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Abstract

Molecular genetic analysis of chemosensory behaviors in C. elegans
by Joseph H. Chou

The soil nematode Caenorhabditis elegans uses just two pairs of chemosensory neurons, AWA and
AWG, to respond to a large number of volatile attractants. In this dissertation, behavioral and

molecular genetic approaches were used to study the mechanisms of chemotaxis.

Genetic ablation of distinct sets of neurons demonstrated that a single class of chemosensory
neuron can discriminate among multiple odorants, implying the existence of multiple ligand
binding sites on each sensory neuron and suggesting the presence of odorant-specific
downregulation pathways. However, some forms of olfactory discrimination require input from

multiple sensory neurons.

A molecular basis for recognizing diverse ligands was suggested by identification of a large
family of divergent candidate G protein-coupled receptors that are expressed in chemosensory
neurons. Consistent with the discriminatory ability noted previously, single chemosensory

neurons can express multiple receptors.

A genetic approach was used to identify a seven transmembrane receptor, ODR-10, required for
responses to diacetyl. The specificity of its mutant phenotype and expression in the AWA
chemosensory neurons strongly supported the identification of ODR-10 as the C. elegans diacetyl
receptor. Heterologous expression and functional characterization of ODR-10 in mammalian cells
provided proof that ODR-10 can act as an olfactory receptor for diacetyl. Comparison of ODR-10

function in vivo and in vitro suggests that additional factors contribute to ligand specificity.

viii



G protein-coupled receptor phosphorylation is a well-characterized mechanism for
desensitization. Site-directed mutagenesis of ODR-10 was employed to determine the role of
phosphorylation in chemosensory behaviors. All carboxy terminal serine and threonine potential
phosphorylation sites were dispensable for ODR-10-mediated chemotaxis, discrimination, and
adaptation. In contrast, mutation of two potential phosphorylation sites in the third intracellular

loop abolished chemotaxis without affecting discriminatory ability.

The odr-2 gene is required for behaviors mediated by the AWC chemosensory neurons. To
identify new molecules involved in olfaction, odr-2 was cloned and characterized. odr-2 encodes
an alternatively spliced, neuronally-expressed protein with distant similarity to the Ly-6

superfamily of extracellular proteins.
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Introduction

Fundamental to the survival of any living organism is the ability to sense relevant stimuli in its
environment and to respond appropriately. Simple unicellular organisms such as Escherichia coli
can detect a food source, chemotax towards it, and alter gene expression to make available
pertinent metabolic enzymes. Billions of years of evolution have endowed animals with complex
nervous systems that can detect, process, and respond to the sensory modalities of light, sound,

touch, taste, and smell.

The mammalian olfactory system is remarkable in its ability to recognize thousands of
structurally unrelated compounds while maintaining the ability to discriminate among many or
most of them. How can these opposing requirements of wide sensitivity and precise specificity be
explained in molecular terms? Research during the last decade has elucidated much about the
initial events of olfactory signal transduction. Notably, certain aspects of signal transduction are
conserved in species as divergent as worms, frogs, fish, and mice. At the same time, enormous
diversity exists within and between different species at the level of the olfactory receptor

proteins.

How is an extracellular stimulus converted into an intracellular signal? One mechanism, G
protein-coupled receptor signal transduction, has been adapted to detect such divergent stimuli
as peptides, hormones, neurotransmitters, and photons of light, and is conserved in organisms
from yeast to humans. Studies in the last fifteen years indicate that this pathway is used for the

detection of odorants as well.

The following section introduces the components of vertebrate olfactory signal transduction and
reviews the mechanisms by which this signaling might be regulated. Subsequently, I review use

of the free-living soil nematode Caenorhabditis elegans as a model system for studying not only the



initial events of chemosensation, but also as a means towards understanding the generation of

behavior.

Olfactory Receptors

Molecular identification of odorant receptors

A major step forward in explaining the extraordinary range of sensed odorants came with the
identification of a large family of genes that are likely to encode olfactory receptors (Buck and
Axel, 1991). In a landmark study, 18 genes whose expression was limited to the rat olfactory
epithelium were shown to encode seven-transmembrane proteins with short conserved motifs
found in previously identified G protein-coupled receptors. Genomic hybridization using the
initial set of cloned genes suggested that the gene family was likely to number in the hundreds.
Subsequent identification of additional mammalian receptor subfamilies suggests that the total
repertoire may be as many as a thousand (Levy et al., 1991; Parmentier et al., 1992). Similar

receptor families have been identified in other vertebrate species, including catfish (Ngai et al.,

1993b), frogs (Freitag et al., 1995), mice (Ressler et al., 1993), and humans (Parmentier et al., 1992;

Ben-Arie et al., 1994). However, homologous receptors have not been identified to date in any

invertebrate species.

The extraordinary sequence variability in this family of genes (Buck and Axel, 1991) may reflect

the need for olfactory receptors to detect the large universe of structurally dissimilar odorants.

Organization of olfactory receptor expression and neuronal projections

How many types of receptors does each olfactory neuron express? Odorant receptor RNAs were

localized in the olfactory epithelium of mice and catfish by in situ hybridization. In both cases, the

fraction of neurons detected using subfamily-specific receptor probes corresponded with the

reciprocal of the predicted receptor family size (Ngai et al., 1993a; Ressler et al., 1993). In addition,

hybridization with four receptor subfamily probes indicated that each subfamily was expressed
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in largely non-overlapping set of neurons (Ngai et al., 1993a). PCR amplification of limiting
dilutions of isolated olfactory neurons confirmed that only 1 in 1,700 neurons expresses the 17
receptor gene (Chess et al., 1994; ].H.C,, calculation not shown). Together, these experiments

suggest that individual olfactory neurons express only a few, perhaps a single, olfactory receptor.

Since the identity of a perceived odorant is encoded by the set of olfactory receptors it activates,
this tight control of receptor expression is likely to be necessary for maintaining specificity of
olfactory discrimination. If each cell expresses only one type of receptor, the problem of
identifying which receptors have responded to an odorant is simplified to identifying which

neurons are activated.

Considering the predicted importance of identifying precisely which receptors are activated, it
was surprising that the in situ hybridization experiments above also demonstrated that receptor
expression was not highly organized in the olfactory epithelium. In mice and rats, expression of
receptor subfamilies appeared to be limited to one of four circumscribed zones, but within these
zones expression appeared to be randomly distributed (Ressler et al., 1993; Vassar et al., 1993). In
catfish, expression of a given receptor may be randomly distributed throughout the entire
olfactory epithelium (Ngai et al., 1993a). However, experiments in zebrafish that more precisely
compensate for distortion of sections used for in situ hybridization suggest that fish olfactory

receptors are expressed in broadly overlapping concentric zones (Weth et al., 1996).

The olfactory system possesses additional opportunities for spatial organization. Each olfactory
sensory neuron in the olfactory epithelium projects a single unbranched axon to synapse on
second-order neurons in the olfactory bulb. At the surface of the bulb, spherical neuropil called

glomeruli represent collections of several thousand of these synapses.

Receptor subfamily probes hybridizing with mRNA in the sensory axon terminals at the olfactory
bulb of rats and mice were used to map the projections of the population of sensory neurons

expressing those receptors. This technique demonstrated that axons from neurons expressing the



same receptors organize to converge onto very few bilaterally symmetric glomeruli on the
olfactory bulb (Ressler et al., 1994; Vassar et al., 1994). Additionally, the topographic map of
olfactory receptor expression is constant between individuals within a species. Based on the
number of glomeruli detected and the number of receptors in each receptor subfamily, it is
possible that the axonal projections of all sensory neurons expressing a given olfactory receptor
converge onto two glomeruli in each olfactory bulb, one lateral and one medial. Consistent with
this hypothesis, transgenic mice that express LacZ bicistronically with a specific olfactory
receptor gene reveal that all olfactory sensory neurons expressing that gene project axons that
converge on two topographically fixed glomeruli in each bulb (Mombaerts et al., 1996). The
olfactory receptors play an instructive role in the precise convergence of sensory axons to specific
glomeruli, as transgenic mice with olfactory receptor swaps, deletions, or nonsense mutations

exhibit altered glomerular targeting (Mombaerts et al., 1996; Wang et al., 1998).

Odorant specificity and information coding

Since the number of distinct odorants that can be detected by mammals exceeds the predicted
number of olfactory receptors, individual receptors are likely to respond to multiple odorants. A
number of studies have attempted to address the question of whether olfactory receptors are

broadly tuned or highly specific.

A fundamental problem in assessing the specificity and sensitivity of olfactory receptors to
odorants lies in a paradox of interpretation. In order to study receptor activation, one must see a
response to odorants. If in physiological conditions, olfactory receptors are extremely sensitive
and extremely specific, one is experimentally very unlikely to chance upon the particular odorant
that activates a given receptor. Therefore, to generate a measurable response, higher
concentrations of odorants are used which nonspecifically activate a larger proportion of
receptors, and one erroneously concludes that olfactory receptors are broadly tuned and not
highly sensitive. This dilemma must be kept in mind when interpreting the results of olfactory

receptor activation experiments.



Initial experiments in vivo were consistent with the model of broadly tuned receptors.
Electrophysiological responses of 74 frog olfactory receptor neurons were evaluated in response
to 20 different odorants at high concentrations (5-33% of saturated vapor at room temperature)
for 2 seconds (Sicard and Holley, 1984). Cells were responsive to multiple compounds and
displayed unique profiles of differential sensitivity. In another study, individual tiger salamander
olfactory receptor cells were monitored electrophysiologically for response to three odorants at
500 uM for durations varying from 0.5 to 1.5 seconds (Firestein et al., 1993). These cells responded
to anywhere from none to all three of the applied odorants, with more than half responding to at

least one odorant.

More recent experiments suggest that olfactory receptors can be significantly more selective. An
adenovirus vector was used to deliver a specific olfactory receptor to rat olfactory epithelium in
vivo, thereby causing over-representation of that receptor in olfactory neurons. Electro-
olfactogram recordings demonstrated that from a panel of 74 odorants, increased response was
observed to only four closely related odorants (straight chain n-heptaldehyde to n-decyl
aldehyde) (Zhao et al., 1998). Other aldehydes tested, including n-hexaldehyde and n-undecylic
aldehyde, did not elicit increased responses. Odorants were applied in the vapor phase as an 0.1
second pulse from the equilibrated airspace above a 1 to 10 mM liquid odorant source. It was not
possible to determine the concentration of the stimulus at the olfactory epithelium. These results
demonstrate that for at least one receptor in an experimental system that closely resembles

physiological conditions, olfactory receptors can exhibit significant odorant specificity.

Thus, a model for olfactory information coding emerges. Odorants differentially activate subsets
of the receptor repertoire. Although expression of each type of activated receptor is broadly
distributed throughout the olfactory epithelium, all axons of sensory neurons expressing a given
receptor project to a pair of topographically fixed glomeruli. In this way, the identity of a

perceived odorant is encoded by discrete patterns of activity at the olfactory bulb.
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Direct evidence supporting this model now exists from experiments done in zebrafish (Friedrich
and Korsching, 1997). Presynaptic odor-evoked activity of the entire zebrafish olfactory bulb was
simultaneously monitored by calcium-sensitive dye labeling of olfactory neurons. Administration
of any of 18 amino acids induced a unique activity pattern at the olfactory bulb that was
reproducible between different animals. However, all responses to amino acids were limited to a
subregion comprising less than 2% of the olfactory bulb; in this region glomeruli are not
anatomically well-delineated, and are described as “glomerular modules.” It is unclear whether
the rest of the olfactory bulb was not responsive to amino acids or if responses were not
detectable using their experimental system. However, individual glomerular modules responded
to multiple odorants and exhibited complex response profiles dependent not only on the amino
acid applied, but also on the concentration tested, ranging from 10 nM to 100 uM. Thus, both

identity and concentration can be encoded on the olfactory bulb’s topographic map.

Many of these experiments have not addressed the issue of sensitivity. Psychophysical
experiments demonstrate a threshold of sensitivity at concentrations many orders of magnitude
lower (in the picomolar range) than those used in the above experiments. It remains possible that
at high concentrations, olfactory receptors are not as selective, but that at lower, and more
physiologically relevant, concentrations, specific receptors may be exquisitely sensitive to

individual odorants.

G protein-coupled signal transduction during olfaction
Overview

Odorant recognition by olfactory receptors initiates a transduction cascade that ultimately
induces sensory neuron depolarization and generation of action potentials. An extensive
literature has conclusively demonstrated that G protein-coupled pathways, which are used for
detecting peptides, hormones, neurotransmitters, and photons of light, also transduce vertebrate

olfactory signaling.
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The key components of this conserved pathway include an integral membrane receptor that
spans the plasma membrane seven times and an intracellular guanine nucleotide-binding protein
(G protein), composed of a heterotrimer of o, B, and vy subunits (Probst et al., 1992; Strader et al.,
1994; Bourne, 1997). In its inactive state, the Ga subunit binds GDP. To initiate signaling,
extracellular ligand binds the receptor, inducing exchange of GDP for GTP. This nucleotide
exchange causes dissociation of the GTP-bound o subunit from the By subunits, and either o or By
subunits can activate downstream effects, including enzyme activation or direct gating of ion
channels. Effector enzyme activation can produce compounds such as cAMP, IP3, and DAG,
which act as second messengers that induce further effects. Signaling ceases when the intrinsic

GTPase activity of Ga subunits hydrolyzes the bound GTP to GDP, causing reassociation of Gou

with GPy.

In the proposed model for vertebrate olfactory transduction, which will be detailed below,
odorant binding to seven-transmembrane receptors triggers G protein-mediated activation of
adenylyl cyclase. The cAMP produced gates cation channels to initiate membrane depolarization.
Many aspects of this model have been confirmed by biochemical analysis of olfactory sensory

neurons and many of the components have now been molecularly identified.
Goolf, a G protein o subunit required for olfactory transduction.

The seven-transmembrane olfactory receptors mediate detection of odorant molecules, but this
interaction is transduced to the cell interior via a G protein heterotrimer. Go.gjf is a G protein o
subunit identified by low stringency screening of a rat olfactory cDNA library (Jones and Reed,
1989). It is highly expressed in sensory neurons of the olfactory epithelium. Like Go, with which
it shares the greatest sequence identity, Gayf activates adenylyl cyclase when expressed in a
heterologous system. Its presumed olfactory role in the intact organism was confirmed recently
with the generation of transgenic mice deficient in Goyjf (Belluscio et al., 1998). These animals
exhibit a profound decrease in response to seven structurally distinct odorants, as determined by

electro-olfactogram, and are likely functionally anosmic. The mutant mice also display various
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behavioral abnormalities that may result both from the olfactory defect as well as defects in

Gopjf-mediated signal transduction elsewhere in the central nervous system.

Adenylyl cyclase and second messenger production.

One of the earliest indications that olfactory transduction occurs via a G protein-coupled
signaling pathway came with the detection of high levels of adenylyl cyclase activity in isolated
sensory cilia of frog and rat olfactory epithelium (Pace et al., 1985; Sklar et al., 1986). Notably,
odorant application (2.5 to 250 uM) increased adenylyl cyclase activity, dependent on the

presence of GTP.

Experiments using a rapid mix/quench device demonstrated subsecond kinetics of odorant-
induced cCAMP generation by isolated olfactory cilia from rats (Boekhoff et al., 1990; Breer et al.,
1990). This time course is sufficiently rapid to mediate odorant-evoked membrane depolarization,
which electrophysiological studies had shown to occur after a latency of several hundred

milliseconds (Firestein et al., 1990).

A candidate adenylyl cyclase that mediates olfactory transduction has been cloned by low
stringency screening of a rat olfactory cDNA library (Bakalyar and Reed, 1990). This novel
adenylyl cyclase (type III) appears to be expressed specifically in olfactory epithelium but not in
six other tissues tested. Specific antibodies localize its expression to the olfactory sensory cilia,

consistent with a role in transduction.

Cyclic nucleotide-gated ion channels and membrane depolarization

Patch-clamp recordings of frog olfactory sensory cilia revealed a cyclic-nucleotide gated
conductance and suggested a direct mechanism by which cAMP could initiate olfactory neuron
depolarization (Nakamura and Gold, 1987). Within the olfactory neuron, these cyclic nucleotide-
gated channels are 400-fold more concentrated at the sensory cilia than in the dendrite and cell

body, as determined by variance analysis of channel activity (Kurahashi and Kaneko, 1991).



Further confirming the role of this conductance in olfactory signaling, cAMP-induced and
odorant-evoked whole-cell currents in sensory neurons from the newt and salamander were

indistinguishable (Kurahashi, 1990; Firestein et al., 1991).

Two distinct subunits of olfactory cyclic nucleotide-gated channel, o and B, have been cloned
from the rat by low stringency olfactory library screens and by degenerate PCR amplification
(Dhallan et al., 1990; Bradley et al., 1994; Liman and Buck, 1994). Both subunits are co-expressed

primarily in olfactory receptor neurons. Heterologous expression of the o subunit alone yielded

channel activity but exhibited functional differences from native olfactory channels. Co- T
! . .t
expression of the two subunits, however, yields channel activity more closely resembling the # ""“‘:,,_,
3.2 .:.:’“
native conductance (Bradley et al., 1994; Liman and Buck, 1994). A second B subunit has been i f,’,:‘» .
e
P R
identified from a rat olfactory cDNA library that represents a splice variant of the rod ‘” s
N "’::: 3
photoreceptor channel that is expressed in olfactory neurons but not in the retina (Sautter et al., ;ﬂ,g.»al:};
=X bl
- t
1998). When this B subunit is co-expressed with the previously identified aand B subunits, the —‘"“"“
resulting channel activity even more closely resembles the native conductance, suggesting that .
i d g
i‘-" T
the native olfactory cyclic nucleotide-gated channels exists as a hetero-oligomer that includes et
o
these three subunits. o
Transgenic mice lacking the o subunit of the olfactory cyclic nucleotide-gated channels display a S

profound defect in response to all odorants tested, as determined by electro-olfactogram (Brunet
et al,, 1996). Expression of odorant receptors, type Il adenylyl cyclase, Goyf /G o5, and other
olfactory markers were normal in these mice. This study provides direct evidence for a

physiological role of cyclic nucleotide-gated channels in olfactory signal transduction.

In addition to the non-selective cation current conducted by the cyclic nucleotide-gated channel, a
concomitant chloride influx, triggered by calcium entry, also contributes significantly to the total
odorant-evoked current in both amphibians and mammals (Kleene and Gesteland, 1991; Kleene,
1993; Kurahashi and Yau, 1993; Lowe and Gold, 1993). This chloride current displays a highly

sigmoidal dependence on cAMP concentration and may act to amplify suprathreshold olfactory



signals relative to basal transduction noise, improving response to weak stimuli (Lowe and Gold,

1993; Kleene, 1997).

Inositol trisphophate as an alternative second messenger

Distinct from cAMP-mediated olfactory transduction, a less well-characterized pathway
involving inositol trisphophates has been described in vertebrates (Boekhoff et al., 1990; Restrepo
et al,, 1990; Restrepo et al., 1993). Although IP3-pathways are likely involved in invertebrate
chemosensation (Breer et al., 1990; Newell et al., 1990; Fadool and Ache, 1992; Boekhoff et al.,
1994b; Riesgo-Escovar et al., 1995), their physiologic relevance in vertebrates is unclear given the
complete anosmic phenotype of mice lacking cyclic nucleotide-gated channels (Brunet et al.,

1996). Further study may reveal, for example, a modulatory role for IP3 in olfactory signaling.

Vomeronasal receptors and signal transduction

Pheromone detection in mammals is mediated by the vomeronasal organ, an anatomically
distinct structure from the olfactory epithelium. The receptors that sense pheromones and the
signal transduction components that mediate pheromone perception have not been as well
<haracterized as the olfactory pathways. Evidence is accumulating, however, for many
simmilarities between the two sensory systems. Genes encoding two families of receptors have
been isolated from rat and mouse vomeronasal organs by differential expression library screening
(D ulac and Axel, 1995; Herrada and Dulac, 1997; Matsunami and Buck, 1997; Ryba and Tirindelli,
1997). Neither are significantly homologous to one another or to the previously identified

olfactory receptors, but both bear similarities to the seven-transmembrane domain G protein-

couwapled receptor superfamily.

Vomeronasal organ signal transduction appears to utilize signaling machinery distinct from that
used in olfactory transduction. Vomeronasal neurons do not express high levels of Goyjf, type III

adeny 1yl cyclase, or rOCN1, the o subunit of the olfactory cyclic nucleotide-gated channel, all of

which are highly expressed in olfactory sensory neurons (Berghard et al., 1996). Rather,
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vomeronasal neurons express type Il adenylyl cyclase, and within the vomeronasal organ,
distinct subregions of neurons express either Gog, or Goy2 (Berghard and Buck, 1996).
Interestingly, expression of the two families of vomeronasal organ receptors may be restricted to
either the Go,* or Gajpt classes of neurons (Dulac and Axel, 1995; Herrada and Dulac, 1997;
Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). In situ hybridizations with probes specific
for subfamilies of vomeronasal receptors has suggested that each family consists of ~100
members; however, up to two thirds of these may be pseudogenes for the G o, receptors. Thus,
the olfactory and vomeronasal sensory structures use similar yet distinct strategies of signal

transduction.

Regulation of G protein-coupled receptor signaling

Thus far, we have focused on how odorant binding activates an intracellular signal. However, it

is equally important to terminate the signal appropriately. The intrinsic GTPase activity of G
protein o subunits provides one mechanism for ending signaling. Another is provided in the
olfactory mucus layer, where odorant binding proteins and metabolizing enzymes may remove

or deactivate olfactory receptor ligands (Carr et al., 1990; Pelosi, 1996).

OOrganisms also require mechanisms to downregulate olfactory signaling after continuous or
re peated stimulation. Desensitization is important for detecting novel stimuli, sensing
concentration changes, and ignoring non-informative signals. Conversely, in the absence of

s timulation, sensory transduction pathways are often upregulated to increase sensitivity.

M e chanisms by which olfactory transduction is regulated have been proposed in a number of
stuadies, many inspired by work in the more thoroughly characterized G protein-coupled

trarnsduction systems of phototransduction and adrenergic receptor signaling.

Do vwwnregulation mediated by phosphorylation of G protein-coupled receptors
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Seven-transmembrane receptor phosphorylation on serine and threonine residues is a well-
characterized mechanism of desensitization, mediated by second messenger-dependent and G
protein-coupled receptor kinases (Freedman and Lefkowitz, 1996; Bohm et al., 1997).
Heterologous and homologous desensitization describe two distinct mechanisms of

phosphorylation-mediated downregulation.

During heterologous desensitization, second messengers produced during G protein-coupled
signaling activate protein kinases. cAMP activates protein kinase A, whereas lipid-derived
second messengers, at times in conjunction with calcium, activate protein kinase C (Bohm et al.,
1997). These serine/threonine kinases have broad substrate specificity and phosphorylate a
number of proteins, including receptors. This pathway is termed heterologous desensitization
because signaling through one receptor can downregulate other receptors, including those not
previously activated. Receptor phosphorylation by second messenger-dependent kinases is

thought to directly uncouple receptors from G proteins (Benovic et al., 1985; Pitcher et al., 1992a).

In contrast, homologous desensitization is mediated by G protein-coupled receptor kinases
( GRKs) that specifically phosphorylate activated, or ligand-bound, receptors (Premont et al., 1995;
Freedman and Lefkowitz, 1996; Bohm et al., 1997). GRKSs frequently require regulated localization
to the plasma membrane to exert their effects. Receptor phosphorylation alone is insufficient for
mm aximal downregulation: cofactors called arrestins bind phosphorylated receptors to effect
urncoupling from G proteins. At least six GRKSs, including rhodopsin kinase and B-adrenergic
receptor kinase-1 and -2 (BARK-1 and BARK-2), and four arrestins have been identified, with

Varying tissue distributions and substrate specificities.

Although phosphorylation-dependent regulation has been studied primarily using rhodopsin
and adrenergic receptors as substrates, evidence is accumulating that the same mechanisms

regualate desensitization of vertebrate olfactory signal transduction.
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Fast kinetics mix/quench experiments have shown that isolated rat olfactory cilia treated with
micromolar concentrations of some odorants produce a transient increase in cAMP that peaks
within 50 milliseconds and returns to near baseline within several hundred milliseconds (Breer et
al., 1990). The rapid decrease of cCAMP in the continued presence of odorant is indicative of rapid
desensitization of the odorant response. Studies, which will be summarized below, now support
a role for both second messenger-dependent kinases and G protein-coupled receptor kinases in

rapid olfactory desensitization.

Phosphorylation of proteins in olfactory cilia was observed after 1 uM odorant treatment for 1
second (Boekhoff et al., 1992). For odorants that induced cAMP generation, phosphate
incorporation was prevented by Walsh reagent, which inhibits protein kinase A. The functional
significance of phosphorylation was assessed by observing the effect of pharmacologic agents on
the kinetics of second messenger formation. Pretreatment of olfactory cilia with Walsh inhibitor
prevented the rapid decrease of cCAMP levels following odorant treatment, such that elevated
levels persisted for seconds (Boekhoff and Breer, 1992). These experiments support a role for

phosphorylation during rapid signal termination.

I parallel with second messenger-dependent kinases, G protein-coupled receptor kinases are

also required for desensitization. B-adrenergic receptor kinase-2 (BARK-2) is highly expressed in
ol factory cilia, while BARK-1 is not, as determined by ELISA using subtype-specific antibodies
(Schleicher et al., 1993). Similarly, in situ immunohistochemistry revealed that BARK-2 and B-

arrestin-2 are expressed in the cilia and dendritic knobs of olfactory neurons (Dawson et al.,

1993).

Pre treatment of isolated olfactory cilia with anti-B ARK-2 antibodies or heparin, which blocks
rece ptor-specific kinases, abolished rapid decreases of cAMP following 1 uM odorant stimulation,
simuilar to the effects of Walsh inhibitor. However, phosphate incorporation in ciliary proteins
was decreased more by protein kinase A inhibition than by heparin or anti-B ARK-2 antibody

treatmment (Schleicher et al., 1993). Another study showed that anti-B ARK-2 as well as anti-B-
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arrestin-2 antibodies not only decreased the rapid attenuation of cAMP, but also greatly increased
the peak levels of cAMP achieved; these experiments were performed using odorant at 100 uM
(Dawson et al., 1993). Thus, it appears that both protein kinase A as well as BARK-2 / B-arrestin-2

are required for rapid desensitization of olfactory signaling, suggesting that the two kinase

pathways may act sequentially.

A possible mechanism integrating the two kinase pathways during downregulation has been
proposed, via PKA-regulated translocation of BARK-2 to the plasma membrane. Prenylated G
protein By subunits target BARK-1 and BARK-2 to the plasma membrane via interaction with

carboxy terminal regions of the kinases, thereby enhancing phosphorylation of the B-adrenergic

receptor (Pitcher et al., 1992b; Koch et al., 1993; Pei et al., 1994).

Phosducin competes with B ARK binding to Gy, thereby inhibiting BARK-mediated receptor
phosphorylation (Hawes et al., 1994; Hekman et al., 1994). Upon phosphorylation on a specific
serine residue by PKA, phosducin releases GBy, which is then available for BARK-mediated

d esensitization. Phosducin has been detected in rat olfactory cilia preparations using anti-

 hosducin antibodies (Boekhoff et al., 1997).

E xperiments using isolated olfactory cilia are consistent with the proposed role for PKA,
phosducin, GBy, and B ARK-2 during rapid desensitization. Odorant stimulation of olfactory cilia
P reparations for less than 1 second induces a dose-dependent (from 1 nM to 1 uM) translocation

of 3 ARK-2 from cytosolic to membrane fractions. Pretreatment of the isolated cilia with BARK-2
re ggions analogous to the PARK-1 GBy-binding segments abolishes membrane translocation,

red uces ciliary protein phosphorylation, and eliminates the rapid decrease of cAMP levels

following odorant stimulation (Boekhoff et al., 1994a).

Recombinant phosducin added to isolated cilia results in a similar effect, preventing membrane
franslocation of B ARK-2 and inhibiting rapid termination of the cAMP signal (Boekhoff et al.,

1997). Phosducin with an $73D mutation that might mimic the phosphorylated state exhibits
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decreased Gy binding, and addition of recombinant S73D phosducin decreases the peak cAMP

level achieved following odorant stimulation and slightly accelerated the kinetics of decay.

Together, these experiments in isolated olfactory cilia support the following model for rapid
termination of olfactory signaling: odorant binding to receptors induces Goy)f activation of
adenylyl cyclase and increased cAMP levels; cAMP-activated protein kinase A phosphorylates
phosducin, releasing G By; liberated GPy is free to mediate translocation of BARK-2 to the plasma
membrane, where phosphorylation of activated receptors occurs; finally, B-arrestin-2 binding to

phosphorylated receptors effects uncoupling from G proteins.

Resensitization of receptors, or maintenance of the proper equilibrium between active and
inactive receptors, may require the action of protein phosphatases. Protein phosphatase 2A is
expressed in cilia of the olfactory epithelium, as visualized by immunohistochemical staining
with subtype-specific antibodies (Kroner et al., 1996). Treatment of isolated cilia with the
phosphatase inhibitor okadaic acid or anti-phosphatase 2A antibodies resulted in a decreased
ammplitude of cAMP production, without significantly altering the kinetics of the response or
d esensitization (Boekhoff and Breer, 1992; Kroner et al., 1996). Conversely, protamine, which
activates phosphatase 2A, caused an increase in the cAMP response. These results in isolated
o lfactory cilia suggest that phosphatases may modulate the odorant-induced response. A role for

pPhosphatases in resensitization has not yet been demonstrated. However, in a non-olfactory

receptor, the G protein-coupled vasopressin receptor, dephosphorylation may be required for
recycling internalized receptors to the plasma membrane (Innamorati et al., 1998); this type of

mechanism in olfactory signaling might not be evident when using isolated cilia.
Ph osphorylation of signaling components

Sigmnal transduction molecules other than the receptor and phosducin may also be targets for

PhOSphorylation. For example, in experiments using purified components, protein kinase A

Phosphorylates and decreases the catalytic activity of adenylyl cyclase in vitro (Iwami et al., 1995).
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Likewise, in S. cerevisiae, G is phosphorylated at several sites following pheromone exposure.
Mutations in GP that prevent phosphorylation lead to increased sensitivity to pheromone and

impaired recovery from pheromone adaptation (Cole and Reed, 1991).

Receptor downregulation, sequestration, and degradation

Receptor phosphorylation and arrestin binding mediate rapid desensitization to stimuli. Over

longer time courses, receptor expression at the cell surface can be decreased, either by diminished

synthesis or increased removal (Bohm et al., 1997). Endocytosed receptors can be sequestered

within inactive intracellular pools until future recycling to the surface or degraded in lysosomes.

The yeast pheromone signaling pathway demonstrates the principle of complex and overlapping
regulation during G protein-coupled signal transduction. In addition to regulation of GB by
phosphorylation mentioned above, the o.-factor pheromone receptor undergoes increased rates of
internalization after pheromone stimulation. This increase is dependent on both phosphorylation
and ubiquitination, as demonstrated by mutants lacking casein kinase I and ubiquitin-
conjugating enzymes. Mutation of potential phosphorylation and ubiquitination sites in wild -
type and truncated o-factor receptors suggests that hyperphosphorylation of carboxy terminal
serines allows ubiquitination of neighboring lysines and that ubiquitination acts as an
internalization and degradation signal (Hicke and Riezman, 1996; Hicke et al., 1998). It is not

krnown whether vertebrate G protein-coupled receptors also undergo ubiquitin-dependent
d ownregulation.
R egulators of G protein signaling: RGS proteins

In recent years, a convergence of genetic and biochemical approaches has led to the identification

of a large family of proteins, conserved from yeast to mammals, that negatively regulates G

Protein signaling.
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In yeast, the SST2 gene encodes the first identified RGS protein. sst2 loss of function mutants are
hypersensitive to pheromone and defective in pheromone adaptation. Conversely, SST2 gain-of -
function mutants inhibit responses to pheromone. Epistasis experiments and the finding that
S5T2 mutant phenotypes can be suppressed by mutations in the G protein a subunit in an allele-
specific manner suggested that Sst2p acts directly on Gpalp to negatively regulate signaling
(Dohlman et al., 1995; Dohlman et al., 1996). Similarly, in C. elegans, alterations in activity of the
RGS protein EGL-10 and a G protein o subunit GOA-1 produce opposite phenotypes, shown by

mutation or by modifying gene dosage. Epistasis experiments between egl-10 and goa-1 were

consistent with egl-10 functioning upstream of, or directly on goa-1, to inhibit signaling (Koelle R
w L o
and Horvitz, 1996). " —‘*‘*:’“ ,

The molecular mechanism by which RGS proteins inhibit G protein signaling has since been L

elucidated. RGS proteins act as GTPase activating proteins (GAPs) for G protein o subunits, l:, .
;‘W;‘b
thereby increasing the rate of Ga inactivation (Berman et al., 1996; Hunt et al., 1996; Watson et al., ”‘,‘,.mh
-
1996). Initially, GAP activity was demonstrated using mammalian RGS proteins acting on G .
o rotein subunits in the Gaj family. Subsequent work has confirmed that yeast Sst2p also acts as a [::.,; B
G AP (Apanovitch et al.,, 1998) and demonstrated that other RGS proteins can act on Gog (Hepler :v "

et al, 1997; Heximer et al., 1997; Yan et al., 1997). In addition to GAP activity, one RGS protein
a p pears to occlude association of Gog with its effector enzyme, phospholipase C B, suggesting
th at RGS proteins may have multiple mechanisms of inhibiting G protein signaling (Hepler et al.,

1997).

The identification of GAP proteins for heterotrimeric G proteins can explain the puzzle of how G
Protein deactivation in vivo can occur orders of magnitude faster than in vitro. It is not known
whe ther RGS proteins are required for the rapid termination of olfactory signaling observed in

isolated olfactory cilia. However, an RGS mRNA has been identified in isolated catfish olfactory

Neuromns by RT-PCR (Bruch and Medler, 1996).

Role of calcium in modulating olfactory signaling
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During initiation of vertebrate olfactory signaling, calcium has been called a third messenger
because of its role in gating chloride channels (Kleene, 1993; Kurahashi and Yau, 1993; Lowe and
Gold, 1993). In addition to its role in signal generation, calcium acts subsequently to

downregulate signaling at multiple levels of the signaling cascade.
Signal termination by calmodulin-dependent phosphodiesterase

In fast kinetic analysis of isolated rat olfactory cilia, second messenger levels induced by odorants
decay rapidly within several hundred milliseconds (Breer et al., 1990). The rapid decrease in
cAMP levels observed suggests that phosphodiesterase activity is important for signal
termination. Consistent with this hypothesis, pharmacological inhibition of phosphodiesterase
activity prolonged the odor-induced current in salamander olfactory neurons (Firestein et al.,

1991).

Rat olfactory neurons express high levels of calmodulin-dependent phosphodiesterase (CaM-
PDE) localized to the cilia, as determined by immunohistochemistry. Its activity is stimulated by
submicromolar concentrations of calcium (Borisy et al., 1992). A calmodulin-dependent
phosphodiesterase isozyme was subsequently cloned and demonstrated to be highly expressed in
olfactory epithelium. When expressed in COS cells, the olfactory CaM-PDE demonstrated a much
lower Ky, for cAMP than previously described in other neuronal CaM-PDEs, consistent with a
role in efficiently terminating olfactory signaling (Yan et al., 1995). Regulation by calcium may

allow olfactory CaM-PDE to modulate signaling in response to prior stimulation.

C a lcium has also been reported to reduce odorant-induced cAMP generation by a mechanism not
affected by phosphodiesterase inhibitors (Boekhoff et al., 1996). These rapid mix/quench

eX periments suggest that low micromolar concentrations of calcium act by decreasing cAMP
Beneration, rather than by increasing its removal. It is not clear, however, whether the method of

isolating rat olfactory cilia, by high concentration calcium shock, might confound the analysis.

Mod 1¢1ation of cAMP-gated channel activity by calcium
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Recordings from macro patches of catfish olfactory neurons revealed strong inhibition of the
cAMP-elicited current by micromolar concentrations of intracellular calcium. Calcium does not
appear to act directly on the channel but is proposed to interact with a labile protein that washes
out from the membrane patches (Kramer and Siegelbaum, 1992). This regulatory protein is likely
to be calmodulin. Micromolar calcium in the presence of calmodulin strongly inhibits the cyclic
nucleotide-generated current in patches of rat olfactory receptor neurons as well as in
heterologously expressed o subunits of the rat olfactory cyclic nucleotide-gated channel (Chen
and Yau, 1994). Calcium-calmodulin acts directly on the heterologously expressed channel by
binding a specific domain on the amino terminus (Liu et al., 1994). The mechanism of inhibition is
presumably similar in the heterologously expressed homo-oligomeric and the native hetero-
oligomeric channels. However, an additional calmodulin-independent pathway, also dependent
on calcium, has been proposed to inhibit cyclic nucleotide-gated channel activity, based on

differential susceptibility to exogenous antagonists (Balasubramanian et al., 1996).

Role of calcium in olfactory adaptation

The previously described mechanisms of calcium-mediated inhibition of olfactory signaling in
vitro may manifest in vivo as olfactory adaptation. In whole-cell recordings of newt olfactory
neurons, inactivation of currents induced by prolonged application of high concentrations of

odorants (10 mM) was seen only in the presence of calcium (Kurahashi and Shibuya, 1990).

In one experimental setup, the primary mechanism of olfactory adaptation appears to be calcium-
mediated modulation of the cyclic nucleotide-gated channel. As a paradigm for adaptation, a
conditioning pulse of odorant at millimolar concentrations reduced the response to a subsequent
stimulus, as monitored by whole-cell recordings of dissociated newt olfactory neurons.
Adaptation was calcium dependent. Interestingly, after an odorant-induced conditioning pulse,
similar adaptation was seen in response to photolysis of caged cAMP, demonstrating that the
mechanism of adaptation acted downstream of the receptor, G protein, and adenylyl cyclase.

Kinetic analysis was consistent with adaptation via calcium-mediated modulation of the cAMP-

19



gated channel activity rather than increased phosphodiesterase activity (Kurahashi and Menini,
1997). In summary, mechanisms entirely downstream of cAMP production account for
adaptation in this system, raising questions about the importance of receptor-based regulation,
for example, by receptor kinases and arrestins. Because these studies were performed at high
odorant concentrations, it is possible that other mechanisms might contribute to olfactory

adaptation at lower concentrations.

C. elegans as a model system for studying behavior

The soil nematode C. elegans is an attractive model organism for studying behavior because of its
genetic tractability and simple structure (Brenner, 1974). Genetic manipulations are aided by its
size (~ 1 mm), rapid life cycle (4 days at 20°C), and ability to reproduce both hermaphroditically

and sexually.

A cellular understanding of behavior in C. elegans is made possible by its stereotyped nervous
system, consisting of only 302 neurons in the adult hermaphrodite (White et al., 1986). Serial
section electron microscopy has generated a nearly complete neuronal connectivity diagram,
which should provide much of the basis for behavior. Cellular morphology provides clues to
neuronal function, which can then be confirmed by analysis of defects that result from laser

ablation of individual neurons.

Olfactory behaviors in C. elegans

Despite its simplicity, C. elegans possesses a wealth of behaviors and responds to many
environmental cues, spanning physical, chemical, and thermal modalities. C. elegans senses both
volatile and water-soluble chemicals in the environment in processes analogous to smell and taste
(Ward, 1973; Bargmann et al., 1993). Both attractive and repellent compounds have been

identified by chemotaxis assays.
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Many volatile compounds are sensed by C. elegans (Bargmann et al., 1993). Fifty of 121 volatile
chemicals tested were strong attractants, and included alcohols, ketones, esters, pyrazines,
thiazoles, aldehydes, and aromatic compounds. For most attractive odorants, a ~100 nanomole
point source is sufficient for chemotaxis on a 10 cm assay plate; a few compounds are efficient
attractants at 100-fold lower concentrations. Experiments using tethered worms and computer
tracking suggest that the threshold of chemosensitivity in C. elegans approaches 10-10 M (Terrill

and Dusenbery, 1996).

Olfactory chemotaxis exhibits structural specificity, as wild-type C. elegans can discriminate
among several different attractive odorants in saturation assays (Bargmann et al., 1993). In these
assays, high uniform concentrations of an odorant abolish response to that odorant without
interfering with chemotaxis to other odorants. At least seven classes of odorants can be

discriminated from one another.

Behavioral responses can be altered by prior experience. In olfactory adaptation, prolonged
exposure to an odorant selectively diminishes subsequent response to that odorant without
affecting responses to other attractants (Colbert and Bargmann, 1995). Additional environmental
signals, such as starvation, can modulate both adaptation and recovery from adaptation, and

increase odorant discrimination (Colbert and Bargmann, 1997).
Neuroanatomy of chemosensation in C. elegans

Candidate chemosensory neurons were initially identified ultrastructurally (Ward et al., 1975;
Ware et al., 1975; Perkins et al., 1986; White et al., 1986). In three classes of C. elegans sensilla, a
non-neuronal socket cell forms a pore in the cuticle, while a sheath cell envelops the terminal cilia
of associated neurons. Together, these cells form the amphid and inner labial sensilla in the head
of the animal and the phasmid sensilla of the tail. The neurons in these sensilla have been

proposed to be chemosensory based on the exposure of their cilia to the external environment.
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Twelve classes of bilaterally symmetric neurons contribute to the amphid sensilla. The ciliated
endings of eight types of neurons are directly exposed to the environment through the amphid
pore. Laser ablation of these neurons has shown that they primarily direct responses to water-
soluble compounds (Bargmann et al., 1990; Bargmann and Horvitz, 1991; Kaplan and Horvitz,
1993). The cilia of one class of neuron (AFD) is part of the amphid sensilla but is not associated

with the pore. This neuron is required for thermosensation (Mori and Ohshima, 1995).

The cilia of three types of neurons, including AWA and AWC, are enveloped by the amphid
sheath cell and not directly exposed, but are continuous with the external environment via matrix
material secreted by the sheath cell. The AWA and AWC neurons are the only neurons required
for chemotaxis to all tested volatile attractants. Each neuron directs chemotaxis to a subset of
sensed odorants (Bargmann et al., 1993; Piali Sengupta, personal communication). AWA is
necessary for response to pyrazine and diacetyl, whereas AWC is required for chemotaxis to
benzaldehyde, isoamyl alcohol, 2,3-pentanedione, and butanone. Either neuron can direct

chemotaxis to 2,4,5-trimethylthiazole.

Olfactory signal transduction

When work on this thesis was begun, little was known about the molecular components of
olfactory signal transduction in C. elegans. During the following years, genetic analysis of mutants
defective in chemosensory behaviors has identified signal transduction components potentially
involved in the initial events of sensory perception. These studies have revealed striking parallels

with the signaling pathways used during vertebrate olfaction.

The identification of candidate seven-transmembrane G protein-coupled chemosensory receptors
and the functional characterization of one of them are described in this thesis (Chapters 1, 2, and

3).

A G protein o subunit encoded by odr-3 is required for normal chemotaxis to odorants sensed by

the AWA and AWC chemosensory neurons (Roayaie et al., 1998). Consistent with a role in signal
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transduction, odr-3 antibodies and an odr-3 translational fusion reveal expression localized to the

sensory cilia.

Two guanylyl cyclases, odr-1 and daf-11, are required for AWA chemosensory function
(Bargmann et al., 1993; Vowels and Thomas, 1994; N. L’Etoile, personal communication; D.
Birnby, submitted). In addition, ~30 receptor guanylyl cyclases have been identified in the
sequenced regions of the C. elegans genome (Yu et al., 1997). All eight analyzed cyclases are
expressed in distinct sensory neurons, including AWC, and at least one is localized to sensory
cilia. Expression of three of the guanylyl cyclases in ASE demonstrates absolute right- or left-
sidedness, suggesting that chemosensory receptors previously thought to be bilaterally
symmetric and equivalent may be functionally distinct. It is unclear whether these guanylyl
cyclases are effector enzymes for G protein-coupled signaling, additional chemosensory receptor

molecules, or both.

tax-2 and tax-4 encode two subunits of cyclic nucleotide-gated channels and may represent
downstream targets of the guanylyl cyclases. tax-2 and tax-4 are required for both chemotaxis
mediated by AWC and for thermotaxis (Coburn and Bargmann, 1996; Komatsu et al., 1996). Both
are expressed in the AWC chemosensory and AFD thermosensory neurons and are localized to

the cilia, consistent with a role in sensory transduction.

In contrast, osm-9, which encodes a putative ion channel similar to the capsaicin receptor and Trp
ion channels in Drosophila phototransduction, is required for AWA-mediated chemosensation
(Colbert et al., 1997). These findings suggest that the AWA and AWC chemosensory neurons use
distinct signaling mechanisms, as AWA chemotaxis requires the OSM-9 putative ion channel
whereas AWC function is dependent on the TAX-2/TAX-4 cyclic nucleotide-gated channel.
Although osm-9 is not required for AWC-mediated chemotaxis, 0sm-9 mutants possess an AWC

olfactory adaptation defect, suggesting that OSM-9 may play a modulatory role in AWC.
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Genetic analysis has also revealed genes required for neuronal development and cell biology. odr-
7 encodes a transcription factor required for AWA sensory function (Sengupta et al., 1994), while
odr-4 is required for proper localization of some seven-transmembrane receptors to AWA and

AWC sensory cilia (Dwyer et al., 1998).

Neuronal networks and the generation of behavior

Less is known about how the initial perception mediated by a chemosensory neuron is converted
through a network of interneurons, motorneurons, and muscle cells into chemotactic behavior.
Worms chemotax directly up a concentration gradient to a point source of attractant (Ward, 1973;
Bargmann et al., 1990; Bargmann and Horvitz, 1991). Based on the location of chemosensory cilia
at the tip of animal’s nose and their orthogonal orientation to the plane of movement, chemotaxis
probably does not involve the simultaneous comparison of attractant concentration at two points
in space. Instead, attractant perception is temporally integrated into a molecular memory of
odorant concentrations. Furthermore, a worm appears to orient to the attractant by positioning its
head directly up the concentration gradient — worms with a kinked neck spiral inwards towards
a point source of attractant, rather than chemotaxing directly to the odorant (Ward, 1973). The

neuronal circuitry that mediates this complex behavior is not understood.

In other behavioral responses, more is known about the neuronal networks that generate
behavior. For example, in the light touch aversive response, laser ablations and the known
ultrastructural connectivity of neurons have suggested a simple reflex circuit of mechanosensory
neuron to interneuron to motor neuron (Herman, 1996). Within the mechanosensory neuron, ion
channels proposed to be directly gated by mechanical stress have been genetically implicated as
critical for touch response. The simple forward or backward movement response suggests that

relatively uncomplicated neural processing is required for generating this behavior.

Thermotaxis is a more complicated behavior in which worms exhibit a memory and preference

for their prior cultivation temperature. Upon transfer to a plate with a radial temperature
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gradient, wild-type animals migrate to and move within an isothermal track corresponding to
their cultivation temperature (Hedgecock and Russell, 1975). Laser ablation experiments have
identified thermosensory receptor neurons (AFD) and several pairs of interneurons required for
thermotaxis (AIY, AIZ, and RIA) (Mori and Ohshima, 1995). Interestingly, antagonistic output
from two classes of these interneurons is required for proper thermotaxis. Animals lacking AIY
due to laser ablations or mutations are cryophilic, while AIZ-deficient animals are thermophilic
(Mori and Ohshima, 1995; Hobert et al., 1997; Hobert et al., 1998). The RIA interneuron may play
a role in signal integration, as defined by laser ablation experiments and known neural
connectivity. The molecular mechanisms by which these competing signals are integrated with
one another and with a memory of cultivation temperature is unknown. Thermotaxis is
particularly relevant to the study of chemotaxis because the two behaviors share some of the
same signal transduction components and interneurons downstream of the sensory receptors

(Coburn and Bargmann, 1996; Komatsu et al., 1996).

Overview of this thesis

Chapter 1 describes the identification of a large family of candidate chemosensory receptors from
the sequenced regions of the C. elegans genome. Their similarity to seven-transmembrane G
protein-coupled receptors, large number, high diversity, and expression in chemosensory

neurons suggest that they might mediate chemosensation.

In Chapter 2, a genetic approach was used to identify a seven-transmembrane receptor, ODR-10,
specifically required for responses to diacetyl. The specificity of its mutant phenotype and
expression in the chemosensory neurons that sense diacetyl support the identification of ODR-10

as an olfactory receptor.

Chapter 3 details the functional characterization of ODR-10 heterologously expressed in

mammalian cells. This analysis provided proof that ODR-10 acts as an olfactory receptor for
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diacetyl. The second part of the chapter explores the ligand specificity of ODR-10 expressed in

vitro and in vivo.

Chapter 4 explores possible neuronal and molecular mechanisms of olfactory discrimination and
downregulation. These studies demonstrate that isolated chemosensory neurons are capable of
discriminating between multiple odorants. Site-directed mutagenesis of ODR-10 was employed

to determine the role of phosphorylation and ubiquitination in chemosensory behaviors.

Chapter 5 describes the cloning and characterization of odr-2, a gene required for behaviors
mediated by the AWC chemosensory neurons. odr-2 is shown to encode an alternatively spliced,
neuronally-expressed protein with distant similarity to the Ly-6 superfamily of extracellular

proteins.
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Chapter 1. Divergent seven transmembrane receptors are
candidate chemosensory receptors in C. elegans.

Published in: (1995) Cell 83: 207-218. Copyright © 1995 by Cell Press.

Statement of contributions

In this paper, 41 potential chemosensory receptors, grouped into six families, were identified
from the sequenced regions of the C. elegans genome, and expression patterns were determined

for 14 of the receptors.

I identified three of six families (16 of 41 candidate receptors) and carried out multiple sequence
alignment and phylogenetic analysis of all the receptors. I designed, cloned, and injected seven of
the 14 green fluorescent protein constructs that yielded expression patterns. My work contributed

substantially to all figures and tables in the published paper except Table 2.
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Summary

Using their senses of taste and smell, animais recog-
nize a wide variety of chemicals. The nematode C.
elegans has only fourteen types of chemosensory neu-
rons, but it responds to dozens of chemicais, because
each chemosensory neuron detects several stimull.
Here we describe over 40 highly divergent members
of the G protein-coupled receptor family that could
contribute to this functional diversity. Most of these
candidate receptor genes are in clusters of two to nine
similar genes. Eleven of fourteen tested genes appear
to be expressed in smail subsets of chemosensory
neurons. A single type of chemosensory neuron can
potentially express at least four different receptor
genes. Some of these genes might encode receptors
for water-soluble attractants, repellents, and phero-
mones.

Introduction

The olfactory and gustatory systems detect a variety of
structurally unrelated molecules, from ions to complex or-
ganic compounds. These heterogeneous chemical sig-
nals are recognized by specialized sensory receptors and
sensory neurons. Unlike the visual system, which detects
many wavelengths of light but uses only a few types of
receptor neurons, the olfactory system contains many
types of sensory neurons that each detect particular chem-
ical cues.

To analyze the mechanisms of sensory recognition and
discrimination by the nervous system, we are studying
chemosensation in the nematode Caenorhabditis ele-
gans. C. elegans can detect touch, temperature, and light,
but its responses to chemicals are the most diverse re-
sponses in its behavioral repertoire. C. elegans eats bacte-
ria; chemicals produced by bacteria stimulate chemotaxis,
egg laying, feeding, and defecation (Ward, 1973; Dusen-
bery, 1974; Horvitz et al., 1982; Avery and Horvitz, 1990;
Thomas, 1990; Bargmann et al., 1993), while toxic or aver-
sive compounds are avoided (Culotti and Russell, 1978).
Pheromones contribute to mating between males and her-
maphrodites (Liu and Sternberg, 1995). A pheromone also
controis the development of an alternative larval stage
called a dauer larva (Golden and Riddle, 1984).

The neurons involved in these chemosensory re-
*These authors made similar contributions to this work.
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sponses can be precisely defined within the nervous sys-
tem of C. elegans. An adult hermaphrodite has exactly
302 neurons, whose positions, morphology, and synaptic
connections are reproducibie from animal to animal (White
et al., 1986). Among these neurons are 32 neurons that
appear to be chemosensory, since they have ciliated end-
ings that are exposed to the environment through special-
ized sensory structures (Ward et al., 1975; Ware et al.,
1975). These neurons can be divided into fourteen types,
where one neuron type typically consists of two bilaterally
symmetric neurons. For ten types of neurons, chemosen-
sory function has been directly demonstrated by observing
behavioral deficits after laser killing of defined cell types.
For example, the two ASE chemosensory neurons re-
spond to water-soluble attractants including salts, cAMP,
and biotin; the two AWC olfactory neurons respond to vola-
tile aldehydes, ketones, alcohols, and thiazoles; and the
two ASH neurons respond to both chemical and mechani-
cal stimuli (Bargmann and Horvitz, 1991a; Bargmann et
al., 1993; Kaplan and Horvitz, 1993). The neurons that
sense attractants (seven types) and repeilents (two types)
do not overlap, and they synapse onto distinct synaptic
targets that mediate chemotaxis and avoidance behaviors
(White et al., 1986).

Interestingly, different kinds of sensory information can
be sorted out within a single type of sensory neuron. For
example, three pairs of neurons regulate both chemotaxis
and dauer larva formation, while two pairs of neurons regu-
late both chemotaxis and egg laying (Bargmann and Hor-
vitz, 1991b; E. Sawin and H. R. Horvitz, personal commu-
nication). Thus, two distinct responses can be generated
by a single sensory cell type. In addition, animais can
adapt independently to two different chemicals that are
detected by the same chemosensory neuron (Coibert and
Bargmann, 1995), and the response to one chemical de-
tected by a chemosensory neuron can be saturated with-
out blocking the response to a second chemical detected
by that neuron (Ward, 1973; Bargmann et al., 1993).

How can a small number of chemosensory neurons gen-
erate responses to a much larger number of chemicals?
One possibility is that each chemosensory neuron pos-
sesses multiple receptor proteins or binding sites for differ-
ent compounds. In that case, some aspects of discrimina-
tion between sensory stimuli could occur within a single
sensory neuron. Alternatively, each sensory neuron might
express only one type of receptor that binds to many chem-
icals; in this case, downstream integration of information
from several types of sensory neurons could be used to
generate diverse responses. Unfortunately, it has not
been possible to examine chemosensory receptor expres-
sion directly. A family of G protein—coupled vertebrate ol-
factory receptors has been identified (Buck and Axel,
1991), but homologs of these receptors have not been
identified in C. elegans. G protein-mediated second mes-
sengers have been implicated in insect chemoreception
(Breer et al., 1990), but the receptors that mediate chemo-
sensation in invertebrates are unknown.



We describe here a family of seven transmembrane re-
ceptor genes whose products might mediate chemosen-
sation in C. elegans. These genes were sequenced by the
C. elegans genome sequencing consortium, which has
sequenced about 15% of the genome (Sulston et al., 1992;
J. Suiston, A. Coulison, R. Waterston, et al., personal com-
munication). The genes are highly divergent from known
genes and from one another. However, they have second-
ary structures and key residues that define them as mem-
bers of the G protein—coupled receptor superfamily. The
receptor genes are clustered in the genome, with up to
nine genes present in a single cluster. Most of these genes
are expressed in sensory neurons, and multiple receptors
can be expressed by a single sensory neuron.

Resuits

A Large Family of Potential Seven

Transmembrane Receptors

In C. elegans, genes with related functions are often found
clustered in the genome in operons: a primary transcript
encoding several genes is cleaved to produce multiple
mature mRNAs (Zorio et al., 1994). Therefore, we exam-
ined regions around potential olfactory signaling mole-
cules in the sequenced DNA of C. elegans for genes that
might be chemosensory receptors. Immediately adjacent
to a transmembrane guanylyl cyclase on chromosome |I,
we found nine novel genes that were related to one an-
other. Although these genes were not homologous to any
known genes, they encoded proteins with muitiple pre-
dicted transmembrane domains, as would be expected of
receptors. These sequences were used to search data-
bases for related genes, which were then used in further
sequence searches (Altschul et al., 1990). From this analy-
sis, we identified 41 potential C. elegans receptor genes
that fell into six families based on sequence similarity with
one another. The gene families were named sra, srb, srg,
srd, sre, and sro (for serpentine receptor classes a, b, g,
d, e, and 0). The chromosomal locations of these genes
are shown on Figure 1A; their sequences are presented
in Figure 2.

The sra, srb, srg, srd, and sre genes were not signifi-
cantly similar to any known gene in homology searches.
However, when their sequences were manually aligned
with consensus sequences for seven transmembrane
receptors, they were found to contain features that are
characteristic of that family. Each gene displayed approxi-
mately seven hydrophobic peaks that could be transmem-
brane domains (Figure 1B) (Kyte and Doolittle, 1982) as
well as some key residues that are usually present in G
protein-coupled receptors (Probst et al., 1992). The re-
gions of conservation in each subfamily were most pro-
nounced in predicted transmembrane domains 3 and 7
and in linker regions between transmembrane domains.
These regions tend to be most conserved among related
seven transmembrane receptors, supporting the hypothe-
sis that the sra, srb, srg, srd, sre, and sro genes encode
G protein—coupled receptors from this superfamily (Probst
et al., 1992).
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Figure 1. Genomic Organization and Structure of Predicted Receptor
Genes

(A) Genomic organization of predicted receptor genes (not to scale).
Approximately two thirds of chromosome Ili and one third of chromo-
some |l were availabie through GenBank when these genes were dis-
covered. At the top is shown the approximate genetic map position
of each set of genes. In insets are shown the cosmids from which
each gene was derived. Predicted receptor genes are indicated by the
thicker lines; interspersed genes that did not belong in these receptor
families are indicated by the thinner lines. in the sra-1-sra-9 cluster,
the interspersed genes were AH8.5, a zinc finger-containing protein,
AHB.15, a transposon, and AH8.13, a fragment of an sra-iike gene.
G. C. is the guanylyl cyclase AH8.1. In the sra-10-sra-12 cluster, the
interspersed genes were F44F4.6, a f-1,68-N-acetyiglucosaminyitrans-
ferase, and F44F4.8, a transposase. in the srd-1-sro-2-srb-6 cluster,
the interspersed genes were ROSHS.2, a phosphatase, and RO5HS.7,
a novel protein.

(B) Hydrophobicity piots of representative genes. Six of the genes
whose expression pattemns are presented in Figures 3-8 are shown.
Hydrophobic peaks predicted by Kyte-Doolittie analysis (Kyte and
Doolittle, 1982) appear above the center line in each graph. Similar_
plots were obtained for ail family members shown in Figure 2.

|
! 4
|
[

$7C-8 e aad

The three largest families of genes were the sra, srb,
and srg genes. The sra family included the nine genes
thatinitiated the search, sra-1 through sra-9, which shared
about 35% amino acid identity overall, and three other
genes, sra-10 through sra-12, which were about 20%-
25% identical with sra-1 through sra-9. The eleven srb
genes were distantly related to the sra genes (about 10%-
15% amino acid identity) but significantly more closely
related to one another (about 30% identity). The thirteen
srg genes were essentially unrelated to the sra and srb
genes by sequence, but between 10%-30% identical to
one another. The srg genes were independently predicted
to be G protein-coupled receptors by E. Sonnhammer of
the Sanger Center (personal communication).



Fewer members of the srd, sre, and sro families of genes
were detected. srd-1 and srd-2 were 48% identical to one
another at the amino acid level. sre-1 and sre-2 were 28%
identical to one another at the amino acid level, and mar-
ginally similar to members of the srb gene family. While
the sra-sre genes were unrelated in sequence to known
sensory receptors, the single sro-1 gene displayed distant
similarity to opsin genes (Figure 2). sro-1 is highly diverged
from known opsins; it lacks the lysine that forms a Schiff
base with retinal, so its sequence similarity with opsins
might not reflect functional similarity (Thomas and Stryer,
1982).

Most of the sra, srb, srg, and srd genes were found
in clusters of two to nine related genes (see Figure 1A).
Contrary to the initial rationale of the search, the nine origi-
nal sra genes were not organized into a single operon with
the guanylyl cyclase gene or each other. Although they
were all found within a 30 kb region, different members
were transcribed from different DNA strands and presum-
ably had different promoters (see Figure 1A). The three
additional sra genes sra-10, sra-11, and sra-12 were also
closely linked to one another, but they were far from sra-1-
sra-9 on chromosome Il. In both cases, the sra genes were
not strictly clustered: unrelated genes were interspersed
among the sra genes. By contrast, many of the srb, srg,
and srd clusters were uninterrupted and might encode
polycistronic transcripts, since the genes were transcribed
in the same orientation within 1 kb of each other (see Fig-
ure 1A) (Zorio et al., 1994). The five genes srb-1-srb-5
and the nine genes srg-7-srg-9 might each arise from a
single transcript. With the exception of the sro-7-srd-2-
srb-6 cluster, closely linked genes fell within one sequence
family (e.g., all sra or all srb genes), and with the further
exception of two srb clusters (srb-7-srb-9 and srb-10-srb-
11), the linked genes were always the most closely related
genes within a family.

The candidate vertebrate olfactory receptors are en-
coded by genes that are similar enough to cross-hybridize
with one another at high stringency (Buck and Axel, 1991),
but their level of sequence similarity is higher than that
of the families of genes described here. To determine
whether many other genes might belong to the sra, srb,
and srg gene families, we used the coding regions of sra-6,
sra-7, srb-1, srb-8, srb-10, and srg-8 to probe genomic
Southern blots of C. elegans DNA at high (65°C) or re-
duced (55°C) stringency. Each gene appeared to detect
only its own sequence at both high and lowered stringency
(data not shown).

Expression of Seven Transmembrane Receptors

in Sensory Neurons

The large number of related sequences in the sra, srb,
and srg gene families, their relatively small size (311-371
amino acids), and their clustering in the genome (Ben-Arie
et al., 1994) were reminiscent of vertebrate olfactory re-
ceptors. To ask whether these genes might be expressed
by chemosensory neurons, upstream regions of 22 genes
were fused to the reporter gene GFP (green fluorescent
protein) and introduced into the germiine of C. elegans to
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produce transgenic animals (see Experimental Proce-
dures) (Chalfie et al., 1994). interestingly, many of these
reporter gene constructs yielded highly specific expres-
sion patterns (see Figures 3-6; Table 1). By aligning GFP
fluorescence with differential interference Nomarski im-
ages, expression could be localized to single cell types
(Figure 4).

Of thirteen genes whose expression was observed in
hermaphrodites, seven were expressed only in small sub-
sets of chemosensory neurons. Fusion genes derived
from the two linked srg genes srg-2 and srg-8 and the two
linked sra genes sra-7 and sra-9 were expressed exciu-
sively in the two ASK sensory neurons (Figure 3A). The
ASK neurons, which are implicated in chemotaxis to the
amino acid lysine and in sensory regulation of egg laying,
are easily recognized by their positions in a trio of cell
bodies at the dorsal midline (Figure 4A).

Three other fusion genes were also localized strictly to
sensory neurons. srd-1.:GFP was expressed in the sen-
sory neuron AS|, which detects water-soluble attractants
and the dauer pheromone that regulates nematode devel-
opment (Figures 3B and 4C). sre-1.:GFP was expressed
in the ADL neuron, which is required for the response to
some repellents (Figures 3C and 4B; Table 2; B. E. Kim-
mel, C. |. B., and J. H. Thomas, unpublished data). In
addition, a lower level of sre-1::GFP expression was de-
tected in the sensory neuron ASJ, which is implicated in
pheromone detection. srg-73::GFP was expressed in the
PHA neurons in the tail (Figure 5D). The function of these
neurons is unknown, but their morphology is characteristic
of chemosensory neurons.

In addition to the seven genes that were expressed ex-
clusively in chemosensory neurons, three additional fu-
sion genes were expressed predominantly in chemosen-
sory neurons. srb-6::GFP was expressed in five types of
sensory neurons, three in the head and two in the tail (see
Table 1; Figures 5A and 5B). in addition to this neuronal
expression, a low level of expression of the reporter gene
was observed in the egg laying structures in the mid-body
region. sra-6::GFP also showed both sensory and nonsen-
sory expression. The ASH and ASI sensory neurons ex-
pressed the fusion gene (Figures 5C and 5E), as did the
PVQ interneurons (Figure 5E). sro-1.:GFP was expressed
mainly in the ADL sensory neurons (see Figure 3C), but
lower expression was observed in the SIA neurons, which
have unknown functions.

Three gene fusions were expressed predominantly out-
side the chemosensory system (see Table 1; data not
shown). The linked genes sra-70 and sra-11 were ex-
pressed in some sensory neurons, interneurons, and pha-
ryngeal neurons and muscle. srg-12, the most divergent
srg gene, was expressed in the excretory cell and the gut.

Expression of the gene fusions was examined in animals
of all developmental stages. In all cases, GFP expression
was observed in animals from the first larval stage through
the adult, though some variability was apparent (for exam-
ple, srg-8 was consistently expressed more strongly in
young larvae than in adults). A total of 22 predicted genes
were tested by this approach (see Experimental Proce-
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Figure 2. Sequence Alignments of Predicted Seven Transmembrane Receptors

Unless otherwise noted

all genes were as predicted by the C. elegans sequencing consortium. Residues conserved in 250% of the clones are

shaded in grey. The approximate locations of predicted

slagh marks.

1 through 7 are noted. Exon/intron boundaries are denoted by

The sra tamily: sra-5 contained a single frameshift, which was introduced at the position marked with a number symbol in its sequence to align

it with the other genes (see Experimental Procedures). sra-17 and sra-12 were modified from the previously predicted genes (see Experimental

Procedures).

srb-1, srb-2, srb-3, srb-4, and srb-5 were all different from the previously predicted genes. srb-8 and srb-9 were aiso different from

The srb family

these two genes are identical at the amino acid level. srb-4, srb-7, and srb-10 could only be aligned with these

sequences by introducing frameshifts, denoted by a number symbol.

The srg tamily:

»

the previously predicted genes

srg-1, srg-2, srg-3, and srg-9 were all modified from previously predicted genes. srg-4, srg-5, srg-6, and srg-7 were identified on

in the C18F10 cosmid.

srd-2 was modified from the previously predicted gene.
sre-2 was modified from the previously predicted gene.

the basis of searches of genomic regions

The srd family

The sre family

in from

alignment of sro-1 with the rh2 ocellar opsin from Drosophila pseudoobscura (Carulli and Hartl, 1992) and the rh1 photoreceptor ops

Calliphora vicina (Huber et al., 1990). The lysine that forms a Schiff base with retinal is denoted with an asteri

sro-1
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H srg-8 ASK Figure 3. Expression of Reporter Gene Con-
structs in the ASK, ADL, and ASI Neurons
Fusions of the upstream regions of various
genes were made to GFP and visualized in
transgenic animals.
(A) Expression of srg-8::GFP and sra-9::GFP in
ASK ASK. Note the staining of axons and dendrites
- of the ASK neurons in the transgenic animals.
Staining with sra-7.:GFP and srg-2::GFP con-
structs was similar, but weaker.
(B) Expression of srd-1::GFP in the ASI neurons.
(C) Expression of sre-1::GFP and sro-1::GFPin
the ADL neurons. Faint ASJ staining is also
visible atlower rightin sre-1::GFP. Atright, mor-
B asi phology of the ASK, ASI, and ADL sensory neu-
srd- | rons. Note the different axon morphologies,
which were used to confirm the ceil identifica-
tions made on the basis of position. The posi-
tions of the pharynx and other chemosensory
neurons of the head are included for reference.
Anterior is at left and dorsal up in all cases.

sra-9

C srea ADL

Table 1. Summary ot GFP Expression Data

Gene Cell Function
Expression in chemosensory neurons
sra-7, sra-9, src-2, src-8 ASK Lysine chemotaxis; egg laying
srb-6, sre-1, sro-1 ADL Octanol avoidance; water-soluble avoidance
srd-1, sra-6 (faint) ASI Dauer pheromone; Na*, Cl , cAMP, biotin, lysine chemotaxis
srb-6 (faint), srd-1 (males only) ADF Dauer pheromone; Na*, Cl-, CAMP, biotin chemotaxis
sra-6, srb-6 ASH Osmotic avoidance, nose touch avoidance, volatile avoidance
sre-1 (faint) ASJ Dauer pheromone (recovery)
srg-13, srb-6 PHA Unknown, chemosensory
srb-6 PHB Unknown, chemosensory
sra-1 and sra-6 (males only) SPD/SPV Sex pheromones/mating
srd-1 (males only) R8/R9? Sex pheromones/mating

Expression in other cells

sra-6 PVQ Interneuron (chemosensory)
sra-11 AlY Interneuron (chemosensory)
AVB Interneuron, locomotion
One pharyngeal neuron
sra-10 URX Sensory neuron
ALA Interneuron
Additional interneurons, pharyngeal neurons, and muscle
srb-6 Vulval region
srg-12 Gut, excretory cell
sro-1 SIA Neuron, unknown function

The cellular pattern of expression of each gene is given, along with the predicted function of those cells.

References are as follows. ASK, Bargmann and Horvitz, 1991a; E. Sawin and H. R. Horvitz, personal communication. ADL, Table 2; J. H. Thomas,
personal communication. AS| and ADF, Bargmann and Horvitz, 1991a, 1991b. ASH, Bargmann et al., 1990; Kaplan and Horvitz, 1993; Table 2.
ASJ, Bargmann and Horvitz, 1991b. SPD, SPV, and ray neurons, Liu and Sternberg, 1995.
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Figure 4. Alignment of Fluorescence and Nomarski Images

(A), srg-8::GFP staining ASK; (B). sre-1::GFP staining ADL; (C), sra-1.:
GFP staining ASI. In all cases, the positions of the three dorsal neurons
ASK, ADL, and AS! are noted on the Nomarski image with arrowheads
(compare relative positions of these three neurons in Figure 3). Slides
of fluorescence and Nomarski images of the same animal were aligned
with Adobe Photoshop.

dures), but reporter gene expression was only observed
in 14. This success rate is typical for promoter fusions with
C. elegans genes (Lynch et al., 1995). The absence of
expression in some cases might occur because the fu-
sions lacked control sequences within the body of the
gene, because of errors in predicting gene structure from
genomic sequence, or because these genes are actually
not expressed under our culture conditions (e.g., they
might be expressed in alternative larval stages, or they
might be pseudogenes).

Some Receptor Genes Are Expressed
in Sex-Specific Patterns
During mating, the C. elegans male exhibits a stereotyped
series of behaviors whose progress is regulated by sen-
sory feedback (Hodgkin, 1983; Liu and Sternberg, 1995).
The mating structures in the male tail contain 75 male-
specific neurons, out of a total of 79 extra neurons in the
male adult (Sulston et al., 1980). Cell ablation experiments
have revealed functions for many male-specific neurons
in different steps of male mating (Liu and Sternberg, 1995).
Over 20 of the male-specific neurons have exposed sen-
sory endings and therefore are candidate chemoreceptor
neurons that might detect pheromones during mating (Sul-
ston et al., 1980). To investigate whether some of the sra-
sro genes might function as mating pheromone receptors,
each gene fusion was examined in adult male animals.
Most of the gene fusions had identical patterns of ex-
pression in males and hermaphrodites, but three genes
showed interesting patterns of male-specific expression.
The most striking difference was observed with the fusion
gene sra-1::GFP, for which no staining was observed in
hermaphrodites. In males, sensory neurons associated
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Table 2. ADL and ASH Function in Avoidance of Volatile Repellents

Time to Reversal

Number of
(seconds) Assays (number

Animals Median Mean SEM of animals)
Octanol avoidance

Intact animals 4 6.07 0.56 60(12)

ASH killed 195 14.03 0.88 86 (10)

ADL killed 8 10.47 0.93 47(11)

AWB killed 5 6.75 1.0 20(4)
Benzaldehyde avoidance

Intact animals 4 497 0.63 33(8)

ASH killed 20 1545 1.23 22 (5)

ADL killed 3 496 090 28(7)

AWSB killed 5 6.3 1.13 16 (4)

Median and mean lime to reversal for intact, ASH-killed, ADL-killed,
and AWB-killed animals in the presence of the repellents 1-octanol
and benzaldehyde are given. If animals did not reverse within 20 s,
their time 1o reversal was scored as 20 s. Avoidance of octanol was
significantly impaired in both ADL and ASH-killed animals (Mann-
Whitney rank sum test, p < 0.001), but not in AWB-killed animais, while
avoidance of benzaldehyde was impaired only in ASH-killed animals
(p < 0.001).

with the spicules stained brightly with this fusion gene
(Figures 6B and 6C). The spicules are spikelike mating
structures that probe the ventral surface of the hermaphro-
dite during mating. They contain the putative chemosen-
sory neurons SPD and SPV, which coordinate sperm re-
lease into the vulva and have been proposed to sense
vulval pheromones (Liu and Sternberg, 1995). The neuro-
anatomy of the male tail is not as well described as the
neuroanatomy of the hermaphrodite, but the cells that
stained with sra-1::GFP were probably the spicule neurons
SPD and SPV. One of these neurons was unambiguously
a spicule-associated sensory neuron, since its dendrite
invaded the spicule shaft (Figure 6B).

The gene sra-6::GFP was also expressed in one neuron
pair associated with the spicules (Figure 6D). In addition,
sra-6::GFP males showed staining in the PVQ interneu-
rons and the ASH and AS| head chemosensory neurons,
as did hermaphrodites that contained the sra-6::GFP
transgene.

srd-1::GFP also had a different staining pattern in males
and hermaphrodites, but it was found in a sex-specific
pattern in nonsex-specific neurons. Both males and her-
maphrodites expressed this gene fusionin the ASI sensory
neurons; in addition, in males the fusion was expressed
in the ADF sensory neurons (Figure 8E). While the ADF
neurons are present in both sexes, the promoter fusion
reveals a potential sex-specific regulation of gene expres-
sion in these neurons. The ADF and ASI neurons detect
pheromones in hermaphrodites (Bargmann and Horvitz,
1991b); these celis might participate in sex-specific phero-
mone detection in males. srd-1::GFP was also expressed
in some male-specific neurons in the tail (Figure 6F). Their
morphology and position did not permit unambiguous
identification of the neurons, but they might be chemosen-
sory neurons associated with the sensory rays.

-~
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Figure 5. Expression ol Additional Reporter
Gene Constructs in Sensory and Nonsensory
Cell Types

(A and B) Expression of srb-6 in the ASH and
ADL (A) and PHA and PHB (B) sensory neu-
rons. ADF expression was weaker and is not
obvious in this plane of focus. ASH and ADF
morphologies are similar to that of ASK (Figure
3); PHA and PHB are bipolar sensory neurons
in the tail with posterior dendrites and anterior
axons. Gut autofluorescence is visible at the
anterior edge of this photograph.

(C) Expression of sra-6 in the ASH sensory neu-
rons. Faint expression in the ASI neuron is visi-
ble just dorsal to the ASH neuron.

(D) Expression of srg-13::GFP in the PHA sen-
sory neurons of the tail.

(E) Expression of sra-6 in the ASH sensory neu-
rons (anterior) and in the PVQ interneurons
(posterior). Each PVQ neuron sends a single
axon to the head. Anterior is at left and dorsal
up in all cases.

Novel Receptor-like Proteins from C. elegans
The sra, srb, srg, srd, sre, and sro genes have many prop-
erties reminiscent of the candidate olfactory receptor
genes of vertebrates. First, they encode seven transmem-
brane receptors that could potentially be coupled to G
proteins. The preponderance of evidence from both inver-
tebrate and vertebrate systems supports the notion that
such receptors are utilized in chemosensation (Breer et
al., 1990; Buck and Axel, 1991; Boekhoft et al., 1994).
Recent data implicate G protein-coupled receptors in C.
elegans chemosensation as well. Animals mutant for the
G proteins gpa-2 and gpa-3 are defective in pheromone
detection (R. Zwaal and R. Plasterk, personal communica-
tion), and animals triply mutant for the G proteins gpa-1,
gpa-2, and gpa-3 are defective in chemotaxis to water-
soluble attractants (E. R. T.and C. |. B., unpublished data).
gpa-1, gpa-2, and gpa-3 are expressed in sensory neu-
rons, including those that express the sra-sro genes (J.
Mendel and P. Sternberg, personal communication).

Second, at least eleven of these genes appear to be
expressed in small numbers of chemosensory neurons.
Eight genes were expressed only in sensory neurons, and
six were expressed only in a single type of sensory neuron.
Our results are based on expression of reporter gene con-
structs and therefore may not fully reflect the endogenous
expression patterns of the receptor genes. Nonetheless,
the highly reproducible patterns of sensory-specific ex-
pression are likely to reflect at least some aspects of the
regulation of these genes in their natural context.

Third, a substantial number of these genes are present
in the genome. Hermaphrodites have 14 classes of che-
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mosensory neurons, and males probably have more; at
a minimum, one receptor gene per type of chemosensory
neuron would be expected to exist. Only a subset of these
genes has been examined, but expression is already sug-
gested for eight types of hermaphrodite chemosensory
neurons and three types of male-specific chemosensory
neurons.

Most of these genes are found in small clusters, like the
vertebrate olfactory receptors, which are found in clusters
of 10-100 genes (Ben-Arie et al., 1994). The largest sra
and srg clusters are particularly striking, with nine genes
each included within a region of about 30 kb. Unlike the
immunoglobulin or T cell receptor genes, the vertebrate
olfactory gene clusters do not seem to be rearranged or
precisely coexpressed, so the reason for this clustering
is unknown. Perhaps this arrangement helps coordinate
receptor expression so that only one or a small number
of receptors are expressed per sensory neuron (Chess et
al., 1994). Although the C. elegans genes are clustered,
all genes within a cluster did not share identical regulatory
elements; for example, three different expression patterns
were observed with fusion genes to four sra genes from
one cluster.

Several other functions could be proposed for these re-
ceptor-like proteins. Some might be neurotransmitter re-
ceptors, but relatively few synaptic connections are made
onto chemosensory neurons, so they are not expected to
express many neurotransmitter receptors (White et al.,
1986). Alternatively, they might be receptor molecules
used for axon guidance or for the selection of synaptic
targets by the chemosensory neurons. Each chemosen-
sory neuron synapses onto several classes of target neu-
rons, and no two types of neurons share the identical
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downstream targets (White et al., 1986). The mechanism
by which these connections are made is unknown, but it
might involve specific receptors like those described here.
Since there are multiple gene families, these models are
not mutually exclusive; itis possible that some of the genes
described here encode sensory receptors, and some of
the genes have developmental or synaptic functions.

The sra-sro Receptors Might Sense Attractants,
Repelients, or Pheromones
Since each of the sensory neurons appears to sense multi-
ple chemicals, it is not obvious which chemical might be
detected by a particular receptor gene. However, various
fusion genes were expressed in chemosensory neurons
that sense attractants, repellents, and pheromones.
Arole in pheromone detection is suggested for the three
genes for which sex-specific expression patterns were ob-
served. Males demonstrate mulitiple responses to her-
maphrodites that might involve chemosensation, includ-
inglong-range chemotaxis to hermaphrodite pheromones,
short-range behavioral changes in response to proximal
hermaphrodites, and responses to vulval cues during mat-
ing (Liu and Sternberg, 1995; J. Hodgkin, E. Jorgensen,
and J. H. Thomas, personal communication). Specific
neurons mediate each successive step in male mating,
suggesting that several sensory cues are detected during
this process. Two fusion genes (to sra-1 and sra-6) were
expressed in sensory neurons that recognize the vulva
during mating, suggesting that a mating pheromone might
be detected by these receptors. Interestingly, there are
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Figure 6. Male-Specific Expression of Fusion
Genes

(A) Nomarski image of the male tail, with spic-
ules and rays (compare hermaphrodite tail
morphology in Figure 5). The male spicules and
posterior male tail structures have an intense
yellow autofluorescence (arrowheads here and
in remainder of figure). Rays are located around
the circumference of the male tail; only two are
indicated.

(B) Expression of sra-1::GFP in the male tail.
The sra-1:.GFP fluorescence in SPD is green
(arrow), while spicule and other autofluores-
cence I8 yellow (arrowheads). The dendrite of
the spicule neuron SPD can be seen invading
the shaft of the spicule.

(C) Axons of the SPD spicule neurons in the
ventral nerve cord, as visualized in sra-1::GFP
animals. An SPO cell body is denoted by an
arrow.

(D) Expression of sra-6:.GFP. One pair of male
spicule neurons (arrow) and the PVQ neurons
(unmarked; these neurons also stain in her-
maphrodites) are visible.

(E and F) Expression of srd-1::GFP in males
(compare Figure 3C). Two pairs of neurons, the
ASl| and ADF neurons, are visible in the head
(e). Two additional neurons in the tail are visi-
ble. one denoted with an arrow in (F); they are
bipolar neurons with one apparent sensory
dendrite and one axon. These celis may be the
R8 or R9 ray neurons.

indications that some of the vertebrate olfactory receptor
genes are expressed in sperm (Vanderhaeghen et al.,
1993). In addition, the srd-1::GFP fusion gene was ex-
pressed in neurons implicated in both pheromone detec-
tion and chemotaxis, suggesting that these receptors
might direct male responses to hermaphrodite phero-
mones.

All of the neurons that express the sra-sro genes are
thought to detect water-soluble compounds, although the
ASH and ADL neurons can also detect some volatile com-
pounds. At this point it is unclear whether the receptors
used for volatile chemotaxis in C. elegans will belong to
this gene family. The C. elegans genes have no primary
sequence similarity to the candidate vertebrate oifactory
receptors (Buck and Axel, 1991), nor are they similar to
a novel family of genes from the rat vomeronasal organ
that might encode vertebrate pheromone receptors (Dulac
and Axel, 1995 [this issue of Cell]). Water-soluble mole-
cules might be recognized by a different type of receptor
than volatile molecules; alternatively, the chemosensory
systems of nematodes and mammals may have evolved
independent, though related, receptor systems. One
gene, sro-1, was distantly related to opsin genes, but on
the basis of its sequence it is unlikely to be covalently
linked to a retinal chromophore (Thomas and Stryer,
1982). One possibility is that this receptor might transiently
interact with a hydrophobic retinal-like chemical and act
as a chemoreceptor rather than a photoreceptor.

Despite the sensory enrichment of expression observed,
some of these genes were expressed predominantly in
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nonsensory cell types. These genes might encode recep-
tors for other molecules used in communication between
cells. For example, the receptors for attractive amino acids
in chemosensory neurons might be similar to receptors
for peptide or amino acid neurotransmitters in other cells.

C. elegans Sensory Neurons Are Likely to Express
Muitiple Receptors

The GFP expression patterns predict that several receptor
genes, from different gene families, will be expressed in
one chemosensory cell type. Four different fusion genes
were expressed in the two ASK neurons, three genes in
the ADL neurons, and two genes each in the AS| neurons,
the ASH neurons, and the PHA neurons. Since only four-
teen genes have been examined, it is likely that the total
number of genes expressed per neuron will increase.

Even considering possible problems with expression of
fusion genes, it is likely that more than one of these recep-
tor genes is expressed per sensory neuron. Over 40 candi-
date receptor genes were found in the sequenced DNA
of C. elegans, which encompasses about 15% of the ge-
nome. Even if only halif of these genes are sensory recep-
tors, the approximate number of receptors expected in
the genome would be about 100, suggesting that many
receptors could be found in one cell type.

These results contrast with observations in the verte-
brate olfactory epithelium, where single neurons express
a very small number of receptor genes, probably one per
cell (Ressler et al., 1993; Vassar et al., 1993; Chess et al.,
1994). Mammalian neurons expressing a single receptor
gene appear to project to common targets in the olfactory
bulb, where sensory information is integrated (Ressier et
al., 1994; Vasser et al., 1994). By contrast, in C. elegans
much of this integration may occur within the peripheral
sensory neurons. The neurons detect multipie chemically
dissimilar compounds; we propose that this occurs be-
cause each neuron expresses multiple receptors with dif-
terent specificities. This prediction is also consistent with
the behavioral datathatindicate that responses to different
attractants sensed by one neuron saturate and adaptinde-
pendently (Ward, 1973; Colbert and Bargmann, 1995).

In addition, the possibility that multiple cells might ex-
press one receptor gene could explain other features of
the C. elegans sensory system. In cell ablation studies,
it was often found that a particular molecule was sensed,
not by one cell type, but by a small group of neurons (Barg-
mann and Horvitz, 1991a, 1991b). The expression of sra-6,
srb-6, and sre-1 in two, five, and two sensory cell types,
respectively, suggest that this cellular redundancy might
derive from less specific expression of some receptor
genes.

One open question raised by these resuits is the extent
to which multiple receptors expressed on a single cell type
contribute to perceptual discrimination, as opposed to rec-
ognition of various compounds. Behavioral discrimination
in C. elegans was demonstrated by distinct patterns of
cross-saturation and adaptation between different com-
pounds sensed by one neuron. However, cross-saturation
and adaptation experiments in humans suggest that differ-
ent bitter compounds are recognized by different recep-
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tors, even though the perception of all bitter compounds
is the same to a human subject (McBurney et al., 1972;
Lawless, 1987). Thus, the existence of several indepen-
dently adapting receptors might not generate a true dis-
crimination on the part of the animal. However, discrimina-
tion is strongly indicated in cases where one neuron
mediates qualitatively different responses to different
chemical stimuli. For example, the ADF and ASI sensory
neurons affect both development, probably by detecting
a pheromone, and chemotaxis, probably by detecting
chemoattractants (Bargmann and Horvitz, 1991a, 1991b).
It should be possible to ask whether this functional discrim-
ination between chemicals arises at the level of receptors,
signal transduction mechanisms, or assemblies of acti-
vated neuronal types.

Experimental Procedures

Sequence Analysis

The sequence of the cosmid AH8, which contains homology to a predi-
cated guanylyl cyclase, was obtained from the Sanger Center Network
site maintained by the C. elegans sequencing consortium (Suiston et
al., 1992). AH6 was first analyzed by use of the BLASTX program,
which translates sequences in all six frames before searching protein
databases. All BLASTP (protein sequence) and BLASTX (DNA se-
quence) searches were performed with the NCBI (National Center for
Biotechnology Information) BLAST network service to search data-
bases including GenBank, SwissProt, PIR, and the Brookhaven Pro-
tein Data Bank (Altschul et al., 1990). BLASTX searches revealed at
least ten different regions of AH6 that detected the previously se-
quenced C. elegans gene F44F4.5 (now sra-10). These regions were
subsequentty found to correspond to ten genes predicted by the C.
elegans sequencing consortium, sra-1-sra-9 and AH6.13, which ap-
pears to be a gene fragment. Each gene contained muitipie potential
transmembrane domains predicted by hydropathy analysis using the
Kyte-Doolittle algorithm in Geneworks (Kyte and Doolittle, 1982).

The sequences of other C. elegans cosmids and coding regions
predicted by the sequencing consortium were obtained through Gen-
Bank. BLASTP searches with sra-1-sra-10 revealed more distant simi-
larities to genes in the srb family. Continued searches with sra and
srb genes led to the identification of the srg, srd, sre, and sro genes.
In general, even weak sequence similarities were pursued if several
members of a gene family recognized a new gene, and if that new
gene encoded muitiple predicted tr brane domains.

Sequence alignments were produced by using the CLUSTAL W
program (Thompson et al., 1984). In the initial alignments of the recep-
tor clusters, many genes appeared to be gene fragments rather than
tull-length coding regions, on the basis of a smaller number of trans-
membrane domains. Unlike the vertebrate oifactory and vomeronasal
receptors. all of the genes contain predicted introns. Analysis of the
genomic organization of the receptors revealed that genes within one
receptor family often shared conserved spiice junctions (see, for exam-
ple, sra-2-sra-9, ail of which are generated from three similar exons
[Figure 2]). Where the C. elegans sequencing project had predicted
gene fragments rather than full-length gene products, we searched
the genomic DNA for possibie splice sites that corresponded precisely
to those splice sites that were conserved in other family members.
In several cases, changing the predicted genes to incorporate these
conserved splice sites generated the full-iength gene products shown
in Figure 2.

In addition, for all genes with incomplete sequences, genomic DNA
was examined for alternative exons or splice patterns. Genomic DNA
was used 10 search the GenBank databases by using the BLASTX
program as described above. This analysis revealed that many cos-
mids contained additional regions of homology to the receptor gene
tamilies. This information was used to predict fulldength coding regions
for those genes in which frameshifts or poor spilice junctions were
included (see below and Figure 2).

Genes that correspond exactly to genes predicted by the C. elegans
sequencing project were as follows (the names for these genes given




by the sequencing project are shown in parentheses): sra-1 (AH6.4),
sra-2 (AH6.6), sra-3 (AHB.7), sra-4 (AH6.8), sra-6 (AH6.10), sra-7
(AHB.11), sra-8 (AH6.12), sra-9 (AHB.14), sra-10 (F44F4.5), srb-6
(ROSHS.8), srb-11 (F23F12.10), srg-8 (T12A2.9), srg-10 (TO4A8.1),
$rg-12 (R13F86.3), srg-13 (T23F11.5), sr0-1 (F33H1.5), sre-1 (B0495.1),
and sro-1 (D1022.6).

Genes that ditfer in their splicing pattern from previously predicted
genes include srb-8 (modified trom F37C12.6), srb-9 (F37C12.8), srg-1
(C18F10.4), srg-2 (C18F10.5), srg-3 (C18F10.6), srg-9 (T12A2.10),
8rd-2 (RO5HS. 1), and sre-2 (C41C4.2). Similar analysis of a single pre-
dicted gene, C2706.2, revealed five internal regions that could each
encode a full-length receptor protein (renamed srb- 1 -srb-5). Analysis
of the predicted gene F44F4.7 on the advice of S. Jones from the
Sanger Center (personal communication) reveaied that it most likely
consisted of a false fusion of two genes, which were renamed sra-11
and sra-12.

A tew of the genes could only be aligned well to the other sequences
it unfavorable splices or frameshifts were incorporated into their se-
quences. These genes might be pseudogenes or they might have
sequencing errors; their alignments are shown in Figure 2 with incorpo-
rated frameshifts denoted by number symbols. They include sra-5
(AH6.9, one frameshift), srb-4 (one frameshift), srb-7 (F37C12.5, one
unfavorable splice, one frameshift), srb-10 (F23F 12.5. four frameshifts),
and srg-11 (TO4A8.2, one unfavorable splice). BLASTP searches aiso
revealed several predicted gene fragments that could not be aligned
with complete coding regions of these genes; these genes have not
been included here.

If a putative receptor gene was found near a region of 2 kb or more
with no predicted coding regions, those regions were scanned for
adaitional receptor genes with the BLASTX program. From this analy-
sis, we found four additional genes in the C18F 10 cluster (srg-4, srg-5,
srg-6, and srg-7). Genes were predicted on the basis of a combination
of amino acid similarity to other family members and conserved splice
junctions.

Expression Constructs

Promoter fusions for the genes sra-7 and sra-11 were generated by
using standard molecular biology methods to subcione these genes
from cosmid clones (Sambrook et al., 1989). Four kilobases upstream
of sra-7 were included in a fusion to the reporter gene GFP (Chalfie
ot al., 1994); the fusion site was a Hindlll site 31 amino acids into the
predicted coding region of sra-7. Six kilobases upstream of sra-77 and
approximatety two thirds of its coding region were inciuded in an Xhol-
Xbal fragment for a transiational fusion to GFP.

All otner promoter fusions were generated by using the polymerase
chain reaction (PCR) to join GFP to the first 7-20 predicted amino
acids of a given gene product. These fusions included 3-4 kb upstream
of the predicted transiationai start site (2 kb of upstream region were
used for srg-8). The downstream PCR primer was engineered to end
in a BamH| site and the upstream primer in an Sphi or Pstl site, and
the fragment was inserted into the C. elegans GFP expression vectors
TU#61 and TU#62 (Chalfie et al., 1994). Promoters were amplified
from purified cosmid ONA or C. elegans genomic ONA and checked
for predicted restriction sites, and junctions were confirmed by DNA
sequencing.

Most primers were amplified with Taq polymerase by PCR in 50
mM KCI, 10 mM Tris (pH 8.0), 2.5 mM MgCl,, 200 uM each dNTP,
and 50 ng of total genomic DNA or 10 ng of cosmid DNA. Cycling
conditions were 94°C for 30 s, 55°C for 60 s, 72°C for 3—4 minutes
for 30 cycles on an MJ Research thermal cycler. For some primer
sets, this protocol did not give good amplification; in these cases, the
amplifications were conducted with the Expand long template PCR
kit (Boehringer) and conditions recommended by the manufacturer.

Microinjection and Analysis of Transgenic Animals

Expression constructs (10-50 ng/pul) were injected into the germiine
ot lin-15(n765ts) animals together with the /in-15 plasmid pJM23 (30—
50 ng/ul), which was used as a coinjection marker to facilitate identifica-
tion of transgenic animais (Meilo et al., 1991; Huang et al., 1994).
lin-15 mutants have a multivutval ph ype: after inj , transgenic
F1 animais were recognized by their normal vulval morphology at
20°C. These animais were used to establish transmitting lines of
transgenic animais that exp d both pl ds from unstable arrays.
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Typically, 40%-90% of the F2 or F3 animals in these lines would
be rescued for the /in-15 phenotype and therefore presumed to be
transgenic. At least four independent lines were established for each
expression construct, and GFP-expressing cells were identified in at
least ten independent animals (in most cases, 20-30 animals were
examined for each fusion gene). For the genes sra-6, sra-7, sra-9,
sra-10, sra-11, srb-6, srg-12, srg-13, srd-1, sre-1, and sro-1, all exam-
ined lines showed comparable expression patterns. Promoter fusions
to srg-2 and srg-8 did not give reproducible expression in all lines; we
observed staining in only 3 of 6 tested lines for both of these constructs.
For both srg-2 and srg-8, all of those lines showed identical expression
patterns (i.e., only ASK expressed the fusion gene). Promoter fusions
to the genes sra-2, sra-3, sra-8, srb-1, srb-8, srb-9, srb-10, and srb-11
showed no detectable GFP expression in at least four independently
derived lines. sra-1 was expressed only in males (see beiow).

Cell identifications were made by comparing the fluorescence im-
age with Nomarski images of the same animal. Particular neurons
were identified by using a combination of their position and their mor-
phology, as previously described (Bargmann and Horvitz, 1991a). in
all cases, cells were observed in well-fed animals that had been grown
on standard nematode culture plates under sparse conditions (Bren-
ner, 1974).

To identify staining cells in males, wild-type males were crossed
to adult transgenic hermaphrodites and the resulting cross-progeny
viewed by fluorescence optics. Only a fraction of the male cross-
progeny carried the transgenic array, but since #in-15 is on the X chro-
mosome, all males that did not carry the array were mulitivulval at high
temperature.

Behavioral Assays

Avoidance assays for volatile odorants were conducted by presenting
concentrated odorant in front of the animal's nose in & 20 ul microcapil-
lary pipette, or dipping an eyebrow hair into the odorant and presenting
itin front of the animar's nose. Animais were scored for the time until
their next reversal. Typically, wild-type animals reversed less than
once per minute in the absence of odorant, while they reversed in
approximatety 4 s when presented with octanol or benzaildehyde. Wild-
type and laser-operated animais were presented with odorants for four
to ten triais per animal, with at least 5 min of rest between trials, and
scored for reversal responses. If animals did not reverse within 20 s,
the odorant was removed and the animal scored as negative. Results
were compared by use of a Mann-Whitney rank sum test in the Statview
Il program. Cell ablations were conducted with a nitrogen-pumped dye
laser and standard methods (Avery and Horvitz, 1987).
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Chapter 2. odr-10 encodes a seven transmembrane domain
olfactory receptor required for responses to the odorant
diacetyl.
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My contributions to this paper involved isolating and characterizing the odr-10 null mutation.
Analysis of this mutant demonstrated that odr-10 was necessary only for the response to diacetyl

and not to pyrazine.
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Summary

Offactory signaling is initiated by interactions between
odorants and olfactory receptors. We show that the
C. elegans odr-10 gene is likely to encode a receptor
for the odorant diacetyl. odr-70 mutants have a spe-
cific defect in chemotaxis to diacetyl, one of several
odorants detected by the AWA olfactory neurons. odv-
10encodes a predicted seven transmembrane domain
receptor; a green fluorescent protein-tagged Odr-10
protein is localized to the AWA sensory cilia. odr-10
expression is regulated by odr-7, a transcription factor
implicated in AWA sensory specification. Expression
of odr-10from a heterologous promoter directs behav-
ioral responses to diacetyl, but not to another odorant
detected by the AWA neurons. These results provide
functional evidence for a specific interaction between
an olfactory receptor protein and its odorant ligand.
Introduction

The remarkable discriminatory power of the olfactory
system allows animals to generate diverse behavioral
responses to odorants. Subtle aiterations in chemical
structures between two odorants can result in substan-
tial differences in perceived olfactory quality. For exam-
ple, two enantiomers of carvone produce the distinct
sensations of spearmint and caraway. This perceptual
difference suggests that distinct neuronal pathways are
preferentially activated by each enantiomer, probably
owing to selective binding of the odorants to different
olfactory receptor proteins.

The receptors that interact with odorants are likety
to be G protein—-coupled seven transmembrane domain
proteins. Vertebrate offactory neurons produce cAMP
in response to odorants (Pace et al., 1985; Sklar et al.,
1986), which activates a cyclic nucleotide-gated chan-
nel in the olfactory cilia (Nakamura and Gold, 1987; Fire-
stein et al., 1991). The CAMP pathway is thought to be
themajor vertebrate olfactory transduction pathway, but
odorants also stimulate IP, production in invertebrate
and vertebrate olfactory neurons (Boekhoff et al., 1990,
1994; Breer et al., 1990). Candidate receptor molecules
have been identified in several sensory systems. In
mammals, putative olfactory receptors are encoded by
a large family consisting of ~1000 receptor genes (Buck
and Axel, 1991) that may interact with odorants (Raming
et al., 1993). An additional famity of genes might encode

*Present address: Department of Biology, Brandeis University, Wal-
tham, Massachusetts 02254.
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mammalian pheromone receptors (Dulac and Axel,
1995). These genes are expressed in the neurons of
the olfactory epithelium and the vomeronasal organ,
respectively. In the nematode Caenorhabditis elegans,
several different families of candidate chemosensory
receptor genes have been identified (the srgenes, which
consist of sra, srb, srd, sre, srg, and sro families)
(Troemel et al., 1995). These gene families encode po-
tential chemosensory receptors based on their similarity
to known G protein-coupled receptors and their prefer-
ential expression in chemosensory neurons.

It is not known how any of these sensory receptors
interacts with its ligands. Itis possible that each receptor
interacts with only a small number of odorants, so that
specific olfactory stimuli activate only a few receptors.
Alternatively, the receptors might be able to recognize
many different odorant molecules, with discrimination
arising through later processing and integration of infor-
mation by the nervous system. To address these issues,
it is necessary to identify the odorant ligands that acti-
vate a given olfactory receptor protein under physiologi-
cal conditions.

In the nematode C. elegans, molecular and functional
properties of individual chemosensory neurons can be
analyzed in the whole animal. An aduit C. elegans her-
maphrodite has 302 neurons in its nervous system, in-
cluding 14 types of chemosensory neurons (White et al.,
1986). In most cases, one type of neuron consists of a
bilaterally symmetric pair of neurons with similar func-
tions. The functions of 10 types of chemosensory neu-
rons have been defined through behavioral analysis of
animals in which particular cells have been killed. Two
types of chemosensory neurons, called AWA and AWC
neurons, are similar to vertebrate olfactory neurons in
that they detect volatile (airborne) attractants (Barg-
mann et al., 1993). Each pair of neurons detects several
different odorants: the AWA olfactory neurons detect
diacetyl, pyrazine, and thiazoles, whereas the AWC ol-
factory neurons detect benzaldehyde, butanone, isoa-
myl alcohol, and thiazoles. In the presence of saturating
levels of one odorant, animals can still respond to other
odorants that are sensed by the same olfactory neuron
(Bargmann et al., 1993; Colbert and Bargmann, 1995).
These behavioral experiments suggest that one olfac-
tory neuron has several distinct odorant-binding sites.

The expression patterns of the candidate sr receptor
genes in C. elegans provide a possible explanation for
the diverse functions mediated by single sensory cell
types (Troemel et al., 1995). Multiple candidate receptor
genes are expressed in a single chemosensory neuron,
suggesting that the ability of these neurons to recognize
many chemicals arises throughthe expression of several
different receptors. However, the ligands for the srre-
ceptors have not been defined.

A genetic approach to chemosensation provides a
way to relate the functions of individual genes to particu-
lar behavioral responses. To identify the functions of
genes involved in olfaction in C. elegans, we have con-
ducted behavioral screens for mutants with specific ol-
factory defects (odr, or odorant-response mutants). Mu-
tations in some odr genes affect many or all olfactory
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responses, whereas others have more selective effects
on olfaction (Bargmann et al., 1993). Here we describe
the genetic and molecular characterization of the odr-
10 gene, which functions in the response to a specific
odorant, diacetyl. odr-10 encodes a predicted seven
transmembrane receptor that might interact directly
with diacetyl in olfactory transduction.

Resuits

odr-10 Mutants Are Defective in Chemotaxis

to Diacetyl

When placed in a gradient of an attractive odorant, C.
elegans moves toward the peak of the gradient (Barg-
mann et al., 1993). Over 30% of wild-type animals accu-
mulate at a point source of a strong attractant such as
diacety! in chemotaxis assays. A modified version of
this assay was used to identify mutants with defects
in their diacetyl responses. Mutagenized animals were
given a choice between the attractants diacetyl and
pyrazine, which are both recognized by the AWA olfac-
tory neurons (Bargmann et al., 1993). Under the condi-
tions used, wild-type animals preferentially accumu-
lated at the diacetyl, animals that did not sense either
odorant distributed randomly across the plate, and ani-
mals that did not sense diacetyl accumulated at the
pyrazine. After two rounds of this behavioral enrichment
and subsequent retesting, a single strain with amutation
in the odr-10 gene was isolated.

odr-10(ky32) mutants were tested for chemotaxis to
a panel of volatile odorants. The mutants were defective
in their response to diacetyl, but exhibited wild-type
behavior in their responses to all other tested odorants
(Figure 1A). They also displayed normal responses to
water-soluble attractants such as NaCl and lysine, to
water-soluble repellents, and to mechanical stimuli (data
not shown). Their development, locomotion, and fertility
appeared to be normal.

Diacetyl is very similar in its chemical structure to
two other attractants, butanone and 2,3-pentanedione,
which are sensed primarily by the AWC olfactory neu-
rons (Bargmann et al., 1993; P. S. and C. I. B., unpub-
lished data) (Figure 1B). To determine whether odr-10
mutants were subtly affected in their responses to any
of these odorants, they were tested for chemotaxis to
a range of different odorant concentrations (Figure 1C).
odr-10 mutants responded to high but not low concen-
trations of diacetyl (Figure 1C). However, their responses
to all other odorants were normal for the entire range
of tested concentrations.

odr-10 was mapped to the X chromosome, close to
the gene unc-6 (see Experimental Procedures). A dele-
tion that spans the odr-10locus was used to determine

this strain. These results are consistent with the odr-
10(ky32) mutation causing a loss of odr-10 function.

odr-10 Encodes a Predicted Seven

Transmembrane Domain Receptor

The odr-10gene was cloned using the C. elegans physi-
cal map and rescue of the odr-10 behavioral phenotype
(Coulson et al., 1986, 1988). In brief, genetic map data
placed odr-10 between the unc-6 gene, which is cloned
(Ishii et al., 1992), and the DNA polymorphism stP33
(Williams et al., 1992) (Figure 2A). Cosmids from this
interval were injected into odr-70 mutants together with
the lin- 15 gene as a marker to identify transgenic animals
(Mello et al., 1991; Clark et al., 1994; Huang et al., 1994).
The resulting transgenic strains were tested for chemo-
taxis to diacetyl. The cosmid C41B5 was able to comple-
ment the odr-10 defect, as was a 3.3 kb Scal-EcoRV
subclone of the cosmid (Figure 2B).

The Scal-EcoRV subclone was used to probe a mixed-
stage C. elegans cDNA library (Barstead and Waterston,
1989), and three cDNA clones were isolated. Two cDNAs
appeared to be full length, based on the fact that they
began with sequences fromthe C. elegans splice leader
SL1 (Krause and Hirsh, 1987) and ended with a polyA
stretch. The full-length cDNAs were 1118 bp long, and
encoded a predicted protein of 339 amino acids (Figure
3A). The corresponding genomic region has been se-
quenced by the C. elegans sequencing consortium (Sul-
ston et al., 1992; Wilson et al., 1994; R. Waterston, A.
Coulson, J. Sulston, et al., personal communication).
The odr-10 gene is entirely contained within the 3.3 kb
rescuing fragment and includes eight exons and seven
introns (Figure 3B).

Hydrophobicity analysis of odr-10 revealed seven
hydrophobic peaks that could correspond to mem-
brane-spanning domains (Figure 3C). This structure is
reminiscent of G protein-coupled receptors (Probst et
al., 1992). BLAST (basic local alignment search tech-
nique) searches of GenBank and EST (expressed se-
quence tag) databases did not reveal a high degree of
similarity between odr-10 and any known gene (Altschul
et al., 1990). However, the highest similarity that was
detected in these searches was to one of the candidate
vertebrate olfactory receptors, 114 (Buck and Axel,
1991), with which odr-10 showed 12% amino acid iden-
tity over its entire length. Weak similarity was also ob-
served between odr-10 and srd-1 and srd-2, two of
the candidate chemosensory receptor genes that have
recently been identified in C. elegans (Troemel et al.,
1995).

To confirm that this coding region corresponded to
odr-10, a frameshift mutation was generated within the
cloned gene at an Xhol site just before transmembrane
domain VI. This frameshifted clone could no longer com-

whether the odr-10 mutant defect was enhanced by
lowering levels of odr-10 activity. When odr-10(ky32)
was placed in trans to the genetic deficiency uDf1, which
deletes the odr- 10region, the heterozygous animals did
not exhibit additional defects (data not shown). In partic-
ular, odr-10(ky32)/uDf1 animals displayed normal che-
motaxis to pyrazine, and their chemotaxis to diacetyl
was similar to that of odr-10(ky32) animals. No other
behavioral or developmental defects were apparent in

pl 1t the odr-70 mutant phenotype (Figure 2B).

The coding region of the odr-10 gene was sequenced
in odr-10(ky32) to identify the mutation responsible for
its defect. The odr- 10(ky32) mutation is a G to A transi-
tion on the noncoding strand that results in the substitu-
tion of a tyrosine for a histidine in the third predicted
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Figure 1. odr-10Mutants Do Not Respond to

Diacetyt

(A) Chemotaxis responses of wild-type and

odr-10 mutants to volatile odorants. Re-

sponses of wild-type animals are indicated
Discetyl by closed bars, responses of odr-10(ky32)
23+ H by bars, and responses of

odr-10(ky225) animals by stippled bars. Che-

index = at the -
23 pentancdione animals at the controi)/total animais on the

plate. A chemotaxis index of 1.0 indicates
complete attraction; a chemotaxis index of
Butanone -1.0 P pulsion. Each data
point represents the average of six indepen-
dent chemotaxis assays, using ~100 animals
ineach assay. Error bars equal the SEM. One
microliter of diluted odorant was used per
assay. Dilutions of odorants (in ethanol) were
the g: 1:200 yde, 1:1000
1:200 i yt al 1:1000 2,3-
p 1:1000 diacetyt, 10 mg/mi pyr-
azine, and 1:1000 2,4.5-trimethyithiazole.
Neurons required (or the responses to these
dilutions of odorants are indicated.
(B) Chemical of diacetyt (2,3-bu-

Chrcousus wdes

), 2,3-p di and b
(C) Chemotaxis responses of wild-type and
odr-10(ky32) mutants to different dilutions of
i Yl py and 2,3-pen-
tanedione. Responses of wild-type animals
are shown by open circles and those of
odr-10{(ky32) mutants by closed triangies;

odr-10{ky225) mutants were similar to odr-
10(ky32) (data not ). Eachdata
polint repr the ge of six indep
dent assays. Error bars equal the SEM. The

of each od was di-
heted in 1 i of ethanol.

Chrmensis inden

membrane-spanning domain of the protein (Figures 3A
and 3B). This missense mutation might cause a partial
defect in odr-10 function, or it might eliminate all odr-
10 activity.

To determine the consequences of a complete loss of
odr-10 function, we generated a mutation that deleted
most of the odr-10 coding region. The mutation odr-
10(ky225) was generated by insertion of the transposon
Tc1 into the endogenous odr- 10gene followed by impre-
cise Tc1 excision (Zwaal et al., 1993). This deletion elimi-
nated all odr-10 coding sequences beyond the end of
the third predicted transmembrane domain of the pro-
tein (Figures 3A and 3B). odr-10(ky225) animals were
tested for chemotaxis and found to be indistinguishable
from odr-10(ky32) animals (Figure 1A and data not
shown). Like odr-10(ky32) mutants, they showed a
strong defect in chemotaxis to diacetyl, but normal che-
motaxis to other ketones and to other odorants sensed
by AWA. Since this deletion allele is likely to eliminate
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all odr-10 function, these results indicate that odr-10 is
uniquely important for the diacetyl response.

odr-7 Is Expressed in the Cilia of the AWA

Olfactory Neurons

The Specific phenotype of odr-70 mutants and the simi-
larity between odr-10 and other receptors suggested
that odr-10 might encode an olfactory receptor for dia-
cetyl. To determine where the odr-10 gene was ex-
pressed, the odr-10 promoter was used to drive expres-
sion of the reporter gene GFP (green fluorescent protein)
in transgenic worms (Chalfie et al., 1994; A. Fire, S. Xu,
J. Ahnn, and G. Seydoux, personal communication). This
fusion gene was strongly expressed in the two AWA
neurons, which are the only neurons that sense low
concentrations of diacetyl (Figure 4). The AWA neurons
have sensory cilia that are exposed to the environ-
ment in specialized sensory organs at the tip of the
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Figure 2. Genetic Map Position and Cloning of odr-10

(A) Genetic map position of odr-10 on linkage group X.

(B) Localization of the odr-10 gene. At top is a restriction map of
the odr- 10 genomic region. The arrow indicates the direction of odr-
10transcription. Below are shownthe subclones that were tested for
rescue of the odr- 10 mutant phenotype. The number of independent
transgenic lines with an average chemotaxis index in the indicated
intervals is shown as a fraction of the total lines tested: a minimum
of 3 independent chemotaxis assays were conducted per line. An
inverted triangle indicates the insertion of a frameshift mutation (see
Experimental Procedures). The coding region of GFP was fused
to odr-10 to create a GFP-tagged Odr-10 protein (see text and
Experimental Procedures). Xb = Xbal, Sa = Sacll, Sc = Scal, X =
Xhol, H = Hpal, S = Smal, E = EcoRV.

animal’s nose (Ward et al., 1975; Ware et al., 1975). From
these cilia, the AWA dendrites project back to cell bodies
near the posterior pharynx (Figure 4A). Since GFP dif-
fuses freely through the cytoplasm of the cells, the char-
acteristic axon and dendrite morphology of the cells,
together with the position of the cell bodies, was used
to assign their identity as AWA neurons. A lower level
of GFP expression was observed in the four mechano-
sensory neurons called CEP (e.g., see Figure 6B); this
weak staining may not reflect expression of the endoge-
nous odr-10 gene (see Experimental Procedures).

If odr-10 is directly involved in odorant recognition,
its protein product should be localized to the sensory
cilia, the site at which odorants interact with their recep-
tors. To examine the subcellular localization of Odr-10,
the GFP reporter was fused to the extreme C terminus of
odr-10 to produce a fluorescent tagged Odr-10 protein.
This fusion gene partially complemented the diacetyl
chemotaxis defect of odr-10 mutants (see Figure 2B).
Expression of the GFP-tagged Odr-10 protein was lim-
ited to the extreme anterior region of the AWA olifactory

and the extent of the ky225 deletion are indicated, along with the

nucleotide and predicted amino acid alterations in ky32.

(C) Hydrophobicity piot of Odr-10. The piot was derived by Kyte-
of the pr amino acid

of Odr-10 (Kylo and Doolmle 1982).
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Figure 3. Sequence Analysis of odr-10

(A) Nucleotide and predicted amino acid sequences of the odr-10
CDNA. Ni j ) ed beg g at the first

of the cDNA. Amino acids are numbered (in italics) starting at the
first methionine. The STOP codon is marked by an asterisk. Splice
Junctions are marked by vertical lines and were determined by com-
parison of the sequences of the cDNA and corresponding genomic
region. Nucleotides in boid at the 5’ end are predicted to be derived
from the trans-splice leader SL1 (Krause and Hirsh, 1987). The histi-
dine residue that is altered to a tyrosine in the ky32 mutation is
boxed. The open g the b g of the ky225 dele-
tion. R pr dto lorm ane domams 1 through
7 are indicated. The GenBank accession number for odr-10 is
U49449.

(B) Structure of the odr-10 gene. The |

of the ky32
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AWA

cilia*

dendrites axons

neurons, within the stereotypic branched AWA sensory
cilia (Figure 5). Thus, the Odr-10 gene product appears
to be localized to the sensory structures that mediate
olfaction.

odr-10 Expression Is Controlled by the odr-7

Gene, Which Regulates Oifactory Specificity

The odr-7 geneis specifically required for olfactory func-
tion of the AWA neurons (Sengupta et al., 1994). Al-
though their AWA neurons appear normal, odr-7 null
mutants are unable to respond to any of the odorants
that are recognized by the AWA neurons. odr-7 encodes
a predicted transcription factor with similarity to the
DNA-binding domains of the nuclear receptor superfam-
ily; it has been proposed to regulate AWA sensory speci-
ficity by controlling the expression of AWA olfactory
signaling molecules (Sengupta et al., 1994). If this expla-
nation is correct, and if odr-10 encodes the receptor
for diacetyl, odr-10 expression should be regulated by
odr-7.

The expression of endogenous odr-70 mRNA was ex-
amined in wild-type and odr-7 mutant animals by re-
verse transcription-polymerase chainreaction. The odr-
10 message was present in wild-type animals but barely
detectable in odr-7(ky4) null mutants (Figure 6A). The
expression of the odr-10::GFP fusion gene was also
examined in odr-7 mutant animals. An integrated odr-
10::GFP fusion gene was expressed in AWA in 100% of
wild-type adults (n = 36). By contrast, the same inte-
grated fusion gene was expressed in AWA in only 20%
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Figure 4. An odr-10::GFP Fusion Gene is Ex-
pressed in the AWA Neurons
(A) Schematic diagram of cell bodies in the
anterior sensory ganglion (lateral view). The
. cell body and processaes of the AWA newron
cell bodies are indicated in green. Anterior is at left and
dorsal is up.
(B) Lateral view of a transgenic animal ex-
pressing the integrated odr-10::GFP fusion
gene (see Experimental Procedures). The
solid arrow indicates the dendrite and the
dashed arrow indicates the celi body of the
AWA neuron.
(C) Dorsal view of a transgenic animal ex-
pressing the integrated odr-10::GFP fusion
gene. The solid arrows indicate the dendrites
and the dashed arrows indicate the cell bod-
les of the AWA neurons. Scale bar = 10 um.

of odr-7(ky4) animals (n = 40), and its expression in
those animals was much weaker than observed in wild-
type animals (Figure 6B). This odr-10::GFP fusion gene
included 1 kb upstream of the predicted start site of
odr-10, indicating that sequences sufficient to confer
regulation by odr-7 are included within this region.

odr-10 Rescues Diacetyl but Not Pyrazine
Responses in an odr-7 Mutant

The loss-of-function alleles of odr-10 indicate that this
gene is necessary for chemotaxis to diacetyl, but not
necessary for chemotaxis to pyrazine. Two general mod-
els could explain these results. Odr-10 protein might
specifically interact with diacetyl and not pyrazine. Alter-
natively, Odr-10 protein might interact with both odor-
ants but be partly redundant with a second receptor in
the AWA neurons that senses pyrazine, but not diacetyl.
To distinguish between these models, we asked whether
odr-10 could rescue specific odorant responses in ani-
mals that lacked all AWA functions due to a mutation
in the odr-7 gene (Sengupta et al., 1994).

The wild-type odr-10 cDNA was introduced into odr-7
mutants under control of the odr-3 promoter, which
drives expression in both the AWA and the AWC sensory
neurons (K. Roayaie and C. I. B., unpublished data).
odr-7 mutants did not chemotax to diacetyl or pyrazine,
but transgenic odr-7 animals expressing the odr-3::odr-
10 fusion gene were able to chemotax to diacetyl, but
not pyrazine (Table 1). Thus, the odr-10 gene product
was sufficient to restore the diacetyl response in an
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Figure 5. The Odr-10 Protein is Localized to the Sensory Cilia of
the AWA Neurons

(A) Expression of the Odr-10 protein tagged with GFP (see Experi-
mental Procedures). Strong GFP expression is seen at the tip of the
nose, and faint expression is seen in the dendrites and cell bodies
of the AWA neurons. Scale bar = 10 um.

(B) Higher magnification view of the cilia of a transgenic animal
expressing the Odr-10 protein tagged with GFP. The AWA cilia are
identified by their characteristic branched pattern. Three dimen-
sional images were acquired using wide-field fluorescence micros-
copy and d iterative di (Hiraoka et al., 1990).
Scale bar = 10 um.

(C) Schematic diagram of the sensory cilia of the AWA neurons. The
image of the sensory cilia in (B) is shown. The solid and dashed lines
represent the cilia of the two y sy ical AWA on
the near and far sides of the animal, respectively.

odr-7 mutant, but not sufficient to restore the pyrazine
response. These results indicate that expression of Odr-
10 can confer a specific responsiveness to diacetyl on
either the AWA or the AWC olfactory neurons.

Discussion

odr-10 Encodes a Candidate Receptor for Diacetyl

Based on their sequences and expression patterns, sev-
eral families of vertebrate and invertebrate seven trans-
membrane domain proteins have been proposed to en-
code olfactory receptors (Buck and Axel, 1991; Ngai et

al., 1993b; Dulac and Axel, 1995; Troemel et al., 1995).
The data presented here provide direct evidence that a
single C. elegans receptor is required for the physiologi-
cal response to an odorant, and indicate that the odr-
10gene product is likely to be a receptor for the odorant
diacetyl.

Two genetic results implicate odr-70as a critical com-
ponent of the olfactory response to diacetyl. First, muta-
tions in odr-10 lead to a selective loss in the animal’s
ability to sense diacetyl. The mutants exhibit normal
responses to other odorants recognized by the AWA
olfactory neurons, and thus are not completely defective
in AWA function. Second, expression of a wild-type odr-
10 cDNA specifically restores diacetyl sensitivity to a
mutant (odr-7) that has lost its response to several
odorants.

The pattern of odr-10 expression suggests that odr-10
is directly involved in sensory transduction. odr-10::GFP
gene fusions are expressed at high levels in the AWA
neurons, the single type of olfactory neuron that senses
low concentrations of diacetyl. In addition, a tagged
protein that contains the entire odr-10 coding region
is localized to the AWA sensory cilia. These cilia are
probably used mainly for sensory transduction, and ex-
pression here suggests sensory function for odr-10. Be-
cause all AWA synapses are located on the AWA axons,
which are distant from the cilia, odr-10 is unlikely to
participate in synaptic transmission (White et al., 1986).

Sequence analysis predicts that odr-70 encodes a
seven transmembrane domain receptor of the G protein-
coupled superfamily, with distant similarity to the candi-
date mammalian olfactory receptors. At least 10 addi-
tional C. elegans genes that are similar to odr-10 have
been found in the sequenced regions of the C. elegans
genome (Wilson et al., 1994; J. H. C., E. Troemel, and
C. I. B., unpublished data; J. Suiston, A. Coulson, R.
Waterston et al., personal communication). The pre-
dicted odr-10 sequence includes several residues that
are conserved in the G protein-coupled receptor super-
family, particularly residues around the third and sev-
enth transmembrane domains (Probst et al., 1992). As
yet there is no direct evidence for G protein involvement
in C. elegans olfaction, but G proteins have been shown
to function in pheromone detection and in other forms
of chemosensation in worms (R. Zwaal and R. Plasterk,
personal communication; E. Troemel and C. 1. B., unpub-
lished data). Since G protein signaling pathways are
used in olfaction in vertebrates and other invertebrates
(Jones and Reed, 1989; Breer et al., 1990), itis likely that
they also function in the C. elegans olfactory system.

In mammals, it has been suggested that olfactory re-
ceptors may be part of an axon guidance system for
olfactory neurons (Singer et al., 1995; Sullivan et al.,
1995); neurons that express a single olfactory receptor
project to common target glomeruli in the olfactory bulb
(Ressler et al., 1994; Vassar et al., 1994). Two observa-
tions make it unlikely that odr-70 plays a direct role in
axon guidance of C. elegans olfactory neurons. First,
odr-10 mutants have morphologically normal AWA ax-
ons, so this receptor is not required for normal axon
outgrowth and guidance. Second, the Odr-10 gene
product appears to be localized to the sensory cilia of
the AWA neurons, while axon outgrowth occurs from a
distant part of the cell.
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Figwe 6. Expression of odr-10 is Regulated by odr-7
(A) Expression of odr- 10 in wild-type, odr-10(ky32), and odr-7(ky4) mutant animals. odr- 10 message was amplmed by mmd reverse transcrip-

- g1 98008
tion-poly chain and by hy to an odr-10 cDNA probe (see Exp sem-5 ge was hE
amplified in parallel as a positive control. .
(B) Expression of an odr-10::GFP integrated fusion gene in wild-type and odr-7(ky4) animals (ateral views). (Left) Expression of the fusion L] id

gene in an odr-7(+) background. The solid arrow indicates the position of the AWA cell body showing bright expression. The dashed arrow

indicates the position of the CEP

. (Right) Expr of the i
the expected position of the ceil body of the AWA neuron. The dashed arrow faint exp!

d fusion gene in odr-7(ky4) mutants. The solid arrow indicates
on in one of four CEP neurons (see text

and Experimental Procedures). This is the same fusion gene that is shown in Figure 4. Scale bar = 10 um.

Odoram Specificity of the odr-10 Gene Product
Individual olfactory neurons in C. elegans can sense
several different odorants, including odorants that can
be distinguished by the animal in behavioral assays
(Bargmann et al., 1993; Colbert and Bargmann, 1995).
In principle, each neuron could express one olfactory
receptor that detects many odorants, or several more
specific olfactory receptors. The expression patterns of
the putative chemosensory receptors encoded by the
sra, srb, srd, sre, srg, and sro genes indicate that one
sensory neuron can express many different candidate
receptors (Troemel et al., 1995). Similarly, the genetic
properties of odr-10 favor the model that several olfac-
tory receptors are expressed per neuron. The AWA ol-
factory neurons sense several structurally dissimilar
odorants that are discriminated by the animal, including
diacetyl and pyrazine. odr-10 null mutants have defec-
tive responses to diacetyl but not pyrazine, suggesting
the existence of at least one additional receptor on the
AWA neurons.

Diacetyl specificity of Odr-10 was also indicated by

Table 1. odr-10 Expression Driven by the odr-3 Promoter
Rescues Diacetyl but Not Pyrazine Responses in odr-7(ky4)
Mutants

Chemotaxis
Strain Fusion Gene Injected  Diacetyl  Pyrazine
odr-7(ky4) none - -
odr-7(ky4) odr-10 cDNA - -
(no promoter)
odr-7(ky4) odr-3::odr-10 + -
odr-10tky32)  none - +
odr-10(ky32)  odr-3::.0dr-10 + +

Fusion genes were microinjected into an odr-7(ky4) tin-15(n765ts)
X strain or an odr-10(ky32) lin-15(n765ts) X strain together with lin-
15 marker DNA. At least four independent transgenic lines carrying
each fusion gene were tested. Chemotaxis indices of 0-0.3 were
scored as negative; indices of 0.3-1.0 were scored as positive. A
minimum of three chemotaxis assays were conducted per
transgenic line.
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the observation that the odr-10 cDNA rescues the diace-
tyl but not the pyrazine defect of odr-7mutants. Presum-
ably, at least one additional gene controlled by the can-
didate transcriptional regulator odr-7 is required for a
normal pyrazine response.

The AWA neurons sense diacetyl at low concentra-
tions, probably in the nanomolar range. However, they
detect 2,3-pentanedione 10- to 100-fold less efficiently,
and they do not detect 2-butanone at all (Bargmann et
al., 1993; P. S. and C. 1. B., unpublished data). Therefore,
the diacetyl-sensing pathway of the AWA neurons se-
lects among molecules with similar structures. If odr-
10 encodes the diacetyl receptor, this selectivity might
be an intrinsic property of Odr-10, and the biochemical
sensitivity of the Odr-10 protein to odorant agonists or
antagonists could generate behavioral specificity.

Although many other tested odorant responses are
normal in odr-10 mutants, Odr-10 might sense odorants
other than diacetyl. The AWA neurons are redundant
with the AWC neurons for a number of olfactory re-
sponses, and a defect in the AWA component of those
responses might not be apparent in behavioral assays.

Paraliels between Vertebrate

and invertebrate Olfaction

The sequence similarity between odr-10 and the verte-
brate olfactory receptors is limited to a few residues in
the predicted proteins (~10% overall amino acid iden-
tity). odr-10 is more similar to these receptors than to
other G protein-coupled receptors, but it is unclear
whether the vertebrate and invertebrate olfactory recep-
tors are derived from a common ancestor.

Vertebrate olfactory neurons have been reported to
respond to many different odorants. For example, as
many as 25% of all salamander olfactory neurons gener-
ate an electrical response to cineole (Firestein et al.,
1993). If these salamander neurons are like mammalian
olfactory neurons and express only one olfactory re-
ceptor gene per neuron, then that one receptor might
recognize a broad variety of odorants. One rat olfactory
receptor clone, ORS, has been shown to generate an
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IP;response to many different odorants when expressed
in SF9 cells (Raming et al., 1993). These studies suggest
that vertebrate odorant-receptor interactions are rela-
tively promiscuous. However, they were conducted at
micromolar odorant concentrations, whereas physio-
logical levels are in the nanomolar or picomolar range.
At lower odorant concentrations, vertebrate receptors
might also show the striking specificity observed with
Odr-10.

Whereas individual C. elegans neurons probably ex-
press several receptor genes, mammalian olfactory neu-
rons probably express only one receptor gene per neu-
ron (Ressler et al., 1993; Vassar et al., 1993; Chess et
al., 1994). Why should this difference exist? C. elegans
has only 32 chemosensory neurons, but chemosensa-
tion is its most complex sensory modality and the main
mechanism by which the animal makes qualitative judg-
ments of its environment. Given the apparent chemical
specificity of Odr-10 and the small number of sensory
neurons, each cell might need to express many recep-
tors for the animal to recognize the full spectrum of
salient odorants. It will be interesting to determine
whether olfactory systems of intermediate complexity,
such as those of insects (Siddiqi, 1987), lobsters (Boek-
hoff et al., 1994), and fish (lvanova and Caprio, 1993;
Ngai et al., 1993a; Kang and Caprio, 1995), follow the
mammalian pattern or the nematode pattern of receptor
expression.

Experimental Procedures

Strains and Genetics
Wild-type worms were C. elegans variety Bristol, strain N2. Worms
were grown using standard methods (Brenner, 1974).

Strains used In this work were: CX2111 unc-58(e665dm) X,
MT1079 egl-15(n484) X, PS1032 syDf1/unc-2(e55) lon-2(e678) X,
TY1093 unc-42(e270) V; szT1/uDf1 X, CX2641 dpy-8(e130) stDf1/
lon-2(e678) egl-15(n484) X: CB678 lon-2(e678) X, TY0367 unc-
18(e81) dpy-6(e14) X, CX2629 lon-2(e678) odr-10(ky32) unc-6(n102)
X, CX2818 lin-15(n765ts) X, CX2366 odr-7(kyd) lin-15(n765ts) X,
CX2275 odr-7(ky4) unc-9(e101) X, CB101 unc-9(e101) X, MT3126
mut-2(r459) |: dpy-19(n1347) Il and C. elegans variety Bergerac,
strain RW7000.

Isolation of odr-10fxy32) and odr-104y225)

odr-10(ky32) was identified in a b screen for that
could not to yl. The g and mutant
screens were performed as described previously (Bargmann et al.,
1993). In brief, wild-type animals were mutagenized using the muta-

Both mutations were backcrossed four times before behavioral
testing.

Mapping of odr-10
The initial isolate of odr-10 carried two mutations: odr- 10(ky32) and
odr(ky47). Both mutations were linked to unc-58(e665dm) X.
odr(ky47) was mapped near egl-15(n484) X. odr-10(ky32) was cov-
ered by the genetic deficiency syDf1 X but uncovered by the genetic
deficiencies uDf1 X and stDf1 X. These data placed odr- 10(ky32)
between mec-2 and unc-6 on LG X.

odr-10(ky32) was sep d from {ky47) by the g strat-
egy: a strain carrying the two linked mutations odr-10(ky32) and
dpy-6(e14) X was generated by isolating Dpy non-Unc recombinants
In odr-10(ky32) odr(ky47)/unc- 18(e81) dpy-6(e 14) X animals. 8/8 Dpy
non-Unc recombinants segregated odr-10(ky32). Males carrying the
lon-2(e678) X mutation were mated with odr- 10(ky32) dpy-6(e14) X
animals, and recombinants carying only the odr-10(ky32) mutation
were isolated on the basis of their behavioral phenotype in chemo-
taxis assays.

length p the Bristol
strain N2 and the Bergerac stram meoo were used to further
localize odr-10. The potymorphism stP33 is a 260 bp fragment de-
tected in RW7000 using PCR (Willlams et al., 1992). RW7000 males
were mated with hermaphrodites carrying the three linked mutations
lon-2(e678) odr-10{ky32) unc-6(n102) X. 3/13 Lon non-Unc recombi-
nants lost the stP33 Bergerac polymorphism. Of these three, two
recombinants segregated odr-10(ky32). This analysis placed odr-
10 between stP33 and the gene unc-6 on the physical map.

Molecular Biology Methods

Ali g biology P were per using
hods (Samb et al., 1989). Soquonclng was per-

formed uslng the fmol seq (Pr

analysis was carried out using GeneWorks (Imelhgeneucs) Se-

quence comparisons were performed using the BLAST network ser-

vice (Altschul et al., 1990) and the CLUSTAL W program (Thompson

et al., 1994). Preliminary sequence of the odr-10 genomic region

was obtained courtesy of the C. elegans sequencing consortium at

Washington University (St Louis) (Wilson et al., 1994).

Germiine Transformation

Germiine transformation was carried out as described (Mello et al.,
1991; Sengupta et al., 1994). Marker /in-15 DNA (Huang et al., 1994)
was used at a concentration of 50 ,g/mi and test DNA at a concen-
tration of 30 ug/ml. Transgenic animals were identified by rescue
of the lin-15(n765ts) muitividval phenotype at 20°C.

isolation and Characterization of cDNAs

The 3.3 kb Scal-EcoRV ing g frag was used to
screen appr ly 1X 10° plaques of a mixed stage C. elegans
cDNA library (Barstead and Waterston, 1989). Three positive clones
were identified and partial sequences were obtained from both ends
of the clones. One clone was a hybrid cONA obtained from fusion
of a partial odr-10 cONA with an unidentified cDNA. The remaining
two cDNAs were identical and encoded odr-10. One of these cDNAs

gen ethyl methanesulfonate (EMS). The F 2 progeny of ~3600 muta- was seq wiletely on both using “P-end-
genized F1 animals were screened by giving them a choice b ig d
point sources of 1:10 dilution of diacetyl and 1 mg/mi pyrazlne Anev
two rounds of g anil at the p! individ S ing of the odr-106y32) Mutant Allele
were placed on 6 cm plates, a!lowed to sal( larullu, and their prog- Genomlc DNA was isolated from N2 and odr-10(ky32) animals as
d for i described (Klein and Meyer, 1993). The genomic region containing
odr-10(ky225) was g d by and the odr-10 gene was amplified using the primers PS-37 (5'-CCT

of the transposon Tc1 (Zwaal et al., 1993). Tc1 and odr-10- specific
primers were used to screen 1000 frozen stocks of the mutator
strain MT3126 by PCR, identifying one strain with a Tc1 insertion
within the second intron of odr-10. The odr-10::Tc1 strain was sub-
Jected to 68.7 mJ/cm? irradiation in a Stratagene UV Str o
produce DNA breaks, and the progeny screened via PCR for impre-
cise excision of Tc1. An animal with a 1351 bp deletion that extended
from the Tc1 insertion site to 428 bp past the odr- 10 stop codon was
identified. The predicted product from this deletion (odr- 10(ky225))
lacks all coding sequences past the N-terminal 120 amino acids of
odr-10.

CGT GAA ATC AGA TTT CAG-3') and PS-38 (5'-ACA TTC ATC ACG
TCG GAA CTT-3") flanking the open reading frame. At least one
strand of the open raadlng frames of all eight exons, the splice

junctions, and ~50 bp b d the initiator and the termi-
‘nation codon were q d. The exon ining the ky32 muta-
tion was seq on both

Guu-aﬂon of the Frameshift Mutation

Afr was d at the Xhol site in the sixth exon
of the odr 10 gene using the following strategy: the Scal-EcoRV
rescuing genomic fragment was cloned into the EcoRV site of the
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pBluescript plasmid. The Xhol site in the polylinker was destroyed
by digesting this plasmid with Apal and Sali, biunting the overhang-
ing ends, and religating. A frameshift was then created at the re-
maining Xhol site in the odr-10 gene by digesting with Xhol, filing
in the protruding ends, and religating. This results in a frameshift
after Arg-241 of Odr-10. The mutation was confirmed by DNA se-
quencing.

Generation of odr-10 Expression Constructs
A translational odr-10::GFP fusion gene was made by llganng ~1

for odr-10and SL1 and sem-5#14 (5'-GTT GAATTT GACAGCC-3)
for sem-5. Nested reactions for odr-10 and sem-5 were performed
separately. The conditions for PCR were as described above except
that 30 cycles of amplification were carried out in each round. The
reaction products were ived by electropi transferred to
a nylon membrane, and probed with *P-labeled odr-10 cDNA or a
sem-5 genomic fragment.

Expression of odr-10::GFP Fusion Genes
T C. lines g by ¥ bear extra-

)

kb of up: promoter seq and

first four amino acids of odr-10 in-frame lnlo the GFP expnssum
vector pPD95.77 (Chalfie et al., 1994; A. Fre, S. Xu, J. Ahnn, and
G. Seydoux. personal communication). The GFP gene used in all
experiments contains five engineered introns and the mutation S65C
(Heim et al., 1995). odr-10 sequences were amplified from a sub-
clone of the genomic region in pBluescript. PCR was performed
using the T3 primer and an odr-10-specific primer engineered to
contain a BamHi site at one end (PS-44; 5'-TAG GGT AAT GGATCC
TTC TCC CGA CAT GGA GCT GTA-3'). The resuiting product was
subcloned into the Sall and BamH| sites of pPD95.77. This strategy
resuited in the addition of 20 amino acids between the fourth residue
of the Odr-10 protein and the first methionine of GFP.

The Odr-10 protein tagged with GFP was constructed by ampli-
fying ~1 kb of odr- 10 promoter seq with
encoding restdues 1-337 of the Odr-10 pmtem and ligating lho PCR
product in-frame into pPD95.77. Amplification was performed from
a subclone of the odr-10 genomic region in pBluescript using the
primers T3 and PS-59 (5'-CAT TCA TCA GGA TCC AAC TTG AGA
CAA ATT GGC-3'). PS-59 was designed to contain a BamHI site at
the end. The amplified fragment was cloned into the Sall and BamHI
sites of the pPD95.77 vector. This tagged protein includes 20 addi-
tional amino acids between Val-337 of Odr-10 and the initiator methi-
onine of GFP. The sequence of the PCR product was confirmed by
DNA sequencing.

The odr-3:.0dr-10 expression construct was made in several
steps. First, odr-10 sequences encoding residues 1-337 of Odr-
10 were amplified and inserted into pBluescript to remove the 3’
untranslated region and polyA tail. Amplification was carried out on
a plasmid containing the odr-10 cDNA using the T3 and PS-59
primers. Second, a STOP codon was inserted by ligating an Nhel
linker (New England Biolabs) containing Stops in all three frames at
the 3’ end of the modified odr-10 cDNA. Sequence analysis of this
cDNA thvee PCR-induced point which were
removed by replacing an Nsil-Bsmi fragment of the cDNA with a
fragment from the original odr-10 cDNA. Third, the GFP gene in the
Tu#62 expression vector was replaced with the odr-10 cDNA. This
essentially creates a promoterless odr- 10 “expression” vector. Fi-
nally, a Hindlll frag containing appr ly 3 kb of upstream
sequences and sequences encoding the first 36 amino acids of
odr-3 was Inserted into the Sphi site in the potylinker of the odr-
10 “expression” vector by blunt-ended ligation. All junctions were
verified by sequencing.

Most amplification reactions were catried out using 50-100 ng of
plasmid DNA and 100 ng of each primer in 50 mM KCI, 10 mM
Tris (pH 8.0). 1.5 mM MgCl, and 200 uM of each dNTP. Reaction
conditions were 94°C for 30's, 52°C for 1 min, 72°C for 1 min for 15
cycles on an MJ Research thermal cycler.

ancﬂulolo&wnmaiwbykm

T
Total RNA was pnparod Irom mhled slago N2, odr-10(ky32) and
odr-7(ky4) Is by LiCl precip Finney, personal

communication). First strand cDNAs for odr-10 and sem-5 (Clark et
al., 1992) were prepared in the same reaction using the primers PS-
38 and sem-5#5 (5'-TGG AGA TTA AGT AAG AGA GGG C-3') and
10 ug of total RNA, essentially as described (Aatsinki et al., 1994).
The cONAs were used as templates for PCR amplification, using
the primers SL1, PS-38, and sem-5#5 to detect odr-10 (test) and
sem-5 (positive control) messages. The first amplmcauon of odr 10

arrays of the injected DNA that are occasionally lost
during meiosis and mitosis. To confirm the expression pattern of
the odr-10::GFP fusion gene, a strain was generated where the
fusion gene (and marker /n-15 DNA) were integrated into the ge-
nome (Mello et al., 1991). Approximately 40 L4 larvae of a transgenic
line carrying the extrachromosomal array of odr-10::GFP and lin-15
were Wtadiated with gamma rays from a '’Cs source (6000 rads).
Six hundred transgenic F2 progeny of the mutagenized animals
(recognized by thew lin- 15+ phenotype) were cioned onto individual
plates. Potential integrants were identified by the absence of lin-
15 mutant progeny. A single strain CX3260 (lin-15(n765ts); kyin37)
resulted from integration of the extrachromosomal array into LG M,
near roi-6. This strain showed bright GFP expression in both AWA

in all ani Although d by this bright
fluor faint but i was aiso observed in
the CEP neurons. Rarely, cxpfessnon was aiso observed in other
neurons, including ASI.

The expression pattern of the odr-10::GFP fusion gene was unal-
tered in odr-10(ky32) animals (data not shown). Additionally, the
localization of the Odr-10 protein tagged with GFP was unaitered,
and the AWA neurons had normal morphology of their sensory cilia,
axons, and dendrites in odr- 10 mutants. An odr-7::GFP fusion gene
is expressed only in the AWA neurons. Expression of this fusion
gene was unaltered Iin odr- 10(ky32) animals, indicating that the odr-
10(ky32) mutation did not alter AWA ceil fate (data not shown).

To visualize odr-10::GFP expression in odr-7 mutants, the follow-
ing strategy was used: N2 males were mated with /in-15(n765ts);
kyin37 hermaphrodites to obtain /in-15(n765ts); kyin37/+ males.
Heterozygous males were mated with unc-9(e101) X and odr-7(ky4)
unc-9(e101) X hermaphrodites, and cross-progeny heterozygous for
both kylin37 and unc-9 were cloned out. Unc animals In the F2
generation were again cloned out and homozygosed for ky/n37 by
examination under fluorescence. The presence of the odr-7(ky4)
mutation was confirmed by complementation analysis. GFP expres-
slon was observed faintly but y in the CEP in
both wild-type and odr-7(ky4) animals. Since the endogenous odr-
10 message was greatly reduced or absent in odr-7(ky4) mutants
(Figure 6A), the expression of the reporter gene fusion in CEP may
not be ch of the g odr-10 gene.
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Chapter 3a. The Caenorhabditis elegans seven-transmembrane
protein ODR-10 functions as an odorant receptor in mammalian
cells.
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Statement of contributions

Chapter 2 presented genetic evidence that the seven-transmembrane protein ODR-10 was likely

to act as the diacetyl receptor in C. elegans. However, this work did not confirm biochemically that

ODR-10 is sufficient to mediate signaling in response to diacetyl. To address this issue, I entered
into a collaboration with Kai Zinn'’s lab at the California Institute of Technology to show that
ODR-10, expressed in a heterologous system, could function as a diacetyl receptor. This work

represents the first definitive identification of an olfactory receptor with a known ligand.

The first part of this chapter is the publication that resulted from the collaboration with the Zinn
group. In this paper, ODR-10 is shown to be capable of mediating a response to diacetyl when
expressed in mammalian cells. Confirming the genetic findings, ODR-10 was highly specific,
responding to diacetyl but not to the structurally related compounds butanone and 2,3-
pentanedione. Surprisingly, however, transfected cells also exhibited responsiveness to the

unrelated compounds pyruvic acid and citric acid.

My contribution to the publication included generation of all odr-10 mammalian expression
constructs and conducting the C. elegans experiments referred to in the paper. These experiments,
which address the ability of ODR-10 to respond to pyruvic acid and citrate in C. elegans in vivo,

are described in the second part of this chapter.
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The Caenorhabditis elegans seven-transmembrane protein
ODR-10 functions as an odorant receptor in mammalian cells
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C ated by Norman David: Culifornia 1

ABSTRACT  The nematode Caenorhabditis elegans exhibits
behavioral responses to many volatile odorants. Chemotaxis
toward one such odorant, diwelyl (butanedione), requires the
function of a seven-tr ane protein ded
by the odr-10 gene. To determine dlrectly whether ODR-10
protein is an odorant receptor, it is necessary to express the
protein in a heterologous system and show that it responds to
diacetyl by activation of a G protein signuling pathway. Here
we demonstrate that hnmnn cells expressing ODR-10 on their
surfaces exhibit a tr ion in intracellular Ca?*
levels after diacetyl applicati Volatile pounds that
differ from diacetyl only by the addition of a methyl group
(2,3-pentanedione) or the absence of a keto group (butanone)
are not ODR-10 ngonists. Behavioral responses to these

ds are not d dent on odr-10 function, so ODR-10
specilu:lty in human cells resembles in vivo specificity. The
apparent affinity of ODR-10 for diacetyl observed in human
cells is consistent with the diacetyl concentration ranges that
allow efficient nematode chemotaxis. ODR-10 expressed in
b cells also responds to two anioni , pyru-
vate and citrate, which are metabolic pncnrsor: used for
diacetyl production by certain bacterial species. Ca?* eleva-
tion in response to ODR-10 activation is due to release from
intracellular stores.

In both vertebrates and invertebrates, the olfactory system can
detect hundreds or thousands of volatile odorants, yet is
capable of discriminating between compounds that differ only
slightly in chemical structure. Binding of odorants to receptors
in the vertebrate olfactory cpithelium is thought to activate
adenylyl cyclase (AC) via a G,a-like G protein (reviewed in ref.
1). The cAMP thus produced opens a cyclic nucleotide-gated
cation channel that is required for all odorant responses in
mice (2). The best candidates for mammalian odorant recep-
tors are the members of a very large family (>500 genes) of
olfactory-specific seven-transmembrane receptors (1, 3).
These receptors have not been demonstrated to bind to
odorants or to activate AC when expressed in heterologous
cells, however.

Because it has only 32 chemosensory ncurons and is acces-
sible to genetic analysis, the soil nematode Caenorhabditis
elegans provides a valuable system in which to define genes and
proteins that control olfactory behavior, Chemotaxis to vola-
tile attractants is mediated by two pairs of ciliated neurons,
AWA and AWC (4). A cyclic nucleotide-gated channel is
required for volatile odorant responses mediated by AWC but
not for those controlled by AWA (5, 6). Like vertebrates, C.
elegans has a large repertoire (>100 genes) of scven-

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be herchy marked “advertisement™ in
accordance with 18 U.S.C. $#1734 solely to indicate this fact.
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Mutations in the ncmatode odr-10 gene affect chemotaxis
toward only one volatile odorant, diacctyl (butancdione) (8).
Diacetyl is produced as an end product of fermentation by
bacteria that can serve as a food source for the nematode. The
ability to respond to diacctyl and other volatilc metabolites
provides a mechanism for long-range detection of bacterial
populations. Attractive responses to diacetyl are mediated by
the AWA ncuron, whereas the responses to two closely related
odorants, butanonc and 23- pentanedione, require AWC
function and are unaffected by ablation of AWA (8) (P.
Sengupta and C.1.B., unpublished results).

The odr-10 gene encodes a seven-transmembrane domain
protein that is distantly related to the G protein-coupled
receptor superfamily. odr-10 is cxpressed only in the AWA
ncurons, and an ODR- 10 fusion protein localizes to the distal
cilia of the AWA dendrites where odorant detection is thought
to oceur (8). These results suggest that ODR-10 could selec-
tively interact with diacetyl from the external environment and
activate a G protein in response to diacetyl binding. Because
AWA function is not dependent on the cyclic nucleotide-gated
channel, ODR-10 might be expected to couple to a different
signaling pathway than that uscd by vertebrate odorant recep-
tors.

Alternative models could also explain these genetic data.
For cxample, ODR-10 could bind to a number of structurally
related odorants, but behavioral responses to compounds
other than diacetyl might be suppressed by mechanisms down-
strcam of the receptor. To distinguish between these models
requires a functional assay in which ODR-10 specificity can be
dircctly evaluated. Here we show that ODR-10 expressed in
human cells can activate a G protein signaling pathway lcading
to release of Ca?* from intracellular stores. Our results
indicate that ODR-10 is indced a diacetyl-specific odorant
reeeptor.

MATERIALS AND METHODS

Molecular Biology. A full-lcngth odr-10 cDNA was inscrted
into pCS2 cytomegalovirus (CMV) promoter expression vec-
tors. In the Myc-ODR-10 plasmid, the ODR-10 coding se-
quence was inserted immediately 3 to a sequence encoding six
copics of a 13-residue ¢-myce epitope in the vector pCS2+MT
(9). The cpitope-tagged B2-adrencrgic receptor (HA-B2AdR)
sequence is in pcDNAI/amp (Invitrogen), and the plasmid

Abbreviations: HA, hemagglutinin; HEK293, human embryonic kid-
ncy 293; B2AdR, B2-adrencergic receptor; ACh, acctylcholine;
MAChR. muscarinic M; ACh receptor; ECso, half-maximal etfective
concentration.

o whom reprint req should be add d. e-mail: zinnk@
ceo.caltech.edu.
§Present address: Laboratoire de Neurobiologie, Ecole Normale
Supericure, 46 rue d'Ulm, 75005 Pans, France.
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contains one copy of the 12CAS influenza hemagglutinin
(HA) epitope at the N terminus of B2AdR.

Cell Culture and Immunofluorescence. HEK293 cells were
maintained in a high glucose medium (GIBCO) with 10% fetal
calf serum and lacking pyruvate. Cells were plated onto
poly-D-lysine-coated 15-mm glass coverslips in 35-mm tissue
culture dishes 24 hr before transfection. Lipofectamine
(GIBCO) was used as the DNA carrier. Two micrograms of
plasmid DNA (ODR-10 plasmids or control plasmid vectors)
was added to each culture dish. The cells were incubated with
the mixture for 10 hr at 37°C. Two days after transfection, cells
were fixed and permeabilized with methanol at —20°C for 20
min. Anti-c-myc (Oncogene Sciences; 9E10) and anti-HA
(Boehringer Mannheim; 12CAS) mAbs were used at 1:1,000
and 1:200 dilutions, respectively. Fluorescein isothiocyanate
(FITC)-conjugated secondary antibody (Jackson ImmunoRe-
search) was used at a 1:200 dilution. Staining and visualization
were carried out according to standard procedures.

Flow Cytometry. For flow cytometry, cells were grown on
10-cm tissue culture plates and transfected as described above.
For each plate, 16 ug of plasmid DNA was used. The control
vector in the experiment of Fig. 1 was pCS2-CMV-lacZ. The
transfected cells were gently washed off the plate after incu-
bation in divalent-free Hanks’ balanced salt solution (HBSS;
GIBCO). The solution was supplemented with 2.5 mg/ml
BSA, 5 mM NaNj, 250 ug/ml DNase, and 0.5 mM EDTA. The
cells were counted, spun down, and resuspended in the above
HBSS buffer with divalents to allow DNase digestion. The

LOFL

Proc. Natl. Acad. Sci. USA 94 (1997) 12163

secondary antibody was a phycoerythrin-conjugated goat anti-
mouse IgG (Caltag, South San Francisco, CA). After staining,
the cell suspensions were washed and filtered through a fine
nylon mesh and incubated in HBSS at 2 X 106 cells per ml. Cells
were analyzed on a Coulter Epics Elite flow cytometer with an
argon laser exciting at 488 nm (15 mW).

Fura-2 Ca?* Imaging. Approximately 48 hr after transfec-
tion, cells were incubated for 45 min at 37°C in a loading buffer
(pH 7.4) containing 140 mM NaCl, 3 mM KCl, 10 mM Hepes,
10 mM glucose, 2 mM CaCl,, 0.005 mM Fura-2-AM (Molec-
ular Probes), and 0.1% Pluronic F-127. The cells were then
incubated for another 1.5 hr at room temperature before
washing. The loaded coverslips were mounted onto a micro-
imaging chamber (RC21A, Warner Instruments, Hamden,
CT). The bath volume of the chamber was 150 ul. Bath
perfusion and drug delivery were controlled by an automated
solenoid valve controller (AutoMate Science, Oakland, CA).
The solution exchanging time was about 5 sec. Diacetyl,
butanone, 2,3-pentanedione, acetoin, pyrazine, and the an-
ionic compounds were all dissolved in water and diluted into
loading buffer. Hydrophobic odorants were dissolved in di-
methyl sulfoxide, mixed into pools, and sonicated into loading
buffer (final concentration = 5 uM cach; names of tested
odorants are available from the authors on request).

The imaging chamber was mounted on top of a Zeiss
Axiovert-10 inverted microscope, and a Zeiss Plan-Neofluar
40x oil immersion objective lens was used. Samples were
illuminated by a 75-W xenon bulb, and a computer-controlled

Fi16. 1.  ODR-10 expression and function in human cells. For immunofluorescence, the primary antibodies were mAbs against the Myc and HA

epitopes, and the secondary antibody was a FITCconjugated goat anti-mouse IgG (green). The yellow color is due to exposure saturation. (4)
Myc-ODR-10-transfected HEK293 cells, low power (200X). (B) Myc-ODR-10-transfected cells, 630X cytoplasmic fluorescence. (C) Myc-ODR-
10-transfected cells, 630%: perimeter fluorescence. (D) HA-B2AdR-transfected cells, 630X. (E and F) Two-dimensional dot plots of flow cytometry

The gular boxes enclose dots representing cell populations that display surface Myc epitope expression at levels above an
arbitrarily defined threshold. Each cytogram compiled data from 100,000 cells identified as viable by forward and 90° light scatter. The different
texture levels (from lightest to darkest) indicate threefold increases in frequency. LOFL, log orange fluorescence level; FALS, forward angle light
scatter. (E) Control vector-transfected cells (<0.01% of cell population was Myc-positive above threshold). (F) Myc-ODR-10-transfected cells
(0.3% of cell population was Myc-positive above threshold in this experiment). (G-/) Images of Ca2* measurements for a group of cells that were
transiently transfected with wt ODR-10 plasmid. The graded color bar is a calibration of the imaging system. The red color in the calibration bar
indicates the highest Ca2* level measured by the imaging system, The open circles in G indicate all of the areas used for data analysis. Open circles
in H indicate the three areas (cells) in the field that exhibited diacetyl responses. () Prior to diacetyl perfusion. (H) Three minutes after onset
of a 1-min application of 10 uM diacetyl. (/) Seven min after the onset of diacetyl application.
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filter changer (Lambda- 10; Sutter Instruments, Novato, CA)
was used 1o switch the excitation wavelength. An intensified
CCD camcra (Hamamatsu, Ichinocho, Japan) was used in
detecting fluorescence. Images were acquired at 5- or 10-scc
intervals and analyzed with VideoProbe system (ETM Sys-
tems, Irvine, CA) hardwarc and software. All cclls within a
ficld were selected (circled) and analyzed (see Fig. 1G for
examples), and up to 20% of circled cells might exhibit odorant
responsces. Instrument calibration was carricd out with stan-
dard Ca?* solutions (Molccular Probes) in custom-made mi-
croglass chambers that were 150 um deep and 3 mm? in area.

RESULTS

Expression of ODR-10 on the Surfaces of Transfected
Human Cells. To cvaluate ODR-10 expression, we transfected
lian cells with a plasmid encoding an ODR-10 protein
with a Myc cpitope tag at its N terminus, which should be
exposed at the external face of the plasma membrane. Myc-
ODR-10 was expressed at high levels in about 30% of tran-
sicntly transfected human HEK293 cells (Fig. 1A4). In the
majority of expressing cells, the protein appeared to be cyto-
plasmic, although staining extended to the cell perimeters (Fig.
1B). Some cells, however, exhibited bright fluorescence around
their perimeters with little cytoplasmic staining (Fig. 1C). This
localization pattern is similar to that observed for HA-2AdR
expressed in transfected HEK293 cells (Fig. 1D).

To determine whether Myc-ODR-10 could reach the sur-
face of transiently transfected human cells, we used flow
cytometry to measure Myc epitope expression on live cells.
About 0.3-1.0% of total cells assayed displayed Myc-ODR-10
on their surfaces at levels that were well above the fluorescence
background observed with vector-transfected cells (Figs. 1 E
and F). Expression of Myc-ODR-10 at the cell surface is
inefficient by comparison to HA-B2AdR, for which >8% of
total cells assayed exhibited high-level surface expression (data
not shown). Unhcalthy or othcrwise antibody-permeable cells
do not account for the apparent surface Myc expression seen
in Fig. 1F, because HEK293 cells cxpressing several different
Myc-tagged vertebrate olfactory receptors did not stain for
surface Myc when assayed by flow cytometry (data not shown).
These and other data indicate that expression of Myc-tagged
receptors does not induce permeability to antibodies.

Our results also indicate that immunofluorescent staining of
cell perimeters cannot be used as a criterion for surface
expression, because the percentage of cells that actually ex-
press surface Mye as measurcd by flow cytometry is much
lower than the percentage showing staining extending out to
the perimeter. This is true even if only cells with weak
cytoplasmic staining (as in Fig. 1C) are considered.

ODR-10 Medi Ca?* Elevation in Resp to Diacetyl
Application. To assay ODR-10 function, we measured intra-
cellular Ca?* levels in ODR-10-expressing cells using fura-2-
based Ca?* imaging. Upon perfusion of diacetyl (10 uM) onto
HEK293 cclls transfected with plasmids encoding wild-type
(wt) ODR-10 or Myc-ODR-10, a transient increase in intra-
cellular Ca?* was obscrved in a fraction of the cells (Fig. 1
G-1). Such responses were never seen in vector-transfected or
untransfected cells. They were also not observed in cells
expressing the muscarinic My acetylcholine receptor
(M;AChR), which couples cfficicntly to release of Ca®* from
intracellular stores.

Fig. 2 shows graphs of timc-dependent changes in intracel-
lular Ca?*, each averaged over 10 or more responding cells.
The Ca?* clevation response was maximal about 3 min after
the onset of diacetyl application and decayed within 4 min (Fig.
2A). These kinctics are considerably slower than those ob-
served for the MAChR response to acctylcholine (ACh; Fig.
4D). Basal Ca?* lcvels in populations of ODR-10) plasmid or
vector-transfected cells varied between 50 and 150 nM. A 10%
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FiG. 2. Characterization of diacctyl responses in ODR-10-
expressing HEK293 cells. 4 and B are plots of changes in fluorescence
intensity ratios (340 nm/380 nm). Each plot represents an average of
mcasurements from more than 10 individual cells. The images were
collected at S-sec intervals (represented by individual points). The
duration of odorant perfusion (1 min) is marked by a horizontal bar.
(A4) Ten micrumolar diacetyl, wt ODR-10-transfected celis. (B) Ten
micromolar diacetyl, control vector-transfected cells. (C) Bar graph of

bers and per ges of cells responding to 10 uM diacetyl. (D)
Diacetyl dose-response relation. Each symbol represents the average
of measurements from > 10 single cells from the same transfection.
Error bars (SD) are also indicated. The line is a fit to the Hill equation.
The cakculated ECso value from the Hill equation is 2.25 = (.53 uM,
and the Hill coefficient is 1.12.

change in fluorescence intensity ratio corresponds to an
increase of about 100 nM in Ca?* concentration, and the
highest Ca?* concentration attained during the diacetyl re-
sponse in a typical expcriment was about 300 nM. Duc to the
inaccuracy inherent in calibrating the Ca?* imaging system
between different populations of transfected cells, we report
here fluorescence ratios rather than estimated Ca?* concen-
trations.

Ten micromolar diacetyl elicited transient increases in in-
tracellular Ca?* in ODR-10-transfected cells (Fig. 24 and C)
but never in vector-transfected, untransfected, or MjAChR-
transfected cells (Figs. 2 B and C and 4D). The percentage of
responding cells and the magnitude of the Ca?* increases were
higher in cclls expressing wt ODR-10 (5.5%, n = 803; Fig. 2C)
than in those expressing Myc-ODR-10 (2.3%, n = 692).
Comparison of the percentage of Myc-ODR-10-transfected
cells responding to diacetyl with the percentage expressing the
Myc epitope on their surfaces suggests that cells that express
Myc-ODR-10 at levels below the threshold required for sep-
aration from the untransfected population in a flow cytometric
assay can still exhibit diacctyl responses in the fura-2 assay.

Dose-dependent responses to diacetyl were observed at
concentrations of 0.1-100 uM (71/1394 wt ODR-10-
transfected cells analyzed exhibited responses; Table 1). When
the dosc-response relationship was fitted to the Hill cquation,
ityiclded an ECsg value of 2.3 = 0.5 uM (Fig. 2D). The increase
in Ca?* saturates at about 100 uM diacctyl. odr-10 mutant
worms respond normally to butanone and 2,3-pentancdione,
which arc scnsed by AWC. They also respond to pyrazine, a
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Table 1. Summary ot odorant screening using Fura-2
Ca’* imaging
Odorant Cells
Compound concentrations | respending/cells
tested (uM) tested
2,3-Butanedione 0.1, 1, 10, 50, 7171394
(Diacetyl) 100, 500 (5.1%)
°
2-Butanone 1,10 0/189
\!/\
2,3 Pentancdione 1, 10, 100 0/149
Acetoin 1,10, 100 0/108
Pyruvic Acid 1,5, 10, 35/476
50,100 (7.4%)
Lactic Acid 10, 100 07244
Citric Acid 0.1,1,10, 5277159
. ° 100, 500 (6.9%)
L]
o
Isocitric Acid 10, 100 0/189
Oxaloacetic Acid 1,10, 100 0/147
o
o o
Pyrazine 10, 100 0/171
N,
J
*Bold type identifies ds that are ag: for ODR-10.

structurally unrelated compound detected by AWA (8). None
of these compounds produced a Ca?* clevation response in
ODR-10-expressing cells, even at 100 uM (Table 1). 3-
Hydroxybutanone (acctoin) also did not clicit responses. We
tested 44 other volatile odorants representing a variety of
different chemical groups on ODR-10-expressing cell popu-
lations and found that none produced any receptor-dependent
clevation in Ca?* levels (data not shown).

ODR-10 Re ds to the Noavolatile C ds Pyruvate
and Citrate. We have been unable thus far to identify any
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volatile compound other than diacetyl that produces a Ca?*
clevation response in ODR-10-expressing HEK293 cells. In an
effort to define another ODR-10 agonist, we also tested
anionic compounds that arc structurally related to diacetyl.
We found that one such compound, pyruvate, produced Ca?*
elevation in ODR-10-expressing cells (35/476 cells analyzed;
Table | and Fig. 34) but never in vector-transfected cells (Fig.
3C). Pyruvatc has a similar ECsg to diacetyl (3.2 = 0.9 uM; Fig.
3D). Intercstingly, diacetyl, which is an ¢nd product of fer-
mentation in some species of bacteria, can be synthesized in
two steps directly from pyruvate, using the enzyme diacetyl
synthase. Diacetyl production is a specific signature for certain
bacterial spccies, whereas acetoin is produced by almost all
bacteria.

That ODR-10 responded to diacetyl and pyruvate, but not
to the structurally related fermentation end products acctoin
and lactate (Table 1), suggested that ODR-10 activation might
be indicative of the presence of bacterial species that generate
diacetyl via the diacetyl synthase pathway. The preferred
substrate for pyruvate and diacetyl formation in some of these
bacteria is citrate. Bacteria convert citrate to oxaloacetate and
then to pyruvate under anacerobic conditions. In the presence
of oxygen, citrate is preferentially isomerized to isocitrate by
aconitasc and cnters the tricarboxylic acid cycle (10).

We tested whether other compounds in the diacetyl synthe-
sis pathway might ¢licit ODR-10 responses and found that
citrate is an agonist for ODR-10 (Fig. 3B; 52/759 cclls
analyzed). Again, citratc never induced Ca?* clevation re-
sponses in vector-transfected cells (Fig. 3C). The ECsp for
citrate (0.34 = 0.08 uM) was lower than that for diacetyl itself
(Fig. 3D). The citrate response is surprising. because citrate
does not have a close structural relationship to diacetyl or
pyruvate, and most citrate molccules bear three ncgative
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FI1G. 3. ODR-10 responds to pyruvate and citrate. Symbols and
markers have the same meaning as in Fig. 2. Images were collected at
10-scc intervals. (4) Ten micromolar pyruvate, wt ODR-10-
transfected cells. (8) Ten micromolar citrate, wt ODR-l(l-lransfutcd
cells. (C) Bar graph of bers and p ages of cells resp
to pyruvate and citrate (10 uM). (D) Daose-response relations for
pyruvate and citrate. The closed squares and open circles are data
points for pyruvate and citrate, respectively. The calculated ECso
valucs from the Hill cquation arc 3.23 = 0.9 uM for pyruvate and
0.34 = (.08 uM for citrate. The Hill coefficients are 0.9 and 1.28 for
pyruvau and uualc. rcspcn.uw.ly The dotted line shows the diacetyl

S p for parison.
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charges at neutral pH. It is specific, however, because isoci-
trate, which has the same negative charge distribution and
differs only in the positioning of an —OH group, did not
produce ODR-10 responses (Table 1).

ODR-10 Signaling and Desensitization in Hauman Cells. To
investigate the signaling pathway used by ODR-10 in human
cells, we examined the origin of the Ca?* signal detected in the

ing exper Eli ing extracellular Ca?* had little
cttect on ODR-I0-mediated increases in Ca?* (Fig. 44),
suggesting that Ca2* elevation is primarily duc to relcase from
intraccllular stores. Internal Ca?* stores whose release is
mediated by G protcin-coupled receptors are depleted by
caffeine, which produces a slow increase in cytoplasmic Ca?*
as the stores are emptied. After caffeine treatment of trans-
fected HEK293 cclls, diacetyl, citrate, and pyruvate failed to
elicit a further Ca?* increase (Fig. 4B), suggesting that
ODR-10 and caffeine affect similar calcium stores. Preincu-
bation of transfected cells with pertussis toxin (PTX; 100 nM)
had no effect on odorant-induced Ca®* clevation (data not
shown), indicating that ODR-10 is likely to couple to a
PTX-resistant G protein. Although the activation of a human
G protein by ODR- 10 shows that the receptor is promiscuous
in its coupling ability, the overall signaling mechanism used by
ODR-10 may be similar in human cclls and in C. elegans,
because behavioral responses to diacetyl require a protein
related to Drosophila Trp (11). Trp is required for rapid
refilling of intracellular Ca?* stores in fly photoreceptors
(reviewed in ref. 12).
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Fi. 4. ODR-10 signaling and d itization. Symbols and mark-

ers have the same mA..mmg as in Fig. 2. The slarnng point of agonist
application is indicated by arrows. Images were collected at 10-sec
intervals. (4) Ten micromolar citrate, wt ODR-10-transfected cells in
Ca2*-free extracellular solution. (B) Ten micromolar citrate, wt
ODR-10-transfected cells treated with 10 mM caffeine. Caffeine was
present before and after odorant application (long horizontal bar).
Identical results were observed for diacetyl and pyruvate (10 uM; data
not shown). (C') ODR-10 desensitization by low concentrations of
diacetyl. Diacetyl (1 uM) was applicd at 120 and 620 sec. The cells were
cc ly washed b dlau.lyl applications. (D) Effects of
odor.mls on MjAChR-mediated Ca* elevation. Each arrow indicates

& of a diff v or agonist. The sequence of appli-
cation was: butanone, 2.3-pentanedione, pyrazine (all at 10 uM),
followed by ACh (20 uM). Diacetyl (10 uM) also had no effect on the
ACh response (data not shown).
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ODR-10 undergoes desensitization upon activation in
HEK293 cells. When ODR- 10 expressing cells were exposed to
1 uM diacetyl, a second application of diacetyl at the same
concentration clicited a much smaller response (Fig. 4C).
Higher concentrations of diacetyl, citrate, or pyruvate pro-
duced complete and long-lasting desensitization (data not
shown). Diacetyl and other volatile odorants had no cffect on
subsequent ACh-induced release of Ca?* from intracellular
stores in cells expressing MjAChR (Fig. 4D).

DISCUSSION

In this paper, we have shown that the nematode seven-
transmembrane domain protein ODR-10 functions as a recep-
tor for the volatile odorant diacetyl (butancdione) when
expressed in human HEK293 cells. ODR-10 responds to
volatile odorants with high sclectivity in human cells, and this
sclectivity resembles that observed for the behavioral response
invivo (8). In both systems, the receptor distinguishes between
diacetyl and compounds that differ from it only by the presence
of an extra methyl group (2,3-pentancdione) or by the absence
of a keto group (butanonce; Table 1).

The apparent affinity of ODR-10 for diacetyl observed in
human cclls (ECsop = 2.3 uM; Fig. 3D) is consistent with the
diacetyl concentration ranges that allow cfficient nematode
chemotaxis. In volatile chemotaxis assays, odorant is spotted
cither on the surface of an agar plate or on the underside of
the lid, and nematodes move across the agar and accumulate
at or directly under the odorant source (4). The mean con-
centration of diacetyl in air in a typical assay is about 0.1 uM
(J.H.C. and C.1.B., unpublished results). At this concentration
of diacetyl in liquid, the ODR-10 response in 293 cells is about
5% of maximum (Fig. 2D; data not shown). The saturating
concentration of diacetyl above which nematodes cannot fol-
low a diacetyl gradicnt is about 100 M, which corresponds
approximatcly to the concentration rcquired to saturate the
response in 293 cells.

ODR-10 is very specific in its recognition of diacetyl as a
ligand, and we were unable to identify any other volatile
odorant that could serve as an ODR-10 agonist. We found that
two anionic compounds, pyruvate and citrate, can function as
ODR-10 agonists in human cclls and that citrate has a lower
ECso (.34 uM) than diacetyl (2.3 uM). Analyses of Ca?*
clevation responses in sections of olfactory epithelium show
that a single mammalian olfactory receptor ncuron can re-
spond to volatile alcohols and to fatty acids, which arc non-
volatile (anionic) at ncutral pH (13). Thus, mammalian and
invertebrate olfactory receptors can apparently interact with
both volatile and nonvolatile compounds.

Although the pyruvate and citrate results are intriguing,
there is no evidence at present indicating that a behavioral
response to these compounds can be mediated by ODR-10. C.
elegans exhibits chemotaxis to volatile pyruvic acid and soluble
citrate, but these responses are also observed in odr- 10 mutant
worms. Morcover, the pyruvic acid response is dependent on
AWC and not on AWA, so ODR-10 is unlikely to be one of
several redundant receptors for this odorant (J.H.C. and
C.1.B., unpublished results).

Pyruvic acid is an unusual odorant, because it exists in both
neutral and anionic forms. In a volatile chemoattraction assay,
pyruvic acid evaporating into the air would quickly sct up two
types of gradicents: a pyruvic acid gradicnt in the air and a
pyruvate gradient in the buffered agar. In principle, the worm
might follow cither of these gradicnts to reach the pyruvic acid
source. That pyruvic acid chemotaxis is dependent on the
volatile odorant receptor neuron AWC suggests that pyruvic
acid is the species recognized by the worm during chemotaxis.
In the 293 cell system, however, pyruvate is dissolved in a pH
7.4 buffer, in which the concentration of pyruvic acid is about
10-fold lower than that of pyruvate anion. This indicates that
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the ligand for ODR-10 in 293 cells is likely to be pyruvate
rather than pyruvic acid.

Pyruvate and citrate cannot compete effectively with di-
acetyl for access to ODR-10 on AWA cilia, because diacetyl
chemotaxis, which is completely blocked by 100 uM diacetyl in
the agar, was unaffected when the agar contained 1.4 mM
pyruvate or 5 mM citrate (J.H.C. and C.I.B., unpublished
results). Thus, pyruvate and citrate are apparently less acces-
sible to ODR-10 on AWA cilia than in human cells. Cilia that
detect volatile odorants are encasced within the amphid sheath
cell, whereas neurons that sense water-soluble molecules are
exposed at the tip of the nose (4, 14). One possibility is that
AWA and AWC may not be able to interact cfficiently with
membrane-impermeable compounds such as the pyruvate and
citrate anions. Alternatively, an accessory protein, posttrans-
lational modification, or receptor conformation that affects
the ability to respond to pyruvate and citrate could differ
between ODR-10 expressed in HEK293 cells and ODR-10 C.
eleguns ncurons.

Interestingly, pyruvate and citrate are direct biosynthetic
precursors to diacetyl in bacteria, and citrate is the preferred
carbon source used for diacetyl formation. Lactic acid bacteria
generate diacetyl, which is the characteristic flavor of butter,
from citrate in milk. Fungi such as Aspergillus, which produce
very high levels of citrate and are used for its industrial
production, provide a potential citrate source for soil bacteria.
Under anacrobic conditions, citrate is broken down to pyru-
vate in two enzymatic steps, and pyruvate is in turn converted
to diacetyl (10). These results suggest that ODR-10 activation
could be a signature for the presence of bacterial species that
use this metabolic pathway. ODR- 100 on AWA cilia apparently
cannot be activated by pyruvate and citrate. If expression of the
receptor were induced in an exposed chemosensory neuron
under some conditions in the natural environment, however, it
is likely that ODR-10 could mediate a behavioral response to
these compounds.

Proc. Natl. Acad. Sci. USA 94 (1997) 12167
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Chapter 3b. Ligand specificity of ODR-10 in C. elegans

Rationale

Chapter 3a demonstrated that ODR-10 expressed in human HEK293 cells can mediate a response
to diacetyl (ECsg = 2.3 £ 0.5 uM). The unexpected finding in this heterologous system that ODR-

10 could also respond to pyruvic acid (ECsg = 3.2 + 0.9 pM) and citric acid (ECsg = 0.34 £ 0.08 uM)
raised the possibility that these two compounds, not previously tested in chemotaxis assays, may

also be sensed by ODR-10 in worms.

In fact, C. elegans find both citrate and pyruvic acid attractive. Sodium citrate, adjusted to neutral
pH, acts as a very weak water-soluble attractant (data not shown), while pyruvic acid is a robust
attractant (this chapter). Pyruvic acid acts as a volatile attractant, because a point source spotted
on the lid above the assay plate was as effective an attractant as a spot on the assay plate agar
(data not shown). The following experiments focus primarily on the ability of ODR-10 to detect
pyruvic acid rather than citrate because of the greater likelihood of a volatile attractive response

being mediated by the AWA olfactory neurons that express ODR-10.

Results
odr-10 is neither necessary nor sufficient to sense pyruvic acid.

An o0dr-10 null mutant was fully capable of pyruvic acid chemotaxis, demonstrating that odr-10 is
not required to sense pyruvic acid (Figure 3-1). Although this result shows that a receptor other
than ODR-10 can mediate the pyruvic acid response, it does not rule out the possibility that ODR-

10 may contribute to this response.
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To determine which chemosensory neurons mediate the pyruvic acid response, strains bearing
mutations that disrupted the function of specific chemosensory neurons were tested for pyruvic
acid chemotaxis. odr-1 and odr-2 disrupt AWC function; odr-7 disrupts AWA function; and osm-3
disrupts the function of AWB and all chemosensory neurons with exposed ciliated endings

(Perkins et al., 1986; Bargmann et al., 1993; Sengupta et al., 1994).

Figure 3-2 demonstrates that AWC function is required for pyruvic acid chemotaxis, whereas
AWA and ciliated neurons are not. Since odr-1 and odr-2 mutants retain odr-10 function in AWA
but lose the ability to respond effectively to pyruvic acid, the conclusion is that odr-10 in AWA is

not sufficient to mediate an attractive response to pyruvic acid.

Ectopic expression of ODR-10 does not alter pyruvic acid chemotaxis

Expression of ODR-10 in chemosensory neurons that mediate repulsion has been shown to alter
the normal attractive response to diacetyl to a repulsive response (Troemel et al., 1997; Emily
Troemel and Liqin Tong, personal communication). To test whether ODR-10 expressed in other
chemosensory neurons could direct a response to pyruvic acid, odr-10 null mutants containing
transgenes that directed odr-10 cDNA expression in neurons that mediate repulsion were tested
for pyruvic acid response. ODR-10 expressed in the AWB, ADL, and ASH neurons did not

interfere with pyruvic acid chemotaxis (Figure 3-1).

It may be that ODR-10 in chemorepulsive neurons can sense pyruvic acid, but that AWC-
mediated signaling for attraction was more effective than signaling by the chemorepulsive
neurons. To increase the sensitivity of detecting a response, this experiment could be better
executed in a background lacking an attractive pyruvic acid response, for example in odr-1 odr-10

double mutants.

Pyruvic acid and diacetyl do not compete effectively with each other for receptor binding or

signaling.
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Finally, it was possible that ODR-10 was capable of initiating signaling in response to pyruvic
acid, but that the signaling was not productive for mediating chemotaxis. If diacetyl and pyruvic
acid shared an overlapping recognition site on ODR-10, these compounds might display

competition for ligand binding, manifested as interference in cross-saturation assays.

To test the ability of pyruvic acid to compete with diacetyl at the ODR-10 ligand binding site,
wild-type animals were tested for chemotaxis to a point source of diacetyl in the presence of 1.4
mM pyruvic acid. This experiment showed that pyruvic acid was unable to cross-saturate the
diacetyl response (Figure 3-3). Likewise, similar experiments using 5 mM sodium citrate as a
saturant did not interfere with diacetyl chemotaxis; in contrast, diacetyl at 0.9 mM is sufficient to

abolish the diacetyl response (Chapter 4 and data not shown).

Because ODR-10, expressed in AWA, is the only receptor capable of mediating diacetyl
chemotaxis under these conditions, these experiments show that neither pyruvic acid nor sodium
citrate are capable of competing effectively with diacetyl recognition by ODR-10. Therefore, either
the AWA cilia are inaccessible to pyruvic acid and sodium citrate or the diacetyl recognition site

of ODR-10 does not bind pyruvic acid or citrate.

Discussion

In this chapter, evidence is presented that ODR-10 expressed in mammalian cells can function as
a specific receptor for diacetyl. However, a puzzling discrepancy emerged in which ODR-10
expressed in HEK293 cells also mediated a response to pyruvate and citrate, even though ODR-10

seems unable to direct a similar response in C. elegans.

For land vertebrates, atmospheric odorants must traverse an aqueous layer formed by the
olfactory mucus layer before initiating signaling by binding olfactory receptors. The effect of the

gaseous—aqueous interface has been alternately proposed to prevent or promote the passage of
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odorants. Most odorants are small hydrophobic molecules, which might be expected to be poorly
soluble in an aqueous environment; however, the partition coefficients of many common
odorants suggest that many would actually be concentrated by an order of magnitude into the

aqueous phase because of the much higher molar density of liquids (Pelosi, 1996).

The situation is further complicated within the mucus layer, which contains water, electrolytes,
and a number of proteins secreted by olfactory support cells (Carr et al., 1990; Pelosi, 1996). The
proteins include nonspecific odorant-binding proteins and enzymes with powerful redox and
conjugating activities, similar to the detoxifying enzymes of the liver. These proteins are likely to

modify both the accessibility and structure of odorants, either before or after signal transduction.

Likewise, the olfactory neurons of insects are surrounded by an aqueous layer of sensillar lymph,
and in C. elegans, the AWA and AWC sensory cilia lie embedded within an electron-dense matrix
material secreted by amphid sheath cells (Perkins et al., 1986). The physiological role of the

matrix during odorant sensation is not known.

C. elegans dose-response experiments spanning a 1,000-fold concentration range indicate that
pyruvic acid gradients formed in the air are as effective or more effective than those originating
on the surface of the agar (data not shown). Pyruvic acid is volatile, while pyruvate anion is not.
Thus un-ionized pyruvic acid generates the odorant gradient sensed by C. elegans and may act as
the species that is detected in the amphid environment. In the mammalian expression system, the
experiments were performed in buffered medium in which the concentration of pyruvate anion is
predicted to be 105-fold higher than un-ionized pyruvic acid. Perhaps ODR-10 in vitro responds
to the anion, whereas the amphid matrix context in vivo favors un-ionized pyruvic acid which

may not be detected by ODR-10 but is instead sensed by a distinct receptor on AWC.

The lack of effect by ODR-10 misexpression in the ASH chemorepulsive neuron, whose cilia are

more directly exposed to the environment, could argue against a role for modification of pyruvic
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acid presentation by the matrix. One possibility is that ASH responses were masked by more

efficient attractive signaling mediated by AWC.

Other explanations for the difference in ODR-10 specificity in HEK293 cells and C. elegans include
the existence of accessory coreceptors or ODR-10 post-translational modifications or

conformational changes that further restrict the specificity of ODR-10 in vivo.

For example, recent work has identified the single-transmembrane domain RAMP family of
receptor-activity modifying proteins, which modulates seven-transmembrane receptor
glycosylation, surface expression, and ligand specificity (McLatchie et al., 1998). When transfected
into mammalian HEK293T cells, the seven-transmembrane domain calcitonin-receptor-like
receptor is unable to mediate a response to two related peptides, calcitonin-gene related peptide
(CGRP) and adrenomedullin (ADM). Likewise, transfection of either RAMP-1 or RAMP-2 alone
does not impart peptide responsivity. In contrast, co-transfection of receptor and RAMP-1 yields
sensitivity to CGRP, while receptor and RAMP-2 together allows response to ADM. The authors
also demonstrate that RAMP/receptor interactions are necessary for efficient cell surface
expression and are responsible for differential glycosylation of the calcitonin-receptor-like

receptor.

Although RAMP proteins have not been identified in invertebrates, a similar mechanism may
explain the differences between ODR-10 activity in vivo and in vitro. These studies of seven-
transmembrane receptor function underscore the importance of combining both physiological

and biochemical approaches in defining the activities of signal transduction components.

Methods

Strains and genetics
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Wild-type worms were C. elegans variety Bristol, strain N2. Worms were grown at 20°C with

abundant food using standard methods (Brenner, 1974).

Strains used in this work included CX2378 odr-1 (ky29) X, CX3030 odr-7 (ky4) X, CX2304 odr-2
(n2145) V, CX3411 odr-10 (ky225) X, PR802 osm-3 (p802) IV, and CX3548 kyls103 [str-1 promoter
driving odr-10 cDNA expression in AWB] V; odr-10 (ky225) lin-15 (n765ts) X. CX3574 kyls107 [sre-1
driving odr-10 cDNA expression in ADL] odr-10 (ky225) lin-15 (n765ts) X and CX3575 kyls108 [sra-
6 promoter driving odr-10 cDNA expression in ASH] odr-10 (ky225) lin-15 (n765ts) X are

unpublished reagents, courtesy of Ligin Tong.
Behavioral assays

All behavioral assays were conducted on well-fed adults. Standard chemotaxis assays were
performed as previously described (Bargmann et al., 1993). Assay plates were used 1-3 days after
pouring. Cross-saturation assays were performed similarly to standard chemotaxis assays, except
that an amount of saturating odorant was well mixed into the assay agar, and plates were used

within one day after pouring.
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Ectopic expression of ODR-10

does not affect pyruvic acid chemotaxis
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Figure 3-1. Pyruvic acid chemotaxis does not depend on odr-10 and is not affected by ectopic
expression of ODR-10. Wild-type, odr-10 (ky225) null mutant animals, and odr-10 (ky225) mutant
animals ectopically expressing ODR-10 in chemosensory neurons that direct repulsion were
tested for chemotaxis to diacetyl and pyruvate at the concentrations listed. Relevant genotypes:
A;AWB: kyls103 [str-1 promoter driving odr-10 cDNA expression in AWB] V; odr-10 (ky225) X,
A;ADL: kyls107 [sre-1 driving odr-10 cDNA expression in ADL] odr-10 (ky225) X, and A;ASH:

kyls108 [sra-6 promoter driving odr-10 cDNA expression in ASH] odr-10 (ky225) X.



Pyruvic acid chemotaxis requires
AWC chemosensory neuron function
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Figure 3-2. Pyruvic acid chemotaxis requires AWC chemosensory neuron function. Wild-type
and mutant animals were tested for chemotaxis to the listed attractants. odr-1 and odr-2 are
required for AWC function, odr-7 is required for AWA function, and osm-3 is required for

function all other amphid and phasmid chemosensory neurons.
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Diacetyl chemotaxis is not affected
by pyruvic acid saturation
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Figure 3-3. High concentrations of pyruvic acid do not interfere with diacetyl chemotaxis. Wild-
type N2 animals were tested for chemotaxis to diacetyl, pyruvic acid, and pyrazine in the

presence or absence 1.4 mM of pyruvic acid in the assay plate.
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Chapter 4. Mechanisms of olfactory discrimination: behavioral
and mutational analysis.

Abstract

Downregulation of signal transduction after prolonged stimulation allows a system to detect
novel stimuli and ignore signals that are no longer relevant. Caenorhabditis elegans exhibits many
chemosensory behaviors that may depend on downregulation, including adaptation to and
discrimination between distinct odorants. Here I show that a single olfactory neuron can
differentiate between multiple odorants in cross-saturation assays, indicating that odorant-
specific mechanisms for desensitization are present within a single neuron. ODR-10, the odorant
receptor for diacetyl, is a member of the seven-transmembrane domain receptor superfamily and
has a large number of potential intracellular phosphorylation sites. Since phosphorylation of
seven-transmembrane domain receptors is a well-characterized paradigm for desensitization,
ODR-10 phosphorylation seemed likely to play a role in chemosensory behaviors. I found,
however, that replacement of all eight intracellular C-terminal serine and threonine residues with
alanine had no effect on chemotaxis, adaptation, or discrimination. On the other hand, specific
residues in the third intracellular loop that might be phosphorylated were essential for
chemotaxis. Alteration of either a serine or threonine in this loop resulted in loss of the ability of
ODR-10 to mediate chemotaxis to diacetyl, without an accompanying change in discriminatory

ability.

Introduction

C. elegans can discriminate between several different attractive odorants in cross-saturation assays

(Bargmann et al., 1993). In these assays, high uniform concentrations of one odorant abolish
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response to that odorant without interfering with chemotaxis to a point source of a different
odorant. Saturation assays have defined at least seven classes of odorants that can be
discriminated from each other, demonstrating structural specificity in the chemosensory response
and delimiting a minimum number of independent ligand binding sites. Compounds that exhibit
cross-saturation with each other presumably share some component of sensory transduction such

as a common sensory neuron, signal transduction component, or receptor molecule.

How does C. elegans discriminate among multiple compounds? Ultrastructural studies of C.
elegans identified 14 classes of neurons that may be chemosensory based on their exposure to the
outside environment and the presence of ciliated dendrites (Ward et al., 1975; Ware et al., 1975).
Laser ablation experiments demonstrate that just two pairs of chemosensory neurons, AWA and
AWC, mediate attraction to all tested volatile compounds. The AWA chemosensory neuron is
necessary for response to pyrazine and diacetyl, while AWC is necessary for chemotaxis to
benzaldehyde, isoamyl alcohol, 2,3-pentanedione, and butanone (Bargmann et al., 1993; Piali
Sengupta, personal communication). Cross-saturation assays have shown that these compounds

can be discriminated from each other.

These results demonstrate that a single olfactory neuron in C. elegans, either AWA or AWC, is
required to mediate chemotaxis but do not rule out the possibility that integration of information
from additional chemosensory neurons is required for discrimination. In such a model, a broadly
tuned receptor on one neuron would be required for chemotaxis, while a specific receptor on
another neuron would be required for discrimination yet be insufficient for chemotaxis. In
another model, single chemosensory neurons would possess distinct ligand binding sites coupled
to signal transduction processes that could be independently saturable. To distinguish between
these models, I tested animals with only a single functional type of chemosensory neuron for

their ability to distinguish between odorants sensed by that neuron.

What is the molecular mechanism of chemosensory discrimination in C. elegans? The ability of

two odorants to avoid cross-saturation, despite the ability of each odorant to self-saturate, implies
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odorant-specific downregulation at some step of the signal transduction pathway, with
downregulation occurring before the pathways downstream of each odorant converge. As in
vertebrates, olfactory transduction in C. elegans is mediated by a G protein-coupled pathway. A
number of signal transduction components have now been identified, including an odorant
receptor, ODR-10, specifically required for diacetyl response, and a G protein o subunit, ODR-3,

required for both AWA and AWC function (Sengupta et al., 1996; Roayaie et al., 1998).

One of the best characterized mechanisms of G protein-coupled receptor downregulation
involves phosphorylation of the receptor by G protein-coupled receptor kinases (GRKSs) such as
rhodopsin kinase and B-adrenergic receptor kinase, followed by arrestin-mediated uncoupling of
the receptor from G protein signaling (Premont et al., 1995; Freedman and Lefkowitz, 1996).
These same components have been found localized to the sensory cilia of vertebrate olfactory
neurons, and in vitro experiments have demonstrated a role for them in olfactory signal
termination (Dawson et al., 1993; Schleicher et al., 1993; Boekhoff et al., 1994a). A worm GRK and
arrestin homologue are each expressed in chemosensory neurons, as assessed by fusion to green
fluorescent protein, suggesting that a similar mechanism may regulate olfactory receptors in C.

elegans (Gage Crump, personal communication).

In a related mechanism, phosphorylation of the cytoplasmic tail of the a-factor pheromone
receptor in yeast is required for its ubiquitin-mediated internalization and degradation (Hicke
and Riezman, 1996; Hicke et al., 1998). Site-directed mutagenesis of either the C-terminal serines,
which are phosphorylated, or a single lysine, which is ubiquitinated, abolishes both constitutive

and ligand-stimulated internalization of a truncated receptor.

To determine whether either of these mechanisms might be important for normal chemosensory
behaviors in C. elegans, I undertook site-directed mutagenesis of the diacetyl receptor, ODR-10. In
this work, I demonstrate that worms possessing only a single functional chemosensory neuron
are still capable of discriminating between multiple odorants. This ability likely occurs by some

type of transduction desensitization within the neuron that prevents interference by saturating
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odorants. In the case of diacetyl, I show that genetic ablation of multiple potential
phosphorylation and ubiquitination sites in its seven-transmembrane domain receptor does not
affect odorant discrimination. Moreover, other behaviors that have been proposed to depend on
receptor desensitization, including chemotaxis and adaptation, are similarly unaffected by

removal of potential phosphorylation or ubiquitination sites.

Results

Genetic ablation of chemosensory neuron function

To determine whether a single chemosensory neuron could discriminate between multiple
odorants, several strains, genetically ablated for the function of all chemosensory neurons except

one, were tested in cross-saturation assays.

The amphid and phasmid chemosensory organs encompass thirteen classes of chemosensory
neurons. Ten classes have simple exposed ciliated endings, while three classes, AWA, AWB, and
AWCGC, have elaborate branched cilia (Ward et al., 1975; Ware et al., 1975). Mutations in osm-3
appear to abolish the function of all chemosensory neurons with exposed ciliated endings,
including those that mediate responses to water-soluble compounds (Perkins et al., 1986). The
AWB neurons are also somewhat defective in osm-3 mutants, as evidenced by their failure to take
up the vital dye DiO (C.I.B., unpublished results). Olfactory neurons such as AWA and AWC,
whose dendrites are enveloped by the amphid sheath, are not affected in osm-3 mutants.
However, odr-1 mutants are defective for all known AWC functions, while odr-7 is required for all
known AWA functions (Bargmann et al., 1993; Sengupta et al., 1994). Thus, AWA is the only
functioning chemosensory neuron in 0sm-3 odr-1 double mutant animals, while only AWC

function remains in osm-3 odr-7 animals.

The AWA sensory neurons can discriminate between multiple odorants
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Animals that possess only AWA function are able to respond to the volatile attractants diacetyl,
pyrazine, and 2,4,5-trimethylthiazole. Assay plates with uniform high concentrations of each of
these odorants were used to determine whether osm-3 odr-1 animals were still capable of

discriminating between the odorants.

In the presence of saturating concentrations of each of these odorants, chemotaxis to a point
source of the saturating odorant was abolished before chemotaxis to either of the other odorants
was significantly affected (Figure 4-1). This result shows that in the absence of all other
chemosensory neurons, the AWA neurons are still capable of discriminating between at least
three different classes of odorants, implying the existence of at least three independently

saturable, odorant-specific components of olfactory signal transduction.
The AWC sensory neurons can discriminate between multiple odorants

Animals limited to AWC chemosensory function are capable of sensing benzaldehyde, isoamyl

alcohol, butanone, 2,3-pentanedione, and 2,4,5-trimethylthiazole.

The osm-3 odr-7 animals display a more complex pattern of discrimination between odorants
(Figure 4-2). Most odorants sensed by AWC can still be discriminated from each other. However,
several odorant pairs display some degree of cross-saturation: trimethylthiazole partially cross-
saturates butanone, isoamyl alcohol cross-saturates benzaldehyde, and benzaldehyde partially
cross-saturates all odorants except butanone. For all of these odorants, the cross-saturation is not
due to loss of input from the AWA, AWB, or the ciliated chemosensory neurons because wild -
type animals behave similarly (data not shown). In wild-type animals, benzaldehyde and isoamyl
alcohol are known to cross-adapt and cross-saturate (Bargmann et al., 1993; Colbert and

Bargmann, 1995; Colbert and Bargmann, 1997).

Animals possessing only AWC display some loss of discrimination
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The loss of AWA function abolishes response to low concentrations of diacetyl. However, the
AWC neurons still direct chemotaxis towards very high concentrations of diacetyl (Sengupta et
al., 1994; P. Sengupta, unpublished data). For example, osm-3 odr-7 animals still chemotax

efficiently to a 1:10 dilution of diacetyl.

Interestingly, the residual ability of osm-3 odr-7 animals to sense high concentrations of diacetyl is
exquisitely sensitive to cross-saturation by 2,3-pentanedione (Figure 4-2). In wild-type animals,
chemotaxis to diacetyl is unaffected by pentanedione (saturated:unsaturated ratio = 0.92 + 0.03;
unsaturated chemotaxis index = 0.82). The results in osm-3 odr-7 mutants was very different:
pentanedione is more than 100 times more effective at abolishing the diacetyl response than
diacetyl itself (data not shown). Thus, worms that possess only the AWC chemosensory neurons

have lost the ability to discriminate between diacetyl and 2,3-pentanedione.

Molecular mechanisms of discrimination

The previous experiments show that individual olfactory neurons contain several distinct ligand
binding sites whose signal transduction is independently saturable. Because the chemosensory
receptors are believed to couple to common G proteins, a likely target for downregulation of

odorant-specific transduction was the receptor itself.

G protein-coupled serpentine receptors are downregulated in many ways, including decreased
expression, sequestration, degradation, and phosphorylation (Bohm et al., 1997). Saturation and
adaptation of chemotaxis responses occurs over a time course of minutes, consistent with a role
for phosphorylation. ODR-10 also possesses two C-terminal lysine residues that might be
ubiquitinated in a manner analogous to the residues that play a role in yeast a-factor receptor
internalization (Hicke and Riezman, 1996; Hicke et al., 1998). To test the contribution of these
mechanisms on chemosensory behavior, I undertook site-directed mutagenesis of potential

phosphorylation and ubiquitination sites of ODR-10, the putative diacetyl receptor.

Cassette mutagenesis of odr-10



The intracellular C-terminal tail of odr-10 consists of 34 amino acids after the predicted seventh
transmembrane domain, of which eight are potentially phosphorylatable serines and threonines.
Four of the 33 amino acids in the third intracellular loop are serines or threonines. The first two
intracellular loops of odr-10 contain fewer serines and threonines, with a total of four (Figure 4-3)

(Sengupta et al., 1996).

A set of minigenes was constructed in which the odr-10 promoter was used to drive expression of
wild-type and mutated odr-10 cDNAs. To test the role of phosphorylation, the mutations replaced
serines and threonines of the third intracellular loop and C-terminal tail with alanine. The last
three of the four serines and threonines in the third intracellular loop were accessible to cassette
mutagenesis — all three were replaced (IC3 3/4), or each was replaced individually (IC3 #2, IC3
#3, and IC3 #4). All eight serines and threonines in the C-terminal tail region were replaced with
alanine — the first two (C 2/8), the last six (C 6/8), or all eight simultaneously (C 8/8). Two
lysines in the C-terminus were replaced with arginines (C-KK), to test the possibility that

ubiquitination on lysines might play a role in ODR-10 regulation (Figure 4-3).

These constructs were each introduced into a C. elegans odr-10 (ky225) null mutant to determine

whether the mutated odr-10 could direct chemotaxis, discrimination, and adaptation.

Effect of ODR-10 alterations on chemotaxis to low concentrations of diacetyl

All mutant minigenes were tested in an odr-10 null mutant background for their ability to rescue
<hemotaxis to low concentrations of diacetyl. The C-terminal tail of ODR-10 was surprisingly
permissive for alteration. Replacement of all eight serine and threonine residues with alanine (C
8/8) had no effect on diacetyl chemotaxis rescue, as compared to wild-type animals or animals
rescued with a wild-type minigene construct (Figure 4-4). Alteration of subsets of the C-terminal
serine and threonine residues, via the C 2/8 and C6/8 constructs, was similarly without effect
(Figure 4-4). These results suggest that not only is C-terminal phosphorylation unnecessary for

mediating chemotaxis, but that none of these residues are critical for transducing a signal to
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downstream G proteins. Likewise, replacement of both C-terminal lysines to arginine (C-KK) had

no effect on chemotaxis rescue.

The C-terminus is, however, necessary for ODR-10 function. An odr-10 rescuing genomic
fragment (Scal-EcoRV) was altered to introduce a frameshift mutation that truncated the entire
C-terminus (Scal-EcoRVAC). Deletion of the C-terminus abolished diacetyl chemotaxis rescue of
odr-10(ky225) (chemotaxis index = 0.90 + 0.03 for Scal-EcoRV, versus 0.26 + 0.06 for Scal-

EcoRVAC).

The third intracellular loop, which contains a total of four serines and threonines, was more
sensitive to alteration. The first threonine, T226, was inaccessible to cassette mutagenesis and was
not mutated. When the second, third, and fourth serines and threonines were simultaneously
replaced with alanine, the resulting odr-10 minigene construct (IC3 3/4) was completely unable to
mediate a chemotaxis response to diacetyl (Figure 4-4). To determine which of these mutated
residues was responsible for the loss of activity, each serine and threonine was individually
replaced with alanine. The IC3#2 minigene, which causes a T229A replacement, was fully
competent for mediating diacetyl chemotaxis, while IC3#3 and IC3#4 each abolished chemotaxis
rescue. Thus, the third and fourth serine and threonine residues of the third intracellular loop,
5237 and T240, are critical for ODR-10 function in directing chemotaxis to low concentrations of

diacetyl.

Discrimination between diacetyl and pyrazine is unaffected by the altered forms of ODR-10

The wild-type AWA chemosensory neuron is capable of discriminating between pyrazine and
diacetyl — animals are capable of sensing and chemotaxing towards a point source of either
odorant in the context of high uniform concentrations of the other odorant (Bargmann et al., 1993;
this thesis). This discrimination might require downregulation of the receptor that responds to
the saturating odorant, in order to prevent cross-saturation of downstream shared signal

transduction components.
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Since phosphorylation and ubiquitination are possible mechanisms for receptor downregulation,
all mutagenized minigenes were tested in an odr-10 null mutant background for ability to
mediate discrimination between diacetyl and pyrazine. Chemotaxis assays were performed on
assay plates containing high uniform concentrations of diacetyl. The amounts of diacetyl used
were capable of preventing wild-type animals from responding to a point source of diacetyl but
did not affect chemotaxis to pyrazine. Conversely, we reasoned that ODR-10 mutations that
prevented receptor downregulation would lead to aberrant signaling under these conditions and

therefore block pyrazine chemotaxis.

None of the mutant ODR-10 constructs affected discrimination between pyrazine and diacetyl,
demonstrating that discrimination between diacetyl and pyrazine does not require
phosphorylation of any of the C-terminal serines or threonines or T229 in the third intracellular
loop, nor does it require ubiquitination on lysine in the C-terminal tail (Figure 4-5). The deletion
of the entire C-terminal tail (Scal-EcoRVAC) also did not alter pyrazine chemotaxis under

conditions of diacetyl saturation (data not shown).

The lack of effect on pyrazine discrimination by mutation of the third and fourth serines and
threonines in the third intracellular loop indicates that these mutant receptors are not
constitutively activated in the presence of diacetyl such that pyrazine chemotaxis is impaired.
Whether the lack of cross-saturation is due to complete absence of signaling by these mutant

forms of ODR-10 or because other mechanisms serve to prevent cross-saturation is not known.

Adaptation to diacetyl is unaffected by the altered forms of ODR-10

Worms experiencing prolonged treatment to high concentrations of an odorant subsequently
exhibit decreased attraction to that odorant without significant loss of response to other odorants,
a process termed olfactory adaptation (Colbert and Bargmann, 1995). To test whether receptor

phosphorylation or ubiquitination was required for diacetyl adaptation, mutant minigenes
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capable of rescuing diacetyl chemotaxis were tested in an odr-10 null mutant background for their

ability to direct adaptation to diacetyl.

As shown above, mutant ODR-10 with replacements of third intracellular loop T229 (IC3#2) or all
serine and threonine residues in the C-terminal tail (C 8/8), or of the two lysines in the C-terminal
tail (C-KK), are all capable of rescuing diacetyl chemotaxis. odr-10 null mutant animals rescued
with these constructs were treated with high concentrations of diacetyl. All of these strains
exhibited diacetyl adaptation similar to that seen in wild-type, demonstrating that
phosphorylation or ubiquitination of these residues was not required for adaptation (Figure 4-6).
We also tested these strains for responses to pyrazine following diacetyl adaptation. Nonspecific
cross-adaptation with pyrazine was not seen, indicating that the decreased diacetyl chemotaxis in

adapted animals was due to specific adaptation and not due to non-specific odorant toxicity.

Discussion

The experiments described here demonstrate that the AWA and AWC chemosensory neurons are
each individually capable of discriminating between multiple odorants in C. elegans. Most
odorants were discriminated equally well by wild-type animals and by animals in which only a
single sensory neuron could function. However, discrimination between high concentrations of
diacetyl and pentanedione does require multiple chemosensory neurons. Considering the
structural similarity between these two compounds, a simple explanation for the loss of
discrimination would be competition for a ligand binding site on a high affinity pentanedione

receptor that was also capable of acting as a low affinity diacetyl receptor.

These results show that each chemosensory neuron expresses multiple ligand binding sites whose
signal transduction can be independently desensitized and rule out the alternative model that
integration of information from multiple chemosensory receptors is invariably required for

olfactory discrimination. An obvious potential target for ligand-specific desensitization is the
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odorant receptor itself. However, inactivation of potential phosphorylation and ubiquitination
sites of the AW A-expressed diacetyl receptor, odr-10, indicated that these residues are not
required for many behaviors postulated to involve desensitization, including chemotaxis,

discrimination, and adaptation.

Specifically, none of the C-terminal serine, threonine, or lysine residues, nor T229 (IC3#2) in the
third intracellular loop, was required for diacetyl chemotaxis, diacetyl adaptation, or
discrimination between pyrazine and diacetyl. However, replacement of 5237 (IC3#3) and T240
(IC3#4) in the third intracellular loop abolished diacetyl chemotaxis. Without a means to evaluate
the ligand-binding and G protein-coupling activity of these mutants, it is not possible to
determine the cause of the chemotaxis defect. The serine residue mutated in IC3#3 (S237) is
highly conserved in the C. elegans odr-10 gene family (H. Robertson, in press). However, because
IC3#3 and IC3#4 did not affect pyrazine chemotaxis in the presence of saturating concentrations
of diacetyl, there is no evidence for a constitutive activation of ODR-10 that can interfere with

pyrazine chemotaxis.

Additionally, these results rule out one proposed mechanism for chemotaxis. In E. coli
chemotaxis, methylation and demethylation of the chemosensory receptor serves as a molecular
memory of exposure to prior concentrations of attractants; this adaptation process is absolutely
required for chemotaxis (Falke et al., 1997). Because C. elegans can not simultaneously compare
two points of concentration on a gradient of odorant (the ciliated endings of pairs of
chemosensory neurons are arranged one above the other during locomotion on an assay plate),
chemotaxis must depend on integration of the memory of odorant concentrations over time, as in
E. coli. My results rule out an essential role for phosphorylation of the C-terminal cytoplasmic
domain as an analogous graded mechanism of olfactory memory in C. elegans. Another
possibility was that phosphorylation might act to alter the sensitivity of ODR-10 to diacetyl.

However, preliminary evidence suggests that ODR-10 lacking the six of eight C-terminal serines
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and threonines (C 6/8) possesses a normal dose-response curve to diacetyl across three logs of

odorant concentration (data not shown).

The lack of effect on ODR-10 function after ablation of serine and threonine residues is surprising
since phosphorylation of G protein-coupled receptors has been widely documented as a
mechanism of desensitization in other systems, including vertebrate phototransduction and

adrenergic receptor signaling.

It is possible that the focus on in vitro biochemical approaches in these systems has overrated the
physiological relevance in vivo of the processes being studied. However, genetic approaches have
indicated a physiological role for receptor phosphorylation, for example by ablation of
phosphorylation sites of pheromone receptors in yeast (Chen and Konopka, 1996; Hicke and
Riezman, 1996; Hicke et al., 1998) and by generation of transgenic mice bearing a C-terminal
truncation of rhodopsin (Chen et al., 1995). Still, the inherent bias of studying a defined
mechanism in reconstituted systems using supraphysiological levels of agonists and signal
transduction components may have overshadowed the role of other desensitization mechanisms.
Additional genetic analysis will further clarify the physiological role of receptor phosphorylation

and may suggest novel areas of study.

A recent study has demonstrated that desensitization of chemosensory receptors in other
eukaryotic organisms is independent of phosphorylation (Kim et al., 1997). In the amoeba
Dictyostelium, the G protein-coupled cAMP receptor cAR1 mediates several biological responses
that exhibit adaptation including chemotaxis to cAMP. Adaptation of these responses is closely
correlated with receptor phosphorylation. A mutant cAR1 in which all 18 serine residues in the
C-terminal tail were changed to alanine fails to undergo phosphorylation, yet surprisingly these
cAR1 mutants exhibited wild-type behavior for all tested responses, including chemotaxis,
aggregation, differentiation, and adaptation of adenylyl and guanylyl cyclase activation. Only a
defect in agonist-induced decreased affinity of the receptor for cAMP was noted. The

phosphorylation-independent mechanism for adaptation has not been defined in this system.
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My results show that C-terminal receptor phosphorylation or ubiquitination in C. elegans is not
the sole mechanism for mediating desensitization of olfactory transduction. It may be that the
other intracellular serine and threonine residues are involved in a phosphorylation-dependent
regulatory process. Another possibility is that ODR-10 is desensitized by a phosphorylation- and
arrestin-independent mechanism, perhaps by diacetyl-induced receptor endocytosis, decreased
odr-10 expression, or increased degradation of ODR-10. Prolonged exposure to diacetyl, however,
does not significantly decrease the levels of a partially-rescuing ODR-10::GFP fusion at the AWA

sensory cilia (Piali Sengupta, personal communication).

What might be the molecular mechanism for odorant-specific desensitization within a single
chemosensory neuron? The recent elucidation of the function of a protein containing multivalent
PDZ domains suggests one elegant solution. In the fruitfly Drosophila, the InaD protein acts as a
scaffold for organized assembly of the G protein-coupled phototransduction machinery (Tsunoda
et al., 1997). Three of its five PDZ domains have been demonstrated to specifically bind
components of light-activated signal transduction or regulation, including the effector enzyme,
phospholipase C B; the principal ion channel, Trp; and the regulatory enzyme, eye-specific
protein kinase C. The authors propose a highly organized signaling complex, or “transducisome,”
that may provide for rapid response kinetics as well as response specificity within cells

containing multiple signal transduction pathways.

Some PDZ domains appear to bind a consensus sequence of Ser/Thr-X-Val-COO™ at the carboxy
terminus of proteins (Ranganathan and Ross, 1997), but there is no evidence that an InaD-like
PDZ protein binds ODR-10, which lacks such a sequence. Still, the concept of a transducisome
complex provides a simple mechanism for odorant-specific regulation downstream of the
receptor, even when signal transduction components are shared by multiple receptors. I propose
that specific signaling proteins within a transducisome-like complex are inactivated when the

associated receptor protein undergoes prolonged stimulation. The same transduction
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components would remain active if associated with an unstimulated receptor in a separate

transduction complex, allowing odorant-specific regulation.

Many studies have now shown that essentially every step of G protein-coupled signal
transduction can be regulated. For example, the intrinsic GTPase activity of Ga subunits is
increased by RGS proteins (Koelle, 1997), phosducin tightly binds and may modulate activity of
GBy (Schroder and Lohse, 1996), cyclic nucleotides and calcium-calmodulin can increase cyclic
nucleotide phosphodiesterase activity (Yan et al., 1995; Juilfs et al., 1997), and calcium-calmodulin
downregulates cyclic nucleotide-gated channels (Liu et al., 1994). If any of these molecules are
found in transducisome-like complexes, they could play a role in odorant-specific desensitization

in C. elegans, despite participating in signal transduction for multiple odorants.

Consistent with this hypothesis, null mutations in a putative Trp-like ion channel, osm-9, cause an
adaptation defect in the AWC-sensed odorants butanone and isoamyl alcohol, despite the ability
of each of these odorants to independently adapt in wild-type animals (Colbert and Bargmann,
1995; Colbert et al., 1997). Furthermore, osm-9 mutants display wild-type adaptation to
benzaldehyde, which is also sensed by AWC. The initially puzzling separation of adaptation
phenotypes even within AWC may be explained by the formation of distinct transduction
complexes; i.e., the receptors that mediate response to isoamyl alcohol and butanone may recruit
OSM-9 as a regulatory component into their transducisomes, while the receptor(s) that mediate
benzaldehyde response may not, thereby allowing different types of regulation within a
chemosensory neuron. Independent signaling complexes of this sort could provide great
advantages in efficiency for animals such as C. elegans, which must utilize just two pairs of

chemosensory neurons for directing chemotaxis to a wide spectrum of volatile attractants.

Methods

Strains used
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Wild-type worms were C. elegans variety Bristol, strain N2. Worms were grown at 20°C with

abundant food using standard methods (Brenner, 1974).

Strains used in this work included: CX2285 osm-3 (p802) IV; odr-1 (n1936) X, CX2307 osm-3 (p802)

IV; odr-7 (ky4) X, CX3411 odr-10 (ky225) X, and CX3425 odr-10 (ky225) lin-15 (n765ts) X.

Behavioral assays

All behavioral assays were conducted on well-fed adults. Standard chemotaxis assays were
performed as previously described (Bargmann et al., 1993). Assay plates were used 1-3 days after
pouring. Cross-saturation assays were performed similarly to standard chemotaxis assays, except
that an amount of saturating odorant was well-mixed into the assay agar. Saturation assay plates
were used 1 day after pouring. Adaptation assays were performed as previously described

(Colbert and Bargmann, 1995).

Molecular biology methods

General manipulations were performed using standard methods (Sambrook et al., 1989).
Sequencing was performed with the Promega fmol sequencing kit in an MJR thermal cycler. The
GeneWorks v2.5.1 software package (Intelligenetics) and DNA Strider v1.2 (public domain, by
Christian Marck) were used for sequence analysis. Sequence of the odr-10 region was confirmed

with data courtesy of the C. elegans genome sequencing consortium (Sulston et al., 1992).

Construction of the odr-10 minigene cassette vector

The 1.3 kb 0dr-10 promoter region was isolated from a 12 kb EcoRV to Xbal cosmid fragment in
pBluescript® KS(-) by PCR amplification with a T3 primer and the odr-10Xho primer (5'- CTC
GAG CTG TAA GGT ATC TTA ATG-3’), which replaces the odr-10 start methionine with an Xhol

site.
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The promoter fragment PCR product was cloned into a TA cloning vector (pCR 2.1, Invitrogen),
recovered as a Sall to Xhol fragment, and introduced into the Sall site of the promoterless odr-10
cDNA vector, TU#62 1 1 A-STOP, whose construction has been previously described (Sengupta et
al., 1996). The resulting odr-10 minigene construct contains the odr-10 promoter followed by ~120
nucleotides of polylinker and a synthetic intron, followed by the odr-10 cDNA. Due to the method
of construction of TU#62 1 1 A-STOP, the odr-10 cDNA in this construct has a replacement of the
terminal two resides from ProThr<stop> to GlySerSer<stop>; this alteration does not affect the

rescuing properties of the construct (Sengupta et al., 1996). The odr-10 minigene prior to cassette

modification was fully capable of rescuing the diacetyl chemotaxis defect of odr-10 (ky225) (data ”:
r
not shown). ::
=
A number of alterations were made to the odr-10 minigene construct to allow cassette e
mutagenesis. The unique Sall site was destroyed by cutting with Sall, blunting with Klenow :3
polymerase, and religation. The odr-10 cDNA was removed from the odr-10 minigene as a SacI to :3&
EcoRI fragment and cloned into the same sites of pALTER-1 of the Promega Altered Sites
mutagenesis system. Within pALTER-1, three changes were made by oligonucleotide-directed "':n

mutagenesis: 1) the Sacl site was destroyed and an A insertion was introduced to improve the
Kozak translation initiation sequence , using the oligo JHC-15 (5'-CTC CCG ACA TGG TAG CTC

GGT ACC-3’); 2) the first Pmll site in odr-10 was ablated, using the oligo JHC-13 (5'-CAA GTT

TTT TCC GCG TGT TTT CAG A-3’); and 3) a Sall site in the C-terminal tail of odr-10 was

generated using the oligo JHC-16 (5'-CGA GCG GGA TTC GTC GAC ACT GTT TTIT CTT TCC-

3’). The modified odr-10 cDNA was recloned into the Sall-ablated odr-10 minigene construct as a

Kpnl to EcoRI fragment. All induced mutations and cloning junctions were confirmed by

sequence analysis.

The end result of these manipulations did not alter any amino acids in the odr-10 coding region
but served to generate and remove sites, allowing subsequent cassette mutagenesis. Specifically,

1) PmlI and Xhol became unique sites that would drop out the region of odr-10 intracellular loop
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3 that codes for the residues Trp-Lys-Thr-Met-Asn-Glu-His-Lys-Asp-Val-Ser-Asp-Arg-Thr-Arg-
Ala; 2) Bcll and Sall became unique sites that flanked the first portion of the C-terminal tail
region, consisting of Ile-Arg-Asp-Phe-Arg-Arg-Thr-Ile-Phe-Asn-Phe-Leu-Cys-Gly-Lys-Lys-Asn-
Ser-Val; 3) Sall and EcoRI became unique sites that flanked the remaining portion of the C-
terminal tail, including Asp-Glu-Ser-Arg-Ser-Thr-Thr-Arg-Ala-Asn-Leu-Ser-Gln-Val-Gly-Ser-Ser-
Stop. Note that the final Gly-Ser-Ser-Stop are not the terminal residues found in wild-type odr-10,
which are Pro-Thr-Stop. In all cassette mutageneses involving the C-terminus (C 2/8, C 6/8, C
8/8, C-KK), the wild-type terminal residues were re-introduced, while the unmutagenized
minigene cassette (mg cassette) and all third intracellular loop constructs (IC3 3/4, IC3#2, IC3#3,

IC3#4) are altered for the terminal residues.

Cassette mutagenesis of odr-10

Mutagenesis cassettes were generated by annealing two overlapping oligonucleotides that
contained the desired mutations. Annealing protocol: 200 pmol of each oligonucleotide in 100 pl
of 1x Boehringer Mannheim “M” restriction enzyme buffer was heated to 85°C in an MJR thermal
cycler and brought to 45°C at a rate of 1°C per minute, then quickly cooled to 22°C for 10
minutes, followed by an indefinite 4°C step. The oligonucleotides were designed to have the
proper overhangs after annealing to replace relevant regions of the odr-10 minigene cassette
vector. All mutagenized cassette regions were confirmed by sequence analysis. Note that all
cassette mutagenesis involving the first part of the C-terminal tail required Bcll digestion of

plasmids isolated from DNA methylase-deficient bacteria.

The following summarizes the mutant constructs generated. Amino acid numbering is as
previously described (Sengupta et al., 1996). Sequences of oligonucleotides used in cassette
mutagenesis are available upon request. Third intracellular loop mutations: IC3 3/4: T229A
S237A T240A; IC3 #2: T229A; IC3 #3: T237A; IC3 #4: T240A. C-terminal tail mutations: C 2/8:
T311A S322A; C 6/8: S326 A S328A T329A T330A S335A T339A; C 8/8: T311A S322A S326A

S328A T329A T330A S335A T339A; C-KK: K319R K320R
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Construction of C-terminal frameshift odr-10

A cosmid-derived odr-10 Scal-EcoRV fragment grown in DNA methylase-deficient E. coli, was cut
with Bcll, blunted with Klenow polymerase, and religated, to generate Scal-EcoRVAC. The
induced frameshift, which was confirmed by sequence analysis, results in deletion of all residues
after the seventh predicted transmembrane domain: i.e., the C-terminal residues are truncated

from ...LIIRDF... to ...LIDHS(Stop).

Generation of transgenic worms

Germline transformation was by standard methods as previously described (Mello et al., 1991).
All transformations were done in lines also bearing the lin-15 (n765ts) mutation by co-injecting
wild-type lin-15 DNA pJM23 (50 ng/ul) with the construct of interest (also 50 ng/l). Lines were

isolated from independent F1 progeny rescued for the lin-15 multivulval phenotype at 20°C.
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The AWA chemosensory neurons
discriminate between multiple odorants
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Figure 4-1. Odorant discrimination by animals possessing only AWA chemosensory neuron
function. osm-3 odr-1 animals were tested for ability to discriminate between odorants sensed by
AWA. Abbreviations used: 2,4,5-trimethylthiazole (tmt); pyrazine (pyr); diacetyl (diac). The
amounts of saturant used per assay plate and the concentrations of point sources of attractants
are shown. Each bar represents a minimum of two independent chemotaxis assays; these results

should be considered preliminary.
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Figure 4-2. Odorant discrimination by animals possessing only AWC chemosensory neuron
function. osm-3 odr-7 animals were tested for ability to discriminate between odorants sensed by
AWC. The results are presented as ratios of chemotaxis indices (CI) to a point source of odorant =
CI in presence of saturant / CI in absence of saturant. Thus, if the saturant had no effect on
chemotaxis, the ratio would be 1; likewise, if the saturant completely abolished chemotaxis, the
ratio would be 0. Abbreviations used: 2,4,5-trimethy!l thiazole (tmt), butanone (bt), isoamyl
alcohol (ia), benzaldehyde (bz), diacetyl (diac), 2,3-pentanedione (pd). Concentrations of the point
sources of odorant are as listed in the legend, except that 1:200 isoamyl alcohol and 1:1,000
pentanedione were used in isoamyl alcohol saturations. Amounts of saturant used per assay plate
are listed. In some cases, higher concentrations of saturant were used: 0.5 ul/plate of saturating
trimethylthiazole was used against point sources of benzaldehyde, isoamyl alcohol, and
butanone; and 1 pl/plate of saturating butanone was used against point sources of isoamyl
alcohol and pentanedione. Chemotaxis indices for unsaturated point sources of odorant were:
0.78 for 1:1,000 tmt; 0.75 for 1:1,000 bt; 0.89 for 1:100 ia; 0.82 for 1:200 ia; 0.87 for 1:200 bz; 0.68 for
1:10 diac; 0.81 for 1:10,000 pd; 0.89 for 1:1,000 pd. Each bar represents a minimum of two
independent unsaturated and saturated chemotaxis assays; these results should be considered

preliminary.
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Figure 4-3. Putative topology of ODR-10 and summary of mutagenesis. (A) ODR-10 is predicted
to be a seven-transmembrane G protein-coupled receptor, with an extracellular amino terminus
and intracellular carboxy terminus. Serine and threonine residues in the intracellular loops and
the tail are in bold face, as are lysine residues in the carboxy terminal tail. Residues altered by
site-directed mutation are underlined. As indicated, odr-10 (ky225) is a mutation that deletes all
odr-10 coding region past the middle of the second intracellular loop; it is therefore predicted to
be a null mutation (Sengupta et al., 1996). (B) Summary of ODR-10 mutations generated in this
study. All point mutations were generated by cassette mutagenesis (see Methods). AC represents
the Scal-EcoRVAC frameshift mutation predicted to remove the entire carboxy terminal tail (see

Methods).
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Diacetyl chemotaxis rescue
by ODR-10 mutants
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Figure 4-4. Diacetyl chemotaxis rescue mediated by ODR-10 altered by site-directed mutagenesis.
odr-10 (ky225) null animals expressing mutant ODR-10 were tested for chemotaxis to 1:1,000
diacetyl. Wild-type N2 and odr-10 (ky225) animals expressing the unmutagenized odr-10 minigene

cassette construct (mg cassette) are included as positive controls.
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ODR-10 mutants can discriminate
pyrazine from diacetyl
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Figure 4-5. Discrimination between pyrazine and diacetyl is unaffected by ODR-10 mutation. odr-
10 (ky225) null animals expressing mutant ODR-10 were tested for chemotaxis to a point source of
10 mg/ml pyrazine in the presence of uniform high concentrations of diacetyl. The second bar,
N2 vs. diacetyl, shows chemotaxis to a point source of 1:1,000 diacetyl, demonstrating that the
diacetyl concentrations used were saturating. Wild-type N2 and odr-10 (ky225) animals
expressing the unmutagenized odr-10 minigene cassette construct (mg cassette) are included as

positive controls.
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Alterations of ODR-10 do not
affect diacetyl adaptation
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Figure 4-6. Diacetyl adaptation is unaffected by alterations of ODR-10. odr-10 (ky225) null animals
expressing mutant ODR-10 were adapted to 5 pl of diacetyl for 1 hour and tested for chemotaxis
to 1:1,000 diacetyl. Chemotaxis to 10 mg/ml pyrazine demonstrated lack of nonspecific pyrazine

cross-adaptation.
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Chapter 5. odr-2: a novel gene required for chemotaxis

Abstract

Caenorhabditis elegans chemotaxis to volatile attractants is mediated by the AWA and AWC classes
of chemosensory neurons. odr-2 mutants are specifically defective in all AWC-mediated
chemosensory behaviors. This study shows that odr-2 encodes a novel neuronally-expressed
protein that appears to be distantly related to the Ly-6 superfamily of extracellular
glycosylphosphatidylinositol-anchored glycoproteins. Alternative splicing of odr-2 yields
different protein isoforms that differ only at the extreme amino terminus. ODR-2 is widely
expressed in sensory, motor, and interneurons, while individual isoforms may be expressed in
different sets of neurons. Notably, high levels of expression in the AWC chemosensory neuron
were not observed. At least seven paralogs of odr-2 have been identified in the C. elegans genome,
each of which may also undergo alternative splicing, and at least one of which also appears to be
expressed exclusively in neurons. Thus, ODR-2 defines a new family of Ly-6 domain containing
proteins in C. elegans. ODR-2 may modulate AWC-specific signaling within the neuronal network

required for chemotaxis.

Introduction
Olfactory chemotaxis in C. elegans

C. elegans is an excellent model system for the study of behavior because of its simple structure
and genetic tractability (Brenner, 1974). A nearly complete wiring diagram of its stereotyped
nervous system has been elucidated by serial section electron microscopy and may permit the

complete description of the generation of behavior at the neuronal level (White et al., 1986). The
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contribution of specific neurons to various behaviors can be assessed by using a focused laser
microbeam to ablate individual neurons, while the molecular components required can be

revealed by molecular genetic analysis.

C. elegans sense volatile attractants using just two pairs of chemosensory neurons, AWA and
AWCG, as defined by laser ablation. Genetic screens for mutants unable to chemotax has been
fruitful in identifying molecules required for olfactory behaviors. A number of signaling
components likely to function in the chemosensory neuron itself have been identified, including
odorant receptors, G proteins, guanylyl cyclases, and ion channels, as well as proteins important
for receptor localization to the sensory cilia and transcription factors that determine the
functional identity of chemosensory neurons (Sengupta et al., 1994; Coburn and Bargmann, 1996;
Komatsu et al., 1996; Sengupta et al., 1996; Colbert et al., 1997; Dwyer et al., 1998; Roayaie et al.,
1998; D. Birnby, submitted; Noelle L’Etoile, personal communication). These studies have defined
a framework for the initial events of chemosensory perception and signaling. However, the
mechanisms by which chemosensory neurons interact with interneurons and downstream motor

neurons to generate chemotactic behavior is not understood.

The superfamily of Ly-6 domain proteins

The Ly-6 proteins were originally defined serologically as murine lymphocyte cell surface
differentiation antigens (Gumley et al., 1995). Subsequent molecular cloning identified a
superfamily of related proteins based on sequence similarity within a domain of ~75 amino acids,
defined by the conservation of ten cysteine residues with a characteristic spacing pattern (Palfree,
1996). The Ly-6 domains of all members are extracellular and most are linked to the plasma

membrane via a glycosylphosphatidyl inositol (GPI) moiety.

GPI-linked proteins are anchored to the external leaflet of the plasma membrane (Low, 1989).
These proteins typically begin with an amino terminal signal sequence consisting of a positively

charged amino end, a longer hydrophobic stretch, and a more polar carboxyl terminal segment
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(von Heijne, 1994). The signal sequence is usually proteolytically removed during membrane
translocation. At the extreme carboxyl terminus of a nascent GPI-anchored protein, a less well
characterized hydrophobic signal directs attachment of the phosphoethanolamine of a preformed
GPI anchor to the a-carboxyl group of an internal amino acid, thereby truncating the carboxyl
terminus of the GPI-linked protein (Udenfriend and Kodukula, 1995). The site of GPI attachment
can occur ~10-12 residues upstream of the C-terminal hydrophobic signal, although no strict
consensus sequence defines the precise attachment site (Antony and Miller, 1994). No portion of
the mature protein is inserted into the plasma membrane; membrane anchoring is mediated
strictly by the phosphatidylinositol moiety. A common criterion for GPI-linkage is membrane

release of proteins upon treatment with phosphatidylinositol-specific phospholipase C.

Most members of the Ly-6 superfamily contain a single Ly-6 domain, with an amino terminal
membrane targeting signal sequence and carboxy terminal GPI membrane attachment signal.
These include the family of rodent Ly-6 cell surface markers (Friedman et al., 1990; Palfree, 1996)
and human complement-mediated lysis inhibitor CD59 (Davies and Lachmann, 1993),
keratinocyte adhesion molecule E48 (Brakenhoff et al., 1995), and retinoic acid inducible protein
RIG-E (Mao et al., 1996). The sole known invertebrate GPI-linked Ly-6 domain protein is Sgp-2, a
squid neuronal glycoprotein (Williams et al., 1988). GPI-linkage for most of these proteins has
been demonstrated by phosphatidylinositol-specific phospholipase C-mediated release from the

plasma membrane.

Other single domain Ly-6 proteins that lack the C-terminal GPI anchor include a human sperm
acrosomal protein SP-10 (Wright et al., 1990; Palfree, 1996) and trout protein DRTP-1 (Lee and
Goetz, 1998). The secreted snake neurotoxins are unique among the Ly-6 superfamily in that they
lack one conserved pair of Ly-6 cysteines and variably possess an additional pair of disulfide-
bridged cysteines not found in other superfamily members (Betzel et al., 1991; Fleming et al.,
1993; Ploug and Ellis, 1994). In addition, some proteins have two or more consecutive Ly-6

domains. These include the human GPI-linked urokinase plasminogen activator receptor (uUPAR)
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(Roldan et al., 1990; Ploug and Ellis, 1994), both subunits of the snake phospholipase A7 inhibitor
(PLAZ2-I) (Ohkura et al., 1994), and the rodent bone and cartilage-expressed RoBo-1 (Noel et al.,
1998). Recently, it has been recognized that the extracellular domain of the TGF type I receptor
kinase contain a Ly-6-like repeat (Jokiranta et al., 1995), as does its C. elegans homolog, daf-1

(Georgi et al., 1990).

The Ly-6 domains exist as an autonomous structural unit as shown by limited proteolysis of
uPAR (Behrendt et al., 1991; Behrendt et al., 1996). The crystal structure of cobratoxin and a 2-D
NMR solution structure of CD59 demonstrated disulfide bridge pair conservation and overall
structural similarity between these two proteins (Betzel et al., 1991; Fletcher et al., 1994; Kieffer et
al., 1994). The main structural features of CD59 involve four pairs of cysteine disulfide bridges in
a knot at the base of the molecule, from which emanate two fingers of antiparallel beta-sheets. A

fifth disulfide bridge forms a loop at the tip of one of the beta-sheets.

Although the physiological function of many of these proteins remain undefined, some members
have been implicated in modulation of extracellular matrix interactions (Wei et al., 1996) or
cellular adhesion (Bamezai and Rock, 1995; Brakenhoff et al., 1995), signal transduction (Jokiranta
et al,, 1995), inhibition of postsynaptic ion channel function (Betzel et al., 1991), regulation of
plasminogen activation (Plesner et al., 1997), and protection against complement-mediated lysis

(Davies and Lachmann, 1993).

odr-2 encodes a novel Ly-6 domain protein required for chemotaxis

In this study, I describe the cloning of odr-2, a novel neuronally-expressed gene required for a
AWC-mediated chemosensory behaviors in C. elegans. All three alleles of odr-2 are similarly
defective in chemotaxis to odorants sensed by AWC, including benzaldehyde, isoamy] alcohol,
2,3-pentanedione, and pyruvic acid (Bargmann et al., 1993; this chapter, chapter 3B). Chemotaxis
to odorants sensed by AWA is not affected in odr-2 mutants, indicating a degree of specificity to

the chemosensory defects. The AWC sensory cilia in odr-2 mutants appear grossly normal by
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serial section electron micrographs, suggesting that their defect is not due to impaired odorant

access (Bargmann et al., 1993).

odr-2 appears to be a distant member of the Ly-6 superfamily and includes the conserved cysteine
motif and GPI-targeting sequences. Alternative splicing yields different protein isoforms that
differ only at the extreme amino terminus. ODR-2 is widely expressed exclusively in neurons,
and individual isoforms may be expressed in different sets of neurons; however, there is no
indication that ODR-2 is expressed in the AWC chemosensory neurons. At least five paralogs of
odr-2 exist in C. elegans, each of which may also undergo alternative splicing, and at least one of
which also appears to be expressed in neurons. ODR-2 may modulate AWC-specific signaling

within the network of neurons required for generating chemotaxis.

Resuits
Molecular cloning of odr-2.

The initial characterization of odr-2 mapped its position to between nDf32 and sDf30 on
chromosome V (Bargmann et al., 1993). A former postdoctoral fellow in the lab, Piali Sengupta,
further refined its map position and isolated a pool of rescuing cosmids that included NA2,

F27A2, and F27B10.

I found that the overlapping cosmids NA2, VC5, and EB2 were each capable of rescuing the
benzaldehyde chemotaxis defect of odr-2(n2145) mutants (data not shown). A 13.4 kb KpnI-Spel
EB2 subclone rescued nearly as well as the complete cosmid, but further subcloning drastically
curtailed rescue (Figure 5-1). The 7.6 kb Kpnl-Stul fragment showed very weak rescue, while the
5.8 kb Stul-Spel fragment was completely incapable of directing chemotaxis rescue. The weakly
rescuing 7.6 kb Kpnl-5Stul fragment was used to screen a mixed-stage C. elegans cDNA library. 1.1

x 106 plaques were screened yielding 12 positives representing eight independent clones.
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Sequence analysis of odr-2 cDNAs

Sequence analysis revealed that all 6 cDNA messages shared identical 3’ regions consisting of 453
nucleotides of open reading frame and 197 nucleotides of 3’ untranslated region followed by
polyadenylation (Figure 5-2). However, the 5’ ends appear to be alternatively spliced. Thus, these
clones represent a family of transcripts predicted to encode several related but distinct protein

products.

Six of the cDNA classes are predicted to code for three proteins with alternatively spliced amino

terminal segments, which will henceforth be referred to as ODR-2 isoforms 2b, 16, and 18.

Isolate 2b possessed 250 nucleotides of divergent 5" message spliced to the common region, with
two potential in-frame start methionines which would result in 40 or 50 divergent amino termini
residues respectively (1 clone). Isolate 16 had 185 nucleotides of divergent 5’ sequence with a
single in-frame start methionine resulting in 26 alternative residues (1 clone). Isolate 18 had 342
nucleotides of divergent 5’ sequence with a single in-frame methionine resulting in 22 distinct

residues (4 independent clones, see below).

One cDNA clone (isolate 2a) represents an incompletely processed message. Although introns
within the common region were removed, no upstream exon was spliced to the common region,
resulting in disruption of the open reading frame. This single clone suggests that processing of

the common region in odr-2 transcripts may precede selection of an alternative 5’ exon.

A 22 nucleotide splice leader (SL1) is trans-spliced to the 5" end of some C. elegans mRNA (Krause
and Hirsh, 1987). odr-2 cDNA isolates 11, 22, and 21 were identical to isolate 18 except for 9, 7,
and 1 nucleotides respectively of sequence matching the SL1 trans-spliced leader that replaced
the first 131 nucleotides of isolate 18. Hemi-nested RT-PCR of C. elegans mRNA using an SL1
primer and two odr-2 common region primers confirmed that isoform 18 is trans-spliced and
demonstrated that isoform 2b can also be SL1 trans-spliced 5 nucleotides upstream of the 5’ end

of the original 2b cDNA isolate. This analysis did not reveal any additional odr-2 isoforms.
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Genomic organization of odr-2.

Standard molecular biological methods were used to determine the genomic organization of odr-2
coding regions. The common region exons are clustered in a 1.6 kb region, while the three
alternative N-termini were located 9.0 kb (2b), 5.7 kb (16), and 3.3 kb (18) upstream of the
common region (Figure 5-3). Isoforms 16 and 18 are generated by a single alternative exon, while
the isoform 2b possesses two alternative exons. The odr-2 region was subsequently sequenced by

the C. elegans genome sequencing project, confirming our analysis.

Deletion of the common region from the 13.4 kb genomic fragment abolished rescuing activity,

indicating that the cDNAs isolated indeed represent odr-2 message (Figure 5-1).

odr-2 is predicted to encode a novel extracellular protein linked to the plasma membrane via a

glycosylphosphatidyl inositol anchor.

Basic local alignment sequence tool (BLAST) searches of the GenBank database using predicted
ODR-2 protein sequences did not identify significant homology to any previously identified

proteins. However, the predicted protein products have several notable features.

Each of the alternative N-termini contains a hydrophobic signal-like sequence for membrane
targeting (Figure 5-4). The extreme C-terminus has a pronounced hydrophobic segment followed
by a terminal arginine, consistent with a glycosylphosphatidylinositol membrane anchoring
signal. Assuming that ODR-2 (2b) initiates translation at the first methionine, a good match for an
N-terminal signal sequence is found with a predicted cleavage site after residue 27 (Figure 5-2;
von Heijne, 1986). Isoforms 16 and 18 have less clear potential cleavage sites; however, GPI-
modification in the absence of a cleavable N-terminal signal peptide has been described (Howell
et al., 1994). The common region is relatively cysteine-rich, with 10 cysteines in the predicted
mature protein. A speculative topology would represent ODR-2 protein as membrane-associated

with an extracellular domain containing disulfide-linkages.
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ODR-2 may share structural similarity with the Ly-6 superfamily of proteins

Extracellular proteins often retain a characteristic cysteine spacing to maintain disulfide bridges
required for proper protein structure. The abundance of cysteines in the ODR-2 common region

invited comparison of the relative spacing of these residues with those in other proteins.

This analysis revealed that ODR-2 shared a pattern of cysteine spacing with that found in the
superfamily of Ly-6 domain-containing proteins (Table 5-1). The defining feature of these
proteins is the presence of one or more domains of ten cysteine residues with a conserved
spacing. Although very few non-cysteine residues are conserved between the more divergent
members of the Ly-6 superfamily, one of them, an asparagine immediately following the tenth

cysteine, is also found in ODR-2 (Figure 5-2).

ODR-2 is one of the most divergent members of the Ly-6 superfamily, based on the distance
between its ten cysteines (Table 5-1). While the spacing between some ODR-2 cysteines are in
good agreement with those found in the superfamily, others spacings fall outside the previously
observed range. Interestingly, in two of the cases where the spacing in ODR-2 is dramatically
divergent (between cysteines 34 and 6-7), the most similarly spaced Ly-6 relative is Sgp-2, the
only previously identified invertebrate member of the Ly-6 superfamily. Similarly, ODR-2 and
Sgp-2 are the only two members of the Ly-6 superfamily that have a single amino acid between
cysteines 8 and 9, while all others have none. ODR-2 has 25 amino acids between cysteines 2 and
3, while those of all previously identified GPI-linked Ly-6 proteins have ranged from 4 to 8.
However, these residues do not lie within the core of the Ly-6 domain structure and can be
accommodated by increasing the loop formed by the disulfide bridge between cysteines 2 and 3

(Figure 5-5).

Identification of mutations

To further confirm the identity of odr-2, we characterized the mutations associated with each of

the known alleles. Alternative and common region exons were amplified from genomic DNA
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isolated from mutant strains carrying the odr-2 alleles n2145, n2148, and n1939. All three
mutations identified were G to A transitions, consistent with the known characteristics of ethy!l

methanesulfonate, the mutagen used to isolate the odr-2 mutants (Bargmann et al., 1993).

The n2145 allele represents a missense mutation in the common region converting the ninth
cysteine to tyrosine, supporting an important structural role for the conserved cysteines in ODR-
2. n2148 is also a missense mutation in the common region, altering the glycine immediately
before the sixth cysteine to aspartate. Because these mutations are in the common region, they

would affect all ODR-2 isoforms.

n1939, however, was found to be associated with a nonsense mutation in the 2b isoform
alternative region, possibly implicating this isoform as critical for mediating chemotaxis function

(however, see below).

ODR-2 is widely expressed in neurons

To determine where ODR-2 might be required for mediating chemotaxis, an hemagglutinin (HA)
epitope tag was inserted in-frame into five different locations of the common region in a rescuing
fragment. Based on the known structure of CD59 and assuming that ODR-2 would fold similarly,
the five locations were chosen to minimize interference with the core regions of the Ly-6 domain
(Figure 5-5). The locations of the inserted epitope tags were: HA#1) at the beginning of the
common region before the first cysteine residue; HA#2) in the loop formed by cysteines 2 and 3
(“A-B fingertip”); HA#3) in the loop between strands B and C, which link the two sets of
antiparallel beta-sheets; HA#4) in the loop between strands D and E, before the seventh cysteine
that precedes the helical region; and HA#5) immediately after the tenth cysteine, which
incidentally displaces the conserved asparagine that follows it (Figure 5-2). Introduction of each
of the first four constructs into odr-2 (n2145) animals resulted in complete rescue of the isoamyl

alcohol chemotaxis defect; the fifth construct rescued somewhat less well (Figure 5-6).
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Whole mount antibody staining of the transgenic animals revealed widespread expression that
was restricted to neurons (Figure 5-7). Staining was concentrated in axonal processes, was less
prominent in dendritic processes, and was excluded from the nucleus. Because of the AWC
chemosensory defects in odr-2 mutant animals, it was significant that neither expression in AWC

nor prominent staining in the amphid chemosensory cilium was noted.

It was possible that ODR-2 expression levels were too low in AWC to visualize, so an AWC-
specific promoter was used to drive expression of cDNAs representing all three isoforms of ODR-
2. These three clones were injected as a pool into odr-2 (n2145) animals. No rescue of the isoamy!l
chemotaxis defect was observed (Figure 5-8). However, ODR-2 expression in AWC was not

confirmed.

ODR-2 isoforms can functionally substitute for one another

The identification of a nonsense mutation in the 2b isoform suggested that this isoform might be
essential for ODR-2’s role in chemotaxis. To test the requirement of each of the alternative ODR-2
isoforms in AWC-mediated chemotaxis, internal deletions were made in a rescuing construct that

specifically ablated the coding region of individual alternative isoforms.

Deletion of the 2b, 16, and 18 isoforms individually (A2b or A16 or A18) did not affect the ability to
rescue chemotaxis (Figure 5-9 and Figure 5-10). This result was surprising considering that the
mutation responsible for the odr-2 (n1939) phenotype was a nonsense mutation predicted to
specifically affect the 2b isoform. Nonetheless, in rescue experiments none of the individual

isoforms isolated thus far is required for AWC-mediated chemotaxis.

Furthermore, simultaneous deletion of the 2b and 16 alternative regions (A2bA16) also did not
affect chemotaxis rescue (Figure 5-9 and Figure 5-10). However, simultaneous deletion of all three

of the 2b, 16, and 18 isoforms (A2bA16A18) completely abolished chemotaxis rescue (Figure 5-10).
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Taken together, these results indicate that expression of at least one of the 2b, 16, or 18 isoforms is
required for AWC-mediated chemotaxis, and suggest that these isoforms can functionally
substitute for one another. However, additional unidentified isoforms may contribute to, or be

required for, ODR-2 function.

Complex regulation of odr-2 expression

Mudtiple genomic regions required for ODR-2 function

The previously characterized isoform-specific deletions were extended to characterize their effect
on chemotaxis rescue. As shown previously, the loss of the 18 isoform alone (A18) did not affect
chemotanxis rescue (Figure 5-10). The ABstEII construct also ablated the alternative 18 isoform and
further extended the deletion 1.8 kb upstream without impinging on isoform 16 alternative exons.
This construct fails to rescue and suggests that some element within the 1.8 kb region is required

for odr-2-mediated chemotaxis (Figure 5-9).

As shown previously, simultaneous deletion of the 2b and 16 alternative coding regions (A2bA16)
did not affect chemotaxis rescue (Figure 5-9 and Figure 5-10). However, when the 2b deletion was

extended to include a total of 4.1 kb (AClaA16), ability to rescue chemotaxis was lost (Figure 5-9).

These experiments identify at least two regions in addition to the alternative coding exons found
thus far that are required for odr-2-mediated chemotaxis. These regions might contain novel
alternative isoforms required for odr-2 function, or they might represent regulatory regions that

are required to direct expression in the proper neurons.

ODR-2 isoforms may be expressed in distinct but overlapping sets of neurons

To begin to analyze the regulation of odr-2 expression, several kilobases of genomic sequence
upstream of the 2b, 16, and 18 isoform alternative start methionines were used to direct
expression of the physiological marker green fluorescent protein (GFP). Each of these three

constructs generated distinct but overlapping patterns of neuronal GFP expression (Figure 5-11).
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No expression in non-neuronal cell types was seen. These results suggest that different neurons
may express different complements of ODR-2 isoforms. The expression patterns overlapped with

that seen using the rescuing epitope-tagged construct.

However, the individual regions upstream of each alternative start methionine appear to interact
with other sequences to direct odr-2::GFP expression. A 10.8 kb Sphl fragment translational fusion
of the common region to GFP drove expression in a large number of neurons (Figure 5-11).
Although the Sphl translational fusion contains all sequences used in the isoform 16 and isoform
18 transcriptional fusions, the expression pattern observed included additional neurons not seen
in either isoform 16 or 18 GFP expression patterns, and did not include all neurons seen in the
isoform 16 and 18 expression patterns. This result suggests that both positive and negative
elements present within the Sphl fragment, or interactions between the 16 and 18 upstream

regions, regulate ODR-2 expression.

Although the significance of these GFP expression patterns is unclear, as relating to isoform- and
neuron-specific ODR-2 expression, it is striking that all expression constructs specifically directed
expression only in neurons. The finding that different genomic regions upstream of each
alternative exon directed expression in different sets of neurons suggests that different ODR-2

isoforms may be expressed in different neurons.
Premature termination of the 2b isoform abolishes ODR-2 expression

ODR-2 isoform 2b is interesting in that a premature stop codon within its alternative coding
region abolishes odr-2 -mediated chemotaxis, whereas deletion of this alternative region does not
appear to affect the ability to rescue chemotaxis. To confirm that the odr-2 (n1939) mutant
phenotype resulted from the isoform 2b nonsense mutation, and not from an unidentified
mutation in the common region, the mutation associated with n1939 was introduced into a
rescuing epitope-tagged construct. This nonsense mutation eliminated chemotaxis rescue (Figure

5-12).
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Because the epitope tag was inserted in the common region, all ODR-2 isoforms should be
visualized. However, whole mount antibody staining showed that the nonsense mutation in the

alternative 2b coding region abolished all detectable ODR-2 expression (Figure 5-7 ).

No neuroanatomical defects are observed in odr-2 (12145) mutants

The enriched expression of functional epitope-tagged ODR-2 in the axons of neurons suggested it
might play a role in axon outgrowth, guidance, or fasciculation. To visualize potential
neuroanatomical defects, neuron-specific GFP constructs were each introduced into wild-type
and odr-2 (n2145) mutant animals. These constructs visualized the AWC chemosensory neurons
(STR-2::GFP) (Dwyer et al., 1998), ALY interneurons (TTX-3::GFP) (Hobert et al., 1997), AS]
chemosensory neurons (tax-2A::GFP) (Coburn and Bargmann, 1996), PVQ interneurons (SRA -
6::GFP) (Troemel et al., 1995), and the set of neurons labeled by ODR-2 (2b)::GFP (this study). In
all cases, no obvious defects were observed in process trajectories (data not shown). To attempt to
detect more subtle defects, strains expressing GFP in multiple neurons thought to synapse with
one another were examined. No difference between wild-type and odr-2 mutants were noted in
strains expressing GFP in both AWC and AIY or in AWC and the ODR-2(2b) set of neurons (data

not shown).

One mammalian GPI-anchored protein, Thy-1, has been detected in synaptic vesicles in addition
to the plasma membrane (Jeng et al., 1998), suggesting a role for GPI-anchored proteins in
synaptic function. To examine this possibility, a VAMP::GFP fusion protein that localizes to
synaptic vesicles was expressed under an AWC-specific str-2 promoter in wild-type and odr-2
animals. No obvious defects were apparent in odr-2 mutants (Gage Crump, personal

communication).

This set of studies indicates that odr-2 mutants do not have any obvious morphological defects in

a number of neurons, although more subtle defects may have been overlooked.

A family of odr-2-related genes in C. elegans
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The rodent Ly-6 genes exist as a family of related genes. To determine whether odr-2 might also
belong to a multigene family, the sequenced regions of the C. elegans genome were analyzed by
TBLASTN searches using ODR-2 sequence. Thus far, a total of seven paralogs of odr-2 have been
identified, and Ly-6-like coding regions analogous to the odr-2 common region for five of them

deduced (Figure 5-13). I will refer to these as hot genes, for homology to odr-2.

Notable features of these genes include conservation of all ten cysteines and the spacing between
them, the presence of an asparagine after the tenth cysteine, and a hydrophobic region at the
extreme C-terminus, consistent with a GPI-anchorage signal (Figure 5-13, Figure 5-14). These
features are strikingly similar to odr-2 and the Ly-6 family of genes. The hot genes and odr-2 have
several conserved intron/exon boundaries, suggesting an evolutionary relationship with a

common ancestral gene (Figure 5-13).

Another interesting feature is that most of the paralogs lack in-frame codons for potential start
methionines upstream of the Ly-6-like domain, but instead possess consensus splice acceptor
sequences. Thus, these genes might be alternatively spliced to yield protein isoforms with

alternative amino termini, as in odr-2.

Consistent with this hypothesis, upstream exons that are spliced to the Ly-6 domain coding exons
have been identified for hot-1 and hot-5. The 5" exon of hot-1a was identified by hemi-nested RT-
PCR using an SL1 splice leader primer and two primers in the hot-1 predicted Ly-6-domain
region, while the 5’ hot-5a exon was defined by a C. elegans expressed sequence tag (EST yk162)
identical to the predicted hot-5a sequence. As in odr-2, the hot-1a and hot-5a 5’ exons are found far
upstream of the Ly-6 domain coding region (6.5 kb and 2.6 kb upstream respectively, data not
shown). Both amino termini contain hydrophobic regions that may correspond to signal
sequences (Figure 5-14), consistent with GPI-attachment to the plasma membrane. Furthermore,

these cDNAs demonstrate that at least two of the odr-2 paralogs are expressed in C. elegans.
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The most closely related paralog, hot-1, may be expressed in neurons. Sequence upstream of the
identified mRNA message directed GFP expression in a set of neurons partially overlapping with
the expression pattern observed with odr-2 (data not shown). Because hot-1 expression may also
undergo complex regulation and alternative splicing, the physiological relevance of the observed
expression pattern is unclear. However, it is striking that as with odr-2, no non-neuronal
expression was observed. Although it has not yet been demonstrated, an intriguing possibility is
that each of the hot genes may express multiple isoforms in distinct but overlapping sets of

neurons.

Discussion

Mutations in odr-2 result in impaired chemotaxis to volatile attractants sensed by the AWC
chemosensory neurons, without affecting responses mediated by AWA. odr-2 encodes a novel
protein with at least three isoforms generated by alternative splicing. Despite the restricted odr-2
mutant phenotype, odr-2 isoforms appear to be expressed in a large number of motor, sensory,
and interneurons. High expression of odr-2 has not been detected in AWC. Thus, ODR-2 might
act cell non-autonomously to modulate the activity of AWC or other neurons involved in

generating AWC-mediated chemotactic behaviors.

odr-2 chemotaxis defects are variable and odr-2 mutants usually exhibit some residual chemotaxis
to AWC-sensed odorants (for example, odr-1 vs. odr-2 pyruvate chemotaxis in Chapter 3B; Figure
5-12; and data not shown). These results argue against an essential role for odr-2 in sensory
reception and signal transduction. We suggest that odr-2 plays a modulatory role in AWC or in

downstream interneurons.

Sequence analysis suggests that ODR-2 is an extracellular protein anchored to the plasma
membrane by a GPI linkage. Spacing between ten cysteine residues in the ODR-2 common region

resemble the spacing in a domain found in the Ly-6 superfamily of proteins, which are also
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commonly GPI-linked. ODR-2 might be a distant relative of these proteins or share their

structure.

Isoform-dependence of odr-2 function

Deleting each of the three alternative first coding exons of odr-2 individually did not affect the
ability of odr-2 to rescue chemotaxis. The physiological relevance of this functional redundancy is
unknown. It is possible that deletion of one alternative coding region causes unphysiological
expression of a different isoform in the cells that previously expressed only the first isoform. This
may explain why deletion of the 2b isoform region did not affect odr-2-mediated chemotaxis,

while a premature stop codon within the 2b isoform abolishes ODR-2 function.

The finding that a nonsense mutation in the alternative 2b region eliminated expression of all
ODR-2 isoforms is harder to explain. Two models, neither particularly satisfactory, are suggested
by this result. One possibility is that the ODR-2 (2b) is the primary isoform expressed, so that loss
of this isoform in the context of a premature stop codon decreases all expression of the common
region to below detectable levels. This model is inconsistent with the variety of isoform cDNAs

isolated.

Alternatively, ODR-2 (2b) may be required for expression of the other isoforms, either within the
same neuron or by interactions with neighboring neurons. ODR-2 (2b) might be permissive for
expression of the other isoforms, or might stabilize the persistence of the other ODR-2 isoform
proteins at the cell surface. This model is less consistent with the finding that deletion of the 2b
alternative region does not affect chemotaxis rescue, and by the finding that regions upstream of

the 16 and 18 coding exons are capable of driving expression in different neurons.

In either of these two models, one possibility is that the 2b deletion allows enhancer elements that
normally act to promote isoform 2b expression to drive isoform 16 or 18 transcription. In contrast,

the odr-2 (n1939) nonsense mutation would not cause this hypothetical enhancer target switch,
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resulting in expression of a truncated isoform 2b transcript. This scenario would also explain the

finding that no single deletion of alternative isoform coding regions affected chemotaxis rescue.

It is unclear how the different isoform mRNAs arise, whether from transcriptional initiation from
distinct sites upstream of each alternative exon, or as a result of a single long transcript that is
subsequently modified by SL1 trans-splicing to the 5’ ends of alternative exons. In either case,
alternative splicing must occur, as the common region must be spliced to different alternative
exons present in the longer transcripts. If a single site serves for transcription initiation for all
ODR-2 isoforms, it is interesting to speculate that the odr-2 (n1939) nonsense mutation, which
should manifest during translation in the cytoplasm, could affect alternative splicing of the other
isoforms, which should occur in the nucleus prior to translation. In a cell-free system, premature
termination codons can inhibit RNA splicing by a mechanism independent of protein translation
(Aoufouchi et al., 1996). Such a mechanism might resolve the confusing results observed with odr-
2. Alternatively, the odr-2 (n1939) point mutation may cause aberrant splicing that affects all
isoforms, as the G to A transition found in n1939 creates a potential new splice acceptor, albeit

one that poorly matches the consensus acceptor sequence found in C. elegans.

Paradox of phenotype specificity vs. widespread expression

One of the most intriguing features of odr-2 is the specificity of its mutant phenotype in the face of
such widespread neuronal expression. Even AWA-mediated chemosensory behaviors are spared
in odr-2 mutants, despite the shared interneurons, including AlY, AIA, and possibly AIZ,
downstream of the AWA and AWC chemosensory neurons (White et al., 1986; Bargmann et al.,

1993; Cori Bargmann, personal communication).

A possible explanation is that genetic redundancy is provided by the family of odr-2 paralogs. odr-
2 isoforms can functionally substitute for one another and may be expressed in overlapping sets
of neurons. Likewise, the structure of the hot genes suggests that they may also possess multiple

isoforms, and hot-1a may be expressed in a set of neurons partially overlapping with those that
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express odr-2. In this model, the network of neurons that mediate chemotaxis to AWC-sensed
odorants may be serendipitously sensitive to loss of odr-2 function through lack of redundant
paralog expression in the appropriate neurons. Alternatively, the incomplete loss of AWC

function in odr-2 mutants may reflect incomplete redundancy.

This genetic redundancy may extend to vertebrate Ly-6 domain proteins. Expression of the
family of murine GPI-linked Ly-6 proteins is tightly regulated in overlapping cell types at specific
stages of hematopoiesis and in different tissues (Gumley et al., 1995). Yet, despite the precise
regulation of Ly-6A expression during thymocyte development, Ly-6A null knockout mice
express normal fractions of all hematopoietic lineages and are only modestly affected in T cell

activation (Stanford et al., 1997).

ODR-2, a novel member of the Ly-6 superfamily

Clearly there is not enough structural similarity between odr-2 and any of the previously
identified Ly-6 domain proteins to predict a homologous function. Rather, it is likely that the ten
cysteine repeat is an extracellular structural unit that has been adapted to serve many purposes in
different organisms and in different tissues. It is even possible that odr-2 is evolutionarily
unrelated to the remainder of the Ly-6 superfamily, and that its structure is a result of convergent
evolution of a useful domain. This possibility is unlikely considering the shared GPI anchorage

and closest similarity to Sgp-2, isolated from another invertebrate.

Additional evidence that ODR-2 may possess a similar structure to Ly-6 domain proteins is the
finding that most of the epitope-tagged ODR-2 constructs were fully functional. The location of
the tags were chosen to minimize interference with core structural regions based on the
assumption that ODR-2 would fold similarly to the Ly-6 domain proteins CD59 and o cobratoxin.
Although the epitope tagged regions are permissive for some alteration, larger insertions

drastically curtailed ODR-2 function. When GFP was cloned in-frame into a unique site in each
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HA epitope, all five of the resulting constructs rescued poorly or not at all, and none exhibited

any detectable GFP fluorescence (data not shown).

Functions of Ly-6 superfamily members

The original mouse Ly-6 proteins were characterized as differentiation antigens on specific
lymphocyte subpopulations. Further studies have shown that these and subsequently identified
members of the GPI-anchored single Ly-6 domain family are much more widely expressed. Sgp-2
was purified from squid optic and central nervous system tissue (Williams et al., 1988).
Mammalian members have been found expressed in kidney, heart, liver, lung, muscle, testis,
ovary, uterus, brain, microglia, osteoblasts, vascular endothelium, and keratinocytes (van de Rijn
et al., 1989; Cray et al., 1990; Fleming et al., 1993; HogenEsch et al., 1993; MacNeil et al., 1993;
Horowitz et al., 1994; Brakenhoff et al., 1995; Mao et al., 1996; Tanaka et al., 1997). Thus, the
physiological roles of these molecules are unlikely to be confined to lymphocyte differentiation

and activation.

It may be instructive to consider the functions that have been proposed for Ly-6 domain
containing proteins for perspective on the role ODR-2 may play in mediating chemosensory
behavior. Many functions have been attributed to Ly-6 proteins, including signal transduction,
modulation of extracellular matrix binding, cell adhesion, and interference with postsynaptic ion

channels.

Signal transduction by GPI-anchored proteins

Ly-6A/E and CD59, among many other GPl-anchored proteins, have been proposed to act as
signal transduction molecules on lymphocytes and other cells. Antibody-mediated cross-linking
of these proteins in vitro generates intracellular GPI-dependent signaling responses, including
increased proliferation, intracellular calcium, inositol phosphate production, and expression of

interleukin 2 (Korty et al., 1991; Su et al., 1991; van den Berg et al., 1995). In the case of Ly-6A/E, a
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GPI anchor-independent inhibition of interleukin 2 expression has been demonstrated (Codias et

al., 1992; Fleming and Malek, 1994).

A puzzling aspect of these studies has been how an extracellular GPI-anchored protein, which
does not traverse the plasma membrane, can transduce a signal intracellularly. Recent work has
demonstrated that signaling induced by glial cell line-derived neurotrophic factor and neurturin
proceeds by a mechanism involving GPI proteins (Durbec et al., 1996; Jing et al., 1996; Treanor et
al., 1996; Trupp et al., 1996; Baloh et al., 1997; Buj-Bello et al., 1997; Jing et al., 1997; Klein et al.,
1997). These growth factor-like ligands are specifically recognized by distinct GPI-anchored
proteins but transduce the signal intracellularly using a shared transmembrane receptor tyrosine
kinase. Thus, the GPI-anchored proteins confer differential ligand specificity. The three GPI-
anchored receptors identified thus far (GFRa-1-3) are expressed in overlapping but distinct sets
of tissues, presumably conferring tissue-specific sensitivity to different ligands (Jing et al., 1997).
Similarly, the ciliary neurotrophic factor receptor (CNTFRa) is a GPI-linked ligand specificity
factor that shares signal transduction components with many cytokines. However, the ligand-
binding components of the other cytokines are not GPI-linked, but transmembrane proteins
(Davis et al., 1993; Stahl and Yancopoulos, 1994). Although the GFRo. and CNTFRo GPI-anchored
receptors are not similar to the Ly-6 proteins, they illustrate an elegant paradigm for GPI-

mediated signaling.

Cellular adhesion and interactions with the extracellular matrix

A number of studies now suggest that Ly-6 domain proteins play a role in cell-cell and cell-
extracellular matrix adhesive interactions. Three single domain GPI-linked Ly-6 proteins have
been implicated in cell-cell adhesion. Transfection of the human keratinocyte gene E48 into
fibroblasts induces aggregation, suggesting that E48 can mediate adhesion or activate adhesion
pathways (Brakenhoff et al., 1995). Ly-6C monoclonal antibody treatment reduced lymphocyte
binding to lymph nodes in vitro and decreased lymphocyte homing to lymph nodes in vivo

(Hanninen et al,, 1997). A third study found that thymocytes overexpressing Ly-6A aggregate in
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culture. Phosphatidylinositol-specific phospholipase C and anti-Ly-6A antibodies both abolished
reaggregation of paraformaldehyde-fixed thymocytes, supporting a direct role for Ly-6A.
Adbhesion is not believed to occur by homotypic Ly-6A recognition, because normal T and B cells
that do not overexpress Ly-6A co-aggregate with Ly-6A expressing thymocytes (Bamezai and

Rock, 1995).

The urokinase-type plasminogen activator receptor (uPAR) contains three tandem Ly-6 domains
and is GPI-anchored to the plasma membrane (Behrendt et al., 1991). In addition to its function in
localizing and activating fibrinolytic proteases, uPAR can also modulate cellular adhesion to
vitronectin and fibronectin, both independently and via interaction with integrins (Kanse et al.,

1996; Wei et al., 1996; Plesner et al., 1997).

Other characterized roles of Ly-6 family proteins

Ly-6 family proteins have other characterized functions; in all cases these domains are associated
with extracellular protein-protein interactions. CD59 prevents complement-mediated lysis of host
tisssues and blood cells (Davies and Lachmann, 1993). CD59 prevents final assembly of the
membrane attack complex by binding to factor C8 within the nascent C5b-8 complex and
interfering with C9 binding, polymerization, and membrane insertion. Alpha cobratoxin, which is
secreted, inhibits the nicotinic acetylcholine receptor, a cation channel in the postsynaptic
membrane of neuromuscular junctions (Betzel et al., 1991). TGFp type I and type II receptors are
transmembrane serine/threonine kinases; the extracellular domain of type I receptors contains
Ly-6-like sequences. Growth factor binding to the type II receptor results in recruitment of the
type I receptor to the complex. Intracellularly, the type II receptor trans-phosphorylates and
thereby activates the type I receptor, which in turn phosphorylates downstream components. In
this system, the Ly-6 domain containing protein acts as a co-receptor that functions after initial

ligand recognition (Wrana, 1998).

Possible roles for ODR-2
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Given the wide variety of functions mediated by Ly-6 domain proteins, it is difficult to know how
odr-2 might function in the C. elegans nervous system to mediate chemosensory behaviors.
However, because distinct isoforms of ODR-2 and its paralogs may be expressed by overlapping
sets of neurons, these proteins might act as cell surface markers that allow neurons to recognize
each other. Distinct but overlapping expression patterns could provide an efficient code for
neuronal identity; e.g., 10 isoforms expressed 3 at a time could uniquely identify more than 120

neurons.

In this role, the ODR-2 family of proteins could provide cues for axon guidance or synaptic target
selection. odr-2 family members might act as cellular adhesion molecules important for
fasciculation or synaptic maintenance. Another possibility is that cell-cell contact might induce
signaling that modulates neuronal function; in such a scenario, ODR-2 could act during signal

transduction as a receptor, ligand, or both.

Expression of multiple isoforms of ODR-2 and its paralogs within the same neuron might provide
genetic redundancy or increase fidelity of target selection via an increased number of
combinatorial cues. Precedent for complementary and combinatorial cues in nervous system
development is provided by the study of muscle innervation in Drosophila. Netrin A, netrin B,
semaphorin II, fasciclin II, and other unidentified factors each contribute cues both independently

and in combination to mediate accurate synaptic target selection (Winberg et al., 1998).

Further understanding odr-2 function demands the identification of interacting proteins, which
may be present in the same or different neurons that express odr-2. This might be approached
biochemically by purification of proteins that bind ODR-2, or genetically by isolating suppresser
mutations of the odr-2 phenotype. Targeted disruption of odr-2 paralogs would allow analysis of
double mutants of odr-2 and its family members, which may reveal more severe phenotypes
currently masked by genetic redundancy. Any phenotypes identified in such a manner would

render odr-2 mutants a potentially sensitized background for identification of interacting genes
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that cause similar phenotypes. There is much work to be done to understand the role of odr-2 in

C. elegans, which may in turn elucidate the function of the enigmatic Ly-6 superfamily of proteins.

Methods

Strains and genetics

Wild-type worms were C. elegans variety Bristol, strain N2. Worms were grown at 20°C with

abundant food using standard methods (Brenner, 1974).

Strains used in this work included CX2304 odr-2(n2145) V; CX2058 odr-2(n1939) V; MT5304 odr-

2(n2148) V; CX2818 lin-15(n765ts) X; and CX2188 odr-2(n2145) V; lin-15(n765ts) X.

Behavioral assays

All behavioral assays were conducted on well-fed adults. Standard chemotaxis assays were
performed as previously described (Bargmann et al., 1993). Assay plates were used 1-3 days after

pouring.

In my experience, all alleles of odr-2 exhibited great variability in chemotaxis towards odorants
previously described as being deficient in odr-2 lines. The source of this variability did not appear
to be age of animals assayed, age of assay plates (however, wet plates consistently minimized the
odr-2 chemotaxis defect), preparation of solutions, or source of odorant (data not shown).
Nonetheless, in dose-response assays, odr-2 animals consistently underperformed wild-type
animals when challenged with odorants sensed by AWC. Unfortunately, the threshold of odorant
concentrations between normal wild-type response and deficient odr-2 response typically varied
from week to week. Thus, many different odorants and odorant concentrations have been used to

follow the odr-2 phenotype throughout this work. However, in all figures, only assays done
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during a similar time period and using identical odorant concentrations are grouped for

statistical analysis.

Molecular biology methods

General manipulations were performed using standard methods (Sambrook et al., 1989).
Sequencing was performed with the Promega fmol sequencing kit in an MJR thermal cycler. The
GeneWorks v2.5.1 software package (Intelligenetics) and DNA Strider v1.2 (public domain, by
Christian Marck) was used for sequence analysis. BLAST (Altschul et al., 1990) and CLUSTAL-W
(Thompson et al., 1994) were both used to generate sequence alignments; however, manual
alignment of cysteine residues was frequently done prior to software-assisted alignment.
Sequence of the odr-2 region was confirmed with data courtesy of the C. elegans genome

sequencing consortium (Sulston et al., 1992).

Generation of transgenic worms

Germline transformation was by standard microinjection methods as previously described (Mello
etal.,, 1991). All injections were done in lines bearing the lin-15 (n765ts) mutation using the
transgene construct (50 ng/pl) with wild-type lin-15 DNA pJM23 (50 ng/ul) as a co-injection

marker. Rescued lines were isolated from independent rescued F1 progeny.

Generation of HA epitope-tagged odr-2 constructs

PCR-directed insertional mutagenesis was used to insert the HA epitope tag in five different
locations of the 1.9 kb KpnI-Xhol genomic fragment that contains the entire odr-2 common
region. Each fragment was inserted in-frame at the sites shown in Figure 5-2 and consisted of: 5'-
GCC TAC CCA TAT GAT GTC CCA GAC TAC GCT GGA TCC-3’, which codes for the amino
acids Ala [Tyr Pro Tyr Asp Val Pro Asp Tyr Ala] Gly Ser; the bracketed residues represent the

hemagglutinin HA epitope. Note that the last 6 nucleotides insert a BamHI restriction site. The
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five PCR-derived Kpnl-Xhol fragments containing the epitope insertions were used to replace

the corresponding wild-type region in a rescuing KpnlI-Spel clone in pBluescript® II KS(-).

Oligonucleotide JHC-27, which is 5" to the Xhol site, and JHC-28, which is 3’ to the KpnlI site,
were used for all epitope insertions. A 5’ fragment was generated by PCR-amplification using
JHC-27 and an “JHC-##b" oligo, while a partially overlapping 3’ fragment was generated using
JHC-28 and an “JHC-##a"” oligo. These two fragments were gel purified and used as template to

amplify the complete epitope-tagged Kpnl-Xhol fragment using JHC-27 and JHC-28.

5’ oligo: JHC-27: 5'-TTT ACG TAT CGA CAA TTG CGC GCA G-3'

3’ oligo: JHC-28: 5'-CTA CTT ACT GTT CAG GAA GGT TAT G-3'

HA#1: JHC-29a) 5‘-CCA TAT GAT GTC CCA GAC TAC GCT GGA TCC CGT CTA
CCA TGT TAC TCC TG-3*
JHC-29b) 5’'-AGC GTA GTC TGG GAC ATC ATA TGG GTA GGC TAG TGC
TGA AAA AAT AAT AT-3'

HA#2: JHC-30a) 5’'-CCA TAT GAT GTC CCA GAC TAC GCT GGA TCC TTC GAC
ACT CAT TGC GAT AA-3’
JHC-30b) 5’-AGC GTA GTC TGG GAC ATC ATA TGG GTA GGC AGA AAG
TGG TTT CCG GTA CA-3'

HA#3: JHC-31la) 5’-CCA TAT GAT GTC CCA GAC TAC GCT GGA TCC GAT ATG
TGT GTT ACT CTT AG-3°
JHC-31b) 5’'-AGC GTA GTC TGG GAC ATC ATA TGG GTA GGC GGA ACA
GTT CTT TGA GTA GA-3'

HA#4 : JHC-32a) 5’'-CCA TAT GAT GTC CCA GAC TAC GCT GGA TCC CAG GGA
TGC TTG GGT GAG TT-3’
JHC-32b) 5’'-AGC GTA GTC TGG GAC ATC ATA TGG GTA GGC CCT TTC

AGC CAA CGT TCG AA-3’
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HA#5: JHC-33a) 5’'-CCA TAT GAT GTC CCA GAC TAC GCT GGA TCC AAT TTC
TCC GTG TCG CCG CC-3'
JHC-33b) 5’-AGC GTA GTC TGG GAC ATC ATA TGG GTA GGC GCA CAG

ATT GTT ATG GCA TG-3'

Generation of epitope-tagged 71939 construct

The n1939 nonsense mutation was engineered into the rescuing pBlueScript® II KS(-) HA#3
construct. A 2.1 kb Sphl-Clal fragment containing the n1939 mutation was isolated by PCR from
genomic DNA isolated from odr-2 (n1939) mutant animals. From the HA#3 rescuing construct,
the 2.3 kb Spel-Sphl (containing odr-2 genomic sequence) and 11.9 kb Clal-Spel fragment
(containing 9 kb of odr-2 genomic sequence and 2.9 kb of vector sequence) were isolated. These
three fragments were ligated to yield the 16.3 kb HA#3 epitope-tagged n1939 mutation clone. The

presence of the n1939 mutation was confirmed by sequence analysis.

Antibody staining

Glass microscope slides were treated with 0.1% w/v polylysine and allowed to air dry overnight.
Worms were washed extensively in S Basal and H>O, transferred to the coated slides, flattened
slightly under a glass coverslip, and allowed to settle for 3 minutes at room temperature.
Following freeze fracture on a slab of dry ice, the worms were fixed 5’ in methanol and 5’ in
acetone and blocked for 1 hour at room temperature in PBS + 0.1% BSA + 0.2% Tween-20. The
samples were then treated with primary anti-HA epitope monoclonal antibodies (BAbCo mouse
monoclonal antibody HA.11, clone 16B12) at a 1:500 dilution into blocking solution for 1 hour at
room temperature, washed with PBS + 0.2% Tween-20, incubated with secondary antibodies
(Jackson ImmunoResearch Laboratories Cy3-conjugated AffiniPure goat anti-mouse IgG) at a
1:500 dilution in blocking solution, washed in PBS + 0.2% Tween-20, and visualized by

fluorescence microscopy.
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Generation of odr-2 GFP constructs

Regions immediately upstream of the odr-2 2b, 16, and 18 isoforms and hot-1a predicted initiator
methionines were isolated by PCR for use as transcriptional promoter fusions driving GFP.
Cosmid EB2 subclones and genomic DNA isolated from wild-type animals were used as
templates for odr-2 and hot-1a promoters respectively. The PCR primers incorporated convenient
restriction sites and were designed using sequence provided by the C. elegans genome sequencing
consortium. GFP vectors were provided by Andy Fire. The odr-2 2b promoter (2.6 kb) was
isolated as a Spel fragment and cloned into the Xbal site of TU#62. odr-2 16 (3.2 kb), odr-2 18 (2.4
kb), and hot-1a (4.1 kb) promoters were isolated as Psti-BamHI fragments and cloned into wild -
type GFP vectorTU#62, except for the isoform 16 promoter, which was cloned into the pPD95.77

enhanced GFP vector. Oligonucleotide sequences are available upon request.

A 10.8 kb odr-2 Sphl fragment was cloned in-frame as a translational fusion into the TU#62 GFP
vector modified to contain the synthetic transmembrane domain from pPD34.110 (Fire et al.,

1990).

AWC promoter driving odr-2 cDNA expression

3.7 kb of sequence immediately upstream of the str-2 start methionine, which drives expression in
the AWC chemosensory neurons (Dwyer et al., 1998), was PCR-amplified and cloned upstream of
each of the odr-2 2b, 16, and 18 cDNAs in the pBlueScript® vector used by the Barstead cDNA

library.

Generation of internal deletions of odr-2

Internal deletions were made in the Kpnl-Spel and Kpnl-Spel HA#3 odr-2 rescuing constructs.
Clones with multiple deletions were made by introducing individual deletions sequentially. The
2b alternative region was deleted by cutting with Pmll and religating; A2b deletes a total 159 bp,

including both in-frame methionines that could serve to initiate translation.
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The 16 alternative region was ablated by cutting with Avrll and AflII, blunting the ends with
Klenow polymerase, and religation; A16 deletes 652 bp, including the entire alternative amino
terminal coding region, from 46 bp before the predicted initiation methionine and extending 529

bp into the following intron.

The 18 alternative region was deleted in the Kpnl-Spel HA#3 construct. First, the Eagl site in the
pBluescript® II KS(-) polylinker was destroyed by cutting with Spel and Notl, blunting with
Klenow polymerase, and religating. The 18 alternative region was then deleted by cutting with
Eagl and religating; A18 deletes 1553 bp, from 2 bp after the predicted initiator methionine and

extending 1494 bp into the following intron.

The ABstEII construct was made by cutting with BstEII, blunting with Klenow polymerase, and
religating; ABstEII deletes 2.6 kb, including the entire isoform 18 alternative exon. AClal was
made by cutting with Clal and religating; AClal deletes 4.1 kb, including both isoform 2b

alternative exons.

Acknowledgments

I would like to thank Kate Wesseling, Penny Mapa, Ligin Tong, Shannon Grantner, and Yongmei
Zhang for expert sequencing assistance; Tim Yu for generating the GFP confocal images; Alan
Coulson and John Sulston for supplying cosmids; Y. Kohara for providing EST sequence; Bob
Barstead for the cDNA library; Gary Ruvkun for ttx-3::GFP; Piali Sengupta for initiating the work;
and the C. elegans genome sequencing project for providing an invaluable resource to the research

community.

121



Table 5-1. Cysteine spacing in the Ly-6 superfamily.

Ly-6 domain protein Number of residues between cysteines
1-2 23 34 45 56 67 7-8 89 9-10

Single-domain proteins

CD59 2 6 5 6 12 5 17 0 4
vCD59 2 6 5 6 12 5 17 0 4
Ly-6A.2 / E1/ Sca-1 / TAP 2 8 4 6 20 3 19 0 4
Ly-6C.2 2 8 4 6 20 3 16 0 4
Ly-6F.1 2 8 4 6 20 3 19 0 4
Ly-6G.1 2 8 4 6 20 3 19 0 4
Ly6-A (rat) 2 8 5 6 20 3 19 0 4
Ly6-B (rat) 2 8 5 6 20 3 19 0 4
Ly6-C (rat) 2 8 4 6 20 3 19 0 4
ThB 2 5 5 6 17 3 18 0 4
Sca-2 / TSA-1 2 8 5 6 21 3 17 0 4
Sgp-2 2 7 13 6 20 13 13 1 4
E48 2 5 5 6 17 3 18 0 4
RIG-E 2 8 5 6 22 3 16 0 4
DRTP-1 2 4 6 6 16 5 12 0 4
SP-10 2 8 6 7 17 3 15 0 5
alpha cobratoxin NA NA NA 5 20 3 10 0 4
TGFB-R, type | 1 2 6 5 16 14 13 0 4
DAF-1 1 5 25 5 14 19 13 0 5
Multi-domain proteins

uPAR #1 2 5 4 6 20 NA NA NA 4
uPAR #2 2 6 9 6 24 5 16 0 4
uPAR #3 2 7 9 6 18 5 17 0 4
RoBo-1 #1 4 4 7 5 22 4 20 0 4
RoBo-1 #2 2 6 6 6 19 5 16 NA NA
PLA2-125kD #1 2 6 6 6 20 5 20 0 4
PLA2-125kD #2 2 7 6 6 19 5 19 NA NA
PLA2-131kD #1 2 6 6 6 20 5 20 0 4
PLA2-131kD #2 NA NA NA 6 21 3 21 NA NA
Range 14 2-8 425 5-7 12-24 3-19 10-21 O0-1 4-5
Median 2 65 5 6 20 3 17 0 4
ODR-2 2 25 14 3 20 20 25 1 4
HOT-1 2 25 14 3 20 24 23 1 4
HOT-2 2 25 13 3 21 24 25 1 4
HOT-3 2 26 13 3 22 22 21 1 4
HOT4 ND 25 11 3 19 25 21 1 4
HOT-5 2 27 14 3 24 23 20 1 4
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The 10 cysteines of Ly-6 domains form disulfide bridges as follow: 1-5, 2-3, 4-6, 7-8, 9-10. uPAR
domain #1 lacks cysteines 7 and 8, RoBo-1 domain #2 lacks 9 and 10, PLA3 -125 kD domain #2
lacks 9 and 10, and PLA -1 31 kD domain #2 lacks 2 and 3 as well as 9 and 10. Snake venom long
neurotoxins are unique in that they lack cysteines 2 and 3 and have an additional disulfide-linked
cysteine pair between cysteines 5 and 6 that are not found in the rest of the Ly-6 domain
superfamily (Ploug and Ellis, 1994). Missing cysteine pairs result in some spacings being not
applicable (NA). The complete sequence is not known for HOT-4, so the spacing between its first

two cysteines is not determined (ND).

Genes and their accession numbers. Human CD59 (JL0109) (Davies and Lachmann, 1993) and
CD59 homolog from saimirine herpesvirus 1 (A43384) (Albrecht et al., 1992). Mouse Ly-6A.2
(M73552), Ly-6C.2 (M18466), Ly-6F.1 (X70922), and Ly-6G.1 (X70920) (LeClair et al., 1986; Palfree
et al., 1988; Stanford et al., 1992; Fleming et al., 1993). Rat Ly6-A (M30692), Ly6-B (M30689), Ly6-C
(M30691) (Friedman et al., 1990). Mouse thymocyte B cell antigen ThB (A46528) (Gumley et al.,
1992). Mouse Sca-2 (U04268) (Classon and Coverdale, 1994). Human E48 antigen (X82693)
(Brakenhoff et al., 1995). Human retinoic acid-induced RIG-E protein (U42376) (Mao et al., 1996).
Differentially regulated trout protein 1, DRTP-1 (AF004739) (Lee and Goetz, 1998). Human intra-
acrosomal sperm antigen SP-10 (M82967) (Wright et al., 1990). Mouse transforming growth
factor-beta type I receptor precursor (543338) (Suzuki et al., 1994). C. elegans DAF-1 receptor
protein kinase (118230) (Georgi et al., 1990). Human urokinase plasminogen activator receptor
(uPAR) (X51675) (Roldan et al., 1990). Rat bone and growth plate cartilage-expressed protein
RoBo-1 (AF041083) (Noel et al., 1998). The following were manually entered from the listed
sources: Sgp-2 (Williams et al., 1988), cobra phospholipase A inhibitor 31 and 25 kD subunits
(Ohkura et al., 1994), and the long o-neurotoxin o-cobratoxin (Betzel et al., 1991). The

identification of odr-2 and its paralogs are presented in the text.
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Rescue of the odr-2
benzaldehyde chemotaxis defect
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Figure 5-1. Rescue of the odr-2 benzaldehyde chemotaxis defect. Genomic subclones from the odr-
2 region were introduced into odr-2 (n2145) animals and tested for ability to rescue benzaldehyde
chemotaxis. Co-injection marker alone was used as a negative control (pJM23). All assays were
done using a 1:600 dilution of benzaldehyde, except the last two columns (1:400 dilution).
KpnSpe represents a rescuing 13.4 kb construct. A Stul site within the KpnSpe fragment was used
to generate the 7 kb KpnStu and 6 kb StuSpe fragments. ACommon represents a 1.9 kb truncation

of KpnSpe which removes the common region of odr-2.
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Figure 5-2

A. 2b alternative exon

ttcatccct tggtatttga aaatttgcaa agacattcag caatattctc aaaatctctt ctgtctcget atttt 75

cacEtgtccc aaaattcccc aattaafcag aaATGCACCT TCCATTGTCG AGCCTGCACC CAATGGGACT TCTGT 150

A2b M HL PLS SLHZP M GTL L F

A2b
TTCGGCTCCT TCTCTTCTGG AATACAATTG 'I'I‘C'I‘GGCG‘WS‘IGAAAGA TCGAATACAG AATATTGGAA AGATC 225

RLLLFWNTIVLAARERSNTEYWKDQ

AGCATCCACA ACAAAGA'IES AGAATTTAT’II A 257
H P Q Q R W R I

B. 16 alternative exon Al6

cccaaacagg caatacttgc tcactggagc acttggctgg ttcgaatttg tgtgtgagcg ttcctaggga gagtg 75

gaacagggtc tctcacagtt tgtcgggatg cccgATGACC TCCCAGTTCA CCAAGCTCTT CTCGTTTATT CTTGC 150
M T S Q F T KL F S F I L A

CAACGTTCAT GATCCTGCGG CACCAGAAGA 'I‘GCAq 187
N V H D P A A P,E D A

A

C. 18 alternative exon

cgtttggacc acttcttccc attcgtcttg gaaatatttt tcttcaggac aatcactcac tttttttttc atttt 75

cctatttctt ctacttctac ttctgctcct tattcttttt atttctcgta tttttgiégt tgcattccat ctcat 150

tctgccecttg cactccgcag ccttcaacaa tcaagttatt cggggcgacc ccagcagtta tttggtggtg tcgtg 225

cccgcatttt gctcttttct aaaagtggaa ccgagcctac atttggctga tggATGGCGG C TGTTTT GCAAA 300
M A A vV L Q I

TTGTCTCTTA TCTTCTTGCT AATGTATCGG ATTTCAATTC GG A18 344
V S Y LLAANVSD F N S A

D. odr-2 common exons

CTACGTCT ACCATGTTAC TCCTGCATGA GCCCATACTT AGAAGACCAC TATCCATACA TATCACACTT GTACC 75
LR,L POY s©MsS PYL EDH YPYTI SHL YR

GGAAACCACT TTCTTTCGAC ACTCATTGCG ATAAACATAG |TCTAGAAACA AGTTATCTCT ACTCAAAGAA CTGTT 150
K P L SAF D TH@D K HS L ET S YL Y stps

#
CCGATATGTG "II‘_CI;’?I‘AZC‘I'C'I"I‘ AGGATCAACG ATGTTGTTGG AGGCGG CGACACGGTT ACATGCGGGEJTTGCT n2i 225
AD M VTLRINDVVGGRRRHGYMRG@L
HA#3
TATCGGATTT GCATGGTTAC AATCACTCAT TGATTCGAAC GTTGGCTGAA AGGCAGGGAT CAC AACAG 300
S DL HGY NUHJ SUL IRT L A E RAQ G L DT T A
HA#4 n2145

CTCGTGAGCT CTTCCTTCCA ACTGCTCAAC GCCAAGAACT CGAACCATCG CGTCTTTCAC TTTGTGCATEJCCATA 375
R EL FLP TAO QR QETUL E P S RLSL@A@HN

ACAATC’I‘G’IG CAATTTCTCC GTGTCGCCGC CTTGTTTCTT TATTTTTCTC TTTGTAATTC TTGTCATTTT CCTAA 450
?NFS vspp@FF I FL FVIUL VITF LM
t

a tggt tcaa ccaaccgatt ccaaacgttt ctttcatttt ttctcaacga acaatacaaa atttc 525

gttgggattt ttaaatcttc ttctttgaaa tcaaaccgat ccacttttaa atgttacggg tttttcacca cgttt 600

tgcctctatt caagtttttc tcttgtgttt catgaataaa tcgtagcata aaa 653
poly-adenylation
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Figure 5-2. Exon sequence of the odr-2 isoforms. The cDNAs encoding alternative isoforms were
sequenced. Lowercase and uppercase nucleotides represent non-coding and coding regions
respectively. Vertical lines in the sequence represent the positions of introns. G to A transitions
found in n1939, n2148, and n2145 are boxed. Filled arrowheads pointing downwards indicate
sites where trans-splicing to SL1 leader RNA has been observed. Potential translation initiation
methionines are in bold. Upward pointing hollow arrowheads indicate possible signal sequence
cleavage sites (von Heijne, 1986); however the signal sequences predicted for the alternative 16
and 18 regions are quite poor matches to the consensus. (A) Sequence of the 2b alternative exons.
The G to A transition found in n1939 is boxed; this results in a premature stop codon. The area
deleted in the A2b construct is indicated; note that both potential start methionines are deleted as
well as an intron in the 5’ untranslated region. (B) Sequence of the 16 alternative exon. The A16
construct deletes all coding region of the alternative 16 exon downstream of the indicated site. (C)
Sequence of the 18 alternative exon. The A18 construct deletes all coding region of the alternative
18 exon downstream of the indicated site. (D) Sequence of the common region found in all odr-2
cDNAs. Cysteine residues are circled. In Sgp-2, the glycosylphosphatidylinositol attachment
occurs on the conserved asparagine immediately following the tenth cysteine, as indicated. Thus,
the eleventh cysteine of the common region may not be present in the mature forms of ODR-2.

The locations of the five hemagglutinin (HA) epitope tag insertions are indicated.
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Figure 5-3. Genomic organization of odr-2 and summary of chemotaxis experiments. The full-
length horizontal line represents the rescuing 13.4 kb Kpnl to Spel genomic fragment (KpnSpe).
Exons are represented by solid rectangles, and alternative splicing to the common exons is
shown. The location of mutations found in the 3 alleles of odr-2 are noted. The broken and
shortened horizontal lines below the full-length KpnSpe fragment represent various genomic
subclones and internal deletions used in this study: the gaps in the line represent regions deleted
in a particular construct. Many of these deletions disrupt the common region (ACommon) or
particular alternative isoforms (A2b, A16, and A18), while others represent larger deletions
(ABstEII and ACla). The results of these deletions on the ability to rescue the odr-2 (n2145)
chemotaxis defect are summarized on the right. Near the bottom, the locations of restriction sites
used for generating the constructs are shown. At the bottom of the figure, regions deduced to be
required for chemotaxis rescue, based on the ACommon, ABstEIl, and AClaA16 results, are

represented by thick gray lines.
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Figure 5-4. Hydrophobicity plots of the ODR-2 isoforms. Analysis was by the method of Kyte-
Doolittle, such that positive and negative deflections reflect hydrophobic and hydrophilic
character respectively (Kyte and Doolittle, 1982). Plots for the three isoforms of ODR-2 are

derived from the predicted full-length precursor protein sequence from isolated cDNAs.
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Structure of CD59 and analogous locations
of ODR-2 epitope tag insertions

Figure 5-5. The solution structure of soluble CD59 (Kieffer et al., 1994). The o carbon backbone
and disulfide bridges formed by the 10 cysteines, which are numbered consecutively, are shown.
Strands A-B and strands C-D-E form two antiparallel beta-sheets. The short o helical segment
that packs against one face of the C-D-E sheet is labeled. The predicted analogous regions of
ODR-2 hemagglutinin epitope tag insertions are indicated. Coordinates of CD59 were obtained

from the Brookhaven Protein Data Bank, accession 1IERH. The structure was displayed using
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Epitope-tagged ODR-2 rescues
isoamyl alcohol chemotaxis
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Figure 5-6. Epitope-tagged ODR-2 rescues the isoamyl alcohol chemotaxis defect. The
hemagglutinin (HA) epitope tag was introduced into the odr-2 KpnSpe rescuing construct at five
different locations in the common region. Each of these constructs was tested for rescue of the
odr-2 (n2145) isoamyl alcohol chemotaxis defect. Based on the known structure of CD59 and
assuming a similar conformation for ODR-2, HA epitope insertions were made at: HA#1, before

the first cysteine; HA#2, AB loop; HA#3, BC loop; HA#4, DE loop; HA#5, after the tenth cysteine.
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Figure 5-7.
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Figure 5-7. Expression of epitope-tagged ODR-2. The hemagglutinin epitope was introduced into
the common region of ODR-2 and visualized by whole mount antibody staining of adult animals.
Anterior is to the left and dorsal is up. (A), (B), and (C). Expression of a rescuing odr-2 construct
HA#3 in the head, mid-body, and tail regions respectively. (D) The odr-2 (n1939) isoform 2b

nonsense mutation abolishes HA#3 expression.
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ODR-2 expressed in AWC does not
rescue isoamyl alcohol chemotaxis
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Figure 5-8. ODR-2 expressed in AWC does not rescue isoamyl alcohol chemotaxis. odr-2 genomic
and cDNA constructs were tested for ability to rescue chemotaxis to 1:100 isoamyl alcohol. Three
constructs in which an AWC-specific promoter was used to drive odr-2 2b, 16, and 18 cDNA
expression were pooled and injected into odr-2 (n2145) animals. KpnSpe represents a rescuing

13.4 kb construct. Co-injection marker alone was used as a negative control (pJM23).
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Coding and regulatory regions
required for odr-2 rescue
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Figure 5-9. Coding and regulatory regions required for odr-2 rescue. Deletions were made in the
rescuing KpnSpe fragment that destroyed specific isoform coding regions or extended deletions
previously shown not to affect odr-2 chemotaxis rescue. These constructs were introduced into
odr-2 (n2145) animals and tested for chemotaxis to 1:800 benzaldehyde. N2 and n2145 are non-

transgenic strains. Co-injection marker alone was used as an additional negative control (pJM23).
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ODR-2 isoforms can functionally
substitute for one another
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Figure 5-10. ODR-2 isoforms can functionally substitute for one another. Internal deletions that
destroyed the alternative coding regions of odr-2 were made in the rescuing epitope-tagged
construct, HA#3. The deletion constructs ablated: isoform 2b and 16 coding regions
simultaneously (A2bA16); the 18 coding region individually (A18); all three alternative isoform
coding regions simultaneously (A2bA16A18). Each of these clones was tested for rescue of the odr-

2(n2145) isoamyl alcohol chemotaxis defect.
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A. odr-2 (2b)

B. odr-2 (16)

C. odr-2 (18)

D. odr-2 (Sph)

E. hot-1a
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Figure 5-11. Expression of odr-2 and hot-1a GFP fusion constructs. GFP expression in the head
region of adult animals were collected as confocal planes and projected onto the images shown;
anterior is to the left and dorsal is up. Non-head region neuronal GFP expression was also
observed (data not shown). (A), (B), (C), and (E) represent GFP transcriptional fusions driven by
sequence upstream of the predicted translation start sites of odr-2 (2b), odr-2 (16), odr-2 (18), and
hot-1a respectively. (D) odr-2 (Sph) translational GFP expression, driven by regions upstream of

isoforms 16 and 18.
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The n1939 mutation
abolishes odr-2 function
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Figure 5-12. The n1939 mutation is sufficient to abolish odr-2 function. The nonsense mutation in
the isoform 2b alternative coding region was introduced into the rescuing epitope-tagged odr-2
construct, HA#3, and the resulting construct tested for ability to rescue odr-2 (n2145) chemotaxis

to 1:100 isoamyl alcohol.
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Figure 5-13. Sequence alignment of the ODR-2 family of proteins. The ten conserved cysteines are
numbered. Locations of introns are noted by vertical lines. Residues identical in half or more of
the family members are boxed and shaded. For hot-1/2/4/5 there are no potential in-frame start
methionines upstream of the listed coding regions, and probable upstream splice acceptor sites
are noted. With hot-2, it is unclear which of the two possible splice sites upstream of the Ly-6
domain is used, so both are marked. Amino terminal sequence of HOT-1A (MLLVDDHIIR
NRRKIPDTPK RSYSNPYDTF VKLLIVVALA PKGVEASGER IYDETNYQGG NLPYK)and HOT-5A

(MRQLPSILLI LVYFIRSVEL LK) has been determined from identified cDNAs.
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Hydrophobic 320 -

hot-1a, 218 aa

Hydrophilic -320 -

320 -

hot-2 partial, 162 aa

-320 -
320 -

hot-3 partial, 151 aa

-320 -
320 -

hot-4 partial, 150 aa

-320 -

320 - hot-5a, 180 aa

-320 -
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Figure 5-14. Hydrophobicity plots of the odr-2 paralogs in C. elegans. Analysis was by the method
of Kyte-Doolittle, such that positive and negative deflections reflect hydrophobic and hydrophilic
character respectively (Kyte and Doolittle, 1982). The sequence of the five odr-2 paralogs were
predicted from genomic sequence information. The amino terminus sequence of HOT-1a was
deduced from a cDNA isolated by RT-PCR, while that of Hot-5a was inferred from an expressed
sequence tag provided by Y. Kohara. Amino terminal sequences of Hot-2, 3, and 4 have not been
identified. Note that all of the predicted proteins are hydrophobic at the extreme carboxy
terminus, while both identified amino terminal sequences possess significant hydrophobic

character, consistent with the possibility of GPI anchorage to the plasma membrane.

144



Perspectives and future directions

When the work described in this dissertation was initiated in 1993, many signaling components
in vertebrate olfaction had been identified, including a large family of seven transmembrane
receptors, a G protein a subunit, an adenylyl cyclase, and a cyclic nucleotide-gated channel o
subunit. Although the presence of these molecules in olfactory neurons was consistent with the
biochemical responses observed following odorant treatment, functional evidence that these
components were required for olfactory signaling was lacking. Little was known regarding the
specificity and sensitivity of the putative olfactory receptors, as none had been definitively shown

to respond to odorants in physiological conditions.
Identification of signaling components required for chemosensory behaviors in C. elegans

C. elegans is an excellent model system for studying olfaction and olfactory behaviors. Its genetic
tractability provides one approach to identify molecules functionally required for
chemosensation. However, in 1993, nothing was known about the molecular basis of olfaction in
C. elegans. Invertebrate olfaction might proceed via G protein-coupled pathways as in vertebrates,

by the two-component regulatory systems used in prokaryotes, or by some novel mechanism.

Since then, work in this and other labs has demonstrated that G protein-coupled signaling
components are crucial for chemosensory behaviors in C. elegans. The molecules required for
AWC chemosensory function include a G protein a subunit, guanylyl cyclases, and two
subunuits of a cyclic nucleotide-gated channel. These components define a pathway analogous to

vertebrate olfactory cyclic nucleotide-mediated signaling.

However, a capsaicin/Trp-like putative ion channel, OSM-9, is required for chemotaxis mediated

by the AWA sensory neurons. Because phototransduction in Drosophila via Trp involves inositol
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trisphosphate-mediated signaling, AWA and AWC may utilize distinct second messenger
signaling pathways. Interestingly, OSM-9 can play a modulatory role in the AWC neurons that
require cyclic nucleotide second messengers. It will be interesting to determine whether IP3 also
modulates vertebrate olfaction, which might explain the controversial reports of IP3-mediated

signaling in vertebrate olfactory neurons (Schild and Restrepo, 1998).

This thesis

The work presented here has contributed to understanding C. elegans olfactory signal
transduction in a number of ways, and has demonstrated the power of utilizing multiple
approaches to studying a given process. Behavioral dissection of chemosensory discrimination,
genomic analysis to identify candidate genes, genetic identification of functionally significant
molecules, and molecular analysis of a protein of known function have all contributed

significantly.

A family of candidate chemosensory receptors was identified in C. elegans by examination of the
sequenced regions of the genome (Chapter 1). Their structural similarity to seven transmembrane
G protein-coupled receptors, large number, and high diversity suggested similar mechanisms of

sensory perception in C. elegans and vertebrate olfaction.

A notable difference between the two systems is that while only a single type of olfactory
receptor is expressed in each vertebrate olfactory neuron, C. elegans chemosensory neurons can
express multiple receptors. This difference likely reflects the requirements of a simple nervous
system with a limited number of chemosensory neurons (Chapter 1). Expression of multiple
receptors also provides a molecular basis for the ability of a single type of chemosensory neuron
to discriminate between multiple odorants, which was also demonstrated in this thesis (Chapter

4).

odr-10 was originally isolated based on its selective inability to respond to the odorant diacetyl.

Significantly, it represents the first identified olfactory receptor with a known physiologically
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relevant ligand (Chapters 2 and 3). Its ability to respond to diacetyl, and not to butanone or 2,3-
pentanedione, demonstrates that at least one olfactory receptor possesses a high degree of ligand
selectivity. Future work will determine whether such specificity is a general feature of other

olfactory receptors in both vertebrates and invertebrates.

While the genes described above represent signal transduction molecules whose roles had
already been suspected based on analysis of vertebrate olfaction, the cloning of odr-2
demonstrates the ability of genetics to identify novel molecules required for olfactory responses.
odr-2, which is required for behaviors mediated by AWC, is exceptional in the specificity of its
mutant phenotype despite its widespread neuronal expression. Furthermore, odr-2 does not
appear to be expressed in the AWC chemosensory neurons. These findings suggest that unlike
the previously identified molecules, which probably function in the initial perception of odorants,
ODR-2 may act in non-chemosensory neurons that are part of the neural circuit that mediates
chemosensory behavior. Further characterization of odr-2 may lead to a better understanding of

how neurons downstream of the olfactory receptor neurons contribute to chemotactic behavior.

Future directions

With many chemosensory transduction components already identified, future work will likely
instead focus on studying how signaling is regulated. Work in this thesis suggests that odorant-
specific downregulation during olfactory discrimination occurs within a chemosensory neuron.
Likewise, olfactory adaptation is odorant-specific between stimuli sensed by the same neuron
(Colbert and Bargmann, 1995). What are the mechanistic bases of these processes within a
chemosensory neuron? Genetic approaches towards addressing these questions might include

isolating mutants that are specifically defective in adaptation or cross-saturation.

Despite the significant progress made in understanding C. elegans olfactory signaling, little is
known about how initial odorant perception is processed to produce behavior. The known

neuroanatomy is one place to start. However, laser ablation of individual types of interneurons
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immediately downstream of the chemosensory neurons does not abolish chemotaxis (Cori
Bargmann, personal communication). This result reveals functional redundancy of the
downstream interneurons and may represent a form of parallel distributed processing. Ablation
of multiple classes of interneurons could identify the neuronal network used for chemosensory

processing.

One difficulty in studying neuronal signaling in C. elegans has been the inability to monitor a
response other than the final outcome of behavior. It has not been possible to determine the intra-
neuronal effects of a genetic or physical perturbation that prevents chemotaxis. However,
advances in electrophysiological recordings from identified C. elegans chemosensory neurons
may provide insight into neural processing (Goodman et al., 1998). Another approach may be to
visualize calcium concentration changes within the intact animal (Tim Yu, personal
communication). These approaches may identify which neurons are involved in generating
chemosensory behavior, what changes occur upon odorant stimulation, and possible mechanisms

for processing.

The molecules that mediate chemosensory processing in C. elegans interneurons are likely to be
identified genetically, perhaps by screening for chemotaxis defects in conjunction with abnormal
calcium imaging in response to odorant stimulation. Difficulties include the possibility that genes
required in the chemosensory neuronal network might be broadly required in the C. elegans

nervous system, and that the mutant phenotypes may not be specific to chemosensory behaviors.

Because of its restricted mutant phenotype, the odr-2 gene may be a good starting point for
genetic analysis of the chemosensory circuit. First, it must be confirmed that odr-2 functions in
interneurons associated with chemosensory neurons. This might be addressed by mosaic analysis
or by attempting chemotaxis rescue by expressing odr-2 using promoters specific to candidate
downstream interneurons. Genetic screens for suppressers of the odr-2 mutant phenotype may

identify molecules that functionally interact with ODR-2. A biochemical approach would be to
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screen for proteins that directly bind ODR-2, followed by reverse genetic analysis of candidate

interacting proteins.

C. elegans is uniquely suited for molecular investigation of neuronal network function. The
combination of a defined nervous system, variety of behavioral responses, forward and reverse
genetic tractability, nearly complete genomic sequence identification, and rapid progress in
electrophysiological techniques will allow description of behavior in unprecedented detail.
Because many key components of sensory signal transduction and neuronal cell biology have
been conserved from invertebrates to mammals, future research using this simple nematode is

certain to reveal general principles in nervous system function.
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