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Summary

Conventional soluble guanylyl cyclases forma/f  in vivo. Here, we describe the localization oyc-88Eand
heterodimers that are activated by nitric oxide (NO). Gyc-89Db and show that they are expressed in the
Recently, atypical members of the soluble guanylyl cyclase embryonic and larval central nervous systems and are co-
family have been described that include the rai2 subunit  localized in several peripheral neurons that innervate
and MsGC-33 from Manduca sexta Predictions from the trachea, basiconical sensilla and the sensory cones in the
Drosophila melanogastergenome identify three atypical posterior segments of the embryo. We also show that there
guanylyl cyclase subunits: Gyc-88E (formerly CG4154, are two splice variants of Gyc-88E that differ by seven
Gyc-89Da (formerly CG14889% and Gyc-89Db (formerly amino acids, although no differences in biochemical
CG14886. Preliminary data showed that transient properties could be determined. We have also extended
expression of Gyc-88E in heterologous cells generated our analysis of the NO activation of Gyc-88E and Gyc-
enzyme activity in the absence of additional subunits that 89Db, showing that several structurally unrelated NO
was slightly stimulated by the NO donor sodium donors activate Gyc-88E when expressed alone or when
nitroprusside (SNP) but not the NO donor DEA-NONOate co-expressed with Gyc-89Db.
or the NO-independent activator YC-1. Gyc-89Db was
inactive when expressed alone but when co-expressed with Key words: ¢cGMP, guanylyl cyclase, nitric oxid®rosophila
Gyc-88E enhanced the basal and SNP-stimulated activity melanogaster peripheral nervous system, central nervous system,
of Gyc-88E, suggesting that they may form heterodimers NO-insensitive, sensilla, chemosensory.

Introduction

The intracellular messenger guanosinés 3cyclic  are activated by extracellular ligands or intracellular calcium
monophosphate (cGMP) mediates a wide variety obinding proteins (Lucas et al., 2000).
physiological and developmental events in many invertebrate Recent reports have described a number of soluble guanylyl
and vertebrate species (Lucas et al., 2000; Morton and Hudsaryclases that exhibit significantly different properties
2002). It is the primary signaling molecule in visual compared with the conventionalf3 heterodimers (Morton,
transduction in vertebrates and is a regulator of vascul&004). One of these, MsG[g3, was identified in the insect
smooth muscle and kidney function (Lucas et al., 2000). cGMManduca sextgNighorn et al., 1999). Expression of MsGC-
also plays a role in several types of neuronal plasticity and i3 in COS-7 cells yielded moderate levels of guanylyl cyclase
the development of the nervous system (Lucas et al., 2008¢tivity in the absence of additional subunits and this activity
Morton and Hudson, 2002). was not stimulated by NO donors (Nighorn et al., 1999).

Guanylyl cyclases, the enzymes that catalyze the synthesis@el filtration data demonstrated that Ms@&- formed
cGMP, generally fall into one of two classes: the integrahomodimers (Morton and Anderson, 2003). Another atypical
membrane receptor guanylyl cyclases and the cytoplasméoluble guanylyl cyclase is the @2 subunit, which is also
soluble guanylyl cyclases (Lucas et al., 2000). Soluble guanylyctive in the absence of other subunits, although this activity
cyclases are classically obligate heterodimers composed of &nslightly sensitive to NO stimulation (Koglin et al., 2001).
a subunit and g subunit. Thea/(3 heterodimers are potently  Orthologues of MsG@33 have been identified in searches
activated by the gaseous messenger nitric oxide @®n  of the genomes o€aenorhabditis eleganand Drosophila
prosthetic heme group that binds to the heterodimer in the Nirelanogaster(Morton, 2004) The C. elegansMsGC{3
terminal regulatory domain (Lucas et al., 2000). Receptoorthologue, GCY-31, and the other six soluble guanylyl
guanylyl cyclases, by contrast, are homodimeric proteins thatclases fronC. eleganshave all been predicted to be NO
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insensitive (Morton et al., 1999). In addition to the previouslywas used in a reverse transcription (RT) reaction using an
studied conventional andp subunits, thé&rosophilagenome  oligo(dT)i2-18 primer (Invitrogen) to synthesize cDNA that
contains three additional soluble cyclase subunits that have albs used in subsequent PCR reactions. The composition of
been predicted to be insensitive to NO (Morton and Hudsorihe reaction mixture was: 58moll~1 Tris-HCI (pH 8.3),
2002; Morton, 2004). One of these, CG4154, is over 80%5mmoll- KCI, 5mmoll-? MgCl,, 10mmoll-1
identical to MsG(33 and is predicted to form active dithiothreitol (DTT), 0.5ug total RNA (from a mix of larval
homodimers (Morton and Hudson, 2002). The other twoand pupal animals), dl oligo(dT)12-1sprimer (500ug mi=3),
CG14885 and CG14886, have been predicted to require dmul dNTP mix (10mmoll-1 each) in a total volume of 30.
additional subunit for activity, potentially forming active The RT reaction was carried out af&80or 50min, followed
heterodimers with either CG4154 or the conventiooal by a 15-min inactivation step at . Three primers were
subunit, Gya-99B (Morton and Hudson, 2002). Rather thandesigned using thB®rosophila genomic sequence located at
continue to use the CG numbers to designate these guanyBlyBase (accession numbers: AE003707, AE002708 and
cyclases, we propose the following designations based on thé&iE014297) and were used in two semi-nested PCR reactions
chromosomal locationssyc-88Efor CG4154 Gyc-89Dafor  to clone the entire open reading frame (outer primer sét — 5
CG14885and Gyc-89Dbfor CG14886 This nomenclature is CAATGTCAGCCAAGTGAAG-3, 5-TACATATACCCTC-
also consistent with the names of BisophilaNO-sensitive  TCATTAGC-3; inner primer set — 'B5AGGAAGT-
subunits, Gyca-99B and GygB3-100B Preliminary results GGATCCATG-3, 5-TACATATACCCTCTCATTAGC-3)
(Morton, 2004) confirmed that Gyc-88E yielded basal activityin two rounds of PCR using the Expand High Fidelity PCR
when expressed alone and Gyc-89Db was inactive wheBystem (Boehringer Mannheim, Indianapolis, IN, USA),
expressed alone. Furthermore, these studies showed that Ggonsisting of 30 cycles with an annealing temperature of 51°C
89Db could form an active enzyme when co-expressed witfor 25s. A 0.5ul aliquot of the PCR reaction was used as
Gyc-88E, although it was not tested with @y29B (Morton, template for subsequent amplification with the inner primers.
2004). These studies also highlighted an unusual property @he resulting b product was cloned into the TOPO Il vector
Gyc-88E; when expressed either alone or co-expressed wi(mvitrogen). Sequencing of multiple clones revealed the
Gyc-89Db, it was slightly activated by the NO donor sodiumexistence of two splice variant&yc-88E-Land Gyc-88E-$
nitroprusside (SNP) but not by DEA-NONOate or the NO-that differed by 2bp, depending on how the 10th and 11th
independent soluble guanylyl cyclase activator YC-1. Thesexons are spliced together. To determine if the splice variants
findings suggested that it was not NO itself that activated Gyavere expressed in other stages, RT reactions were performed
88E but rather an additional breakdown product of SNP. Thas described above on total RNA prepared from mixed larval
present study expands on these preliminary findings witktages or adults. Two nested sets of primers that were designed
further biochemical studies that strongly suggest that NO dods amplify across the junction between the 10th and 11th exons
indeed activate Gyc-88E and Gyc-89Db and shows that bothere used in two rounds of PCR to produce & @r 91bp
are expressed in the central nervous system (CNS) and dmand corresponding 8yc-88E-Sor Gyc-88E-L, respectively.
expressed in a subset of peripheral putative chemosensorfie outer set of primers were-GCACCAGCCAGAG-
neurons. AAACG-3' and 3-TACATATACCCTCTCATTAGC-3; the
inner set of primers were-5CAGTGCATCATTGGATC-3
, and 3-GCAGTTGGAGTGGTTGCA-3 The composition of
Materials and methods the reaction mixture was: 208moll~% Tris-HCI (pH 8.4),
Animals 50mmoll-1 KCI, 1.5mmoll-t MgClz, 20Cumol -t each
Drosophila melanogasteMeigen stocks (Canton-S) were dNTP, 500nmoles of each primer, CB reverse transcription
propagated in fly jars using standard procedures (Sullivan etaction and 2.5 units of Tag DNA polymerase (Invitrogen) in
al., 2000) at 25°C. a 5Cul reaction for 30 cycles with an annealing temperature
of 51°C for 25s. A 0.5pl aliquot of the PCR reaction was used
RNA collection as the template for subsequent amplification, with the inner
Animals were staged according to the method described hyrimers using the same reaction conditions. A 3% NewSieve
Campos-Ortega and Hartenstein (1997). Animals of selectddQA agarose gel (ISC BioExpress, Kaysville, UT, USA) was
stages were frozen and pulverized in liquid nitrogen in a pestlgsed to distinguish the two PCR products.
and mortar. Total RNA was isolated from the resulting powder
with Trizol® reagent (Invitrogen, Carlsbad, CA, USA) Northern blots
according to the manufacturer’'s instructions. Poly(RNA Poly(A)*-selected RNA (1.5g) from selected stages was
was isolated from total RNA using oligo(dT) cellulose separated on a 1% denaturing formaldehyde agarose gel as
(Ambion, Austin, TX, USA) according to the supplied previously described (Sambrook et al., 1989) and transferred
protocol. to a Nytran SuperCharge nylon membrane using a Turboblotter
(Schleicher and Schuell BioScience, Keene, NH, USA). A
RT-PCR cloning oByc-88Eand splice variant analysis  digoxygenin (DIG)-labeled RNA probe was generated using
Superscript 1l RNase H reverse transcriptase (Invitrogenfull-length Gyc-88Eor a portion of the ribosomal protein RP49
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(used for a loading control) with the Megascript Kit (Ambion) post-fixed for 3min with 4% formaldehyde. The larval CNS
using DIG-UTP (Roche, Indianapolis, IN, USA). The resultingwas removed and fixed in 4% paraformaldehyde fom#f
probe was hybridized to the membrane-bound transcriptashed for #15min with PBT and used the same day.
at 68C using UltraHyb (Ambion), with a final probe Samples were prehybridized with hybridization buffer
concentration of 0.fimoll-1. Hybridized membranes were [5xSSC, 50% formamide, Crigml-1 heparin sulfate,
washed for 210min with low-stringency wash ¢SSC  0.1ug mi~1 sonicated salmon sperm DNA (Invitrogen), 0.1%
buffer, 0.1% SDS) and forx25min with high-stringency Tween 20, pH 5.2] for b prior to adding probe at a final
wash (0.¥SSC, 0.1% SDS) at 68. Membranes were then concentration of 1.5gul~1 followed by overnight incubation
incubated with Fab fragments of sheep anti-DIG-AP (alkalinet 60C. Samples were washed fox4h at 60C in 5xSSC,
phosphatase) antibody (Roche) at 1:1000 dilution in malei60% formamide followed by>5 min in PBT and blocked for
acid buffer (Roche) for h, followed by two 15-min washes 1 h with PBT plus 10% bovine serum albumin. Fab fragments
with wash buffer (Roche). AP was detected by applying CDPef sheep anti-DIG-AP antibody (Roche) were incubated with
Star chemiluminescent substrate (Roche) to the membrane.samples at 1:1000 with PBT overnight &C4and washed for
4x15min with PBT. DIG-labeled RNA probes were detected
Transient expression @yc-88EandGyc-89Dband guanylyl  \with NBT/BCIP one-step alkaline phosphatase substrate
cyclase assay (Pierce, Rockford, IL, USA) and the reaction stopped with five
To examine the enzyme activities of Gyc-88E, the full opeminses of 100% ethanol. Fan sitW/immunocytochemical
reading frame (ORF) of5yc-88E-L and Gyc-88E-Swere  double-label experiments, the neuronal marker antibody
subcloned into the mammalian expression vector pcDNA3.22C10 (Developmental Studies Hybridoma Bank) was added
(Invitrogen) utilizingApd and Kpnl restriction enzyme sites. (1:200) at the same time as the anti-DIG-AP antibody and was
A cDNA of Gyc-89Db that contained the full ORF was detected with horseradish peroxidase anti-mouse antiserum
obtained as an expressed sequence tag (EST) cDNA (clone I@ackson ImmunoResearch, West Grove, PA, USA) at 1:1000
GH09958) from the BerkeleyrosophilaGenome Project and in PBT for 1h. After 4x15min washes with PBT, 22C10 was
subcloned into pcDNA3.1 utilizingcaoRl restriction enzyme visualized with 0.5mg mI~1 diaminobenzidene (DAB; Sigma)
sites. COS-7 cells were transiently transfected with construcfdus 0.003% hydrogen peroxide. DAB reactions were stopped
and the homogenates assayed for guanylyl cyclase activityith five consecutive washes with PBT. Anti-DIG antibody
as described previously (Morton and Anderson, 2003)was then visualized as above. The samples were then
1H-[1,2,4]oxadiazole[4,3-a]quinoxalin-1-one  (ODQ) wasdehydrated in ethanol, cleared in methyl salicylate and
dissolved in dimethyl sulfoxide (DMSO; Sigma, St Louis. MO, mounted in Permount (Fisher Scientific, Fairlawn, NJ, USA).
USA) prior to use in guanylyl cyclase assays and was used
at a final concentration of 1Qomoll-L. NO donors were
dissolved in distilled water or DMSO just prior to use Results
in guanylyl cyclase assays. Sodium nitroprusside (SNP; Sequence analysis Gfyc-88Eand Gyc-89Db
Sigma), 3-morpholinosydnonimine (SIN-1; Calbiochem, San A preliminary sequence analysis Gfyc-88E Gyc-89Da
Diego, CA, USA), 5-[1-(phenylmethyl)-1H-indazol-3-yl]-2- and Gyc-89Dbbased on the sequences from the annotated
furanmethanol (YC-1; Calbiochem),SnitrosoN-acetyl- Drosophilagenome has previously been described (Morton
penicillamine (SNAP; Calbiochem),Snitrosoglutathione and Hudson, 2002). This analysis predicted that all three
(SNOG; Calbiochem), 2N N-diethylamino)-diazenolate- subunits should form NO-insensitive guanylyl cyclases. In
2-oxide (DEA-NONOate; Calbiochem), 1-hydroxy-2- addition, Gyc-88E was predicted to form an active enzyme in
0xo0-3-(N-ethyl-2-aminoethyl)-3-ethyl-1-triazene  (NOC-12; the absence of additional subunits, whereas Gyc-89Da and
Calbiochem) and (2)-1N-(3-ammoniopropylN-[4-(3-  Gyc-89Db would require either Gge99B or Gyc-88E to

aminopropylammonio) butyl]-amino}diazen-1-ium-1,2- form an active enzyme (Morton and Hudson, 2002). The
diolate (spermine NONOate; Calbiochem) were used at a fingredicted sequence &yc-89Dbwas confirmed from an EST
concentration of 1CQAmol -1, clone and we used RT-PCR to obtain the cDNAGyc-88E

Sequencing multiple clones ofsyc-88E revealed two

Whole-mounin situ hybridization of embryos and larval CNS ifferences from the original annotated sequence. Firstly, all

Whole mountin situ hybridization was used to identify the the sequenced clones had a longer C-terminal extension than
spatial expression pattern &fyc-88Eand Gyc-89Dbduring  originally predicted, and sequencing also revealed the
embryogenesis and in the larval CNS. DIG-labeled RNAexistence of two splice variants, which occur through the use
probes were generated as described above for the northexh alternative donor/acceptor sites to join exon 10 with
blots and were fragmented with a carbonate buffeexon 11 within the extended C-terminus (Fig). These
(60mmol I~ NayCOs, 40mmoll-1 NaHCGs, pH 10.2) for corrections have now been incorporated into the most recent
20min at 65C. Mixed stages of embryos were collected andannotation of thérosophilagenome (version 3.1). The long
fixed as described (Sullivan et al., 2000) and stored in 100%plice variantGyc-88E-L. has an additional 2dp compared
ethanol until use. Before use, the embryos were rehydratedth the short splice variadyc-88E-$Swhich translates into
with PBT (phosphate-buffered saline with 0.1% Tween 20) andn additional seven amino acids. These additional residues
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contain predicted phosphorylation sites for cGMP-dependertf ana subunit (Koglin et al., 2001), and a predicted MsGC-
protein kinase (KKIT) and protein kinase C (KITFS) 3 orthologue from theAnopheles gambiaegenome,
(Fig. 1A). Gyc-88E is over 80% identical in the N-terminal CP12881. While the C-terminal extensions of Gyc-88E and
and catalytic domains to MsG@3 (Tablel). Fig.1B  MsGC{3 are of similar lengths, they bear little similarity to
illustrates this high degree of identity between Gyc-88E andach other except for two highly conserved stretches of 21
MsGC{33. This alignment also includes Gyc-89Db, thefat and 10 amino acids that contain several consensus
subunit, which displays NO-sensitive activity in the absenc@hosphorylation sites. The C-terminal extension of CP12881,
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Gyc-88E 173 - MHLAHLAMTREERHLP ISALIVLFE
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Gyc-88Db 186 TMAKRVENVIEIR PSQLIMPS vD LGP LIJLIG
Rat-fi2 185 QGSEDSQADQEALQGTLLRMKERYLNIPVCPGEKSHSTAVRASVLFGKGPMrDTFoPvYPERPNVEEELF cD A[Y
*
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Gyc-88E 3151
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Gyc-89Db 4 26
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Gyc-88E (EEBNS ML NAMYSIFDRILTERNEIVYKVETIGDAY MV VEYGA PRI K] AVCDMALDMUBIAI TOLKDP STOGRIULEII RVGVHSGAVVAGIVGLEMPRYCLF
C 12881 RS MLNAMY SIFDMNLTERNEIVYKVETIGDAY MV VE GA PLYKES IAVC DMALDMSIA I TDLKDPSTGHLEII RVGVHSGAVVAGIVGLEKEMPRYCLF
“SGC'HG 447 SMLNAMYSIFDMLTERNIVYKVETIGDAY MV VS GA PEIKER] VCDMALDMUBIAI TDLKDPSTGHHLHI RVOVHSGAVVAGIVGLEMPRYCLF
Gyc-89Db 519 TrMIkvrPBALMeE 11 sp rREREEv [y iR A NERIY o v pL e ola L TSN TN - O 1 e v cfills cPvvacvelleflerycLr
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A AA BA B
Gyc-8BE 633 PLTPHMPVSVSLAASHMPTSHVPAVDVHMASSSSISOGLALTAAAAAHNMSLHHQAVVAEALTGASVEVALPSVASGATGAAAGGGAPSDDRY
cP12881 L T L P S P RRVSIPSCHMFSQPAHNKQSLGGLSSAGLED
gsGC-[‘B 628 DSIAEHSAQOLNNKEIMNQMLPHSVHSPPTSLVNSSGNLMALQVOSTTVRNSQMAVTSPLEE
CREIIEIE | | i o et i o i im0 e .
Flgt-ﬁz 669 HQVREKSPAVPRNTDHQ Q0 VEAKG
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CP12881 605 EJGH AFMHSVSDVFGSLVND TEEFLEDLOQHNRNSISNTLYSASTPSPCPFEIPPAQFRTEKSKSC
MsGC-[i3 696 SVAAVNTDAESIDPPRTADSLNSSVCYSSTSPCRVGTAPAPKDRNNDEHFLETLATACSCG
Gyc-89Db
Rat-fi2 691
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Gyc-89Db
Rat-fi2

Gyc-88E
CP12881
MsGC-i3
Gyc-89Db
Rat-fi2
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Table 1.Comparison of the amino acid identities between Gyc-88E and selected guanylyl cyclase subunits

Percentage identity

N-terminal domain Catalytic domain C-terminal domain
(residues 1-385) (residues 386-608) (residues 609-947)

Gyc-88EvsMsGC{33 85% 81% 19%
Gyc-88EvsCP12881 70% 86% 18%
Gyc-88EvsRat{32 37% 49% -
Gyc-88EvsGyc-89Db 33% 43% -
Gyc-88EvsRat{31 33% 40% -

Gyc-88Evs Gycp-100B 15% 35% -

The sequences were aligned using ClustalW, and the percentages of residues that were identical with Gyc-88E were del@8&@hesl. CP
the predicted orthologue of MsG&3- in Anopheles gambig@ccession number EAA01162). The positions of the functional domains are based
on those of the rg&1 subunit (Namiki et al., 2001).

which is shorter than either Gyc-88E or Ms@&-is also subunit in that they contain all of the residues predicted to
poorly conserved overall but contains the two highlyinteract with the Mg-GTP substrate in the homodimeric
conserved stretches of 21 and 10 residues. Gyc-88E, Gyceptor guanylyl cyclases (Liu et al.,, 1997). This is in
89Db and CP12881 share with Ms@G-the absence of two contrast to the classicaland3 subunits, which each contain
specific cysteine residues in the N-terminal domaira subset of these residues, a finding that provides a rationale
(equivalent to cys78 and cys214 in thefFatsubunit), which  for the requirement of heterodimer formation with these
have been found to be required for NO activationaif  subunits to yield an active enzyme (Liu et al., 1997).
heterodimers involving the r@fl subunit (Friebe et al., 1997). Similarly, Gyc-89Db does not contain the full complement of
The ratB2 subunit, which is slightly NO sensitive (Koglin et these residues — only containing those residues supplied by
al., 2001), does however retain these cysteine residues. Gybe B subunit (Fig.1B). These analyses have predicted that
88E and CP12881 are similar to Ms@B-and the ra2  Gyc-88E, like MsG(B3 and the raf32 subunit, will form
active homodimers, whereas Gyc-89Db will require
Fig. 1. Sequence analysis @yc-88E and Gyc-89Db (A) Intron/ heterodimerization with either Ggte99B or Gyc-88E to form

exon structure and splice variants of the coding region of Gyc-gggn active enzyme (Morton and Hudson, 2002).

Exons are represented by boxes while introns are indicated with An unrooted phylogenetic tree generated from a ClustalX
lines. The guanylyl cyclase functional domains are also indicated@nalysis illustrates the relationships betweenftizad B-like

The two splice variants are generated through the use of alternatigeibunits of the soluble guanylyl cyclases (2)g.MsGCg3
splice/donor sites to vary how exons 10 and 11 are connected ¢dusters with its orthologues, Gyc-88E, CP12881 andChe
yield Gyc-88E-SandGyc-88E-L, which includes an additional 2b.  elegansgene GCY-31. Gyc-89Db clusters with Gyc-89Da,
The extra 2bp in Gyc-88E-Ltranslates into a seven amino acid p3998 (the Anopheles gambiaerthologue to Gyc-89Da
stretch that contains potential PKC and PKG phosphorylation motifs, 1 Gyc-89Db) and theC. elegansgene GCY-33. The

KITFS and KKIT, respectively. (B) Multiple sequence alignment of ., /e ntignal NO-sensitivBl subunits from vertebrates and
Gyc-88E and Gyc-89Db with selected atypical guanylyl cyclase

subunits. The other sequences included in the alignment are Msegvertebrates form a distinct cluster, while the remaining five

B3 (Nighorn et al.,, 1999), CP12881, the predicted orthologue of”" elegz.ins soluble .guanylyl cycla.s-e subunits and the
MsGCB3 in Anopheles gambiagaccession number EAA01162), MammalianB2 subunits form two additional separate groups.

and the raf32 subunit. Gyc-88E shares a high degree of sequence . . .
identity over the N-terminal and catalytic domains with Msg- ~ BOthGyc-88Esplice variants are expressed in larvae and

and CP12881, whereas the C-terminal domains are more divergent, adults

except for two highly conserved sections of 21 and 10 amino acids A northern blot, usingsyc-88Eas a probe, revealed a single
(underlined). Gyc-88E, MsG@3, CP12881 and the r@2 subunit ~ Gyc-88Etranscript of approximately Kb (Fig.3A). This is

all have the necessary catalytic residues (marked ‘BBfeubunit  gphout twice the size of the coding region of the transcript,
residues and ‘A’ fora subunit residues) that are predicted to beindicating extensive '5and/or 3 untranslated regions. This

required for forming an active homodimer (see Morton and Hudsoq . . .
. _ _ ranscript was present in both larval and adult stages, with
2002 for a more extensive discussion). By contrast, Gyc-89Db has P P 9

the residues characteristic oBaubunit but is lacking some of those apparently higher levels of transcript present in the adult

necessary for an subunit. All four of the insect subunits shown lack (Fig. 3A). .
two cysteine residues (indicated with asterisks) required for NO 10 determine whether there was any developmental
activation, which are present in the @2 subunit. A histidine regulation of the differenGyc-88Esplice variants, we used

residue, thought to be the axial ligand for the heme group ilRT-PCR to examine their expression in larvae and adults
conventionabi/B heterodimers (Zhao et al., 1998), is present in all of(Fig. 3B). Two pairs of nested primers were designed to
the subunits shown (indicated with a ‘+’). amplify a region across the splice junction to yield dF®r




2328 K. K. Langlais, J. A. Stewart and D. B. Morton

Gyc-88E

|—1 CP12881

| MsGC-3

GCY-31
— Gyc-89Da

I L Gyc-89Db

I P3998

— GCY-33

Gycp-100B

l MsGC-p1
Rat-p1
T { Human-p1
Tagifuku-p31
Medaka-[31
Hemicentrotus-f1
T GCY-32
{ ' GCY-34
GCY-36
- GCY-35
GCY-37
I Rat-f32
' Human-f2

Fig. 2. Phylogenetic tree showing the relationships betweefd #ral 3-like subunits of soluble guanylyl cyclases. The first atypical guanylyl
cyclase subunit characterized, Ms@8&.- clusters close to Gyc-88E, CP12881 frémophelesand GCY-31 fromC. elegans A second
grouping contains the remaining atypical subunits fidrasophila Gyc-89Da, Gyc-89Db, P3998 fromnophelesand GCY-33 fromC.
elegans All the conventional solublBl subunits, which form NO-sensitieel/31 heterodimers, cluster together in a group that includes both
vertebrate and invertebrate subunits. The remaining soluble guanylyl cyclases. fetd@gansluster together in a separate grouping and the
mammaliar2 subunits also appear to form a separate distinct cluster.

91bp product, corresponding Byc-88E-Sand Gyc-88E-L,  present in all lanes corresponds to genomic DNA
respectively. A high-resolution 3% agarose gel was then usembntamination in the samples.
to resolve the two products. We detected PCR products
corresponding to bottbyc-88E-Land Gyc-88E-Sin samples Guanylyl cyclase activity of Gyc-88E and Gyc-89Db
from both larvae and adults (FigB). The 14p fragment To test the predictions described above, we subcloned the
Gyc-88E and Gyc-89Db open reading frames into the
mammalian expression vector pcDNA3.1. These constructs
A were then transiently transfected in COS-7 cells and the
L A resulting extracts assayed for guanylyl cyclase activity. As
expected, and confirming previously reported preliminary data
(Morton, 2004), Gyc-88E displayed basal activity in the
absence of other subunits. Both splice variants of Gyc-88E
- . S were also active in the absence of additional subunits and both
yielded similar levels of activity (FigtA). All previously

Fig. 3. Expression oByc-88Ein larvae and adults. (A) Northern blot
showing the &b transcript foiGyc-88Eis present in both larvae (L)

and adults (A). For a loading control, membranes were stripped and
re-hybridized with a DIG-labeled riboprobe for the ribosomal protein
RP49. (B) Both splice variants @yc-88Eare expressed in both
larvae and adults. RT-PCR was used to amplify across the junction
between exons 10 and 11 to distinguish betw&gn-88E-Sand
Gyc-88E-L Both a 7(p (Gyc-88E-$and a 9bp band Gyc-88E-L)

were detected in samples from both larvae and adults in the presence
of reverse transcriptase (+). These two bands were not observed
when the reverse transcriptase was omitted (-). Thebd4fand
observed in all lanes results from the amplificationGyfc-88E
genomic DNA contamination.
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described guanylyl cyclases require a metal ion co-factor (Mglowever, when we co-expressed @Gy29B (also obtained as
or Mn) for activity, with Mn yielding higher levels of activity an EST clone from BDGP) with Gyc-89Db, we again failed to
compared with Mg (Lucas et al., 2000). Gyc-88E exhibiteddetect any enzyme activity (FigD). To test that our Gyec
similar properties, with both slice variants yielding 99B cDNA was expressed properly, we also cloned the
significantly higher levels of activity in the presence of MnDrosophila conventionalf3 subunit, Gy@-100B, using RT-
compared with Mg (FigdA). As a comparison, we also PCR, subcloned it into pcDNA3.1 and co-expressed it with
transfected COS-7 cells with a plasmid coding for theGycn-99B. As expected, this gave significant basal activity
Manducaguanylyl cyclase, MsG@3 (Nighorn et al., 1999). that was enhanced in the presence of Mn @). The only
The activity of MsSGCB3 in the presence of either Mg or Mn other subunit that was predicted to contain the necessary
was at least 10-fold higher than that of Gyc-88E (E#&j), but  residues to form an active enzyme with Gyc-89Db was Gyc-
whether this was due to an intrinsically higher level of specifi@8E (Morton and Hudson, 2002). When these two subunits
activity or whether it reflected higher levels of proteinwere co-expressed, the level of basal activity, in the presence
expression is not known. To further investigate possibl®f either Mg or Mn, was higher than when Gyc-88E was
enzymatic differences between the two Gyc-88E splicexpressed alone (FigD), suggesting that Gyc-88E and Gyc-
variants, we assayed cell extracts for guanylyl cyclase activit§9Db are capable of forming active heterodimers and might be
in the presence of differing concentrations of GTP and eithgrartnersn vivo.No difference was seen in the levels of activity
Mg or Mn (Fig.4B). Michaelis—Menten kinetics analysis was when either splice variant of Gyc-88E was co-expressed with
applied to the results to examine differences inkh®r Vmax ~ Gyc-89Db (data not shown). As with all previously described
between the splice variants. Estimates for the valuKnof guanylyl cyclases, the level of activity of the heterodimer was
for both splice variants were similar to each other in theenhanced in the presence of Mn compared with Mg.
presence of Mg (Gyc-88E-S, 2.8+0rnoll-L; Gyc-88E-L, As described above, earlier studies showed that some, but
2.5+0.6mmol I~} and Mn (Gyc-88E-S, 0.03+0.08moll-%; not all, activators of conventional soluble guanylyl cyclases
Gyc-88E-L, 0.02+0.02nmoll-1). The values foWmax Of the  were capable of activating Gyc-88E and Gyc-88E/Gyc-89Db
splice variants were also the same as each other in the presefidderton, 2004). To gain further insight into these differences,
of Mg (Gyc-88E-S, 6.5+0.pmol cGMPmin—mg? protein;  we tested several different classes of NO donors in guanylyl
Gyc-88E-L, 6.0+0.omol cGMPmin-1 mg1 protein) and Mn  cyclase assays. We found that only SNP and the two S-nitroso
(Gyc-88E-S, 5.1+0.pmol cGMPmin~1mg? protein; Gyc- compounds SNAP and SNOG were able to significantly
88E-L, 5.2+0.3pmol cGMPmin~1 mg-1 protein). stimulate Gyc-88E (FigdE). As previously reported, DEA-
Previous studies showed that the NO donor SNP slightifONOate was ineffective at stimulating Gyc-88E (Morton,
activated Gyc-88E (Morton, 2004). F#C shows that this is 2004). We repeated this experiment and also tried two
also true for both of the splice variants of Gyc-88E, and agaiadditional NONOates, NOC-12 and spermine NONOate, but
no differences are seen between the two variants. As showo members of this class of NO donors were effective at
previously, this increase was much smaller (2—3-fold) thastimulating Gyc-88E. In addition, again as previously reported,
seen with conventional/B subunits such as thelanduca the NO-independent soluble guanylyl cyclase activator YC-1
MsGC-01/MsGCf1 heterodimers shown here. The was also ineffective at stimulating Gyc-88E. When Gyc-88E
preliminary report on the properties of Gyc-88E showed thatvas co-expressed with Gyc-89Db, activity was significantly
although SNP was an effective activator, another NO donastimulated by all of the NO donors except DEA-NONOate
(DEA-NO) was ineffective, as was YC-1 (Morton, 2004), an(Fig. 4F). Not only was the basal activity of Gyc-88E enhanced
NO-independent activator of conventional soluble guanylylvhen it was co-expressed with Gyc-89Db but the SNP-,
cyclases (Friebe and Koesling, 1998). These data suggest8NAP- and SNOG-stimulated activity was also significantly
that NO was not the active component of SNP breakdown. Tiocreased. Interestingly, whereas two of the NONOates, NOC-
further investigate this possibility, we tested whether the SNPE2 and spermine NONOate, and the unrelated NO donor SIN-
stimulated activity was sensitive to the conventional solubld were ineffective at stimulating Gyc-88E, all three stimulated
guanylyl cyclase inhibitor ODQ. FigC shows that ODQ was the Gyc-88E/Gyc-89Db co-expression samples. This was in
ineffective at inhibiting the SNP-stimulated activity of Gyc- contrast to DEA-NONOate, which was ineffective at
88E, although it was a potent inhibitor of the activation ofstimulating Gyc-88E when expressed alone or when co-
MsGC-a1/MsGC{1. expressed with Gyc-89Db. Similarly, YC-1 was ineffective at
To examine the guanylyl cyclase activity of Gyc-89Db, westimulating either the Gyc-88E or the Gyc-88E/Gyc-89Db
subcloned its coding sequence, obtained as an EST clone fraamples. By contrast, all the NO donors and YC-1 were potent
the Berkeley Drosophila Genome Project (BDGP), into activators of theDrosophila conventional soluble guanylyl
pcDNAS.1 and transiently expressed it into COS-7 cells. Agyclase, Gya-99B/Gy{3-100B, and at the concentration used
previously demonstrated (Morton, 2004), Gyc-89Db displayedhere (10Qumol I-1) they were all similarly effective (FigG).
no activity when expressed in the absence of additional
subunits (Fig4D) whether Mg or Mn was included as the Gyc-88EandGyc-89Dbare expressed in the peripheral and
metal cofactor. One possible heterodimer partner is the central nervous system
Drosophilaa subunit, Gya-99B (Morton and Hudson, 2002).  To determine the cellular localization @yc-88E and
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Guanylyl cyclase activity (pmol cGMP min~! mg~! protein)

Gyc-89Dh we performed in situ hybridization using visible in the anterior and posterior of the embryo in 5@.D
fragmented DIG-labeled RNA probes on wh&@eosophila  are not part of the CNS and are discussed below. Application
embryos and 3rd instar larval central nervous system®f a sense riboprobe generated fr@yc-88Eor Gyc-89Db
Gyc-88Eexpression was detected in a segmental pattern in thygelded a low level of background staining throughout the
ventral nerve cord (VNC) and in the brain in embryos,embryos with no cells stained (FiBE —Gyc-88E Fig.5F —
beginning at stage 15 or 16 and continuing through stage 1Gyc-89D).

(Fig. 5A — horizontal view; FighC — lateral view)Gyc-89Db We also examine@yc-88EandGyc-89Dbexpression in the
showed a similar expression pattern in the VNC and brain b@NS of wandering 3rd instar larvae (F&. Expression of
could be detected as early as stage 13 (data not shown) @wath guanylyl cyclases was observed in single cells scattered
also continued through stage 17 (8. — horizontal view; throughout the brain lobes and VNC. In the brain, expression
Fig. 5D — lateral view). In stage 17 embryos, the total numbeof Gyc-88E and Gyc-89Dbwas most prominent in a small

of cells that expresse8@yc-88Ewas noticeably higher than the cluster of cells located in the anterior medial region of each
number of cells that express&i/c-89Dh especially in the lobe (Fig.6A — Gyc-88E Fig.6B —Gyc-89D)). In the VNC,
brain (compare FigoC and Fig5D). Stained single cells Gyc-88Eand Gyc-89Dbexpression was found in both lateral
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Fig. 4. Guanylyl cyclase activity of Gyc-88E and Gyc-89Db. COS-7determinations. (D) Guanylyl cyclase activity of Gyc-89Db. No
cells were transiently transfected with pcDNA3.1 vectors containingnzyme activity was detected when Gyc-89Db was expressed in the
the open reading frames of various soluble guanylyl cyclase subunigbsence of additional subunits or when co-expressed witti-G98

and the cell extracts assayed for guanylyl cyclases activity under ttie either the presence ofrdmol -1 Mg or 4mmoll-1 Mn. However,
conditions shown. (A) Gyc-88E exhibits enzyme activity in thewhen Gyc-89Db was co-expressed with Gyc-88E, greater basal
absence of additional subunits and has higher levels of activity in thectivity was detected than when Gyc-88E was expressed alone. The
presence of Mn compared with Mg. Thenducaguanylyl cyclase, basal activity was enhanced in the presence of both Mg and Mn. The
MsGC{33, exhibits similar properties and was included fordata shown represent pooled values for Gyc-88E-S and Gyc-88-L, as
comparison. The two splice variants of Gyc-88E (Gyc-88E-S ando differences were seen between the different splice variants. Data
Gyc-88E-L) yielded similar levels of activity as each other. Datashown represent the meanss£.m. of six determinations. (E-G)
shown are the means st=.M. of three determinations. (B) Kinetic Guanylyl cyclase activity of thBrosophilasoluble guanylyl cyclase
analysis of Gyc-88E-S and Gyc-88E-L. Cell extracts were assayed feubunits in the presence of @®ol |- of the NO donors SNP, SIN-
guanylyl cyclase activity in the presence of 0.1#foll-1 GTP in 1, SNAP, SNOG, DEA-NONOate, NOC-12 and spermine NONOate
the presence of eitherrdmoll-1 Mg or Mn. A Michaelis—Menten and the NO-independent activator of soluble guanylyl cyclase YC-1.
curve was applied to the resulting data using Graphpad Prism 3.0. Nthe subunit combinations shown are Gyc-88E (E), Gyc-88E co-
difference inKm or Vmaxwas observed between the splice variants inexpressed with Gyc-89Db (F) and @y89B/Gy{3-100B (G). The

the presence of Mg or Mn. (C) The NO donor sodium nitroprussidelata shown represent pooled values for Gyc-88E-S and Gyc-88-L, as
(SNP) stimulated the activity of both splice variants of Gyc-88E andho differences were seen between the different splice variants. Data
this stimulation was unaffected by the guanylyl cyclase inhibitor 1Hshown represent the meanss#.wm. of at least four determinations.
[1,2,4]oxadiazolo[4,3,-a]quinoxaline-1-one (ODQ). By contrast,For all graphs, the data were analyzed using one-way ANOVA: ‘ns’
ODQ virtually eliminated the activation of th@landuca MsGC- represent$>0.05, **P<0.01 and **¥<0.001. For the data shown in
al1/B1 heterodimer by SNP. Assays were carried out in the presenée C and D, Tukey—Kramepost-hoctest was used and, for E-G,

of 4mmoll-1 Mg. Data shown are the meansskm. of three  Dunnett's multiple comparison test was used.

and midline cells. In the ventral region of the VN&yc-88E  similar number of individual cells, with more prominent cell

(Fig. 6C) andGyc-89Db(Fig. 6D) expression was found in a clusters located in the more anterior part of the VNC. In the
dorsal region of the VNC,Gyc-88E
(Fig. 6E) expression was found in a large
number of cells in the lateral regions while

’ Gyc-89Db (Fig.6F) was found in

. noticeably fewer cells. The uniform
background staining, which was most
prominent in the brain lobes, was also
observed in samples hybridized with sense
probe (data not shown), indicating non-
specific staining similar to that observed in
embryo preparations (Fi§E,F).

In stage 17 embryo§yc-88EandGyc-
89Db were also expressed in a number of
cells that appeared to be associated with the
peripheral nervous system (FiY). The
overall pattern of this peripheral staining
was very similar for probes to bothyc-
88E and Gyc-89Db Both Gyc-88E

—_— (Fig. 7A — horizontal view; Fig7C -

lateral view) andGyc-89Db (Fig. 7B —

Fig. 5. Localization ofGyc-88EandGyc-89Dbexpression in the central nervous system ofhorizontal view; Fig7D — lateral view)
Drosophilaembryos In situ hybridization experiments were performed on whole embryosyere expressed in two cells on each side of
using fragmented DIG-labeledyc-88E or Gyc-89Db riboprobes. (A,C) Gyc-88E segments T1, T2 and T3 and in one cell on
expression in stage 16 embryos. Expression was detected in a segmental pattern iléé% side of A1 and A2. The cells in
ventral nerve cord and throughogt .the brain (open arrowhead). (B,D) .Gyc'89%%gment A2 often stained very weakly and
expression in stage 17 embryos. A similar pattern of expression was detected in the ventral -
nerve cord and brain, although noticeably fewer cells stain in the brairQya89Db were nqt always d.etected. The.posmons of
(open arrowhead). A and B show the horizontal view, while C and D show the IateFQfa Sta}'n?d cells in the thor.aCIC segments
view. Application of a sense probe generated fréiyc-88E (E) or Gyc-89Db (F) ~ areé similar to the locations of the
demonstrates that the low level of ubiquitous background staining observed reflects ri@fryonic/larval basiconical sensilla. As a
specific hybridization. Anterior is always left and ventral is down in side views. Squaggeliminary test to determine whether both
brackets in C and D indicate the position of the ventral nerve cord. Scale bpm100 guanylyl cyclase subunits were co-
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expressed in the same cells,
hybridized embryos to both prok
simultaneously. In these experime
the number of lateral cells that stail
was the same as when each probe
used individually: two cells on ea
side of segments T1, T2 and T3 and
cell on each side of Al and .
(Fig. 7E; Table2).

In addition to the lateral cells, bc
probes hybridized to cells that appes
to be associated with the ganglia
innervate the head sensory org
(Fig.7F — Gyc-88E Fig.7G -
Gyc-89Dh). Gyc-88E hybridized to
single pair of cells wheredsyc-89Dk
was expressed in 2-5 closely grou
cells on each side of the embryo.
addition, theGyc-89Dbprobe staine
4-5 closely grouped cells per s
located in a more posterior posit
(not visible in the focal plane shown
Fig. 7G). These cells will be descrik
in more detail later. FinallyGGyc-88E
and Gyc-89Dbwere also found in 1

A
‘ v.

B - D
. | .
.‘ —— -
Fig. 6. Gyc-88EandGyc-89Dbexpression in the central nervous system of third instar larvae.

In situ hybridization was performed on isolated third-instar central nervous systems using the
same riboprobes used in the embryo experiments. (A,B) Expression in the brain lobes.
Gyc-88E(A) and Gyc-89Db(B) expression was found in scattered cells throughout the brain
but was most prominent in a small cluster of cells located in the anterior medial region of each
brain lobe (open arrowheads). (C—F) Expression in the ventral nerveGyar@8E(C,E) and

Gyc-89Db(D,F) expression was found in scattered cells located laterally and in the midline

(midline marked with broken line). The pair of images shown in C and E and in D and F are
from the same preparation but are viewed at different focal planes. Anterior is up in all panels.
Scale bar, 20Qm.

cells in segments A8 and A9 (tels
Fig. 7H —Gyc-88E Fig. 71 —Gyc-89Dh
three focal planes shown for e:
probe) in an apparently overlapp
pattern. These cells appear to
associated with the clusters of neurons that innervate the h@mber of cells (12) in segments A8 and A9 (Fig. three
external sensory cones found in segments A8 and A9. Tiocal planes shown) in the double-labeled embryos as
determine if both probes hybridized to the same cells, wa embryos labeled withGyc-88E or Gyc-89Db probes
examined the preparations where b@tc-88EandGyc-89Db  individually. This suggests that both guanylyl cyclases were
probes were used simultaneously, counted the number of cetls-expressed in the same cells in these segments. In the
that stained and compared these results with the number afiterior region of the embryo, whe@yc-89Dblabels more
cells stained using a single probe. We counted the sancells thanGyc-88E we never observed more labeled cells

Table 2.Summary of data from the riboprobe/22C10 double label and double riboprobe experiments

Head segments AL or A2

ventral group

T2orT3
lateral cluster

T2orT3
ventral cluster

Dorsal ganglion A8/A9

Total neurons in ~20 20+ ND 11 15 8 ND
ganglion or cluster
per hemi-segment

Terminal ganglion T1

Gyc-88E 0 1 2 1 1 1 6
Gyc-89Db 4-5 2-5 2 1 1 1 6
Both probes 4-5 2-5 2 1 1 1 6
Identity ND ND ND les ves v'td ND

Diagrams of thédrosophilaperipheral nervous system by Younossi-Hartenstein and Hartenstein (1997), Bodmer and Jan (1986), Brewster
and Bodmer (1995) and Stocker (1994) were used to identify the neuron cluster or ganglion location of neurons thatGyp&gisedd
Gyc-89Dhin stage 17 embryos. Numbers refer to each side of the animal and were obtained by examining at least 50 embryos thed were labe
with a riboprobe for each guanylyl cyclase, either individually or used together, and the 22C10 antibody. Embryos tréatiddribprobes
stained the same number of cells in the thoracic and abdominal segments, indica@yg4B@EandGyc-89Dbare co-expressed in the same
neurons. ND, not determined.
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Fig. 7. Localization ofGyc-88EandGyc-89Dbin cells associated with the embryonic peripheral nervous sybtesitu hybridization on stage

17 embryos also revealed thiayc-88Eor Gyc-89Dbwere both expressed in several peripherally located cells. (A,C) Expressiyt-88E

(B,D) Expression o65yc-89Db A and B show the horizontal view, while C and D show the lateral view. On each side of the embryo, two cells
were detected in segments T1, T2 and T3, arranged in either an upper row or a lower row of cells, and a single cell dviesAletautieA2.

Left is always anterior and down is ventral in side views. (E) Application of both probes simultaneously resulted in thensamefrcells
staining in segments T1-A2 as when each probe was applied individually. (F,G) ExpresSiana8&Eand Gyc-89Dbin the head segment.
Gyc-88E(F) was expressed in a pair of cells, witgc-89Db(G) was expressed in more cells (2-5 per side in the clusters in focus, and 4-5
per side in clusters located in a more posterior position and out of focus, indicated with open arrowheads). Horizontal shews,aand
anterior is up. (H-J) Expression @f/c-88Eand Gyc-89Dbin segments A8 and A9. Three consecutive focal planes of focus are shown starting
from most ventral (left) to dorsal (right) to capture all cells. Bgye-88E(H) andGyc-89Db(l) are expressed in a total of 12 cells. The cells
are numbered arbitrarily. (J) When both probes were used simultaneously, the number of cells detected remained the sam20Goale

using both probes together than the maximum number of celieeurons that innervate various external sensory organs and the
observed in theGyc-89Db single probe preparations. This trachea. Comparison of our data with detailed diagrams of the
suggests that the cells that expressgd-88Ealso expressed peripheral nervous system (Stocker, 1994; Bodmer and Jan,
Gyc-89Dh but there were some cells that expressed onl{987; Brewster and Bodmer, 1995) allowed us to more
Gyc-89Dhb These data are summarized in Tdble specifically identify the cell or cell cluster.

To determine if the peripheral cells that expressgd-88E In segments T2 and T&yc-88Eand Gyc-89Dbwere co-
and Gyc-89Dbin stage 17 embryos were neurons of theexpressed in one of the three neurons in the lateral and ventral
peripheral nervous system, we combimedaitu hybridization  clusters (Fig8A — Gyc-88E lateral; Fig8B — Gyc-89Dh
with immunocytochemistry using the neuron-specific antibodyateral; Fig.8C — Gyc-88E ventral; Fig8D — Gyc-89Dh
22C10 (Fig8). These experiments demonstrated that theentral) that innervate the basiconical sensilla, which are
Gyc-88E andGyc-89Dbexpressing cells were always stainedexternal sensory organs with a putative chemosensory role
with 22C10 and by their positions were identified as peripherdStocker, 1994). In the lateral T2 and T3 clusters (upper row
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in Fig. 7C,D), Gyc-88Eand Gyc-89Dbwere expressed in one upwards to the location of the basiconical sensillum
of the three les neurons (lateral external sensilla-innervatinglig. 8A,B). In the ventral T2 and T3 clusters (lower row in
(Fig.8A — Gyc-88E Fig.8B — Gyc-89Dh). The collected Fig.7C,D), Gyc-88EandGyc-89Dbwere expressed in one of
dendrites from the three les neurons were observed to projebe three (ves) neurons (ventral external sensilla-innervating)

B *

s

Fig. 8. Gyc-88E and Gyc-89Dbare expressed in neurons of the peripheral nervous systesitu hybridization (blue/black stain) was
combined with immunohistochemical staining with the neuronal antibody 22C10 (brown stain). Stained cells are indicatedch with ope
arrowheads and are identified where possible. (A,B) ExpressiGy®mB8Eand Gyc-89Dbin the lateral neuron clusters of segments T2 and
T3. The example shown is segment T3 (T2 was identiGg}-88E(A) and Gyc-89Db(B) were expressed in one of the three les neurons that
innervate a lateral external basiconical sensillum. In both of these panels, dendrites from the three les neurons caedhie ebtend
towards the basiconical sensillum (location marked with an asterisk). (C,D) ExpressByt-88E and Gyc-89Dbin the ventral neuron
clusters of segments T2 and TByc-88E(C) andGyc-89Db(D) were expressed in one of the three ves neurons that innervate a ventral
external basiconical sensillum. Again, the example shown is in segment T3 (T2 was identical). (E,F) Expré€ssieB8Band Gyc-89Dbin

the neuron clusters of segments Al and Bgc-88E(E) andGyc-89Db(F) were expressed in one of two v'td that innervate specific tracheal
branches. The example shown is in segment Al (A2 was identical but the staining was less intense). The stained cell thasnabstys
anterior of the pair. (G—I) Expression @fc-88Eand Gyc-89Dbin the head segmeryc-89Dbwas expressed in 4-5 neurons in each of the
dorsal ganglia (one on each side) (G), and in 2-5 neurons in each of the terminal (maxillary) ganglia (one on each Gide3&H).
expression was found in one neuron in each terminal ganglion (l). Note the dendrites projecting towards the head sgsiffeegdigh of
Gyc-88EandGyc-89Dbin the caudal sensory cones in the tel€dyc-88E(J) andGyc-89Db(K) were expressed in one of at least two neurons
that innervate each of the caudal sensory cones in segment A9. The neighboring neuron that does not express guanyiytmatiedevith

an asterisk. In K, the dendrite is clearly seen to extend from the neuron that ex@gsgIDbto the extreme tip of the sensory cone,
appearing to extend past the edge of the main body of the cone as a short protrusion. Scalenbar, 30
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(Fig.8C — Gyc-88E Fig.8D — Gyc-89DW. In the thoracic subunits, which form obligatex/B heterodimers that are
segments, the position of the single guanylyl cyclasepotently activated by the gaseous messenger molecule NO
expressing cell in the cluster of three external sensilla neuroifsucas et al., 2000). One of the remaining thegc-88E is
was variable. In segment Al and A2yc-88EandGyc-89Db  the orthologue of MsG@3, aManduca sextaoluble guanylyl
were expressed in one of the two v'td neurons (ventral tracheeyclase subunit that forms active homodimers and is
dendrite) (Fig8E — Gyc-88E Fig.8F — Gyc-89Dl), which  insensitive to NO (Nighorn et al., 1999; Morton and Anderson,
wrap their projections around specific tracheal branche8003). Additional orthologues of MsGRE3 include CP12881,
(Bodmer and Jan, 1987). The stained neuron in A1 and A2 was predicted subunit identified in th&. gambiaegenome,
always in the anterior-most position of the two v'td neurons.and GCY-31, identified inC. elegans.The remaining two

In the anterior region of the embryd&yc-89Db was  Drosophila soluble cyclasesiyc-89Daand Gyc-89Dh fall
expressed in more cells thaByc-88E Gyc-89Db was into a previously uncharacterizdtlike subunit group that
expressed in four neurons in the dorsal ganglion @&J. includes P3998 frominophelesand GCY-33 inC. elegans
These cells correspond to the cells that were out of the plai@yc-89Daand Gyc-89Dbare 83% identical to each other and
of focus in the preparation shown in Fig:. The dorsal are located adjacent to each other on the genome, suggesting
ganglion innervates a sensory structure, known as the dorghke occurrence of a recent gene duplication event. As the
organ, that is thought to be the main site of olfaction in larvadnopheleggenome appears to only have a single copy of an
(Stocker, 1994; Heimbeck et al., 199@yc-89Dbwas also orthologous gene, this duplication is likely to have occurred
expressed in three large neurons and up to two more wealdfter the divergence of these two dipterans.
stained cells in the terminal ganglion of the maxillary organ A structural feature that Gyc-88E shares with Ms@&Cand
(Fig.8H), a structure that includes several types of sensill&€P12881 is a long C-terminal extension (Higthat is not
(Stocker, 1994)Gyc-88Ewas also expressed in the terminal found in31 subunits. The C-terminal extensions of Ms@;-
ganglion but was only expressed in a single neuron 8hig. Gyc-88E and theé\nophelesorthologue CP12881 are highly
The cells of the terminal ganglion that expr&g-88Eand  divergent, except for two conserved stretches of 21 and 10
Gyc-89Dbare the same cells that are in the focal plane immino acids, suggesting that these regions play an important
preparations shown in FigF,G. role in enzymatic regulation. Removing the entire C-terminal

In segments A8 and A9Gyc-88E and Gyc-89Dbwere  extension from MsG@3 decreased th€m in the presence of
expressed in a subset of neurons that innervate the five sensbty, while no change was measured in the presence of Mn
cones, which also have putative chemosensory roles (Stocké@korton and Anderson, 2003). These results suggested that the
1994). The five sensory cones are named according to thé&rterminal domain formed an auto-inhibitory domain in
positions — one caudal, two dorsal caudal, one dorsal later®lsGC{33 (Morton and Anderson, 2003). The estimated values
and one dorsal medial — and contain a combination of trichoifbr Km for Gyc-88E were similar to those for Ms@33; in
and basiconical sensilla (Stocker, 1994). A single neuron iparticular the almost 20-fold reduction in the presence of Mn
each of these sensory cones was observed that expressethpared with Mg, suggesting that the C-terminal domain of
Gyc-88E and Gyc-89Db (Fig.8J — Gyc-88E Fig.8K —  Gyc-88E might also be inhibitory. However, removal of this
Gyc-89DHh). These neurons correspond to the cells numberedomain in Gyc-88E did not produce any change in the kinetic
2, 3 and 5-12 in FigilG—I. In some cases, it was possible toparameters (K.K.L. and D.B.M., unpublished data). An
trace the dendrite from the neuron that stainedGge-88E  interesting feature with a potential role in regulation that is not
or Gyc-89Dbto the tip of the sensory cone (F8K), a found in the C-terminal extensions of Ms@3-or CP12881
characteristic of chemosensory neurons (Dambly-Chaudiere ate the phosphorylation motifs located in the seven additional
al., 1992). The remaining two neurons, numbered 1 and 4 mesidues found in the Gyc-88E-L splice variant (R#).
Fig. 7G—l, had dendrites that projected in a posterior directionVhile no differences in the activity or kinetics were found
but we could not determine their target of innervation becaudsetween the splice variants in this study, it is possible that
it was not possible to follow them to their terminus. phosphorylation of this site alters Gyc-88E-L activity.

Biochemical properties of Gyc-88E and Gyc-89Db

Discussion Gyc-88E shares a number of unusual sequence and structural
Sequence analysis Glyc-88Eand Gyc-89Db features with MsG@3. Firstly, like the receptor guanylyl
This report further describes the initial characterizatiorcyclases and unlike all knowsil subunits, both Gyc-88E and
of two atypical soluble guanylyl cyclase subunits fromMsGC{33 possess all of the residues thought to interact with
Drosophilathat we have designatéslyc-88EandGyc-89Db  the Mg-GTP substrate (Fi@B; for a detailed discussion of
The Drosophila genome contains five genes that code fohomodimer/heterodimer predictions and a model of the
soluble guanylyl cyclase subunits (Morton and Hudson, 200Zatalytic site, see Morton and Hudson, 2002). Previous studies
Morton, 2004) and only two of thesByca-99B (dgc-al) and  showed that MsG@3 does yield basal activity in the absence
Gyc3-100B (dgcl), have been characterized (Shah andf other subunits (Nighorn et al., 1999) and forms homodimers
Hyde, 1995; Gibbs et al., 200Qyca-99BandGy¢3-100Bare  (Morton and Anderson, 2003). These studies formed the basis
the orthologues of the conventional mammalieh and1l  for the prediction that Gyc-88E would also yield basal activity
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in the absence of other subunits, a prediction demonstrated to lbeterodimer, where all the compounds tested were effective at
correct in this and a previous study (Fg.Morton, 2004). stimulating guanylyl cyclase activity. The fact that several
While MsGC#f3 yielded higher levels of basal activity than different structural classes of NO donors were capable of
Gyc-88E, the basal activity of Gyc-88E was nevertheless similactivating both Gyc-88E and the Gyc-88E/Gyc-89Db
to that of theManducaa1/31 heterodimer. Unlike all knowfil ~ heterodimers suggests that NO, rather than another breakdown
subunits and the mammalig@2 subunits, both Gyc-88E and product of these compounds, was the active component in these
MsGC{33 have substitutions at two cysteine residues known texperiments. This conclusion was strengthened by our finding
be crucial for heme binding and NO activation in thefht that Immoll~1sodium cyanide (SNP breakdown also produces
subunit (Friebe et al., 1997; FiB). Extracts made from COS- cyanide ions) failed to stimulate Gyc-88E (data not shown).
7 cells transiently transfected with Ms@3-yielded no increase It is unclear why SNP and tH&nitroso compounds were
in activity over basal levels when NO donors were appliedble to significantly stimulate Gyc-88E while other compounds
(Nighorn et al., 1999). This observation, together with itSfailed to do so. Also unknown are why some of the NONOates
sequence features, led to the prediction that Gyc-88E would alsere capable of stimulating the Gyc-88E/Gyc-89Db
be NO-insensitive (Morton and Hudson, 2002). heterodimer whereas DEA-NONOate was ineffective and why
Preliminary data suggested that this was in fact the caseone of the NONOates were capable of activating Gyc-88E. It
Although SNP slightly activated Gyc-88E, another structurallyis notable that SNAP and SNOG have a considerably longer
unrelated NO donor, DEA-NONOate, was ineffectivehalf-life of NO release than the other NO donors used (hours
(Morton, 2004). Furthermore, an NO-independent activatorather than minutes), and DEA-NONOate has the shortest half-
of conventional soluble guanylyl cyclases, YC-1, was alsdife of the NONOates tested. All these compounds were
ineffective (Morton, 2004). This suggested that the mechanis@pproximately equally effective at stimulating the conventional
of activation of Gyc-88E was quite distinct from that of Gycu-99B/Gy@3-100B heterodimers at the concentrations
conventionala/p heterodimers and that it was likely to be used. |If this concentration is supramaximal for the
another breakdown product of SNP and not NO that activatezbnventional subunits, but submaximal for Gyc-88E and
Gyc-88E. Results from the present study, however, suggest thayc-89Db, then the lower concentration of free NO with some
NO might be capable of activating Gyc-88E. Although DEA-of the donors could explain the data. In addition, although there
NONOate was again found to be ineffective, several othawas no statistically significant increase in activity of Gyc-88E
structurally unrelated NO donors yielded a small but significan the presence of the NONOates, they all showed a slight
increase in activity. However, compared with the 10-20-foldncrease. Further dose—response studies of the different donors
stimulation of conventionalt/3 heterodimers, stimulation of might resolve this issue.
Gyc-88E was only 2—3-fold. Four different structural classes of Our experiments with ODQ further illustrate differences
NO donors were tested for their ability to activate Gyc-88Ebetween the heme group/regulatory domains of the two soluble
SNP and twoShnitroso compounds (SNAP and SNOG) guanylyl cyclases studied in this report and conventiaffal
stimulated Gyc-88E whereas three different NONOates and dreterodimers. ODQ, which is known to block NO stimulation
unrelated compound, SIN-1, were ineffective. of the a/B heterodimers by oxidation of the heme group, had
As predicted and previously reported (Morton, 2004)no inhibitory effect on the SNP stimulation of Gyc-88E. The
Gyc-89Db showed no activity when expressed alone but formeggions of the regulatory domain in Gyc-88E and/or Gyc-89Dh
an active guanylyl cyclase when co-expressed with Gyc-88Hhat are responsible for these biochemical differences remain
Here, we show that Gyc-88E and Gyc-89Db are likely to fornto be discovered.
heterodimersn vivo. Not only are they co-expressed in many As the NO donors at most only weakly stimulate Gyc-88E
of the same cells but no activity was detected when Gyc-89Dénd Gyc-89Db, and MsG@3 is insensitive to NO donors, it
was co-expressed with its other predicted partner, thseems unlikely that NO is the activator of members ofdithe
conventionabl subunit, Gya-99B. It is possible that Gyc-88E family in vivo. Although the nature of thie vivo activator is
and Gyc-99B dimerize, as do MsG@3 and MsGCal  unknown, there are some suggestions based on studies of
(Morton and Anderson, 2003), but, possibly due to misfoldingMsGC{33. There is circumstantial evidence that Ms@ELis
these heterodimers are inactive. In addition to increased basaitivated by the neuropeptide eclosion hormdaa pathway
activity, Gyc-88E and Gyc-89Db yielded higher levels ofthat might be mediated by protein kinases (see Morton and
activity in the presence of NO donors compared with whersimpson, 2002). The cells that express Gyc-88E, however, do
Gyc-88E was expressed alone. As with Gyc-88E, not all N@ot appear to include likely eclosion hormone target cells in
donors were effective at stimulating the activity of theDrosophila(Baker et al., 1999). Nevertheless, the location of
Gyc-88E/Gyc-89Db heterodimers, but some compounds (SINdotential phosphorylation sites in conserved regions of the C-
1 and two of the NONOates) that were ineffective at stimulatingerminal domain of Gyc-88E suggests that phosphorylation
Gyc-88E did stimulate the heterodimer. Although DEA-might be a mechanism of activation of this family of guanylyl
NONOate failed to significantly increase the activity of thecyclases.
heterodimer, it did appear to have a small positive effect. YC-
1 was also ineffective at stimulating the heterodimer. These  Localization ofGyc-88Eand Gyc-89Dexpression
results contrast with the effects on the conventioméd Evidence that supports the formation of Gyc-88E and
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Gyc-89Db heterodimersn vivo was provided byin situ  feature of chemosensory neurons (Dambly-Chaudiere et al.,
hybridization using probes to both subunits simultaneously. 18992). In segments Al and AGyc-88Eand Gyc-89Dbwere
these experiments, the use of both probes did not label @&xpressed in the anterior-most of the two v'td neurons, each of
increased number of cells in the peripheral nervous systemhich innervates specific non-overlapping tracheal branches.
compared with using a single probe. The number of cells stainéithe function of these neurons is not known. The double-label
in thoracic and abdominal segments was identical when eithexperiments also allowed us to determine the location of the
probe was used individually or when both probes were useguanylyl cyclase-expressing cells we observed in the head
together, suggesting that all these peripheral cells expressed bsttgment.Gyc-88E stained one neuron in each of the two
Gyc-88Eand Gyc-89Db (see Tabl®). In the head segment, terminal ganglia whilesyc-89Dbstained 2-5 neurons in each
however, the total number of cells that we detected was morg# the terminal ganglia and 4-5 neurons in each of the two
variable. Nevertheless, we never observed more stained cellsdorsal ganglia. The terminal ganglion innervates the maxillary
the double-probin situexperiments than the maximum numberorgan, which is known to serve a gustatory function and has at
of cells observed when probing fd@Byc-89Db alone (see least six different types of sensilla (Stocker, 1994; Heimbeck et
Table2). These experiments suggest that some of the anterial., 1999; Oppliger et al., 2000). The dorsal ganglion innervates
cells express botByc-88EandGyc-89Dbwhile others express the dorsal or antennal organ, which consists of seven different
only Gyc-89Db Co-immunoprecipitation experiments are sensilla and is the main olfactory organ in larabsophila
needed to definitively demonstrate heterodimer formation.  (Stocker, 1994; Heinbeck et al., 1999; Oppliger et al., 2000). It
Although there are many cells that appear to co-expresgas not possible to determine which sensilla were innervated
Gyc-88Eand Gyc-89Dh there are several places where onlyby the neurons that expressegc-88Eand Gyc-89Dh
one of the cyclases is expressed. In addition to the peripheralExpression oGyc-88EandGyc-89Dbin peripheral neurons
cells in the head segmentSyc-89Dbwas expressed in the thatinnervate various external sensilla and the trachea was also
CNS at earlier stages th&yc-88E Because Gyc-89Db was detected in newly hatched first-instar larvae (data not shown),
only active in the guanylyl cyclase assays co-expressed wituggesting that these guanylyl cyclases play a role in sensory
Gyc-88E, it is not clear what the function of Gyc-89Db is whertransduction during larval life. Guanylyl cyclases and cGMP
expressed alone. It is possible that@ye-88Etranscript was  signaling have been demonstrated to play an important role in
present in these cells but was present at levels too low to Beveral types of sensory transduction in both vertebrates and
detected within situ experiments or that th&yc-89Db invertebrates (reviewed in Kramer and Molokanova, 2001,
transcript was present but was not translated. AlternativelyWlorton and Hudson, 2002). For example, cGMP produced by
Gyc-89Db may be playing a dominant negative role, bya receptor guanylyl cyclase is the primary signal molecule in
heterodimerizing with other soluble guanylyl cyclase subunitsertebrate phototransduction (Kramer and Molokanova, 2001).
and thus preventing them from dimerizing with subunits thatn Drosophila cGMP appears to play a modulatory role in
would yield an active guanylyl cyclase dimer. A similar phototransduction and olfaction, rather than being involved in
situation has been found with Ms@3; which will form  the primary transduction pathway (Bacigalupo et al., 1995;
inactive heterodimerm vitro with MsGC-a1 and MsGOB1  Morton and Hudson, 2002). In the silkmotBofmbyx moji
(Morton and Anderson, 2003). soluble and particulate guanylyl cyclase activity was measured
In the present study, we have primarily focused on thén the antennae, and Manducathe receptor-like guanylyl
expression ofGyc-88E and Gyc-89Db in the embryonic cyclase MsGC-lI was detected in olfactory receptor neurons
peripheral nervous system, where they are co-expressed inNighorn et al., 2001). I€. elegansseveral different receptor
subset of peripheral neurons. We were able to identify severglianylyl cyclases are expressed in olfactory neurons (Yu et al.,
of the cells staining for both guanylyl cyclases in segments T2997). Two of these, ODR-1 and DAF-11, are co-expressed in
and T3 as one of three neurons (les in the lateral cluster and e chemosensory neuron AWC, and mutations to either gene
in the ventral cluster) that innervate the basiconical sensillaesulted in the abolishment of chemotaxis to all AWC-sensed
Basiconical sensilla are external club-like structures with poresdorants (Birnby et al., 2001; L’Etoile and Bargmann, 2000).
like openings to the outside environment and have a putative Another possible role for the cGMP formed in neurons by
hygroreceptor or chemosensory role (Stocker, 1994; Younosseyc-88E and Gyc-89Db is axonal path-finding (Schmidt et al.,
Hartenstein and Hartenstein, 1997). We also found neuror2002). WhileGyc-88Eexpression was detectable only in later
staining for both guanylyl cyclases in segment A8 and A9 thagambryonic stages when most axonal path-finding events have
innervate all of the posterior cone-shaped external sensiliready occurredzyc-89Dbexpression was detectable in the
(Campos-Ortega and Hartenstein, 1997). We could noperipheral nervous system at stages that coincide with axonal
however, specifically name these neurons, as they are partpdth-finding events (stage 13-16; Campos-Ortega and
large clusters that have not been characterized in great detadlartenstein, 1997). Thus, it is possible that Gyc-89Db plays a
These sensory cones possess both trichoid and basiconicale in both peripheral nervous system development and
sensilla (Campos-Ortega and Hartenstein, 1997). Consistesgnsory transduction.
with a role in chemoreception, we observed a neuronal cell Both Gyc-88Eand Gyc-89Dbwere also expressed in the
body stained for guanylyl cyclase that extended a singlembryonic and larval central nervous syster@gc-89Db
dendrite to the very tip of a sensillum (FBK), a distinguishing  expression in the CNS began as early as stage 12 (data not
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shown) and continued at a constant level througiMeimbeck, G., Bugnon, V., Gendre, N., Haberlin, C. and Stocker, R. F.

embryogenesisGyc-88E expression in the CNS was first (1999). Smell and taste perceptiorDrosophila melanogastdarva: toxin

. . expression studies in chemosensory neurdndeuroscil9, 6599-6609.
detectable at stage 15 or 1Byc-88Eexpression continued Koglin, M., Vehse, K., Budaeus, L., Scholz, H. and Behrends, @001).

throughout embryogenesis but expanded to an increaseditric oxide activates the beta 2 subunit of soluble guanylyl cyclase in the
number of cells throughout the CNS by the end of stage 17.absence of a second subuditBiol. Chem276, 30737-30743.

. Kramer, R. H. and Molokanova, E.(2001). Modulation of cyclic-nucleotide-
Both Gyc-88Eandec—89waere expressed in a number of gated channels and regulation of vertebrate phototransduttiBrp. Biol.

cells in the brain and VNC of third-instar larvae. At this point 204 2921-2931.

it is difficult to speculate on the function of these guanylyl-Etoile, N. D. and Bargmann, C. I. (2000). Olfaction and odor
discrimination are mediated by tli& elegansguanylyl cyclase ODR-1.

cyclases in the nervous system during embryonic developmentya on2s 575-586.
and in larvae, but roles for cGMP signaling have beemeamey, C. A, Ho-Pao, C. L. and Sur, M.(2001). Disruption of

demonstrated in axon guidance (Nishiyama et al. 2003) retinogeniculate pattern formation by inhibition of soluble guanylyl cyclase.
» . L | 2001 Gibb ’I 200 . J. Neurosci21, 3871-3880.
synapse formation ( eamey et al,, , Gibbs et al., :I-_)u Y., Ruoho, A. E., Rao, V. D. and Hurley, J. H.(1997). Catalytic

and cell migration (Haase and Bicker, 2003). mechanism of the adenylyl and guanylyl cyclases: modeling and mutational

The discovery of atypical soluble guanylyl cyclases that are analysisProc. Natl. Acad. Sci. US4, 13414-13419.
. it latively i it to NO i hil Lucas, K. A., Pitari, G. M., Kazerounian, S., Ruiz-Stewatrt, I., Park, J.,
Insensitive or relatively insensitve 10 rosophiig Schulz, S., Chepenik, K. P. and Waldman, S. A(2000). Guanylyl

Manduca and C. eleganssuggests the existence of novel cyclases and signaling by cyclic GMPharmacol. Revs2, 375-414.

pathways upstream of soluble guanylyl cyclase that do ndforton, D. B. (2004). Invertebrates yield a plethora of atypical guanylyl
cyclasesMol. Neurobiol.29, 97-116.

involve NO. The presence of atypical guanylyl qyclases iMorton, D. B. and Anderson, E. A. (2003). MsGCB3 forms active
neurons of the peripheral nervous systenbajsophilathat homodimers and inactive heterodimers with NO-sensitive soluble guanylyl

are amenable to physiological and genetic experimentationcyclase subunitsl. Exp. Biol.206 937-947.

. . . Igorton, D. B. and Hudson, M. L. (2002). Cyclic GMP regulation and
should provide new avenues to examine the function and,nction in insectsadv. Insect Physiok9, 1-54.

regulation of these unusual enzymes. Morton, D. B. and Simpson, P. J.(2002). Cellular signaling in eclosion
hormone actionJ. Insect Physiol48, 1-13.
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