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The Drosophila Receptor Guanylyl Cyclase Gyc76C Is
Required for Semaphorin-1a-Plexin A-Mediated

Axonal Repulsion

Joseph C. Ayoob, Hung-Hsiang Yu, Jonathan R. Terman, and Alex L. Kolodkin
Department of Neuroscience, The Johns Hopkins University School of Medicine, Baltimore, Maryland 21205

Cyclic nucleotide levels within extending growth cones influence how navigating axons respond to guidance cues. Pharmacological
alteration of cAMP or cGMP signaling in vitro dramatically modulates how growth cones respond to attractants and repellents, although
how these second messengers function in the context of guidance cue signaling cascades in vivo is poorly understood. We report here that
the Drosophila receptor-type guanylyl cyclase Gyc76C is required for semaphorin-1a (Sema-1a)-plexin A repulsive axon guidance of
motor axons in vivo. Our genetic analyses define a neuronal requirement for Gyc76C in axonal repulsion. Additionally, we find that the
integrity of the Gyc76C catalytic cyclase domain is critical for Gyc76C function in Sema-1a axon repulsion. Our results support a model in
which cGMP production by Gyc76C facilitates Sema-1a-plexin A-mediated defasciculation of motor axons, allowing for the generation of

neuromuscular connectivity in the developing Drosophila embryo.
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Introduction
During neural development, axons extend along complex, but
precisely defined, routes to contact their appropriate targets and
establish the connectivity of the adult nervous system. Guidance
cues belonging to several families have been identified that direct
axons along these pathways through attractive and repulsive
mechanisms (Tessier-Lavigne and Goodman, 1996). For many of
these extracellular cues, including ephrins, netrins, slits, and
semaphorins, cell surface receptors have been identified that are
required for the establishment of these neuronal trajectories (Hu-
ber etal., 2003). The signal transduction pathways by which these
guidance cue receptors direct the cytoskeletal alterations critical
for attractive or repulsive steering events, however, are only now
beginning to be understood.

Two well characterized intracellular effectors that can dictate
how an axon responds to extracellular signals are the second
messengers CAMP and cGMP. Experiments with cultured Xeno-
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pus spinal neurons, in an in vitro growth cone turning assay,
showed that changing the intracellular levels of cAMP or cGMP
alters how an axon responds to extracellular guidance cues (Song
and Poo, 1999). For example, the attractive response of an axon
to the guidance cue netrin-1 can be converted to repulsion by
decreasing the effective levels of cAMP within the responding
neuron (Ming et al., 1997). Conversely, the axonal response to
the potent chemorepellent semaphorin 3A (Sema3A) can be con-
verted from repulsion to attraction by increasing cGMP levels
within the neuron (Song et al., 1998). More recently, cAMP and
c¢GMP have been shown to function together to influence how an
axon responds to a particular attractant or repellent. The ratio of
cAMP to cGMP determines how extending axons respond to
netrin-1 in the growth cone turning assay: high cAMP to cGMP
ratios produce an attractive response, whereas low ratios lead to
repulsion (Nishiyama et al., 2003). Related observations have
been made for Sema3A. When cAMP levels are raised in cultured
neurons, the potent growth cone collapsing effect of Sema3A is
neutralized (Dontchev and Letourneau, 2002; Chalasani et al.,
2003). However, in these same cultures, raising the levels of
c¢GMP potentiates the growth cone collapsing effect of Sema3A,
suggesting that both cyclic nucleotides can modulate the re-
sponse to a single axon guidance cue (Dontchev and Letourneau,
2002).

The molecular mechanisms underlying axon guidance effects
caused by pharmacologically altering cyclic nucleotide levels are
still unclear. Insight into how cAMP dictates axonal steering re-
sponses has been gained from the identification of Nervy, a pro-
tein that couples plexin A (PlexA), the receptor for the inverte-
brate transmembrane semaphorin-la (Sema-la), with the
cAMP-dependent protein kinase A (PKA) (Terman and Kolod-
kin, 2004). Sema-1a is present on motor axons in the developing
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Drosophila nervous system and through its receptor PlexA acts as
a repellent and directs individual axons away from the tightly
fasciculated bundles in which they travel (Winberg et al., 1998;
Yuetal.,, 1998). Nervy tethers PKA to the PlexA, positioning PKA
to antagonize Sema-1a-mediated repulsion in response to local
increases in cCAMP.

Several studies provide hints as to which proteins involved in
c¢GMP signaling may be involved in modulating or supporting
axon guidance events (Gibbs and Truman, 1998; Polleux et al.,
2000; Seidel and Bicker, 2000; Schmidt et al., 2002; Nishiyama et
al., 2003). How specific proteins function in particular axon guid-
ance signaling pathways to alter cGMP levels is, however, un-
known. Using a novel Sema-la-dependent forward genetic
screening approach, we found that the Drosophila receptor gua-
nylyl cyclase (rGC) Gyc76C, a member of the phylogenetically
conserved family of single transmembrane domain guanylyl cy-
clases (Wedel and Garbers, 2001), is necessary for Sema-la-
mediated repulsive signaling in the developing Drosophila em-
bryonic nervous system. Furthermore, our data strongly suggest
that cGMP production by Gyc76C is essential for its function in
vivo. Together, these findings provide a functional link between
local production of cGMP within the growth cone and Sema-1a
repulsive axon guidance signaling.

Materials and Methods

Molecular characterization of Gyc76C genomic structure

We used an 800 bp Kpnl/EcoRI fragment from expressed sequence tag
(EST) LD28142 that corresponds to an exon of Gyc76C close to the ORF
start site to probe a Lambda Zap II embryonic Drosophila cDNA library.
We identified two contiguous clones that contain all of the defined
Gyc76C 5' sequences as well as that of the CG32215 gene located 20 kb
upstream of the Gyc76C ORF start site. Alignments were done using
Sequencher software (Gene Codes Corporation, Ann Arbor, MI). The
extents of deletions caused by P-element mobilization were identified by
PCR using a battery of primers corresponding to the regions of the
Gyc76C gene that flanked the insertion site of the P element.

In situ hybridization

RNA in situ hybridization analysis for Gyc76C was performed as de-
scribed (Terman et al., 2002) on whole-mount Drosophila embryos using
a 2.4 kb EcoRI fragment of the Gyc76C cDNA to make Gyc76C-specific
antisense and sense probes.

Drosophila genetics

Genetic reagents. Culturing of Drosophila was performed as described
(Terman et al., 2002). All crosses and embryo collections were done in a
humidified incubator maintained at 25°C. The Gyc76C transgenes were
created by compiling sequences from Gyc76C ESTs SD05894 and
LD28142 into a contiguous ORF downstream of the IgK-leader sequence
in the pSecTag vector (Invitrogen, Carlsbad, CA). The N-terminal frag-
ment of Gyc76C was engineered by PCR to remove the Gyc76C signal
sequence and to include two myc epitopes (EQLISEEDL) in frame with
the Gyc76C sequence. The D945A mutation was engineered by PCR-
mediated site-directed mutagenesis, and a fragment containing the mu-
tated sequence was swapped into the vector containing the wild-type
cDNA. The Gyc76C cDNAs were then subcloned into the pUASt vector
for transformation into embryos (Terman et al., 2002). Transgene ex-
pression in embryos was confirmed by anti-myc immunocytochemistry
on embryos expressing the upstream activation sequence transgenes un-
der control of the neuron-specific elav-Gal4 transactivator. Transgenic
lines used in this study showed comparable expression levels. Deficien-
cies and mutations used in the genetic screen were obtained from the
Bloomington Stock Center. The KG03723 line was a generous gift from
the Berkeley Gene Disruption Project (Bellen et al., 2004). Lines contain-
ing excisions of KG03723 were generated by crossing to a fly line con-
taining a A2-3 transposase source (Robertson et al., 1988). All other
stocks were described previously: semala®, UAS:Sema-1a (Yu et al.,
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1998), elav-Gal4 (Yao and White, 1994), Df(4)C3 (Winberg et al., 1998),
Df(3R)swp2™!“AL (Terman et al., 2002), UAS:PlexA (Winberg et al.,
1998).

Genetic screen. Male Drosophila containing deficiencies or individual
mutations on the third chromosome were crossed with “PUP” (P-52
Gal4, UAS:Sema-1a, semala™)/CyO, wg-lacZ females. The resulting F,
males were crossed with semala” females to generate PUP/semala®’; Df
or mut/+ embryos. Embryos were fixed, stained with the BP102 antibody
(Seeger et al., 1993), and assayed for B-galactosidase activity (Yu et al.,
1998). After sorting based on the presence or absence of a blue precipi-
tate, the population scored contained a mixture of PUP/semala™ em-
bryos with and without the deficiency or mutation on the third chromo-
some. We staged and scored these pools for the number of commissures
(two, one or zero) present in each segment. Compared to PUP/semala®’
embryos, which have a distribution centered around one commissure per
segment, enhancers were identified as those pools that showed a signifi-
cant shift to embryos with zero commissures per segment, whereas em-
bryos containing suppressor elements were identified as those that more
closely resembled wild-type with most segments containing two
commissures.

Microscopy and imaging

All images were captured using Openlab software (Improvision, Boston,
MA) with an ORCA-ER digital CCD camera (Hamamatsu Photonics,
Shizouka, Japan) on an Axioplan upright microscope (Zeiss,
Oberkochen, Germany) with 63X oil-immersion and 10X air objectives.

Results

A dominant enhancer and suppressor screen for Sema-1a
downstream signaling components

The transmembrane semaphorin Sema-1a is a potent repellent
for motor axons in the Drosophila embryonic nervous system.
Sema-1la-mediated axonal repulsion is required for the establish-
ment of neuromuscular connectivity and for the formation of a
subset of longitudinal axonal pathways within the CNS (Winberg
et al, 1998; Yu et al., 1998). Sema-1a is also highly expressed on
most, if not all, commissural axons. Therefore, to address
whether Sema-1a is required for the guidance of commissural
axons, we examined midline-crossing axons in semala loss-of-
function (LOF) mutant embryos. In Drosophila embryos, axons
within the ventral nerve cord cross the midline in an anterior and
a posterior commissure within each segment, giving rise to a
stereotypical ladder-like architecture easily visualized using the
monoclonal antibody BP102 (Fig. 1A) (Seeger et al., 1993). In
semala mutants, commissural axon pathways are not grossly dis-
turbed (Table 1). Likewise, ectopic expression of high levels of
Sema-1a in midline glial cells using the Gal4-UAS system (UAS:
Sema-1a, P52-Gal4) does not exert adverse effects on commis-
sural axons (Table 1) (Brand and Perrimon, 1993; Zhou et al.,
1997).

Strikingly, ectopically expressing high levels of Sema-Ia in
midline glia in a semala mutant embryo (semala”, UAS:Sema-
la, P52-Gal4) prevents all commissural axons from crossing the
midline (Fig. 1C, Table 1). This “no-commissure” phenotype is
similar to roundabout gain-of-function (GOF) and commissure-
less LOF phenotypes that result from the increased sensitivity of
commissural axons to the midline repellent Slit (Tear et al., 1996;
Kidd et al., 1999). Expressing lower levels of ectopic Serma-1a in
midline glia in a semala mutant embryo results in the repulsion
of fewer commissural axons away from the midline. This is re-
flected in the loss of only the posterior commissure and not the
anterior commissure in most segments, producing a “one-
commissure” phenotype (Fig. 1B, Table 1). This dosage sensitiv-
ity of commissural axons to ectopically expressed Sema-1a sug-
gests that a Sema-la receptor is present on all commissural axons.
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Figure 1. Dominant enhancer and suppressor screen of a Sema-Ta-dependent phenotype. Filleted preparations of stage
14-16 embryos stained with the BP102 antibody to reveal commissural axons are shown. The anterior (AC) and posterior (PC)
commissures are labeled in one segment that is outlined by a bracket. Anterior is up. A, In a wild-type embryo, axons cross the
midline in the anterior and posterior commissures. B, Ectopic expression of low levels of Sema-Ta in midline glia using the
Gal4-UAS system in a semaTa”” mutant background leads to the failure of axons within the posterior commissure to cross the
midline (“1 commissure” Sema-Ta GOF phenotype = P52-Gal4, UAS:Sema-1a, semala” /semala’). C, Ectopic expression of high
levels of Sema-Ta in midline glia in a semaTa mutant background enhances the 1 commissure Sema-Ta GOF phenotype, resulting
in the failure of all commissural axons to cross the midline (“no commissure” Sema- Ta GOF phenotype = P52-Gal4, UAS:Sema-1a,
semala’'/P52-Gald, UAS:Sema-1a, semala’"). D, A deficiency, Df4)(3, removing one copy of PlexA, the Sema-1a receptor,
suppresses the 1 commissure phenotype in B. £, A deficiency, Df(3)5126, removing one copy of Gyc76C, suppresses the 1 commis-
sure phenotype in B. F, A deficiency removing one copy of the genomic region at cytolocation 95F enhances the 1 commissure
phenotype in B. G, Summary of Sema-Ta GOF commissural axon phenotypes from the dominant enhancer and suppressor screen.
Suppression of the intermediate 1 commissure phenotype yields a more wild-type-like architecture, whereas enhancement
results in a more severe phenotype in which most axons do not cross the midline. Scale bar: A-£, 10 wm.
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basis for an enhancer and suppressor mu-
tagenesis screen to identify components of
the Sema-1a—PlexA signaling pathway. Be-
cause the Sema-1la receptor PlexA is re-
quired for this axonal response, the mole-
cules that signal the repulsive effects of
PlexA should also be required for commis-
sural axon repulsion by Sema-1a. There-
fore, the intermediate one-commissure
phenotype (Fig. 1B) is a sensitized genetic
background that allowed us to identify
genes that dominantly modify this pheno-
type. To screen for genes involved in the
Sema-la—PlexA signaling pathway, we
looked for mutants that either suppressed
or enhanced the Sema-1a-dependent one-
commissure phenotype (Fig. 1G). Mu-
tants that suppress this phenotype to a
more wild-type state should disrupt genes
that normally facilitate Sema-1a repulsion
(Fig. 1E,G), whereas mutants that en-
hance this phenotype, causing an increase
in the number of axons repelled from the
midline, should disrupt genes that nor-
mally antagonize Sema-1a repulsion (Fig.
1F,G).

Our initial screen covered 85% of the
third chromosome using deficiencies to
rapidly screen for chromosomal regions
that, when heterozygous, suppress or en-
hance the intermediate Serna-1a GOF phe-
notype. Of the 79 deficiencies screened, we
identified five that modified this dosage-
sensitive Sema-la-dependent phenotype;
three act as suppressors, and two are en-
hancers. The identification of these large
genomic regions, and subsequent genetic
analyses to narrow down these regions to a
single gene, led to the discovery of several
candidate Sema-1la repulsive axon guid-
ance signaling components. One of these
effectors is the gene Gyc76C.

Gyc76C mutants suppress a Sema-1la
GOF phenotype

We identified a deficiency line that re-
moves a portion of the Drosophila third
chromosome at the cytological region
from 76B4 to 77B, Df(3)5126, which sup-
presses the Sema-la-dependent one-
commissure midline phenotype (Fig. 1 E,
Table 1). Examining candidate mutations

Indeed, decreasing the levels of the Sema-1a receptor plexin A
(PlexA) results in a suppression of the one-commissure pheno-
type to a more wild-type-like two-commissure state (Fig. 1D,
Table 1). These results demonstrate that commissural axons are
responsive to the repulsive effects of Sema-1a and that this re-
sponse is dependent on the presence of the Sema-1la receptor
plexin A.

In addition to revealing that Sema-1a is a potent repellent for
commissural axons, our findings also provide a fully penetrant
and easily observable axon guidance phenotype that is dependent
on the repulsive effects of Sema-1a. This phenotype served as the

within this genomic region revealed that a gene disrupted by
P-element insertion /(3)L0090-a, at cytolocation 76C, could sup-
press the one-commissure phenotype (data not shown). Further-
more, embryos homozygous for the [(3)L0090-a P-element inser-
tion displayed motor axon phenotypes resembling semala
homozygous mutant embryos, and additional genetic tests exam-
ining embryos doubly heterozygous for [(3)L0090-a and semala
(semala/+; 1(3)L0090-a/+) revealed that this P-element was
likely disrupting a gene important for Sema-1a repulsive signal-
ing (Table 2 and see below).

Molecular analysis indicated that the I(3)L0090-a P-element is
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Table 1. Sema-1a CNS phenotypes
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Percentage of abnormal Percentage of segments with

Genotype CNS segments (n)? [2,1,0] commissures”

Wild type 0(500) [100,0,0]

semala” /semala”’ 0 (350) [100,0, 0]

UAS:Sema-T1a, P52-GAL4/UAS:Sema-T1a, P52-GAL4 0(300) [100,0,0]

semala®" UAS:Sema-1a, P52-GAL4/semala”’, UAS:Sema-1a, P52-GAL4 100 (830) [0,2,98]

semala”, UAS:Sema-1a, P52-GAL4/semala® 92 (530) [8,72,20]

semala®, UAS:Sema-1a, P52-GAL4/semaTa®; DFE4)(3/+ 31(90) [69, 28, 3]

semala® UAS:Sema-1a, P52-GAL4/semala”; Df(3)5126/+ 42(102) [60,39, 3]

“Abnormal CNS segments represent the percentage of the number (n) of segments scored that do not contain two commissural axon tracts.

®Values represent the percentage of segments that contain two, one, or zero commissural axon tracts.

Table 2. ISNb and SNa phenotypes of Gyc76C LOF and GOF mutants

Percentage of abnormal Percentage of abnormal

Genotype ISNb pathways (n)° SNa pathways (n)°

Wild type 122 (254) 4.7 (254)

Loss of function
1(3)L0090-a/1(3)L0090-a 22.0 (303) 36.5 (307)
gyc76C103723 gy 761603723 43.0 (144) 64.0 (147)
76003733035 [y 76 KE03723033 45.9(183) 32.2(180)
gy(76(/(603723e)(173/gy(76(1(603723e)(773 524 (208) 37.7 (204)
gy(76(K603723ex33 /gy(76(l(6037239x173 50.0 (100) 41.8(98)
gyc76C 37373 /f13)5126 52.1(169) 313 (166)
gy(76(K6037Z3e)(144/gy(76(1(603723e)(744 8.1 (1 35) 14.6 (—I 30)
UAS:Gyc76C, elav-Gald/+; qyc76C C03723ex173 /gy 76 K603723ex173 23.4 (184) 215 (186)°
UAS:Gyc76CP*, elav-Gald/-+; gyc76( 3723173 gy 76 K603725ex173 60.0 (130) 50.4 (121)
semala®'/semata”’ 84.1(138) 90.0 (138)
DF(4)C3 P /Df(4)C3 7' 86.0 (50) 88.0 (50)

Genetic interactions
semala®'/+;1(3)L0090-a/+ 14.0 (140) 45.0 (174)
semala®’/+; qyc76C 160373173/ 4 54.1(111) 39.8 (103)
gyc76C 037373 1 - Df4) (3P /4 48.6(105) 323(102)
gyc76C 6373173 /pf3R) syyp 2MIA 56.3 (87) 30.2 (86)
gyc76(1e03723ex173) 1. 27.6 (362) 10.7 (355)
ena®’%/+; gyc76( K003 75e173) 1 246 (207) 13.6 (206)

Gain of function
UAS:Gyc76(, elav-Gal4/UAS:Gyc76C, elav-Gal4“ 57.4(148) 68.0 (150) [26.0]°
UAS:Gyc76C°*, elav-Gal4/UAS:Gyc76C°***, elav-Gal4” 59.1(110) [11.8) 56.1(107)

“Abnormal ISNb phenotype defined as failure of ISNb axons from the RP5, V, or RP3 neurons to properly innervate ventral lateral muscles 12/13 or 6/7. Phenotypes include weak or absent innervations, target bypasses, and axon bundle

stalling.

®Abnormal SNa phenotype defined as failure of SNa axons to make two characteristic turns at choice points along the lateral transverse muscles 22, 23, and 24 and the failure of axons to reach muscle 24.
“Statistically different from values for gyc76(*®%723¢173 homozygous mutants. Fisher's exact test using a two-by-two contingency table; p << 0.0001.

“Longitudinal bundles of CNS axons disrupted in 18 of 20 embryos.

“Percentage of total SNa pathways that incorrectly navigate between muscles 21 and 22 instead of muscles 22 and 23.

"Longitudinal bundles of CNS axons disrupted in 6 of 11 embryos.

9Percentage of total hemisegments in which the RP3 axon extends an exuberant process in the cleft between muscles 6 and 7.

inserted in the 5’ untranslated region of the Gyc76C gene (Fig.
2A). Gyc76C encodes a Drosophila transmembrane rGC. Gyc76C
was first identified because of its high degree of sequence conser-
vation to vertebrate cyclases and was found to be expressed in the
Drosophila adult nervous system (Liu et al., 1995; McNeil et al.,
1995). Gyc76C contains the hallmark domains of the phyloge-
netically conserved single transmembrane receptor guanylyl cy-
clases, including a putative ligand-binding extracellular domain
(Fig. 2B) (Lucas et al., 2000). At present, no ligands have been
identified for Gyc76C or any of the other six rGCs in Drosophila,
but certain vertebrate rGCs are receptors for natriuretic peptides,
a heat-stable enterotoxin, guanylin, and uroguanylin (Lucas et
al., 2000). Intracelluarly, Gyc76C contains a catalytically inactive
kinase homology domain (KHD), a dimerization domain, a well
conserved catalytic cyclase domain, and a large region at the C
terminus unique to Gyc76C (Fig. 2B).

In line with genetic interaction data suggesting a role for

Gyc76C in Sema-la—PlexA signaling, we found that Gyc76C is
expressed in the Drosophila embryonic CNS. In situ hybridization
with a Gyc76C-specific cRNA probe reveals a broad distribution
of Gyc76C transcript in later stage embryos but with clear enrich-
ment in the ventral nerve cord (Fig. 2C). Hybridization of this same
in situ probe to gyc76C mutant embryos reveals little to no Gyc76C
transcript (data not shown). This is similar to the background seen
when the corresponding Gyc76C sense probe is hybridized to wild-
type embryos (data not shown). The Gyc76C nervous system expres-
sion is similar to that seen for the Sema-1a receptor PlexA (Winberg
etal., 1998) and two of its previously identified downstream signal-
ing effectors, MICAL (Terman et al., 2002) and Off-track (Otk) (Pu-
lido et al., 1992; Winberg et al., 2001). As has been reported previ-
ously (Liu et al., 1995; McNeil et al., 1995), we also observe a large
Gyc76C maternal contribution (data not shown) and expression in
somatic musculature (Fig. 2C).

Our identification of the Gyc76C rGC from a Sema-1a-
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A Gyc76C Genomic Organization
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Figure2.  Gyc76Cstructure and localization. A, Scale representation of the genomic organi-
zation of Gyc76C. I(3)L0090-a and KG03723 indicate the locations of P-elements within the
Gyc76C gene. Vertical bars and filled boxes represent exons. The extents of the lesions in
gyc76(*P3754173 and gyc76(*0%723%33 generated by imprecise excision of the KG03723
transposable element are indicated. B, Protein domain organization of Gyc76C. A putative
ligand-binding domain is located at the N terminus (Ecto). A transmembrane (TM) domain
anchors the protein in the plasma membrane. The KHD, dimerization (DD), guanylyl cyclase
(G-Cyc), and C-terminal (C-term) domains are intracellular. G, A filleted preparation of a wild-
type stage 14 embryo hybridized with a cRNA probe specific for a region of Gyc76C. The Gyc76C
transcriptis broadly distributed but s enriched in cells within the ventral nerve cord (VNC). Scale
bar, 35 wm.

dependent genetic screen, our initial phenotypic analyses, and
Gyc76C nervous system expression make Gyc76C a good candi-
date for a downstream effector of the Sema-1a—PlexA signaling
pathway.

Gyc76C is an essential gene required for embryonic motor
axon guidance

To determine whether Gyc76C plays a role in Sema-1a—PlexA
signaling, we next examined Gyc76C function in motor axon
guidance. The original P-element line identified in our screen,
1(3)L0090-a, is homozygous viable and appears to be a hypomor-
phic allele (data not shown). To generate a Gyc76C null allele, we
excised a different P-element present in the Gyc76C gene
KG03723 (Bellen et al., 2004) and generated fly lines with both
precise and imprecise removal of the P-element as defined by
molecular analysis of the Gyc76C genomic region (data not
shown and see Materials and Methods). Two lethal imprecise
excision lines that contain deletions of ~8 kb of genomic se-
quence 3’ to the P-element including a neighboring Gyc76C exon
(Fig. 2A, gyc76CKe372333 and gyc76CKC03723¥173) fail to com-
plement a deficiency line lacking this region. These alleles provide
null, or severely hypomorphic, Gyc76C alleles for subsequent
analyses (Table 2).

The establishment of neuromuscular connectivity in Drosoph-
ila is an excellent paradigm for identifying and characterizing
axon guidance cues and their downstream signaling components
(Araujo and Tear, 2003). Approximately 40 identified motor
neurons that reside in the ventral nerve cord innervate ~30 mus-
cles that line the body wall in each hemisegment of the Drosophila
embryo (Landgrafet al., 1997). Staining late stage 16/17 embryos
with the anti-fasciclin II antibody (mAb1D4), which labels all
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motor axons, allows for the visualization of motor axon pathways
emanating from the ventral nerve cord as two large bundled fas-
cicles, the intersegmental nerve (ISN) and the segmental nerve
(SN) (VanVactor etal., 1993). Axons within the “b” branch of the
ISN (ISND) defasciculate from axons within the main ISN
branch, enter the ventral longitudinal muscle field, and further
defasciculate to innervate muscles 6, 7, 12, and 13 (Fig. 3A,H).
Axons within the “a” branch of the SN (SNa) navigate past the
ventral longitudinal muscle field and defasciculate, sending one
branch posteriorly and another that continues dorsally between
muscles 22 and 23. An axon within this branch further defascicu-
lates and makes two characteristic turns to innervate its target,
muscle 24 (Fig. 3A,H).

In semala mutants, motor axons often fail to defasciculate
from one another and subsequently fail to innervate their proper
muscle targets because of a decrease in Sema-la-dependent
axon—axon repulsive signaling (Fig. 3B, Table 2) (Yu et al., 1998,
2000). Homozygous gyc76C mutants ( gyc76CKC072333 or
gyc76CKC0723¢x173) haye similar defects in motor axon guidance
as those seen in semala mutants. In these gyc76C mutants, ISNb
and SNa motor axons often fail to defasciculate and do not in-
nervate their proper muscle targets (Fig. 3C, Table 2).

Although gyc76C *7%* also displays a motor axon guidance
phenotype (Table 2), a fly line from which this transposable ele-
ment was excised precisely, gyc76CKG03 723exI44 - does not show
motor axon guidance defects (Table 2). Moreover, expression of
a Gyc76C transgene in all neurons under the control of the elav-
Gal4 transactivator significantly rescues the motor axon guidance
defects observed in gyc76CX%*727173 mutant embryos (Fig. 3D,
Table 2). Neuronal expression also partially rescues the lethality
of gyc76C mutants in 20% of all progeny, which translates into a
60% rescue of expected homozygous adult progeny (Table 3).
These data show that Gyc76C expression in the nervous system is
essential for adult viability and for the proper defasciculation of
motor axon bundles.

Overexpression of Gyc76C perturbs motor and CNS

axon guidance

In light of our finding that disruption of the Gyc76C gene gives
rise to axon guidance phenotypes resembling sermala mutants,
we asked whether overexpressing Gyc76C in all neurons mimics
the phenotypes observed when PlexA is overexpressed in all neu-
rons (Winberg et al., 1998). Expressing PlexA in all neurons in a
wild-type background produces phenotypes consistent with in-
creased repulsion of axons. For example, fasciclin II-positive
axon bundles aligning each side of the midline within the CNS
(Fig. 4A) misproject as a consequence of PlexA overexpression
and send axonal projections away from the midline (Winberg et
al., 1998). Expressing high levels of a Gyc76C transgene in all
neurons in a wild-type background yields a similar phenotype in
which the same subset of axons within the CNS are repelled away
from the other axons (Fig. 4 B).

Interestingly, overexpressing PlexA in all neurons also gives
rise to axon guidance phenotypes reminiscent of decreased axon—
axon repulsion (Winberg et al., 1998). Similarly, overexpressing
Gyc76C in all neurons results in these same hyperfasciculation
phenotypes. ISNb and SNa axons in half of the hemisegments
scored do not defasciculate and fail to innervate their proper
muscle targets (Fig. 4C, Table 2). We also observed a novel phe-
notype, not observed in any gyc76C LOF embryos, that affects
SNa axons. In one-quarter of the hemisegments examined, the
dorsal branch of the SNa misprojects between muscles 21 and 22
instead of between muscles 22 and 23 (Fig. 4D). Following this
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improper anterior wandering, the axon
bundle often makes an aberrant double
turn toward its proper muscle target, mus-
cle 24.

Combined with LOF data from our
analysis of the gyc76C mutants, our
Gyc76C GOF analyses show that proper
levels of Gyc76C protein are necessary for
normal guidance of motor and CNS axons
responsive to the effects of Sema-1a.

Gyc76C genetically interacts with Sema-

1a, PlexA, and MICAL

The identification of Gyc76C as a suppres-
sor of a Sema-1a GOF midline phenotype,
and the fact that Gyc76C LOF and GOF
mutants phenocopy Sema-la and PlexA
LOF and GOF mutants, suggests that
Gyc76C is necessary for proper axon guid-
ance decisions mediated by Sema-la—
PlexA signaling. To further test the role
played by Gyc76C in Sema-1la-mediated
motor axon guidance events, we examined
embryos doubly heterozygous for Gyc76C
and Sema-1a (semalal+; gyc76C/+) in a
trans-heterozygous genetic analysis. When
two gene products function together in the
same pathway, it is often possible to see a
dosage-dependent genetic interaction be-
tween them (Artavanis-Tsakonas et al.,
1995; Winberg et al., 1998). Although the
gyc76C/+ heterozygous embryos show a
slightincrease of axonal pathfinding errors
over that seen for wild-type embryos (Ta-
ble 2), the semalal+; gyc76C/+ embryos
reveal a dominant, synergistic genetic in-
teraction between Sema-la and Gyc76C;
ISNb and SNa axons often fail to innervate
their muscle targets at frequencies similar
to those seen for gyc76C homozygous em-
bryos (Fig. 3E, Table 2). As a control, we
examined the trans-heterozygous interac-
tion between Gyc76C and ena, a gene en-
coding a protein that, at present, is not
thought to be in the Sema-1a pathway but
is important for proper motor axon guid-
ance (Willsetal., 1999). We do not observe
a genetic interaction between these two
genes (Table 2). Gyc76C also genetically
interacts with PlexA and MICAL, the re-
ceptor and a signal transducer, respec-
tively, of the Sema-1a repulsive signaling

Ayoob et al. e Gyc76C in Sema-1a Axonal Repulsion

Figure 3.

Gyc76C guides motor axons and genetically interacts with Sema-1a, PlexA, and MICAL. Filleted preparations of late
stage 16 embryos stained with the anti-fasciclin Il monoclonal antibody to reveal motor axons in abdominal segments. Two
hemisegments are displayed in A-D; one hemisegment is shown in £-G. Anterior is left, and dorsal is up. A, Ina wild-type embryo,
axons within the ISNb innervate the ventral lateral muscles 12, 13, 6, and 7 (arrows), and an axon from the SNa innervates the
lateral transverse muscle 24 (arrowheads). B, C, In sema7a”’ ( B) and gyc76C *%723%173 ( () mutants, axons within the ISNb (open
arrows) and SNa (open arrowheads) often fail to reach their proper targets. D, Neuronal expression of Gyc76( in a

gyc76(€037232173 mutant background restores the proper innervation of the musculature by ISNb (arrows) and SNa (arrow-

heads) axons. £-G, Gyc76( genetically interacts with Sema-Ta, PlexA, and MICAL. Axons within the ISNb (open arrows) and SNa
(open arrowheads) often fail to reach their targets in embryos heterozygous for sema-1a""/-+; gyc76¢*°%7%e173/+ (F);
gyc76(1C03723e173 /1 Df(4)C3PA/+ (F); gyc76C 0372073+ /+ | Df(3R)swp2 ™AL ( G). H, Summary of normal ISNb and
SNa axon guidance seen in wild-type embryos (left) and the ISNb and SNa axon guidance defects seen in sema-7a and gyc76C
mutants (right). Scale bar: A-G, 10 m.

ings per embryo (Fig. 5B, F). Removal of Gyc76C from embryos

cascade (Fig. 3F, G; Table 2). Qualitatively and quantitatively,
these trans-heterozygous mutant embryos display phenotypes
similar to what is seen in gyc76C homozygous mutant em-
bryos, supporting a role for Gyc76C in Sema-1a-mediated ax-
on—axon repulsion.

To provide additional evidence that Gyc76C functions with
PlexA to mediate axon guidance events, we examined how alter-
ing Gyc76C expression levels affects a novel PlexA-dependent
GOF phenotype. Overexpressing high levels of PlexA in all neu-
rons causes thick axon bundles of ipsilaterally projecting fasciclin
II-positive axons to cross the midline at an average of two cross-

expressing high levels of PlexA significantly suppresses this phe-
notype and restores the proper pathfinding of these CNS axons
(Fig. 5C,F). Furthermore, simultaneously increasing the levels of
Gyc76C and PlexA in all neurons causes a severe augmentation of
the PlexA-dependent phenotype (Fig. 5D, F). On average, four
thick axon bundles cross the midline per embryo, with some
embryos having five or more bundles aberrantly decussating. The
requirement of Gyc76C to observe high penetrance of this PlexA-
dependent phenotype and the ability of ectopic Gyc76C to in-
crease the severity of this phenotype, in conjunction with the
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Table 3. Lethality rescue of gyc76C mutants

Homozygous
Males X females cross viable progeny (n)*
qgyc76CKeB7B3 T3, S 0(318)
UAS:Gyc76C, elav-Gal4/Cy0; gyc76C %7173 /T3, Sb 20% (321)
UAS:Gyc76C"**, elav-Gal4/Cy0; gyc76C %7217 /T3, Sb 2% (304)
gyc76C*e03723e53 T3, S 0(354)
UAS:Gyc76C, elav-Gal4/Cy0; gyc76C*%37%3e33 /T3, Sb 24% (307)
UAS:Gyc76C"**, elav-Gal4/Cy0; gyc76C %7233 /TI13, Sb 4% (273)
qgyc76CC03723e173 /113, Sh X gyc76C 03723933 /T3, Sb <1% (417)

“Homozygous viable progeny scored as progeny without the Stubble (Sb) phenotype, a dominant marker on the TM3
balancer chromosome. For a balanced viable mutation, the expected non-Sb progeny from a sibling cross would be 33%.

Figure 4.

trans-heterozygous analyses, provide additional support for
Gyc76C functioning as a component of the Sema-1la—PlexA sig-
naling cascade.

The integrity of the Gyc76C catalytic cyclase domain is
required for its function in Sema-1la-mediated

axonal repulsion

rGCs, including Gyc76C, contain a catalytic cyclase domain that
is highly conserved among all family members. A conserved as-
partate residue in the cyclase domain is essential for the conver-
sion of GTP to cGMP. Mutating this catalytic aspartate to an
alanine inactivates the cyclase without disrupting its ability to
form homodimers (Thompson and Garbers, 1995). To begin to
analyze the importance of this cyclase activity for Gyc76C func-
tion in Sema-1a signaling, we made a Gyc76C transgene with the
corresponding amino acid substitution, mutating the Asp945
residue to an alanine residue (Fig. 6A). The expression level of

Neuronal overexpression of Gyc76( perturbs CNS and motor axon guidance. Shown are filleted preparations of late
stage 16 embryos stained with the anti-fasciclin Il monoclonal antibody 1D4 to reveal a subset of CNS axons (4, B) and motor axons
(C, D). Anterior s left, and dorsal is up. A, In a wild-type embryo, three well separated bundles of axons are present on each side of
the CNS midline (arrows). B, Overexpression of Gyc76C n all neurons with the Gal4-UAS system in a wild-type background results
in the third/outermost longitudinal axon fascicle defasciculating abnormally and projecting axons away from the CNS (open
arrows). , Overexpressing Gyc76C in all neurons produces motor axon guidance defects in which axons often fail to defasciculate
from the ISNb and SNa axon bundles. D, Overexpressing Gyc76Cin all neurons also results in a novel phenotype affecting the dorsal
branch of the SNa, which now projects incorrectly between muscles 21 and 22 and then extends toward its proper target, muscle
24. The path that this bundle of SNa axons normally follows is indicated by the dashed line. Scale bar: A-D, 10 um.
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this mutant transgene in embryos is similar to the expression level
of the wild-type transgene (data not shown and see Materials and
Methods). We then asked whether this mutant Gyc76C transgene
(Gyc76CP?*4) with a single amino acid change designed to dis-
rupt the Gyc76C cyclase activity could substitute for the wild-
type protein. In contrast to the effects of expresssing the wild-type
Gyc76C transgene in all neurons in homozygous mutant gyc76C
embryos, ectopically expressing the Gyc76C"**** transgene in all
neurons fails to rescue both the gyc76C mutant axon guidance
phenotypes (Fig. 6B, Table 2) and the lethality of the gyc76C
mutant line (Table 3). Increasing the expression levels of this
mutant transgene does not rescue the gyc76C mutant phenotypes
(data not shown). Furthermore, neuronal
expression of Gyc76C"**** in embryos
overexpressing high levels of neuronal
PlexA suppresses the PlexA GOF CNS phe-
notype, showing that the Gyc76CP***
transgene is indeed expressed and that it
can function in a dominant-negative
manner (Fig. 5E,F). In fact, overexpres-
sion of Gyc76CP**** in a wild-type back-
ground gives rise to CNS and motor axon
guidance phenotypes similar to those
observed in semala and plexA mutants
(Fig. 6C,D). Overexpression of the
Gyc76C"?*** transgene in all neurons also
yields novel phenotypes qualitatively dis-
tinct from the novel phenotype produced
by overexpression of the wild-type
Gyc76C transgene (compare Figs. 4D, 6 E—
G).In ~12% of hemisegments, an exuber-
ant process innervating muscles 6 and 7
spans most of the segment (Fig. 6 E, Table
2). Overexpressing a modified form of
MICAL also produces a similar phenotype
(Terman et al., 2002, their Fig. 6G) Some
motor axon bundles that have not prop-
erly defasciculated take circuitous routes
as they navigate toward their targets (Fig.
6F, G). Taken together, these results dem-
onstrate that the function of Gyc76C is de-
pendent on an intact cyclase domain for
proper Sema-la-dependent motor axon
guidance, and they further suggest that
c¢GMP production is critical for these
guidance events.

Discussion

The activities and levels of intracellular signaling components
determine how navigating axons interpret extracellular environ-
mental signals. Cyclic nucleotide levels within neurons have been
shown to be important determinants for regulating neurite re-
sponses to axon guidance cues in vitro. We present experiments
here that provide an important molecular link between
semaphorin-mediated repulsion and cGMP signaling in vivo. We
show that Gyc76C is critical for Sema-1a—Plexin A-mediated se-
lective defasciculation of axon bundles in the developing Dro-
sophila neuromuscular system. We also show that a conserved
amino acid residue within the Gyc76C cyclase domain, a residue
required for rGC catalytic activity, is also required in Gyc76C for
correct motor axon pathfinding. The identification of Gyc76C as
an essential component of the Sema-1a—PlexA repulsive axon
guidance signaling pathway provides insight into how cyclic
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nucleotide production is linked to the
cascade of events downstream of sema-
phorin-mediated repulsion. These ob-
servations also provide a potential target
for modulating repulsive semaphorin
signaling by alterations of cGMP levels
directly through rGCs.

Gyc76C plays a role in Sema-1a—PlexA-
mediated axonal repulsion

Our analyses demonstrate a role for the
rGC Gyc76C in Sema-1la-mediated axon—
axon repulsion. We generated LOF muta-
tions in the Gyc76C gene and observed
highly penetrant phenotypes similar to the
motor axon guidance defects observed in
semala, plexA, and mical mutants (Win-
bergetal., 1998; Yu et al., 1998; Terman et
al,, 2002). Neuronal expression of a
Gyc76C cDNA restores the wild-type in-
nervation pattern in gyc76C mutant em-
bryos and also restores viability to the le-
thal gyc76C mutant line, demonstrating a
requirement for Gyc76C in neurons for
correct axonal pathfinding. Neuronal
overexpression of wild-type Gyc76C also
results in phenotypes resembling PlexA
GOF phenotypes (Winberg et al., 1998).
Our genetic interaction analyses confirm a
role for Gyc76C in Sema-1a—PlexA repul-

sive signaling. Embryos heterozygous for  Figures.
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Thick Bundles 11 fga @ ©
Crossing Midline " -

Altering levels of Gyc76C modifies a Plexin A GOF phenotype. Shown are filleted preparations of late stage 16 embryos

both Gyc76C and other members of this
signaling cascade, including Sema-1a, PIl-
exA, and MICAL, display motor axon
pathway disruptions. These phenotypes
are qualitatively similar to LOF mutant
phenotypes observed in semala, plexA,
and mical LOF mutants and are seen at
comparable frequencies (Winberg et al.,
1998; Yu et al., 1998; Terman et al., 2002).
In addition to suppressing the Sema-Ia-
dependent midline phenotype, loss of

stained with the anti-fasciclin Il monoclonal antibody to reveal a subset of (NS axons, asin Figure 4. A, In a wild-type embryo, three
bundles of ipsilaterally projecting axons are present on each side of the CNS midline that they do not cross. B, Overexpressing high
levels of PlexA in all neurons in an otherwise wild-type embryo causes thick bundles of axons to abnormally cross the midline
(arrowheads). C, An embryo overexpressing high levels of PlexA in all neurons, but also homozygous for the gyc76¢ LOF mutant, exhibits a
more wild-type phenotype in which few axon bundles cross the midline. D, An embryo overexpressing both PlexA and Gyc76C resultsina
severe axon guidance phenotype in which many axon bundles cross the midline. £, An embryo overexpressing both PlexA and the
Gyc76(*** mutant transgene that lacks the catalytic aspartate residue displays a more wild-type phenotype in which few axon bundles
cross the midline. £, Graph displaying the average number of thick axon bundles crossing the midline per embryo with the following
genetic backgrounds: (PlexA GOF; Gyc76C LOF = UAS:PlexA, elav-Gal4; gyc76(*“>722%173); (PlexA GOF; Gyc76(**** = UAS:Plex, elav-
Gald; UAS:Gyc76(7**); (PlexA GOF = UAS:PlexA, elav-Gal4); (PlexA GOF; Gyc76C GOF = UAS:PlexA, elav-Gal4; UAS:Gyc760). Error bars
indicate SEM. The asterisks indicate values of two-tailed  tests with equal variance comparing the values of each phenotype to those for
PlexA GOF. *p << 0.0005; **p << 0.02; ***p << 0.0002. Scale bar, A-£, 10 um.

Gyc76C function also suppresses a PlexA-

dependent phenotype. However, increas-

ing the levels of Gyc76C enhances this PI-

exA GOF phenotype. Finally, a Gyc76C transgene lacking a key
conserved aspartate residue required for cyclase catalytic activity
does not rescue either the gyc76C embryonic motor axon guid-
ance defects or the lethality associated with gyc76C mutants and
appears to function in a dominant-negative manner. Taken to-
gether, our results link Gyc76C to the proper generation of neu-
romuscular connectivity in Drosophila through its role in medi-
ating semaphorin—plexin signaling events associated with axonal
repulsion. In addition, our results strongly suggest that cGMP
production is critical for Gyc76C participation in Semala neuro-
nal signaling events.

Gyc76C and cyclic nucleotide modulation of

semaphorin guidance

Initial in vitro observations demonstrating the importance of
c¢GMP levels in semaphorin-mediated repulsion showed that in-
creasing cGMP signaling reverses the repulsive signal from the
secreted vertebrate semaphorin Sema3A, resulting in Sema3A

acting as an attractant in the single growth cone steering assay
(Songetal., 1998). Recent studies show that Sema3A growth cone
collapse requires increased cGMP signaling and also that cAMP
signaling acts in opposition to cGMP signaling in the modulation
of Sema3A-mediated growth cone collapse (Dontchev and Le-
tourneau, 2002; Chalasani et al., 2003). Support for cAMP signal-
ing cascades modulating semaphorin-mediated repulsion in vivo
is provided by a demonstration that the A-kinase anchoring pro-
tein Nervy serves to antagonize Sema- la-mediated axonal repul-
sion in Drosophila motor axons. Presumably, Nervy acts by local-
izing cAMP activation of PKA to the Plexin receptor and
decreases Sema-1la repulsive signaling (Terman and Kolodkin,
2004). Our identification of Gyc76C as a positive effector in vivo
of Sema-1la—PlexA-mediated repulsion is consistent with these
Sema3A growth cone collapse studies. A model recently proposed
for cyclic nucleotide modulation of netrin-1-mediated attraction
and repulsion provides insight into how ¢cGMP might effect
semaphorin-mediated steering, collapse, and in vivo axonal re-
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of Gyc76C altogether would result in abo-

A GYC?scmm DWKVETI@AYMWSGLPIKNGDRHA lition of Sema-1a repulsion because of a
Gyc76C DWKVETIG&AYMVV SGLPIKNGDRHA  (GMP requirement for any guidance re-
CG11846 DVYKVETI YMVVSGLPIRNGNQHA  sponse, and this is what we observe in our
CG6275 DVYKVVTI YMVVSGLPLONGSRHA gyc76C mutants. Future experiments will

determine how raising or lowering
RrGC-A DVYRVETI YMVVSGLPVRNGQLHA Gyc76C activity affects the guidance re-
RrGC-C DVYKVETI YVVASGLPMRNGNRHA  sponse to Sema-1a in vivo.
RrGC- DVYKVETI YMVASGLPQRNGQRHA
g I Y . . g Specificity of rGCs in

Figure6. A catalytically inactive form of Gyc76( fails to rescue the gyc76C mutant phenotype and perturbs motor and CNS axon
guidance. 4, Alignment of a portion of the catalytic regions of three Drosophila and three rat rGCs. The red box indicates the
catalytic aspartate (D945) that was converted to alanine to make the Gyc76(°**** transgene. B—G, Filleted preparations of late
stage 16 embryos stained with the anti-fasciclin Il monoclonal antibody to label motorand CNS axons, asin Figure 4. 8, An embryo
expressing the mutant Gyc76(°**** in all neurons in a mutant gyc76¢ background exhibits the same defects observed in gyc76¢
homozygous mutants. (—G, Overexpressing the mutant Gyc76C°** in all neurons in a wild-type background disrupts normal CNS
and motor axon pathfinding. ¢, An embryo overexpressing the mutant Gyc76(°**** in a wild-type background shows an inter-
ruption of a CNS axon tract with a large gap in the outermost bundle of longitudinal axons within the CNS (open arrows). D, A
wild-type embryo overexpressing Gyc76(°*** in all neurons displays LOF-like phenotypes in which axons of the ISNb (open
arrowheads) and SNa (open arrows) fail to reach their proper targets. £—G, Overexpressing Gyc76(°**** in all neurons in
wild-type background also produces novel phenotypes. £, The RP3 axon (open arrowheads) extends exuberantly in the cleft
between muscles 6 and 7. The ISNb (F, open arrows) and SNa (G, open arrowheads) axon bundles wander inappropriately as they

extend toward their targets. Scale bar: B—G, 10 m.

pulsion. Using the in vitro growth cone steering assay, Hong and
colleagues (Nishiyama et al., 2003) show that the [cAMP]/
[cGMP] ratio determines whether netrin-1 acts in an attractive or
a repulsive manner: high ratios promote attraction, whereas
lower ratios promote repulsion. Importantly, a basal level of
c¢GMP signaling is required for both netrin-mediated attractive
and repulsive responses in this system. Although it remains to be
determined, it is tempting to speculate that, like the observations
for netrin-1-mediated guidance, the [cAMP]/[cGMP] ratio also
serves to modulate semaphorin signaling events. In Drosophila
motor axons, Gyc76C and Nervy could function antagonistically
to regulate Sema-1a signaling in this manner. Gyc76C produc-
tion of cGMP would lower a [cAMP]/[cGMP] ratio and thus
promote repulsion, whereas increases in cAMP levels would de-
crease repulsion through PKA tethered to PlexA by Nervy. A loss

semaphorin signaling

We describe here a role for a receptor-type
guanylyl cyclase in axon guidance as an ef-
fector of transmembrane Semala axonal
repulsion. Soluble guanylyl cyclases in
both vertebrates and invertebrates have
been implicated in axonal (Seidel and
Bicker, 2000; Gibbs et al., 2001) and den-
dritic (Polleux et al., 2000) guidance.
However, in our GOF genetic screen for
Sema-1la signaling components, we as-
sayed genomic regions containing genes
encoding all of the identified Drosophila
soluble guanylyl cyclase subunits, includ-
ing one known to be expressed in the ner-
vous system (Tomancak et al., 2002), yet
found that heterozygosity at these loci did
not suppress or enhance the Sema-1a GOF
phenotype (data not shown). This may re-
flect a requirement for cGMP production
at or near the PlexA receptor to provide a
local increase in cGMP levels essential for
semaphorin-mediated axonal repulsion
and suggests that basal cGMP signaling
provided by soluble gyanylyl cyclases is not
essential for semaphorin-mediated repul-
sion. Our initial genetic screen covered an
additional two of the seven Drosophila
rGCs, however, neither of the deficiencies
that remove these rGCs genetically inter-
acted with our Sema-1a GOF phenotype.
Taken together, these results from our ge-
netic screen suggest that Gyc76C is an in-
tegral component of the semaphorin sig-
naling cascade and that cGMP production
by other sources may not contribute to this
repulsion. These results also motivate fu-
ture experiments to investigate specific in-
teractions between Gyc76C and PlexA.

Vertebrate receptor guanylyl cyclases that have a single trans-
membrane domain like Gyc76C are best known for their roles as
receptors for natriuretic peptides that regulate blood pressure
and volume and also for their role in the visual phototransduc-
tion cascade (Wedel and Garbers, 2001). The other vertebrate
rGCs, however, have no known ligands or functions. In addition,
very little is known about what roles, if any, these vertebrate rGCs
play during neural development. It will be of great interest to
investigate whether any vertebrate rGCs participate in sema-
phorin repulsive signaling.

Potential roles for the other domains of Gyc76C
Because Gyc76C is a multidomain protein, it is likely that regions
other than the cyclase domain are important for its function.
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Interestingly, like the transmembrane protein Off-track, which is
also required for Semala-mediated motor axon repulsion in Dro-
sophila (Winberg et al., 2001), Gyc76C contains a catalytically
inactive KHD. In the vertebrate receptor guanylyl cyclase GC-A,
this region has been shown to play a regulatory role by inhibiting
the catalytic cyclase domain (Chinkers and Garbers, 1989). The
KHD of Gyc76C, or possibly Off-track, may function as an im-
portant modulator of cyclase activity.

The portion of Gyc76C that is C terminal to the conserved
cyclase domain is unique among rGC family members; it is much
longer than the same region in other rGCs and shares no amino
acid similarity with these regions or with sequences of any known
proteins. However, the last four amino acids of Gyc76C fit the
consensus for a PDZ (PSD-95, Discs-large, zona occludens-1)
domain binding motif (Suh et al., 2001). A similar motif is also
found in MICAL, another component of the Sema-1a signaling
cascade (Terman et al., 2002), raising the possibility that, as has
been observed for other assemblages of signaling components (Li
and Montell, 2000), PDZ domain-containing scaffolding pro-
teins may serve an important role in semaphorin signaling.

Gyc76C may provide a direct physical link between the lead-
ing edge of the growth cone and the motile machinery of the actin
cytoskeleton. Vertebrate rGCs in photoreceptors are able to bind
actin filaments (Hallett et al., 1996), and the C-terminal domains
of intestinal rGCs have also been implicated in interactions with
the actin cytoskeleton (Kuno et al., 1986; Waldman et al., 1986).
Perhaps the large C-terminal extension of Gyc76C functions in a
similar manner to bridge the regions of signal reception and out-
put. Whether or not Gyc76C cyclase activity is ligand gated re-
mains unknown, and like all other Drosophila rGCs and the ma-
jority of vertebrate rGCs, Gyc76C is an orphan receptor. Future
experiments will address whether Sema-1a triggers Gyc76C cat-
alytic activity and also whether Gyc76C is indeed part of the
receptor complex for Sema-1a.

In conclusion, using a novel genetic screening paradigm for
identifying semaphorin signaling cascade components, we found
an in vivo link between Sema-la-mediated repulsive guidance
and cGMP signaling pathways. Characterization of other candi-
dates from this screen will likely provide additional insight into
the mechanisms of repulsive axon guidance signaling.
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