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ABSTRACT A guanylyl cyclase (GC-D) was recently
shown to be expressed in a subclass of neurons within the
neuroepithelim of the rat, but given that only a single cyclase
was discovered, whether it represents an odorant/pheromone
receptor as has been suggested for the large family of seven-
transmembrane receptors remains unclear. Through cloning
and expression of cDNA we now demonstrate that at least 29
genomic or cDNA sequences found in Caenorhabditis elegans
represent guanylyl cyclases. Many of the membrane forms
retain cysteine residues conserved within the extracellular,
ligand-binding domain of known cyclase receptors. Of eight
orphan cyclase receptor::GFP (green fluroescence protein)
fusion constructs for which signals were obtained, all were
expressed in specific sensory neurons. Furthermore, a cy-
clase/GFP fusion protein (GCY-10/GFP) was principally
expressed in the sensory cilium, suggesting these cyclases
function as primary chemosensory receptors. For the first
time, we also found that chemosensory neurons (ASE), known
to be bilaterally symmetric, demonstrate absolute right or left
sidedness with respect to the expression of three different
cyclases. Thus, the guanylyl cyclases represent an unexpect-
edly large and new family of sensory neuron receptors that
may complement the 7-transmembrane family of odorant/
pheromone receptors.

Until the diacetyl receptor was discovered using a genetic
approach in Caenorhabditis elegans (1), the major evidence that
a family of seven-transmembrane proteins were chemosensory
receptors was a large number of different gene products being
expressed in distinct olfactory neurons (2-4). With respect to
pheromone/odorant receptor candidates, other than the sev-
en-transmembrane type, none have been found, although of
the six plasma membrane forms of guanylyl cyclase found in
mammals (5, 6), one (GC-D) is located within the neuroepi-
thelium of olfactory tissue and is expressed in a punctate
pattern in a broad medial zone of the rat nose, a pattern of
expression similar to the seven-transmembrane, chemosenso-
ry/odorant receptors (5). Recently, the sensory neurons ex-
pressing GC-D have been shown to be unique and to project
to atypical glomeruli within the olfactory bulb, suggesting that
GC-D is a pheromone receptor (7).

Initial searches of the genome database of C. elegans (8)
suggested a large family of guanylyl cyclases (now as many as
29). Given the daunting task of determining whether or not the
mammalian olfactory guanylyl cyclase is an odorant/
pheromone receptor, and whether the cyclase family might
contain other members within specific neurons, we designed
experiments to determine whether the genomic sequences of
C. elegans encode proteins that possess guanylyl cyclase activ-
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ity, whether specific expression of these cyclases occurs in
distinct sensory neurons, akin to the seven-transmembrane
receptors, and whether the site of expression within a sensory
neuron is consistent with that of a chemosensory/pheromone
receptor. We demonstrate that cDNA representing apparent
genes for guanylyl cyclase in C. elegans, in fact, encodes
guanylyl cyclase activity and that mRNA for the various
cyclases is expressed in specific and different sensory neurons
(the differential expression of three guanylyl cyclases demon-
strated that neurons which detect chemoattractant signals are
not symmetric), and that a cyclase protein is localized to the tip
of the nose. The expression of a moderately large family of
guanylyl cyclase receptors within distinct sensory neurons
replicates the criteria first used to define a family of seven-
transmembrane proteins as pheromone/odorant receptors.

MATERIALS AND METHODS

Genome Database Search and Sequence Analysis. We ini-
tially used the conserved catalytic domain of mammalian
guanylyl cyclases to search GenBank and identified six C.
elegans guanylyl cyclases; they were gcy-1 to gey-5 and gey-12.
We subsequently used the catalytic domains of the worm
guanylyl cyclases to identify the remainder of the guanylyl
cyclases by TBLASTN program in the National Center for
Biotechnology Information. Nucleotide sequences of the cos-
mids encoding putative guanylyl cyclases were obtained from
Sanger Center Network. All putative clones (named gcy-x,, in
Table 1) contain the KVET/S and PRYCLF conserved motif
within the catalytic domain.

c¢DNA Cloning and Expression of gcy-12. A mixed staged
nematode Uni-ZAP XR c¢DNA library was purchased from
Stratagene, and a plasmid library of approximately 1 million
clones was generated. A 350-bp cDNA fragment close to the
N terminus of gcy-12 was obtained by PCR, and it was used as
a probe to screen the cDNA library by plaque hybridization.
gey-12 cDNA was subcloned into pCMVS5 expression vector
and transfected into COS-M6 cells by DEAE-dextran method
(9). Guanylyl cyclase assays were carried out in a volume of 100
wul, which contained 30-40 pug of membrane proteins, 1%
Triton X-100, 1 mM NaN3, 100 mM NacCl, 0.2 mM 3-isobutyl-
1-methylxanthine, 3.5 mM MnCl,, 100 uM GTP, and about 1
pCi [a-*P]GTP (NEN; 3000 Ci/mmol, 10 mCi/ml; 1 Ci = 37
GBq). The reactions were incubated at different temperatures
for 15 min and stopped by the addition of 0.5 ml ZnAc (110
mM) and NaCOs3 (110 mM). ¢cGMP from each reaction was
purified on alumina columns, and labeled cyclic nucleotides
were quantified by scintillation counting as described (10).

Construction of Promoter::GFP (Green Fluroescence Pro-
tein) Transgenes. For the transcription fusions, promoters of
different guanylyl cyclases were amplified by PCR from C.
elegans genomic DNA or from cosmids obtained from the

Abbreviations: GFP, green fluorescence protein; GC-D, guanylyl
cyclase-D.
§To whom reprint requests should be addressed.
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Table 1. Summary of putative guanylyl cyclase genes in C. elegans

Predicted coding Chromosomal locations

Genes regions with flanking markers
gey-1 AH6.1 11, kin-15, spe-2
gey-2 R134.2 11, kin-15, spe-2
gey-3 R134.1 IL, kin-15, spe-2
gey-4 ZK970.5 11, gpd-4, gpd-1
gey-5 ZK970.6 11, gpd-4, gpd-1
gey-6 B0024.6 V, msp-72ps, col-12
gey-7 F52E1.4 V, gpa-2, his-23
gey-8 C49H3.2 1V, col-4, vit-6
gey-9 ZK455.2 V, egl-15, hum-4
gey-10 RO1E®6.1 X, unc-9, col-9
gey-11 C30G4.3 X, mec-4, milc-1
gey-12 F08B1.2 11, msp-45, vhp-1
gey-13 F23H12.6 V, col-37, sel-1
gey-14 7C412.2 V, ¢yp-1, sdc-3
gey-31* T07D1.1 X, lin-32, fox-1
gey-32% C06B3.8 V, ceh-24, him-5
gey-33* F57F5.2 V, osm-6, col-37
gey-x 1% cDNA 1, unc-73, unc-38
gey-xat C17F4 11, vet-8, lin-31
gey-xst ZC239 11, vet-8, lin-31
gey-xqt F22ES5 I, cya-2, vet-7
gey-xst F21H7 V, cyb-2, rrs-1
gey-xet WO03F11 1, gsa-1, unc-73
gey-x7t T26C12 1V, lin-22, osm-9
gey-xgt CO06A12 1V, hsp-1
gey-xof T04D3 I, vet-6, TCbn2
gey-xiot M04G12 V, eat-6, gut-2
gey-x uf CO04H5 11, rsn-3, unc-52
gcy-xlzJr ZK896 1V, unc-31, unc-30

The gene nomenclatures of different guanylyl cyclases are assigned
roughly in their order of discovery in the genome sequencing project.
*Putative soluble guanylyl cyclases.
fgey-x’s have not received a gene nomenclature.
£A cDNA clone that has not been identified in the genome sequencing

project (E.B., Arora, V., S.Y., Wedel, B., and D.L.G., unpublished
data).

Sanger Center. The 3’ PCR primers were designed such that
the first two amino acids of the predicted coding region were
included. A restriction site (generally PstI or BamHI) was
introduced in-frame with the coding region. The 5 PCR
primers were designed to anneal to a sequence ~4 kb upstream
of the predicted coding region for gcy-12; 3 kb for gey-5; ~2 kb
for gey-6, gcy-8, and gcy-10; 1.2 kb for gey-7; 1 kb for gcy-33; and
700 bp for gcy-32. Shorter promoters were used for gey-6, -7,
-8, -10, -32, and -33 and because of predicted genes upstream.
Germ-line transformation was by microinjection of a lin-15
rescue plasmid with each of the above promoter::GFP con-
structs into lin-15(n765ts) nematodes (11-14). Specific GFP
signals were not observed in transgenic animals for gcy-1::GFP,
gey-4::GFP, gcy-31::GFP, gcy-14::GFP, gcy-9::GFP, or
gey-13::GFP. The absence of GFP signals could be a result of
wrong promoter region selection or of very low levels of
expression.

To make the translation fusion of gcy-10, a 5.6-kb Clal/Bgl1l
genomic fragment of gcy-10 was subcloned from cosmid RO1E6
into plasmid pPD 95.75 containing the promoter of gcy-10. The
resulting construct removed the last two amino acids from the
carboxyl terminus of gey-10.

Identification of Neurons Expressing GFP. Pictures of the
sites of GFP expressions were taken under fluorescence im-
ages. Identification of cells expressing GFP were made by a
combination of the morphology of the neurons, and relative
positions of the GFP cells compared with the 1,1’-dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine (Dil)-filled cells (ASK,
ADL, ASI, AWB, ASH, and ASJ in the head; PHA and PHB
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F16. 1. Guanylyl cyclase activity of GCY-12 expressed in COS-M6
cells as a function of assay temperature. Cyclase activity was estimated
as described.

in the tail). In particular, gcy-10::GFP animals had GFP signals
in Dil-filled AWB. gcy-12::GFP animals had GFP signals in
Dil-filled PHA.

RESULTS AND DISCUSSION

Although the predicted amino acid sequence from segments of
each of the putative guanylyl cyclase genes of C. elegans
suggests they are guanylyl cyclases, evidence that apparent
guanylyl cyclases from invertebrates are actually cyclases has
most often met with failure (15, 16). Of those sequences that
appear to encode a guanylyl cyclase, a cDNA clone isolated
based on the sequence of gcy-12 was subsequently expressed in

Mammal:
89 115 192 261 423 432
— GC-A
75 101 226 439 448
— GC-B
121 149 260 462 470
— GC-D
104 132 249 452 460
— GC-E
108 136 453 461
-— GC-F
Warms
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[ I T T 1 GCY-1
L
88 114 130 242 447 454 1
T T T I T l GCY-2
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E I I I I I | GCY-3
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[ | T T i GCY-4
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E I I I I T | GCY-5
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191 241 472 479 [
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EE I I | I T = GCY-13
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FiG.2. The conservation of cysteine residues within the C. elegans
guanylyl cyclase extracellular domain. The predicted disulfide bonds in
GC-A are based on analysis of the atrial natriuretic peptide (ANP)
clearance receptor (17, 18).
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Fic. 3. Expression of guanylyl cyclase::GFP in C. elegans. (A1) Expression pattern of gcy-10::GFP (transcriptional fusion). (42) Subcellular
localization of GCY-10/GFP fusion protein at the tip of the nose (arrow). (B) Expression pattern of gcy-8::GFP. (C) Expression pattern of
gey-12::GFP. (DI) Expression pattern of gcy-5::GFP (lateral view). (D2 Expression pattern of gcy-5::GFP (dorsal view). (E1) Expression pattern
of gey-6::GFP (lateral view). (E2) Expression pattern of gcy-6::GFP (dorsal view). (F1) Expression pattern of gcy-7::GFP (lateral view). (F2)
Expression pattern of gcy-7::GFP (dorsal view). (G) Expression pattern of gcy-33::GFP. (H 1-3) Expression pattern of gcy-32::GFP. Schematic
diagrams of the expression information of the above promoter::GFP transgenes are shown at the bottom for head and tail.

COS-MB6 cells. The C. elegans clone expressed a protein with
guanylyl cyclase activity (Fig. 1). Activity was clearly depen-
dent on temperature, with higher temperatures leading to
inactivation of the cyclase. A guanylyl cyclase cDNA not yet
represented in the genome database (GCY-X; in Table 1) was
also isolated and expressed, and cyclase activity was again
evident, but in this case principally only as a chimera: GCY-X;
was fused to the extracellular and protein kinase region of
GC-B, a mammalian receptor cyclase for C-type natriuretic
peptide (CNP) (E.B., V. Arora, S.Y., B. Wedel, and D.L.G.,
unpublished data). Basal activity was evident in COS cell
membranes and CNP-stimulated enzyme activity. Thus, not
only did the C. elegans cyclase express activity as a chimera, but
it possessed the ability to be activated by a mammalian
hormone when fused to the receptor region of the mammalian
cyclase. These results also suggest that the C. elegans cyclases
are orphan receptors. Given the high degree of relatedness of
each of the genes within the putative cyclase catalytic domain,

it can be concluded that there are at least 29 guanylyl cyclases
in C. elegans; The cosmids containing these genes and the
flanking markers are summarized in Table 1.

That the cyclases likely represent orphan receptors is not
only suggested from their overall similarity in domain structure
and alignment to the known mammalian receptors (each
membrane form contains an apparent extracellular domain, a
single transmembrane segment, and intracellular protein ki-
nase-like and cyclase catalytic domains), and the ability of
GCY-X; to be activated when fused with a mammalian
receptor cyclase, but also by their retention of conserved
cysteine residues within the extracellular domain (Fig. 2).
These cysteine residues are known to form disulfide bridges
that appear essential for atrial natriuretic peptide (ANP)
binding to the C-type ANP receptor (17, 18). It is presumed
that the pressure to retain these conserved cysteine residues is
for the purpose of conferring a conformation required for
ligand binding.
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To understand the general functions of such a large family
of cyclases, we constructed promoter::GFP transgenic worms
and analyzed the expression of the reporter gene. Of the eight
transgenes that resulted in detectable GFP signals, all were
specific to sensory neurons or interneurons (Fig. 3). The AWC
neurons appear to detect odorants and to respond to attract-
ants such as 2-butanone and benzaldehyde (19), and
gey-10::GFP expression was evident in olfactory neurons
AWB, AWC, and interneuron I1, with the most intense
expression in AWC (Fig. 34). AFD neurons are at least in part
responsible for thermosensation (20), and gcy-8::GFP expres-
sion was confined to these neurons (Fig. 3B). gcy-12 appeared
to express in PHA neurons (Fig. 3C), which are also thought
to be sensory. One of the most intriguing results was the
expression of gcy-5, gey-6, and gey-7. The ASE neurons, which
are thought to detect chemoattractants (21), have been con-
sidered as bilaterally symmetric; however, the GFP expression
data clearly demonstrate a distinct sidedness (Fig. 3 D-F).
gey-5 expression was always in ASER, while gcy-6 and gey-7 are
ASEL-specific. Two apparent soluble cyclases, gcy-32 and
gey-33, were also found to be expressed in neurons (Fig. 3 G
and H). gcy-33::GFP was expressed in sensory neuron BAG,
while gcy-32 was expressed in URX and in AQR/PQR. AQR
and PQR are a pair of equivalent neurons that migrate
anteriorly (AQR) and posteriorly (PQR) during development.
A schematic diagram that summarizes the expression infor-
mation is shown at the bottom of Fig. 3.

A guanylyl cyclase was previously discovered in the rat
olfactory neuroepithelium, where it is specifically expressed on
the apical membrane of a small population of neurons (5).
These neurons are now known to be unique compared with
most or all other sensory neurons in the rat olfactory neuro-
epithelium (7). Although it was speculated that the cyclase
could be an odorant receptor, the finding of only one member
of the family suggested either another function, or that the
cyclase receptor family, unlike the seven-transmembrane fam-
ily, was involved in the detection of only a small subset of
odorants/pheromones. That the nematode contains a large
family of guanylyl cyclase receptors and that multiple guanylyl
cyclase receptors are expressed in different and specific sen-
sory neurons now suggests that these enzymes function as
chemosensory/odorant receptors. Indeed, a fusion protein
between GFP and gcy-10 was found predominantly at the tip
of the nose (Fig. 342), much like the expression of a known
odorant receptor, odr-10 (1). Recently, the genes encoding
chemotaxis mutants fax-2 and tax-4 have been cloned (22, 23);
they are subunits of a cyclic nucleotide-gated channel, and the
tax-4 gene product has been shown to be more sensitive to
c¢GMP activation. In fact, many of the neurons reported to
express fax-4 also express guanylyl cyclases. These neurons
include AWB, AWC, AFD, ASE, BAG, and URX. Therefore,
the cyclic nucleotide-gated channel may represent a principal
target for cGMP within these neurons.

The finding of bilateral asymmetry for the ASE neurons with
respect to the expression of gecy-5, -6, and -7 is of particular
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interest. Because the ASE neurons contain sensory cilia within
a short distance of each other in the nose, and because they
appear to detect chemoattractants, the sidedness to the ex-
pression could provide an efficient single input with respect to
chemical gradient detection, while affording the nematode
increased expression of a diversity of receptors. The presence
of two different cyclases, gcy-6 and -7, in ASEL also suggests
that they are chemosensory/odorant receptors for different
environmental ligands as opposed to having key roles in axonal
guidance.

The large number of orphan receptors in the nematode also
raises the question of whether a large number of guanylyl
cyclase receptors are yet to be discovered in the mammal.
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