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Abstract

Eukaryotic organisms utilize two major isoforms of guanylyl cyclase in cGMP signaling:
receptor guanylyl cyclases and soluble guanylyl cyclases. Receptor guanylyl cyclases are
single transmembrane-spanning proteins that function as homodimers and are activated
by either extracellular peptide ligands or intracellular, calcium-regulated guanylyl cyclase
activating proteins (GCAPs). Soluble guanylyl cyclases are cytoplasmic hemoproteins
that have primarily been thought of as the major receptors for the freely diffusible
signaling molecule nitric oxide (NO). NO-sensitive soluble guanylyl cyclases are obligate
heterodimers and are composed of an o subunit and a 3 subunit. The recent discovery of
the Manduca sexta MsGC-f3 subunit and related atypical soluble guanylyl cyclase
subunits in vertebrates and invertebrates revealed that this family of enzymes is more
diverse than previously thought. In contrast to NO-sensitive soluble guanylyl cyclases but
consistent with predictions based on sequence features, MsGC-f33 was found to form
active homodimers that were not sensitive to NO. The Drosophila melanogaster genome
was predicted to contain an MsGC-f3 ortholog, named Gyc-88E, and two additional
atypical soluble guanylyl cyclases that were named Gyc-89Da and Gyc-89Db. This
dissertation describes the cloning and characterization of the three Drosophila atypical
guanylyl cyclases. Like MsGC-f33, Gyc-88E possesses a number of unusual sequence
features that led to the prediction that it would be active as a homodimer and be
insensitive to NO. I found that Gyc-88E yielded basal guanylyl cyclase activity in the
absence of other subunits, and that this activity was only slightly stimulated by NO,
compared to typical a/f heterodimers. Gyc-89Da and Gyc-89Db were predicted to be

inactive when expressed alone, which was confirmed biochemically. However, when



Gyc-89Da or Gyc-89Db was co-expressed with Gyc-88E, significantly more basal and
NO donor-stimulated activity was observed than when Gyc-88E was expressed alone.
The expression patterns of these guanylyl cyclases were characterized in embryos, larvae,
and adults using a combination of whole mount in sifu hybridization and promoter-driven
reporter techniques. All three guanylyl cyclases were expressed in a large number of cells
in the embryonic and larval CNS, including several peptidergic neurons. Gyc-88E, Gyc-
89Da, and Gyc-89Db expression was also found in a number of peripheral neurons that
innervate olfactory and gustatory sensilla, as well as trachea and other external sensilla of
unknown function. To examine the function of the Gyc-89Da- and Gyc-89Db-expressing
neurons, tetanus toxin light chain (TNT) was driven in these cells using the GAL4/ UAS
transgene expression system. Guanylyl cyclase promoter-driven TNT expression caused a
number of abnormalities during development, including discreet lethal defects during
larval and adult ecdysis. Expression of TNT or an exogenous cGMP-specific
phosphodiesterase using the promoter-GAL4 constructs also dramatically reduced the
larval hypoxia escape response, which is characterized by the cessation of feeding
activity and initiation of locomotion and exploratory behavior in response to sudden
exposure to hypoxia. The results presented in this dissertation, combined with reports
demonstrate that atypical guanylyl cyclases bind and are activated by oxygen rather than
NO, support a role for Gyc-88E, Gyc-89Da, and Gyc-89Db as multipurpose oxygen

sensors in Drosophila melanogaster.
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Chapter 1: Introduction and historical overview
1. Foreword

Guanosine 3°,5” cyclic monophosphate (¢cGMP) is an intracellular second
messenger molecule that is utilized in wide range of signal transduction pathways
throughout the animal kingdom. cGMP was first discovered in urine in 1963, soon after
the discovery of cAMP. Guanylyl cyclases, which were discovered several years
afterwards, are the enzymes that convert guanosine-5’-triphosphate (GTP) to cGMP,
while phosphodiesterases convert cGMP to guanosine-5’-monophosphate (GMP). In the
1970’s it was established that guanylyl cyclase activity could be found in both the soluble
and membrane fractions of cells from various sources. However, only in the 1980’s,
when molecular biology techniques were developed, could the full diversity of this
family of enzymes begin to be characterized. Twenty years later, new and intriguing
isoforms of guanylyl cyclase continue to be discovered in a large variety of organisms in
a process that has been greatly aided by the completion of numerous genome projects.

An astounding range of processes are mediated or modulated by cGMP pathways.
In mammals, cGMP is well known as the primary signal in phototransduction. cGMP
also mediates intestinal fluid and electrolyte homeostasis and vascular smooth muscle
relaxation, and in the nervous system the NO/cGMP pathway is implicated in long-term
potentiation and depression. In invertebrates, cGMP has been shown to play a major role
in regulating feeding behaviors/strategies and in the mediation of several aspects of
sensory transduction. Additionally, numerous lines of evidence strongly implicate a role
for cGMP in the regulation of neuronal development, hormonal release in ecdysis

behavior, and malphigian tubule regulation. Recent discoveries in C. elegans and



Drosophila melanogaster together with the work reported here reveal a new and exciting
role for a new class of soluble guanylyl cycases: direct oxygen sensation leading to acute
- behavioral modulation.
I1. Guanylyl cyclases
A. Soluble guanylyl cyclases

Soluble guanylyl cyclases (sGCs) are hemoproteins that have been primarily
thought of as the major receptors for the freely diffusible gaseous signaling molecule
nitric oxide (NO), which is generated by the calcium-dependent nitric oxide synthase
(NOS) (Bredt and Snyder, 1994). Classic soluble guanylyl cyclases function as obligate
heterodimers, consisting of an o subunit and a 3 subunit. A key feature of all known
soluble guanylyl cyclases is the bound prosthetic heme group, which serves as the
binding site for NO. NO binding to the ferrous iron atom in the heme group leads to
conformational change and potent enzyme activation. Recent reports have identified a
number of mostly invertebrate soluble guanylyl cyclases that exhibit unusual
characteristics, such as homodimeric activity, relative insensitivity to NO, and activation
by hypoxic environments.
1. Isoforms of classic soluble guanylyl cyclase subunits

NO-sensitive guanylyl cyclase was originally isolated by several groups from a
variety of mammalian sources, such as rat and bovine lung and brain tissue. These studies
identified the 73 kDa al and the 70 kDa 31 subunits, which were cloned and sequenced
(Giuili et al., 1992; Koesling et al., 1990; Koesling et al., 1988; Nakane et al., 1990;
Nakane et al., 1988). The mammalian o2 subunit and 32 were subsequently found (in

human fetal brain and rat kidney, respectively) with a homology screening approach



(Harteneck et al., 1991; Yuen et al., 1990). It was mistakenly reported that humans also
possessed subunits distinct from previously described subunits, named a3 and 33, as a
follow-up study revealed these to be human a1 and 1 (Giuili et al., 1993; Zabel et al.,
1998). A literature search and BLAST search using the rat al and rat 1 protein
sequences reveal that several other vertebrates possess (predicted gene, EST, and/or
demonstrated mRNA/protein) a potential NO-sensitive a1/B1 heterodimer, including the
mouse, chicken, cow, pig (Moreno et al., 2005), Danio rerio (zebrafish), Xenopus laevis
(frog), Tetroadon nigroviridis (spotted pufferfish), Oryzias latipes (medaka ricefish), and
Takifugu rubripes (Fugu pufferfish) (K. Langlais, unpublished observations).

The 1 subunit was identified as the dimerizing partner of both the a1 and a2
sunbunits, with the two heterodimers yielding identical basal catalytic activities, NO-
stimulation, and substrate affinity (Russwurm et al., 1998). This finding was surprising
because the N-terminal domains of a1 and o2 are only weakly homologous. It was later
discovered that the a2 subunit differs from o1 subunit by interacting with PDZ domains
via the C-terminal peptide (Russwurm et al., 2001). Specifically, the a2 subunit was
found to interact with the PDZ-containing protein PSD-95, and was localized to synaptic
membranes (Russwurm et al., 2001).

For some time after its discovery, the functional role of the $2 subunit was
elusive. Several groups were unable to demonstrate enzyme activity when the B2 subunit
was co-expressed with o subunits, and a heterodimer containing 32 never materialized.
Then in 2001, a novel splice variant of this subunit (that possessed a sizable piece of the
N-terminus that was apparently missing in the original $2) was isolated that yielded NO-

stimulated activity in the absence of a second subunit (Koglin et al., 2001). This finding



was surprising though not wholly novel as a 3 subunit was previously found in the
hawkmoth Manduca sexta that also yielded activity in the absence of a second subunit
(atypical sGC catalytic model discussed below) (Nighorn et al., 1999). This splice variant
of B2 also forms a functional heterodimer with either the o1 or a2 subunit (Gibb et al.,
2003).
2. Structure/modeling and sequence features of classic soluble guanylyl cyclase
domains

Classic sGC subunits have been assigned two or three functionally distinct
domains: the N-terminal regulatory domain or heme-binding domain, a central domain
that is thought (in some reports) to contain most of the region responsible for
dimerization, and a C-terminal domain that functions in substrate recognition and
catalytic activity (Lucas et al., 2000). The crystal structure of NO-sensitive sGC has not
been solved, hindering the understanding of the mechanism of activation and catalysis.
However, the crystal structure of adenylyl cyclase, which has many similarities to sGC,
has been informative with regard to the catalytic domain.
2a. N-Terminal domain and heme group

The N-terminal domain, which encompasses residues 1-214 in the rat $1 subunit,
is primarly responsible for heme-binding and enzyme regulation. This region displays
lower homology with other isoforms, but does contain a number of conserved residues
that are important or required for heme-binding and heme-mediated enzyme activation.
The heme-group is necessary for the activation of the enzyme by NO. In contrast to other
hemoproteins, such as hemoglobin or myoglobin, the heme-group in NO-sensitive sGCs

does not bind oxygen. Removal of the heme group abolishes NO-activation of sGC, and



re-introduction of heme rescues activity (Craven and DeRubertis, 1978; Ignarro, 1990).
The stoichiomentry of heme in soluble GC heterodimers is one heme group per sGC
heterodimer (absorbance peak at 431nm), which contains either a Fe** or Fe** ion that is
coordinated in the plane of the heme by 4 nitrogen atoms (Brandish et al., 1998). The iron
atom is coordinated by histidine-105, which serves as the heme proximal ligand in 8
subunits (Foerster et al., 1996; Wedel et al., 1994; Zhao et al., 1998). Histidine-105 is
required for heme binding and NO-activation (as demonstrated in point mutation studies),
and is conserved in all known 3 subunits to date. Histidine-105 is not conserved in o
subunits, supporting the finding of one heme group per heterodimer. Cysteine-78 and
cysteine-214 have also been shown to be important for heme-binding and NO-activation,
and are conserved in all B1 and 32 subunits known to date (Friebe et al., 1997). Using
sequentially truncated o subunits, it was demonstrated that deletion of the first 259
residues has no effect on heme-binding or NO-activation of the a/f} heterodimer (Koglin
and Behrends, 2003). However, removal of residues 1-364 resulted in a NO-insensitive
heterodimer with intact heme-binding. Hence, it appears that that while the o is not
required for heme-binding to the heterodimer, the 259-364 residue region of the subunit
is required for NO-sensitivity.
Activation of NO-sensitive sGC by NO

In the 1970’s, NO-releasing compounds were found to be potent activators of
soluble GC (Arnold et al., 1977; Bohme et al., 1978). It was also known that NO-
producing nitrovasodilators such as glyceroltrinitrate and isosorbid effectively treated
coronary heat disease by stimulating sGC (Ahlner et al., 1986). The physiological

significance of this activation was unknown however, because a source of NO in the



body was unknown, and it was uncertain that NO was the in vivo activator. Then it was
discovered that endothelium-derived relaxing factor (EDRF) was in fact NO (Ignarro et
al., 1987; Palmer et al., 1987). EDRF was shown to form in endothelial cells in response
to various vasodilatory agonists such as histamine and acetylcholine, which led to
vasodilation via the activation of soluble GC in smooth muscle. Soon after EDRF was
identified as NO, formation of NO was discovered in many other tissue types throughout
the body.

The enzyme responsible for the production of NO was then identified and called
nitric oxide synthase (NOS) (Bredt et al., 1991). Three isoforms of NOS have been
found. The inducible NOS (iNOS) is regulated on the transcriptional level, is
constitutively active producing high levels of NO, and is used by macrophages to exert
cytotoxic effects in the nonspecific immune response (Lowenstein et al., 1992). Neuronal
and endothelial NOS (nNOS and eNOS) are constitutively expressed enzymes that are
regulated by intracellular calcium concentrations, catalyzing lower levels of NO
compared to iNOS when activated (1 to 100 nmol/L; Janssens et al., 1992; Sessa et al.,
1992). NO is not cytotoxic at these Ieveis, and functions primarily to activate NO-

activated sGC (Gross and Wolin, 1995).

Of the three redox forms of NO (NO, NO., NO"), only the uncharged radical

NO form (NO") has been shown to significantly activate NO-sensitive GC (Moncada and

Higgs, 1995). NO binding to the heme group results in up to 200-fold activation of the
enzyme (Humbert et al., 1990; Stone and Marletta, 1994). Activation is initiated when
NO binds to the sixth-coordinating position of the heme iron. This leads to the breaking

of the iron-histadine-105 bond yielding a five-coordinating nitrosyl-heme complex that



has an absorption maximum of 399nm (Gerzer et al., 1981). The conformational change
in the heme group communicates an activating signal to the catalytic domain through an
unkown mechanism. Substituting the heme group with the heme precusor protoporphyrin
IX results stimulation of the enzyme in the absence of NO. Protoporphyrin IX lacks a
central iron atom and does not interact with histidine-105, perhaps mimicking the heme
conformation when the NO-histidine-105 bond in the hemoprotein is broken (Ignarro et
al., 1982). While carbon monoxide (CO) can bind the heme group, this leads to only poor
activation because the iron-histidine is not broken, and a six-coordinated heme iron is
achieved with absorbance peak of 424nm (Friebe et al., 1996; Stone and Marletta, 1994).
Several novel substances have been found to activate and sensitize NO-sensitive
sGC heterodimers. YC-1, a derivative of benzlindazole, was first reported to be an
inhibitor of rabbit platelet aggregation, through the activation of sGC(Wu et al., 1995).
The approximately 10-fold activation by YC-1 is not affected by the presence of NO-
scavengers. In addition to acting as an NO-independent activator, YC-1 also greatly
sensitized sGC to NO, and even turned CO into an effective activator on par with NO.
Several YC-1 analog molecules have been found to share these remarkable properties,
differing only in the ECs,.(Stasch et al., 2002a; Stasch et al., 2001). The possible location
of YC-1 binding was examined using a variety of techniques, however, these studies do
not agree with each other (Denninger et al., 2000; Russwurm et al., 1998; Stasch et al.,
2001). The location of this potential allosteric site remains unclear. Importantly, YC-1
was also found to inhibit various phosphodiesterases (PDEs), likely contributing to
increased cGMP levels observed in many YC-1 studies (Friebe et al., 1998; Galle et al.,

1999). Another remarkable molecule is Bay 58-2667, which was also found to stimulate



sGC (~40-fold) independently of NO. But in contrast to YC-1, Bay 58-2667 potently
activates sGC that has been stripped of heme (~200-fold) and was additive to the effects
of NO, rather than causing a potentiating effect to it. These characteristics suggest that
Bay-58-2667 substitutes for the heme group or stabilizes an active, heme-free
conformation. Both YC-1 and Bay 58-2667 have beneficial therapeutic effects on the'
cardiovascular system by displaying vasodilatory and anti-platelet abilities (Stasch et al.,
2002b).

Two specific inhibitors of sGC have been identified: 1H-[1,2,4]oxadiazolo[4,3-a]-
quinoxalin-1-one (ODQ) and the related NS 2028 (oxadiazolo(3,4-d)benz(b)(1,4)oxazin-
1-one) (Garthwaite et al., 1995; Olesen et al., 1998). These molecules have been used to
effectively inhibit sGC activity in several tissues (Abi-Gerges et al., 1997; Brunner et al.,
1996; Garthwaite et al., 1995; Moro et al., 1996). ODQ has also been used in a number of
guanylyl cyclase activity experiments to identify heme dependant activation and to
distinquish soluble NO-sensitive GC activity from other guanylyl cyclase activity and
other effects of NO (Zhao et al., 2000). ODQ interferes with sGC activation by oxidizing
the heme iron, rendering it unable to bind a ligand while leaving basal activity completely
intact (Schrammel et al., 1996; Zhao et al., 2000).
2b. Dimerization region

The dimerization region has been postulated to occur in a region between the N-
terminal heme-binding domain and the C-terminal catalytic domain. This region was first
implicated in dimerization by analogy to the dimerization domains of receptor GCs
(Wilson and Chinkers, 1995). An immunoprecipitation study that utilized a number of N-

and C-terminal constructs identified the rat 31 subunit regions important for dimerization



with a partner subunit (Zhou et al., 2004). It was found that a more N-terminal site
covering residues 204-244 and a separate more C-terminal site covering residues 379-
408 both contribute to dimer formation. It is worth noting that MultiCoil
(http://multicoil.lcs.mit.edu/cgi-bin/multicoil) predicts with high probability the
formation of a coiled-coil motif in the rat $1 subunit including residues ~360-400 (K.
Langlais, unpublished observation) (Wolf et al., 1997). A more recent
immunoprecipitation study has examined the regions of the a subunit that are important
for dimerization (Wagner et al., 2005). An N-terminal region (residues 61-128) and a
central region (residues 367-462) were both found to be required for detectable
dimerization. Matching somewhat with these findings, MultiCoil predicts the formation
of two coiled-coil motif in the rat ol subunit, one with a lower probability spanning
residues ~80-120 and one with high probablility spanning residues ~400-450 (K.
Langlais, unpublished observations) (Wolf et al., 1997). Thus, it appears that multiple
regions, in both the regulatory and central “dimerization” domains of both subunit
partners participate in dimerization. Another interesting finding in the Wagner study was
that stable, heme-containing (but inactive) 31-1 homodimers do form, while o
homodimers do not form and lone o-subunits appear to be unstable and targeted for
degradation.
2¢. Catalytic domain

The catalytic domain is the most conserved domain between the GCs and also
shares significant sequence homology with the catalytic domain of adenylyl cyclase
(AC), which is a similar enzyme that catalyzes cAMP from ATP in a stereochemically

analogous reaction. As the crystal structure of sGC has not been solved, and much of our



understanding of the sGC catalytic domain is taken by analogy from what is known
through the cystral structure of mammalian adenylyl cyclase, which has an active
heterodimeric form that consists of a C, and C, subunit (Liu et al., 1997). A C,/C,
homodimer with low levels of activity has also been demonstrated (Zhang et al., 1997a).
The active site of AC forms a wreath-like dimer with a catalytic site together with a
forskolin binding site in a deep cleft (Zhang et al., 1997b). The adenylyl cyclase active
site crystal structure model was utilized in a homology modeling study to predict the
structure of the active site in both heterodimeric sGCs and the homodimeric retGC-1 (Liu
et al., 1997). Figure 1.1 illustrates the predicted catalytic site including residue-substrate
interactions in the MsGC-a1/MsGC-f1, the insect ortholog of the NO-sensitive sGC
heterodimer (Liu et al., 1997; Morton and Hudson, 2002).

In this model, which was reworked by Morton and Hudson (2002) from the Liu et
al. (1997) schematic to reflect the amino acid positions in the insect o/p heterodimer, the
f subunit (or B strand) binds to the guanosine moiety while the o subunit (or A strand)
binds to the Mg** and triphosphate moieties. In homodimeric adenylyl cyclases or GCs,
each subunit possesses all of the interacting residues needed for catalysis, and two active
sites are likely formed in one cleft (Liu et al., 1997). In heterodimeric adenylyl cyclases
and sGCs, both subunits contribute different critical residues to form one active site.
Thus, the residues that contribute to the A strand are not required in the f subunit and the
residues that contribute to the B strand are not required in the ¢ subunit. This model will

be important in the discussion of atypical invertebrate sGCs later in this chapter.
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Figure 1.1. Predicted catalytic domain for the soluble GCs. The model for the Mg-GTP
binding site is derived from the crystal structure of adenylyl cyclase from Liu et al.
(1997). The residues that are predicted to be in close association with Mg-GTP are
numbered, clockwise from 1-17, starting with the arginine at position 531. The position
in either the A strand or B strand is indicated and the amino acid number is given for the

Manduca sGC, either MsGC-al for the A strand or MsGC-f1 for the B strand.
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A hypothetical mechanism of catalysis was proposed by Liu et al. (1997), and has been
adopted to match the equivalent MsGC-a/f3 residues for this discussion. The proximity of
the MsGC-al D529 (A strand) to the ribose 3' hydroxyl makes it a good candidate to act
as the catalytic base. The essential Asn N540, provided by the B strand, is located
adjacent to the Asp (D529) and is within range to hydrogen bond with the 3' hydroxyl,
suggesting a possible role in stabilizing an oxyanion-like nucleophile. The essential Arg
R574 is positioned to stabilize a pentavalent transition state at the o-phosphate during the
nucleophilic hydroxyl attack on the a-phosphate. The Asn/Arg pair is analogous to the
Gln/Arg pair in GTPases, as proposed by Tang et al. (1995). Nucleotide substrate
specificity 1s provided (at least in part) by Glu E464 and Cys C533, which interact
directly with the guanosine moiety. In adenylyl cyclases, E464 is substituted with Lys,
and C533 is substituted with Asp. When these substitutions were made in the mammalian
receptor guanylyl cyclase GC-E (RetGC-1), the substrate specificity was changed from
GTP to ATP, resulting in a functional adenylyl cyclase that retained the ability to be
regulated by the GCAPs, which are the in vivo regulators of GC-E (Tucker et al., 1998).
This study illustrates the similarity between the catalytic site of guanylyl cyclases and
adenylyl cyclases.
3. Invertebrate soluble guanylyl cyclases
3a. Classic NO-sensitive o/f heterodimers

Like the vertebrates, a wide range of invertebrate animals make use of the
NO/cGMP pathway. An a and (3 subunit from Manduca sexta and Drosophila
melanogaster have been cloned (Liu et al., 1995; Nighorn et al., 1998; Shah and Hyde,

1995), and their sequences are similar to the mammalian a1 and B1 sequences, with the
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exception of the Drosophila 31 subunit, which has an additional 118 amino acids in the
regulatory region that is absent in all other 8 subunits (Shah and Hyde, 1995). Expression
of these subunits in heterologous cells revealed that they display similar biochemical
properties with the vertebrate orthologs (Nighorn et al., 1998; Shah and Hyde, 1995).
First, the al and 1 subunits were not active when expressed alone, but did yield basal
activity when co-expressed, displaying more activity in the presence of Mn”* than Mg?*.
When NO-donors were applied to the heterodimers, activity was potently stimulated.
Consistent with these properties, all of the amino acid residues known to be important for
heme-binding, NO-activation, and catalytic activity in the vertebrate sGCs are conserved
in the insect sGCs (Morton and Hudson, 2002). A BLAST search using the Manduca ol
and 31 protein sequences reveal that several other insects possess an o.1 and 1 subunit
(predicted or EST) and hence the NO/cGMP pathway, including Drosophila
pseudoobscura, Anopheles gambiae (malaria mosquito, the 1 subunit has been cloned:
Caccone et al., 1999), Apis mellifera (honeybee), and Gryllus bimaculatus (cricket) (K.
Langlais, unpublished observations).

NO donors and cGMP immunochemistry have been used to map the location of
soluble guanylyl cyclases in the nervous systems of several invertebrate species,
including Manduca sexta (Gibson and Nighorn, 2000; Zayas et al., 2000), Drosophila
melanogaster (Wildemann and Bicker, 1999), the lobster Homarus americanus (Scholz et
al., 1998), and the snail Helix pomatia (Huang et al., 1998). ODQ, the selective sGC
inhibitor (discussed above), reduced or eliminated NO-stimulated cGMP
Immunoreactivity, suggesting that the source of the cGMP in nervous system results from

sGC activity.
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3b. Atypical invertebrate soluble guanylyl cyclases

The first of several soluble guanylyl cyclases characterized that displayed unusual
biochemical and sequence features was the MsGC-B3 subunit, discovered in the
hawkmoth Manduca sexta using a degenerate primer PCR screen (Nighorn et al., 1999).
In contrast to all previously known sGCs, MsGC-$3 was found to be active as a
homodimer and was insensitive to NO when expressed in COS-7 cells (Morton and
Anderson, 2003; Nighorn et al., 1999). While it showed significant similarity to other
subunits, sequence analysis and multiple sequence alignments of the MsGC-f33 protein
revealed a number of unique features that suggested to its discoverers that it be placed
into a novel class of sGCs, named the $3’s. The most obvious unusual feature of this
sGC is the presence of an additional 315 amino acids tacked on at the N-terminus, after
the catalytic domain. At the time, this “tail” stretch of amino acids bore little similarity to
any other protein in the databases, although there is a predicted C-terminal isoprenylation
site and a number of possible protein phosphorylation sites at various locations (Nighorn
et al., 1999). Another very interesting feature of the MsGC-B3 sequence is found in the
heme-binding domain. While all previously known sGCs possess Cys-78 and Cys-214 (in
the rat 1), residues found to be required for heme-binding and NO-activation (as
discussed above), MsGC-f33 lacks these, consistent with the finding that it is NO-
insensitive. MsGC-33 does however retain histidine-105, the axial ligand for the heme
group and conformational change trigger. Co-expression of MsGC-B3 with MsGC-al or
protoporphyrin failed to generate NO-sensitivity (Nighorn et al., 1999). YC-1, the heme-
independent activator of sGC, also failed to stimulate MsGC-B3, further demonstrating

the unusual biochemistry of this subunit (Morton and Anderson, 2003). Comparison of

14



the MsGC-f3 catalytic region residues to the predicted sGC catalytic domain (Liu et al.,
1997) shows that the important residues donated by the o and  subunits to form the
catalytic binding pocket are all conserved in MsGC-B3, suggesting that like receptor
GCs, this GC could function as a homodimer (Morton and Hudson, 2002) (discussed in
more detail later). |

Experiments using hexahistidine-tagged MsGC-al, MsGC-B1, and MsGC-f3
subunits demonstrated that MsGC-$3 does form heterodimers with the conventional sGC
subunits (Morton and Anderson, 2003). It was also demonstrated, through the use of key
point mutations in the catalytic region, that MsGC-B3/ MsGC-a.1 and MsGC-B3/ MsGC-
B1 heterodimers were inactive. It was previously demonstrated that the mammalian o1
and $1 subunits form inactive homodimers (Zabel et al., 1999). Additionally, it appears
that Manduca sGCs can dimerize to Drosophila sGCs when co-expressed, with
dominant-negative effects (D. Morton, unpublished observations). These
interaction/activity studies suggest that sGC subunits freely dimerize with any other
subunits that are present, with little or no specificity, even if the result is the formation of

a non-functional enzyme.

The function of the MsGC-B3A338 residue C-terminus extension was examined
by making a deletion mutant that lacked it. The resulting construct, named MsGC-
B3AC338 was then expressed in COS-7 cells and examined for activity (Morton and
Anderson, 2003). MsGC-B3AC338 displayed no activity differences when compared to
wild type MsGC-f33, functioning as a NO-insensitive homodimer. However, when the
kinetics of MsGC-B3AC338 activity were examined using several concentrations of GTP

substrate, an interesting difference was discovered. MsGC-B3AC338 had a significantly
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lower K, than MsGC-f3 in the presence of Mg, while both versions had a similar K_ in
the presence of Mn (Morton and Anderson, 2003). This data suggested that the C-
terminal extension may act as an autoinhibitory domain.

The Michaelis-Menton kinetics data also revealed that MsGC-33 had a Hill
Coefficient of 1.0, suggesting that the homodimer only has one GTP binding site, or that
the two GTP binding sites aét independently of each other (Morton and Anderson, 2003).
This was surprising because previously studied homodimeric GCs (receptor GCs) are
thought to contain two GTP-binding sites and exhibit kinetics that indicate positive
allosteric cooperativity (Lucas et al., 2000). It is notable that the homodimeric
mammalian 32 subunit was also found to exhibit linear Michaelis-Menton kinetics
(Koglin et al., 2001).

MsGC-33 orthologues have been found in other organisms, including several
other insect species. These orthologues form a distinct group, separate from 31 and 32
subunits in a phlyogenetic tree (Fig. 1.2). The Drosophila melanogaster gene CG4154,
which we later named Gyc-88E after its chromosomal location (Langlais et al., 2004), is
over 80% identical to MsGC-33 (Morton and Hudson, 2002) and is one of the three GCs
focused on in the following chapters. Previous to the cloning and characterization work
found in this thesis, a predicted Gyc-88E sequence was available from Flybase. Sequence
analysis of the predicted Gyc-88E protein revealed that some of the interesting features of
MsGC-f33 were present in the fly ortholog. First, Gyc-88E has substitutions in place of
the two critical cysteines (Cys-78 and Cys-214) that are critical for NO-activation, but
retains histidine-105, the axial ligand for the heme group. A C-terminal tail similar to

MsGC-3 was not predicted for Gyc-88E.
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Figure 1.2. Unrooted phylogenetic tree showing the relationships between al, o2, B1,
B2, 3, and other unclassified B-like GC subunits, generated with Clustal W analysis. Two
main branches hold the o subunits, while five main branches hold the more diverse
family of  subunits. The 1, 2, and B3-like subunits fall into separate groupings, while
one unclassifed branch contains only nematode  subunits and another unclassifed branch
holds several nematode and Gyc-89D-like subunits. Many gene designations here have

been simplified with a species code and subunit type. Refer to Table 1.1 for species code

key and database designations/official gene symbols.
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Table 1.1. Species code key and database gene designations

Code | Species and common name | GC genes and database designations

Aga | Anopheles gambiae al=GA15127, p1=Q17010, B3=ENSANGG00000015966,
mosquito 89D=XP_313866

Ame | Apis mellifera 1= XM_392410.1 p3=BAD89804
honeybee

Bta Bos taurus al=GCYAI_BOVIN, f1= GCYB1_BOVIN
cow

CBG | Caenorhabditis briggsae CBG04937, CBG06726, CBG07710, CBG20390, CBG23350,
nematode CBG02110, CBG13876

GCY | Caenorhabditis elegans GCY-31, GCY-32, GCY-33, GCY-34, GCY-35, GCY-36, GCY-37
nematode

Cin Ciona intenstinalis pA= Ci0100131817, pB= Ci0100142223 fC= Ci0100146224
ascidian, sea squirt

Cfa Canis familiaris a2= ENSCAFG00000014739, p2=XP_542553.1
dog

Dme | Drosophila melanogaster al=Gyca-99B”, $1=Gycp-100B, Gyc-88E, Gyc-89Da, Gyc-89Db
fruit fly

Dps Drosophila pseudoobscura al=GA15127, B1= GA13187 PB3=predicted/assembled from raw
fruit fly nucleotide data (K.Langlais), 89Da=GA 13322 89Db=GA13323

Gga | Gallus gallus al= ENSGALG00000009354 1= ENSGALG00000009361,
chicken B2=XP_426684

Gbi Gryllus bimaculatus B1=BAD91320
field cricket

Hpu | Hemicentrotus pulcherrimus | f1=BAB58877
sea urchin

Hsa Homo sapiens al=GUCY1AlL, a2 = GUCY1A2, 1= GUCY1B1, 2= GUCY1B2
human

Mdo | Monodelphus domestica al=Q02108, o2= Q7T040, p1= Q02153, p2=Q9BIS0
opossum

Mmu | Mus musculus al=Gucylal, a2= Gucyla2, fl1= Gucylbl, 2= Gucylb2
mouse

Ms Manduca sexta MsGC-al, MsGC-p1, MsGC-33
tobacco hornworm

Ola Oryzias latipes al=BAA19198 BI=BAA19199
medaka fish

Ptr Pan troglodytes a2=GUCY1A2, B1=GUCY1B1, 2=GUCY1B2
chimpanzee

Rno | Rattus norvegicus al= GCYAI_RAT o2=Q8RSL4_RAT B1=GCYBI_RAT p2=
rat Q920Q1_RAT

Tni Tetroadon nigroviridis al=GSTENG00023239001 1= GSTENG00023239001, 3=
Spotted pufferfish GSTENG00011672001 (Note: al and 1 included on same transeript)

Tru Takifugu rubripes al=Q90VV5 B1=Q90VYS5 f3= SINFRUG00000143617
fugu pufferfish

Xla Xenopus laevis B1=AAH72271

African clawed frog

The first and second columns match the species code used in Figure 1.2 with the full

species name. Subunits in rightmost column are matched with the GenBank accession

code, Ensembl gene ID, Uniprot/SPTREMBL ID, or official symbol.
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As discussed in the next chapter, the prediction was incorrect and the experimentally
derived Gyc-88E sequence has a C-terminal extension of similar length to MsGC-B3, and
shares with it a short, highly identical stretch of residues. Insect MsGC-B3 orthologs have
been predicted in the genomes of Anopheles gambiae (agCP12881), Apis melifera (Apm-
B3, cloned but report unpublished) and Drosophila pseudoobscura (not yet annotated, K.
Langlais, unpublished observations) (Morton, 2004b). All three of these GCs are highly
identical to MsGC-3 and Gyc-88E, lack the two critical cysteine residues required for
NO-activation, retain His-105, and have a lengthy C-terminal extension.

The Drosophila melanogaster genome, in addition to the Gyca-99B (al), Gyc-
B100B (B1), and Gyc-88E genes, was found to possess two more predicted sGCs
originally designated CG14885 and CG14886 (Morton and Hudson, 2002), renamed
Gyc-89Da and Gyc-89Db respectively after their chromosomal location (Langlais et al.,
2004). The characterization of these two GCs, together with Gyc-88E, are the focus of
this dissertation. Gyc-89Da and Gyc-89Db are more similar to other atypical § subunits
than B1 or o subunits. These two genes are located adjacently 2 kb apart in the genome
and are highly identical (82%). It is likely that one of these genes is the result of a recent
gene duplication of the other. Both of these predicted sGCs have substitutions in place of
Cys-78 and Cys-214 and retain Histidine-105. However, Gyc-89Da and Gyc-89Db do not
have C-terminal extensions and are similar in length to 1 subunits (Morton and Hudson,
2002). These genes are about 40% identical to Gyc-88E and under 30% identical to
GycB-100B, and appear to be yet another distinct sGC isoform. A Gyc-89D ortholog has
not been found in Manduca sexta, but orthologs have been predicted in the genomes of

Anopheles gambiae and Apis melifera and Drosophila psuedoobscura. These subunits
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form a distinct grouping, separate from the 83, 81, and 2 groups in a phylogenetic tree
(Fig. 1.2). Interestingly, only one Gyc-89D ortholog can be found in Apis and Anopheles
(ebiP3998), while two tandem orthologs are predicted in D. psuedoobscura, supporting
the notion of a recent gene duplication in a Drosophila ancestor. Gyc-89D and its
orthologs have all been predicted to be inactive as homodimers, requiring another subunit
to complement missing key residues in the catalytic pocket (Morton, 2004b), like 1
subunits (discussed in more detail below).

The family of known soluble guanylyl cyclases became even more diverse with
the completion and analysis of the C. elegans genome. Seven soluble GCs were predicted
to occur, all of them more similar to the § subunits from other organisms (Morton et al.,
1999). GCY-32, GCY-34, GCY-35, GCY-36, and GCY-37 form a distinct group in the
phylogenetic tree, while GCY-31 and GCY-33 fall into the Gecy-89D grouping (Fig. 1.2).
Comparison of these GCs with known NO-sensitive GCs revealed that all seven C.
elegans sGCs had substitutions in place of the two cysteines that are critical for NO-
activation, like MsGC-f33, Gyc-88E, and their orthologs. This observation, taken with the
fact that C. elegans has no identifiable nitric oxide synthase gene, led to the prediction
that these GCs are all NO-insensitive and that C. elegans does not utilize the NO/cGMP
signaling pathway (Morton et al., 1999). This prediction has not been testable, however,
as the C. elegans sGCs have not yielded even basal activity when expressed in COS-7
cells, in any pairwise combination or by themselves (Hudson et al., 2000; Morton,
2004b). This is in contrast to insect SGCs, all of which have yielded activity when
expressed in COS-7 cells with their proper partners or alone if homodimeric (Morton,

2004b). It will be important to develop a system in which the C. elegans sGCs can be
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functionally expressed in order to examine the biochemical properties of these interesting
invertebrate sGCs. Orthologs of each of the seven C. elegans sGCs were found in the
recently sequenced C. briggsae genome (Fig. 1.2).
4. Conserved and substituted residues in the predicted GTP-binding sites of sGCs
By consulting the model of interacting residues of the predicted sGC catalytic site
(see Fig. 1.1 above), one can make predictions about which subunits would interact, as
heterodimers or homodimers, to form an active catalytic/GTP-binding site (Liu et al.,
1997; Morton, 2004b). Table 1.2 summarizes the conserved and substituted residues in
the predicted GTP-binding sites of selected sGCs from several species. Each subunit in a
homodimer or heterodimer contributes critical residues that interact with the GTP
substrate. In Table 1.2, Manduca sexta ol and 1 (MsGC-al and MsGC-B1) are used as
the model subunits for sequence comparisons. MsGC-a1 and MsGC-B1 have identical
residues in equivalent positions to mammalian o and f subunits, respectively (Liu et al.,
1997; Tucker et al., 1998). In the NO-sensitive Manduca o1/ B1 heterodimer, the a
subunit has substitutions in place of the (3 residues, including two residues known to be
required for catalytic activity, Asn-540 and Arg-544. Conversely, the p subunit has
substitutions in place of several o residues, including one known to be required for
catalytic activity, Asp-484. The Drosophila melanogaster o. and [ subunits have the
same substitutions as MsGC-a1 and MsGC-f1 respectively, with the a subunit having

one additional substitution at another required residue, Arg-531.
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Table 1.2. Conserved and substituted residues in the predicted GTP-binding sites of
selected GCs. The a subunits from both Manduca and Drosophila have identical residues
in the equivalent positions to the mammalian o subunits predicted in models for the
catalytic sites (Liu et al., 1997). Similarly, the [ subunits residues are also 100%
conserved. The MsGC-al and MsGC-f1 subunits are used as the model subunits in this
table, and the conserved a and 3 subunit residues are shown in bold boxes. Residues
shown in bold have been demonstrated to be crucial for GC activity. Residues in other
subunits that match the boxed residues are depicted with a “-*, and residues that are
different from the boxed residues are depicted with the one letter amino acid abbreviation
of what residue is substituted. While the B1 subunits possess the full complement of the 3
residues found in mammalian 1 subunits, 31 subunits have substitutions in place of
several of the conserved ol residues. Similarly, while the a1 subunits possess all of the
conserved o residues, they have substitutions in place of several conserved 3 residues.
Hence, a1l subunits need to dimerize with 31 subunits to from an active site. Some
subunits, such as the rat-32 subunit (Rno 32), Gyc-88E, and MsGC-f3, possess all of the
conserved a and fp residues, allowing them to form active homodimers with theoretically

two complete active sites. Refer to Table 1.1 for species code key and database

designations/official gene symbols.
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Two 3 subunit isoforms are predicted to be active as homodimers, like most
receptor GCs. {32 subunits, such as the rat 2 , and 3 subunits, such as MsGC-B3 and
Gyc-88E (examined in chapter 2), possess all of the o and 31 GTP-interacting residues
on one subunit (Table 1.2). Backing up these predictions, both the Rat-B2 and MsGC-p3
have been shown to form functional homodimers (Koglin et al., 2001; Morton and
Anderson, 2003; Nighorn et al., 1999). However, it isn’t certain that the fish (Tetroadon
and Takifugu) $3-like subunits would be active as homodimers, as they both have an Asn
substitution at the Thr-490 in the a residue complement (Table 1.2) (K. Langlais,
unpublished observations). While Thr-490 has been predicted to interact with the
substrate (Fig.1.1), it has not been demonstrated to be crucial for catalysis, so it is still
possible that these sGCs could form active homodimers. Also included in Table 1.2 is a
predicted Ciona intestinalis (primitive chordate, ascidian, sea squirt) § subunit tentatively
called Cin A, also predicted to be functional as a homodimer (K. Langlais, unpublished
observations). Cin A falls into the B3 grouping in the phylogenetic tree (Fig. 1.2).

Another predicted Takifugu p3-like subunit, tentatively named Tru 89D is unusual
in that it has several substitutions in place of interacting 3 residues (including the crucial
Asn-540 and Arg-544), and yet it most identical to other B3-like subunits and falls into
that grouping in the phylogenetic tree (K. Langlais, unpublished observations) (Fig. 1.1).
It is predicted to form an active GC with the Tru B3-like subunit and the Tru o1 subunit
(not shown).

Gyc-89Da, Gyc-89Db, and their insect orthologs are similar to f1 subunits in that
they have substitutions in place of several interacting o residues, while all of the

interacting B residues are conserved. Similar to the 1 subunits, Gyc-89D subunits are
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predicted to be inactive when expressed alone, requiring a subunit partner that has all of
the interacting o subunits. The predicted partners for the insect Gyc-89D-like subunits
are the corresponding 33-like and o subunits. Despite the prediction that a f3/al
heterodimer would have a complete binding site and would be catalytically active, it has
been demonstrated that while the MsGC-B3 and MsGC-al subunits can heterodimerize,
the result is an inactive GC (Morton and Anderson, 2003). Whether or not other B3-like
subunits form active heterodimers with a1 subunits is unknown at this time. A Manduca
sexta ortholog of Gyc-89D has not yet been identified (although one is present in the
Bombyx genome, K. Langlais, unpublished observation), so this pairing has not been
tested. The Drosophila melanogaster Gyc-89Da and Gyc-89Db subunits are examined in
chapter 2, and the predictions are put to the test.

Two other Ciona intestinalis B-subunits are predicted to oceur, tentatively named
Cin B and Cin BC (K. Langlais, unpublished observations). Cin BC is more identical to
the 33-like subunits and falls into the 33 grouping in the phylogenetic tree, despite the
predicted functional differences. Cin BB falls into the 89D-like grouping in the
phylogenetic tree. Interestingly, these two subunits have several substitutions in place of
both a and 3 GTP-interacting residues. It would be predicted that even if Cin BB and Cin
PC heterodimerized with Cin BA, which has all of the o and B interacting residues, a non-
functional GC would be formed. However, two of the substituted residues in the o
complement, Thr-490 and Ile-527, have not been demonstrated to be crucial for activity,
s0 it is possible these heterodimers could be functional, with Cin BB and Cin BC acting as
o subunits. Additionally, in the Cin 3C subunit, the only B residue substituted is the

crucial Arg-544. Arg-544 has been substituted with lysine, a functionally conserved
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residue, quite possibly allowing it to form an active GC with Cin fA playing the role of a
o subunit.

A similar situation is observed with 3 of the 7 C. elegans sGC subunits. GCY-32,
GCY-34, and GCY-37 all have several substitutions in place of both o and  GTP-
interacting residues, leading to the prediction that these GCs would be inactive even if
they heterodimerized with a subunit that had all o and B GTP-interacting residues
conserved (which C. elegans lacks). However, in the o complement, all three of these
subunits have substitutions in place of residues that have not been demonstrated to be
crucial for catalytic activity, Thr-490 and Ile-527, like Cin B and Cin C. GCY-32 has
o and {3 substitutions in the same positions as the Cin BB subunit. If Thr-490 and Tle-527
are indeed not necessary for catalysis, then GCY-32, GCY-34, and GCY-37 would be
predicted to form active heterodimers with GCY-33 or GCY-36, in which all of the
complementing {3 residues are conserved. GCY-33 and GCY-36, in a more clear-cut
prediction, should interact with GCY-31 and GCY-35 to form active heterodimers. GCY-
31 and GCY-35 have several substitutions in the  complement of residues (including the
critical Arg-544), but have all of the a: complement of residues conserved, like
conventional ¢ subunits. It is also possible that GCY-36 forms active homodimers, since
the only GTP-interacting residues that are not conserved are again the Thr-490 and Ile-
527 in the a complement. Confirming one of these predictions, it has been demonstrated
genetically that GCY-35 and GCY-36 form heterodimers, with GCY-35 acting as an o
subunit and GCY-36 acting as a f3 subunit (Cheung et al., 2004). A critical aspartate
residue that is thought to act as the catalytic base in a subunits (Asp-529 in Fig. 1.1) and

a critical asparagine residue in {3 subunits that is thought to stabilize an oxyanion-like
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nucleophile (Asn-540 in Fig. 1.1) were point mutated separately in GCY-35 and GCY-
36, and tested for the ability to rescue a feeding behavior phenoytpe in mutants (Cheung
et al., 2004). A GCY-35 mutant with a substituted o Asp-529 residue was not able to
rescue the phenotype in a GCY-35 mutant background, while a GCY-36 mutant with this
substitution was able to rescue the phenotype in a GCY-36 mutant background.
Conversely, a GCY-35 mutant with a substituted p Asn-540 residue was able to rescue
the phenotype in a GCY-35 mutant background, while a GCY-36 mutant with this
substitution failed to rescue the phenotype in a GCY-36 mutant background. These
experiments support an c.-like subunit role for GCY-35 and a p-like subunit role for
GCY-36 in a heterodimeric sGC complex that regulates a feeding behavior.

It will be very interesting to see if the other predictions hold true, and to see if
Thr-490 and Ile-527 really are necessary for activity. The development of a cell culture
system that generates active C. elegans sGCs will greatly facilitate the biochemical study
of these atypical sGCs.

IIB. Receptor guanylyl cyclases

The second major family of guanylyl cyclases, the receptor guanylyl cyclases
(rGCs), are single transmembrane-spanning proteins that function as dimers and are
activated by either extracellular peptide ligands or intracellular, calcium-re gulated
guanylyl cyclase activating proteins (GCAPs). Receptor guanylyl cyclases, which exist as
several isoforms, have been found to occur throughout the vertebrate and invertebrate
phyla. While the structure, ligand-activation, and physiological functions of several
mammalian rGCs have been characterized in detail, the invertebrate rGCs remain largely

understudied.
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1. Mammalian receptor guanylyl cyclases

Seven isoforms of receptor guanylyl cyclase have been identified in mammals,
named GC-A through GC-G. All mammalian receptor guanylyl cyclases share a basic
topology, which consists of an extracellular ligand-binding domain, a transmembrane
domain, a kinase-like domain, a hinge domain, and a C-terminal intracellular catalytic
domain. GC-C, GC-E, and GC-F also possess a C-terminal tail. Based on the ligand
specificities of the extracellular domain, the rGCs have been classified as natriuretic
peptide receptors (GC-A and GC-B), intestinal peptide-binding receptors (GC-C), and
orphan receptors (GC-D, GC-E, GC-F, and GC-G). Functional expression experiments,
catalytic sequence analysis, and other interaction studies show that rGCs function as
homodimers, in contrast to classic soluble GCs.

GC-A binds to and is activated by atrial natriuretic peptide (ANP) and B-type
natriuretic peptide (BNP), while the primary ligand and activator of GC-B is C-type
natriuretic peptide. ANP begins as a prepro-polypeptide of 151 amino acids in which the
C-terminal segment contains biologically active sequences (Inagami et al., 1987). The
active form of ANP is the mature 28-residue peptide which consists of a 17-residue loop
that 1s stabilized by a single interchain disulfide bridge and N- and C-terminal extensions,
all of which are required for biological activity. The active form of BNP is a 26-residue
peptide that has the same structure as the bioactive ANP. CNP is a 22-residue peptide that
also contains the 17-residue disulfide bond-stabilized loop like ANP and BNP, but is
missing a C-terminal extension and possesses different N-terminal residues.

GC-C binds to and is activated by heat-stable enteroxins and the structurally
similar guanylin and uroguanylin. Heat-stable enterotoxin is produced by the bacteria that

colonize the intestine, including Escherichia coli, Enterobacter sp., Klebsiella sp., and
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Yersinia enterocolitica (Rao et al., 1979). This peptide possesses 6 cysteine residues that
form 3 interchain disulfide bonds that stabilize the biologically active tertiary structure
and confer the heat stable property (Guerrant et al., 1980).

Extracellular ligands have not been identified for the rGCs termed the orphan
rGCs. Even though GC-E is considered an orphan receptor, its role and regulation in
visual transduction has been studied in great detail (Lucas et al., 2000). In this process,
the activity of GC-E is regulated by the intracellular, EF hand calcium-binding guanylyl
cyclase activating proteins (GCAPs) (Palczewski et al., 2000). Three GCAPs have been
discovered in mammals, named GCAP1, GCAP2, and GCAP3, which are expressed in
the rods and/or cones and are thought to be permanently associated with retinal rGCs.
When the intracellular calcium concentration drops during phototransduction, GCAPs
assume an active form and interact with the rGC kinase-like and catalytic domains,
causing GC activation. Less is known about GC-F, which is expressed with GC-E in
retinal cells (and is also regulated by GCAP2 and GCAP3), and GC-G, which is
expressed in skeletal muscle, lung, and intestine. The extracellular domain of GC-G is
homologous to the natriuretic rGC extracellular domains, raising the possibility that its
ligand is similar to the natriuretic peptides (Schulz et al., 1998).

The catalytic domain of rGCs is related to and shares significant homology with
the catalytic domains of sGCs and adenylyl cyclases. The GC catalytic site model
discussed above (Fig. 1.1) also applies to the rGCs and can be used to make dimer
activity predictions. CG-A possesses all of the residues predicted to interact with GTP,
including the residues known to be critical for catalysis. Thus, GC-A is predicted, and has

been shown to be active as a homodimer (Garbers, 1990). All of the other mammalian
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rGCs also possess all of the predicted GTP-interacting residues and are predicted to form
active homodimers. GC-B, GC-C, GC-D, GC-E, GC-F, and GC-G all yielded at least
basal activity when expressed in a heterologous cell expression system in the absence of
other subunits (Schulz et al., 1990; Schulz et al., 1989; Schulz et al., 1998; Yang et al.,
1995; Yang and Garbers, 1997). Similar to homodimeric soluble GCs such as MsGC-B3
and the rat B2 GCs, mammalian receptor GCs are predicted to contain two active GTP-
binding sites because each subunit in the dimer possesses the full complement of A strand
and B strand GTP-interacting residues (Figure 1.1 and Table 1.2), allowing two complete
separate active sites to form. In contrast, heterodimeric soluble o/ GCs contain only one
GTP-binding site because the o subunit possesses all of the A strand residues but is
missing some of the B strand residues, while the B subunit possesses all of the B strand
residues but is missing some of the A strand residues. The result of this is the formation
of one complete catalytically active site and one psuedo-site, that may bind nucleotides
but cannot cyclize them. In the case of the heterodimeric adenylyl cyclases, this
psuedosite binds molecules that regulate the enzyme activity, such as forskolin. Soluble
GCs exhibit linear Michaelis-Menton kinetics with Hill coefficients of 1.0, consistent
with the existence of one active site (Chrisman et al., 1975; Garbers, 1979; Wolin et al.,
1982). In contrast rGCs exhibit curvilinear Michaelis-Menton kinetics with Hill
coefficients of >1.0, indicating the existence of two catalytic sites that interact in a
positively cooperative manner (Wong et al., 1995).

Ligand binding to the extracellular domain of GC-A, GC-B, and GC-C greatly
stimulates GC activity. Presumably, ligand binding results in a conformational change

that is transduced to the catalytic domain, perhaps shifting key residues to more effective
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relative positions. However, the specific conformation changes that occur in this process

are completely unknown at this time.

2. Invertebrate receptor guanylyl cyclases

While an impressive number of rGCs are predicted to occur in the genomes of a
wide range of invertebrates, thanks to numerous genome projects, relatively few of these
have been cloned and characterized. In arthropods, at least 6 distinct isoforms appear to
occur. BLAST analysis of the Drosophila melanogaster genome revealed 6 genetic loci
that are predicted to code for rGCs (Morton, 2004b). Anopheles gambiae is predicted to
have an ortholog to each of these, and whole cDNAs or cDNA fragments of some of
these rGCs have been isolated in other arthropods (for review see Morton, 2004).
Structurally, all of these arthropod rGCs have same overall similarities to mammalian
rGCs, with an extracellular domain that may bind ligands, a single transmembrane
domain, a KHD domain, a dimerization domain, and a highly conserved catalytic domain
that lies at the C-terminal end (Morton, 2004b; Morton and Hudson, 2002). Analysis of
the catalytic domain residues revealed that these arthropod rGCs should form active
homodimers (Morton, 2004b; Morton and Hudson, 2002). In terms of sequence
similarities/identity to the mammalian rGCs (BLAST analysis), the Manduca sexta rtGC
MsGC-II 1s most closely related to GC-F, while the other 5 are most closely related to
GC-A or GC-B. The extracellular domains in rGCs share little similar to each other
(within a given organism and across species), which makes direct sequence identity
comparisons of little value when considering possible activators and cellular function.

However, the characterization of specific sequence features of a family of ligand-binding
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domains related to the ANP binding domain enables one to identify possible ANP
binding domains in the extracellular portion of other proteins (Morton, 2004b). All of the
arthropod rGCs, except for MsGC-II, have a predicted ANP-like binding domain in the
extracellular portion (Morton, 2004b), which is consistent with the BLAST analysis
finding that these rGCs are most similar to GC-A or GC-B, which bind ANP, BNP,
and/or CNP. While insects do not appear to have peptides that are similar (in terms of
sequence identity) to ANP, there exists several peptides that are proposed to be possible
ligands for these rGCS (Morton and Hudson, 2002). Two of the Drosophila melanogaster
natriuretic receptor-like rGCs have been cloned and their expression patterns
characterized, but no biochemical studies were carried out (Gigliotti et al., 1993; Liu et
al., 1995; McNeil et al., 1995). These rGCs remain classified as orphan receptors.

Clear evidence of a specific ligand/rGC interaction has been found in crustaceans.
A peptide hormone called crustacean hypoglycemic hormone (CHH) has been shown to
activate a rGC in lobster muscle (Goy, 1990). Additionally, crab neurohemal gland
extracts that contain a peptide similar to CHH elevated cGMP levels in a specific subset
of neurons in the stomatogastric nervous system. A full length rGC from crayfish muscle
and a fragment of a similar rtGC from blue crab Y organ are most similar to the
Drosophila Gyc76C and its Manduca ortholog (Hazelett and Weeks, unpublished
data/sequence), both of which were also found to be expressed in muscle tissue (McNeil
et al., 1995). CHH-like peptides are also found in insects, but it remains to be seen if
these peptides interact with and activate any insect tGCs (Morton and Hudson, 2002).

The insect rGC that does not contain a predicted ANP-binding site, the Manduca

sexta MsGC-II, has been studied in some detail. MsGC-II was found to be expressed in
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the several regions of the central nervous system and is most similar to a retinal GC (GC-
F), which is regulated by intracellular calcium sensing proteins (Morton and Nighorn,
2003). Transient expression in COS-7 cells generated guanylyl cyclase activity that was
inhibited by high levels of calcium, in the absence of exogenous calcium binding
proteins. When the mammalian guanylyl cyclases activating protein 2 (GCAP2) or the
Drosophila melanogaster frequenin (an insect neuronal calcium sensing protein) was
added to the assay, in the presence of low calcium levels, an increase in the level of
activity was observed. Thus, the regulation of MsGC-II activity shares similarities to the
regulation of GC-E and GC-F activity, namely, by calcium levels and calcium binding
proteins.

The Manduca sexta MsGC-1 is an unusual GC found during the degenerate PCR
screen that identified MsGC-f3 in the nervous system (Nighorn et al., 2001; Simpson et
al., 1999). The primary amino acid sequence of MsGC-I revealed that it is most closely
related to receptor guanylyl cyclases, but it lacked the extracellular and transmembrane
domains. Specifically, the dimerization and catalytic domains showed greater than 75%
similarity to the mammalian GC-B (Simpson et al., 1999). Northern and Western blots
demonstrated a transcript and protein size that is consistent with the isolated cDNA,
showing that MsGC-1 is a bonafide transcript and not a cloning artifact. Transient
transfection in COS-7 cells showed that MsGC-I likely forms homodimers, as it is active
in the absence of other subunits and present in the soluble fraction of COS-7 cells, as
expected of a protein lacking a transmembrane domain. Gel filtration data confirmed the
formation of homodimers. It appeared that in vivo, MsGC-I interacted directly or

indirectly with a membrane-bound protein, as it was located in the particulate fraction of
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CNS homogenates (Simpson et al., 1999). Orthologues of MsGC-I or MsGC-I-like GCs
appear to exist in other invertebrates and in mammals. Searches of the annotated genome
C. elegans, Drosophila melanogaster, and Anopheles gambiae identified predicted
receptor-like guanylyl cyclases that lacked extracellular and transmembrane domains,
although none of these have been confirmed through cloning (Morton, 2004b). In the rat,
a receptor-like GC that lacked a transmembrane domain was isolated and named ksGC.
The ksGC transcript appeared to be alternatively spliced variant of GC-G (Kojima et al.,
1995). A subsequent report suggested ksGC was an artifactual truncation of CG-G and
not a true splice variant, although Northern blots from both reports show both a large
band that represents GC-G and smaller bands that could represent the soluble form
(Kojima et al., 1995; Schulz et al., 1998). Supporting the presence of this form of GC in
rodents, two mouse cDNAs were found in a GenBank search that appear to code for
mouse versions of ksGC that also lack the extracellular and transmembrane domains
(Morton, 2004b). Thus it seems possible that the MsGC-I isoform is widespread
throughout the animal kingdom.

Despite its relatively small size, the genome of C. elegans contains an astounding
25 predicted rGCs, compared to the 7 isoforms found in vertebrates and 6 identified so
far in arthropods (Morton, 2004b). These rGCs also share the same primary structural
characteristics with other rGCS (Morton, 2004b). However, analysis of catalyic domain
residues revealed that many (but not all) of the C. elegans rGCs are likely to be inactive
as homodimers, requiring a different subunit partner to form a complete catalytic site, in
contrast to all other known or predicted rGCs but similar to classic sGCs (Morton,

2004b). An example of possible subunit heterodimerization is observed with two of these
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rGCs, DAF-11 and ODR-1. DAF-11 has all of the residues contributed by typical o
subunits (A strand), but has substitutions in place of several of the residues contributed
by typical 8 subunits (B strand), including some that have been shown to be crucial for
catalytic activity (see Table 1.2). ODR-1 on the other hand, has all of the residues
contributed by typical § subunits, but has substitutions in place of several o subunit
residues. Only when these two subunits form a dimer together should a complete active
site be formed. Evidence of heterodimerization in vivo and participation in the same
pathway does exist with DAF-11 and ODR-1. Both DAF-11 and ODR-1 were found to
be expressed in AWC chemosensory neurons, although both are found other non-
overlapping locations (Birnby et al., 2000; L'Etoile and Bargmann, 2000). Importantly, a
phenotype of DAF-11 mutants overlaps with the phenotype of ODR-1 mutants, namely
defective chemotaxis to several odorants sensed by the AWC neurons (L'Etoile and
Bargmann, 2000). Interestingly, DAF-11 mutants are also defective in regulated dauer
formation (an alternate developemental stage; Riddle et al., 1997) while ODR-1 mutants
are not, indicating that ODR-1 may also form heterodimers with another subunit in other
cells to regulate dauer formation. Biochemical studies using a heterologous cell
expression system are needed to clearly demonstrate the requirement of ODR-1 and
DAF-11 co-expression to generate guanylyl cyclase activity.

Functional or biochemical studies have not been published for any of the other C.
elegans rGCs. However, the expression patterns of all the rGCs have been mapped with
green fluorescent protein (GFP) that was driven in worms with the non-coding sequence
that lies 5' of the open reading frame (the predicted promoter) of each rGC. Using this

method, many of the C. elegans rGCs in addition to DAF-11 and ODR-1 were found to
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be expressed in a small number of chemosensory neurons, with several of these co-
expressed in the same cells (Yu et al., 1997). Clearly we have only scratched the surface
of guanylyl cyclase function and regulation in C. elegans.
III. Phosphodiesterases

The duration and amplitude of cGMP levels in a cell are regulated by guanylyl
cyclases, which catalyze its formation, and cyclic nucleotide phosphodiesterases (PDEs),
which catalyze its degradation to GMP. PDEs are a diverse family of enzymes that are
regulated by a variety of interactions, with members that can both control the levels of
c¢GMP and act as downstream effectors in the cGMP pathway. Different combinations of
PDEs and GCs expressed in a given cell could provide a wide range of temporal cGMP
regulation strategies in order to control both very rapid and very slow processes.

Eleven different PDE gene families have been identified in mammalian tissues
thus far, differing in their substrate specificity and regulatory domains (Table 1.3)
(Morton and Hudson, 2002; Rybalkin et al., 2003). PDE families 1, 2, 3, 10, and 11
display no specificity towards cAMP or cGMP, and are regulated by a cGMP-binding
domain (GAF), or a calcium/calmodulin-binding domain (PDE 1 only). A specific
regulatory domain has not been identified in the PDE3 family. PDE families 4, 7, and 8
are specific for cAMP, and are regulated by upstream conserved regions (UCRs) (PDE4)
or a PAS (Per, ARNT, and Sim proteins) domain (PDE 8). A specific regulatory domain
has not been identified in the PDE 7 family. Finally, PDE families 5, 6, and 9 are specific
for cGMP, and are regulated by GAF domains (PDES and 6). A specific regulatory

domain has not been identified in PDE family 9.
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Table 1.3. Mammalian PDE families and classification of Drosophila predicted PDEs

PDE family Substrate Regulatory Regulation by | Drosophila
specificity domains cGMP orthologs

1 cAMP/cGMP Ca/CAM - CG14940

2 cAMP/cGMP GAF Stimulation -

3 cAMP/cGMP - Inhibition -

4 cAMP UCRI1 and 2 - Dunce

5 cGMP GAF Stimulation CG10231*

6 cGMP GAF - CG8729**

() cAMP - - -

8 cAMP PAS - CG5411

9 cGMP - - CG1627,
CG3765

10 cAMP/cGMP GAF -

11 cAMP/cGMP GAF - CG8729*
CG10231**

The substrate specificities for the mammalian PDEs are given and are classified into three
classes: cAMP specific, cGMP specific, and those with no substrate specificity (Francis
et al., 2001). The regulatory domains include the calcium/calmodulin-binding domain
(Ca/CAM), the cGMP binding domain (GAF), the upstream conserved regions (UCR1
and 2), and the PAS domain (named after the Per, ARNT, and Sim proteins). Drosophila
PDE homologue assignments differ slightly depending on method of comparision (genes
in disagreement indicated with asterisks). Morton and Hudson (2002) used BLAST
analysis for PDE family placement (single asterisk). Day et al. (2005) compared sequence

similarity and the presence of certain important sequence features (double asterisk).
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Until very recently, only one Drosophila PDE, Dunce, had been cloned and
studied. Genome analysis revealed the presence of 6 more loci that were predicted to
encode for PDEs (Morton and Hudson, 2002). BLAST analysis placed each of these
predicted PDESs into one of the 11 PDE families (Morton and Hudson, 2002; Table 1.3).
Dunce (mutant displays defects in learning and memory) and CG5411 appeared to be
specific for cAMP, falling into PDE families 4 and 8 respectively. CG14940 and CG8729
are predicted to show no substrate specificity as they fall into PDE families 1 and 11
respectively. CG10231, CG1627, and CG3765 were predicted to be specific for cGMP as
the fall in PDE families 5, 9, and 9 respectively. The recent report from the Davies lab
described ESTs or a cloned cDNA for 5 of these predicted PDEs, confirming their
expression in Drosophila (Day et al., 2005). This report also confirmed biochemically
that CG14940 and CG8729 hydrolyze both cAMP and cGMP as predicted by their
orthology. CG10231, which the Davies group considered more PDE11-like than PDES-
like, (using percent similarity and the presence of important sequence features, rather
than BLAST analysis) also hydrolyzed both cAMP and cGMP, supporting their
classification of this PDE. They failed to measure significant activity from the other two
PDEs examined.

At least two other studies support the existence of different PDE family members
in insects, with varying cyclic nucleotide specificities and regulatory mechanisms. In
Hyalophora cecropia (silkmoth) fat body and Manduca sexta CNS, distinct cAMP and
¢GMP phosphodiesterase activities were observed (Albin et al., 1975; Fallon and Wyatt,
1977). Also, extracts ffom Drosophila heads yielded two distinct PDE activities, with one

that was abolished in dnc (Dunce, experimentally shown to be a cAMP specific PDE)
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mutants and one that remained that was activated by calcium and calmodulin (Solti et al.,
1983).

GAF domains (named after the cGMP-binding PDEs, the Anabaena adenylyl
cyclase, and the fh1A domain) are found in several of the PDE families. These domains
form allosteric binding sites for cGMP at locations separate from the catalytic cGMP
binding site (Soderling and Beavo, 2000). In PDES, GAF domains bind cGMP, leading to
stimulated PDE activity and invoking a negative feedback loop. Two cGMP-binding
GAF domains are found in PDES that were found to be required for its phosphorylation
by both cAMP-dependent protein kinases (PKAs) and cGMP-dependent protein kinases
(PKGs) (Turko et al., 1998). PDES phosphorylation increases catalytic activity (Corbin et
al., 2000). When cGMP levels start to rise in a cell, cGMP first binds to the catalytic site,
which allosterically increases the affinity of the GAF domains for cGMP. The binding of
c¢GMP to the GAF domains causes a conformational change that exposes the PDES
phosphorylation site to PKA and PKG (which is also activated by cGMP), allowing
phosphorylation. This phosphorylation results in increased PDE activity that drives the
concentration of cellular cGMP back to basal levels (Corbin et al., 2000). PROSITE and
sequence analysis shows that both CG10231 and CG8279 contain two complete GAF
domains and the specific serine residue that is phosphorylated during cGMP-mediated
PDE stimulation (Morton and Hudson, 2002). Like PDES, CG10231 and CG8279 likely
act as both cGMP-specific PDEs and downstream effectors that are also regulated by
c¢GMP and possibly PKG.

A big gap in the knowledge of cGMP regulation and function exists in Drosophila

and in the invertebrate world in general, as most research has focused on guanylyl
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cyclases and the synthesis of cGMP. As we can see from vertebrate PDE studies, we may
be missing half the story focusing only on the regulation of cGMP synthesis. It will be
extremely interesting to see how PDEs factor into the regulation of cGMP signalling in
invertebrates and in Drosophila in particular.
IV. cGMP targets
A. cGMP-dependent protein kinases

In addition to the PDEs, there are two more major protein families that are known
to act as cGMP receptors, which are characterized by having defined cyclic nucleotide
binding sites. These families are the cGMP-dependent protein kinases, or PKGs, and the
cGMP-gated ion channels. A recent review reported on the results of a Protein family
(Pfam) database search for cyclic nucleotide (¢cNMP) binding sites in insects (Morton and
Hudson, 2002). 17 urﬁque protein sequences were found, and all but one (a voltage and
cyclic nucleotide-gated channel in Heliothis virescens) came from Drosophila
melanogaster databases. In summary, two PKA regulatory subunits, three PKG
regulatory proteins, nine ion channels, two cAMP-dependent guanine exchange factor-
like proteins, and one other protein were found to contain one or more cyclic nucleotide
binding sites. The last one was the product of the swiss cheese (sws) gene (Kretzschmar
et al., 1997), which has three N-terminal cNMP binding domains that share similarities to
the cNMP binding domains in both PKA (Kretzschmar et al., 1997) and PKG (Morton
and Hudson, 2002). The relative affinities for cAMP and ¢cGMP of the sws protein
product are not known. Sws mutants show age-dependent neurodegeneration, and one of
sws alleles contains a point mutation that results in a substitution in the cNMP binding

site at a residue that is present in all 17 insect cNMP binding sites, indicating the
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functional importance of this site. The sws protein product may represent an additional
target for cGMP.

Two structurally distinct families of cyclic nucleotide-activated protein kinases
exist both in mammals and in insects. One family is specifically activated by cGMP
while the other is activated only by cAMP. These families differ by more than just cyclic
nucleotide specifity, which is governed by several key residues at the binding site.
cAMP-dependent protein kinases are tetrameric proteins that are composed of two
catalytic subunits and two cAMP-binding subunits, while c¢GMP-dependent protein
kinases are homodimers, with each monomeric subunit containing both the catalytic and
cGMP regulatory domains (Scott, 1991). Cyclic nMP binding to the regulatory domain
leads to kinase activation and transfer of the y-phosphate from ATP to a serine or
threonine residue on the target protein.

In addition to holding two cNMP binding sites, the N-terminal domain of PKGs
contain 5 other regulatory sites: the subunit dimerization site (which consists of an o-
helix with a conserved leucine/isoleucine heptad repeat), several autoinhibitory sites
(which inhibit the enzyme in the absence of cGMP), several autophosphorlylation sites
(which increase basal activity in the presence of cGMP), a site that re gulates the affinity
and cooperative behavior of the cGMP binding sites, and finally an intracellular
localization site, which determines the interaction of the enzyme with particular
subcellular structures. The catalytic domain, which is located at the C-terminus of PKGs,
contains the binding sites for Mg*-ATP and the target protein (Lincoln et al., 2001;

Lucas et al., 2000; Pfeifer et al., 1999).
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Two PKG genes have been identified thus far in mammals. One gene encodes for
two (alternatively spliced) isoforms of PKG (Tamura et al., 1 996), while the other
encodes for PKG II (Orstavik et al., 1996). PKG I was shown to exist as a cytosolic 76-
kDa homodimer that is expressed in many tissues, particularly in cerebellum, platelet,
and smooth muscle (Lohmann et al., 1997). The two isoforms of PKG I have different N-
terminal domains, conferring different binding affinities for cGMP. PKG II was shown to
be an 86-kDa membrane-bound homodimer. The main sequence differences between
PKG I and PKG II occur in the N-terminal region, and one of these differences is
responsible for subcellular localization. PKG I contains an acetylated site, while PKG II
contains a myristolated site that causes it to be anchored in membranes (Lohmann et al.,
1997). PKG Il is absent from the cardiovascular system but is abundant in brain and
intestine, and is also found in lung, kidney, and bone (Jarchau et al., 1994; Lohmann et
al., 1997).

c¢GMP-dependent protein kinase activity has been demonstrated to occur in a wide
range of insect tissues indicating that these enzymes are utilized throughout the insect
world. Examples include Hyalophora cecropia body wall and fat body (Filburn et al.,
1977), fat body from Antheraea polyphemus, Manduca sexta, and the cockroach Blaberus
discoidalis (Kuo et al., 1971), eggs and pupae from Bombyx mori (Kuo and Greengard,
1974; Kuo et al., 1971), Manduca sexta CNS (Morton and Truman, 1986), and whole
body extracts from Drosophila melanogaster (Kuo et al., 1971).

Two PKG genes have been cloned in Drosophila melanogaster, and a third PKG
gene is predicted in its genome (MacPherson et al., 2004). A BLAST analysis revealed

that the two cloned PKG genes, Pkg21D (or DG1) and foraging (for, or DG@G2) are most
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similar to mammalian PKG I, while the predicted gene, CG4839, shares the most
similarity with PKG II (Morton and Hudson, 2002). All three of these PKGs share the
same overall domain structure with the mammalian PKGs, with an N-terminal regulatory
and a C-terminal catalytic domain both in one subunit. Again the N-terminal regulatory
domains of the Drosophila PKGs share the least similarity with each other and other
PKGs, but all contain at least the two cNMP binding sites and the dimerization domain
(Foster et al., 1996). Like PKG I, for mRNA is produced as multiple splice variants, two
of which likely result in a regulatory domain with only one cGMP binding site (Kalderon
and Rubin, 1989).

The biochemical properties of pkg21D were shown to be similar to that of the
mammalian PKGs (Foster et al., 1996). Recombinant pkg21D formed homodimers, was
preferentially activated by cGMP, and was autophosphorylated in the presence of cGMP
(Foster et al., 1996). The positive cooperativity observed in cGMP-stimulated activity
indicated the presence of two functional cGMP binding sites (Foster et al., 1996). No
direct biochemical studies have been carried out on for, but there is evidence that it does
encode a functional PKG. Two naturally occurring alleles of the for gene are correlated
with different levels cGMP-dependent kinase activity. Animals with one for allele (rover)
express more PKG and tissues from these animals have more PKG activity. Animals with
the other for allele (sitter) have less PKG expression and tissue from these animals
display less PKG activity (Osbourne et al., 1997).

Exciting findings have been reported recently on a number of behaviors
(discussed later) mediated by a C. elegans PKG called EGL-4 (Stansberry et al., 2001).

The EGL-4 kinase is 46% identical over its C-terminal domain to the mouse PKG I
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(L'Etoile et al., 2002). Like the mammalian PKGs and known Drosophila isoforms, EGL-
4 consists of a divergent N-terminal domain that contains two c¢GMP-binding motifs and
a C-terminal serine/threonine kinase domain (L'Etoile et al., 2002). Recombinant EGL-4
was shown to have cGMP-dependent serine/threonine kinase activity in vitro (Stansberry
et al., 2001).

A wide range of mammalian proteins have been shown to be phosphorylated by
PKGs in vitro, but phosphorylation of only a few of these have been shown to occur iz
vivo. Many examples of PKG phosphorylation in vitro may represent artifacts of using
cell culture systems, which often poorly match actual cellular environments found in
vivo. Some of the protein groups that are widely recognized as bonafide PKG I substrates
are the IP; receptors, phospholamban, the vasodilator-stimulated phosphoprotein,
vimentin (involved with platelet and neutrophil activation), the G substrate (phosphatase
inhibitor in Pukinje cells), and the thromboxane A, receptor, which is inactivated by PKG
phosphorylation in platelets (Komalavilas and Lincoln, 1996; Raeymaekers et al., 1990)
(Aszodi et al., 1999; Endo et al., 1999; Lawrence and Pryzwansky, 2001; Wang et al.,
1998). The vasodilator-stimulated phosphoprotein (VASP) is also a substrate for PKG in
smooth muscle and vascular endothelium, playing a role in the relaxation of the these
tissues (Smolenski et al., 1998). Less established PKG I substrates include the L-type
Ca® channel and the Ca**-activated K+ channel, which upon phosphorylation, contribute
to smooth muscle tone and cardiac contractility (Fukao et al., 1999; Jahn et al., 1988). A
recent study demonstrated that NO-activated sGC in gastric smooth muscle was
phosphorylated and inhibited by PKG activity (Murthy, 2004). A large number of other

PKG T substrates have been suggested with only circumstantial evidence for support.
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Only one protein has been shown definitively to be a substrate of PGK II. The fibrosis
transmembrane conductance regulator (CFTR), which is located in the intestinal mucosal
cells, is phosphorylated by PKG II in response to activation of GC-C which leads to
electrogenic chloride current and subsequent water secretion in the intestine (Vaandrager
et al., 1997).

It appears that many PKG substrates are also PKA substrates, and that cGMP acts
in concert with cAMP is some pathways. For example, both PKG and PKA inhibit IP;-
dependent release of Ca2+ and induce relaxation in cultured rabbit and guinea pig muscle
cells, presumably through the phosphorylation of the IP, receptor (Francis and Corbin,
1999). Crosstalk between pathways may also occur through PKA activation by cGMP.
The cAMP binding sites of PKA are not completely selective for cAMP and can also
bind ¢cGMP, although with a 50-fold lower selectivity (Francis and Corbin, 1994). This
relevancy and occurrence of this crosstalk has not been well established in vivo.

In many insect studies, specific PKG substrates have been difficult to document
because of the apparent overlap of PKG and PKA substrate specificities. Furthermore,
both PKG and PKA are often expressed in the same tissues, and the levels of PKA
usually considerably higher than PKG, making it difficult to access how much PKG
contributed to a particular phosphorlation event. An example of cyclic nucleotide-
dependent phosphorylation comes from silkworm eggs. The egg protein vitellin was
shown to be phosphorylated by purified preparations of both PKG and PKA, with a
similar K, for both enzymes (Corbin et al., 1988). Both PKA and PKG were found in the
egg samples, and it was not possible to determine if one or both kinases were responsible

for substrate phosphorylation in vivo (Corbin et al., 1988). Specific and potent PKG
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inhibitors have been developed more recently, and were not available for the numerous
early “classical” studies on cNMP-dependent protein kinases. These substances provide
the means to help identify the specific kinase involved in c¢NMP-dependent
phosphorylation events in future cell culture experiments and will greatly enhance our
understanding of cGMP and cAMP pathways and regulation. Elegant and powerful
genetic methods are now being used to study PKG pathways in vivo, eépecially in insect
and nematode model systems.

An early invertebrate example PKG substrate phosphorylation was demonstrated
in Manduca sexta. In ventral nerve cords, two proteins called the EGPs (EH and cGMP
regulated phosphoproteins) are phosphorylated specifically in response to cGMP,
following the release and action of eclosion hormone (EH) in vivo (Morton and Truman,
1986). EH release in animals has no effect on the levels of cAMP. This c¢GMP-dependent
phosphorylation was reproduced in intact ventral nerve cords that had been removed from
the animals. cAMP was not as effective as cGMP in these experiments. Interestingly, in
homogenized nerve cord samples cAMP was more effective than cGMP at stimulating
the phosphorylation of the EGPs. It was shown that both PKA and PKG can
phosphorylate the EGPs, and that PKA levels are 10-fold higher than that of PKG in
homogenates (Morton and Truman, 1986). It seems likely that in intact nerve cords, PKA
is not found at high levels in the cells that contain the EGPs, and the homogenization of
tissue releases the abundant stores of PKA in other cells. In this case, and likely in many
other cases, substrates for PKGs are not specific because of binding affinity, but because
of cellular colocalization with PKG and the selective production cGMP by upstream

pathway activation.
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B. cGMP-gated ion channels

The final major group of proteins that are known to be cNMP targets are the
cNMP-gated ion channels (CNGs) (Kaupp and Seifert, 2002). CNGs are non-selective
cation channels that poorly discriminate between positively-charged ions, allowing even
divalent cations such as Ca® to pass. CNGs are directly activated through the binding of
cGMP or cAMP to specific sites in C-terminal region that share significant sequence
homology to the cNMP-binding domains of PKA and PKG. The dependence of channel
activation on the ligand concentration is steep, indicating that several (most likely four)
molecules of cNMP are required to fully open the channels. All studied CNG channels
appear to respond to some extent to both cGMP and cAMP, with some channels
responding equally well to both cNMPs, but there are several examples where the CNG is
highly selective for one or the other cNMP. An aspartate residue was identified near the
C-terminal end of the cNMP binding site that determines the selectivity of cGMP in the
bovine rod CNG (Varnum et al., 1995). Point-mutating this residue to an uncharged polar
residue eliminated ligand specificity, while mutating it to a non-polar residue switched
specificity from cGMP to cAMP, consistent with sequences and ligand specificities of
other characterized CNGs (Varnum et al., 1995).

CNG channels function as hetero- or homo-multimers, and genes encoding
several different subunits exist in a given organism. Based on sequence comparisions,
CNG channel genes fall into different subfamilies. In mammals, two subfamilies can be
distinguished, with the peptides encoded by these genes classified as either “A” or “B”
subunits. A total of six mammalian CNG subunit genes have been identified and cloned.

Members of the “A” subfamily can form functional channels on their own, with the
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exception of CNGA4 . The first of these subunits, called CNGA1, was first identified in
retinal rods (Kaupp and Altenhofen, 1992). The major subunit found in olfactory sensory
neurons 18 CNGA2 (Kaupp and Seifert, 2002), and the major subunit found in cones is
CNGA3 (Bonigk et al., 1993). These three CNGs are highly identical (~77%) (Kaupp and
Seifert, 2002) CNG4, which was also found in olfactory sensory neurons, is a modulator
of CNGA3, and does not form functional channels on its own (Bradley et al., 1994).
CNGA4 interacts with CNGA3 to make a channel that displays increased sensitivity to
cAMP (Bradley et al., 1994).

The “B” subfamily is comprised of two subunits in mammals. CNGB1 was
originally found in rod photoreceptors, and CNGB3 was first identified in cone
photoreceptors (Chen et al., 1993; Gerstner et al., 2000; Korschen et al., 1999). These are
modulatory subunits, as they do not form functional channels on their own and are known
to modify the characteristics of homomeric channels composed of “A” subfamily
members when co-expressed with them in heterologous cell systems. Hetero-multimers
that contain “B” subfamily members are altered in ligand sensitivity and selectivity,
gating, pharmacology, ion selectivity, and modulation by Ca2+/CaM, compared to
homomeric “A” channels (reviewed in Kaupp and Seifert, 2002).

The current topological model for the CNG channel has been arrived at though
protein structure/ membrane interaction predictions and experimental evidence obtained
through electron microscopy (with immunogold labeling) and gene fusion approaches
using enzyme reporters (reviewed in Kaupp and Seifert, 2002). The core structural unit of
CNG channels consists of six membrane spanning segments, designated S1-S6, followed

by a cNMP binding domain near the C-terminus. A pore region of ~20-30 residues is
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located between S5 and S6. The S4 segment in CNG channels is similar (yet functionally
different) to the voltage-sensor motif found in the S4 segment of voltage-gated K+, Na+,
and Ca2+ channels. These features indicate that CNGs and voltage gated channels
evolved from a common ancestral channel (Heginbotham et al., 1992). Both the N-
terminal and the C-termini of each subunit is located on the cytoplasmic side of the cell
membrane, at least for homomeric channels composed of “A” subunits (Henn et al.,
1995; Molday et al., 1991).

The pore region architecture and sequence of CNGs is highly similar to that of K*
channels. However, the sequence similarities diverge exactly at the region known to
mediate ion selectivity (reviewed in Kaupp and Seifert, 2002). Where a key tyrosine
residue occurs in the selectivity filter of K* channels, hydrophilic or negatively charged
residues occur in most CNGs. These residues contribute to the strong channel selectivity
for cations over anions.

In Drosophila melanogaster, four predicted genes have been identified in the
genome that appear to code for cNMP-gated ion channels (Littleton and Ganetzky, 2000).
Two of these CNGs have been cloned and characterized, and were named cyclic
nucleotide-gated ion channel (cng) and cng-like (cngl) (Baumann et al., 1994; Miyazu et
al., 2000). The other two, designated CG3536 and CG17922, have not been cloned as of
yet. The cng subunit has been expressed in heterologous cells and does form functional
cGMP-gated non-specific cation channels that are 50-fold more sensitive to cGMP than
cAMP (Baumann et al., 1994). The ligand specificity of cng for cGMP is consistent with
the presence of a key aspartate in the cNMP-binding site, like the bovine rod BNG

discussed above. In contrast, when the cngl subunit was expressed in heterologous cells,
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functional channels did not form, indicating that functionally this subunit is like a “B”
subunit, modulating the function of homomeric “A” channels (Miyazu et al., 2000). The
cngl subunit, if it formed homomeric channels, should be specific for cAMP-gating as it
possesses a non-polar valine residue instead of an aspartate (Morton and Hudson, 2002).
CG3536 and CG17922 should not display ligand specificity, as they have a tyrosine and
an asparagine respectively, in place of the key aspartate (Morton and Hudson, 2002). It is
not known if these subunits interact in vivo, although it appears that cng and cngl do not
interact as they are expressed in different tissues. Cng was found in antennae and in eyes,
while cngl was found to be expressea in the antennal lobes, mushroom bodies, thoracic
ganglion neurons, and in muscle fibers (Baumann et al., 1994) (Miyazu et al., 2000).
There are two other families of channels that possess cNMP-binding sites, in
addition to CNG channels, called the hyperpolarization-activated (I,) channels and the
ether-a-go-go (eag) family of voltage activated potassium channels. In mammals, the I,
channels are activated by hyperpolarizing currents and the presence of cGMP or cAMP
causes the channels to open at more positive voltages (Ludwig et al., 1998). Two insect I,
channels have been identified: one in Heliothis virescens and one in Drosophila
melanogaster (Krieger et al., 1999)(Marx et al., 1999). The Heliothis I, channel was
shown to behave like the mammalian I, channels when expressed in heterologous cells.
The insect I, channels are expressed several sensory tissues, such as the eye, antennae,
and auditory organs in Drosophila and in antennal sensory neurons in Heliothis (Krieger
et al., 1999; Marx et al., 1999). The voltage-gated potassium channels that are encoded
by the ether-a-go-go gene subfamily are modulated (not gated) by cAMP only, and will

not be discussed further here.
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V. Physiological functions/pathways in the nervous system
A. Phototransduction

One of the most well-studied functions of cGMP is its primary role in mammalian
phototransduction (Stryer, 1991; Stryer, 1996). The visual signal begins when rhodopsin,
a seven-pass transmembrane protein that contains an 11-cis-retinal chromophore, is
struck by photon(s), causing its photoisomerization. This photoexcited form of rhodopsin
activates transducin, a member of the G-protein family, catalyzing the exchange of GTP
for bound GDP of the G protein o subunit. The active G protein then stimulates a potent
PDE, which rapidly hydrolyzes cGMP. In the absence of light, Na’* and Ca** enter freely
through a cGMP-gated CNG that is held open by a constant level of cGMP. The light
induced decrease of cGMP levels closes the CNGs, which hyperpolarizes the plasma
membrane and generates the neural impulse as a cation gradient is formed. The dark state
is regained through the inactivation of PDE and activation of the receptor guanylyl
cyclase GC-E. Recoverin and the GCAPs, all members of the calcium-binding EF-hand
family, detect decreased cytoplasmic Ca®* levels after channel closing and activate GC-E.
The GTPase activity of the transducin o subunit catalyzes the hydrolysis of GTP,
inactivating the G-protein and blocking PDE activity.

In Drosophila visual transduction, the primary signal has been shown to be
inositol 1,4,5-trisphosphate (IP;) rather than cGMP. However, cGMP may play a
modulatory or adaptive role, as GCs and other components of the cGMP pathway have
been located to insect photoreceptors. NO-sensitive GC activity has been found to occur
in locust eyes, and a GC o subunit was shown to be expressed in the photoreceptors,

possibly playing a role in dark adaptation (Elphick and Jones, 1998). Also in locust eyes,
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electroretinogram (ERG) recordings demonstrated that cGMP and NO donors increased
the response of photoreceptors to light (Schmachtenberg and Bicker, 1999). Downstream
cGMP pathway components, such as CNG and Ih channels have been shown to occur in
Drosophila melanogaster photoreceptors, and application of exogenous cGMP induced
membrane currents and also enhanced light-induced currents (Bacigalupo et al., 1995;
Baumann et al., 1994; Marx et al., 1999).
B. Neuronal plasticity: long-term potentiation and long-term depression

Many lines of evidence support a role for the NO/cGMP pathway in several forms
of long-term potentiation (LTP) and depression (LTD) (reviewed in Prast and Philippu,
2001). LTP and LTD are activify-dependent forms of modified transmission efficacy at
synapses. In hippocampal and cortical LTP, NO appears to act as a retrograde messenger
that is synthesized postsynaptically and acts on presynaptic terminals, where cGMP is
generated by sGC. In cerebellar and striatial LTD, NO seems to be generated
presynaptically or in interneurons, acting postsynaptically. The pathway downstream of
c¢GMP is poorly understood, but PKG is a likely target. The NO/cGMP pathway has also
been shown to modulate the release of a host of neurotransmitters, such as acetylcholine,
excitatory and inhibitory amino acids, catecholamine, histamine, and serotonin (Prast and
Philippu, 2001).
C. Neuronal development

A large number of studies in a variety of in vivo and in vitro settings implicate
c¢GMP signaling in several types of neuronal development, particularly axonal
pathfinding and synapse formation. Axonal pathfinding events are guided at least in part

by secreted attractant/repellent molecules and cell surface markers that lead axons to
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target regions or act as guideposts can alter or support axonal behavior (reviewed in
Tessier-Lavigne and Goodman, 1996). Gradients of guidance molecules and cell surface
markers along neuronal pathways are perceived by receptors localized to the growth
cones, relaying guidance cues to the dynamic cytoskeletal machinery. When axons reach
their targets, they receive signals instructing them to stop and form the appropriate
synapses (Tessier-Lavigne and Goodman, 1996).

Several studies have shown that NOS, sGCs, and/or NO-stimulated cGMP
immunoreactivity is localized to neurons at precise developmental stages where they are
traveling to and nearing their targets in insect systems. These studies have examined
synapse formation in Drosophila melanogaster photoreceptors (Gibbs and Truman,
1998), locust motor neuron (Ball and Truman, 1998; Truman et al., 1996) and antennal
pioneer neuron pathfinding (Seidel and Bicker, 2000), and Manduca sexta enteric
(Wright et al., 1998) and olfactory neuron pathfinding (Gibson and Nighorn, 2000). In
addition to examining temporal and spatial cGMP localization, some of these studies also
demonstrated that NO/cGMP was directly involved with axon pathfinding and synapse
formation (Gibbs et al., 2001; Seidel and Bicker, 2000)

In some cases it appears that cGMP dramatically alters the behavior of growth
cones responding to certain guidance cues. For example, the growth cones of Xenopus
spinal neurons turn toward microgradients of the secreted guidance protein Semaphorin
III. The attraction of the growth cone to Semaphorin Illa (Sema Illa), a member of a large
family of guidance molecules, switches to repulsion when ¢cGMP anologues and NO-
donors are added to the cultures (Song et al., 1998). Another study revealed that the

dendrites of pyramidal neurons are attracted to Sema I1Ta while simultaneously the axon
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of the same neuron is repulsed by Sema Illa (Polleux et al., 2000). It was shown that sGC
is concentrated in the dendrites compared to the axons, and blocking sGC activity in the
cultures inhibited dendrite outgrowth and collapsed growth cones but had no effect on
axonal owtgrowth (Polleux et al., 2000). These results suggest that cGMP in the dendrites
mediated the attractive behavior toward Sema IIla. Semaphorin family members also
occur in invertebrates and have been shown to play crucial roles in various axonal
pathfinding and neuromuscular junction formation events (Kolodkin et al., 1992;
Winberg et al., 1998). In at least one case, a receptor GC was found to mediate
Semaphorin function (Ayoob et al., 2004).

In C. elegans, knockouts of the cGMP-gated ion channels tax-2 and tax-4 yielded
animals with abnormal axonal projection patterns in those neurons that express these
channels (Coburn et al., 1998). Animals that lack the Daf-11 receptor GC, which is
normally found in a subset of the same neurons, display similar axonal defects, further
supporting the role of cGMP signalling in this process (Coburn et al., 1998). The recent
focus on axonal guidance questions using the powerful Drosophila melanogaster and C.
elegans genetic systems will undoubtedly provide many insights into the role of cGMP in
the development of the nervous system, especially the downstream signaling pathway, of
which little is known.

D. Ecdysis

A well characterized function for cGMP in insects is its role in the regulation of
ecdysis behavior. Insects outgrow their rigid cuticles (exoskeletons) as they increase in
size throughout the life cycle. At the junction of defined larval stages called instars, the

insect will replace the old cuticle with a new, larger cuticle that is secreted between the
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epidermis and the old cuticle in a process called molting. The removal of the old cuticle
is accomplished by a stereotypical behavior call ecdysis. A related behavior, called adult
ecdysis or eclosion, occurs in when the adult form of the insect emerges from the pupal
case, which forms at the end of the larval life. The initiation of ecdysis, and a preparatory
behavior called pre-ecdysis, is controlled by several interacting neuropeptides which
tightly coordinate these events. Work done mostly in Manduca sexta, but also in
Drosophila melanogaster and other insects, revealed that three of the major
neuropeptides that control these behaviors are eclosion hormone (EH), ecdysis triggering
hormone (ETH), and crustacean cardioactive peptide (CCAP), which are broadly
conserved in insects and perhaps other arthropods (reviewed in Morton and Hudson,
2002 and (Ewer and Reynolds, 2002). The most dominant model of neuropeptide action
proposes that EH, a 62 residue peptide which is found in one or two pairs of cells (the
Vm cells) in the insect brain, is the key peptide that initiates the events leading to ecdysis.
First, EH is released into the CNS and the hemolymph, triggered by an unknown signal.
EH acts on the Inka cells in the epitracheal glands (located peripherally on the trachea in
a segmental pattern), which release their stores of ETH into the hemolymph. ETH then
acts on the VM cells in the brain to cause more EH release, forming a positive feedback
loop with the epitracheal glands (Ewer, 2005; Ewer et al., 1997; Ewer and Reynolds,
2002). In contrast to the widely accepted model resulting from endocrinological studies
in Manduca, cell ablation and gene knockout experiments in Drosophila indicate that
ETH initiates the positive feedback loop with EH. EH released into the CNS acts on

about 50 neurons containing CCAP, causing its release into the CNS (Ewer et al., 1994).
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CCAP is believed to directly activate the ecdysis motor program (Gammie and Truman,
1997; Gammie and Truman, 1999).

In Manduca, the ecdysis-triggering action of EH has been shown to be mediated
by an increase of cGMP levels in the ventral ganglia of the CNS, specifically in the
CCAP cells (Gammie and Truman, 1999; Truman et al., 1979). It was also shown that
EH-mediated release of ETH from the Inka occurs with an increase in cGMP levels in the
Inka cell, further supporting the role of cGMP as the mediator of EH action (Kingan et
al., 1997; Zitnan et al., 1996). A final population of cells that increase cGMP levels in
response to EH are the sub-transverse nerve region (STNR) cells, which appear to have
nothing to do with ecdysis behavior and are non-neuronal. At the end of the 5" larval
instar, following EH exposure and the subsequent increase in cGMP Immunoreactivity,
the STNR cells mobilize and become part of sheet-like tissues that become the ventral
diaphragm muscles in the adult (Hesterlee and Morton, 2000).

In Manduca, the most likely GC candidate that produces cGMP in Inka cells and
STNR cells neurons is the atypical GC MsGC-B3, which is expressed in both locations
(Morton, 2000; Nighorn et al., 1999). A series of studies provided strong evidence that
EH acts through an increase in cGMP by activating an NO-insensitive GC (Kingan et al.,
1997; Morton, 1996; Morton and Giunta, 1992: Morton and Truman, 1985). These
observations, along with the fact that MsGC-f3 is the only known NO-insensitive GC in
Manduca, provides circumstantial evidence that this GC mediates EH action. However,
MsGC-B3 immunoreactivity was not observed in the CCAP cells, which also show an
increase in cGMP levels upon EH release (D. Morton, unpublished data). EH may work

through an alternate mechanism to cause cGMP production in these cells.
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EH is not likely to activate MsGC-B3 directly, as sGCs lack a transmembrane
domain capable of receiving extracellular peptide signals. A number of studies attempted
to identify components of the pathway downstream from EH to the activation of an N O-
insensitive soluble GC. The identity of the EH receptor currently remains unknown.
However, several studies provide evidence that suggest that a phospholipase C (PLC) is
activated directly or indirectly by the EH receptor upon EH binding, and that the
downstream sGC is activated by a lipid messenger (Morton and Simpson, 2002).
Identification of the EH receptor and which receptor family it belongs to will greatly aid
in the elucidation of this pathway. Recent studies of the Drosophila melanogaster
ortholog of MsGC-33 and related atypical sGCs in C. elegans have shed much light on
the nature of at least one of the ligands that activate these sGCs. These findings are
relevant to the work presented in this dissertation and will be discussed later,

E. Food search and feeding behaviors

The involvement of cGMP has been well documented in several food search and
feeding behaviors in Drosophila melanogaster and C. elegans (Sokolowski, 1998). In
Drosophila, two naturally occurring alleles of the Jforaging (for) gene have been found to
regulate two different feeding behaviors. In the absence of food, both alleles show similar
levels of locomotor activity (Sokolowski, 1980). In the presence of food however, larvae
with the sitter allele do not travel far and tend to stay in one patch of food while feeding.
In contrast, larvae with the rover allele continuously forage, traveling to different patches
of food while feeding. Nearly 20 years after these feeding behaviors were first described,
the for gene was mapped to the dg2 locus, which codes for a previously known PKG

(Osborne et al., 1997). An unrelated fly line that contained a P-element insertion that
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disrupted the open reading frame of one of the three PKG transcripts displayed a sitter
phenotype (Osborne et al., 1997). A clean excisiqn of this P-element yielded flies with a
rover phenotype, further demonstrating the role of this PKG in the behavioral
polymorphism. PKG transcript expression was examined and it was found that sitter flies
had lower levels of PKG transcript expression than rover flies. Next, the levels of total
PKG enzyme activity was accessed in extracts made from sitter flies and rover flies, and
it was found that the rover flies possessed more PKG activity than sitter flies. To further
examine the possibility that the levels of PKG activity regulation the feeding strategy,
Osbourne and co-workers (1997) transformed sitter flies with a cDNA encoding the
PKG. The transformants displayed a rover phenotype, and exhibited more PKG activity
compared to the control sitter flies.

Preliminary experiments found that the dg2 PKG is expressed in subsets of tissues
mvolved in olfaction, taste, gut, and central brain function (Sokolowski, 1998). This
finding suggests a number of possible points where PKG could cause modulation of
behavior. First, PKG could directly modulate olfactory food sensation in the sensory
organs neurons, reducing signals indicating the presence of food in rovers or increasing
these signals in sitters. At least two sGCs are expressed in the main olfactory organ of
Drosophila larvae (see Chapter 3), and cGMP is known to be involved with olfaction and
taste (Breer et al., 1992). Second, PKG might control foraging by modulating feedback
from the gut, which influences feeding depending on how full of food it is (Sokolowski,
1998). Third, PKG modulation of foraging behavior may occur in the CNS, where the
interpretation of, or response to environmental cues could be altered. Much more work is

needed to determine how and where PKG activity modulates foraging behavior. Of

58



particular importance is the identification of which GC produces the cGMP that activates
PKG, and what substrates are targeted by PKG upon its activation.

A naturally occurring behavioral polymorphism that is regulated by cGMP has
also been reported in C. elegans. In the wild, races of C. elegans either feed alone
(“solitary”) or as part of groups of worms that stay in tight contact (“social”) (de Bono
and Bargmann, 1998). The behavioral variation between solitary feeding and social
feeding is associated with two natural isoforms of a G-protein coupled receptor called
NPR-1 (NPY receptor resemblence-1), which was discovered through mutagenesis
screens aimed at transforming solitary feeders into social feeders (de Bono and
Bargmann, 1998). A single amino acid difference in NPR-1 was found to be responsible
for the two behaviors. The two NPR-1 isoforms have different ligand responses (Rogers
et al,, 2003). NPR-1 is co-expressed with the ¢GMP-gated ion channel TAX-2/TAX-4 in
a limited number of neurons, including some that are directly exposed to the body fluid
and one that has dendritic extensions to the tip of the nose (Coates and de Bono, 2002;
Gray et al., 2004). Mutations in the TAX-2 or TAX-4 channel subunit genes also affect
group feeding behavior, disrupting social feeding (Coates and de Bono, 2002). More
recently it was demonstrated that two atypical guanylyl cyclases, GCY-35 and GCY-36
(related to MsGC-f3 and Gyc-88E), are also expressed in a subset of the cells (neurons
exposed to the body cavity fluid) that express NPR-1 and the TAX-2/TAX-4 channel.
Null mutations in either GCY-35 or GCY-36 (which likely form heterodimers) revert the
social feeding behavior of NPR-1 mutants back to the solitary feeding behavior (Cheung
et al., 2004). These GC mutations also suppressed the preference of NPR-1 mutants for

the edge of the E. coli food lawn, where the bacteria grow the thickest (Cheung et al.,
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2004). Taken together, these findings suggest that activation of GCY-35/GCY-36 leads to
the opening of the TAX-2/TAX-4 channel, depolarization of neurons, and modulation of
feeding behaviors regulated by NPR-1. An activating gaseous ligand of GCY-35/GCY-36
has been identified, and will be discussed in the next section.
F. Chemosensation
1. Olfaction

Both vertebrates and invertebrates possess an impressive number genes that code
for odorant receptors, which tend to be G protein-coupled transmembrane receptors
(GPCRs) (Gibson and Garbers, 2000). Over 1000 members of this receptor family,
comprising about 1% of the genome, are expressed in the rodent olfactory epithelium
(Buck and Axel, 1991; Levy et al., 1991). In addition to GPCRs, invertebrates
(especially C. elegans) also appear to make use of a very large number of soluble odorant
binding proteins (OBPs), which are secreted into the lymph that baths olfactory (and also
gustatory) dendrites and are thought help solublize hydrophobic molecules or regulate
odorant binding to receptors (Vosshall, 2000). In C. elegans, it is estimated that 3-5% of
the genome codes for OBPs and transmembrane receptors involved in olfaction or
chemosensation (Bargmann, 1998). In the Drosophila melanogaster genome, 100-200
candidate seven transmembrane domain odorant receptors and about 35 candidate soluble
OBPs have been identified (Galindo and Smith, 2001; Vosshall, 2000). The most
established model of odorant detection derives from work done in vertebrate systems .
Olfaction is initiated when the odorant molecule binds to its G protein-coupled receptor,
which activates an associated G protein. This G protein then activates a specific adenylyl

cyclase, resulting in the elevation of cAMP levels and the activation/opening of a CNG,
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which leads to neuronal depolarization. There is also evidence in rat olfactory cilia that
for some odorants inositol 1,4,5-trisphosphate (IP,) acts as the primary transduction
signal instead of cAMP (Boekhoff et al., 1992).

Although the model involving cAMP is considered to be the most typical
mechanism for olfactory transduction in vertebrates, in C. elegans and insects, a mixture
of cCAMP, IP;, and alternative transduction pathways may be in operation. In some of
these pathways, cGMP may act as the primary transduction signal, or play a modulatory
role, and GCs may even directly bind odorants and initiate the transduction process. One
of the earliest putative odorant receptor GCs proposed was the rat GC-D which was
found to be specifically expressed in cilia of a subpopulation of olfactory sensory neurons
(Fulle et al., 1995). This expression is dispersed in a seemingly random set of neurons
within one topological zone, a pattern that closely resembles the expression of individual
odorant-binding G protein-coupled receptors. Particulate GC activity was measured in rat
and pig olfactory cilia that was not stimulated by NO donors or several known odorant
molecules (Steinlen et al., 1990). To date however, the odorant ligand for this putative
receptor remains unknown, and it is still even unclear if GC-D actually acts as a odorant
receptor, or plays a modulatory role in the cAMP pathway. Rather than acting as a
receptor, it is possible that GC-D is regulated by calcium-binding GCAPs in a manner
similar to GC-E and GC-F. Downstream IP, pathways typically involve the release of
calcium from intracellular stores, which would likely inhibit GCAP-mediated activation
of the GC.

Clear demonstrations of GC/cGMP involvement with olfaction comes from

invertebrate studies, especially in C. elegans. Compared to the seven receptor GCs found
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in vertebrates, the genome of C. elegans contains an amazing 25 receptor GC subunits,
most of which share the same domain structure and predicted disulfide linkages as their
vertebrate counterparts (Bargmann, 1998). In an early study, the expression patterns of
several of these rGCs were mapped out by driving green fluorescent protein (GFP)
expression with the predicted promoter regions of the rGC genes in transformed animals
(Yuet al., 1997). All 8 of the orphan receptors that were examined in this way were
found to be expressed in a small number of sensory neurons known to be involved with
chemosensation. A GFP fusion construct was made for one of these GCs (GCY-10).
Expression of GFP in animals transformed with this fusion construct was localized in the
cilia of the sensory neuron, a location consistent with a role in chemosensation.
Mutations in two of the C. elegans rGCs have been isolated and described thus
far, and both mutants have defects in chemosensation. ODR-1 was found to be expressed
in the AWC neuron cilia and odr-/ mutant animals are unable to sense all of the 5 known
volatile odorants normally sensed by this sensory neuron (L'Etoile and Bargmann, 2000).
All of the AWC odorants are thought to elicit chemotaxis through the TAX-2/TAX-4
CNG channel, suggesting that cGMP produced by ODR-1 is responsible for channel
opening and neuron depolarization. It was also found that the ODR-1 GC domain but not
the extracellular domain was needed for olfaction, further suggesting that this GC is not a
direct odorant receptor, but plays an intermediary function shared by the odorant
receptors (probably G protein-coupled receptors). Interestingly, overexpression of ODR-1
in AWC neurons causes defects in the documented discrimination between odorants
sensed by this neuron (Bargmann et al., 1993; L'Etoile and Bargmann, 2000). Adaptation

to the odorants was also impaired. The rGC DAF-11 was also found to be expressed in
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AWC neurons and is also required for sensing all odorants sensed by this neuron (Birnby
et al., 2000). DAF-11 and ODR-1 are likely to form obligate heterodimers as discussed
previously, and this would explain the highly similar phenotypes. Later work discovered
that a PKG called EGL-4 is also expressed in AWC neurons (as well as many other
sensory neurons) and regulates short- and long-term odorant adaptation (L'Etoile et al.,
2002). It was found that short term adaptation was likely attributed to TAX-2/TAX-4
phosphorylation by EGL-4, and that long-term adaptation is related to a nuclear
localization signal within EGL-4. EGL-4 may mediate long-term adaptation by regulating
gene expression. These findings clearly support important second messenger and
modulatory roles for cGMP in several aspects of olfaction, even within a single cell. It is
still unknown if G proteins, activated by G protein-coupled receptors, directly activate
ODR-1/DAF-11 in a manner homologous to adenylyl cyclase activation in the more
established vertebrate olfactory transduction pathway.

Similar to what has been reported in vertebrates and in C. elegans, cGMP does
not appear to be the primary transduction molecule in most olfaction in insects. While it
generally believed that insects primarily utilize G protein-coupled receptors to detect
odorants (Clyne et al., 1999; Vosshall, 2000), one report suggests that IP; is the primary
downstream signal in olfaction rather than cAMP, at least in the Drosophila
melanogaster maxillary palps. Drosophila adults possess two pairs of olfactory organs,
the maxillary palps and the third antennal segments, and numerous other individual
olfactory sensilla occur in other locations, such as on the wings. NorpA mutants, which
are null for a specific phosopholipase C (PLC), display a highly reduced ability to sense

all odorants tested. Interestingly, the NorpA PLC is also used to generate the IP;in fly
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phototransduction, and norpA mutants are éffectively blind. Antennal responses to
odorants in norpA mutants were normal however, indicating that the olfactory
transduction machinery in other locations utilizes another PLC, or a different second
messenger molecule. One other report found that IP, is generated when silkmoth
antennae are exposed to pheromone (Ziegelberger et al., 1990). Much more work is still
needed to gain a more complete picture of how odorant detection is transduced to the
CNS in insects.

While olfaétory transduction pathways are still poorly understood in insecté,
several studies suggest that cGMP is involved with several modulatory aspects of this
proceess. Both soluble and particulate GC enzyme activity have been measured in insect
olfactory tissue, such silkmoth antennae (Ziegelberger et al., 1990). MsGC-I has been
detected in Manduca sexta olfactory neurons (Nighorn et al., 2001) and a receptor GC
has been found to be expressed in silkmoth antennal sensory neurons (Tanoue et al.,
2001). Other components of the cGMP pathway have also been shown to be localized to
olfactory tissue. For example, a Drosophila CNG, L, and a Heliothesis I, channel have
been shown to be expressed in anntenae (Baumann et al., 1994; Krieger et al., 1999;
Marx et al., 1999).

In the case of silkmoth, phermone stimulation of anntenae resulted in an increase
of cGMP levels (Ziegelberger et al., 1990). However, this increase was slow compared to
the observed increase of IP; levels, suggesting a role for cGMP in adaptation
(Ziegelberger et al., 1990). Also, the phermone-stimulated increase in c¢GMP was found
in whole anntenae but not olfactory dendrites, further supporting a modulatory role rather

than a primary role for cGMP.
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In addition to the possible modulatory roles in olfactory neurons themselves,
c¢GMP signalling also appears to be involved in olfactory and other sensory signal
processing in insects, mammals and fish. Most of the evidence supporting this comes
from studies that show GC or NOS expression in interneurons and higher order centers
such as the antennal lobes (Muller, 1997; Nighorn et al., 1998; Nighorn et al., 2001). A
few functional studies have been carried out (Bicker, 2001). For example, inhibition of
NOS in honeybees impaired a specific form of long-term memory (Muller, 1996).

2. Aerotaxis and oxygen sensation in C. elegans and Drosophila

Recent findings in Drosophila melanogaster and C. elegans have vastly improved
our understanding of how molecular oxygen is acutely sensed. Animals that live in soil,
freshwater, marine, and decomposition environments face conditions where oxygen
concentration can differ drastically from one place to the next, forming steep oxygen
gradients (Wannamaker and Rice, 2000; Wu, 2002). In order to navigate these
environments and avoid hypoxic or hyperoxic conditions, it has been thought that these
animals use fast-acting oxygen sensors capable of precisely distinguishing oxygen
concentrations and perceiving gradients. Another environment where oxygen
concentration is monitored is the mammalian cardiovascular system, by the glomus cells
in the carotid body (Hoshi and Lahiri, 2004). In the most favored model, hypoxia results
in the inhibition of the BK channel (a calcium- and voltage-gated potassium channel)
activity, which lead to depolarization of the glomus cells. The oxXygen sensor in this
model is thought to be hemeoxygenase-2, which indirectly activates the BK channel by
producing excitatory CO. Hypoxia disrupts CO production leading to BK channel

inhibition (for details see Hoshi and Lahiri, 2004). Long-term exposure to hypoxia is
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thought to exert transcriptional changes throu gh the hypoxia-inducible transcription
factor HIF-1 to affect several physiological processes (Semenza, 2000).

Acute oxygen sensation in C. elegans occurs in a much more direct fashion. In a
landmark paper from the Bargmann lab, it was demonstrated that worms exhibit a strong
preference for 5-12% oxygen and avoid higher and lower oxygen levels. Interestingly,
avoidance of high oxygen levels required the TAX-2/TAX-4 CNG channel and the
atypical guanylyl cyclase GCY-35, which are co-expressed in the same four sensory
neurons that mediate solitary or social feeding behavior. Social feeding was found to
occur when oxygen exceeded the preferred level, a response that required GCY-35. It
was also demonstrated that the GCY-35 heme domain binds oxygen, unlike any other
native sGC or sGC heme-domain tested to date. However, bacterial hemoproteins have
been described that bind oxygen and mediate aerotaxis to preferred oxygen
concentrations (Hou et al., 2000; Jain and Chan, 2003). Although this report clearly
demonstrates that an sGC acts as a molecular oxygen sensor that rapidly mediates
behavior, it remains to be shown biochemically that GCY-35 activity is directly regulated
by oxygen. As discussed previously, the C. elegans sGCs have not yielded measurable
activity in heterologous cell expression systems, so it has not been possible to perform
these experiments.

In Drosophila, evidence from one study implicates an NO-sensitive pathway in
larval avoidance of hypoxia as well as cellular and developmental responses (Wingrove
and O'Farrell, 1999). When 3™ instar larvae feeding in a pile of yeast were exposed to a
hypoxic atmosphere, they rapidly exited the food and continuously moved about. Feeding

the larvae a NOS inhibitor reduced this response and overexpression of NOS using a

66



transgene potentiated the hypoxia escape response. Further evidence that supports a role
for the NO/sGC/cGMP pathway in hypoxia avoidance behavior has been lacking
however.
VL. Questions addressed in this dissertation

The discovery of atypical soluble guanylyl cyclases opens a new chapter in GC
research. The intriguing biochemical properties and tissue localization of MsGC-33, the
first atypical sGC described, raises a number of important questions. First, if NO is not
the endogenous activator of MsGC-B3, what is? Does MsGC-3 participate in a novel
signaling pathway? What is the precise function of MsGC-B3 in the Inka cells of the
epitracheal glands and in the STNR cells, and does it play a role in ecdysis or any other
physiological of developmental processes? In order to examine the function of atypical
sGCs and answer questions pertaining to function, I decided to utilize the Drosophila
melanogaster model system, which has the advantage of a completed genome and genetic
manipulation. Not only was Drosophila predicted to have a highly identical MsGC-$3
ortholog, it was predicted to possess two other atypical sGCs, named Gyc-89Da and Gyc-
89Db. The initial goals of this thesis project were to clone and characterize Gyc-88E,
Gyc-89Da, and Gyc-89b, and determine their biochemical properties and expression
patterns. Is Gyc-88E active as a homodimer and insensitive to NO like MsGC-3? How
does co-expression of Gyc-89Da and Gyc-89Db affect the GC activity of Gyc-88E?
When and where are these sGCs expressed at various stages in the life cycle? The results
of these experiments that address these questions are reported in Chapters 2 and 3. Once
this intitial work was accomplished I then planned on determining the function of these

genes using a P-element disruption or alternate approach. Does eliminating the function
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of these sGCs affect ecdysis or any other developmental or physiological process? If
these sGCs are expressed in neurons, what is the effect of disrupting the function of these

neurons? These questions are explored in Chapter 4.
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Chapter 2: Initial cloning, characterization, and biochemical properties of Gyc-8SE,
Gyc-89Da, and Gyc-89Db

Intreduction

Guanylyl cyclases, the enzymes that catalyze the synthesis of cGMP, generally
fall into one of two classes: the integral membrane receptor guanylyl cyclases (rGCs) and
the cytoplasmic soluble guanylyl cyclases (sGCs). Soluble guanylyl cyclases are
classically obligate heterodimers composed of an o subunit and a B subunit (Lucas et al.,
2000). The o/f heterodimers are potently activated by the gaseous messenger nitric oxide
(NO) via a prosthetic heme group that binds to the heterodimer in the N-terminal
regulatory domain (Lucas et al., 2000). Receptor guanylyl cyclases, by contrast, are
homodimeric proteins that are activated by extracellular ligands or intracellular calcium

binding proteins (Lucas et al., 2000).

Recent reports have described a number of soluble guanylyl cyclases that exhibit

significantly different properties compared to the conventional o/ B3 heterodimers

(Morton, 2004b). One of these, MsGC-B3 was identified in the insect, Manduca sexta
(Nighorn et al., 1999). Expression of MsGC-B3 in COS-7 cells yielded moderate levels of
guanylyl cyclase activity in the absence of additional subunits. This basal activity was not
stimulated by NO donors (Nighorn et al., 1999). Gel filtration experiments confirmed that
MsGC-$3 forms homodimers (Morton and Anderson, 2003). The rat $2-subunit was also
found to be active in the absence of other subunits, although this activity was slightly

stimulated by NO (Koglin et al., 2001).
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Atypical sGCs similar to MsGC-f3 have been identified in the genomes of C,
elegans, Drosophila melanogaster, and a number of other organisms (Morton,
2004)(Chapter 1). The C. elegans genome contains 7 sGCs, all of which have been
predicted to be NO-insensitive (Morton et al., 1999). In addition to the previously studied
conventional a and  subunits, the Drosophila genome contains three additional soluble
cyclase subunits that have been predicted to be insensitive to NO (Morton and Hudson,
2002)(Morton, 2004). One of these, CG4154, is over 80% identical to MsGC-f33 and was
predicted to form active homodimers (Morton and Hudson, 2002). The other two,
CG14885 and CG14886, have been predicted to require an additional subunit for activity

(Morton and Hudson, 2002).

Rather than continuing to use the CG numbers, these guanylyl cyclases were
given the following designations based on their chromosomal locations: Gyc-88E
(CG4154), Gyc-89Da (CG14885) and Gyc-89Db (CG14886). This nomenclature is
consistent with the names of the Drosophila NO-sensitive subunits, Gyca-99B and
Gycf-100B. In this chapter, I describe the cloning, initial characterization, and temporal
expression patterns of Gyc-88E, Gyc-89Da, and Gyc-89Db. I also test the above
biochemical predictions (also see Chapter 1) and examine enzyme activity utilizing a
heterologous cell expression system and cGMP assay. The majority of the material
covered in this chapter has been published (Langlais et al., 2004; Morton, 2004a; Morton

et al., 2005).

70



Methods and Materials
Animals
Drosophila melanogaster stocks (Canton-S) were propagated in fly jars using

standard procedures (Sullivan et al., 2000) at 25° C.

RNA collection

Animals were staged according to the method described by Campos-Ortega and
Hartenstein (1997). Animals of selected stages were frozen and pulverized in liquid
nitrogen in a pestle and mortar. Total RNA was isolated from the resulting powder with
Trizol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s
instructions. Poly(A)" RNA was isolated from total RNA using oligo (dT) cellulose

(Ambion, Inc., Austin, TX, USA) according to the supplied protocol.

RT-PCR cloning of Gyc-88E and Gyc-89Da, and splice variant analysis

Superscript II RNAse H- reverse transcriptase (Invitrogen) was used in a reverse
transcription (RT) reaction using an oligo (dT)12.15 primer (Invitrogen) to synthesize
cDNA that was used in subsequent PCRs. The composition of the reaction mixture was:
50mM Tris-HCI (pH 8.3), 75mM KCI, SmM MgCL, 10mM DTT, 0.5ug total RNA (from
a mix of larval and pupal animals), 1l Oligo (dT)12-15 primer (500ug/ml), 1ul ANTP mix
(10mM each) in a total volume of 20pl. The RT reaction was carried out at 50°C for 50

minutes, followed by a 15 minute inactivation step at 70°C. Three primers were designed
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utilizing the Drosophila genomic sequence located at FlyBase (accession number:
AE003707, AE002708, AE014297) and used in two semi-nested PCR reactions to clone
the entire open reading frame (outer primer set: 5°>-CAATGTCAGCCAAGTGAAG-3 8
5’-TACATATACCCTCTCATTAGC-3’; inner primer set: 5°-
GAGGAAGTGGATCCATG-3’, 5’>-TACATATACCCTCTCATTAGC-3 ’) in two rounds
of PCR using the Expand High Fidelity PCR System (Roche Applied Science,
Indianapolis, IN, USA) consisting of 30 cycles with an annealing temperature of 51°C for
25s. A 0.5pl aliquot of the PCR was used as template for subsequent amplification with
the inner primers. The resulting 3kb product was cloned into the TOPO II vector
(Invitrogen). Sequencing of multiple clones revealed the existence of two splice variants
(Gyc-88E-L and Gyc-88E-S) that differed by 21 bp, depending how the 10™ and 11%
exons are spliced together. To determine if the splice variants were expressed in other
stages, RT reactions were performed as described above on total RNA prepared from
mixed larval stages or adults. Two nested sets of primers that were designed to amplify
across the junction between the 10" and 11™ exons were used in two rounds of PCR to
produce a 70 bp or 91 bp band corresponding to Gyc-88E-S and Gyc-88E-L respectively.
The outer set of primers: 5’-GCACCAGCCAGAGAAACG-3’, 5’
TACATATACCCTCTCATTAGC-3’; the inner set of primers: 5°-
GCAGTGCATCATTGGATC-3’, 5’-GCAGTTGGAGTGGTTGCA-3’. The composition
of the reaction mixture was: 20mM Tris-HCI (pH 8.4), 50mM KCl, 1.5mM MgCl,,
200uM each dNTP, 500 nmol of each primer, 0.5ul reverse transcription reaction, and
2.5 units of 7ag DNA polymerase (Invitrogen) in a 50ul reaction for 30 cycles with an

annealing temperature of 51°C for 25s. A 0.5 ul aliquot of the PCR was used as the
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template for subsequent amplification with the inner primers using the same reaction
conditions. A 3% NewSieve GQA agarose gel (ISC BioExpress, Kaysville, UT, USA)
was used to distinguish the two PCR products.

The Gyc-89Da ORF that was used in all biochemical assays was cloned using the
same PCR conditions used above to clone Gyc-88E, but instead of using an RT reaction
for the template a single stranded unpackaged embryonic cDNA library (Clonetech, Palo
Alto, CA, USA) was used with the following primer set: 5’
TTTAATCGTCCATTGTTTTCC-3, 5’-ATCAGAACATGGTGCTATAAA-3’.

The Gyc-89Da UTR (partial) was elucidated by predicting the exon-intron
structure in part by using two web services at the Berkeley Drosophila Genome Project:
Neural Network Transcription Start site prediction

(http://www fruitfly.org/seq_tools/promoter.html) and Neural Network Splice

Acceptor/Donor Prediction (http://www.fruitfly.org/seq_tools/splice.html). It appeared
that Gyc-89Da might have the same intron-exon structure as Gyc-89Db with a first exon
containing all UTR, a large intron, and a final second exon containing some UTR and all
of the ORF. Several 5° primers were designed to amplify off of this putative first exon,
with the 3" primers lying just outside the stop codon. A product was obtained using an
outer set of primers: 5~ AAGTCCTGTTTAACCGTTAT-3’ and 5°-
ACTCCTCCTGCACGTAGT-3’ and an inner set of primers for round 2: 5’-
CATCACTCCTGCAAGGAAT-3’ and 5’-GCACACTCTCATACAGCAT-3’. Gyc-89Db
was obtained as an expressed sequence tag (EST) (clone ID: GHO09958) from the

Berkeley Drosophila Genome Project (BDGP).
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Generation of Gyc-88EAC74 and Gyc-88EAC341

A shortened tail and tailless version of Gyc-88E was generated by performing
PCR on the previously acquired Gyc-88E-S clone in TOPO IT using primers designed
with a stop codon addition. The 5° primer used for both versions was: 5'-
CAATGTCAGCCAAGTGAAG-3’. The 3’ primer used for Gyc-88EA74 (removed
residues 883-957) was: 5°-TTACAGCCGGTTCTCTC-3’. The 3’ primer used for Gyc-

88EA341 (removed residues 616-957) was: 5 -TTACTTGGTCGCCTTGTC-3".

Northern Blots

Poly(A)*-selected RNA (1.5ug) from selected stages was separated on a 1%
denaturing formaldehyde agarose gel as previously described (Sambrook, 1989) and
transferred to a Nytran SuperCharge nylon membrane using a Turboblotter (Schleicher
and Schuell BioScience, Keene, NH, USA). A digoxygenin (DIG)-labeled RNA probe
was generated using full length Gyc-88E or a portion of the ribosomal protein RP49
(used for a loading control) with the Megascript Kit (Ambion, Inc.) using DIG-UTP
(Roche Applied Science). The resulting probe was hybridized to the membrane-bound
transcript at 68°C using UltraHyb (Ambion, Inc.), with a final probe concentration of
0.1uM. Hybridized membranes were washed 2 x 10 minutes with low stringency wash (2
x SSC buffer, 0.1% SDS) and 2 x 15 minutes with high stringency wash (0.1 x SSC,
0.1% SDS) at 68°C. Membranes were then incubated with Fab fragments of sheep anti-
DIG-AP (alkaline phosphatase) antibody (Roche Applied Science) at 1:1000 dilution in

maleic acid buffer (Roche Applied Science) for one hour, followed by two 15 minute
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washes with wash buffer (Roche Applied Science). AP was detected by applying CDP-

Star chemiluminescent substrate (Roche Applied Science) to the membrane.

Transient expression of Gyc-88E and Gyc-89Db, and guanylyl cyclase assay

To examine the enzyme activities of Gyc-88E, the full open reading frame (ORF)
of Gyc-88E-L and Gyc-88E-S were subcloned into the mammalian expression vector
pcDNA3.1 (Invitrogen) utilizing Apal and Kpnl restriction enzyme sites. A cDNA of
Gyc-89Db that contained the full ORF was obtained as an expressed sequence tag (EST)
¢DNA (Clone ID: GH09958) from the Berkley Drosophila Genome Project and
subcloned into pcDNA 3.1 utilizing EcoRI restriction enzyme sites. COS-7 cells were
transiently transfected with constructs and extracts were collected as previously
described. (Nighorn et al., 1999). When multiple guanylyl cyclases were cotransfected,
the transfection efficiency was monitored by the addition of 1 mg of a B-galactosidase
expression plasmid (Invitrogen). p-Galactosidase activity was determined by incubating
cell extracts with 1.3mg/ml o-nitrophenyl-,D-galactopyranoside in a 100 mM sodium
phosphate buffer, pH 7.0, containing 1.5 mM MgCl, and 75 mM B-mercaptoethanol at
room temperature for 5-20 min. The reaction was stopped by the addition of 2 mM
Na,CO; and the absorbance measured at 405 nm. Guanylyl cyclase activity was measured
in a buffer containing 50 mM MOPS-KOH, pH 7.5, 60 mM KCI, 8 mM NaCl, 4 mM
MnCl,, 10 mM each of cGMP phosphodiesterase inhibitors dipyridamole and zaprinast
and 1 mM GTP. The reaction was stopped with 0.2 M zinc acetate and excess GTP
precipitated with 0.2 M Na,CO,. The amount of cGMP formed was determined using a

¢GMP enzyme-linked immunoassay (EIA; Kingan et al., 1997). 1H-

75



[1,2,4]Oxadiazole[4,3-a]quinoxalin-1-one (ODQ) was dissolved in dimethyl sulfoxide
(DMSO) (Sigma-Aldrich, St. Louis, MO, USA) prior to use in guanylyl cyclase assays
and was used at a final concentration of 100uM. NO donors were dissolved in distilled
water or DMSO just prior to use in guanylyl cyclase assays. Sodium nitroprusside (SNP,
Sigma-Aldrich), S-nitroso-N-acetyl-penicillamine (SNAP) (Calbiochem, San Diego, CA,
USA), S-nitrosoglutathione (SNOG, Calbiochem), were used at a final concentration of

100uM. Sodium cyanide (Sigma-Aldrich) was dissolved in water just prior to use.

Results
Cloning and sequence analysis

The predicted sequence and intron/exon structure of Gyc-88E (Fig. 2.1) obtained
from Flybase was consulted to design a nested set of primers with the goal of cloning the
entire open reading frame (ORF) for use in an expression vector. Sequencing of several
of the resulting clones revealed prediction errors in 3’ end of the gene. In all clones, a
splice in the message occurred just before the predicted stop codon in exon 9, resulting in
an extended ORF included in a 10" and 11" exon (Fig. 2.1). Two variations were found
in the splicing of exon 10 and 11. The long variant, Gyc-‘88E-L, includes an additional 21
base pairs, translating into an extra 7 amino acids. This extra sequence contains predicted
phosphorylation sites for cGMP-dependent protein kinase (KKIT) and protein kinase C
(KITFS). The last two exons of the experimentally determined ORF of Gyc-88E include
the C-terminal extension, a feature absent from all classical soluble guanylyl cyclase
subunits but is found in the Manduca sexta, Anopheles gambiae, Apis mellifera Gyc-88E

orthologues, MsGC-B3, CP12881 (Aga p3), AmsGC-beta3 (Ame B3) respectively (Fig.
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2.1). While the C-terminal extensions of Gyc-88E and its orthologs are of similar lengths,
they bear virtually no similarity to each other except for a highly conserved stretch of
about 40 amino acids (Fig. 2.2). This conserved section contains several protein
phosphorylation consensus motifs, but bears little similarity with anything else in the
NCBI database.

Gyc-89Db was acquired as an EST clone from the BDGP, and its sequence,
including the 5° and 3’ untranslated regions (UTRs) were previously available on
Flybase. The entire ORF is contained on a single exon (Fig. 2.1). This exon is preceded
by a smaller exon that contains almost all of the 5’UTR.

Like Gyc-88E, Gyc-89Da was cloned with the aim of generating a functional
OREF, for use in an expression vector. Sequencing several clones confirmed the Flybase
predicted ORF contained on one large exon, as found with Gyc-89Db. We also wished to
obtain 5° UTR sequence for the generation of more specific RNA DIG-labeled probes
(discussed in Chapter 3). In order to do this, I used two web-based services at the
Berkeley Drosophila Genome Project (Neural Network promoter transcriptional start
prediction and spice donor/acceptor prediction) to predict potential transcriptional start
sites and likely splice donor sites. This information was used to access the possible
structures of the first exon in order to design primers with the aim of amplifying a
product that included most of the 5’UTR and part of the ORF. Several primers were
designed to amplify the predicted UTR possibilities. A PCR product was obtained with
an internal ORF primer and one that was 22 bp downstream of the (5’ most) predicted
transcription start site. Multiple clones of this product were sequenced. The gene

structure of Gyc-89Da is very similar to Gyc-89Db, consisting of a smaller first exon
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containing most of the 5’UTR and a second exon containing a small portion of UTR and
the whole ORF (Fig. 2.1). A splice variation was discovered in the joining of exon 1 and
2 (Fig. 2.1). The long variant possesses 14 extra base pairs of UTR. The first exon size is

either 270 bp or 284 bp. 11 bp of UTR are included in upstream of the ORF.
Both Gyc-88E splice variants are expressed in larvae and adults

A Northern blot, using full length Gyc-88E as a probe, revealed a single Gyc-88E
transcript of approximately 6 kb (Fig. 2.3A). This is about twice the size of the coding
region of the transcript, indicating extensive 5° and/or 3’ untranslated regions. This
transcript was present in both larval and adult stages with apparently higher levels of

transcript present in the adult (Fig. 2.3A).

To determine whether there was any developmental regulation of the different
Gyc-88E splice variants, we used RT-PCR to examine their expression in larvae and
adults (Fig. 2.3B). Two pairs of nested primers were designed to amplify a region across
the splice junction to yield a 70 bp or 91 bp product, corresponding to Gyc-88E-S and
Gyc-88E-L respectively. A high resoiution 3% agarose gel was then used to resolve the
two products. I detected PCR products corresponding to both Gyc-88E-L and Gyc-88E-S
in samples from both larvae and adults (Figure 2.3B). The 140 bp fragment present in all
lanes corresponds to genomic DNA contamination in the samples. No specific effort was
made to amplify products in the linear range; therefore, no comparisons about the relative

levels of transcripts can be made.
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Figure 2.1. Gene structure and variations of Gyc-88E, Gyc-89Da, and Gyc-89Db. Exons
are represented by boxes while introns are indicated with lines. The guanylyl cyclase
functional domains are also indicated. Two Gyc-88E splice variants are generated
through the use of alternative splice/donor sites to vary how exons 10 and 11 are
connected to yield Gyc-88E-S and Gyc-88E-L, which includes an additional 21 bp. The
extra 21 bp in Gyc-88E-L translate into a 7 amino acid stretch that contains potential
PKC and PKG phosphorylation motifs, "KITFS" and "KKIT" respectively. The asterisks
above exon 10 indicate the location of the highly identical region shown in Figure 2.2.
Below Gyc-88E are the gene diagrams for Gyc-89Da and Gyc-89Db. Gyc-89Da was
found to have a similar structure to Gyc-89Db, with a smaller 1 exon containing all UTR
and a large 2™ exon containing all of the ORF. A small variation was found in the
splicing of the Gyc-89Da first and second exon, affecting only the UTR. The gene
structure of Gyc-89Db was previously available from Flybase, obtained from an

expressed sequence tag (EST).
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Figure 2.2. ClustalW sequence alignment of the highly identical regions in the C-
terminal extensions of the known Gyc-88E orthologues. The location of this sequence in
the C-terminal extension of Gyc-88E is indicated by the asterisk in F igure 2.1. The region
in Gyc-88E is compared with the homologous region in the Manduca MsGC-B3 (Nighorn
et al., 1999), in the predicted orthologue CP12881 (Aga B3) in Anopheles gambiae
(accession number EAA01162), and ih the predicted orthologue (Ame B3) in Apis
mellifera (accession number BAD89804). This region contains several protein
phosphorylation consensus motifs, but bears little similarity with anything else in the

NCBI database.
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] -6 kb

Figure 2.3. Expression of Gyc-88E in larvae and adults. (A). Northern blot showing the 6
kb transcript for Gyc-88E is 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 of Gyc-88E are expressed in both larvae
(L) and adults (A). RT-PCR was used to amplify across the Jjunction between exons 10
and 11 to distinguish between Gyc-88E-S and Gyc-88E-L. Both a 70 bp (Gyc-88E-S) and
a 91 bp band (Gyc-88E-L) were detected in samples from both larvae (L) and adults (A)
in the presence of reverse transcriptase (+). These two bands were not observed when the
reverse transcriptase was omitted (-). The 140 bp band observed in all lanes results from

the amplification of Gyc-88E genomic DNA contamination.
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All three Drosophila atypical cyclases are expressed throughout development

To determine the temporal expression pattern of each of the three Drosophila
atypical guanylyl cyclases, RT-PCR was performed on mixed embryo, larval, pupal, and
adult total RNA samples. Each of the subunits appeared to be expressed at similar levels
in all life stages examined (Fig. 2.4). Since it was necessary to use two rounds of PCR to
detect the product and no effort was made to ensure the second round of PCR ended at a
linear round of amplification, there may be variations in expression levels not apparent

here. However, each guanylyl cyclase is clearly expressed at some level in all stages.

Enzyme activity of Drosophila soluble guanylyl cyclases in vitro

To test the predictions described in Chapter 1, we subcloned the Gyc-88E, Gyc-
89Da, and Gyc-89Db open reading frames into the mammalian expression vector,
PcDNA3.1. These constructs were then transiently transfected in COS-7 cells and the
resulting extracts assayed for guanylyl cyclase activity. As expected (see Chapter 1) Gyc-
88E displayed basal activity in the absence of other subunits with both Gyc-88E splice
variants yielding similar levels of activity (activity levels in equivalent conditions were
not significantly different, p> 0.05, Kruskal-Wallis with Tukey-Kramer post test; Fig.
2.5). All previously described guanylyl cyclases require a metal ion co-factor (Mg or Mn)
for activity, with Mn yielding higher levels of activity compared to Mg (Lucas et al.,
2000). Gyc-88E exhibited similar propertics, with significantly higher levels of activity
measured in the presence of Mn compared to Mg (for both variants, p<0.001, Kruskal-

Wallis with Tukey-Kramer post test; Fig. 2.5).

83



Gyc-88E
Gyc-89Da
Gyc-89Db
149

Figure 2.4. Expression of the atypical soluble guanylyl cyclase subunits throughout
development. RNA was extracted from the stages shown and cDNA synthesis performed
in the presence (+) or absence (-) of reverse transcriptase. The reaction product was then
used as a substrate for PCR amplification with specific primers for Gyc-88E, Gyc-89Da,

Gyc-89Db or ribosomal protein 49 (rp49).
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Figure 2.5. Guanylyl cyclase activity of Gyc-88E. COS-7 cells were transiently
transfected with pcDNA3.1 vectors containing the open reading frames of various soluble
guanylyl cyclase subunits and the cell extracts assayed for guanylyl cyclases activity
under the conditions shown. Gyc-88E exhibits enzyme activity in the absence of
additional subunits and has higher levels of activity in the presence of Mn compared to
Mg. The Manduca guanylyl cyclase, MsGC-B3 exhibits similar properties and was
included for comparison. The two splice variants of Gyc-88E, Gyc-88E-S and Gyc-88E-
L yielded similar levels of activity as each other. Data shown are the mean + SEM of 4

determinations.

85



As a comparison, we also transfected COS-7 cells with a plasmid coding for the
Manduca guanylyl cyclase, MsGC-B3 (Nighorn et al., 1999). The basal activity of
MsGC-B3 was significantly higher (at least 10 fold) than Gyc-88E (p<0.001, Kruskal-
Wallis with Tukey-Kramer post test) (Fig. 2.5), but whether this was due to an
intrinsically higher level of specific activity or whether it reflected higher levels of

protein is not known.

To further investigate possible enzymatic differences between the two Gyc-88E
splice variants, I assayed cell extracts for guanylyl cyclase activity in the presence of
differing concentrations of GTP in the presence of either Mg or Mn (Fig. 2.6). Michaelis-
Menton kinetics analysis was applied to the results to examine differences in the K, or
V. between the splice variants. Estimates for the value of K., for both splice variants
were similar to each other in the presence of Mg (Gyc-88E-S, 2.8 + 0.8 mM; Gyc-88E-L,
2.5+ 0.6 mM) and Mn (Gyc-88E-S, 0.03 + 0.02 mM; Gyc-88E-L, 0.02 + 0.02 mM). The
values for V. of the splice variants were also the same as each other in the presence of
Mg (Gyc-88E-S, 6.5 + 0.7 pmol cGMP/min/mg protein; Gyc-88E-L, 6.0 + 0.6 pmol
¢GMP/min/mg protein) and Mn (Gyc-88E-S, 5.1 + 0.2 pmol cGMP/min/mg protein;
Gyc-88E-L, 5.2 + 0.1 pmol cGMP/min/mg protein). The calculated K., of both Gyc-88E
splice variants is comparable to values found in a previous study for MsGC-B3 (Morton
and Anderson, 2003), in both Mg (K,,= 2.62 +0.81) and Mn (K,=0.13+0.07). In
contrast, the values for the V., calculated for MsGC-f3 (Mg: V,_,,=62.3+11.2, Mn:

Vax=39.045.0) were substantially higher than the values calculated for Gyc-88E.
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Figure 2.6. Kinetic analysis of Gyc-88E-S and Gyc-88E-L. Cell extracts were assayed
for guanylyl cyclase activity in the presence of 0.1 to 10mM GTP in the presence of
either 4mM Mg or Mn. A Michaelis-Menton curve was applied to the resulting data using
Graphpad Prism 3.0. No difference in Ky, or Vinax was observed between the splice

variants in the presence of Mg or Mn.
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It is likely that the C-terminal extensions of Gyc-88E and its insect orthologs play
aregulatory role in enzyme activity. Previously it had been demonstrated that removing
the entire C-terminal extension (338 amino acids) or just 29 amino acids from the C-
terminal end of MsGC-3 significantly reduced the calculated K__ in the presence of Mg,
using the same in vitro assay techniques used here (Morton and Anderson, 2003). This
finding suggests that the C-terminal domain plays an auto-inhibitory role in enzyme
activity. To determine if the C-terminal extension plays an inhibitory role in Gyc-88E,
the final 341 or 74 amino acids were removed (from Gyc-88E-S) by amplifying the
cDNA with 3 primers that contained a stop codon, truncating the transcript at the desired
location. The 341 amino acid deletion removes the entire C-terminal extension (Fig. 2.1),
including the highly identical region shown in Figure 2.2. This protein is truncated
shortly after the catalytic domain (within exon 10 in Figure 2.1), where conventional §
subunits terminate. The 74 amino acid deletion removes only exon 11 (Fig. 2.1), leaving
the highly identical region intact (Fig. 2.2). The enzyme activities of the resulting
constructs were compared to the full length Gyc-88E. In contrast to the results found with
MsGC-f33, removing the C-terminal extension of Gyc-88E-S significantly decreased its
activity compared to the full length protein (repeated measures by ANOVA; Fig. 2.7).
However, when only 74 amino acids were removed from the end of Gyc-88E, a small but

significant increase in activity was observed (repeated ANOVA).
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Figure 2.7. Guanylyl cyclase activity of two truncated versions of Gyc-88E. Truncations
of Gyc-88E were made by amplifying the existing Gyc-88E ¢cDNA using 3’ primers that
had a stop codon built in, as described in the methods. The resulting constructs were then
subcloned back into pcDNA3.1 and tested in the guanylyl cyclase assay. Gyc-88EAC341
yielded less activity, while Gyc-88EAC74 yielded more activity than the unaltered Gyc-

88E. Data shown are the mean + SEM of 2 determinations.
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When the NO donor sodium nitroprusside (SNP) was applied to the extracts, a
small but significant increase in activity was observed with both Gyc-88E splice variants
(p<0.001 Kruskal-Wallis with Tukey-Kramer post test; Fig. 2.8). Application of S-
nitroso-N-acetylpenicillamine (SNAP), an unrelated NO donor, also slightly stimulated
Gyc-88E (both variants, p<0.001 Kruskal-Wallis with Tukey-Kramer post test) (Fig. 2.9).
In contrast to Gyc-88E, MsGC-B3 was not stimulated by NO donors in COS-7 cells
extracts (Nighorn et al, 1999). The increase in activity of Gyc-88E was much lower (2-3
fold) than comparable samples transfected with the Manduca o1 and A1 subunits (10-20
fold) (Fig. 2.8 and 2.9). Application of the soluble guanylyl cyclase inhibitor 1H-
[1.2,4]oxadiazolo[4,3,-a]quinoxaline-1-one (ODQ) in the NO donor experiments failed to
significantly inhibit the stimulation of Gyc-88E, in contrast to the MsGC-a1/ B1
heterodimer, where the NO-stimulation was almost completely inhibited (p>0.05,
Kruskal-Wallis with Tukey-Kramer post test; Fig. 2.8 and 2.9). Surprisingly, the basal
level of activity of Gyc-88E was slightly stimulated in the presence of ODQ (not
significant for both variants, p>0.05 Kruskal-Wallis with Tukey-Kramer post test),
whereas the basal activity of the Manduca a.1/f1 guanylyl cyclases was slightly inhibited

(Fig. 2.8).

One of the breakdown products of SNP is cyanide ion (CN), which has a
structure similar to NO. Thus, it was possible that CN, rather than NO liberated from
SNP breakdown that stimulated activity in the SNP experiments. To address this
uncertainty, I performed guanylyl cyclase assays with Gyc-88E and the MsGC-
al/MsGC-B1 heterodimer with the addition of two concentrations of sodium cyanide in

the assay buffer.
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Figure 2.8. The NO donor SNP stimulates the activity of Gyc-88E. When the NO donor
sodium nitroprusside (SNP) was included in the assay, the activity of Gyc-88E-S and
Gyc-88E-L was elevated by 3- to 4-fold. By contrast, the Manduca guanylyl cyclases
MsGC-al and MsGC-B1 (a/) showed a much larger increase in activity. The guanylyl
cyclase inhibitor, 1H-[1,2,4]oxadiazolo[4,3,-a]quinoxaline-1-one (ODQ) eliminated the
activation of the Manduca MsGC-a.1/B1 heterodimer but had little effect on the
stimulation of Gyc-88E. Assays were carried out in the presence of 4mM Mg. Data

shown are the mean + SEM of 4 determinations.
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Figure 2.9. The NO donor SNAP stimulates the activity of Gyc-88E. When the NO
donor S-nitroso-N-acetylpenicillamine (SNAP) was applied, the activity of Gyc-88E-S
and Gyc-88E-L was elevated by 2-3 fold. By contrast, the Manduca classic soluble
guanylyl cyclase MsGC-0.1/MsGC-B1 heterodimer showed a much larger increase in
activity. The soluble guanylyl cyclase inhibitor, 1H-[1,2,4]Joxadiazolo[4,3,-a]quinoxaline-
1-one (ODQ), eliminated the activation of the Manduca MsGC-c1/ B1 heterodimer but
had no significant effect on the stimulation of Gyc-88E. Assays were carried out in the

presence of 4mM Mg. Data shown are the mean + SEM of 3 determinations.
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The addition of sodium cyanide failed to stimulate both Gyc-88E and MsGC-ct1/MsGC-
1 (Fig. 2.10), supporting the role of NO as the stimulator of Gyc-88E in these
experiments.

To examine the guanylyl cyclase activity of Gyc-89Da and Gyc-89Db, the cloned
ORF of Gyc-89Da and an EST of Gyc-89Db (obtained from the Berkeley Drosophila
Genome Project) were subcloned into pcDNA3.1 and transiently expressed them in COS-
7 cells and assayed extracts as carried out above for Gyc-88E. Gyc-89Da displayed no
activity when expressed alone or when co-expressed with Gyca-99B, Gycp-100B, or
Gyc-89Db (Fig. 2.11). However, when Gyc-89Da was co-expressed with either splice
variant of Gyc-88E in the presence of Mn, more activity was observed than with Gyc-
88E alone. In the presence of Mg however, Gyc-88E/Gyc-89Da co-expression yielded
similar activity to Gyc-88E alone.

Gyc-89Db was also inactive when expressed alone, or when co-expressed with
Gyca-99B (Fig. 2.12). When Gyc-89Db was co-expressed with either splice variant of
Gyc-88E, in the presence of Mg or Mn, more activity was observed than when Gyc-88E
was expressed alone. No significant difference in activity was observed between Gye-

88E-S/Gyc-89Db and Gyc-88E-L/Gyc-89Db.
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Figure 2.10. Sodium cyanide, a breakdown product of SNP, has no effect on the guanylyl
cyclase activity or Gyc-88E or the MsGC-a/MsGC- B heterodimer. SNP significantly
stimulated Gyc-88E and MsGC-o/MsGC-p, while two concentrations of sodium cyanide

did not. Data shown are the mean + SEM of 2 determinations.
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Figure 2.11. Guanylyl cyclase activity of Gyc-89Da. When Gyc-89Da was expressed

alone, no activity was observed. However, when Gyc-89Da was expressed with either
splice variant of Gyc-88E, a significant increase in activity was observed, compared to
Gyc-88E expressed alone, in the presence of Mn only. Co-expression with either Gyc-
88E splice variant yielded a similar level of activity. Co-expression of Gyc-89Da with
Gyca-99B, Gycf-100B, or Gyc-89Db yielded no activity. Data shown are the mean +

SEM of 2 determinations.
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To determine if Gyc-89Da or Gyc-89Db can be stimulated by NO, the NO donor
SNAP was utilized in the presence of Mg. Again, Gyc-89Da and Gyc-89Db were inactive
when expressed alone and no difference in activity was observed between the two Gyc-
88E splice variants (Fig. 2.13). Co-expression of Gyc-89Da or Gyc-89Db with either
Gyc-88E splice variant yielded more SNAP-stimulated activity than when Gyc-88E was
expressed alone. The level of SNAP-stimulated activity was not significantly different
between Gyc-89Da/Gyc-88E-S, Gyc-89Da/Gyc-88E-L, Gyc-89Db/Gyc-88E-S, and Gyc-

89Db/Gyc-88E-L.
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Figure 2.12. Guanylyl cyclase activity of Gyc-89Db. When Gyc-89Db was expressed
alone, no activity was observed. When Gyc-89Db was co-expressed with either Gyc-88E
splice variant, a significant increase in activity was observed, compared to the Gyc-88E
variants expressed alone, in the presence of both Mg and Mn. Co-expression of Gyc-
89Db with Gyca-99B yielded no activity. Data shown are the mean + SEM of 2

determinations.
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Figure 2.13. Stimulation of Gyc-88E, Gyc-89Da, and Gyc-89Db by the NO donor
SNAP, in the presence of Mg. Gyc-89Da and Gyc-89Db alone yielded no SNOG-
stimulated activity. Both splice variants of Gyc-88E were significantly activated by
SNAP. Co-expression of Gyc-89Da or Gyc-89Db and Gyc-88E yielded higher levels of
SNAP-stimulated activity than when Gyc-88E was expressed alone. The level of SNAP-
stimulated activity was not significantly different between Gyc-89Da/Gyc-88E-S, Gyc-
89Da/Gyc-88E-L, Gyc-89Db/Gyc-88E-S, and Gyc-89Db/Gyc-88E-L. Data shown are the

mean + SEM of 2 determinations.
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Discussion

The experimentally determined sequence for Gyc-88E was found to differ from
the Flybase predicted gene in the C-terminal domain. The predicted stop codon in exon 9
was bypassed by a splice site, resulting in a longer ORF contained on two additional
exons. This additional sequence makes the C-terminal domain similar in length to the C-
terminal domains of the insect Gyc-88E orthologues in Manduca (MsGC-B3), Apis
melifera, and Anopheles gambiae, and includes the highly conserved region of about 40
amino acids. The sequences of the C-terminal domains of these guanylyl cyclases are
quite divergent but contain a highly conserved region. This region, which contains
several consensus protein phosphorylation sites, likely plays an important functional role
in some aspect of GC activity, cellulaf localization, or protein-protein interactions.
Another feature found in the C-terminal domain was a splice variation, which occurs by
the alternative joining of exon 10 and 11. The additional 7 amino acids found in the
longer variation of the C-terminal domain contain predicted phosphorylation sites for
cGMP-dependent protein kinase (KKIT) and protein kinase C (KITFS). Both of these
splice variants were expressed in larval and adult stages. The experimentally determined
gene structure of Gyc-89Da is similar to the structure of Gyc-89Db, further suggesting
that these two highly identical guanylyl cyclases are the result of a recent gene
duplication. Both genes start with a short exon containing only UTR and end with a
lengthy exon that contains a small amount of UTR and the entire ORF. A splice variation
was found in the 5” UTR of Gyc-89Da, occurring through alternative joining of exon 1
and 2. All three Drosophila atypical guanylyl cyclases were found to be expressed

throughout the entire life cycle.
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Gyc-88E shares a number of unusual sequence and structural features with
MsGC-f33. First, like the receptor guanylyl cyclases and unlike all known B1 subunits,
both Gyc-88E and MsGC-B3 possess all of the residues thought to interact with the Mg-
GTP substrate (see Chapter 1 and Morton and Hudson, 2002). Previous studies showed
that MsGC-f33 does yield basal activity in the absence of other subunits (Nighorn et al.,
1999) and forms homodimers (Morton and Anderson, 2003). These studies formed the
basis for the prediction that Gyc;88E would also yield basal activity in the absence of
other subunits, a prediction shown here to be correct. While MsGC-B3 yielded higher
levels of basal activity than Gyc-88E, the basal activity of Gyc-88E was nevertheless
similar to the basal activity levels of the Manduca o/ P heterodimer. Comparison of the
calculated Michaelis-Menton kinetics values between Gyc-88E and MsGC-33 parallel
these observations. While the values for the K., are similar between Gyc-88E and MsGC-
3, the values for the Vi, are substantially higher for MsGC-f33 than the Gyc-88E splice
variants (Morton and Anderson, 2003).

The C-terminal extension of MsGC-B3 was found to play an autoinhibitory role in
enzyme activity: when some or all of it was removed the calculated K., was reduced
significantly in the presence of Mg, but not Mn (Morton and Anderson, 2003). The
estimated values for K, for Gyc-88E were similar to those for MsGC-f33, in particular the
almost 20-fold reduction in the presence of Mn compared with Mg, suggesting that the C-
terminal domain of Gyc-88E might also be inhibitory. In contrast to the inhibitory trend
observed in MsGC-f3, removing the C-terminal domain of Gyc-88E resulted in
significantly lowered levels of activity, although removing only part of the tail did result

in significantly more activity. The kinetics of the altered tail Gyc-88E proteins was not
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examined, so it is not known if the K, was altered in either case. It is possible that
removing the entire C-terminal extension in this case resulted in a globally destabilized
protein, negatively affecting the catalytic domain and yielding less activity despite the
absence of an autoinhibitory tail. By removing only part of the tail, perhaps the potential

autoinhibitory domain was inactivated without disrupting the rest of the enzyme.

Unlike all known (1 subunits and the mammalian 2 subunits, both Gyc-88E and
MsGC-f33 have substitutions at two cysteine residues known to be crucial for heme-
binding and NO-activation in the rat 1 subunit (Friebe et al., 1997). Extracts made from
COS-7 cells transiently transfected with MsGC-p3 yielded no increase in activity over
basal levels when NO donors were applied (Nighorn et al., 1999). This observation,
together with its sequence features, led to the prediction that Gyc-88E would also be NO-
insensitive (Morton and Hudson, 2002). Surprisingly, we found that Gyc-88E yielded a
small but significant increase in activity when sodium nitroprusside (SNP) or SNAP was
applied. However, compared to the 10-20 fold stimulation of conventional ao/p
heterodimers, stimulation of Gyc-88E was only 2-3 fold. Another interesting finding was
that ODQ, which prevents NO—donor activation of soluble guanylyl cyclase by oxidizing
the heme-group, did not block activation of Gyc-88E by SNP or SNAP. This finding
illustrates possible differences between the heme groups/regulatory domain of Gyc-88E
and conventional o/p heterodimers. The region(s) that are responsible for these

biochemical differences remain to be discovered.

As predicted, when Gyc-89Da or Gyc-89Db were expressed alone or when Gyc-

89Da was expressed with Gycp-100B, no guanylyl cyclase activity was detected. In
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contrast to predictions, no activity was detected when Gyc-89Da or Gyc-89Db was co-
expressed with the conventional o subunit, Gyca-99B. It is possible that Gyc-89Da and
Gyc-89Db dimerize with Gyca-99B as do MsGC-B3 and MsGC-al (Morton and
Anderson, 2003), but possibly due to misalignment of the catalytic pockets, these
heterodimers are inactive. However, when Gyc-88E was co-expressed with Gyc-89Da in
the presence of Mn, more activity was measured than when Gyc—SSE was expressed
alone. Interestingly, when Gyc-88E and Gy-89Da were co-expressed in the presence of
Mg, no difference in activity was measured compared to Gyc-88E expressed alone.
Similar results were observed when Gyc-88E was co-expressed with Gyc-89Db, although
more activity was observed in the presence of both Mn and Mg compared to Gyc-88E
expressed alone. These activity levels were roughly half that of Gyc-89Da/Gyc-88E in
the presence of Mg. The difference in activity between these two highly identical
guanylyl cyclases suggests that while one or the other of these genes may have originated
from a recent gene duplication event, they may have some functional divergence in vivo.
Both splice variants of Gyc-88E yielded similar activity levels when co-expressed with
either Gyc-89Da or Gyc-89Db, suggesting that the Gyc-88E splice variation plays no
functionél role in the interaction with these guanylyl cyclases, at least in absence of an
activator. While some differences were observed when comparing the activity levels of
Gyc-88E/Gyc-89Da and Gyc-88E/89Db heterodimers in the presence of Mg and Mn, no
differences in stimulated activity levels where observed between these heterodimer
combinations when the NO-donor SNAP was applied. However, the SNAP-stimulated
activity of Gyc-88E/Gyc-89Da and Gyc-88E/Gyc-89Db was substantially higher than the

SNAP-stimulated activity levels of Gyc-88E alone. These results indicate that Gyc-89Da
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and Gyc-89Db both contribute enhanced NO sensitivity to Gyc-88E, and that the
potential differences in the biochemical properties between Gyc-89Da and Gyc-89Db do
not involve ligand-stimulation of guanylyl cyclase activity, at least under the current

conditions.

In Langlais et al. (2004), a more comprehensive selection of NO donors were
tested for their ability to stimulate Gyc-88E homodimers, and Gyc-88E/Gyc-89Db
heterodimers. In addition to SNP and SNAP, SNOG (an S-nitroso compound), three
different NONOates and an unrelated compound, SIN-1, were applied. SNP, SNAP, and
SNOG significantly stimulated soluble guanylyl cyclases in all experiments. However,
SIN-1 and the three NONOates were unable to significantly stimulate the Gyc-88E
homodimer, although they did raise the level of activity noticeably. Two of these
NONOates and SIN-1 did significantly stimulate Gyc-88E/Gyc-89Db. It is notable that
YC-1, an NO-independent activator of conventional soluble guanylyl cyclase (Friebe and
Koesling, 1998), was also ineffective at stimulating Gyc-88E and Gyc-88E/Gyc-89Db
activity in these experiments. These results contrast with the effect these NO-donors have
on the conventional o/f heterodimer, where all of the compounds tested were effective at
stimulating guanylyl cyclase activity. The fact that several different classes of NO donors
were capable of activating both Gyc-88E and the Gyc-88E/Gyc-89Db heterodimers
demonstrates that NO, rather than another breakdown product of these compounds, was
the active component in these experiments.

The biochemistry of Gyc-88E, Gyc-89Da, and Gyc-89Db was examined in more
detail in Morton et al. (2005). To further characterize enzymatic differences between

these subunits, the Michaelis-Menton kinetics of Gyc-88E, Gyc-89Da/Gyc-88E, and
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Gyc-89Db/Gyc-88E were calculated using the same methods used in this chapter. No
significant difference was found in the estimated value for the Vi, for GTP in the
presence of Mg between Gyc-88E-L, Gyc-89Da/Gyc-88E-L, and Gyc-89Db/Gyc-88E-L
whereas in the presence of Mn, Gyc-89Da/Gyc-88E-L yielded a significantly higher
estimate for Vimay that either Gyc-88E-L or Gyc-89Db/Gyc-88E-L. In contrast, Mn was
found to have a much greater effect (lowering values) on the Km of Gyc-88E-L and Gyc-
89Db/Gyc-88E-L than Gyc-89Da/Gyc-88E-L. These results correlate well with my
findings that Gyc-89Da/Gyc-88E yields more activity than Gyc-89Db/Gyc-88E in the
presence of Mn, while Gyc-89Db/Gyc-88E yields more activity than Gyc-89Da/Gyc-88E
in the presence of Mg.

In Morton et al. (2005), the NO-stimulated activity of Gyc-88E-L, Gyc-89Da, and
Gyc-89Db was also examined in more detail by exposing the different subunit
combinations to varying concentrations of NO-donors, and comparing fold-stimulation
from basal levels. BAY 41-2272, a potent, NO-independent stimulator of conventional
a/f} heterodimers, failed to stimulate any of the atypical guanylyl subunit combinations.
Gyc-89Da/Gyc-88E and Gyc-89Db responded similarly to SNAP and NOC-12. A
difference was found between these subunit combinations with the application of DEAE-
NONOate, which failed to significantly stimulate these subunits in NO-donor
experiments. Lower concentrations of DEAE-NONOate than used in Langlais et al.
(2004) significantly stimulated Gyc-89Db/Gyc-88E only, with a maximum 4-fold
increase in activity. Higher concentrations of this NO-donor were found to be less

effective for stimulation. These experiments support the possibility of different functions
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and sensitivities in vivo for Gyc-89Da and Gyc89Db as opposed to redundant or
interchangeable functions.

While I report here that ODQ was not able to significantly inhibit the SNP- or
SNAP-stimulated activity of Gyc-88E, Morton el al. (2005) found that the application of
ODQ completely abolished the stimulation of Gyc-89Db/Gyc-88E by DEAE-NONOate
or NOC-12. Morton et al. (2005) did not examine the effect of ODQ on NO-stimulation
of the Gyc-88E homodimer. Perhaps Gyc-88E heterodimers are sensitive to ODQ while
the Gyc-88E homodimer is not. Alternatively, if lower concentrations of the NO donors
and/or a higher concentration of ODQ were used in my experiments, a reduction in
stimulation may have been observed. The results reported in Morton et al. (2005) suggest
that the mechanism of activation of Gyc-88E heterodimers by NO-donors occurs through
the heme-group, since ODQ inhibits NO-stimulation of soluble guanylyl cyclases by
oxidizing this group (Garthwaite et al., 1995) (Zhao et al., 2000).

Evidence has recently emerged that suggests that oxygen, rather than NO, acts as
the natural ligand of the Drosophila atypical guanylyl cyclases. First, it was found that
the heme-domain of an atypical soluble guanylyl cyclase (GCY-35) in C. elegans binds
oxygen (unlike conventional soluble guanylyl cyclase heme-domains) and is required for
a social feeding behavior that is mediated by oxygen sensation (Gray et al., 2004). Next,
1t was reported that Gyc-88E, Gyc-88/Gyc-89Da, and Gyc-88E/Gyc-89Db were all
significantly stimulated under anoxic conditions, with Gyc-88E/Gyc-89Db showing a
much larger increase in activity, on par with the NO-stimulated activity levels of Gyca-
99B/Gycf3-100B (which was not activated by anoxic conditions) (Morton, 2004a).

Anoxia/hypoxia-stimulated activity was induced rapidly (significant increase starting at 1
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minute), showed a graded response to oxygen concentrations, and was blocked by ODQ.
These results, taken along with the data that show that NO-donors are only weak
activators, strongly suggest that the natural ligand of the Drosophila atypical soluble
guanylyl cyclases is oxygen.

The sequence features that appear to characterize oxygen-sensitive GCs have been
identified in a recent report. The crystal structure of an oxygen binding protein domain
from the obligate anaerobe, Thermoanaerobacter tengcongensis, has been solved
(Pellicena et al., 2004). This domain, which is part of the chemotaxis receptor Tar4, is
related to the heme domain of sGCs, and was named the heme-NO and oxygen binding
(H-NOX) domain. This domain was shown to have a protein fold in which a tightly
packed central cavity houses an unusually distorted heme group. In contrast to sGCs,
where spectroscopic studies indicate that the binding of NO breaks the proximal
histidine-iron bond (resulting in a five coordinate complex), the H-NOX forms a six-
coordinate ferrous-oxy complex (Karow et al., 2004). Y-140, which is fixed in specific
orientation by a hydrogen-binding network, was predicted to contribute to the gas binding
specificity of the protein for oxygen (Fig. 2.14A). A follow up study, using H-NOX
point-mutants, demonstrated that Y-140 is necessary and sufficient for oxygen binding
and is important for discrimination between oxygen and NO (Boon et al., 2005). Ser-133,
and Arg-135 were determined to be very important or crucial for coordination of the
heme propionate groups and form a conserved “YxSxR” motif that is invariant in all H-

NOX domains (Fig. 2.14B) (Pellicena et al., 2004).
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Fig. 2.14. Heme environmenf. (A) Ligand-biding pocket. Tyr-140 is shown hydrogen
bonding (red dashes) to the heme-bound oxygen ligand. Trp-9 and Asn-74 interact with
Tyr-140. The proximal ligand His-102 is also shown. (B) The YxRxS motif,
corresponding to residues Tyr-131, Ser-133, and Arg-135, coordinates the heme

propionates. Figure and legend from Pellicena et al. (2004).
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A sequence alignment that includes the H-NOX domain of 7' tengcongenesis and
heme-binding/potential H-NOX domains of known or predicted atypical GCs reveals that
the “YxSxR” motif and Tyr-140 is present in Gyc-88E, Gyc-89Da, Gyc-89Db, and a
large number of other atypical sGCs (Fig. 2.15). Importantly, this Tyr residue is not
found in any known NO-sensitive sGC subunit (see Drosophila 1 example sequence in
alignment). In the 7. tengcongenesis H-NOX domain, the Tyr residue is the 5™ residue
following the YxSxR motif. Gyc-88E has two Tyr residues, with one in the 5 and 6™
position after the YxSxR motif, while Gyc-89Da and Gyc-89Db each have one Tyr
residue at 6" position. In the C. elegans GCY-35 and GCY-36, the Tyr is the 4™ residue
after the YxSxR motif. These differences indicate that there may be some degree of
positional flexibility of the Tyr residue, likely reflecting the rotational position of the a.G
helix (Fig. 2.14). The functional significance of the two Tyr residues in Gyc-88E is
unclear. Several other insect species, including two more dipterans, one hymenopteran,
and two lepidopterans have atypical sGCs subunits that have at least one Tyr residue in a
position comparable to Tyr-140 (Fig. 2.15). It appears that all insect 33-like subunits
have two adjacent Tyr residues at the 5™ and 6% positions, similar to Gyc-88E, while all
insect Gyc-89D-like subunits have one Tyr at the 6™ position. In the C. elegans GCY-31,
GCY-32, GCY-33, GCY-34 and in the corresponding C. briggsae orthologs, a Tyr
residue can be found in either the 4", 5%, 6", or both the 3 and 6™ positions after the
YxSxR motif. GCY-37 and its C. briggsae ortholog CBG13876 do not have a Tyr residue
following the YXSxR motif. Interestingly, some chordates also appear to have a Tyr
residue(s) in a similar position in sGC subunits. In the primitive marine chordate Ciona

intestinalis, three atypical sGCs have been predicted to occur. Cin BA and Cin BC, which
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fall into the B3-like grouping in Figure 1.2, have two Tyr residues with one at the 5™ and
8™ positions after the YxSxR motif. Cin BB, which falls into the Gyc-89D-like grouping
in Figure 1.2, has two adjacent Tyr residues occurring in the 7% and 8% positions. Two
different species of pufferfish also have been predicted to express $3-like subunits. One
of these (33-like subunits in each fish species lacks a Tyr residue following the YxSxR
motif, while the other B3-like subunit has two Tyr residues, with one in the 3™ and 6™
positions. Finally, the opossum B2 subunit has a Tyr residue in the 5 position after the
YxSxR motif. No other mammalian § subunits known at this time have a Tyr residue
following the YxSxR motif.

Point mutation experiments now need to be carried out that examine the function
of these Tyr residues in the GC activity of Gyc-88E, and in the Gyc-88E/Gyc-89D
heterodimers. It is possible that the substitution of these Tyr residues with non-
bulky/non-reactive residues will increase basal activity in normal atmospheric conditions,
as other less inhibitory gas ligands may out compete inhibitory oxygen binding. Under
hypoxic conditions, these mutants might display reduced activation, as other gases, which
were previously excluded from the heme, may remain bound and have an nhibitory
effect. It will also be interesting to see how the application of NO donors affect this

mutant under normal and anoxic conditions.
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H-105 YxSxR motif  Y-140

Tte Tard 89 -RRLVNFLMMMDEVELQLTKMIKG---ATPPRLIAKPVAKDATIEMENVSKEK - - - MYDRFLGLIEQSSK -
Gyc~88E 91 -RHMRDFLNGLDNLIEYLKFSYPRM--RAPSFICENETKQG-LTLH
Gyc-89Da 91 -RYFCDFLQSIDNIBMLIMRFTYPKM--KSPSMQLTNMDDNG-AVIL
Gyc-89Db 91 -RYFCDFLQSIDNIEVQMRFTYPKM--KSPSMQLTNMDDDG-AVIL
Dme B1 92 -ATPRDFLQNLDAL DHLGTLYPGMR—-APSFRCTEKDGE--LLLH
Dps B3 90 -RHMRDFLNGLDNIL

Dps 89Da 91 -RYFCDFLQSIDNI
Dps 89Db 91 -RYFCDFLQSIDNT
Aga 3 96 -RHMRDFLNGLDNIL,
Aga 89D 91 -RYFCDFLHSVDNI
ame B3 91 -RHVRDFLNGLDNL
MsGC B3 91 -RHMRDFLNGLDNL
Bmo B3 ? -RHMRDFLNGLDNL
Bmo 89D ? -RYFCTFLQSVDNI
GCY-31 91 -RTFPQFLNGLDNL
GCY-32 54 -PNLKGFLDNLDSL
GCY-33 91 -RRFSDFIKGLDNI
GCY-34 92 -PNLKGFLDNLDSI,
GCY-35 392 -PDLEGFLDSLDSL
GCY-36 80 -PNLKGFLDNLDSL
GCY-37 92 -NNLQEFLDNLNSM
CBG02110 91 -RTFPQFLNGLDNL
CBG04937 24 -PNLEKGFLDNLDSL
CBG23350 91 -RRFSDFIKGLDNI
CBG06726 24 -PNLKGFLDNLDSL
CBG07710 24 -PNLKGFLDNLDSL
CBG13876_24 -NNLQEFLDNLNSM|
Cin A 91 -RKLCDFINGLDNL
Cin BB 90 -RTFRDFLNGLDCM
Cin BC 103 -RRFTDFLNGLNCM
Tru B3 91 -RNVRDFINELDNL

TMGQIREVARY
LIGQMTEVAQE
RSGET- - GMSKMLIGOMTEVAKE

LIMRFTYPKM- -KSPSMQLTSMDDKG-AVIL
LOMRFTYPKM- -KSPSMQLTNMDDKG-AVIL
EYLKFSYPLM--RAPSFICENETRHG- LTLH
LOMRFTYRKM- - KSPSMQLTEVDENG-AVLYV,
EYLKFSYPRM—-RAPSFICENETRQG LTLH
EYLKFSYPRM--RAPSFICENETRQG- LTLH
RMRYTFPRM- - RSPSMQLTRAHRHG - AELYV

EYLRFTFPKL~--KPPSFYCEHESRTG-LTLH
¥YFIDHVVYKANLRGPSFRCEETPDGT-LLLH
EYFRFSYPKL--RAFSFYCKSESEDG- LILH
YFIDHVVYKANLRGPSFRCEENPDGT - LMLH
FIDHVVYKTRKLRGPSFRCDVQADGT-LLLH
FIDHVVYKANLRGPSFRCEDNPDGT-ITLH
YFIDQIAFKSEMKGPTFQCEPFGESG- LKLHY
EYLRFTFPKL--KPPSFYCEHESRTG-LTLH
YFIDHVVYKANLRGPSFRCEENSEGD-LLLH
EYFRFSYPKL--RAPSFYCKSESQDG-LVLH
YFIDHVVYKANLRGPSFRCEENADGT - LMLH
FIDHVVYKANLRGPSFRCEDNPDGT - ITLH
YFIDQIAFKSEMKGPTFQCEPFGESG- LKLH
DYISNLYKDIK--PPSFYVEKEDDEG-LVFH
EFYRFSFADI--QPPSFHISKEDVNG-LELH
DYYRFSFTEI--QPPSFHVSKEDSEG-LELH
EYFRFSFPKV--QPPSFCVEEECETS-LTLH
Tru 89D 90 GRHVRDFVNGLDNLEEYLRFSYPKV--QPPTFFCQEESATG-VTLH RSKHK - - GHLH{AMGOLRQMGKQ
Tni 3 92 -RNVRDFINELDNLREYFRFSFPKV--QPPSFCVEEECETS- LTLHNRS THiK- - GFTQRVK~ o m o e e o
Tni 89D ? ----- U e RLPLVS- - -ALDGREKIK - - GELHfJAMGOLROMGKO
Mdo B2 90 -GNLMEFIENLDALJSYLALSYQAMN--APSFRVEKRTDGT-MLLEFjYSDLIR- - GLCfJIVPGIIEAVAKD

RBRET - - GHLSHVIGQLVELARY
FTGAP - -GLEHIVKGVVKEVAKL

NTSHKYVGHVEF{VRGLIHSAAVM
RORKHITFTGFMI@IVKGLIRALADK
RERETFIGHVHVKGLLLKIASK

RS THIK - -GFTQFVKGQLSQVGRQ

Figure 2.15. ClustalW sequence alignment of known and putative H-NOX (partial)
domains, grouped into species of origin. A portion of the T tengcongenesis H-NOX
domain (Tte Tar4, Genbank accession 20807169) is shown at the top of the alignment.
The conserved proximal histidine (H-105) ligand, the YxSxR motif, and Y-140 are
highlighted in black. The serine residue in the YxSxR motif is substituted in some
subunits with a threonine residue. Note that the Tetroadon 89D sequence (Tni 89D)
preceding the serine residue in the YxSxR motif is incomplete. Aga=Anopheles gambiae,
Ame=Apis mellifera, Bmo=Bombyx mori, Cin=Ciona intestinalis (ascidian),
CBG=Caenorhabditis briggsae, Dme=Drosophila melanogaster, Dps=Drosophila
psuedoobscura, GCY =Caenorhabditis elegans, Mdo=Monodelphis domestica
(opossum), Ms=Manduca sexta, Tro=Takifugu ruburipes (fugu pufferfish),
Tni=Tetroadon nigroviridis (spotted pufferfish). See Table 1.1 for more information

about these sequences.
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In summary, [ have cloned and characterized the three Drosophila melanogaster
atypical soluble guanylyl cyclases. One of these, Gyc-88E, is an orthologue of a
previously studied insect atypical soluble guanylyl cyclase, MsGC-B3. Both Gyc-88E and
MsGC-B3 are active in the absence of other subunits (MsGC-B3 was shown to form
homodimers) and have a novel C-terminal extension that likely plays a role in catalytic
regulation. The two remaining cyclases, Gyc-89Da and Gyc-89Db, require Gyc-88E for
activity and appear to be recent duplications as they are highly identical and are located 2
kb apart from each other in the genome. Orthologs of these two genes are not yet known
in the unsequenced Manduca sexta, but one is predicted to occur in another lepidopteran,
Bombyx mori. Co-expression of either Gyc-89Da or Gyc-89Db with Gyc-88E yielded
significantly more basal or NO-stimulated activity than when Gyc-88E is expressed
alone. Despite the high identity between Gyc-89Da and Gyc-89Db, my results and the
results from Morton (2004a) and Morton et al. (2005) suggest that they may not be
functionally interchangeable. Gyc-89Da/Gyc-88E and Gyc-89Db/Gyc-88E differ
significantly in their enzyme activities in the presence of Mg and Mn. Gyc-89Db/Gyc-
88E was activated faster and yielded much higher levels of activity than Gyc-88E or Gyce-
89Da/Gyc-88E when exposed to anoxic conditions. Considering the differences in
biochemical properties between these guanylyl cyclases i vitro, it will be informative to
determine which cells in Drosophila express Gyc-88E alone, Gyc-89Da and Gyc-88E,
Gyc-89Db and Gyc-88E, or all three at the same time. It will also be important to
determine if these guanylyl cyclases are expressed in sensory neurons or other cells that
could be in the position to detect changes in oxygen concentration. This topic is covered

in Chapter 3.
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Chapter 3: Localization of Gyc-88E, Gyc-89Da, Gyc-89Db expression in the nervous
system
Introduction

To gain insight into the possible functions of Gyc-88E, Gyc-89Da, Gyc-89Db, |
set out to determine their expression patterns at several developmental stages. The
sequence analysis and biochemical data presented in Chapters 1 and 2 demonstrate that
Gyc-89Da and Gyc-89Db require Gyc-88E for GC activity. The related C. elegans
atypical soluble GCs, GCY-35 and GCY-36, are predicted to form active heterodimers,
have overlapping phenotypes, and are expressed in many of the same cells (Cheung et al.,
2004; Gray et al., 2004). These observations and data suggest that Gyc-89Da and Gyc-
89Db will be expressed in the same cells as Gyc-88E.

Several methods were utilized to determine the localization of the Drosophila
atypical sGCs. An immunohistochemical approach was undertaken by the Morton lab,
but several attempts at generating specific antibodies failed. Two other approaches were
successful, however. In embryos, the expression patterns of Gyc-88E, Gyc-89Da, and
Gyc-89Db were examined with RNA:RNA whole mount in situ hybridization, using
digoxygenin (DIG)-labeled RNA probes. For the second approach, transgenic animals
were generated that expressed fluorescent markers driven by the predicted promoter
regions of Gyc-89Da and Gyc-89Db. The expression patterns of these animals were
examined using confocal microscopy. The results of these experiments show that the
Drosophila atypical soluble GCs are expressed widely the CNS and in several PNS

locations.
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Methods and Materials

Fly strains and genetics

All Drosophila melanogaster strains were propagated in fly vials using standard
procedures (Sullivan, 2000) at 25°C. Canton-S (Meigen) flies were used for all in situ
experiments. The following stocks were used for confocal experiments: ¢929-1
(Dimmed::GALA4, provided by P. Taghert), CCAP::GAL4 (provided by J. Ewer), C21E
(EHups::GALA4, provided by J. Truman), line 6280 (UAS::DsRed, Bloomington), line
6282 (UAS::DSRED, Bloomington), line 6927 (Bloomington), UAS::mCD8-GFP
(provided by W. Grueber), 109(2)80 (provided by W. Grueber), line 458
(elav::GALA4[C155], Bloomington). p89Da::GFP, p89Da::GAL4, p89Db::GFP, and
p89Db::GAL4 lines were also used and are described below. Crosses and manipulations
were carried out using standard genetic techniques (Greenspan, 1997). For co-localization
studies, various homozygous promoter/enhancer::GAL4 lines were first crossed to line
6280, which has UAS::DsRed insertions floating on the 1%, 2", and 3 chromosomes.
The offspring from this cross were then crossed to either p89Da::GFP or p89Db::GFP to
obtain promoter/enhancer::GAL4, UAS::DsRed, p89D::GFP animals for confocal

microscopy.

Whole-mount in situ hybridization of embryos and larval CNS

Whole mount i situ hybridization was used to identify the spatial expression pattern of
Gyc-88E, Gyc-89Da, and Gyc-89Db during embryogenesis and in the larval CNS. DIG-
labeled RNA probes were generated as described in Chapter 2 for the northern blots and

were fragmented with a carbonate buffer (60 mM Na,CO;, 40 mM NaHCO,, pH 10.2) for
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20 min at 65°C. The Gyc-89Da DIG probe used for the below experiments was not
fragmented. Mixed stages of embryos were collected and fixed as described (Sullivan et
al., 2000) and stored in 100% ethanol until use. Before use, the embryos were rehydrated
with PBT (phosphate-buffered saline with 0.1% Tween 20) and post-fixed for 30 min
with 4% formaldehyde. The larval CNS was removed and fixed in 4% paraformaldehyde
for 45 min., washed 4 x 15 min. with PBT and used the same day. Samples were
prehybridized with hybridization buffer [5Sx SSC, 50% formamide, 0.1 mg/ml heparin
sulfate, 0.1 mg/ml sonicated salmon sperm DNA (Invitrogen Life Technologies,
Carlsbad, CA, USA), 0.1% Tween 20, pH 5.2] for 1 hr. prior to adding probe at a final
concentration of 1.5 ng/ml followed by overnight incubation at 60°C. Samples were
washed for 4 x 1 hr. at 60°C in 5x SSC, 50% formamide followed by 4 x 15 min. in PBT
and blocked for 1 hr. with PBT plus 10% bovine serum albumin. Fab fragments of sheep
anti-DIG-AP antibody (Roche) were incubated with samples at 1:1000 with PBT
overnight at 4°C and washed for 4 x 15 min with PBT. DIG labeled RNA probes were
detected with NBT/BCIP one-step alkaline phosphatase substrate (Pierce, Rockford, IL,
USA) and the reaction stopped with five rinses of 100% ethanol. For in
situ/immunocytochemical double-label experiments, the neuronal marker antibody 22C10
(Developmental Studies Hybridoma Bank) was added (1:200) at the same time as the
anti-DIG-AP antibody and was detected with horseradish peroxidase anti-mouse
antiserum (Jackson ImmunoResearch, West Grove, PA, USA) at 1:1000 in PBT for 1 hr.
After 4 x 15 min washes with PBT, 22C10 was visualized with 0.5 mg/ml
diaminobenzidene (DAB; Sigma, St. Louis, MO, USA) plus 0.003% hydrogen peroxide.

DAB reactions were stopped with five consecutive washes with PBT. Anti-DIG antibody
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was then visualized as above. The samples were then dehydrated in ethanol, cleared in

methyl salicylate and mounted in Permount (Fisher Scientific, Fairlawn, NJ, USA).

Gyc-89Da and Gyc-89Db promotor::GAL4 driver generation

The region upstream from the Gyc-89Da and Gyc-89Db open reading frame start
sites to the 3" end of the preceding gene was cloned. For Gyc-89Da this region was 2 kb
and for Gyc-89Db this region was 3.5 kb. The primers used to amplify the upstream
region of Gyc-89Da were 5’-GGGTTCTTTTTTGTAGAGAAA-3’ and 5°-
GGTTTATGTTTCTGAAAAAATG-3’, and the primers used to amplify the region
upstream of Gyc-89Db were 5’-GCACCTGTGGCTCTCTTA-3’ and 5°-
GATGGGGCAGGATGTGAA-3’. Standard PCR conditions were used, and the resulting
PCR products were cloned into the TOPOII vector (Invitrogen Life Technologies) and
subcloned into pGreen-Pelican vector (Barolo et al., 2000) and the pPTGAL vector
(Sharma et al., 2002) using the BamHI and Notl restriction sites. All constructs were
checked with restriction digests and sequencing. Maxipreps of these plasmid constructs,
along with the A2-3 helper plasmid (obtained from S. Smolick), were further purified
using standard cesium chloride ultracentrifugation followed by standard
phenol:chloroform extraction. The injection buffer was composed of 0.85mM NaH,PO,,
9.15mM Na,HPO,, and 5mM KCl, and was loaded with 1 pg/ul of purified construct and
0.2 ug/ul of helper plasmid. Injection needles were pulled on a Model P-87
Flaming/Brown micropipette puller (Sutter Instrument Co., Novato, CA, USA) using 4-
inch thin-wall borosilicate glass capillaries with filament (1 mm OD/0.75 mm ID) (World

Precision Instruments, Inc., Sarasota, FL, USA). Needles were loaded with 0.4 ul of
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prepared injection mixture and inserted into the injection head of a Picospritzer II (Parker
Instrumentation, Chicago, IL, USA), which was attached to a Narishige
micromanipulator (Narishige International USA, Long Island, NY, USA). 2 to 8 day old
yw[1] flies raised at 18° C were allowed to lay eggs on an 8.5 ¢cm grape juice agar plate
(with two small dollops of yeast paste) at 18° C for up to 15 minutes. Embryos were
collected with forceps and placed in a row on a slide coverslip with double-sided sticky
tape, which was then stuck to a slide with a small strip of double-sided sticky tape.
Embryos were then desiccated for 5 min. in a sealed plastic box containing a layer of
Drierite (W.A. Hammond Drierite Company, LTD., Xenia, OH, USA), then covered in a
thin bead of halocarbon oil 700 (Halocarbon Products Corp., River Edge, NJ, USA). The
prepared embryo coverslip/slide was then placed on the stage of a Nikon Eclipse TE200
inverted microscope (Nikon USA, Melville, NY, USA). The loaded needle tip was
broken finely on the edge of the slide and immediately placed in the halocarbon oil. 300
to 500 embryos were injected with ~1-10 pl of injection mixture. Completed embryo
coverslips were then removed from the slide and placed on a new, yeasted, grape juice
agar plate and placed in an 18° C incubator. Hatched larvae were collected from the
plates with a platinum filament “worm picker” for up to 3 days post injection and placed
in groups (up to 20 larvae) in standard food vials and raised at 18° C until animals
eclosed. Individual adults were crossed to yw[1] flies in separate vials. 50-100 individual
lines for each construct injection were screened for colored eye transformants, which
were then individually crossed to yw[1] flies . Individual transformant lines were then
bred homozygous. The chromosome bearing the construct insertion in each line was

determined using a standard genetic mapping scheme.
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Visualization of GFP and DsRed

Whole animals were rinsed in water and mounted in GelMount (Sigma, St. Louis,
MO) on standard slides. Larval central nervous systems or adult parts were dissected in
PBS, then mounted in GelMount on Superfrost Plus slides (Fisher Scientific, Fairlawn,
NJ, USA). A Nikon Eclipse ES800 microscope was used in conjunction with the Bio-Rad
Radiance 2100/Lasersharp 2000 (Hercules, CA, USA) confocal microscopy system to
capture raw images. An argon laser with a laser line of 488nm was used to excite GFP
and the emitted light was captured in the 500-530nm range. A helium/neon laser with a
laser line of 543nm was used to excite DsRed and the emitted light was captured in the
570-650nm range. Raw data generated with the Bio-Rad Lasersharp 2000 software was
postprocessed with Image] image analysis software (verl.32j, W. Rasband, National
Institutes of Health). Postprocessing in ImageJ consisted of the creation of Z-stacks ,

color channel merging, and contrast/brightness adjustments when needed.

Results
Gyc-88E and Gyc-89Db are expressed in the embryonic CNS and PNS

To determine the cellular localization of Gyc-88E and Gyc-89Db in embryos, I
performed in situ hybridization using fragmented DIG-labeled RNA probes on whole
Drosophila embryos. Gyc-88E expression was detected in a segmental pattern in the
ventral nerve cord (VNC) and in the brain in embryos, beginning at stage 15 or 16 and
continuing through stage 17 (Fig. 3.1A - horizontal view; Fig. 3.1C - lateral view). Gyc-
89Db showed a similar expression pattern in the VNC and brain but could be detected as

early as stage 13 (data not shown) and also continued through stage 17 (Fig. 3.1B -
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horizontal view; Fig. 3.1D - lateral view). In stage 17 embryos, the total number of cells
that expressed Gyc-88E was noticeably higher than the number of cells that expressed
Gyc-89Db, especially in the brain (compare Fig. 3.1C and Fig. 3.1D). Stained single cells
visible in the anterior and posterior of the embryo in Fig. 3.1C,D are not part of the CNS
and are discussed below. Application of a sense riboprobe generated from Gyc-88E or
Gyc-89Db yielded a low level of background staining throughout the embryos with no
cells stained (Fig. 3.1E - Gyc-88E; Fig. 3.1F - Gyc-89Db).

In stage 17 embryos, Gyc-88E and Gyc-89Db were also expressed in a number of
cells that appeared to be associated with the peripheral nervous system (Fig. 3.2). The
overall pattern of this peripheral staining was very similar for probes to both Gyc-88E
and Gyc-89Db. Both Gyc-88E (Fig. 3.2A - horizontal view: Fig. 3.2C - lateral view) and
Gyc-89Db (Fig. 3.2B - horizontal view; Fig. 3.2D - lateral view) were expressed in two
cells on each side of segments T1, T2 and T3 and in one cell on each side of A1 andA?2.
The cells in segment A2 often stained very weakly and were not always detected. The
positions of the stained cells in the thoracic segments are similar to the locations of the
embryonic/larval basiconical sensilla. As a preliminary test to determine whether both
guanylyl cyclase subunits were co- expressed in the same cells, T hybridized embryos to
both probes simultaneously. In these experiments, the number of lateral cells that stained
was the same as when each probe was used individually: two cells on each side of
segments T1, T2 and T3 and one cell on each side of Al and A2 (Fig. 3.2E; Table 3.1). In
addition to the lateral cells, both probes hybridized to cells that appeared to be associated
with the ganglia that innervate the head sensory organs (Fig. 3.2F - Gyc-88E; Fig. 3.2G -

Gyc-89Db).
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Figure 3.1. Localization of Gyc-88E and Gyc-89Db expression in the central nervous
system of Drosophila embryos. In situ hybridization experiments were performed on
whole embryos using fragmented DIG-labeled Gyc-88E or Gyc-89Db riboprobes. (A, C)
Gyc-88E expression in stage 16 embryos. Expression was detected in a segmental pattern
in the ventral nerve cord and throughout the brain (open arrowhead). (B, D) Gyc-89Db
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 brain with Gyc-
89Db (open arrowhead). (A) and (B) show the horizontal view, while (C) and (D) show
the lateral view. Application of a sense probe generated from Gyc-88E (E) or Gyc-89Db
(F) demonstrates that the low level of ubiquitous background staining observed reflects
nonspecific hybridization. Anterior is always left and ventral is down in side views.
Square brackets in (C) and (D) indicate the position of the ventral nerve cord. Scale bar=

100 um.
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Gyc-88E hybridized to a single pair of cells whereas Gyc-89Db was expressed in 2-5
closely grouped cells on each side of the embryo. In addition, the Gyc-89Db probe
stained 4-5 closely grouped cells per side located in a more posterior position (not visible
in the focal plane shown in Fig. 3.2G). These cells will be described in more detail later.
Finally, Gyc-88E and Gyc-89Db were also found in 12 cells in segments A8 and A9
(telson; Fig. 3.2H - Gyc-88E; Fig. 3.21 - Gyc-89Db; three focal planes shown for each
probe) in an apparently overlapping pattern. These cells appear to be associated with the
clusters of neurons that innervate the 10 external sensory cones found in segments A8
and A9. To determine if both probes hybridized to the same cells, we examined the
preparations where both Gyc-88E and Gyc-89Db probes were used simultaneously,
counted the number of cells that stained and compared these results with the number of
cells stained using a single probe. I counted the same number of cells (12) in segments
A8 and A9 (Fig. 3.2J; three focal planes shown) in the double-labeled embryos as in
embryos labeled with Gyc-88E or Gyc-89Db probes individually. This suggests that both
guanylyl cyclases were co-expressed in the same cells in these segments. In the anterior
region of the embryo, where Gyc-89Db labels more cells than Gyc-88E, we never
observed more labeled cells using both probes together than the maximum number of
cells observed in the Gyc-89Db single probe preparations. This suggests that the cells that
expressed Gyc-88E also expressed Gyc-89Db, but there were some cells that expressed

only Gyc-89Db. These data are summarized in Table 3.1.
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Figure 3.2. Localization of Gyc-88E and Gyc-89Db in cells associated with the
embryonic peripheral nervous system. In situ hybridization on stage 17 embryos also
revealed that Gyc-88E or Gyc-89Db were both expressed in several peripherally located
cells. (A, C) Expression of Gyc-88E. (B, D) Expression of Gyc-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 was detected in A1 and A2. Left is always anterior
and down is ventral in side vieWs. (E) Application of both probes simultaneously resulted
in the same number of cells staining in segments T1-A2 as when each probe was applied
individually. (F, G) Expression of Gyc-88E and Gyc-89Db in the head segment. Gyc-
88E (F) was expressed in a pair of cells, while Gyc-89Db (G) was expressed in more
cells (2-5 per side in the clﬁsters in focus, and 4-5 per side in clusters located in a more
posterior position and out of focus, indicated with open arrowheads). Horizontal views
are shown, and anterior is up. (H-J) Expression of Gyc 88E and Gyc-89Db in segments
A8 and A9. Three consecutive focal planes of focus are shown starting from most ventral
(left) to dorsal (right) to capture all cells. Both Gyc-88E (H) and Gyc-89Db (1) 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 same. Scale bar,

200 pm.
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Table 3.1. Summary of data from the riboprobe/22C10 double label and double
riboprobe experiments.

Head segments T1 T2orT3 T2o0rT3 AlorA2 A8/
dorsal terminal Lateral Ventral Ventral A9
ganglion  ganglion cluster cluster group

Total neurons in ~40 35+ ND 11 15 8 ND
ganglion or cluster
per hemi-segment
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
Gyc-89Da 3-5 2-3 2 1 1 0 6

Diagrams of the Drosophila peripheral nervous system by Younossi-Hartenstein and
Hartenstein (1997), Bodmer and Jan (1987), and Brewster and Bodmer (1995), and

Stocker (1994) were used to identify the neuron cluster or ganglion location of neurons

that expressed Gyc-88E, Gyc-89Da, and Gyc-89Db in stage 17 embryos. Numbers refer

to each side of the animal and were obtained by examining at least 50 embryos that were

labeled with a riboprobe for each guanylyl cyclase, either individually or used to gether,

and the 22C10 antibody. Embryos treated with both riboprobes stained the same number

of cells in the thoracic and abdominal segments, indicating that Gyc-88E and Gyc-89Db

are co-expressed in the same neurons. The Gyc-89Da probe was not used in conjunction

with any other probe or antibody. ND = not determined.



To determine if the peripheral cells that expressed Gyc-88E and Gyc-89Db in
stage 17 embryos were neurons of the peripheral nervous system, I combined in situ
hybridization with immunocytochemistry using the neuron-specific antibody 22C10
(Fig. 3.3). These experiments demonstrated that the Gyc-88E- and Gyc 89Db-expressing
cells were always stained with 22C10 and by their positions were identified as peripheral
neurons that innervate various external sensory organs and the trachea. Comparison of
our data with detailed diagrams of the peripheral nervous system (Bodmer et al., 1987;
Brewster and Bodmer, 1995; Stocker, 1994) allowed us to more specifically identify the
cell or cell cluster. In segments T2 and T3, Gyc-88E and Gyc-89Db were coexpressed in
one of the three neurons in the lateral and ventral clusters (Fig. 3.3A - Gyc-88E, lateral;
Fig. 3.3B - Gyc-89Db, lateral; Fig. 3.3C - Gyc-88E, ventral; Fig. 3.3D - Gyc-89Db,
ventral) that innervate the basiconical sensilla, which are external sensory organs with a
putative chemosensory role (Stocker, 1994). In the lateral T2 and T3 clusters (upper row
in Fig. 3.2C and D), Gyc-88E and Gyc-89Db were expressed in one of the three les
neurons (lateral external sensilla-innervating) (Fig. 3.3A - Gyc-88E; Fig. 3.3B - Gyc-
89Db). The collected dendrites from the three les neurons were observed to project
upwards to the location of the basiconical sensillum (Fig. 3.3A and B). In the ventral T2
and T3 clusters (lower row in Fig. 3.3C and D), Gyc-88E and Gyc-89Db were expressed
in one of the three (ves) neurons (ventral external sensilla-innervating) (Fig. 3.3C - Gyc-
88E; Fig. 3.3D - Gyc-89Db). In the thoracic segments, the position of the single guanylyl
cyclase expressing cell in the cluster of three external sensilla neurons was variable. In
segment Al and A2, Gyc-88E and Gyc-89Db were expressed in one of the two v’td

neurons (ventral tracheal dendrite) (Fig. 3.3E - Gyc-88E; Fig. 3.3F - Gyc-89Db), which
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wrap their projections around specific tracheal branches (Bodmer et al., 1987). The
stained neuron in Al and A2 was always in the anterior-most position of the two v’td
neurons. In the anterior region of the embryo, Gyc-89Db was expressed in more cells
than Gyc-88E. Gyc-89Db was expressed in four neurons in the dorsal ganglion

(Fig. 3.3G). These cells correspond to the cells that were out of the plane of focus in the
preparation shown in Figure 3.2G. The dorsal ganglion innervates a sensory structure,
known as the dorsal organ, that is thought to be the main site of olfaction in larvae
(Heimbeck et al., 1999; Stocker, 1994). Gyc-89Db was also expressed in two large
neurons and up to three more weakly stained cells in the terminal ganglion of the
maxillary organ (Fig. 3.3H), a structure that includes several types of sensilla (Stocker,
1994). Gyc-88E was also expressed in the terminal ganglion but was only expressed in a
single neuron (Fig. 3.31). The cells of the terminal ganglion that express Gyc-88E and
Gyc-89Db are the same cells that are in the focal plane in preparations shown in

Figure 3.2F and G. In segments A8 and A9, Gyc-88E and Gyc-89Db were expressed in a
subset of neurons that innervate the sensory cones, which also have putative
chemosensory roles (Stocker, 1994). The seven sensory cones (per side) are named
“Sensory Organ 1” through “Sensory Organ 7” (SO1- SO7), and contain a combination
of trichoid-like and basiconical-like sensilla, depending on the sensory cone (Kuhn et al.,
1992). A single neuron in 6 of the 7 sensory cones was observed that expressed Gyc-88E
and Gyc-89Db (Fig. 3.3J - Gyc-88E; Fig. 3.3K - Gyc-89Db). These neurons correspond

to the cells numbered 2, 3 and 5-12 in Figure 3.2H-J.
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Figure 3.3. Gyc-88E and Gyc-89Db are expressed in neurons of the peripheral nervous
system. In situ hybridization (blue/black stain) was combined with immunohistochemical
staining with the neuronal antibody 22C10 (brown stain). Stained cells are indicated with
open arrowheads and are identified where possible. (A and B) Expression of Gyc-88E
and Gyc-89Db in the lateral neuron clusters of segments T2 and T3. The example shown
is segment T3 (T2 was identical). Gyc-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 can be observed to extend towards the
basiconical sensillum (location marked with an asterisk). (C and D) Expression of Gyc-
88E and Gyc-89Db in the ventral neuron clusters of segments T2 and T3. Gyc-88E (C)
and Gyc-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 and F) Expression of Gyc-88E and Gyc-89Db in the neuron clusters of
segments Al and A2. Gyc-88E (E) and Gyc-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 was always the most anterior
of the pair. (G-I) Expression of Gyc-88E and Gyc-89Db in the head segment. Gyc-89Db
was 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 side) (H). Gyc-88E
expression was found in one neuron in each terminal ganglion (I). Note the dendrites
projecting towards the head sensilla. (J and K) Expression of Gyc-88E and Gyc-89Db in
the caudal sensory cones in the telson. Gyc-88E (J) and Gyc-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 guanylyl cyclase is indicated with an
asterisk. In (K), the dendrite is clearly seen to extend from the neuron that expressed
Gyc-89Db to the extreme tip of the sensory cone, appearing to extend past the edge of the

main body of the cone as a short protrusion. Scale bar= 30 um.
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In some cases, it was possible to trace the dendrite from the neuron that stained for Gyc-
88E or Gyc-89Db to the tip of the sensory cone (Fig. 3.3K), a characteristic of
chemosensory neurons (Dambly-Chaudiere et al., 1992). The remaining two neurons,
numbered 1 and 4 in Figure 3.2H-J, had dendrites that projected in a posterior direction,
but I could not determine their target of innervation because it was not possible to follow
them to their terminus.

Gyc-88E expression was also detected in the embyronic midgut (Fig. 3.4). The
Gyc-88E expression pattern in the midgut is reminiscent of the number and pattern of the
cone-shaped endocrine cells that reside here. Gyc-89Db expression was not found in the
midgut.

The expression pattern of Gyc-89Da was also examined in stage 17 embryos,
using a full length (unfragmented) DIG-labeled RNA probe. Similar to Gyc-88E and
Gyc-89Db, Gyc-89Da expression was found in the CNS and in lateral cells that appeared
to be neurons associated with the PNS (Fig. 3.5 and Table 3.1). The expression of Gyc-
89Da in the CNS was more restricted than Gyc-88E and Gyc-89Db, appearing in several
cells only in the anterior and posterior regions (faint signal) of the VNC, several cells in
the subesophageal ganglion, and in several cells in the brain lobes (Fig. 3.5A and B). In
the head segment, Gyc-89Da expression was found in 2-3 cells in the terminal ganglion
and in 3-5 cells in the dorsal ganglion, resembling the embryonic expression pattern of
Gyc-89Db (Fig. 3.5C and Table 3.1). Similar to Gyc-88E and Gyc-89Db, Gyc-89Da
expression was found in one laterally-positioned and one ventrally-positioned cell in
segments T1, T2, and T3 (Fig. 3.5D and Table 3.1). Unlike Gyc-88E and Gyc-89Db,

peripheral Gyc-89Da expression was not found in segments A1 and A2.
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Figure 3.4. Gyc-88E expression in the stage 17 embryonic midgut. (A) Single Gyc-88E-
positive cells are found through central midgut (closed arrows). Cells (B) Another
example showing Gyc-88E-positive cells in the central midgut and late midgut, just

before the hindgut. The posterior end of the embryo is in view in (A) and (B).

129



Figure 3.5. Gyc-89Da was expressed in a limited pattern in the CNS and in lateral cells
that appear to be associated with the PNS in stage 17 embryos. In situ hybridization
experiments were performed on whole embryos using unfragmented DIG-labeled Gyc-
89Da riboprobes. (A) Bottom view of an embryo showing stronger Gyc-89Da expression
in the anterior VNC (in brackets) and weaker expression in the posterior VNC. Gyc-89Da
expression was also found in the subesophageal ganglion (out of focus, open arrowhead).
(B) Side view of an embryo showing Gyc-89Da expression in the VNC (in brackets) and
in the brain lobes (open arrowhead). (C) Side view of the anterior embryo segments
showing Gyc-89Da expression in cells in the terminal ganglion (three cells visible, closed
arrowhead) and the dorsal ganglion (three cells visible, open arrowhead). (D) Side view
of an embryo showing Gyc-89Da expression in 2 cells per side in segments T1, T2, and
T3 only. (E, F, and G) Three different focal planes of the posterior end of the same
embryo, showing Gyc-89Da expression in a total of 12 cells, (numbered). In (A)-(D) left

is anterior. Scale bar= 200um.
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Finally, Gyc-89Da expression was found in 12 cells located at the posterior end of the
embryo in segments A8 and A9 (Fig. 3.5E, F, and G). The position and pattern of these

cells closely match the expression pattern of Gyc-88E and Gyc-89Db in this region.

Gyc-89Da and Gyc-89Db expression in larvae and adults

To examine the expression of Gyc-88E, Gyc-89Da, and Gyc-89Db in larvae and
in later stages, | generated transgenic fly lines that express green fluorescent protein
(GFP) or GAL4 driven by the promoter regions of the GCs. The GAL4/UAS system is a
widely used targeted gene expression system that allows for the selective expression of
any cloned gene in a variety of tissue and cell patterns (Brand and Perrimon, 1993). The
yeast transcriptional activator GAL4 binds with high affinity to Upstream Activation
Sequence (UAS) sites, activating the transcription of any gene placed behind the UAS
containing promoter. A defined or potential promoter region can by used to drive GAL4
expression only in cells of interest. Crossing a promoter::GAL4 line to a UAS::reporter
line results in the selective expression of the reporter (i.e. GFP) in the cells with GAL4
expression. A number of UAS::reporter lines are available from the Bloomington Stock
Center. Once a potential promoter::GAL4 line has been characterized, it can also be used
to express any gene or construct of choice in those cells, which was one of the reasons for
constructing GAL4 lines in addition to direct promoter::GFP lines.

Three promoter-driven GFP lines were originally planned: Gyc-88E::GFP, Gyc-
89Da::GFP, and Gyc-89Db::GFP. The pGreen-Pelican GFP transformation vector was
used, which was specifically designed for promoter/enhancer analysis in Drosophila

(Barolo et al., 2000). This vector was also designed with gypsy insulator elements, which
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are located just 5° of the multiple cloning site and just 3’ of the GFP gene and help to
insulate the promoter::GFP construct from nearby endogenous regulatory elements that
can influence expression patterns. In order to acquire a functional promoter capable of
driving the GAL4 transgene, I cloned large regions of upstream genomic DNA to be
inserted into the pGreen-Pelican vector. For the Gyc-89Da promoter, I cloned the entire 2
kb region starting at the beginning of the Gyc-89Da open reading frame (ORF) (the ATG
start site was not included) to the 3’ end of the preceding gene (Fig. 3.6B). Any potential
5" UTR regions and introns would have been included in these constructs. For the Gyc-
89Db promoter, I cloned the entire 3.5 kb region starting at the beginning of the Gyc-
89Db ORF to the 3° end of the Gyc-89Da ORF (Fig. 3.6B). The region from the start of
the Gyc-88E ORF to the boundary of the preceding gene is about 6.5 kb long (Fig. 3.6A).
I set out to clone the first 5 kb section of this region, beginning at the ORF, and a separate
product that included an additional 5 kb, totaling 10 kb, in the event that the large introns
of Zeelinl contained Gyc-88E regulatory elements.

1 successfully cloned and subcloned the 5 kb Gyc-88E upstream region into
pGreen-Pelican and was successful at amplifying the 10 kb piece but was unsuccessful at
cloning this long product. I proceeded with the 5 kb Gyc-88E upstream region only and
subcloned it into pGreen-Pelican. The 2 kb Gyc-89Da and the 3.5 kb Gyc-89Db upstream
regions were successfully cloned and subcloned into pGreen-Pelican. Three independent
promoter-Gyc-88E::GFP (p88E::GFP) insertion lines, three promoter-Gyc-89Da::GFP
(p89Da::GFP) insertion lines, and two promoter-Gyc-89Db::GFP (89Db::GFP) insertion

lines were generated and kept as homozygous stocks.
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Figure 3.6. Diagram illustrating the upstream genomic regions used to build
promoter::GFP and promoter::GAL4 constructs. (A) Gyc-88E upstream genomic region.
A 5 kb genomic fragment (green) and a 10 kb fragment (blue) were cloned for use in
ectopic expression constructs. The 10 kb fragment contained a 5’ portion of the preceding
gene (Zeelinl), which is located on the opposite strand from Gyc-88E. (B) Gyc-89Da and
Gyc-89Db upstream genomic regions. The entire 2 kb region separating the beginning of
the Gyc-89Da ORF and the end of the preceding gene (CSN5) was cloned (red) for use in
ectopic expression constructs<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>