, and the fluorescence within a 25 X 25 pixel area of the cell
body was scored. Hence, the same dimension of the ADF neurons in
different genetic background was compared.
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the center surrounded by a ring (16 mm in di-
ameter) of high-osmotic-strength solution (7 m
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T ~— Sequence and structural analysis. Multiple
e alignments of TRPV channel protein sequences
og'azgléz}s) were produced using ClustalW (Higgins et al.,

c. anti-FLAG antibody staining
b. anti-5HT antibody staining

1994), HMMpro (Baldi et al., 1994), and
T-coffee (Notredame et al., 2000) algorithms.
Structural features and three-dimensional
structure were predicted using the SCRATCH
suite of predictors (http://www.igb.uci.edu/
servers/psss.html). Secondary structure was
predicted using the current version of the SSpro
program (Baldi et al., 1999; Pollastri et al.,
2002b). Relative solvent accessibility was pre-
dicted using the current version of the ACCpro
program (Pollastri et al., 2002a). On large vali-
dation data sets, SSpro and ACCpro have been
shown to achieve correct prediction rates in the
75—-80% range at the level of single amino acids.
Tertiary structures were derived from predicted
contact maps using the methods described by
Baldi and Pollastri (2003). Structural predic-
tions were also derived using the PSIPRED
server (McGuffin et al., 2000).

Results

Figure 1. The ocr-2(yz5) G36E substitution disrupts OCR-2 function in the serotonergic ADF neurons. a, Schematic represen-
tation of ocr-2 and osm-9 alleles used in this study. The ocr-2 and osm-9 proteins share the same domain structure and topology
(Harteneck et al., 2000; Tobin et al., 2002). The ocr-2(ak47) and osm-9(yz6) mutations result in channel proteins lacking the
transmembrane domain (indicated as cylinders) and are expected to be functional null alleles. It is noteworthy that the osm-
9(n2743) and osm-9(n1576) mutations each result in a amino acid substitution in the ankyrin motifs and hoth cause deficits in
every 0SM-9/0CR-2 function (Colbert et al., 1997; Zhang et al., 2004), whereas the ocr-2(yz5) mutation discriminatively affects
the functions. The position of amino acid changes corresponds, respectively, to the 0SM-9 and OCR-2 protein sequences. b,
Analysis of 5-HT immunoreactivity in WT and ocr-2(yz5) mutant animals. In WT, seven neurons of four classes in the head and two
HSN neurons around the vulva (data not shown) are stained by the anti-5-HT antibody. In ocr-2(yz5) mutants, 5-HT immunore-
activity in the ADF neurons is dramatically reduced or absent, but 5-HT immunoreactivity in the other neurons is unaffected. Both
ocr-2 and osm-9 are expressed in ADF but not in the other serotonergic neurons (Tobin et al., 2002; Zhang et al., 2004). Adult
animals are shown, and the anterior is toward the left. ¢, Analysis of the expression pattern of FLAG-tagged OCR-2 and OCR-
2(G36E). The FLAG epitope was tagged at the C terminus in both constructs. Consistent with the expression pattern revealed by
ocr-2::gfp (Tobin et al., 2002), the immunofluorescence is predominantly observed in the cilia and plasma membrane of the ADF,
ASH, ADL, and AWA neuronsin the head and the PHA and PHB neurons in the tail; representative photomicrographs are shown. In
general, the staining in the cilia is much weaker than in the plasma membrane, even with the OCR-2 construct. FLAG immunore-
activity of the OCR-2(G36E) fusion construct is lower overall, with a stronger effect observable in the cilia.

The ocr-2(yz5) glycine-to-glutamate
(G36E) substitution results in a
complete loss of OCR-2/OSM-9 channel
function in the serotonergic

ADF neurons

The serotonergic phenotype can be pre-
cisely identified within the nervous system
of C. elegans. Of the 302 neurons present in
an adult C. elegans hermaphroditic worm,
nine neurons composed of five neuronal
classes are stained by antibody raised
against 5-HT (Horvitz et al., 1982; Sze et
al., 2000) (Fig. 1). The pair of ADF neu-
rons is the only serotonergic sensory neu-
rons. The ADF neurons reside in the bilat-

The staining of anti-5-HT antibody was performed using the
McIntire-Horvitz whole-mount procedure (Mclntire et al., 1992), with
modifications (Sze et al., 2000). To conduct anti-FLAG antibody stain-
ing, animals were fixed according to an established protocol (Finney and
Ruvkun, 1990) and stained with monoclonal anti-FLAG antibody M2
(1:200; Sigma), and the staining pattern was detected using Alexa Fluor
568 rabbit anti-mouse antibody (Molecular Probes, Eugene, OR) at the
dilution 1:2000.

Behavioral assays. Behavioral assays were conducted with well fed
young adult animals. Odor attraction assays were performed as described
by Bargmann et al. (1993). Unless specified, the dilutions of odorants in
ethanol were as follows: 1:200 benzaldehyde, 1:200 isoamyl alcohol, and
1:1000 diacetyl. The odortaxis index was calculated as [(number of ani-
mals at attractant) — (number of animals at solvent ethanol)]/(total
number of animals moved).

Osmotic avoidance was assayed as described by Vowels and Thomas
(1994). Briefly, 10—15 young adult animals from a strain were transferred
to an agar plate without food and allowed to migrate briefly to remove
excess bacteria. These animals were then placed on a fresh agar plate in

erally symmetric amphids and have their

ciliated sensory endings exposed to the ex-
ternal environment (White et al., 1986). The ADF neurons have
been proposed to mediate neuroendocrine response to the envi-
ronment. Worms with the ADF neurons ablated by a laser beam
(Bargmann et al., 1991b) or bearing a mutation that abrogates
ADF 5-HT biosynthesis (Zhang et al., 2004) are more susceptible
to developmental and metabolic arrest.

Through genetic analysis of serotonergic phenotypes in C.
elegans, we identified a set of genes that specifically regulate 5-HT
biosynthesis in the ADF neurons (Sze et al., 2002). Two of the
genes, osm-9 and ocr-2, regulate the expression of the tryptophan
hydroxylase gene tph-1, which is essential for 5-HT biosynthesis
(Zhang et al., 2004). We have shown that deletion mutations in
either osm-9 or ocr-2 dramatically downregulate the expression of
a green fluorescent protein reporter of tph-1 (tph-1::gfp) and di-
minish/abolish 5-HT immunoreactivity in the ADF neurons, but
the morphology and survival of the neurons are unaffected
(Zhang et al., 2004). Misexpression of osm-9 and ocr-2 under
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neuron-specific promoters revealed that OSM-9 and OCR-2 act
cell autonomously to regulate tph-1 expression (Zhang et al.,
2004). ocr-2 and osm-9 mutations do not appear to cause a gen-
eral reduction in gene expression. We examined five ADF neuro-
nal marker genes: tph-1 expression is eliminated, but the others
are unaffected (Zhang et al., 2004). Therefore, a signaling path-
way from the OSM-9/OCR-2 TRPV channel transduces events
detected at the ADF cell surface into a specific transcriptional
regulatory program, 5-HT synthesis, and 5-HT downstream
signaling.

The ocr-2(yz5) allele was identified previously from a genetic
screen for mutations that downregulate tph-1::gfp expression in
the ADF neurons (Sze et al., 2002). The ocr-2(yz5) mutation is a
single nucleotide change that results in a glycine-to-glutamate
(G36E) substitution (Fig. 1a). Staining of anti-5-HT antibody
indicates that ADF 5-HT immunoreactivity is nearly eliminated
in ocr-2(yz5) mutants (Zhang et al., 2004) (Fig. 1b). The levels of
tph-1::¢fp expression and 5-HT immunoreactivity in ocr-2(yz5)
mutants are indistinguishable from that seen in mutants bearing
the ocr-2(ak47) deletion allele, which removes the first five trans-
membrane segments, or in mutants bearing a double mutation of
both ocr-2(yz5) and osm-9 deletion (Zhang et al., 2004). To-
gether, these results suggest that the G36E substitution results in
a severe or complete loss of OCR-2/OSM-9 channel function in
the ADF neurons.

There are two possible mechanisms through which such a
strong phenotype could be produced by a single amino acid sub-
stitution perturbing a critical site: either the protein cannot be
expressed or cannot be activated. To test the first possibility, we
compared the expression pattern of the OCR-2(G36E) protein
with OCR-2 (Fig. 1¢c). We tagged a FLAG epitope to the C terminus
of OCR-2 and OCR-2(G36E), introduced the fusion constructs in-
dividually into ocr-2(ak47) mutants, and stained the transgenic lines
with anti-FLAG antibody. Consistent with the expression pattern
revealed by ocr-2::gfp (Tobin et al., 2002), the immunoreactivity of
OCR-2:FLAG and OCR-2(G36E)::FLAG is detected in the cilia and
plasma membrane of the chemosensory neurons ADF, AWA, ASH,
and ADL (Fig. 1¢). However, whereas ocr-2(ak47) animals carrying
the OCR-2::FLAG transgene restore tph-1 expression (68% show
strong tph-1:gfp in ADF; n = 79), ocr-2(ak47) animals that carry
OCR-2(G36E)::FLAG (n = 79) exhibit reduced tph-1::gfp expres-
sion as their nontransgenic siblings (n = 235). These data indicate
that FLAG-tagged OCR-2 is localized to the cellular sites in which
OCR-2 acts and that the G36E substitution does not alter the sub-
cellular localization. These results suggest that the G36E substitution
disrupts the function of the OCR-2/OSM-9 channel in the ADF
neurons.

The immunofluorescence of OCR-2(G36E)::FLAG is rela-
tively lower than that of OCR-2::FLAG (Fig. 1¢). This could re-
flect the mosaicism of the transgenic arrays (Mello et al., 1991).
Alternatively, it could be an indication of decreased stability of
OCR-2(G36E) resulting from altered structure and/or from its
inability to bind to OCR-2 partners.

Neuron-specific effect of the OCR-2(G36E) substitution

In addition to regulate tph-1 expression in the ADF neurons,
OCR-2 acts in the ASH and AWA neurons to mediate a range of
sensory behaviors (Tobin et al., 2002). The products of the dele-
tion allele ocr-2(ak47) cannot form a channel, and ocr-2(ak47)
mutant animals are defective in each of the functions mediated by
these neurons (de Bono et al., 2002; Tobin et al., 2002; Zhang et
al., 2004). We asked whether the G36E substitution results in a
complete inactivation of the channel and thereby disrupts every
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Figure2. Theocr-2(yz5) G36E substitution selectively abrogates OCR-2 sensory functions. a,
ocr-2(yz5) mutant animals fail to respond to osmotic stimuli. The assay tests for avoidance of 7
M glycerol. WT animals are repelled by high-osmolarity solutions and cannot escape from the
ring of 7 M glycerol. osm-3 mutants have compromised sensory endings and presumably cannot
sense; ~85% of osm-3(n1540) mutants crossed the ring (Shakir et al., 1993). We repeatedly
observed that higher percentages of ocr-2(yz5) mutants cross the ring than ocr-2(ak47), osm-
9(yz6), or osm-3 mutants. b, ocr-2(yz5) mutants respond as well as WT to the odor attractant
diacetyl. ocr-2(ak47) and osm-9(yz6) mutants exhibit profound deficits in sensing diacetyl at
the dilution 1:1000. All of the mutants respond normally to benzaldehyde and isoamyl alcohol
mediated by the AWCneurons. OCR-2is not expressed in AWC, but it is expressed in AWA, which
mediates diacetyl sensation. ¢, Comparison of diacetyl sensitivity between WT and ocr-2(yz5)
mutant animals in series dilution assays. The neurons sensing the odorants are indicated. Each
bar represents the mean == SEM of at least three assays.

function of the channel or whether it alters a structural determi-
nant that is specific for its action in the serotonergic signaling
pathway. To evaluate the effect of the OCR-2(G36E) substitution
in ASH and AWA function, we compared ASH-mediated os-
motic sensation and AWA-mediated odor attractant diacetyl sen-
sation in ocr-2(yz5) mutants with that of ocr-2(ak47) or osm-
9(yz6) deletion mutants (Fig. 2).

When touching a high osmotic solution, C. elegans evokes a
backward movement (Culotti and Russell, 1978). This osmotic
sensation is mediated by the ASH chemosensory neurons (Barg-
mann et al., 1990; Kaplan and Horvitz, 1993) and requires both
OCR-2 and OSM-9 (Colbert et al., 1997; Tobin et al., 2002). The
response to osmotic stimuli is almost completely abolished in
ocr-2(yz5) mutants as in ocr-2(ak47) and osm-9(yz6) deletion
mutants (Fig. 2a). Thus, the G36E substitution also abolishes the
channel function in the osmotic sensation mediated by the ASH
neurons, confirming the importance of the G36 residue.



Sokolchik et al. » Sensory Discrimination by the TRPV Channel Protein OCR-2

b. Seconday stucture and relative solvent accessibility

oct2WT

a. Predicted 3D structure (aa 1-160)

-
11555 SSTQS SIDMNF T IGRLEEDI KT Y QL Y DIHGGGELLFWLRYAT I SS5DTSFID
CCOCCCCCCCHHHHHCCCOC HHHHHHHFHHHCCCOC HHHHFHHFHHHCCCHHHHH

J. Neurosci., January 26, 2005 - 25(4):1015-1023 « 1019

cannot be activated by any identified stim-
ulus (Schumacher et al., 2000). Further-
more, two osm-9 alleles have two different

AYLETKVEDFLYNGGEGELYTTTELVELRRKERNERLGAF SRERGHGESGFNTLD
CCCCCEEE HHHHHHHHHHHHHHHHC CHHCOCCCCCCCCOCCCH

amino acid substitutions in the ankyrin
motifs (Fig. 1a); both alleles affect every
function of OSM-9 (Colbert et al., 1997;

DFRQEGERYGDLEFALKLLDGGGREGENE SKY RET SWELEERGSUGETIL
HHHHHHHHHHHHHHHHHHHC CCCCCOCCCCCEEEEEEEHCCCCCCCCCCC

Zhang et al., 2004). However, the OCR-
2(G36E) substitution is located ~220

oct2(yz5)

HES5S5TQS SIDNF Vet IGFLEEDI I YQL Y DIHGGEELLFWLRYATLSS5DT SFID
CCCCCCCCOCHHHRHC CCCC HHHHHHHHHHHCCCC!

amino acids upstream from the first
ankyrin motif and affects a subset of
OCR-2 functions (Figs. 1, 2). Analysis of
the protein sequence does not give us any

CCHHHHH

AYLETEVEDFLYNGGHGKLYTTTELYELRNKERNERLGAF SREEGKGKSGPNTLD
COCCCEEEHHHMHHHHHHHHHHHHC CHHCCCCCOCCCCCCCH

strong indications of known functional
domains within the segment upstream of

DFRQEGENYGILEFALKLLDGGGREGRNE SKYREL SWELEERGSIGETIT
HHHHHHHHHHHHHRHHHHHC CCCCCCCCCCCEEEEEEEHCCCCCCCCCCC

the ankyrin repeats. To gain insights into
how the G36E substitution might affect

Figure 3.

buried.

In contrast, ocr-2(yz5) mutants respond as well as WT animals
to the odor attractant diacetyl sensed by the AWA neurons,
whereas the diacetyl sensation is significantly compromised in
ocr-2(ak47) and osm-9(yz6) mutants (Fig. 2b). To determine
whether the OCR-2(G36E) substitution causes a subtle effect in
the sensitivity to diacetyl, we assayed the response to diacetyl in a
series of dilutions. There is no substantial difference between WT
and ocr-2(yz5) worms observed in response to diacetyl over
1,000,000-fold dilutions (Fig. 2¢). The normal diacetyl response
is consistent with proper expression and localization of the OCR-
2(G36E) protein (Fig. 1c). Thus, the G36E substitution in the
ocr-2(yz5) allele prevents the channel to upregulate tph-1 expres-
sion, disrupts osmotic sensation, but does not affect olfactory
sensory transduction stimulated by diacetyl. The modality selec-
tive deficits of ocr-2(yz5) mutants suggest that distinct sensory
functions of the TRPV channel are governed by distinct intrinsic
properties within the channel protein.

Osmotic sensation and upregulation of 5-HT are governed by
the N-terminal segment upstream of the ankyrin repeats
domain of OCR-2

The distinct, neuron-specific deficits displayed by ocr-2(yz5) mu-
tants provide us with a unique opportunity to further explore the
structural determinants of TRP channel proteins in modality dis-
crimination. The N-terminal cytoplasmic region of TRPV chan-
nels is composed of two subregions (Fig. 1a): the ankyrin repeats
domain adjacent to the transmembrane domain is the hallmark
of TRPV proteins, and the segment upstream of the ankyrin do-
main exhibits less conserved sequence among the family mem-
bers (supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Ankyrin repeats have been shown to tether
membrane proteins to the cytoskeleton and to interact with sig-
naling molecules such as the inositol triphosphate receptor and
the Na */H * exchanger (Raucher et al., 2000; Denker and Barber,
2002). The ankyrin repeats are likely to be essential for TRPV
channel function. A splicing variant of rat TRPV1 lacking the
most part of the N-terminal region is expressed properly but

Structural model of the OCR-2 N-terminal segment. a, Prediction of the tertiary structure for 0CR-2 (amino acids
1-160) (see Materials and Methods). G36 is predicted to reside within a fairly exposed coil between two c:-helices. aa, Amino
acids. b, Prediction of the secondary structure and relative solvent accessibility for wild-type OCR-2 and OCR-2(G36E) (amino acids
1-160) (see Materials and Methods). In wild-type OCR-2, G36 resides right before an «e-helix. When G is changed to E, the E is
predicted to become part of the helix. This shift could cause a global change in the side-chain phasing along the helix and alter
intermolecular and intramolecular interactions. Notice the changes in the solvent accessibility of amino acids 33— 60. The expo-
sure of the residues was computed with a 30% threshold. The amino acid 36 is marked by asterisks. H, Helix; C, coil; e, exposed; —,

channel function, we modeled the struc-
tural features of the segment upstream of
the ankyrin domain of OCR-2 (Fig. 3).
Secondary structure and relative solvent
accessibility prediction programs suggest
that this segment can fold into a helices-
rich moiety with the G36 residue located
in a fairly exposed coil region between
two helices (Fig. 3b). G36E substitution
is predicted to shift the start of the
C-terminal helical fold, alter the phasing of the side chains of
the helix, and change the structure in the region (Fig. 3b).

Does this N-terminal helical moiety contain determinants
dictating OCR-2 function? If this were the case, we might expect
this segment to confer OCR-2 function when it is transferred into
a normally insensitive homolog. The C. elegans TRPV gene ocr-4
is expressed in neurons but does not overlap with OCR-2 (Tobin
et al., 2002). Despite differences in protein sequence at the
N-terminal segment between OCR-2 and OCR-4, the secondary
structure and other structural features of the OCR-4 sequence are
predicted to be very similar to that of OCR-2. We first tested
whether OCR-4 can substitute for OCR-2 function. We ex-
pressed the ocr-4 coding sequence under the control of the ocr-2
promoter. The FLAG epitope was inserted at the C terminus of
the coding region for monitoring the expression. This con-
struct was introduced into ocr-2(ak47) deletion mutants.
Staining of the transgenic animals with anti-FLAG antibody
shows that the OCR-4::FLAG protein is expressed and prop-
erly localized in the OCR-2-expressing cells (Fig. 4a). How-
ever, this ocr-4 transgene cannot recover tph-1::gfp expression
in ADF (Fig. 4b,c), nor does it rescue osmotic or diacetyl sensa-
tion of the mutants (Fig. 4d,e). Because a FLAG-tagged
OCR-2::FLAG transgene can efficiently rescue these phenotypes
in ocr-2(ak47) (Figs. 4c.e, 5d), we conclude that the OCR-4 and
OCR-2 proteins are not functionally exchangeable.

Having observed OCR-4::FLAG properly localized in OCR-2-
expressing cells, we generated a chimeric channel protein by sub-
stituting the OCR-2 N-terminal segment for the cognate segment
in OCR-4. This chimeric construct was tagged with the FLAG
epitope and expressed under the control of the ocr-2 promoter.
When the OCR-2::0CR-4::FLAG construct was injected into ocr-
2(ak47) mutants, we find that the transgenic animals show a
substantially increased tph-1::gfp expression in the ADF neurons
with respect to their nontransgenic siblings (Fig. 4b,c) and are
able to respond to osmotic stimuli (Fig. 4d). However, the
OCR-2::0CR-4 chimeric channel protein fails to rescue diacetyl
sensory deficits of ocr-2(ak47) mutants (Fig. 4e). These results
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demonstrate that the N-terminal segment
of OCR-2 is sufficient to confer the chan-
nel function in regulation of 5-HT synthe-
sis and osmotic sensation, but that diacetyl
sensation is governed by separated deter-
minants. Thus, a plausible explanation for
the normal diacetyl response observed in
ocr-2(yz5) mutants is that the G36E substi-
tution does not affect the determinants of
diacetyl sensitivity.

The G36 residue appears to be located
in a region highly conserved among the ocr
genes (Tobin et al., 2002) (supplemental
Fig. 1, available at www.jneurosci.org as
supplemental material), but OCR-4 is un-
able to substitute for OCR-2 function (Fig.
4). Hence, the glycine residue per se may
not be the determinant. It remains possi-
ble that the G36E substitution may alter
the structural organization of this region
and change the affinity and specificity of
the channel with the transduction com-
plexes that regulate 5-HT production and
osmotic sensation.

Mammalian TRPV2 genes can
substitute for OCR-2 to upregulate
tph-1 expression

Previous genetic analysis implies that
OCR-2/0OSM-9 channel is a component in
the DAF-2 (diaminofluorescein-2)/insu-
lin receptor endocrine pathway that mod-
ulates larval development and metabolism
in response to stressful environmental sig-
nals such as starvation, heat, and phero-
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Figure4. The OCR-2 N-terminal region confers the regulation of tph-1 expression and osmotic sensation to normally insensi-
tive OCR-4. a, Anti-FLAG antibody staining of ocr-2(ak47) mutants expressing a FLAG-tagged OCR-4 coding sequence under the
promoter of ocr-2. The arrowhead points to the cilia of the chemosensory neurons. b, tph-1::gfp expression in ocr-2(ak47)
mutants. The mutants bearing the OCR-2::0CR-4 chimeric channel recover tph-1::gfp expression, although the GFP level is not as
high as in WT animals. OCR-4 on its own has no effect. ¢, Quantification of tph-1::gfp expression in the ADF neurons. All of the
strains carry the same tph-1::gfp transgene. The fluorescence in a 25 X 25 pixel area in the ADF neurons was quantified by
measuring the pixel intensity of the images captured using an Axiocam MR digital camera, as described in Materials and Methods.
GFP intensity in multiple generations of the strains was examined. n, Number of animals examined. d, Osmotic response. ocr-
2(ak47) mutant animals transformed with the OCR-2::0CR-4 chimeric channel partially restore the response to 7 m glycerol,
whereas those transformed with OCR-4 are as defective as their nontransgenic siblings. Notice that 0CR-2::0CR-4 exhibits an
equivalent ability in rescuing osmotic sensation and tph-1::gfp expression of the ocr-2 mutants. Each bar represents the mean ==
SEM of at least three assays. e, Diacetyl response. The OCR-2::0CR-4 chimeric channel does not improve diacetyl sensitivity of
ocr-2(ak47) mutants, unlike the WT OCR-2 transgene. It is interesting to note that ocr-2(ak47) mutants bearing the OCR-4
transgene exhibited severer diacetyl sensory deficits than their nontransgenicsibling, perhaps attributable to an antimorph effect
of OCR-4 in AWA function. Each bar represents the mean = SEM of at least three assays.

mone (Zhang et al., 2004). It has been re-
ported that mouse TRPV2 is regulated by
insulin-like growth factors, which stimulate TRPV2 transloca-
tion from intracellular compartments to the plasma membrane
in the transfected cells (Kanzaki et al., 1999). Study of rat TRPV2
revealed that the channel can be activated by noxious heat (Ca-
terina etal., 1999). TRPV2 is expressed in sensory neurons as well
as broadly in the CNS (Caterina et al., 1999), but its in vivo func-
tion has not yet been reported. We speculated that these func-
tions of OCR-2 and mammalian TRPV2 could reflect a unified,
phylogenetically conserved signaling pathway that integrates the
information from sensory and endocrine inputs and elicits self-
preservation responses. Having identified that OCR-2 function is
determined by its intrinsic properties, we asked whether the
OCR-2 shares functional properties in common with TRPV2. To
address this question, we expressed the human and mouse
TRPV2 cDNA (hTRPV2 and mTRPV?2, respectively), each under
the control of the ocr-2 promoter, and determined their ability to
rescue tph-1 expression and sensory functions in ocr-2(ak47)
mutants.

The FLAG-tagged hTRPV2 and mTRPV2 proteins are local-
ized to the cilia and the plasma membrane of the chemosensory
neurons (Fig. 5a), similar to OCR-2 (Fig. 1¢), indicating that the
mammalian TRPV?2 proteins can be properly localized to the sites
in which OCR-2 acts. ocr-2 mutants expressing either the
mTRPV2 or hTRPV2 construct exhibit substantially increased
tph-1::gfp expression in ADF than their nontransgenic siblings
(Fig. 5b,¢). These results suggest that both hTRPV2 and mTRPV2

can substitute for OCR-2 in the serotonergic neurons. ADF GFP
in ocr-2(ak47) animals bearing TRPV2 constructs is not as strong
as that seen in animals bearing an OCR-2 transgene (Figs. 4¢, 5b).
Thus, TRPV2 and OCR-2 are not completely equivalent.

Upregulation of tph-1 expression in the ADF neurons requires
both OCR-2 and OSM-9 (Zhang et al., 2004). We tested whether
the TRPV2 proteins can substitute also for OSM-9 or for both
OCR-2 and OSM-9. We crossed the mTRPV2 and hTRPV2
transgenes individually into osm-9(yz6) deletion mutants and
ocr-2(ak47);0sm-9(ky10) double-deletion mutants and scored
tph-1::¢fp expression. In each of the strains, only a very small
fraction of the transgenic animals expressed tph-1::gfp slightly
above the background in the ADF neurons (data not shown).
These results suggest that TRPV2 and OCR-2 share the same
requirement for OSM-9 to activate tph-1 expression. Unlike
OCR-2, which requires OSM-9 for routing to the cilia of the
chemosensory (Tobin et al., 2002), TRPV2 can be localized to the
cilia in 0sm-9 or ocr-2;0sm-9 mutants (data not shown). Because
TRPV2 on its own cannot activate tph-1::¢fp expression, TRPV2
apparently functions together with OSM-9 and regulates OCR-
2/OSM-9 signaling cascades.

We also examined the response to osmotic and diacetyl stim-
uli in ocr-2(ak47) transgenic animals bearing individual TRPV2
constructs. No improvement can be detected in their response to
diacetyl or high-osmolarity solutions (Fig. 5d,e). Because the
OCR-2::0CR-4 chimeric protein exhibits an equivalent rescue
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Figure5.  Mouse and human TRPV2 genes recover tph-1::gfp expression in ocr-2(ak47) mutants. a, Anti-FLAG antibody stain-
y

ing. FLAG-tagged mouse and human TRPV2 are localized to the cilia and plasma membrane of 0CR-2-expressing chemosensory
neurons. The arrowheads point to the cilia. Although the mammalian TRPV2s and OCR-2 display a very similar expression pattern
and subcellular location, the TRPV2 proteins tend to be concentrated in the cilia, whereas OCR-2 is more concentrated in the
cytoplasma membrane (see Fig. 1c). b, tph-1::gfp expression in ocr-2 mutants transformed with various TRPV transgenes. The
transgene in each strain is indicated. ocr-2 mutants bearing the 0CR-2(G36E) transgene show absence of tph-1::gfp expression in
the ADF neurons. Mouse and human TRPV2 substantially recover tph-1::gfp expression in ADF. The GFP levels in animals trans-
formed with the mouse and human TRPV2 is not as high as those transformed with the WT OCR-2 transgene. ¢, Quantification of
tph-1::gfp expression in the ADF neurons. All of the strains carry the same tph-1::gfp transgene. The fluorescence ina 25 X 25 pixel
area in the ADF neurons was quantified by measuring the pixel intensity of the images captured using an Axiocam MR digital
camera, as described in Materials and Methods. GFP intensity in multiple generations of the strains was examined. n, Number of
animals examined. d, e, Mouse and human TRPV2 cannot improve osmotic or diacetyl deficits in ocr-2(ak47) mutants. In contrast,
the 0CR-2 construct can rescue both osmotic and diacetyl defects. All of the transgenes are expressed under the control of the same
ocr-2 promoter, and each has the FLAG epitope tagged at the C terminus of the coding region. For behavioral assays, the data
represent the response of transgenic animals identified based on their transgenic marker. Each bar represents the mean = SEM
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work has identified a subregion within the
cytoplasmic N terminus of OCR-2 that de-
termines the osmotic sensitivity and con-
fers the ability to upregulate tph-1 expres-
sion in C. elegans. The ocr-2(yz5) G36E
substitution within this segment results in
acomplete loss of these functions. The WT
sequence of this subregion is sufficient to
confer these functions to a normally insen-
sitive homolog, OCR-4, demonstrating
that this segment can exert the functions
via a non-cognate channel. Furthermore,
we find that both the mouse and human
TRPV2 channel proteins can substitute for
OCR-2 to upregulate tph-1 expression but
cannot mediate osmotic sensation, sug-
gesting that specialized properties of
TRPV proteins are selectively conserved
across phyla. Our results shed light on the
molecular mechanisms that allow a single
channel entity to selectively respond to di-
verse stimuli in a defined cellular environ-
ment within an organism.

Given that many vertebrate TRPV
channels can be activated by multiple
stimuli in various heterologous systems, it
should not be surprising that polymodal
sensitivities are determined by intrinsic
properties of the channel proteins. Analy-
ses of mammalian TRPV channels have
identified several sensory-specific deter-
minants within the transmembrane re-

of at least three assays.

ability in tph-1::¢fp expression and osmotic sensation (Fig. 4¢,d),
the difference in #ph-1 expression and sensory function likely
reflects the qualitative rather than quantitative difference of
TRPV2 activity in these signaling pathways.

It has been reported that the rat TRPV4 (rTPRV4) channel
protein can substitute for OSM-9 function in osmotic sensation
mediated by the ASH neurons (Liedtke et al., 2003). We tested
whether rTRPV4 can also substitute OSM-9 for activation tph-1
expression in the ADF neurons. Supporting the published results,
r'TPRV4 expressed under the ocr-2 promoter nearly fully rescues
osmotic sensation in the osm-9(yz6) mutant background (Fig.
5e). However, rTRPV4 only partially recovers tph-1::gfp expres-
sion in the ADF neurons of the mutants (Fig. 5¢). Together, these
observations suggest that the molecular mechanisms underlying
TRP channel function in 5-HT synthesis and osmotic sensation
also are distinct. This result is consistent with our previous stud-
ies indicating that different signaling components are required
for OCR-2/OSM-9 function in these two classes of neurons
(Zhang et al., 2004). rTRPV4 osmotic sensitivity in C. elegans is
enhanced when they are assayed at mammalian physiological
temperatures (Liedtke et al., 2003). Because mammalian physio-
logical temperatures are lethal to C. elegans, it is not known
whether the activity of TRPV2s also is optimized for their native
cellular temperatures, and a full activation of TRPV2 and TRPV4
can further enhance tph-1 expression.

Discussion
The results from this study reveal that the codes for the poly-
modal function of OCR-2 reside within this channel protein. Our

gions (Jordt and Julius, 2002; Vriens et al.,
2004). These functional determinants may
directly influence the opening of the chan-
nels. Less expected, however, is the region upstream of the
ankyrin repeats domain that determines OCR-2-specific func-
tions. The amino acid sequence of this region is quite divergent
among TRPV family members, and its role in TRPV channel
signaling has not been characterized previously. Because the
OCR-2(G36E) protein appears to be properly localized and is
able to mediate a normal diacetyl sensation, these observations
argue against the role of this N-terminal segment in OCR-2 traf-
ficking. Because the WT sequence of this segment confers OCR-2
functions to OCR-4, the codes for these functions must reside
within this segment.

One plausible function of the cytoplasmic N-terminal seg-
ment is allosteric coupling of ligand binding and channel open-
ing. In this scenario, the N-terminal segment folds into a helix-
rich moiety and blocks the channel. Binding of the ligand or
receptor-coupled second messengers to this region induces allo-
steric alterations, which in turn cause the channel to open. The
G36E substitution could prevent ligand binding or abrogate allo-
steric movements. This mechanism resembles the “ball-and-
chain” gating used by the Shaker K* channels, in which the
N-terminal residues act as the “ball” for channel inactivation
(Yellen, 2002). However, it is unlikely that the G36E substitution
simply causes a complete blockage of the OCR-2/OSM-9 chan-
nel, because the diacetyl sensitivity is unaffected in ocr-2(yz5)
mutants. Furthermore, deletion of the first 36 amino acids or
internal truncations within this segment does not result in an
active channel or cause neuronal degeneration (data not shown),
as one would expect for a gateless channel.
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An alternative function for the N-terminal segment could be
to subserve as an anchor for the assembly of the signaling com-
plex. It has been shown that the Drosophila TRP channel interacts
with the PDZ (postsynaptic density-95/Discs large/zona
occludens-1)-containing protein InaD, which acts as a scaffold to
assemble singling components of phototransduction cascade
(Shieh and Zhu, 1996; Chevesich et al., 1997; Tsunoda et al.,
1997). Likewise, the adaptor protein Homer couples vertebrate
TRPC1 (classical TRP) to the inositol triphosphate receptor
(Yuan etal., 2003). In this model, the OCR-2 N-terminal segment
contains targets for scaffold proteins, which in turn associate with
multiple signaling components for activation of gene expression
and for induction of behavioral responses. This model is partic-
ularly intriguing. Although the G36E substitution disrupts os-
motic sensation mediated by ASH and downregulates tph-1 ex-
pression in ADF, the underlying mechanism in these two
functions appears to differ. Laser ablation experiments have in-
dicated that ADF and ASH neurons sense different stimuli (Barg-
mann and Horvitz, 1991a). Unlike OCR-2/OSM-9-mediated os-
motic sensation that requires the Ga-protein ODR-3 (Colbert et
al., 1997; Tobin et al., 2002), tph-1 expression is unaffected in
odr-3 deletion mutants (Zhang et al., 2004). Consistent with the
same notion, mouse and human TRPV2 substantially activate
tph-1::¢fp expression but cannot rescue the osmotic deficits in
ocr-2 deletion mutants. Scaffold proteins have been proposed to
actas “multivalent adaptors” (Tsunodaetal., 1997). For example,
different PDZ domains in the PSD-95 (postsynaptic density-95)
protein display preferences for distinct targets (Songyang et al.,
1997). Therefore, the N-terminal segment may interact with a
scaffold protein, which recruits different components to the
OCR-2/0OSM-9 channel in ADF and ASH neurons, thereby me-
diating neuron-specific functions. It is also possible that the N
terminus contains multiple targets for different adaptor proteins
or even directly interacts with neuron-specific signaling compo-
nents, and that G36E alters the structures such that none of them
can now bind. Isolation of ocr-2(yz5) suppressors will identify the
components in the OCR-2/OSM-9 channel signaling and illumi-
nate their function in specific sensory neurons. It will be interest-
ing to determine whether the components acting in the ADF
neurons are conserved in humans and whether there is a genetic
linkage between these human homologs and 5-HT-related
disorders.
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