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ABSTRACT 

The intracellular messenger cGMP plays an important role in numerous 

physiological functions. The enzyme responsible for its synthesis is guanylyl 

cyclase (GQ. I have studied regulation of this en^me using the Manduca sexta 

response to eclosion hormone (EH) as a model system. 

Previous evidence has suggested that EH acts through stimulation of an 

unusual form of GC which is cytoplasmically localized yet insensitive to 

activation by NO, This hypothesis has been further supported by work done in 

the present study. I have shown that EH is unable to stimulate receptor GC 

activity in central nervous tissue homogenates even with inclusion of the 

cofactor ATP. I have also shown that EH acts to stimulate GC activiiy in the 

soluble fraction of central nervous system (CNS) homogenates when applied to 

the intact abdominal CNS prior to homogenization. Evidence from the use of 

inhibitors suggest that this activity may be NO-insensitive. 

A model for EH action has previously been suggested whereby 

stimulation of soluble GC activity is preceded by generation of a lipid 

messenger. I have examined the effect of EH on at least ten different potential 

lipid messengers or messenger precursors and have found no evidence for 

generation of a lipid messenger in the EH signal-transduction cascade. 

In order to examine the possibility of finding a novel, NO-insensitive, 

soluble GC in Manduca sexta, I, with others, have cloned some of the GCs 

present in the Manduca abdominal CNS. This has resulted in the finding of a 

novel GC, MsGCL This clone contains a catalytic domain which is most similar 
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to receptor GCs, but does not contain ligand-binding, transmembrane, or kinase-

like domains. It also does not contain the soluble GC residues thought to be 

involved in heme-binding, nor is it sensitive to stimulation by NO. When 

expressed in COS-7 cells, MsGCI shows cytoplasmic localization, activity as an 

oligomer, and high basal activity. Western blot analysis, however, shows the 

presence of MsGCI in the particulate fraction of abdominal CNS homogenates. 

These data suggest a new mechanism for regulation of GC activity based on 

intracellular translocation. 
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CHAPTERl 

INTRODUCTION 

The use of intracellular messengers to regulate cellular responses to 

external stimuli is central to all branches of cellular biology. These messengers 

govern our responses to many hormones, neurotransmitters, synthetic drugs, 

and pathogens. Some of these "second" messengers, such cAMP and calcium, 

have been the focus of extensive research for many years. Others, such as 

guanosine 3', 5'-cyclic monophosphate (cGMP), have been known to exist for 

many years, but their function has not been studied thoroughly until recently. In 

mammals, cGMP is now known to play a role in such diverse physiological 

functions as smooth muscle relaxation (reviewed in Waldmam and Murad, 

1987), control of ion and fluid transport (Field et al., 1978), modulation of cardiac 

output (Lohmann et al., 1991), and steroid secretion (MacFarland et al., 1991). 

All of these mechanisms can work collectively to control more complex processes 

such as regulation of blood pressure (reviewed in Drewett and Garbers, 1994), or 

in lesser combinations and individually to control other functions (reviewed in 

Waldman and Murad, 1987). Another well known function for cGMP in 

mammals is inhibition of platelet aggregation (reviewed in Schmidt et al., 1993). 

Cyclic GMP is also known or thought to play multiple roles in neural function: 

processing of sensory information through phototransduction (reviewed in 

Waldman and Murad, 1987) and olfaction (Breer and Shepherd, 1993); 

modulation of neural network formation through programmed cell death 
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(Farinelli et al., 1996) and synaptogenesis (Wang et al., 1995; Wu et al., 1994); and 

modulation of synaptic efficacy through both long-term depression (Daniel et al., 

1993; Kartell: 1994) and long-term potentiation (Arancio et al., 1995; Zhuo et al., 

1994). In invertebrates, cGMP has been suggested to play a role in sperm 

motility (Garbers, 1989), muscle contractility (Beam et al., 1977; Matusra, 1984), 

chemosensory signal-transduction (Yu et al., 1997), phototransduction 

(Bacigalupo et al., 1995), control over neural development (Truman et al., 1996), 

muscle degeneration (Schwartz and Truman, 1984), and the generation of stage 

speciJSc motor patterns (Truman et al., 1979), as well as many other neural 

functions. 

1.1 Cyclic GMP Function and Regulation 

Cyclic GMP exerts influence on these physiological processes by 

interacting with downstream effector molecides such as cyclic nucleotide-gated 

ion channels, cyclic nucleotide-phosphodiesterases, protein kinases, and ADP-

ribosyl cyclase. Signal-transduction pathways used by cGMP are often 

complicated by the existence of multiple types of cGMP downstream effector 

molecules present in a single cell. 

Among the best-studied of the downstream effector molecules are the 

cyclic nucleotide-gated ion channels. These channels were first shown to be 

important in controlling the cellular response of vertebrate photoreceptors to 

light (reviewed in Kaupp, 1991). Later, a similar channel was found in the cilia 

of olfactory receptor cells (Dhallan et al., 1990), implicating a role in olfaction. 
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More recently, an additional role has been suggested for these channels in the 

regulation of synaptic transmission (Savchenko et al., 1997). 

Also regulated by cGMP are the cyclic nucleotide-phosphodiesterases 

(PDEs) that can be stimulated or inhibited by exposure to cGMP. The catalytic 

function of these phosphodiesterases in the cell is the hydrolysis of both cGMP 

and cAMP. Thus they regulate cGMP levels and the duration of cGMP action in 

the cell and in turn can themselves be regulated by intracellular levels of cGMP. 

This reciprocal regulation allows a method for both negative and positive 

feedback control of cGMP levels. PDEs can also act specifically to hydrolyze 

cAMP, and it is in part through cGMP-dependent stimulation of PDE activity 

that atrial natriuretic peptide causes both an increase in cGMP levels and a 

concurrent decrease in levels of cAMP (MacFarland et al, 1991; Whalin et al., 

1991). 

Cyclic GMP levels can also exert a regulatory influence over cGMP-

dependent protein kinases, and to a lesser extent cAMP-dependent protein 

kinases. There are two major types of cGMP-dependent protein kinases: type I, 

with a and 3 splice varients, and type EL These effector molecules are thought to 

be important in inhibition of platelet aggregation where they can cause 

phosphorylation of both phospholipase C, an early mediator in the platelet 

activation cascade, and of a vasodilator-stimulated phosphoprotein (VASP) 

which has been shown to be an actin-binding protein associated with adhesion 

plaques (Reinhard et al., 1992). Cyclic GMP-dependent phosphoproteins are 

also thought to play a role in long-term potentiation (Zhuo et al., 1994) and 

depression (Kartell, 1994) of sjoiaptic efficacy. 
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ADP-ribosyl cyclase, which catalyzes the formation of cyclic ADP-ribose 

has also been reported to be stimulated by cGMP. Cyclic ADP-ribose mobilizes 

intracellular calcium from inositol (1,4,5) trisphosphate (Ins(l,4,5)P3) -insensitive 

stores and is thought to be an endogenous activator of ryanodine channels. 

Cyclic GMP-regulated formation of cADP-ribose and calcium release have been 

shown to occur in sea urchin eggs (GaUone et al., 1993), and may be involved in 

the fertilization process. This mechanim for calciimi release working in 

combination with Ins(l,4,5)P3-induced calium release could result in some of the 

complicated calcium signaling patterns which are seen in mammalian cells. 

Cyclic GMP levels in the cell are controlled by two enzymatic mechanisms 

as well the possible secretion of cGMP into extracellular space. One enzymatic 

mechanism, as mentioned previously, is hydrolysis by PDEs. 

Phosphodiesterases fall into seven general families: I, the Ca'^"'"-calmodulin 

dependent PDEs; II, the cGMP-stimulated PDEs; m, the cGMP-inhibited PDEs; 

IV, the cAMP specific PDEs; V, the cGMP specific PDEs; VX the photoreceptor 

rod and photoreceptor cone forms of PDEs; and VII, the high affinity cAMP 

specific PDEs (reviewed in Beavo, 1995). Activation of these enzymes reduces 

intracellular cyclic nucleotide levels whereas inhibition of basal level activity 

increases the level of cyclic nucleotides. Control of cGMP levels by 

phosphodiesterase activity is most clearly seen in the rod photoreceptor response 

to light 

The second enzymatic mechanism for control of cGMP levels in the cell is 

through its synthesis. This is accomplished by the enzyme guanylyl cyclase 

(GTPpyrophosphate-lyase (cyclizing); EC 4.6.1.2) which catalyzes the formation 
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of cGMP from GTP. At present guanylyl q^dases (GCs) are classified as either 

one of two distinct enzymatic forms based on their cellular distribution and 

general structure (see Fig. 1.1, reviewed in Garbers, 1992). Guanylyl cyclases 

localized to the cytoplasm are termed soluble guanylyl cyclases (sGCs), while 

those localized to the membrane are termed receptor guanylyl cyclases (rGCs). 

1.2 Guanylyl Cyclases 

Basal GC activity of either the soluble or receptor form of GC requires the 

presence of divalent cations (Chrisman et al., 1975), which form a complex with 

the GTP substrate (i. e. Mn-GTP, Mg-GTP) and may also, in the case of soluble 

GCs, bind at a separate free-metal binding site (Chrisman, et al., 1975). Basal 

activity of either form of the enzyme is much higher in the presence of Mn"^"^, 

compared to Mg"*"*" (Stone and Marietta, 1995; Thorpe et al., 1996). However, 

Mn"*"^ is probably not a physiologically relevant cofactor owing to its limited 

concentration in cells. Interestingly, Mn"'"'" has been shown to reduce the ability 

of some activators to stimulate GC activity (Wedel et al., 1995), probably due to 

the induction of higher basal activity. 

1.21 Soluble Guanylyl Cyclases 

Soluble GCs are foimd in most mammalian tissues and specifically show 

high activity in platelets, lung, liver, and brain, where they are thought to play a 

role in the inhibition of platelet aggregation, smooth-muscle relaxation, and 



18 

neuronal modulation. Soluble GCs are q^plasmically localized heterodimers 

composed of two subunits, a and 3, with masses of about 73-88 kDa and 70-76 

kDa, respectively. At present there are four known isoforms: al, al, pi, and P2 

(reviewed in Garbers et al., 1994). Two additional subunits^ a3 and 03, have also 

been reported (GiuUi et al., 1992), but it is not known whether these are merely 

the human counterparts of al and pi found in rat and bovine tissues. Although 

only the al and pi subunits have been purified from tissue and shown to 

produce a heme-containing, active protein (Garbers 1979; Gerzer et al., 1981; 

Humbert et al., 1990), coexpression of other combinations (a2/pi) have also 

been shown to have basal and stimulated activity (Harteneck et al., 1991). 

Coexpression of both subunits is essential for enzymatic activity, and merely 

mixing together proteins that have been expressed separately does not 

reconstitute activity (Buechler et al., 1991; Harteneck et al., 1990). Each subunit 

consists of three separate domains: a heme-binding domain, a dimerization 

domain, and a catalytic domain, in order from NH2- to CCXDH-tenninus (Wedel 

et al., 1995). Soluble GCs contain an attached protoporphyrin-IX type heme 

prosthetic group that is absolutely required for activation by some agents. 

Although the exact number of heme moieties per sGC heterodimer (Stone and 

Marietta, 1995; Gerzer et al., 1981; Freibe et al., 1997) and the exact contact sites 

between sGC and heme are still controversial, there seems to be general 

agreement that the NH2- terminus of the P2 subunit is primarily involved in 

heme binding (Friebe et al., 1997; Wedel et al., 1995). A histidine residue 

located within this region is thought to act as the sole axial ligand to the ferrous 

form iron found within the heme (Wedel et al., 1994), although again there is 
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some controversy as to which histidine residue is involved (Wedel et al, 1994; 

Stone and Marietta, 1995). 

Soluble GC activity is stimulated indirectiy by a number of hormones and 

neurotransmitters through various second messenger cascades. The best known 

activator of sGC utilized by these cascades is nitric oxide (NO), which has been 

shown to stimulate sGC activity 100 - 200 fold above basal levels (Stone and 

Marietta, 1995; Humbart et al., 1990). NO acts by binding to the iron within the 

heme moiety. This interaction has been shown to cause a change in the spectral 

absorbance pattern of the heme (Gerzer et al., 1981), indicating a change in heme 

environment It is thought that a 5-coordinate nitrosyl complex is formed 

between NO and the heme-iron, consequently severing the imadizole bond 

between heme and its histidine axial ligand, and resulting in a change in 

protoporphyrin structure. This change in protoporphyrin structure then 

mediates a conformational change to the entire protein, resulting in activation 

(Ignarro et al,, 1984; Stone et al., 1995). 

While NO may be the most effective and potent stimulator of sGC, a 

number of other factors have also been shown to lead to activation. Carbon 

monoxide (CO) has been shown to activate sGC (Ingi and Ronnett, 1995; Ligi et 

al-, 1996) in a manner similar to that of NO, although in this case a 6-coordinate 

complex may be formed resulting in lesser activation (Stone and Marietta, 1995). 

In addition, although nitric oxide synthase (NOS), the enzyme responsible for 

the formation of NO, has probably the widest cellular distribution, heme 

oxygenase, one of the enzymes capable of producing CO, shows better 

colocalization with sGC in rat brain and appears to have an identical expression 
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pattern with that of sGC in several discrete areas that lack NOS (Verma et al., 

1993). This implies that in some cases CO, rather than NO, may be the 

endogenous activator of sGC. 

Prior to the discovery of NO, fatty acids and fatty acids peroxides were 

thought to be the endogenous second messengers used for sGC activation 

(reviewed in Tremblay et al., 1988). In particular, unsaturated fatty acids such as 

arachidonic and linoleic have been shown to directly activate sGC activity in 

broken cell preparations (Barber, 1976; Gerzer et al., 1983; Morton and Guinta, 

1992), possibly through binding to a single, specific fatty acid binding site (Glass 

et al., 1977). 

Soluble GCs have also been shown to be activated through 

phosphorylation. Multiple serine and threonine residues located on the NH2-

terminal end of each soluble GC subunit near arginine and lysine residues are 

good candidates for phosphorylation by protein kinase C (Kishamoto et al., 

1985). Stimulation of protein kinase C by phorbol esters, such as phorbol 12-0-

myristate 13-acetate (PMA), has been shown to lead to increased phosphate 

incorporation into sGC conciurent with increased intracellular cGMP levels in 

PC12 cells (Louis et al., 1993). In addition, the purified enzyme from rat brain 

has been shown to be phosphorylated in vitro with a concomitant increase in 

activity by both cAMP-dependent protein kinase (Zwilier et al., 1981) and 

diacylglycerol-stimulated protein kinase C (Zwiller et al., 1985). 
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Figure 1.1 Schematic diagram of receptor (rGQ and soluble (sGC) guanylyl 
cyclases. TM = transmembrane domain. 

1.22 Receptor Guanylyl Cyclases 

Receptor GCs are the second broad class of GC enzyme. They have been 

foimd in most animal species, including phylogenetically older species such as 
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sea urchins, crustaceans, protozoa, bacteria (Goldberg and Haddox; 1977), and 

even viruses (Kimura et al., 1981). While most mammalian tissues appear to 

possess both soluble and receptor GCs, others such as intestinal epithelial 

(Ishikawa et al., 1%9) appear to contain receptor GC, but little or no soluble GC. 

Receptor GCs are generally found within the plasma membrane of cells, where 

they act as ligand-activated receptors, however, they have also been found in 

cellular membranes of diverse origins, such as nuclei, mitochondria and Golgi 

apparati (Dini and Del Rosso, 1984; Earp et al., 1977; Kimura and Murad, 1975; 

White and Aurbach, 1969). 

At present there are seven known mammalian forms of receptor GCs; GC-

A, GC-B, GC-C, GC-D, GC-E, GC-F, and the recently cloned GC-G (Schulz et al, 

1998). GC-A appears to be the receptor for atrial natriuretic peptide type-A and 

-B (ANP-A and ANP-B). Type-A peptide was discovered in the heart and is 

released in response to atrial stretch (Schiebinger and Greening, 1992; 

Rosenzweig and Seidman, 1991) but has also been found in many other tissues 

including the brain where it is released in response to primary baroreceptors 

(Antunes-Rodrigues et al., 1992). Type-B peptide is commonly called brain 

natriuretic peptide, due to its initial discovery in the porcine brain (Sudoh et al., 

1988), but now it is known to be present in various regions of the body including 

high concentrations in the heart (Saito et al., 1989). GC-B appears to be the 

receptor for type-C natriuretic peptide, which was once thought to be specific for 

brain and nervous system but has now also been found throughout the body. 

GC-B has been suggested to regulate cell growth (Porter et al., 1992) and play a 

role in the regulation of blood pressure (Drewett et al., 1995). GC-A and GC-B 
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receptors are also found in a wide variety of mammalian tissues. The peptides 

that cause their stimulation are thought to act as endocrine, paracrine and 

autocrine agents exerting their effects by transport through the blood stream and 

also more locally. GC-C is the intestinal receptor for the heat-stable enterotoxins 

produced by £. co/f, and known to cause acute secretory diarrhea. This effect is a 

result of increased fluid secretion into the intestinal tract caused, in part by 

alterations in chloride and other ion transport (reviewed in Drewett and 

Garbers, 1994). The endogenous ligands for GC-C appear to be guanylin and 

uroguanylin (Currie et al., 1992; Wiegand et al., 1992; Harma et al., 1993) 

produced in the gut These peptides may be responsible for the day-to-day 

regulation of ion and fluid transport across intestinal epithelia. GC-D, GC-E, 

GC-F, and GC-G are orphan receptors, their endogenous ligands have yet to be 

identified. GC-D is expressed in the olfactory neuroepithelium, where it is 

speculated to act as a odorant/ pheromone receptor (FuUe et al., 1995; Julifs et al., 

1997). Recently as many as 29 iGCs have been shown to be present in the 

genome of C elegans and eight of these show specific expression in sensory 

neurons or intemeurons, some of which are specific for olfoction (Yu et a., 1997). 

This restdt also supports the idea that receptor GCs may act^ in some cases, as 

chemosensory/ odorant receptors. GC-E and GC-F are both found in the eye, 

and GC-E is also found in the pineal gland, an organ deveiopmentally related to 

the retina (Yang et al., 1995). Sequence homology of the extracellular domain of 

these GCs (Yang et al., 1995) show greatest similarity with GC-D and ReiGC 

(discussed below), and it is suggested that they may form, with GC-D and 

RetGC, a subfamily of receptor GCs characterized by their localization to sensory 
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tissue neurons. GC-G was recently cloned from a rat intestinal cDNA library. It 

appears to be most similar to GC-A throughout the extracellular domain but 

does not bind ANP-A, -B, or -C. It is most predominant in lung, intestine and 

skelatal muscle. At least one receptor GC has been extensively researched in a 

non-mammalian species. This is the receptor GC found in sea urchin sperm 

(Radney et al., 1983), which is activated in response to the egg peptides, speract 

and resact (Bentley et al., 1986), which alter sperm motility and/ or directional 

movement (Garbers, 1989). 

All of the receptor GCs mentioned above are glycoproteins of the same 

general structure. They are composed of five separate domains: an extracellular 

ligand-binding domain, a single transmembrane domain, a kinase-like domain, 

a recently identified dimerization domain (Wilson and Chinkers, 1995), and a 

catalytic domain (Thorpe and Morkin, 1990), in order from NH2- to CCXDH-

terminus. Neither the site of GTP binding nor the functional groups involved in 

catalysis have yet been defined, although the fact that a single point mutation in 

one subunit can inactivate the cyclase suggests that a single substrate (GTP) 

molecule is bound through a shared subunit binding site (Thompson and 

Garbers, 1989). 

GC receptors of this type are thought to act as dimers as minimal catalytic 

uiuts. Individual monomers have been shown to possess no GC activity. 

Deletion mutants of GC-A show activity only in fractions that migrate as 

homodimers when separated by gel filtration chromatography (Wilson and 

Chinkers, 1995). GC-A and other cyclases have also been shown to exist as 

dimers, trimers, tetramers, and higher-order structures. Oligomerization does 
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not appear to depend on ligand-binding, as oligomers exist in either the 

presence or absence of ligand (Iwata et al., 1991; Chinkers and Wilson, 1992; 

Lowe, 1992). It has been shown that most receptor GCs act as homodimers, but 

epitope-tagged and truncated versions of GC-A have been shown to be capable 

of forming heterodimers with GC-B (Chinkers and Wilson, 1992). The ability to 

form heterodimers and oligomeric structures of varj^g numbers of subunits 

could provide significantly expanded ligand-binding and/ or signaling 

properties. Although the major mechanism for activation for receptor GCs is 

ligand-binding, their activity can be modulated by a number of other factors. 

Maximtun stimulation of GC-A by ANP-A appears to require ATP (Chinkers et 

al., 1991). ATP has also been suggested to play an obligatory role in the 

regulation of GC-B (Duda and Sharma, 1995), where it not only amplifies the 

signal-transduction step but may also be involved in receptor desensitization. 

GC-A also shows a shift from a high to a low affinity receptor upon inclusion of 

ATP (Larose et al., 1991; Jewett et al., 1993). ATP also stimulates hgand-

mediated activation of GC-C, although in this case GC-C exhibits an extended 

period of activation rather than a change in the absolute level of activity 

(Vaandrrager et al., 1993). ATP is thought to exert its effects by direct binding to 

a consensus sequence (Goraczniak et al., 1992; Duda et al., 1993) within the 

kinase-like domain. Deletion of the kinase-like domain of GC-A results in a 

constitutively active GC which is no longer regulated by either ANP or ATP 

(Chinkers and Garbers, 1989). This result suggests that in GC-A, the kiruse-like 

domain acts as a negative regulatory element in the absence of ATP. Hydrolysis 

of ATP is not necessary for its modtilation of GC activity, as non-hydrolyzable 
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analogs of ATP have the same type of effect on activity as ATP (Duda and 

Sharma, 1995; Chinkers et al., 1991), and no ATPase activity has been connected 

with the GC enzyme. In preparations using only the core catalytic unit of GC-A, 

it been shown that high concentrations of ATP can cause inhibition of GC 

activity, although in this case ATP is thought to act in a competitive maimer with 

the GTP substrate for catalytic site binding (Thorpe et al., 1996). 

Receptor GC activity is also modulated by phosphorylation. 

Phosphorylation causes desensitization of both GC-A and sea urchin guanylyl 

cyclase enzymes (Bentley et al., 1986). The enzyme is phosphorylated in the 

basal state, and ligand-binding causes a decrease in both phosphate content and 

peptide-stimulated GC activity (Potter and Garbers, 1992). The mechanism by 

which this happens and the sites of phosphorylation are not known. 

Two additional forms of membrane GC also exist that are related to, but 

differ from, the other receptor GCs. These are retinal GC (RetGC) found in the 

retinal rod of the eye, and the ANP-clearance receptor. RetGC has the same 

signature domains as the other receptor GCs, but has been suggested to 

modulate photoreceptor cell sensitivity to light and does not appear to respond 

to extracellular ligands (Shyjan, 1992). In the retinal rods light activation of 

rhodopsin leads to a G-protein (transducin)-mediated signal-transduction 

cascade that stimulates PDE activity, decreasing cGMP levels and causing the 

closure of cGMP-gated ion channels. This in turn leads to a decrease in 

intracellular Ca"*"*" levels which through some, as yet poorly defined, mechanism 

activates RetGC and promotes photoresponse recovery by stimulating the 

resynthesis of cGMP. At least two forms of guanylyl cyclase activating proteins 
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(GCAPs) have been found in rod outer segments and shown to restore GC 

responsiveness to low calcium levels when added to washed rod outer-segment 

membranes (Gorczyca et al., 1994). The mechanism by which these proteins 

interact with and allow activation of RetGC is unclear, although it has been 

suggested that they stabilize RetGC structure in a conformation required for 

activation (Tucker et al., 1997). Nevertheless, the fact that RetGC shows 

stimulation by intracellular rather than extracellular factors greatly increases the 

possible mechanisms available for regulation of GC enzymes. This is especially 

interesting in light of the suggestion that receptor GC catalytic activity can also 

be modulated by interaction with guanine nucleotide-regulatory proteins (G-

proteins) (Khurana and Pandey, 1995). 

The ANP clearance receptor is homologous to the GC-A throughout the 

extracellular ligand-binding domain, and has been shown to bind ANP-A but 

does not support GC catalytic activity. It consists of an extracellular binding 

domain and a single membrane-spanning domain followed by a short 

intracellular segment of 37 amino acids (Fuller et al., 1988). Because of its 

sequence similarity to GC-A it is considered a truncated form of the receptor 

GC family. There is some controversy over its physiological function. Some 

suggest that it acts mainly as a clearance receptor, internalizing excess ANP-A 

present around the cell, while others argue that it plays a role as a signaling 

molecule. Research in many systems suggests that the ANP clearance receptor 

may play a modulatory and neuromodulatory role. It has been suggested to 

cause both a reduction in levels of cAMP (Anand-Srivastava et al., 1990; Drewett 
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et al, 1990; Drewett et al., 1992) and to interact with phospholipase C through 

interaction with G-proteins (Berl et al., 1991). 

1.23 Other Guanylyl Cyclases 

Until recently it has seemed that the classification system used for GCs 

was adequate. There has been good agreement between intracellular 

localization of GC activity and general structure of the GC enzyme responsible. 

Thus all cytoplasmically localized GCs have been shown to have a soluble-type 

GC structure, and all membrane localized GCs have been shown to have a 

receptor-type structure. Recently, however, evidence has come to light 

suggesting the existence of novel GC molecules that may show the structural 

characteristics of one class, yet the intracellular localization of the other class. 

First, an unusual class of GC has been cloned from a rat kidney cDNA library 

(Kojima et al., 1995). This new clone has been designated ksGC, for kinase-like 

domain containing soluble GC. From DNA sequence analysis it appears to 

contain both a kinase-like domain and a catalytic domain characteristic of 

receptor-type GCs, but no ligand-binding or transmembrane domairu Northern 

blot analysis indicates that the clone is nearly full-length and thus not likely to 

be an artifectually truncated form of receptor GC. KsGC is predicted by 

sequence analysis to be cytoplasmically localized, yet to contain a receptor-type 

catalytic domain, and thus to be insensitive to agents which would normally 

activate soluble GCs. Unfortunately, these sequence-based predictions have not 

yet been tested, as the putative protein encoded by this cDNA is enzymatically 
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inactive when expressed in heterologous cells, bi addition it has not actually 

been shown that a protein is made in intact rat kidney cells nor where in the cell 

the protein is localized. 

Further evidence supporting the existence of a non-heme-containing 

cytoplasmic GQ however, has also come from another direction. Recently it has 

been shown that a cy toplasmically localized, NO-insensitive form of GC exists in 

the nervous system of lobster (Prabhakar et al., 1997). This form is separable 

from a less prevalent NO-sensitive form by anion exchange HPLC. Although 

NO is not the only known activator of sGC, all heme-containing sGCs should be 

able to respond to exposure to NO. Exposure of either intact lobster nervous 

systems or extracts from lobster nervous systems to NO-donors resxilt in litde or 

no increased activity. The addition of protoporphyrin-IX or other heme 

moleciiles does not improve this response, indicating that the lack of 

responsiveness was not due to loss of heme during the extraction process. Thus, 

two different reports show evidence for the existence of a novel type of GC 

molecule which could greatly expand the functional and regulatory possibilities 

of cGMP signal-transduction by GC activation. 

1.3 Manduca sexta as a Model for cGMF Function and Regulation 

Invertebrate neural networks provide good model systems for studying 

GC regulation and cGMP signal-transduction. Invertebrate homologs of 

mammalian GCs have been cloned from many invertebrate species. Both sGCs 

and rGCs have been cloned from Drosophila (Yoshikawa et al.,1993; Liu et al.. 
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1995; Shah and Hyde, 1995; Gigliotti et al., 1993) and rGCs have been cloned in 

C. Ekgans (Yu et al., 1997) and purified from sea urchin (Radney et al., 1983). 

Guanylyl qrclase activity has been found in the nervous systems of many 

invertebrate species (see below) as well as in heart and muscle tissue of molluscs 

(Beam et al., 1978) and lobsters (Goy et al., 1987), and in sea urchin sperm. 

Downstream effector molecules, such as cGMP-dependent protein kinases, have 

also been found in Drosophila (Kalderon and Rubin, 1989), silkworm (Takahashi 

et al., 1974), Manduca sexta (Morton and Truman, 1986), and nematode 

(Thalhofer and Hofer, 1989), as well as other diverse organisms such as 

Dich/ostelium and Tetrahymena (Hofimann etal., 1992); and subunits of cGMP-

gated ion chaimels have been cloned in C elegans (Cobum and Bargmann, 1996; 

Komatsu et al., 1996). 

In addition, in many cases GC activity seems to be preferentially found 

in the nervous systems of invertebrates as compared to other tissues (Yoshikawa 

et al., 1993; Liu et al., 1995; Shah and Hyde, 1995; Prabhakar et al., 1997). NO-

stimulated GC activity has been foimd in the nervous systems of moths (Morton, 

1996), grasshoppers (Truman et al., 1996), crab (Scholz et al., 1996), and lobsters 

(Scholz et al., 1995). NO-insensitive GC activity has also been reported in moth 

(Morton and Guinta, 1992; Ewer et al., 1994; Morton, 1996), lobster (Prabhakar et 

al., 1997), and nematode (Yu et al., 1997) nervous tissue. NO-sensitive sGCs 

have been suggested to play a role in ntmierous neural processes in 

invertebrates, including control over neural development (Truman et al., 19%, 

Kuzin et al., 19%, Scholz et al., 1995), modulation of synaptic efficacy (Pivovarov 

et al., 1990,1995; Mothet et al., 19%), central pattern generation (Moroz et al.. 
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1993; Elphick et al., 1995), sensory integration (Gelperin, 1994, Muller and 

Hildebrandt; 1995; Elphick et al., 1996), and higher information processing 

(Muller, 1996). Receptor GCs and NO-insensitive activity have been suggested 

to play a role in chemosensory signal-transduction (Yu et al., 1997) and control of 

neuropeptide release (Morton, 1996; Ewer et al, 1997). 

1.31 Hormonal Regiilation of Ecdysis 

An especially attractive system in which to examine regulation of GC 

activity and cGMP signal-transduction is in the nervous system of the tobacco 

homworm, Manduca sexta. The advantages of this system include the size and 

relative simplicity of the nervous system which allows for ease of manipulation, 

the large number of functionally defined neurons which allows the potential for 

physiologically identifiable function of GCs that are cloned or purified from this 

system, and the availability of developmental stage specific markers which 

allows for the study of developmentally regulated GC activity. However, by far, 

the greatsst advantage to using the Manduca system, is the existence of a well 

characterized, hormonally-mediated, developmental regime involving GC 

activity and cGMP, which takes place during the molting process throughout the 

insect's life (reviewed in Morton, 1997). 

Holometabolous insects, such as Manduca sexta, undergo the molting 

process at regiilar intervals throughout their larval life to allow for growth. They 

also molt during the transition from larva to adult both during the change from 

larva to pupae and upon emergence of the adult moth. A critical step in the 
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molting process is ecdysis, or shedding of the old cuticle. Failure to accomplish 

this step leaves the animal trapped in its old skin and is most often fatal. Both 

molting in general and specifically ecdysis are regulated by circulating levels of 

the steroid hormone 20-hydroxyecdysone (20-HE). During the intermolt period, 

between molts, 20-HE levels are low. About three days before pupal ecdysis, 

steroid levels rise to a peak that corresponds with synthesis of new pupal cuticle 

(BoUenbacher et al., 1981; Riddiford, 1985). At about 36 hours before ecdysis, 

levels begin to fall back, reaching a minimum level about 12 hours before 

ecdysis. It is this rise and then decline in steroid levels that controls the release 

of neuropeptides responsible for triggering ecdysis and also the capability of the 

animal to respond to these neuropeptides, both biochemically and behaviorally 

(Truman et al., 1983). The window for biochemical response (24 hours before 

ecdysis) is longer than that of behavior (8 hours before ecdysis), indicating that 

there are at least two regulatory steps within the ecdysis process. 

In the insect Manduca sexta, and probably in most other insects, the 

neuropeptide that initiates ecdysis behavior is eclosion hormone (EH). EH is a 

62 amino acid neuropeptide, which triggers ecdysis through a multistep positive 

feedback loop (reviewed in Hesterlee and Morton, 1996; Ewer et al., 1997) 

involving the release of a second peripherally localized peptide, ecdysis 

triggering hormone (ETH) (Zitnan et al., 1996), and culminating in the release of 

crustacean cardioactive peptide (CCAP) which shifts the nervous system into 

actual ecdysis behavior (Ewer et al., 1997). EH is produced in two pairs of 

neurons within the brain (the VM cells) whose axons project the length of the 

CNS as well as to other peripheral neurohemal sites (Truman and Copenhaver, 
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1989) within the CNS. EH is released both peripherally and within the CNS 

(Hewes and Truman, 1991). Recently, some of the target sites of EH action have 

been determined. These sites include the epitracheal glands which contain ETH 

(Zitnan et al., 1996), a set of 50 peptidergic neurons that run throughout the CNS 

(Ewer et al., 1994); and a neurohemal organ, the transverse nerve (Morton, 1996). 

Some of these sites are activated by peripheral release of EH (i.e. the epitracheal 

glands and transverse nerve) whereas others require centrally released EH (the 

50 peptidergic neurons). In addition, these target sites vary developmentally 

with some being a target of EH action during all molts and others being used at 

only specific developmental stages. At all target sites and at all stages the 

intracellular response to EH includes an increase in the second messenger cGMP 

(Morton and Truman ,1985; Ewer et al., 1994; Kingan et al.,1997; Morton, 1996). 

In our laboratory we have focused on the effect of EH on cGMP levels in one 

particular site, the transverse nerve, which is located at the anterior end of each 

abdominal ganglion. cGMP levels in this organ increase in a direct response to 

peripherally released EH only during the transition from larva to pupae, or 

pupal ecdysis (Morton, 1996). This action can by mimicked by application of 

EH directly to the isolated abdominal CNS collected during the window of EH-

sensitive biochemical activity, about 24 hours before ecdysis (-24). It is this 

system that we have employed to investigate the signal-transduction 

mechanisms used by EH to increase cGMP levels within the abdominal CNS. 

My thesis project examines this system in greater detail. 
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1.32 Action of Eclosion Hormone 

Previous work has shown that EH acts through stimulation of GC activity 

rather than by inhibition of PDE activity. This is demonstrated by data showing 

that the £H-stimulated increase in cGMP is potentiated by inclusion of the PDE 

inhibitor isobutyl methylxanthine (Morton and Guinta, 1992). Much work has 

been done since to determine the type of GC which is activated by EH. Evidence 

regarding this matter remains somewhat confusing. Preliminary data show that 

EH is unable to stimulate GC activity in abdominal CNS homogenabes (Morton 

and Guinta, 1992), indicative that a receptor GC is not being activated. 

However, it could not be excluded that necessary cofactors, reqxiired for 

activation, were either missing or had been diluted during the homogenization 

process. In the case of both CG-A and GC-B, maximal stimulation by Ugand 

requires the presence of ATP (Chinkers et al., 1991; Duda and Sharma, 1995). 

Nevertheless this, and evidence showing a requirement for extracellular calcium 

for the EH-mediated increase in cGMP in the intact abdominal CNS (Morton and 

Guinta, 1992), have indicated that EH might be acting through stimulation of a 

sGC. Stimulation, at this pointy was thought to occur through the calcium-

dependent activation of NOS and subsequent release of NO as a signaling 

molecule. 

This has not turned out to be the case. A variety of data show that the GC 

activated by EH does not utilize NO as an activating signaling moleciile. This 

includes data showing that a number of inhibitors of NOS, in vertebrates, do not 

affect the EH-stimulated increase in cGMP in the isolated Manduca CNS (Morton 
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and Guinta^ 1992; Morton and Simpson, 1995). Lti addition, I have also 

monitored the conversion of [^HJarginine to [^Hjcitrulline, an event that occurs 

concurrently with the production of NO, and shown no change in NOS activity 

in response to EH (Morton and Simpson, 1995). These data suggest that EH does 

not act to stimulate sGC activity through the production of NO. Such is not the 

case in the insect Bombyx mori where data indicate that NO may be involved in 

the EH response (Shibanaka et al., 1994). Reasons for the differences between 

these two insects is not clear. Another signaling molecule used to activate sGC is 

CO generated by the enzjnne heme-oxygenase. Application of zinc 

protoporphyn-IX, an inhibitor of this enzyme, also does not effect the EH-

stimulated increase in cGMP (Morton and Simpson, 1995). 

Prior to the discovery of NO, generation of free fiatty acids or lipid 

peroxides were believed to be common methods for stimulation of sGC activity. 

Some evidence indicates that this may be the case in Manduca. A wide variety of 

inhibitors of lipid metabolism, including blockers of phospholipase C (PLC), 

diacylglycerol lipase (DAGL), phospholipase A2 (PLA2) and lipoxygenase (LO), 

are all effective in blocking the EH-stimulated increase in cGMP in the isolated 

abdominal CNS (Morton and Simpson, 1995). lii addition, there is supporting 

evidence showing that the addition of arachidonic acid (AA) will stimulate sGC 

in extracts from Manduca abdominal nervous systems. A common method for 

generating lipid messengers is through the activation of PLC, which acts to 

hydrolyze phosphatidylinositol bisphosphate (PIP2)/ producing inositol (1,4,5) 

trisphosphate (Lis(l,4,5)P3) and diacylglycerol (DAG), fa. both Manduca (Morton 

and Simpson, 1995) and Bombyx mori (Shabinaka et al., 1993; 1994), EH appears 
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to stimulate the production of Ins(lA5)P3 in a time course that precedes the 

generation of cGMP. It was on the basis of this evidence that we proposed, at 

the beginning of this study, the following model for activation of a sGC by EH 

(see Fig. 1.2): EH acts on a cell surface receptor, possibly a G-protein coupled 

receptor, to activate PLC; this in turn leads to the generation of both Ins(l,4,5)P3 

and DAG. Soluble GC activity could then be stimulated by one of three different 

scenarios: (1) In(l,4,5)P3 could stimulate an increase in intracellular calcium 

that would directly stimulate sGC activity; (2) the combinatorial effects of 

calcium and DAG could lead to activation of protein kinase C (PKQ, which 

would activate sGC through phosphorylation; or (3) free fatty acids generated by 

DAG lipase acting on DAG or phospholipase A2 acting on phospholipids would 

lead to the direct activation of sGC. Some evidence exists to support each of 

these scenarios. Calcium ionophores stimulate GC activity in the intact 

abdominal CNS and calcium levels cause moderate stimulation when added 

to CNS homogenates (Morton and Simpson, 1995). Although the action of 

calcium was not potentated by the inclusion of fetty acids, the PKC inhibitor, 

tamoxifen, has been shown to inhibit the EH-stimulated increase in cGMP by 71± 

5% (Morton, unpublished data), supporting the possible role for PKC 

Supporting the role for direct activation by lipids is the previotisly mentioned 

data showing that AA is capable of stimulating GC activity in extracts from 

Manduca nervous tissue. It was on the basis of the above model that my thesis 

project was begun. 



37 

Figxire 1.2 

A 

DAG 

AA 
PKC Calcium 

sGC 

Figiire 1.2: Model of EH action. 

Since that time further evidence has come to light regarding the type of 

GC stimulated by EH. Using an antibody made against formaldehyde-fixed 
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cGMP it has been shown through inunixnohistochemical staining that the 

increase in cGMP seen in the transverse nerve is not mimicked by application of 

the NO-donor, SNP, although a large number of cell bodies and central 

processes do show cGMP immunoreactivity in response to SNP (Morton, 1996). 

As stated before, although NO is not the only messenger that can stimulate sGC 

activity, all heme-containing sGCs should be sensitive to exogenously added 

NO. Staining of NO-sensitive cell bodies was blocked by application of ODQ 

(Morton, unpublished data), a specific inhibitor of NO-stimulated sGC activity, 

while staining in the transverse nerve was, in contrast, inhibited by application 

of 4-bromophenacyl bromide (4BPB), a blocker of PLA2 activity (Morton, 1996). 

This evidence, in combination with previous studies, seems to indicate that EH 

acts either through the stimulation of a soluble GC which is insensitive to NO, 

activated perhaps by the generation of a lipid messenger, or through stimulation 

of a receptor GC which requires exogenous cofactors in nervous tissue 

homogenates, and is somehow inhibited by a wide variety of inhibitors of lipid 

metabolism. 

I have continued work on this project using two approaches. First I have 

used biochemical methods to characterize further the signal-transduction 

mechanism employeed by EH and to examine directly the type of GC activated. 

Second, I have cloned and characterized a novel type of GC from Manduca 

nervous tissue. This GC displays the unusual biochemical characteristics 

exemplified in the EH system, i.e. that of being a NO-insensitive GC that carmot 

be stimulated by direct ligand-binding. One of the more interesting aspects of 
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this project has been exploration of possible regulatory mechanisms for this new 

type of GC molecule and speculation about how the discovery of this novel form 

of GC may change our view of cGMP signal-transduction mechanisms. 
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CHAPTER 2 

FURTHER CHARACTERIZATION OF GUANYLYL CYCLASE ACnVITY IN 

THE ABDOMINAL CNS OFMANDLfCA SEXTA 

2.1 Ihtroductioii 

In this section of my project I further characterized the GC activity present 

in the isolated abdominal CNS of Manduca sexta. Application of EH to this 

portion of the nervous system, within the 24 hour period prior to pupal ecdysis, 

causes an increase in cGMF levels that can be measured by radioimmunoassay 

(RIA; Morton and Guinta, 1992) and, specifically, stimulates cGMP production in 

the transverse nerve that can be detected by immunohistochemical staining 

using anti-cGMP antibodies (Morton, 1996). 

By further examining GC activity in these isolated nervous system 

preparations, I hoped to accomplish two things. One was to characterize further 

the type of GC, soluble or receptor, which is activated in response to EH, and the 

other was to examine directly the effects of selected inhibitors on GC activity 

within the CNS. Preliminary evidence has shown that EH is unable to stimulate 

GC activity in Manduca nervous system homogenates (Morton and Guinta, 1992), 

and tiiis has been taken as an indication that EH acts through stimulation of a 

soluble-type rather than receptor GC. More recent evidence, however, has 

shown that in the cases of both GC-A and GC-B, maximal stimulation by ligand-

binding requires the presence of ATP as a cofactor (Chinkers et al, 1991; Duda et 



41 

al., 1993; Shanna et al., 1994). For this reason, I re-examined the ability of EH to 

stimulate GC activity in abdominal CNS homogenaies in the presence of ATP. 

At this same time I also examined the ability of EH to stimulate GC activity 

when added to the intact abdominal CNS followed by separation of the 

particulate and soluble fractions. Both of these experiments were designed to 

gain additional information concerning the type of GC stimulated by EEL 

The ftnding that a wide variety of inhibitors of lipid metabolism block the 

EH-stimulated increase in cGMP levels when added to the intact abdominal 

CNS (Morton and Simpson, 1995) has led, in part; to the hypothesis that EH may 

act through the generation of a lipid messenger to stimulate sGC activity. The 

specificity of these lipid inhibitors, however, has never been examined in the 

Manduca system. Although it seems unlikely, given the wide variety of effective 

inhibitors, it is possible that these inhibitors exert their effects through direct 

inhibition of GC activity. For this reason I examined the effects of 4-

bromophenacyl bromide (4BPB), one of the most effective of these inhibitors, 

directly on GC activity. I also tested its ability to inhibit GC activity in the 

separated soluble and particulate fractions of abdominal CNS homogenates in 

the hopes that if direct inhibition of GC activity did occur, its specificity to one 

fraction or the other would give additional information on the type of GC 

utilized by EH. 

One additional inhibitor, lH-[l,2,4]Oxadiazolo[3,4,-a ]quinoxalin-l-one 

(ODQ), was also examined for its direct effect on GC activity in the Manduca 

system. This compound has been shown to be a specific inhibitor of heme-

dependent sGC activity (Garthwaite et al., 1995) in mammals. Because it does 
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not inhibit EH-induced cGMP staining patterns in the intact nervous system of 

Manduca, but does inhibitSNP-stimulated staining (Morton, unpublished data), 

this has been taken as a further indication that EH acts through stimulation of 

heme-independent NO-insensitive sGC. In order to better use this inhibitor as a 

diagnostic tool I examined its specificity on receptor versus soluble GC activity 

directly. 

Research to this point has indicated that EH acts through stimulation of 

either a NO-insensitive sGQ or a rGC which is inhibited by a number of 

inhibitors of lipid metabolism and which also requires the presence of 

exogenous cofactors to respond to EH in broken cell preparations. It was hoped 

that the following sets of experiments would further clarify both the type of GC 

is used by EH and also the signal-transduction pathway employed. 

2.2 Materials and Methods 

Experimental Animals 

Larval Manduca sexta (Lepidoptera: Spingidae) were reared in a 

laboratory culture on an artificial diet [modified from Bell and Joachim (1976)] 

under a 17L:7D photoperiod regimen at 26° C and at 50-60% relative humidity as 

previously described (Sanes and Hildebrand, 1976; Prescott et al., 1977). Animal 

were used at 4 hours before pupal ecdysis (-4) and were staged according to 

external morphological markers (Tnmian et al., 1980). 
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Chemicals 

The inhibitor ODQ (lH-[l,2,4]Oxaciiazolo[4,3-a ]quinolxalin-l-one) was 

obtained from Tokris-Cookson (Ballwin, MO., USA). All other inhibitors and 

activators were obtained from Sigma (St Louis, MO., USA). Recombinant EH 

was prepared and the bioactivity quantified as described in Morton and 

Simpson (1995). 

Guanylyl cyclase assay 

To assay the levels of guanylyl cyclase activity in the abdominal CNS of 

Manduca sexta I used the method of Garbers and Murad (1979). This method 

measures the production of ^om [a-^^pjQTP. Abdominal CNS 

tissue was dissected from animals and rinsed in insect saline (Ephrussi and 

Beadle, 1936). If intact nervous systems were to be treated with either EH or 

inhibitors prior to homogenization, tissue from individual animals were placed 

in 1 ml tissue culture medium (TC-lOO, Gibco) supplemented with the following 

antibiotics: amphotericin B 1.5 jig/ml, streptomycin 50 |ig/ ml and penicillin 50 

imits/ml, for a total of 45 minutes. Samples were shaken at room temperature 

during the incubation time. Inhibitors were included for the entire incubation 

time, whereas EH was included for only the final 10 minutes of the incubation. 

The tissue was then homogenized (20 abdominal nervous systems/ml) in 50mM 

Tris-HQ, pH 7.9. If EH or inhibitors were to be added directly to CNS 

homogenates they were added to samples just prior to the start of the GC 

reaction. Samples containing inhibitors were then pre-incubated on ice for 15 

minutes. Inhibitors were dissolved in either ethanol or DMSO. 4BPB was 
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dissolved in either ethanol or DMSO at a concentration of llmM or 43 mM, 

respectively, and was added to the samples to give a final concentration of 100 

|xM. The final concentration of ethanol or DMSO was 0.9% or 0.25%, 

respectively. Results with either solvent were identical and have been pooled 

when reported in the results section. ODQ was dissolved in DMSO to a 

concentration of 10 mM, then further diluted in assay reaction buffer and added 

to samples to give a final concentration of 100 jiM. The final concentration of 

DMSO in the reaction was 1%. The assay incubation conditions were as follows: 

25 |al of homogenate or homogenization buffer, 50|al of H2O or test solution, 50 

til of reaction buffer [0.5M Tris-HQ; pH 7.9; 0.5 mg/ml creatine kinase; 9 mg/ml 

creatine phosphate; 5 mM 3-isobutyl-l-methyxanthine (IBMX)], 25 |il of 35 mM 

Mg02 or MnQ2, and 50^d ImM GTP containing ItiCi of [a-^^P]GTP (3,000 

Ci/mmol, NEN). The reaction was started by the addition of GTP and allowed 

to proceed for 30 minutes at 30° C The reaction was shown to be in the linear 

range for up to 1 hour. GC activity was stopped and the urureacted GTP 

coprecipitated with the addition of 250 jil each 0.2M zinc acetate and 0.2M 

sodium carbonate. The samples were frozen for 30 minutes to overnight at -80° 

C, followed by thawing and centrifugation at 10,000 g for 10 minutes to compact 

the precipitated GTP. Cyclic GMP was then further separated from other 

nucleotides via neutral alumina columns as described in Garbers and Murad 

(1979). 

When separation of soluble and particiilate fi'actions of GC was desired, 

0.25 M sucrose was included in the homogenization solution. The homogenate 

was then centrifuged at 100,000 g for 1 h at 4° C. The resulting supernatant was 
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used as a source for soluble GC The pellet was resuspended in the original 

volume of homogenization buffer plus sucrose and used as a source for receptor 

GC Under these conditions all SNP-sensitive activity was found in the soluble 

fraction of the homogenate. The inclusion of sucrose in the homogenization 

buffer had no effect on GC activity as determined by comparing the activity of 

whole homogenates with or without sucrose added. Protein concentrations were 

determined using the method of Lowry (1951). 

Statistical analysis 

All relevant statistical analyses were carried out using Instat (GraphPAD, 

San Diego, CA., USA). 

2.3 Results 

2.31 Effect of EH on Particulate GC Activity in Nervous Tissue Homogenates 

The ability of EH to stimulate GC activity in abdominal CNS 

homogenates was tested under a wide variety of conditions. Firsts the 

concentration of EH was varied over a range of 0.01 nM to 10 nM, in the 

presence or absence of a fixed concentration of ATP (0.5 mM). This 

concentration of ATP was chosen because it afforded near maximal stimulation 

of both GC-A and GC-C in comparable assays utilizing isolated membrane 

preparations (Chinkers et al., 1991; Duda and Sharma, 1995). As shown in Fig. 

2.1, under these conditions EH did not cause an increase in GC activity at any of 
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the concentrations used with or without the inclusion of ATP. This is despite the 

fact that the range of EH concentrations used includes and far exceeds that 

needed to produce an increase in cGMP as detected by immunohistochemical 

staining in the intact CNS (300pM) and also that needed to detect an increase 

when measured by RIA (50 -1000 pM). Inclusion of ATP, failed to reveal EH-

stimulated GC activity and was in itself inhibitory to GC basal activity, by 70 ± 

3.4%, across the EH concentration range. 

In a second experiment (data not shown), the concentration of EH was 

held constant at 5 nM while the concentration of ATP was varied over a range of 

lOjiM to ImM. Although basal level activity in this experiment was lower than 

usual (1Z9 ± 0.9 pmole/ minute/mg protein), EH, again, did not stimulate GC 

activity at any of the ATP concentrations used (data not shown) and ATP 

appeared to be inhibitory in a dose-dependent manner over most of the range of 

concentrations used. 

At the highest concentration of ATP used, however, there appeared to be 

a slight rise back towards basal level activity. For this reason one more 

experiment was performed in which high concentrations of both EH (5 nM) and 

ATP (2.5 mM) were used. Under these conditions, again there was no evidence 

of EH-stimulated GC activity and ATP inhibited basal activity by 94 ± 2% (data 

not shown). 

Although other factors such as the dilution of necessary cofactors during 

the homogenization process cannot be completely ruled out^ in light of the fact 

that other receptor GCs do show ligand-dependent stimulation imder similar 
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assay conditions, these data strongly support the idea that EH does not act 

directly through stimulation of a receptor GC. 

Figure 2.1 
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Figure 2.1: Effect of EH on GC activity in Manduca nervous tissue homogenates, 
in the presence or absence of ATP. Nervous tissue was dissected, homogenized, 
and GC assays were performed as described in Materials and Methods. EH and 
ATP were added to the samples just prior txj the start of the reaction. ATP was 
included at a final concentration of 0.5mM. Results are reported as pmoles of 
cGMP produced per minute of reaction time per mg of protein. Backgrotmd 
cpm were determined by cGMP reactions incubated for 0 minutes, these values 
were averaged and subtracted from each individual determination. Values are 
the mean ± SEM for four determinations. 

In other studies on receptor GCs, ATP in the absence of proper ligand has 

been shown to have either a slight (20%) stimulatory effect (Chinkers et al., 1991) 
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or no effect on basal GC activity (Duda and Shanna, 1995; Goraczniak et al., 

1992; Duda et al., 1993). Inhibition of GC-A by ATP has been shown, but only at 

high concentrations of ATP (>lmM) (Chinkers et al., 1991). When a tnucated 

version of GC-A, containing the only the catalytic core, was tested ATP was 

found to act in an inhibitory fashion (Thorpe et al., 1996), but in the presence of 

full-length receptor the evidence overwhelmingly points to ATP as a positive 

regulator. No modulatory role has been suggested for ATP on soluble GC 

activity. For this reason I thought it would be of interest to determine which 

isoform of guanylyl cyclase ATP was acting upon. To determine this I 

performed another experiment in which ATP was added to the separated 

soluble and particulate fractions of abdominal CNS homogenates. The results 

show. Fig. 2.2, that at a concentration of 100 pM, the inclusion of ATP caused 

approximately equal inhibition of both the particulate and soluble fractions, 65% 

and 79%, respectively. Examination of the individual data points revealed that 

variability in the extent of inhibition was much higher in the particulate fraction 

and this may reflect dual actions of ATP, both inhibitory and stimulatory, in this 

fraction. The majority of GC activity within abdominal CNS homogenates was 

foimd to be present in the soluble (44.9 ± 1.0 pmole/ minute/mg protein) rather 

than the particulate fraction (13.7 ± 1.4 pmole/minute/mg protein). These 

values averaged together show good agreement with the level of activity 

generally seen in whole homogenates (about 32 pmole/ minute/ mg protein) 

indicating that little activity was lost during the homogenization process. It 

must be noted, however, that the level of activity seen in the soluble fraction was 
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somewhat variable from experiment to experiment and this may to due to some 

loss of heme during the homogenization process. 

Figure 2.2 
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Figure 2.2: Effect of ATP on GC activity in the separated particulate and soluble 
fractions of Manduca abdominal CNS homogenates. Nervous tissue was 
homogenized, particulate and soluble fractions isolated, and GC assays 
performed as described in Materials and Methods. ATP was included at a final 
concentration of 100 jiM just prior to the start of the reaction. Values are the 
mean ± SEM of five determinations. 

2.32 Effect of EH on GC Activity in the Intact Abdominal CNS. 

If EH acts through stimulation of a soluble GC, as our results seem to 

indicate, then it must do so indirectly through the stimulation of a signal-

fransduction cascade. For this reason direct stimulation of sGC activity by 

hormones has never been detected in broken cell preparations. To determine if 
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EH shows long-lasting stimulation of soluble GC activity I analyzed the effiects 

of EH on separated soluble and particulate fraction activity after exposture of the 

intact abdominal CNS to EH. Fig. 2.3 shows that after a 10 minute exposure time 

of the intact abdominal CNS to EH, a small but significant increase (15.7 ± 1.8 

pmole/ minute/ mg protein in the absence of EH versus 20.5 ± 0.8 

pmole/minute/mg protein in the presence of EH; p<0.05) in GC activity was 

seen in the soluble fraction of CNS homogenates. Interestingly, an even greater 

stimulatory effect (34.3 ± 1.2 pmole/minute/mg protein) was seen upon further 

addition of 0.5 mM SNP to the separated soluble fraction. This concentration of 

SNP gave a stimulation of 27.2 ± 2 pmole/ minute/ mg protein by itself and had 

previously been shown to give the maximum obtainable stimulation of soluble 

GC by SNP in this system. These data indicate that EH stimulates either a 

soluble GC enzyme or causes translocation of a membrane associated GC to the 

cytoplasm. NO may act on a different population of GC molecules than EH, 

may act on the same GC molecule via a different mechanism than EH, sensitivity 

of the enzyme to NO may be altered by pre-treatment with EH, or more sGC 

enzyme may be made available to be upon by NO following pre-treatment with 

EH. 
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Figure 2.3: Effect of EH on GC activitjr when added to the intact abdominal 
CNS. Individual nervous systems were dissected and incubated in the presence 
of or absence of 1 nM EH, for 10 minutes, as described in Materials and 
Methods. After incubation the nervous tissue was homogenized, separated into 
particidate and soluble fractions, and GC assays were performed as described 
previously, SNP was added to a final concentration of 0.5 mM just prior to the 
start of the GC assay. Values shown are the mean ± SEM of five determinations. 
F values for significant differences (*,**) are shown on the graph. 

2.33 Effect of Inhibitors on GC Activity in the Manduca Abdominal CNS 

Given that the effects of a number of inhibitors have been used as a 

diagnostic tool to predict the mechanism of action used by EH in the Manduca 

abdominal CNS (Morton and Simpson, 1995), it is important to determine their 

specificity of action within this system. One of the most effective blockers of the 
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EH-induced increase in cGMP in Manduca is 4BPB/ which inhibits the EH-

stimulated increase in cGMP almost completely (97 ± 4%; Morton and Simpson, 

1995) as determined by RIA. 4BPB is a putative inhibitor of botii PLA2 and 

DAGL (Blackwell and Flower, 1983), which at least in the case of PLA2 ®cts 

through covalent modification of the histidine residue within the active site of 

the enzyme (Roberts et al., 1977). If GCs contain a similar residue within their 

active site or if 4BPB interferes with heme binding in sGC, then it is possible that 

the inhibitory effect of 4BPB is due to inhibition of GC activity rather than 

inhibition of an enzyme involved in the generation of a lipid messenger. For 

these reasons I examined the effect of 4BPB directly on soluble and particulate 

GC activity in the Manduca abdominal CNS. When 100 jxM 4BPB was added to 

these fractions after separation it showed almost complete inhibition of GC 

activity in both fractions (Fig. 2-4), suggesting a direct inhibitory effect on both 

soluble and receptor GCs. 

In these experiments it was not possible to examine the effect of 4BPB on 

NO-stimulated GC activity because all of the solvents used to dissolve 4BPB 

interfered with the ability of NO to cause an increase in GC activity. The effect 

of 4BPB on NO-sensitive activity was thought to be of particular interest becaiise 

4BPB has been shown to completely abolish £H-stimulated staining in the 

transverse nerve, while having much less effect on cell body staining seen in 

response to SNP (Morton, unpublished data). Thus there is reason to believe 

that while 4BPB might affect basal soluble GC activity it should be much less 

effective on SNP-stimulated activity, hiterestingly, this is very close to the 

results obtained when 100 |iM 4BPB was added to the intact abdominal CNS 
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before separation and measurement of activity on the individual fractions. This 

is the same dosage of 4BPB that has been shown to be effective in blocking EH-

induced cGMF-immimoreactivity when added to intact nervous systems. As 

can be seen in Fig. 2.5, under these conditions 4BPB caused no inhibition of 

particulate fraction activity but inhibited activity in the soluble fraction of 

abdominal CNS homogenates by about half (56 ±4%), while SNP-stimulafced 

activity was inhibited by was only about 12%. 

Figure 2.4 
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Figtire 2.4: Effect of 4BPB on GC activity in abdominal CNS homogenates. 
Nervous tissue was homogenized, the particulate and soluble fractions 
separated, and GC assays performed as described in Materials and Methods. 
4BPB was dissolved in ethanol or DMSO and added to samples at a final 
concentration of 100 |iM. Values marked with ** are considered significantly 
different from basal activity. P values are shown on the graph. Values are the 
mean ± SEM of five determinations each for two separate experiments. 
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Figure 2.5 
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Figiu-e 2.5: Effect of 4BPB on GC activity when added to the intact abdominal 
CNS. Individual nervous systems were dissected and then incubated as groups 
of 10 in either the absence or presence of 100 4BPB/ethanol for 45 minutes. 
Samples were then homogenized, the particulate and soluble fractions separated, 
and GC assays performed as described in Materials and Methods. SNP was 
added to the homogenized samples to a final concentration of 0.5 mM just prior 
to start of the GC reaction. Values are the mean ± SEM of ten determinations for 
the effect of 4BPB on basal activities and five determinations for the effect of 
4BPB on SNP-sensitive activity. Those values marked with ** are considered 
statistically significant P values are shown on the graph. SNP-specific 
inhibition was calculated by the following formula l-[SNPi -Basali/ SNP - Basal] 
xlOO. 

Another inhibitor tested for its specificity on Mcmduca GC activity was 

ODQ, a specific inhibitor of heme-dependent^ NO-sensitive soluble GC activity 

(Garthwaite et al., 1995). It is thought to act by binding either directiy to, or on a 
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site adjacent to, the heme moiety and causing irreversible oxidation of the heme 

which decreases its affinity for NO and other heme-dependent activators 

(Schrammel et al., 1996). ODQ/ in a previous study, has been shown to block 

basal sGC activity by 80%, causing the authors to suggest that in this system 

(bovine lung) most sGC basal activity is also heme-dependent (Schrammel et al., 

19%). They also found that this same level of basal activity remained when tiiey 

examined activity of a mutant sGC lacking the putative histidine axial ligand for 

heme, when expressed in COS-7 cells (Schrammel et al., 1996). 

Application of ODQ blocks SNP-stimulated cGMP increases in the intact 

Manduca nervous system, but does not affect the EH-induced cGMP staining 

pattern (Morton, unpublished data). It is these data, in par^ that first suggested 

to us the possible existence, and activation by EH, of an NO-insensitive soluble 

GC in Manduca. For this reason it was necessary to characterize the specificity of 

ODQ in Manduca. When 100 |jM ODQ was added to separated fractions of 

Manduca abdominal CNS homogenates it showed no inhibition of particulate GC 

activity (Fig. 2.6), as would be expected. Under these same conditions ODQ 

blocked soluble activity by about 55 ± 14%. This is less than might be expected 

on the basis of other studies and suggests perhaps a higher level of heme-

independent activity in Manduca abdominal CNS than in other preparations. 

These experiments usedthe same dosage of ODQ which has been shown 

to be effective in blocking SNP-stimulated cGMP-immunoreactivity when added 

to the intact nervous system. ODQ was first dissolved in DMSO before addition 

to the samples. Control samples containing only DMSO showed that DMSO 

a^ected the assay in such a way as to both increase background counts and 
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lower apparent GC activity (see Fig. 2.6). Under these conditions it was again 

impossible to directly determine the effect of ODQ on SNP-stimulated GC 

activity because solvent alone interfered with the SNP response. 

Figure 26 
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Figiue 2.6:. Effect of ODQ on GC activity in separated particulate and soluble 
fractions. Nervous tissue was homogenized, separated into particiilate and 
soluble fractions and GC assays were performed as described in Materials and 
Methods. Values are the mean ± SEM of five determinations. 

2.4 Discussion and Conclusions 

EH is unable to stimulate GC activity^ when it is added to either 

abdominal CNS homogenates (Fig. 2.1) or isolated membrane preparations (data 

not shown)/ even under conditions in which other receptor GCs have been 

shown to be responsive to ligand-dependent stimulation. Both GC-A and GC-C 

have the ability to respond to atrial natriuretic peptides in isolated membrane 
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preparations when ATP is included as a cofiactor (Chinkers et al., 1991; Duda 

and Shanna, 1995). While other possibilities exist for the lack of stimulation by 

EH, such as dilution of critical cofactors, these data strongly suggest that EH 

does not act through activation of a classical receptor GC. 

ATP also acts to inhibit basal GC activity in this system. There are several 

possible explanations for this effect The most likely of these seems to be direct 

competition between ATP and the GTP-substrate. The inhibitory effect of ATP 

on the catalytic core of GC-A has been shown to be reversible and kinetic studies 

have revealed that it is a competitive type of inhibition (Thorpe et al., 1996). In 

addition, attempts to desensitize the core en2yme to the inhibitory effects of ATP 

by proteolysis or partial inactivation have indicated that the site of inhibition 

was very similar to that used by GTP (Thorpe et al., 1996). This report is one of 

the few examples of GC activity being inhibited by ATP. All others portray 

ATP as a positive regulator. In addition, in the present study ATP inhibits both 

soluble and receptor GC activity suggesting it acts by direct competition. The 

catalytic domains of soluble and receptor GCs are, however, the most highly 

conserved domains between the two isofonns and it remains at least a formal 

possibility that ATP is acting at some other conserved site within this domain to 

interfere with GTP binding. It is not known why our results on the activity of 

particulate GC activity differ from those seen for GC-A and GC-C in isolated 

membrane preparations. One possibility is that the lower GTP concentration 

used in. our studies (1/4 that reported in previous work; Chinkers et al., 1991) 

allowed competitive inhibition with GTP to occur at lower ATP concentrations. 

Another difference could be due in. the centrifugation conditions used to obtain 
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the particulate fractions. These differences could affect the types and 

concentrations of accessory proteins and cofactors present in tiie assay. 

Although in neither case were the crude fractions washed, in our study 

centrifugation took place at both a higher speed and for a longer period of time. 

It should be noted however, that under these centrifugation conditions no SNP-

sensitive activity was found in the particulate fraction, indicating good 

separation of the soluble and particulate fractions. Another, intriguing 

possibility is that there are additional forms of GC present in Manduca not found 

in the previous studies, and that these forms of GC are regulated differentiy by 

ATP. 

When EH is added to the intact abdominal CNS followed by 

homogenization and separation of soluble and particulate fractions, a small, but 

statistically significant, increase in activity within the soluble fraction is seen. 

This increase can be further enhanced by the subsequent addition of a NO-

donor, SNP, to the isolated soluble fraction. This is despite the fact that in 

previous preparations this dosage of SNP stimulated the maximum obtainable 

level of NO-sensitive activity in soluble fractions. Thus NO may act on a 

different population of GC molecules than EH, it may act on the same GC 

molecule via a different mechanism than £H, the sensitivity^ of the enzyme to 

NO may be altered by pre-treatment with EH, or more sGC enzyme may be 

made available to NO by pre-treatment with EH. No matter what the reason 

behind the effects of NO, the above data support the idea that EH stimulates a 

soluble GC through some mechanism which allows for prolonged activation. 

One such mechanism is phosphorylation. Another possibility, however, is EH-
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dependent translocation of a membrane associated GC from the membrane to 

the cytoplasm. Activation of this enzyme could occur either at the membrane or 

upon translocation to the interior of the celL The latter method appears most 

likely as EH cannot duplicate this stimulation in abdominal CNS homogenates, 

suggesting that additional cytoplasmic cofactors must be present for activation to 

occur. Obviously to confirm these results and to discern the mechanism at work, 

other experiments, such as dose response curves and time-course experiments, 

wotild be necessary. However, at this time it was decided that a better approach 

to determining the GC utilized by EH would be cloning and characterization of 

GC enzymes present in the Manduca nervous system (see Chapter 4). 

The lipid metabolism inhibitor, 4BPB, blocks both particulate and soluble 

GC activity when added directly to the separated fractions of abdominal CNS 

homogenates. This observation suggests that 4BPB may act directly to inhibit 

GC activity, rather than through inhibition of the generation of a lipid 

messenger. Although this mechartism cannot be excluded as a possible method 

for 4BPB to block EH signal-fransduction in the intact nervous system, these 

findings do emphasize the importance of determining species specificity for 

inhibitors when using them to interpret potential signal-transduction pathways. 

Data from both 4BPB and ODQ inhibition studies offer some support for 

the hypothesis that EH acts through stimulation of an NO-insensitive, soluble 

GC. 4BPB is able to block the EH-stimulated increase in cGMP when added to 

the intact abdominal CNS. This has been shown utilizing both RIA and 

immunohistochemical staining techniques (Morton and Guinta, 1992; Morton, 

19%). When 4BPB is added to the intact abdominal CNS prior to 
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homogenization and separation of particulate and soluble activity, inhibition is 

seen only in the soluble fraction and NO-stimulated activity is not strongly 

affected. It is not clear which of the above conditions^ addition of 4BPB to CNS 

homogenates or addition of 4BPB to the intact abdominal CNS, more accurately 

reflect the conditions under which 4BPB is able to block EH-induced GC activity 

when measured either by RIA or detected by staining. It is intriguing, however, 

that two different patterns of inhibition are seen. If the latter condition, addition 

of 46PB to the intact abdominal CNS, most closely mimics that used to block the 

EH-response then this data further supports the claim that EH acts through 

stimulation of a NO-insensitive soluble GC 

There are numerous explanations for the differing effects of 4BPB on 

separated CNS fractions versus the intact abdominal CNS, some of which may 

be specific to this experimental regime while others are more general. These 

include differing effective dose of the inhibitor coupled with differing 

sensitivities of GC isoforms to inhibitor, partitioning of the inhibitor to one 

fraction versus the other, differences in the duration of effect on the various GC 

isoforms, and differences in the accessibility'^ of the active binding site for 4BPB 

in intact nervous systems versus cell homogenates. 

ODQ, an inhibitor which does not block the EH-stimuIated increase in 

cGMF in the intact abdominal CNS (Morton, unpublished data), also does not 

block receptor GC activity, but rather blocks about half of soluble GC basal 

activity. This result may suggest the presence of a NO-insensitive soluble GC, 

as the contribution of ODQ-, and hence NO, insensitive activity appears to be 

much greater in the Manduca system than has been seen in other systems 
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(Schrammel et al., 1996). It cannot be ruled out however, that variations in assay 

conditions may contribute to the differences seen in inhibition by ODQ- It is also 

of interest to note that 4BPB, which blocks basal soluble activity but not SNP-

specific activity, and ODQ/ which blocks heme-dependent basal activity but not 

heme-independent activity, both block basal soluble activity by about 50%. It 

would be interesting to test the effects of 4BPB and ODQ simultaneously to see if 

all sGC basal activity is blocked. 

In simimary, it has been shown that EH cannot stimulate rGC activity in 

abdominal CNS homogenates and that application of EH to the intact abdominal 

CNS results in activation of the soluble GC fraction. Activity within this 

fraction can be further stimulated by the application of the NO-donor, SNP. 

4BPB, an inhibitor which has been shown to block EH-stimulated increases in 

cGMP, appears to specifically block NO-insensitive, soluble activity when 

applied to the intact abdominal CNS and ODQ, a specific inhibitor of NO-

sensitive soluble GCs that does not block the ability of EH to stimulate cGMP 

production, only inhibits soluble GC activity in Manduca by about 50%. Taken 

together these findings strongly support our original hypothesis that EH must 

act through stimulation of an NO-insensitive soluble GC. The mechanism 

utilized by EH should provide for prolonged stimulation of this GC, perhaps 

through phosphorylation. The role of lipid messengers in this process, while 

still unclear, cannot yet be discounted. Their involvement is certainly possible, 

and stimulation of PLC activity could certainly lead to downstream activation of 

protein kinases which in turn could effect a prolonged stimulatory period on 

soluble GC activity. 
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Analysis of results from this section of experiments was complicated by 

the possible existence of multiple GC isoforms. Purification of the GC activated 

by EH was not thought possible because EH does not act directly to stimulate 

detectable GC activity. In addition^ purification of soluble GCs is often a 

difficult process which results in the loss of heme and an alteration in NO 

sensitive regulation. So, it appeared that a better approach to examining both 

the type of GC activated by EH and possible methods for its regulation would be 

cloning and characterization of the GC enzymes present in the Manduca nervous 

system (see Chapter 4). This approach has resulted in the discovery of an 

unusual GC enzyme which displays many of the biochemical characteristics that 

would be expected based on the studies described above. 
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CHAPTERS 

DIRECT EXAMINATION OF THE ROLE OF LIPIDS IN THE EH-STIMULATED 

SIGNAL-TRANSDUCnON PATHWAY 

3.1 Introduction 

Evidence presented in chapters 1 and 2 suggests that EH acts through 

indirect stimulation of a soluble GC rather than direct ligand-activation of a 

receptor GC. By far the most common activator of soluble GCs, found in the 

literature today, is NO. Yet, EH clearly does not utilize NO to elicit sGC activity. 

This has been shown in a number of ways: inhibitors of nitric oxide synthase, 

the enzyme which produces NO, do not block the ability of EH to stimulate 

cGMP production (Morton and Guinta, 1992; Morton and Simpson, 1995); the 

conversion of arginine to citrulline, a by-product of NO production, is not 

increased in response to EH (Morton and Simpson, 1995); and SNP-stimulated 

cGMP immvmoreactivity in the intact abdominal CNS does not correspond to the 

target sites of EH (Morton, 1996). Other mechanisms which are known stimulate 

sGC activity include activation by CO (Ingi and Roimet^ 1995; Ingi et al., 1996), 

activation by fatty acids or fatty add peroxides (Trembley et al, 1988; Barber, 

1976, Gerzer et al., 1983; Morton and Guinta, 1992), and activation by 

phosphorylation (Zwiller et al., 1981; 1985). The possibility that EH acts through 

the generation of CO has also been explored through use of heme-oxygenase 

inhibitors, and this mechanism has also been eliminated (Morton and Simpson, 
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1995). Either of the final two mechanisms can be accomplished in full, or in part^ 

through the generation of lipid messengers. 

Although many alternative pathways for the generation of lipid 

messengers exist this study will focus specifically on two well studied pathways 

that are initiated through the actions of one of two enzymes, PLA2 or PLC 

Activation of these enzymes at the cell membrane can cause the release of lipid 

derived messengers both within the cell and within the extracellular space 

surrcimding the cell. PLA2 exists in two forms; secretory and cytoplasmic. 

The secretory form acts to release products into the extracellular space, while the 

cytoplasmic form allows release of intracellular messengers (reviewed in Kudo 

et al., 1993; and Vadas et al., 1993). PLA2 catalyzes the hydrolysis of fatty acid 

ester bonds at the sn -2 position of phosphoglycerides within the cell membrane, 

to yield fatty acids and lysophospholipids. The cytosoUc form is believed to be 

the major enzyme responsible for release of arachidonic acid, and shows a 

preference for sn -2-arachidonoyl-contaimng phospholipids. Arachidonic acid 

can act as a second messenger directly through stimulation of both PKC (Hug 

and Sarre, 1993) and GC activity (Gerzer et al., 1983; Morton and Guinta, 1992). 

It is also the preferred substrate for conversion to eicosanoids, a broad group of 

biologically active metabolites produced from arachidonic acid and other 20 

carbon atom polyunsaturated fatty acids. The eicosanoids include the 

prostaglandins and thromboxanes, leukotrienes, and epoxyeicosatrienoic acids, 

which are produced through the cyclooxygenase (COx), lipoxygenase (LO), and 

epoxydase pathways, respectively (reviewed in Stanley-Samuelson, 1994). 
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Eicosanoids act in general, as locally produced hormones and participate in the 

regulation of a vast array of physiological responses. 

Substrate specific forms of PLC catalyze the hydrolysis of variotis 

phosphoinositides and of phosphatidylcholine (PQ. In the case of the 

phosphoinositide, PIP2, this results in the release of two potential second 

messengers: Ins(l,4,5)P3 and DAG (Berridge, 1984; Hokin, 1985). Ins(l,4,5)P3 

has been shown to mobilize intracellular calcium stores (Berridge and Irvine, 

1989) and can also be converted to a number of other phosphatidylinositol 

signaling products by varying the degrees of phosphorylation (reviewed in 

Divecha and Irvine, 1995). DAG can also act as a lipid second messenger in a 

number of ways. For instance, in one case DAG can be further metabolized to 

generate other signaling molecules, such as phosphatidic acid (PA) or 

monoacylglycerol (MAG) plus a released free fatty add, by the action of DAG 

kinases and DAG lipases (DAGL), respectively (Haeffner, 1993). Alternatively, 

DAG can act at the cell membrane either by itself (Hug and Sarre, 1993), or in 

conjunction with released calcium and phoshatidylserine to activate PKC 

(Nishizuka et al., 1984). Finally, DAG has also been suggested to influence 

membrane-localized enzyme activity by modulating membrane bilayer 

properties (Dawson et al., 1983; Collins and Salton, 1979). 

It should be noted that stimulation of the pathways initiated by PLA2 and 

PLC often act in parallel with one another (Resink et al., 1990), and activation of 

one pathway has been shown to induce activation of the other (Zeitler et al., 

1991; Nielson et al., 1991). Crosstalk and interconversion of lipid messengers is 

common. This complication coupled with the fact that there are additional 
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enzjnnes capable of generating lipid messengers, such as phospholipase Ai, 

which cleaves fatty acid ester bonds at the sn -1 position of 

glycerophospholipids, and PLD, whose action on phosphatidylcholine generates 

phosphatidic acid (PA) as opposed to DAG, gives ample indication of the 

complexities which Ccui be fotmd when examining lipid-mediated signal-

transduction. 

Many lines of evidence indicate that release of lipid messengers may be 

the mechanism used by EH to stimulate soluble GC activity. First a wide 

variety of inhibitors of lipid metabolism block the ability of EH to stimulate 

cGMP in the intact abdominal CNS of Manduca. These include inhibitors of 

PLC, PLA2, and LO. Table 1 shows the most effective of these inhibitors, their % 

inhibition of cGMF levels as measured by RIA, and their putative target 

enzymes. 
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Table 3.1: 

Inhibitor % Inhibition Taiget Enzyme 

4BPB 97±4 PLA2, DAGL 

NDGA 83 ±3 LO 

U-73122 72±2 PLC 

ET-IS-OCHS 72±3 PLC 

Aristolochic acid 63 ±10 PLA2 

ONO-RS-082 62±3 PLA2 

ETYA 62±2 PLA2, LO, COx 

(Morton and Simpson, 1995; Abbreviations: 4BPB, 4-bromophenacyI bromide; 
NDGA, nordihydroguaiaretic acid; U-73122, l-(6-((173-3-niethoxyestra-l,3,5(10)-
trien-17-yl)amino)hexyl)-lH-pyrrole-2,5-dione; ET-I8-OCH3,1-0 -octadecyl-2-O 
-methyl-sn-glycero-3-phsophorylcholine; ONO-RS-082,2-(p-
amylciimamoyl)amino-4-chloro-benzoic acid; ETYA, 5,8,11,14-eicosatetraynoic 
acid) 

Despite the fact that one of these inhibitors, 4BPB, has been shown to have 

the potential to directly inhibit GC activity, the number and variety of inhibitors 

capable of interfering with the EH/ cGMP pathway, suggest that stimulation of 

sGC activity through generation of a lipid messenger is still a viable option. 

Furthermore, not only do these inhibitors act on a wide variety of targets, but 

they also exert their influence through a wide variety of mechanisms. For 

example, 4BPB is thought to inhibit PLA2 activity by causing modification of the 

histidine active site residue (Roberts et al., 1977) while ETYA, a potent inhibitor 

of PLA2 and both the cyclooxygenase and lipoxygenase pathways of lipid 

metabolism, is an acetylenic analog of arachidonic acid and is thought to act at 
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least in part, by direct competition with the arachidonic add substrate of these 

reactions (Taylor et al., 1985). NTXiA, another inhibitor of the LO pathway, acts 

by yet another mechanism, functioning as an antioxidant and preventing fatty 

acid peroxidation (Tappel et al., 1953). While those inhibitors that inhibit 

enzyme activity through modification of residues commonly found in the active 

sites of enzymes, such as 4BPB might be suspected of acting in a non-specific 

manner, others which are themselves fatty acids or fatty acid analogs would be 

expected to be more specific for their target enzymes. Thus, the finding that all 

of these inhibitors of lipid metabolism block the ability of the abdominal CNS to 

respond to EH strongly supports the idea of EH acting through the generation of 

a lipid messenger. 

Other more direct evidence for the involvement of lipid messengers in the 

early steps of the EH signal-transduction cascade has also been obtained. 

Application of EH to the intact abdominal CNS results in a small, but statistically 

significant- increase in levels of Ins(l,4,5)P3 (Morton and Simpson, 1995). This 

increase reaches maximum levels at a time course of 5 minutes, which precedes 

the maximum increase in cGMF levels which occurs at 15 minutes. These results 

are supported by findings in another insect, Bombyx mori (Shabinaka et al., 1993), 

which also utilizes EH to stimulate ecdysis behavior through increasing levels of 

cGMP and also shows an increase in Ins(l,4,5)P3 in response to EH. Finally, it 

has also been shown that lipid messengers have the ability to activate GC 

activity in the Manduca system. Specifically, the lipid messenger arachidonic 

acid stimulates sGC acitivity when added to extracts of Manduca abdominal CNS 

(Morton and Guinta, 1992). 
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This evidence has led us to propose the model outlined in chapter 1 for 

EH action in the Manduca abdominal CNS. In this model EH initiates signal-

transduction through stimulation of a membrane receptor, possibly a G-protein-

coupled receptor, which in turn leads to the activation of phosphoinositide-

specific PLC It is well known that coupling of G-protein receptors with PLC 

can lead to its activation (Gilman, 1987). Activation of PLC in turn causes the 

hydrolysis of PIP2 at the cell membrane, generating two second messenger 

products; Ins (1,4,5)P3 and DAG. Release of these two messengers then could 

lead to activation of soluble GC through a number of mecharusms. First the 

release of Ins (1,4,5)P3 could act to cause the release of calcium from intracellular 

stores. This increase in calcium could then possibly act to stimulate GC activity 

directly, or act in conjunction with released DAG to stimulate translocation and 

activation of PKC. PKC, then present in the cell cytoplasm, could act to 

stimulate sGC activation through phosphorylation (Zwilier et al., 1981; 1985). In 

addition, a third mechanism exists by which another lipid messenger could be 

generated by the further action of lipases on DAG (Allen et al., 1992), and this 

messenger could then act to stimulate sGC activity either directly, or after 

further metabolism (reviewed in Trembley, 1988). 

In this section of my dissertation I describe a number of experiments 

designed to elucidate the role of lipids in the EH signal-fcransduction pathway. 

This was done by direct examination of the effects of EH on levels of lipids 

within the Manduca abdominal CNS. A number of lipids and phospholipids 

were examined based on their potential to either generate or act as potential 

lipid messengers. 
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3.2 Materials and Methods 

Chemicals 

Diacylglycerol and phospholipid standards were obtained from Avanti 

Polar Lipids (Alabaster^ AL., USA). The DAGK inhibitor, R59022, was obtained 

from RBI (Natick, MA., USA). The PLC inhibitors, ET-I8-OCH3 and U-73122, 

were obtained from Biomol (Plymouth Meeting, PA., USA). All other standards 

and chemicals were obtained from Sigma (St Louis, MO., USA). 

Lipid extraction and measurement of total DAG level 

Abdominal CNS tissue was dissected from animals and rinsed in insect 

saline (Ephrussi and Beadle, 1936). Nervous tissue from individual animals was 

placed in 0.5 ml of tissue culture mediimi (TC-lOO, Gibco) supplemented with 

the following antibiotics: amphotericin B 2.5 p.g/ ml, streptomycin 50 M-g/ml and 

penicillin 50 units/ml, for a total of 45 minutes. Incubations were carried out at 

room temperature with gentle agitation throughout the incubation period. 

Inhibitors, when used, were included for the entire incubation period at a final 

concentration of 100 |xM. Recombinant EH was prepared as described 

previously (Morton and Simpsoii/1995). To avoid complications caused by the 

presence of HPLC solvent in the EH preparation, EH was lyophilized to dryness 

and. resuspended in TC-100. The concentration of EH was estimated using the 

prepupal ecdysis assay (Truman et al., 1980) and was added to the samples at a 

final concentration of 1 -10 nM during the last 1-15 minutes of the incubation 

period. 
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After the initial incubation, the nervous tissue was transferred to a glass 

test tube containing 1 ml of chlorofonn:metiianol:H20 (50:25:20) and rapidly 

homogenized. Following homogenization, particulate matter was removed by 

centrifugation at 5000 g for 5 minutes at room temperature. The supernatant 

was transferred to a clean glass test tube and the organic and aqueous phases 

separated by the addition of 0.5 ml IM NaQ. After mixing, an additional 1 ml 

chloroform and IM NaQ each were added, the samples centrifuged as before 

and the upper aqueous layer discarded. The lower organic layer was then 

lyophilized to dryness. 

To further piuify the DAG before assaying, samples were dissolved in 1 

ml hexane and applied to silicic add columns (0.48 g, BioRad) that had 

previously been equilibrated with hexane. The colimins were then washed with 

2 ml of etherrhexane (15:85) followed by elution of DAG with 2 ml of 

ether;hexane (60:40). After elution the samples were dried under N2 and then 

redissolved in 300 ^ll chloroform, a 100 |il aliquot of the resulting solution was 

then dried once again and used for the measurement of DAG levels. 

To measure total levels of DAG, I used the method of Preiss et al., (1986) 

which utilizes DAG kinase from £. coli in the presence of ^ convert 

DAG to [32P]PA. Inunediately prior to assaying, the dried samples were 

dissolved in 20 detergent solution (1 mM diethylenetriaminepenta-acetic acid 

(DETEPAQ, 0.050 mM cardiolipin, 7.5% octyl-|3-D-glucoside), sonicated for 5 

minutes and then allowed to stand at room temperature for 15 minutes. An 

enzyme mixture composed of 10 jil sn -1,2-diacylglycerol kinase (E. coli; 4 x 10 

U; Calbiochem-Novabiochem Corp.), 40 }il assay buffer (125 mM imidazole HQ, 
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125 mM NaQ, 31.25 mM MgOz 2.5 mM EGTA, pH 6.6), and 10 20 mM DTT 

was then added to each sample. The reaction was started by the addition of 20 

jil 5mM ATP containing 70 (iCi/ml [y-^2p]ATP (4000 Ci/ mmol; ICN). The 

reaction was allowed to proceed for 30 minutes at 25" C and was stopped by the 

addition of 20 fil 1% HCIO4 and 450 ^1 of choloform:methanol (1;2) followed by 

a 10 minute incubation. An additional 150 )il each chloroform and 1% HQO4 

were then added, the phases separated by centrifugation at 5000 g for 5 minutes 

at room temperature, and the upper aqueous phase discarded. The lower 

organic phase was washed twice with 1ml 1% HCIO4 and lyophilized to 

dryness. 

The resulting PA was separated from lyso-PA and other products via thin 

layer chromatography (TLQ. The samples were first dissolved in 20 |il 

chloroform:methanol (95:5) and then spotted on silica gel TLC plates (Whatman 
o 

Diamond, 60 A). Separation was achieved using a solvent system composed of 

chloroform:methanol:acetic acid (65:15:5). The was visualized by 

autoradiography and quantified by scraping the portion of the plate 

corresponding to the PA band and estimating the ^^P content by liquid 

scintillation spectroscopy (LSS). The radioactivity present for each sample was 

compared with a calibration curve of known standards that had been assayed in 

parallel. The threshold of detection was between 75 - 250 pmoles DAG 

depending on assay conditions, 250 pmoles DAG was consistently at least twice 

background and the assay showed a linear response up to 1000 pmoles DAG. 
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HPLC separation of DAG molecular species 

Abdominal CNS tissue was treated with EH or inhibitors and the DAG 

extracted and purified on silicic acid coltunns as described above. Prior to 

derivitization samples were dried under N2. Samples were derivitized using the 

method of Kito et al., (1985). First 25 mg of 3,5-dinitrobenzoyl chloride 

dissolved in pyridine (50 mg/ml) was added to each of the tubes. The tubes 

were then sealed and incubated at 60° C for 10 minutes. After being placed on 

ice, 2 ml of O.IM HQ were added and the samples extracted three times with 

2 ml of hexane each. The samples, in hexane, were then washed with 2 ml of the 

following solutions, in the order listed: O.IM HQ (3 times), O.IM NaHCOs, IM 

NaQ, H2O. The samples were then dried under N2 and redissolved in 250 ^1 

acetonitrile. A 200 (il aliquot of the resulting solution was subjected to HPLC 

separation on a reverse phase ODS colvmin using acetonitrile:2-propanol (80:20) 

run isocratically at 1 ml/ minute. 

Measurement of cytidinemonophosphate-phosphatidic acid (CMP-PA) 

formation 

Formation of CMP-PA was measured by the incorporation of [^HJcytidine 

into the organic layer of homogenates, as described by Godfrey (1989). First 

abdominal CNS tissue was dissected and then individual nervous systems were 

preincubated in 100 |il TC-lOO (supplemented as described above) containing 20 

|iCi [^HJcytidine/ml (NEN) for two hours at room temperature with gentle 

agitation. If LiQ was used, it was dissolved to a final concentration of 10 mM in 

TC-lOO and included for the entire incubation period. Under these conditions 



74 

LiQ did not potentiate CMP-PA production. At the end of two hours EH 

dissolved in TC-lOO was added to the wells and incubated for 1-15 minutes. The 

nervous tissue was then rinsed briefly in TC-lOO, followed by homogenization in 

600 III of CHCI3:Methanol (1:2). The mixture was then centrifuged for 5 minutes 

at 5000 g at 4' C The pellet was washed once more under tiie same conditions 

and the supematants combined. To this supernatant was added 2 ml each 

CHCI3 and H2O, the solution was then vortexed and centrifuged again. The top 

aqueous layer was then transferred to a new tube and a 400 [il aliquot removed 

and the radioactivity quantified by liquid scintillation spectroscopy (LSS). The 

bottom organic layer was washed with 2 ml MethanolrHCl (1:1), the top layer 

discarded, and the bottom layer transferred to a liquid scintillation vial. The 

samples were then dried under N2 and quantified by LSS. Results are expressed 

as the % of total coimts per minute (cpm) found in the organic fraction. The 

identity of the product was confirmed by co-migration with a known standard 

onTLC 

Measurement of phospholipid turnover 

Abdominal CNS tissue was dissected as described, above and individual 

nervous systems placed in 100 |il of HEPES phosphate free buffer (208 mM 

NaQ, 3.1 mM KQ, 5.4 mM Ca 02,2 mM NaHCOs, 10 mM HEPES, 10 mM 

Glucose) containing 100 [iCi/ ml [^^pj^p^osphate (ICN) which, had been 

previously diluted 1:10 in 0.02M HQ. Nervous tissue was incubated for 4 hours 

in the presence [^^pj^phosphate prior to the addition of EH dissolved in TC-

lOO (1 -10 nM) for various amounts of time. After incubation with EH, nervous 
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systems were rinsed briefly and then homogenized in acidified CHCI3: Methanol 

(1:1, 60 nl HCl/ ml). The samples were then centrifuged at 5000 g for 5 minutes 

at 4° Q after which they were further processed to dryness as described for 

measurement of CMP-PA formation. 

Phospholipids were separated from one another via 2-dimensional TLC 

using the method of Henderson and Tocher (1992), with modifications. After 

drying, the samples were redissolved in 50 |il of CHCl3:Methanol (95:5) and 

spotted on the origin of a polyester/silica gel TLC plate (5-17 particle size, 60 A 

pore size, Sigma). TLC was run in the first direction in the solvent system 

CHCl3:Methanol:NH40H (65:25:3.5) for approximately 4 hours. The plate was 

then turned 90° and run in the second direction for 2 hours in a solvent system 

composed of CHCl3:Methanol:CH3COOH:H20 (45:20:6:1). The plate was dried 

briefly and the phospholipids visualized by spraying with primulin (dissolved 

0.125 mg/ml acetone and then further diluted 5:1 with H2O), and viewed under 

a UV light The locations of identified phospholipids were marked on the plate. 

Radioactivity was then visualized by autoradiography, and the marked 

phospholipid species excised from the plate, and quantified by LSS. 

Phospholipids were identified by co-migration with known standards. A 

mixture of known standards: PE, lyso-PC, PA, PC, PI, lyso-PA, lyso-PE, PS 

CMP-PA and lyso-PI were applied to the origin of the plate prior to every run. 

Concentrations of standards ranged from 2 -10 mg/ml depending on their 

ability to be separated and visualized with primulin. 
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3.3 Results 

3.31 Effect of EH on Diacylglycerol Levels 

The first step of our proposed pathway involves the cleavage of PIP2 by 

PLC, followed by the subsequent release of Ins(l,4,5)P3 and DAG. Levels of 

Ins(l,4,5)P3 increase slightly in response to EH and several inhibitors of PLC are 

effective in blocking the EH-stimulated increase in cGMP (Morton and Simpson, 

1995). If the first step of our pathway is the activation of PLC, then DAG should 

be generated concurrentiy with Ins(l,4,5)P3. For this reason I chose to examine 

the effect of EH on DAG levels as a first attempt to elucidate the EH signal-

transduction pathway. 

The assay that I employed to first examine EH-induced changes in DAG 

levels measured the total levels of extractable DAG in the abdominal CNS, 

following incubation of the intact abdominal CNS in the presence or absence of 

EH. After extraction of lipids, DAG was specifically labeled through the action 

of DAG kinase in the presence of [y-^^P]ATP. The resulting phosphatidic acid 

(PA) was separated from other products, such as lyso-phosphatidic acid (LPA), 

via TLC and the results were quantified by liquid scintillation coimting of the 

scraped bands. A wide variety of assay conditions were used in an attempt to 

discern an alteration in DAG levels in response to EH; various dosages of EH 

were employed, time courses of EH exposure were varied, a variety of lipid 

extraction methods were used, and multiple methods of TLC separation were 

tried, all at various times. However, despite all efforts, exposure of intact 



77 

abdomiani CNS to EH (10 nM) over a time course of 15 minutes did not result in 

any consistant change in total DAG concentration (Fig. 3.1). A fifteen minute 

time course was chosen, as optimal, for this investigation because it includes 

both the time course of maximal Ins(l,4,5)P3 production, which occurs at 5 

minutes exposure to EH, and the maximal level of cGMP production which 

occurs at 15 minutes exposure to EH. Throughout this time course total DAG 

level remained constant at about 2000 pmoles per nervous system. 

Figure 3.1 
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Figure 3.1: The effect of EH on diacylglycerol levels. Ditact nervous systems 
were treated with EH for various lengths of time followed by extraction of lipids 
and quantification of DAG levels, as described in Materials and Methods. 
Values reported are the mean ± SEM of between 8 and 18 determinations for 
each time point 

There are, however, a ntmiber of caveats to the method of analysis used. 

For one, the increase in Ins(l,4,5)P3 seen in response to EH was within the range 

of 1-10 pmoles. It is expected that since the production of DAG and Lris(l,4,5)P3 
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occurs stochiometrically on a 1:1 ratio the concurrent increase in DAG should be 

of approximately the same magnitude. Given that the resting level of DAG in 

the CNS is about 2000 pmoles/ nervous system it is unlikely that we would be 

able to detect a change of the magnitude predicted. addition, we were also 

unable to detect an increase in DAG in response to oxotremorine, a known PLC 

agonist that has been shown to give a two-fold increase in Ins(l,4,5)P3 in this 

tissue (Morton and Simpson, 1995), utilizing this assay method. Finally, 

numerous lipid-metabolism inhibitors, including the PLC inhibitors listed in 

table one, were tested for their effect on DAG levels utilizing this method and 

found to either have no effect or to have effects that would not be predicted 

based on their putative enzyme targets. It is not known whether these 

discrepancies are due to a lack of target specificity or to a lack of sensitivity on 

the part of the assay. It is probably a combination of the two. 

To drcimivent the above mentioned problems of assay sensitivity and 

also to address the possibility that a single molecular species of DAG, rather 

than total levels of DAG, would be affected by the application of EH, we 

examined the effects of EH on individual DAG molecular species. In this case, 

after exposure of the intact abdominal CNS to EH, total DAG was extracted and 

derivitized followed by separation into individual DAG species via HPLC. 

Figure 3.2 shows the typical DAG species profile obtained upon separation, 

identification of the DAG species was made based on the relative retention time 

of peak elution compared to a DAG standard (12:0-12:0). 
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Figure 3.2; Typical HPLC profile obtained during diacylglycerol species 
analysis. DAG was extracted^ derivitized and separated as describ^ in 
Materials and Methods. Results are reported for each species as a % of the sum 
of the integrated peak areas. Peak #9, which goes off scale, accounts for 
approximately 75% of the total DAG present: Nominal peak identity is based 
upon the relative retention time of the species compared to a DAG standard (12:0 
-12:0) as identified by Takamura et al., (1986). Nomenclature for DAG species is 
as follows: a description of the fatty add found in the sn-2 positive of DAG 
followed by a / and then the description of the (atty acid found in the sn-3 
position. The mmiber prior to the colon describes tiie carbon chain length of the 
fatty acid and the number following the colon describes the nimiber of double 
bonds present within the fatty acid. 
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The combined results from a series of these experiments, showing the 

effect of EH (10 nM) over a 15 minute time course, can be seen in figure 3.3. No 

consistent alterations in any of the DAG species were observed. Peak #15, 

tentatively identified as species 18:0-22:4, does show a significant increase after 1 

minute exposure to EH, but this change was not consistent from experiment to 

experiment Under the extraction conditions used approximately 75% of the 

total DAG content was comprised of one species, tentatively identified as 16:0-

22:4, and in the case of minor DAG species (such as #15) a large amount of 

variation existed from assay to assay both in the number of species identified 

and the peak areas of the individual species. Numerous other extraction 

methods were tested in order to overcome this problem, but none allowed 

consistent quantification of minor peeiks. 

The effects of a niunber of inhibitors of lipid metabolism were also 

examined for their effects on the various species of DAG present The inhibitors 

tested were ET-O-CH3, U-73122, and R59022, which had previously been shown 

to block the EH-induced cGMP response by 72 ± 3%, 72 ± 7%, and 100%, 

respectively. ET-O-CH3 and U-73122 are putative inhibitors of PLC while 

R59022 is a putative inhibitor of DAG kinase (DAGK), thus it would be expected 

that these inhibitors should alter levels of perhaps a wide range of DAG species. 

Inclusion of these inhibitors did not appear to consistently alter the levels of any 

of the DAG species examined. Peak #15 did show a large decrease in response 

to these inhibitors, as can be seen in figure 3.4, but it is not statistically 

significant due to the large variation in peak area between samples and the small 

sample size. It should be noted that basal levels of peak #15 were about twice 
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those found in previous experiments (see Fig. 3.3). Also peak #14 could not be 

identified in this series of experiments and the possibility^ of co-elution with peak 

#15 has further complicated analysis of this data. 

Figtu-e 3.3 
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Figure 3.3: Effect of EH on diacylglycerol molecular species. Intact nervous 
systems were treated with EH for the specified amount of time, followed by 
DAG extraction, derivitization and separation as described in Materials and 
Methods. Results are reported as the % of the individual peak area, compared to 
the total summed area of the peaks. Nominal identity of the individual species 
is given in Figiue 10. The presence of * indicates a statistical difference between 
values. P values are report on the graph. Values are the mean ± SEM of 
between 7-13 determinations for each time point 
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Figure 3.4 
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Figure 3.4: Effect of various inhibitors on DAG species analysis. Intact nervous 
systems were treated with inhibitors, followed by DAG extraction, derivitizaiton 
and separation as described in Materials and Methods. Results are reported as 
the % of the total area for each individual peak. Mominal identity of the 
individual species is given in Figure 10. Values are the mean ± SEM of 2 - 3 
determinations for each inhibitor. 

3.32 Effect of EH on the Formation of Cytidinemonophosphate-

phosphatidic Acid 

One possibility that exists to explain our hiding of a lack of alteration in 

DAG levels in response to EH is that any DAG which is produced could be 

quickly converted to further downstream products. One such product is 

cytidinemonophosphate-phosphatidic add (CMP-PA). CMP-PA is part of the 

inositol recycling pathway. ^ this process, after DAG is released through the 
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hydrolysis of PIP2 it is phosphorylated by DAG kinase to form PA. This 

product may then combine with cytidine-triphosphate to produce CMP-PA. The 

CMP-PA produced reacts with inositol first to produce phosphatidylinositol 

(PI), and then following phosphorylation, phosphatidylinositol-phosphate (PIP) 

and PIP2 (Downes and Michell, 1985)- In the event of active cleavage of PIP2 

this chain of events would be expected to be activated in order to replace PIP2 at 

the cell membrane. In order to examine this possibility I measured the formation 

of CMP-PA in response to EH. 

CMP-PA formation was measured by determining the incorporation of 

pHJcytidine into the organic phase of Manduca abdominal CNS extracts 

following treatment of the intact abdominal CNS with or without EH. CMP-PA 

is the only lipid that allows incorporation of this label. Using this assay it was 

possible to observe a 1.7 - 3 fold increase in the percentage of total counts found 

in the organic fraction of the homogenate after 5 to 30 minutes of exposure of the 

intact abdominal CNS to 100 |i,M oxotremorine. This increase appeared to be 

consistent with or without the inclusion of 10 mM LiQ to potentiate the 

response. However, when the intact abdominal CNS was treated with EH (10 

nM) no significant alteration in CMP-PA levels could be detected over a time 

covirse of 15 minutes (Fig. 3.5). 
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Figure 3.5 
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Figure 3.5: Effect of EH on cytidinemonophosphatE-phosphatidic acid 
formation. Samples were treated with EH for the specified amount of time, 
extracted and CMP-PA levels determined as described in Materials and 
Methods. Results are reported and the % of total [3H]cytidine coimts found in 
the organic layer. Values are the mean ± SEM of 5-10 determinations for each 
time point. 

Although no changes in levels of either DAG or CMP-PA were detectable 

in response to EH, in either of the previous assays, it may still be expected that 

EH acts through the generation of a lipid second messenger based on the 

inhibition of its ability to stimulate cGMP production by inhibitors of lipid 

metabolism. These inhibitors act on a wide range of putative target enzymes, 

including PLC, PLA2, DAGL, and LO. In addition, it is known that stimulation 

of these enzymes can lead to products which act as lipid messengers other than 

3.33 Effect of EH on Phospholipid Turnover 
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those previously tested for. For example, in some neuroblastoma cell lines, 

muscarinic agonists first stimulate Pl-specific PLC for only a brief initial burst 

(~15 seconds) before activating PC-specific PLC for the prolonged response 

(Pacini et al., 1993). Hi addition, most of the DAG produced is quickly, within 

minutes, converted to PA by the action of DAGK. PA released at the cell 

membrane has been shown, in another neuroblastoma cell line, to increase 

calcium influx into the cell resulting in an increase in GC activity (Ohsako and 

Deguchi, 1981). Lyso-PA, which can be produced by the action of PLA2 on PA 

has been shown to have both hormonal and growth factor-like activities 

(Moolenar et al., 1992). It has been shown to stimulate the activities of PLC, 

PLA2 and PLD, and cause inhibition of adenylate cyclase (Fourcade et al., 1995). 

Lyso-PA is thought to be released extracellularly and to exert its actions through 

binding to its own G-protein-coupled receptor. This, however, does not 

discount it from a potential role in EH-induced signal-transduction. Since 

localization of the EH-receptor has never been shown, it is possible that the 

cGMP-response to EH occurs in cells adjacent to those containing the EH 

receptor. Lti addition, arachidonic acid (AA) is a well known potential activator 

of soluble GC and we have shown that it has the ability to stimulate Manduca 

GC activity in homogenates (Morton and Guinta, 1992). Arachidonic acid is 

thought to be produced primarily through the action of PLA2 on phosphatidyl

choline (PQ, phosphotidyldethanolamine (PI), or phosphatidylserine (PS). So 

although, at this time the exact mechanism of EH action remains unknown it 

would seem likely that exposure of the nervous system to EH could still cause an 

alteration in the level of one or more phospholipid species, including: PC, lyso-
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PC, PA, lyso-PA, PE, lyso-PE, PS, lyso-PS, as well as the phosphatidyl-

inosotides. I, therefore, decided to take a more global approach to examining the 

action of EH by looking at its effects on a number of phospholipid species 

simultaneously. 

hi order to accomplish this aim I examined the effect of EH on the 

turnover of a niunber of phospholipid species by labeling the intact abdominal 

CNS with [32p]-o-phosphate in phosphate-free medium and exposing the CNS 

to EH for various lengths of time. Lipids were extracted under acidic conditions, 

separated via 2-dimensional TLC, and quantified by liquid scintillation 

spectroscopy, as described in Materials and Methods. The identity of the lipid 

species were confirmed by 2-dimensional TLC with known standards. The lipid 

species examined included: CMP-PA, lyso-PC, PS/PI, lyso-PA, PA, PC, PE, and 

one species present that could not be identified. Figure 3.6 shows the results of a 

series of these experiments. No significant alterations in levels of any of the 

lipid species examined by this method occurred in response to EH. Although 

there appears to be a significant drop in PC within 5 minutes of exposure to EH, 

this is only seen upon combining the data and was not significantly different 

from basal values in the individual experiments utilizing a 5 minute time course. 

The same is true for the increase seen in LPA at 5 minutes. It should be noted 

that imder the TLC conditions used PS and PI could not be separated from one 

another and changes that might have occurred in one may be masked by the 

presence of the other. Also, LPC could not be identified in one experiment at an 

exposvire time of 15 minutes. This occurred in both the basal and EH treated 
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samples and was the reflection of a problem in the TLC rather than an effect of 

EH. 

Figure 3.6 
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Figtire 3.6: Effect of EH on phospholipid turnover. Nervous systems were 
treated were labeled with [^P]-o-phosphate, treated with EH, the lipids 
extracted, identified and quantified as described in Materials and Methods. The 
results are expressed as the % of total cpm found in individual phospholipid 
species. Species were graphed by number and the identity of each is listed 
below the graph. Values are the mean ± SEM of between 5-19 determinations for 
individual time points. 

3.4 Discussion and Conclusions 

The lipid data obtained in this section of experiments do not support the 

idea that EH acts through generation of a lipid messenger, specifically one 
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resulting from the action of Pl-specific PLC Lri addition, results showing direct 

inhibiton of GC activity by 4BPB also call this hypothesis into doubt. 

For a number of reasons, however, we cannot exclude the involvement of 

a lipid messenger based on these data. For one, caveats exist within the various 

assays used. Lti the case of total DAG measurements, there is reason to believe 

that the predicted change in DAG levels may be too small to be detected by the 

assay used. The increase seen in Lns(l,4,5)P3 levels in response to EH was 

within the range of 1-10 pmoles per nervous system. It is expected that the 

concurrent increase in DAG should be of approximately the same magnitude. 

Given that the standard curve relevant for the assay used is linear over a range 

of 1-1000 pmoles and covers a change of approximately 10,000 cpm, an alteration 

in the 10 pmolar range would result in a difference of only about 100 cpm. hi 

addition, since basal DAG content of a single abdominal CNS (~2000 pmoles) 

exceeds the concentration range of the standard curve, only one-third of the 

abdominal CNS was used per DAG sample. This reduces even further the level 

of change we would expect to see to aroimd 3 pmole or 30 cpm. The SEM for 

individual time points was around 75 cpm. Thus it is highly unlikely that we 

would have been able to detect a change of the magnitude predicted. We were 

also unable to detect an increase in DAG levels in response to oxotremorine, a 

known PLC agoitist utilizing this assay method. Finally, numerous lipid-

metabolism inhibitors, including the PLC inhibitors listed in table 3.1, were 

tested for their effects on DAG levels utilizing this method and found to either 

have no effect^ or to have effects that would not be predicted based on their 

putative enzjone targets. Thus, we are unable to use the results from this set of 
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experiments to judge whether or not DAG is produced in the EH signal-

transduction cascade. 

In order to address these issues of sensitivity and also to determine if 

perhaps only one or a few species of DAG were affected by exposure of the 

intact abdominal CNS to EH we separated the various species of DAG via HPLC 

and examined the effects of EH on the individual species. It did appear that in 

some experiments one species (18:0 - 22:4), shown as peak #15, responded to EH 

with a significant increase. Interestingly, this peak also showed a decrease in 

level in response to a number of inhibitors of lipid metabolism, including those 

predicted to affect PLC and DAGK. At first it was unclear why a lowering of 

levels should occur in response to inhibitors of both PLC and DAGK, as one 

would expect levels to be increased in response to the latter. However, other 

studies have shown that use of the DAGK inhibitor (R59022), while resulting in a 

decrease of PA levels as would be expected, does not always result in a 

subsequent increase in levels of DAG (Pacini et al,, 1993). This may be due to 

interference by the inhibitor in the coupling of the receptor to PLC, or due to the 

conversion of excess DAG to monoacylglycerol. Unfortunately, it is not known 

if the changes seen in species #15 are biologically significant Using the 

extraction and derivitization methods described in Materials and Methods 

results in approximately 75% of the detectable DAG being one species, 

tentatively identified as 16:0-22:4, and in the case of minor DAG species (such as 

#15) a large amount of variation in peak area existed from assay to assay. Many 

other extraction methods were tested in an attempt to overcome these problems. 

These methods resulted in an increase in the number of species obtained, and 



91 

also an increase in the percentages of minor species, especially those occurring 

early in the HPLC profile. Unfortunately, the species ttiat these peaks 

represented were not easily identified using the relative retention values 

reported by Takamura, (1986). Thus, it is not known whether the results 

reported represent the actual distribution of DAG species within the Manduca 

nervous system, or whether the alteration in levels of species #15 actually occxars 

in response to exposure to EH. 

In the series of experiments evaluating the formation of CMP-PA in 

response to EH, the use of oxotremorine as a positive control did result in a 1.7-3 

fold increase in CMP-PA formation. This result agrees with previous data 

showing a 1.7 fold increase in [^PlJ-inositol phosphate levels in respnse to 

oxotremorine in this system (Morton and Simpson, 1995). In addition, when the 

assay was first performed, EH containing HPLC solvent was used as an agonist 

and this resulted in a significant increase in CMP-PA formation apparently from 

the ability of acetonitrile to dissolve the lipid bilayer. Interestingly, the inclusion 

of 4BPB was able to block this increase. From this evidence it seems that this 

assay should have been able to detect an effect of EH on CMP-PA levels if one 

occured. However, no change in CMP-PA level was seen in response to EH over 

a 15 minute time course. There are numerous possible explanations for this 

finding: the changes in CMP-PA could be very small and/ or transient, or EH 

could act through stimulation of some other pathway rather than Pl-specific PLC 

stimulation. 

For this reason a more global approach was taken to examining the effects 

of EH on the generation of lipid messengers. In order to do this I examined the 
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effect of EH on the turnover of a number of phospholipid species. The 

phospholipid species examined included: CMP-PA, lyso-PQ PS/PI, lyso-PA, 

PA, PC, PE, and one species present that could not be identified. In this case the 

positive control oxotremorine was not tested. A general decrease was seen, 

however, in response to acetonitrile, so it is known that alterations in the levels 

of phospholipids can be detected using this method. This method has also been 

used successfully in other studies (Fourcade et al., 1995; Allen et al., 1976; Allan 

and Thomas, 1981) although other sources of tissue were used. It has been 

shown, through the measurement of Itis(l,4,5)P3 levels (Morton and Simpson, 

1995), that the abdominal CNS retains its ability to respond to EH after a 4 hour 

incubation in HEPES buffer of approximately the same composition as that used 

during phospholipid labeling. Nevertheless, no consistent changes in levels of 

any of the phospholipids tested were seen in response to EH. It should be noted 

that under the TLC conditions used, PS and PI could not be separated from one 

another and changes that might have occiured in one may be masked by the 

presence of the other. 

In conclusion, although the evidence found through this series of 

experiments does not support EH-stimulated involvement of a lipid messenger, 

neither does it allow us to discotmt the possibility. For one thing, there is a huge 

amount of interconversion between lipid messengers, and it would be 

impossible to say that we had examined either all of the possible lipid 

messengers which could be generated, or all of the possible precursors. In 

addition, alteration in lipid messengers often occurs on the time scale of seconds 

rather than minutes, and in most cases the shortest EH exposure time examined 
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was 1 minute plus additional time which occured during the homogenization 

process. There also exist several limitations within some of the assay methods 

used. Thus, based on the previous evidence showing the generation of 

Ins(l,4,5)P3 in response to EH, and the effects of multiple inhibitors of lipid 

metabolism, we must still conclude that EH may act to stimulate soluble GC 

activity through the generation of some short lived, minor or unidentified, lipid 

messenger. 

To further our understanding of the type of GC utilized by EH and also 

to gain insight into the EH signal-transduction pathway, through determination 

of the regulatory mechanisms which control this GCs activity, we next decided 

to clone and characterize GC enzymes found in the Manduca abdominal nervous 

system. 
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CHAPTER 4 

CLONING AND CHARACTERIZATION OF A NOVEL GUANYLYL CYCLASE 

FROM THE CNS OF MANDUCA SEXTA WHICH DOES NOT CONTAIN A 

LIGAND-BINDING, KINASE-LIKE, OR HEME-BINDING DOMAIN 

4.1 Introduction 

From its inception, the purpose of this project has been to further our 

understanding of GC function, and regulation by signal-transduction cascades, 

using the Manduca sexta response to eclosion hormone as a model system. In the 

first section of this study I further characterized the GC activity stimulated by 

EH in the Manduca abdominal CNS. Based on results from this work and 

previous findings, we hypothesize that EH acts to stimulate a non-receptor GC 

that is insensitive to NO. The major findings that support this hypothesis are 

that EH caimot stimulate GC activity in broken cell preparations, even under 

conditions which allow ligand-dependent stimulation of other receptor GCs, and 

that the cGMP staining pattern seen in response to EH cannot be mimicked by 

application of the NO-donor SNP. Although NO is certainly not the only agent 

capable of stimulating soluble GC activity, it is expected that all soluble GCs 

would be sensitive to stimulation by NO based on the presence of tfieir 

associated heme moiety. Thus, it appears that EH stimulates activity of a novel 

form of GC. Only recentiy have there been reports of this type of GC activity in 

the literature. First; a novel GC has been cloned from rat kidney cDNA (Kojima 
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et al., 1995). This clone (ksGQ appears to contain both a kinase-like domain 

and a catalytic domain characteristic of receptor GCs, but does not contain a 

ligand-binding or transmembrane domain. It is predicted by sequence analysis 

to be cytoplasmically localized, yet to contain a receptor type catalytic domain 

and to be insensitive to NO. Unfortunately, these sequence-based predictions 

have not yet been tested. Second, a cj^plasmically localized, NO-insensitive 

GC activity has been found in the nervous system of lobster (Prabhakar et al., 

1997). This form can be separated from a less prevalent, NO-sensitive form by 

anion exchange HPLC. In order to examine the possibility of finding and further 

characterizing a similar, novel GC from Manduca sexta, we decided to clone the 

GCs present in Manduca abdominal central nervous tissue. 

The original cloning scheme for this portion of my project was started by 

Dr. Alan Nighom, a postdoctoral fellow in the Morton laboratory. He and 

others designed degenerate primers to two highly conserved regions 

(DVYKVETI and MPRYCLFG) found within the conserved catalytic domain 

present in both soluble and receptor GCs. They then used RT-PCR with these 

degenerate oligos to amplify this region within Manduca central nervous tissue 

mRNA- The PCR products obtained were gel isolated and cloned into the vector 

pCRn and sequenced (Nighom et al., in preparation). From this eight different 

partial GC clones were obtained, five of which appeared to represent receptor 

GCs and three which appeared to represent soluble GCs, based on preliminary 

sequence anaylysis. I chose to obtain the full-length clone and characterize one 

of the receptor GCs, MsGCL This clone, based on preliminary sequence analysis, 

contained a receptor GC type catalytic domain. RACE (Rapid Amplification of 
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cDNA Ends) analysis, however, suggested that this clone was too small to 

contain all of the necessary domains for a receptor GC. Thus MsGCI displayed 

the potential to be a NO-insensitive, soluble GC, as would be expected for the 

GC stimulated by EH. For this reason, I began further investigation of the 

MsGCI cDNA clone and its protein product 

4.2 Materials and Methods 

Library construction and screening 

Library construction was performed by Dr. Alan Nighom as described in 

Nighom et al., (in preparation). Library screening was carried out using a 

[32pjdCTP labeled DNA probe generated from the MsGCI conserved domain 

PCR fragment Single-stranded DNA probes, labeled with were generated 

in a 20 III PCR reaction that contained 50 ng of linearized template DNA, 200 

pmoles of specific primer, dATP, dGTP and dTTP each at 200 ^iM, 50 |iCi of 

[32p]dCTF (3000 mCi/ml), 2 mM MgQ2, Ix PCR buffer H, and 2 units of 

Amplitaq Gold (Perkin Elmer). Thirty-five cycles of PCR were performed with a 

Perkin Elmer 9600 thennocycler, these cycles consisted of 94® C for 20 seconds, 

50° C for 30 seconds, and 72° C for 3 minutes each. Unincorporated nucleotides 

were removed by precipitation with sodium acetate and ethanoL The library 

was screened using nitrocellulose filters (Schleicher and Schuell) that were pre-

hybridized (50% formamide, 5X SSPE, 5X Denhardts, 1% SDS, 10% dextran. 

sulfate, 100 ng/ml sonicated salmon sperm DNA) for 1 hour at 42° C and then 

hybridized at the same temperature with probe (10^ cpm /ml) overnight^ 
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foUowed by washing (IX SSPE, 0.5X SSPE, O.IX SSPE, O.IX SSPE ® 50° C, 20-30 

minutes each). Tertiary screen positives were used to infect XL-l-blue bacteria 

and grown up overnight Phagemid were rescued using the EXAssist/SOLR 

system (Stratagene). The DNA was purified using alicaline lysis and spin 

columns (QIAprep Spin Plasmid Kit QIAGEN) then sequenced in both 

directions using automated sequencing (ABI) and a primer walking strategy 

with sequencing primers designed using Oligo 4.0 (NBI). 

DNA sequencing and Sequence Analysis 

Most sequencing was done in an automated sequencing facility running 

an ABI model 377 sequencer. Sequence analysis was performed on a Macintosh 

LC475 computer running Geneworks (Intelligenetics) DNA analysis software. 

Blast analysis (AJtschul et al., 1990; 1997) was performed using the NCBI 

database at the National Library of Medicine (NIH). Protein sequence 

alignments were performed using CLUSTALW 1.7 and the Baylor College of 

Medicine search launcher. 

Northern blot analysis 

Manduca abdominal CNS tissue, from insects -24 to -4 hours before pupal 

ecdysis, was dissected and homogenized in the presence of Trizol (Gibco BRL) to 

obtain total RNA. Poly A"*" RNA was then further isolated by application to a 

oligo-dT column. Five jig poly A"^ RNA per lane was then denatured and 

separated by electrophoresis on a 1% formaldehyde-agarose geL After 

electrophoresis the RNA was blotted onto a Zetaprobe membrane (Bio-Rad) 
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using capillary transfer. The blot was UV cross-linked, dried completely and cut 

into strips. The strips were pre-hybridized for 2 hours, in a hybridization 

solution consisting of 50% formamide, 5X SSPE, 5X Denhardts, 1% SDS, 10% 

dextran sulfate, and 100 ng/ml sonicated salmon sperm DNA, at 42° C. After 

this, single stranded, labeled, DNA probes were added to the individual 

strips at a concentration of 10^ cpm/ml and the membranes were incubated at 

42° C overnight The following day the blots were washed in IX SSPE, 0.5X 

SSPE, O.IX SSPE and O.IX SSPE @ 60° C, for 20 - 30 minutes each. 32p labeled 

probes were prepared as described above for library screening. For catalytic 

domain probes the conserved domain PCR fragment was used as a template, all 

others used the full-length MsGCI clone. Probes designed to hybridize to the 3' 

end of the MsGCI transcript used template DNA that had been cut with 

restriction enzymes 3' of the catalytic domain and used a T7 primer (probes 5, 6, 

and 7). Probes designed to hybridize to the 5' end of the MsGCI transcript used 

template DNA restriction cut at the extreme 5' end of the clone and used internal 

primers designed to start various distances from the 5' end of the catalytic 

domain (probes 1 and 2). Two catalytic domain probes were made. Probe 3 

was designed to compliment the entire conserved catalytic domain fragment and 

was generated by cutting the PCR fragment at the extreme 5' end and priming 

with T7. For probe 4, the cloned PCR fragment was completely excised from 

vector and an internal primer designed to amplify the 5' end of the clone was 

used (see figure 4.5). 
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Expression in COS cells and regulation studies 

To examine the expression and regulation of MsGd, the full-length 

MsGd ORF was subcloned into tiie mammalian expression vector pcDNAS.l 

and transiently transfected into COS-7 cells using a lipofectamine (Gibco BRL) 

based protocol. Approximately twenty four hours before transfection COS-7 

cells were passaged into 35 mm dishes and transfected upon reaching between 

50-80% confluency. For each dish, 1 jig of DNA was diluted 1 |xg/100 pil in 

serum free medium and combined with an equal volxune of lipofectamine 

reagent (Gibco BRL) diluted 1:10 in serum free medium. The mixture was 

allowed to incubate 30 minutes at room temperature, further diluted 1:10 with 

serum free medium and added to the cells. Cells were incubated at 37° C in a 

C02 incubator for 8 hours before the transfection solution was replaced by 

complete DMEM medium. Cells were allowed to grow for approximately 60 

hours before being harvested in homogenization buffer and assayed for 

guanylyl cyclase activity as described in the Materials and Methods section of 

Chapter 1. 

In experiments examining the effect of AA on MsGCI activity AA was 

dissolved first in ethanol to a concentration of 160 mM. This solution was then 

diluted 1:40 in 10 mM NaOH and dispersed by sonication. A final concentration 

of 100 pM was then added in each reaction mixture. A solution of 100% ethanol 

was treated in parallel and used as a control. Values obtained for control 

samples were subtracted from values obtained for AA treated samples prior to 

reporting the results. In experiments where intact COS cells were treated with 
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PMA, the phorbol ester was dissolved in DMSO and added to cells at a final 

concentration of 200 nM. DMSO diluted to the same extent was used as a 

control. 

Size exclusion HPLC 

Size exclusion HPLC separation of MsGCI products was performed as 

described in Thompson and Garbers (1995). Transfected COS-7 cells were 

harvested in a buffer consisting of 100 mM NaQ, 25 mM HEPES, pH 7.4 and 10 

mM DTT containing a protease inhibitor cocktail (4-(2-aminoethyl) 

benzenesulfonyl fluoride, trans-epoxysuccinyl-L-leucylamido (4-guanidine) 

butane, bestatin, leupeptin, aprotinin and sodium EDTA; 0.1 mg/ml). After 

homogenization, cells were centrifuged for 5 minutes at 1000 x g to remove large 

particulate matter. The soluble and particulate fractions of the homogenate were 

then separated by further centrifugation at 100,000 x g for 15 minutes at 4° C. 

HPLC was nm on a Bio-Rad, Bio-Sil SEC-125 column using an isocratic gradient 

in the same buffer as the cells were harvested in. The flow rate was 0.5 ml/ 

minute and fractions were collected every 0.2 minutes (100 |il) and tested for GC 

activity. 

Antibody production and western blot analysis 

A glutathione-S-transferase fusion protein of MsGd was made in the 

following manner. The MsGCI cDNA clone was cut with Mun I and Xho I to 

give a 3' fragment which consisted of bases 1172-2560 (see Fig.4.3). This 

fragment was gel purified and ligated into, EcoRI and Xho I digested, pGEX 4T-2 
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vector (Pharmada Biotech). This resulted in an in-frame insert of the 3' end of 

MsGCI contiguous with DNA encoding GST present in the vector. That the 

DNA was in-frame and translated to produce a fusion protein was confirmed by 

DNA sequence analysis of the vector/insert interface and translation of the 

resulting sequence on Geneworks. 

This construct was then used to transform BL-21 bacteria. Transformed 

bacteria were grown to a volume of 2 liters and protein production was induced 

by the addition of 100 mM IPTG. Following an additional 3 hours of growth 

with vigorous shaking, at 37° Q the cells were harvested and lysed by exposure 

to detergents and sonication. The GST-fusion protein was extracted by 

incubation with glutathione conjugated sepharose beads (Pharmacia Biotech) 

overnight at 4° C The beads were then collected and washed three times with 

PBS. The GST fusion protein was eluted by application of freshly prepared, 

reduced, 25 mM Glutathione followed by 100 mM Glutathione and 6 N 

Guanidine HQ to the colximn. Separate fractions were collected for each elution 

step. Protein concentration was determined by Lowry assay (Lowry, 1951) and 

fractions containing protein were pooled and lyophilized. The size of the 

resulting protein was determined by western blot analysis using anti-GST 

antisera. Multiple bands were present in the preparation, but the most 

predominant of these bands was of the predicted -42 kD size. This protein was 

then sent to HTI Bio-Products Inc. (Ramona, Ca) where it was used to immunize 

rabbits. Multiple bleeds were taken from each of two rabbits over a 2-3 month 

period. Serum from various bleeds of both rabbits were tested to see which gave 

the best results on western blot analysis and then used to determine if MsGCI 
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was present in both transfected COS-7 cells and Manduca abdominal CNS 

extracts. 

For Manduca nervoxis system western blots, 20 abdominal central nervous 

systems were dissected per ml buffer. These were placed in homogenization 

buffer plus sucrose (as described for the GC assay) plus a protease inhibitor 

cocktail consisting of (4-(2-aminoethyl)benzenesulfonyl fluoride, trans-

epoxysuccinyl-L-leucylamido (4-guanidine) butane, bestatin, leupeptin, 

aprotinin and sodium EDTA; 0.1 mg/ml) and centrifuged to separate soluble 

and particulate factions. SDS sample buffer was then added to each sample at a 

final concentration of 4% SDS, samples were boiled for 5 minutes and then 

frozen until use. Fifty fxl of these samples/lane were electrophoresed on a 10% 

polyacrylamide gel and then transferred to PVDF membrane on a semi-dry 

transfer unit (BioRad). After transfer, the membrane was blocked for several 

hoxirs to overnight in a 5% BSA/PBS solution and then exposed to primary 

antibody diluted 1:1000 in blocking solution overnight at room temperature. 

The membrane was then washed in PBS-Tween (0.1%) several times for 15 

minutes each, placed in a non-fat dried milk block (5%) and blocked for 3-4 

hours. Secondary antibody (goat anti-rabbit-HRP, Jackson Laboratories) diluted 

1:10,000 in block solution was then added and the membranes incubated for 1-2 

hours at room temperature. Blots were then washed four or more times in PBS-

Tween for 15 minutes each. Detection of HRP was accomplished by use of an 

enhanced chemiluminescence system (Amersham) and subsequent exposure of 

the blot to film. 
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Samples of transfected COS-7 cells collected for western blot analysis 

were processed in the same manner as above, six 35 mm plates were harvested 

per ml of buffer. In cases where separation of soluble and partiailate fractions 

was not desired, cells were harvested directly into SDS sample buffer and 

protease inhibitors were not included. Western blot analysis was also performed 

as described above although in the case of COS-7 cell samples primary antibody 

was diluted 1:20,000 rather than 1:1000, and between 15-50 nl of sample was run 

per lane. 

Riboprobe generation and in-situ hybridization 

Digoxigenin (Beohringer Manheim) labeled riboprobes were generated 

for use in in-situ hybridization. Both the sense and antisense directions were 

made with T3 and 17 RNA polymerase (Gibco-BRL), respectively, as described 

by Komminoth (1996). The entire linearized cDNA clone for MsGCI was used as 

a template. DNA was removed after the riboprobe was generated by treatment 

of the samples with DNAse L Unincorporated nucleotides were removed by 

precipitation with sodium acetate and ethanol. The resulting riboprobes were 

then hydrolyzed to an average size of 150 nucleotides using alkaline hydrolysis 

as described in Cox et al., (1984). Fragment size was evaluated by 

formaldehyde-agarose gel electrophoresis. Probe concentration was estimated 

by dot blot assay (Boehringer Mannheim) and used at a concentration of 40-400 

Pg/l^. 

For in-situ hybridization, abdominal central nervous tissue was dissected 

from -24 to -4 hour prepupal insects, placed immediately in 4% 
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parafonnaldehyde/PBS fixation solution and incubated overnight at 4° C The 

nervous tissue was then pretreated as follows: collagenase (2 mg/ml PBS) for 30 

minutes at room temperature, 0.2 N HQ for 20 minutes at room temperature, 2X 

SSC for 30 minutes at 70° C, Proteinase K (100 ng/ mi) for 30 minutes at 37° C; 

with 5-10 minute PBS wash steps in-between. Tissue was then post-fixed in 4% 

paraformaldehyde/PBS for 20 minutes at room temperature. After post-fixation 

nervous tissue was treated with 0.25% acetic anhydride/ 0.1 M TEA buffer for 10 

minutes at room temperature. Tissue was then thoroughly washed in PBS and 

placed in hybridization solution (5X SSPE, 50% formamide, 5% dextran sul^te, 

IX Denhardts solution, 500 mg/ml sonicated salmon sperm DNA, 250 mg/ml 

yeast tRNA) minus probe for 1-2 hours at 50° C. At the end of this time 

denatured probe was added to this solution at the desired concentration and 

samples were incubated overnight at 50° C Samples were then washed in 2X 

SSC three times for 5 minutes each and treated with RNAse A (20 |ig/ml) for 30 

minutes at 37° C Samples were then washed twice with 2X SSC and once with 

IX SSC at room temperature for 30 minutes each, followed by three washes in 

0.1 XSSC for 20 minutes each at 50° C. Tissue was then blocked in a solution of 

PBST containing 2% normal sheep senim and 2% cold-water fish gelatin for 1 

hour at room temperature. Alkaline-phosphatase-conjugated anti-digoxigenin 

antibody was then added to the blocking solution at a 1:2000 dilution and 

incubated overnight at 4° C The next day tissue was washed in TBST three 

times for 30 minutes each followed by two washes in TBS (pH 7.5) for 15 

minutes each and a final wash in TBS (pH 9.5) for 5 minutes. AP-conjugated 

antibody was detected using a BCIP/NBT substrate solution (Amresco), 
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incubated in the dark for between 1-4 hours. Staining was stopped by transfer of 

nervous tissue to TBS (pH 7.5). 

4.3 Results 

4.31 Sequence and Structure Analysis 

Five full-length copies of the MsGCI clone were obtained from screening 

two independently made Manduca abdominal CNS tissue cDNA Libraries. 

These libraries were constructed with tissue from -24 to -4 hour prepupal insects 

because at this time insects show sensitivity to EH. Hybridization was 

performed using a [^^P] labeled probe made from the conserved domain PGR 

fragment (see introduction). The full-length MsGCI clone is 2560 bp long (Fig. 

4.1) and contains a 1500 bp open reading frame (ORF). The open reading frame 

begins with an ATG start codon at position 108. This codon is preceded by C at 

the -5 position and A at the -3 position. Both of these residues, at the given 

positions, have been found to be highly conserved within the Kozak consensus 

sequence for eukaryotic initiation sites (Kozak, 1983; 1984). The ORF ends with a 

stop codon located at position 1608, which is followed by a 3' untranslated 

region and a poly A"*" tail. One in-frame stop codon precedes the start of the 

ORF, a TAG sequence at position 51, as well as numerous other out-of-frame 

stop codons. 
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Figure 4.1 

cgttcgtagt ccgctacgcg 
tagacattgt ttgactgtga 
tactaaaATG TCGCTGGTGC 
GGCGGGCGGT CAGCCCCCTG 
GCCTGCGACT ACTGCGCAGC 
GGAGAIGCGT AACCGCGGCA 
CCCTCACCGG GGAACCACCC 
TTCTCCGCAC TCAAAGAAAA 
AICAACTCGG CTGGAXAIGC 
AICTGGAGGC TTTGGTGGAG 
AGGAAAIGCG AGGAACTGCT 
TCAGCTCAIA ATGGGCCAGC 
CGATCTACTT CAGCGACATT 
ACGCCGTTGG AAGTCGTCGA 
TTCCATTAXT GAGAACTTCG 
CGTACATGGT GGTATCAGGG 
GCTGAAAICG CTCGGATGTC 
GACTGTGCCG CAICGACCGG 
ATACAGGTCC ATGCGTAGCA 
TGTCTCTTTG GAGACACAGT 
CGAGGCACTA AAAATTCATG 
TTTACGACTG CTTCGAGCTC 
AAGGGCAAAA TGACAACGTA 
TCAAGACAAT CCTAAIGAGG 
AICCGAGCAT TACTTTCCAA 
ACACAAAGTC ACAGCCCAGA 
ACCCGTCGAA ATTAIGAACG 
CGTTTGTTGC AAAAGATCTC 
TTCAGAAAAI CACAAAGTGC 
AATTTGTAAT GGCAAIGAGA 
AATTAGTCAT CAGCAAAGGA 
AGTTGTGTCA TTACTGAAGC 
TGAAGACtqa gacgcccaat 
ctaaaggtac ttagattcta 
atgaatttaa ctgatatcag 
ccagaactaa aaacctagtc 
ttatgtgttg aaatagtgta 
cgaattctaa ttaagtatag 
aatttaaatt: aagaatacat 
gaatattatg tgtgaatatg 
cccgtagtat ttttactgac 
tgtatactca aatgtaatgt 
gtgctgactc gtggacttga 
atatcatcgt ttattaattt 
atataaattt tccctaattt 
agtagggttc gaaaaattaa 
tagagacaga ttataatttt 
aattcaagag atctctatct 
accgttgttt aagtacaata 
tttatattaa attgtttcaa 
ttaattgttt tcgattatgt 
aaaaaaaaaa 

cgCagccgta gcagccccgt 
agtgactgta aactgCgact 
CGCCTGGTGG GGCGGACTCG 
CTCGAAAXGC GTCGGCCACA 
CATTCTCGAA GATAAAITTA 
CTTCACCGCT CTCAGCGTCA 
TGGACCTTGC CGGAIGRCGA 
CATACACAGA. ATCAACAAGG 
TTCTGACGCA AGTGGAACAG 
GAACGAACGT CAGACTAICT 
TTACCAGTTG TTACCGAAGT 
CAGTMIGGC GGAGACGTAC 
ATTGCATTCA CGCAATTGTC 
CCTTCTCAAC GATTTGTACA 
ACGTTTATAA GGTGGAGACC 
TTACCGATGC GTAATGGCAA 
TCTGGCGCTT CTCAACGCGG 
GGGAGCGGTT ACTGCTTAGA 
GGAGTAGTTG GTCTCAAGAT 
GAACACCGCT TCCCGAATGG 
TCAGTCCTAA AACTAAAGAA 
GACTGCAGAG GAGAGATAAC 
TTGGTTATTA GGCGAGAAAG 
CAATTGACAC ACGAAAIAAC 
GGACCTGACA GTCCCGCTTC 
TCAAAGCGAG AICAAAGAAA 
AAAGGGATCG CATAAAACAT 
AITAATAATA TAGACAATGC 
TACGTTCACT TCTACAAIGA 
AAGGCCTTAT CACTCCTACA 
AAAGTTAGGG ATGTCGTCAA 
AAAAGCCACA AAAAATAAAC 
agaacaaaac acgcgctttt 
tataaatgct tatagatata 
tgCtttgrgc caagcacatg 
attattgtaa agaCttattt 
gtttagtgtt gtgggtgact 
atatttaaat gccttagaga 
tcgccaacgc gaatttgaaa 
aaaaatctat attgtattat 
cttttatact tccgtatctt 
aagtcatctt tgtcgtcggc 
ggtatcacgg acatgacatt 
ctatattgat actcgtagaa 
tagagcattg tatttcactg 
cattatcaaa gagcctcgtc 
agcgtacaag gttgtttgtg 
ggtigtaacca aattaagtgt 
tattttaaca gagctgtgaa 
gtrtcttttta gtctaaacac 
cgcgaataaa aatattaata 

gttccgatcg 50 
acaactttgc 100 
CCGAGCCCAC 150 
CTGCACTCTT 200 
AACGTAGCGC 250 
CCACGCCAGT 300 
CCGTCCAGAT 350 
ACTGCGAAAC 400 
TACGCAAACA 450 
TGAGGAGAAG 500 
CAGTGGCATC 550 
GACCAGGTGA 600 
AGCAGAAXCT 650 
CGAGTTTCGA 700 
ATAGGCGACG 750 
CCGTCAIGCA 800 
TTCGAGTGAA 850 
AITGGCATGC 900 
GCCACGTTAC 950 
AGTCCCACGG 1000 
GTACTAGATC 1050 
GATGAAAGGC 1100 
TTCCCCAACA 1150 
GTTGTCAACA 1200 
GCATTCACTA 1250 
ACAACCATAA 1300 
GAAATAGCAA 1350 
CGTGAAAGAA 1400 
CTAATAAACC 1450 
TATGACAAAG 1500 
CAGAITTAAT 1550 
CCTTAAAAAC 1600 
cctgtccggt: 1650 
ccgcggcaaa 1700 
aatgtagata 1750 
aaacatacac 1800 
aagaaccccc 1850 
tgatacgtat 1900 
gatgtagtga 1950 
acactcagac 2000 
tctagtccat 2050 
ttagaattaa 2100 
actacgctta 2150 
tatagatgct 2200 
ttcatgcgtt 2250 
ctgttatgtc 2300 
ttraacgtagc 2350 
ttattgtgat 2400 
tttCatcttg 2450 
aatgtgttgc 2500 
taattaaaaa 2550 

2560 

Figure 4.1; Full-length cDNA sequence for MsGCL The ORF (108 -1608) is 
shown in upper case lettering. The ATG start codon, preceding TAG (51) and 
ending TGA stop codons are shown in bold and underlined. 
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The ORF appears to translate into a 500 amino add. protein which 

displays highest similarity to atrial natriuretic peptide receptor-B (GC-B) by 

BLAST analysis. Figure 4.2 shows the protein alignment of MsGCI to GC-B and 

also the recently discovered ksGC As can be seen in this figure and also in the 

following structural schematic (Figxire 4.3), MsGCI shows high similarity (60% 

identity) with GC-B within the catalytic domain (GC-B, 786-1047; MsGCI, 89-

351), yet preceding the start of the catalytic domain contains a region of only 89 

amino acids. This region does not appear to contain signal sequences, ligand-

binding domains, transmembrane domains or kinase-like domains, which are 

signature domains for membrane associated receptor GCs. The MsGd protein 

appears to begin within the C-tenninal region of the kinase-like domain (GC-B, 

513-786) just prior to the start of the putative receptor dimerization domain (GC-

B, -798-838; by alignment with mature GC-A), identified in GC-A (781-828) by 

Wilson and Chinkers (1995). This dimerization domain has a high content of 

amphipathic helices and is suggested to form a coiled-coil structure. The N-

terminal region of MsGCI (amino acids 1-89) shows only 12% identity with the 

GC-B kinase-like domain and visual examination of the sequence reveals that 

there is no consensus ATP binding site (G-Xa-Xa-Xa-G; Duda et al., 1993; 

Goraczniak et al., 1992) within the N-terminal region of the MsGCI sequence. 

Within the putative dimerization domain, MsGCI (103-143) shows 71% identity 

with GC-B and Gamier protein structure analysis (Gamier et al., 1978) predicts 

this region to be almost completely alpha-helical in content The C-terminal of 

the protein extends 149 amino acids beyond the end of the GC-B catalytic 
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Figure 4.2 

ANPB 1 MaLPSrXLWaALAGGVRPPGAHNLTLAWLPEHNLSYAWaWPRVGPAVaLAVEALGRALPVDLRFVSSE KaCC 
MsGCI 
ANPB 71 LOGACSEYLAPLR&VDLKLYHDPDLLLGPGCVYPAASVaRFaSHWHLPIXTAGAVaSGFaAKNEHYRTLV 
KaGC 
MaGCr 
ANPB 141 RTGPSAPKLGEFWTLHGHETIWTARAALLYLDARTDDRPHYFTIEGVFEAI.QGSNI.SVQHQVYTREPGGP 
KsGC 
MsGCr 
ANPB 211 EQATHFIHANGRIVYICGPLEMLHEILI.QAQRENLTNGDYVFFYLDVFGESUIAGPTRATGRPWQDNRTQ 
K3GC 
MaGCI 
ANPB 231 EQAQALREAFQTVLVITYREPPNPEYQEFQNRIXIRAHEDFGVELAPSIJflJLIAGCFYDGirXYAQVLNE 
KaGC 
MaGCI 
ANPB 351 TIQEGGTREDGLHIVEKMQGRRYHGVTGr.WMDKNNDRETDFVt,WaMGDLESGDFQPAAHYSGAEKQIWW 
KaGC 
MaGCI 
ANPB 421 TGRPIPWVKGAPPLDNPPCAFDLDDPSCDKTPLSTLAIVALGTGITFIMFGVSSFLIFHKLMLEKELASM 
KsGC 
MsGCI 
ANPB 491 LWHIRWEELQFGNSDRYHKGAGSRLTLSLHGSSYGSIWrAHGKYQIFANTGHFKGNWAIKHVNKKRIEL 
KaGC 
MsGCI 
ANPB 561 THQVI^LKHMHDVQFNHLTRFIGACIDPPNICIVTEYCPRGSLQDILENDSINLDWMFHYSLINDLVKG 
KsGC 
MsGCI 

ANPB S31 MAFLHNSIISSHGSLKSSNCWDSRFVLKITDYGLASFRSTAEP. . .DDSHALYAKKLWTAP^LSGNPL 
KaGC 1 MLFLHGSPLRSHGNLKPSNCLVDSHMQLKLAGFGLWEFKHGSTCRIYNQEATDHSELYWTAPaijLRLHEI. 
MsGCI 1 MSnVPPGGA 

ANPB S38 PTTGMQK 
KsGC 71 PGP.APB 
MsGCI 10 OSP.SPF 

ANPB 767 RC 
KsGC 140 A( 
MsGCI 70 P 

ANPB 836 QI 
KaGC 209 Tl 
MsGCI 140 QI 

ANPB 906 
KsGC 279 
MaGCI 210 

ANPB 976 
KsGC 349 
MaGCI 280 

ijYSFAIILQEIALRSGPFYI^C 
fSFAILLRDLIHQQAHGPFEE 

JSPIiEMRRPHCTLACDYCAAI 

I DLSPKEIVQKVRNGQB 
I EAAPEEIISCIKDSB 
QEDKFKRSAEMRNRGTS 

f|. YFRPSIDRTQLNEELVIXME 
rPLHPSIXEDKGDERIVALVR 

LS..ASPRQSLTGE 

LPDD 
|GQ]®GFIHHFNKEGG . TS] 
PSm^TLREASPRGR, VSI 
SAqSENIHRINKDCETSTI 

LLLRfE 
CQLV MMGK 

Dssm GFTlil LLNDLK r 
LLNDLY SnF 

NE 3VYKV 
raCTH 3VYKV 

ikNEfevYKV 
HFES l/TI GFTF HWOLLNDLYir TYDOVTI 

BJILRIC VBTG! 
LRIC I iTG 

VOAGWC 
av\ AGWC davssfrirBp 

SVTTNFQIC® 
AVRVKTVME 

GLII RN 

DELGCFffl 
LVAGGYHI 
DLYDCF^ 

1 ASRMES »GQ DVE^ 
IS\ ^ ASRMES SSLai R IHV 

RYCLFGDTVNTIASRMSSEGE ITMKGKQKMTITO 
:dgfavp 
KVPQHQ 

ANPB 1038 ERKGPPGLL 
KsGC 418 LPEFTEEEAKVPEIL 
MaGCI 350 DNPNEAIDTRNNWNNPSITFQGPDSPASHSLTQSHSPDQSEIKENNHKPVEIMNERDRIKHEIATFVAK 

ANPB 
KaGC 
MaGCI 420 DLINNIDNAVKEFHKSQSATFTSTMTNKPICNGNEKGLITPTYDKEI.VISKGKVRDVVNRFNSCVITEAK 

ANPB 
KaGC ••••••••••* 
MaGCI 490 ATKNKPLKTED 

Figvire 4.2: Protein sequence alignment of GC-B (ANPB)/ KsGC and MsGCL 
Identical residues are boxed. 
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Figure 4.3 

1 513 798 1079 

GC-B Extracellular I BCinase-like H Catalytic 

1 103 351 500 

MsGCI •I Catalytic 

GST 

312 377 619 

SGC (beta 1) Heme-binding • Catalytic • 
Signal sequence 

Figure 4.3: Schematic of structural relationship between GC-B, MsGCI and the 
beta 1 subunit of a soluble GC. Domains are defined on the schematic. 

domain and does not show significant homology to any proteins found within 

the NCBI database. A similar relationship is seen between MsGCI and ksGC. 

MsGCI contains a lesser amount of kinase-like domain on the N-terminal end 

and extends approximately 140 amino acids beyond the C-terminal end of ksGC 

Although ksGC and MsGCI both appear to be novel GC isoforms there is no 

significant structural or sequence identity^ between them outside of the catalytic 

domain. 

Transmembrane H Dimerization 
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Phylogenetic tree analysis, using the unweighed pair-group method with 

(trithmetic mean (UPGMA, Nei, 1987), of receptor and soluble GC catal}rtic 

domains, the most conserved domain between the two, clearly groups the 

catalytic domain of MsGCI with receptor GCs (Fig. 4.4). When compared in a 

pairwise fashion, MsGCI shows only 33% identity with the catalytic domain of 

sGCs (Rat j31 subunit) while showing 60% identity with GC-B. The N-terminal 

end of MsGCI shows no significant identity with the pi heme-binding domain 

and 18% identity with the 31 dimerization domain. The pi subunit was chosen 

for comparison because there seems to be general agreement that the N-terminal 

region of this subunit is necessary for heme binding to the sGC heterodimeric 

protein. The N-terminal region of MsGCI does contain one histidine residue, but 

demonstrates very little identity within the surrounding residues when 

compared to the His-105 region of the pi soluble subunit His-105 is thought to 

be the axial ligand for the associated sGC heme moiety (Wedel et cil., 1994). This 

histidine, in MsGCI, is not preceded by a leucine residue in the -4 position as are 

the proximal histidine residues in all vertebrate hemo- and myoglobin proteins 

found to date (Wedel et al., 1994). In addition. Stone and Marietta (1995) have 

compared sequences of the heme-binding domains of all known soluble GC 

subimits and foimd 25 invariant residues throughout die domain. MsGCI 

contains only two groups of residues that could possibly correspond to any of 

tiiese 25 invariant residues and they do not demonstrate the same spacing 

pattern as within sGCs. Evidence concerning the inability of MsGCI to bind 

heme and thus be activated by NO has also been validated through biochemical 

studies (see below). 
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Figure 4.4 
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Figure 4.4: UPGMA tree diagram showing the relationship between the catalytic 
domains of MsGCI, GC-B (ANPB), GC-A (ANPA) and the sGC alphal and betal 
subunits. The length of the horizontal lines is proportional to the estimated 
genetic distance (or homology) between two sequences. Numerical values for 
these distances are given above the line. The standard error of the branch point 
is included for each comparison (Nei, 1987). 

In conclusion, MsGCI sequence analysis suggests that MsGCI is a novel 

form of GC which has all the characteristics that would allow it to be 

cytoplasmically localized and yet to be insensitive to stimulation by NO. It does 

not contain a recognizable signal sequence, ligand-binding domain or 

transmembrane domain, but clearly shows highest similarity to receptor type 

GCs throughout the catalytic domaiiL It also does not contain the signature 

sequences thought to be involved in heme binding and lacks the putative, 

histidine heme axial ligand. Thus MsGCI appears to be a novel GC with 
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potentially the same type of NO-insensitive, soluble activity as predicted to 

bestimulated by the action of EH. 

4.32 Northern Blot Analysis of MsGCI Transcripts 

Qearly one of the most troublesome aspects of finding a clone with the 

predicted structural characteristics of MsGd is the possibility that it is an 

artifactually truncated form of a longer receptor GC. This is thought to be 

unlikely based on the fact that this size clone was isolated from two 

independently prepared cDNA libraries, however Northern blot analysis is 

required to show the presence of the correctly sized mRNA. Ltiitial Northern 

blot analysis, performed by Dr. Alan Nighom, using a probe made to the highly 

conserved catalytic domain of MsGCI demonstrated the existence of a correctly 

sized mRNA transcript (~2.5 kb), but also showed the presence of an additional, 

longer (~ 4 kb) form, suggesting the existence of a longer splice variant In the 

library screens that I performed a longer version of the MsGCI clone was never 

obtained even though the probes used for this and Dr. Nighom's northern 

analysis were very similar. The probe used for northern analysis, however, 

contained two very conserved regions within the catalytic region (both 

degenerate primer sequences used in the original PCR screen. Figure 4.5, probe 

3) whereas the probe used for library screening contained only one of these 

regions (Figure 4.5, probe 4). It was hypothesized that only the more conserved 

probe would allow hybridization to the longer transcript and that this transcript 
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was not a splice variant or longer version of MsGCH. but rather a form of GC 

which shares high homology only within the conserved catalytic domain. 

Figure 4.5 5 

4-

5 '—i 

1 

4-

PCR-fragment 
720 - 921 

y 

2560 

Figxire 4.5: Schematic diagram of probe design for Northern blot analysis 
(Figure 4.6). Probes are identified by number, arrowheads show orientation in 
relationship to template DNA, numbers indicate either starting or ending base 
position. The shaded box represents the ORF. The smaller conserved domain 
PCR fragment template is shown below the larger full-length MsGCI template. 

Figure 4.6 

lOK-1 
6K • • • 

4K-

3K • .. 

2K- •. 

1.5K-

IK- • 

Figure 4.6: Northern blot analysis. Riboprobes were made as described in 
Materials and Methods and shown in figure 4.5. Molecular weight markers are 
shown on the far left side of the figure. 
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To detennine whether an alternative splice variant of MsGCI existed, and 

to confirm the presence of a correctly sized transcript I performed Northern blot 

analysis using seven probes designed to span the entire length of MsGCI at 

various intervals (see Figure 4.5). The results from this analysis are shown in 

figure 4.6. As can dearly be seen only incubation with probes made to the 

conserved catalytic region resulted in hybridization to both the 4 kb and 2-5 kb 

transcripts whereas all seven probes hybridized with the 2.5 kb transcript This 

is despite the fact that the surrounding probes were designed to start and end 

directly outside of the conserved catalytic region, within 100 bases of the 

catalytic domain probes. The 2.5 kb transcript conforms to the predicted 

transcript size, based on the cDNA length of the MsGCI clone, and this suggests 

that we do indeed have a full length clone of MsGCL The 4 kb transcript 

appears to share only a highly homologous catalytic region with MsGCI and 

does not appear to be a longer splice variant It should be noted that the 

riboprobe used for library screening shows as much or more hybridization to the 

4 kb band as the probe used for previous Northern blot analysis. It is unclear 

based on these results why we have not obtained a clone of the larger transcript 

when screening cDNA libraries. It may be that our screening strategy was 

simply not exhaustive enough. Since the longer transcript does not appear to be 

either a splice varient or longer form of MsGCI I have not pursued investigation 

of the the longer transcript 
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4.33 Expression and Regulation of MsGCI Activity in COS Cells 

One of the most serious drawbacks in the report of the ksGC clone 

described earlier (Kojima et al., 1995) was the lack of data concerning regulation 

of its activity and confirmation of its structurally predicted NO-insensitivity. For 

this reason I thought it especially important to address these issues regarding 

MsGCL In order to do this the full-length MsGCI ORF was subcloned into the 

mammalian expression vector pcDNA3.1 and transiently transfected into COS-7 

cells using a lipofectamine (Gibco BRL) based protocol. As figure 4.7 shows 

there was a clear increase in guanylyl cyclase activity in cells transfected with 

the vector plus the MsGd insert versus normal COS-7 cells, COS-7 cells treated 

with lipofectamine and those transfected with vector alone. 
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Figxire 4.7 

300-1 

COS-7 +lipo. PCDNA3.1 MsGCI 

Figure 4.7: GC activity in transfected COS-7 cells. The full-length ORF of 
MsGCI was transfected into COS-7 cells and resulting GC activity measiired as 
described in Materials and Methods (Chapters 4 and 1). Values for COS-7 refer 
to activity in untreated COS-7 cells, + lipo. refers to cells treated with 
lipofectamine only, pcDNA3.1 refers to cells transfected with expression vector 
only, and MsGCI refers to cells transfected with the expression vector containing 
an MsGCI insert GC reactions were performed using Mn-GTP as a substrate. 
Values reported for COS-7 and +lipo are from only one determination. Values 
reported for pcDNAS.l and MsGCI are the mean ± SEM of four determinations. 

When transfected COS-7 cell homogenates were separated into particulate 

and soluble fractions by centrifugation the majority of the GC activity was found 

to be present in the soluble rather than particulate fraction (Fig. 4.8). These 

findings show that not only does MsGCI produce a functional proteiiv but that 

this protein is localized to the cytoplasm when expressed in COS cells. 
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Figizre 4.8 

Whole hom. Soluble Particulate 

Figtire 4.8: GC activity in the whole homogenate, soluble^ and particulate 
fractions of transfected COS-7 cells. Transfections and GC activity 
measurements were performed as described in Materials and Methods. Values 
are the mean ± SEM of four determinations. 

Both receptor and soluble GCs function, as a minimal caytalytic unit as 

dimers. Soluble GCs show activity only as heterodimers composed of alpha and 

beta subimits (Garbers, 1979; Gerzer et al., 1981; Humbert et al., 1990; Harteneck 

et al., 1991). Receptor GCs show activity only when allowed to form dimers 

(Wilson and Chinkers, 1995) and have been shown to exist as dimers, trimers, 

tetramers and higher order oligomers prior to ligand-binding (Iwata et al., 1991; 

Chinkers and Wilson, 1992; Lowe, 1992)). Receptor GCs are thought to function 

as homodimers, but have also been shown capable of forming heterodimers 

under some circiunstances (Chinkers and Wilson, 1992). Tnmcated mutants of 

GC-A containing only the hinge region (63 amino acids) N-terminal of the 

catal3rtic domain, which encompasses the dimerization domain, show dimer 
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dependent catalytic activity (Wilson and Chinkers, 1995; Thompson and 

Garbers, 1995). MsGCI appears to contain a potential dimerization domain 

based on its high similarity with other rGCs throughout this region. For this 

reason I thought that it would be of interest to determine if MsGCI functioned as 

a dimer, a monomer, or some higher xinit oligomer. In order to determine this, 

the soluble fraction obtained from transfected COS-7 cell homogenates upon 

centrifugation was further separated via HPLC using a size exclusion column 

and the collected fractions tested for GC activity. 

The predicted size of the MsGCI monomer protein, based on sequence, is 

55 kD. As can be seen in figure 4.9b, GC catalytic activity was found in fractions 

corresponding to the predicted sizes of both a dimer (MW=110,000) and a trimer 

(MW=165,000). Activity was also fotmd in fractions corresponding to very large 

aggregates of ten or more monomers. No activity was seen in fractions eluting at 

the predicted elution time for a monomer protein. Predicted elution times for a 

given molecular weight are based on the elution times obtained for a series of 

molecular weight standards (Fig. 4.9a) run under the same conditions. These 

findings suggest that MsGCI acts as either a dimer or a trimer, or perhaps in 

association with some other protein, in COS-7 cells. These findings support 

previous studies (Thompson and Garbers, 1995) suggesting that dimerization of 

rGCs is necessary for catalytic activity as opposed to ligand-binding. Although 

MsGCI contains a region of high similarity at the location of the putative 

dimerization domain in GC-A it also contains a C-terminal domain of unknown 

function and it is possible that dimerization or interaction with other proteins is 

accomplished through this domain instead of, or in addition to, the putative 
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dimerization domain. Studies on tzxmcated mutants would be useful to 

determine the functions of these domains in dimerization and protein-protein 

interaction. 

Figure 4.9a 
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Figure 4.9a: Time course of molecular weight standard elution from the HPLC 
size exclusion column. Elution time for these molecular weight standards were 
used to calculate the molecular weight of MsGCI products in COS-7 
supematants. 
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Figure 4.9b 
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Figure 4.9b: HPLC separation of MsGCI products in the soluble fraction of 
transfected COS-Z cells. COS-? cells were transfected, homogenized, and the 
particulate and soluble fractions separated as described previously. Soluble 
fraction components were then further separated via size exclusion PiPLC, as 
described in Materials and Methods. Fractions were collected at 0.2 minute 
intervals and tested for GC activity. Molecular weights of the active fractions 
were calculated based on the elution times of known standards (see fig. 4.9a). 
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Predictions based upon protein sequence analysis of MsGCI suggest that 

it should be insensitive to stimulation by NO. When GC activity of MsGd was 

measured in transfected COS-7 cell homogenates, inclusion of 100 pM SNP, a 

known NO-donor, did not elicit an increase in activity in the presence of either 

Mg"*^ or Mn"*"^ over a time course of 30 minutes (Fig. 4.10). This assay has been 

shown to produce linear basal activity in transfected COS-7 cell homogenates for 

up to one hour. Soluble GCs normally exhibit both an increase in basal activity 

and a lessening in the sensitivity to NO in the presence of Mn"*"''. While MsGCI 

did show a large increase in basal activity in response to Mn"'"'', it did not show 

any NO-sensitivity in the presence of either cofictor. This response has been 

tested over a range of SNP concentrations varying from 100 -500 |iM (data not 

shown). COS-7 cells co-transfected with the al and Pl subunits also cloned from 

Manduca nervous system showed a significant increase in activity in response to 

the same dosage of SNP (4-7 fold increase, p=0.018) in the presence of Mg"*"*" 

when nm in parallel. Under these conditions, in the presence of Mg"^"*", MsGCI 

had clearly not reached maximal activity because an approximately ten fold 

activation of en2yme activity was obtained by substituting Mn"*"*" for Mg"^"^. 
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Figure 4.10 

1 Basal +SNP 

e 
5 

3 
>« 

a (0 
a 
o 

450-

F%<}.018 

MsGCI, Mg sGC, Mg 

(MsGCai/Pi) 
MsGCI, Mn sGC, Mn 

(MsGCai/Pi) 

Figure 4.10: Effect of SNP on MsGCI activity. COS-7 cells were transfected and 
GC activity measured as described in materials and methods (Qiapter 4 and 
Chapter 1). SNP was dissolved in water immediately prior to use and added to 
homogenates at a final concentration of 100 |iM. Values reported are the mean ± 
SEM of 4-9 determinations. 

Loss of heme, and thus, loss of NO-sensitivity is a common phenomenon 

which occurs during the purification process of soluble GCs (Stone and Marietta, 

1995). For this reason it was thought necessary to determine the NO-sensitivity 

of MsGCI in intact COS-7 cells. This set of experiments was performed by Dr. 

David Morton. The results, shown in figure 4.11, show that MsGCI was not 

sensitive to stimulation by NO, when ImM SNP was added and the cGMP 

production was measured by RIA, in intact COS-7 cells. Co-transfected al 
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and 31 subunits dearly showed SNP-stiinulated activity under these same 

conditions. It is interesting to note that the basal activity of MsGCX under these 

conditions, actually exceeds the SNP-induced activity of co-transfected al and 

31. This suggests that the cytoplasmically localized, oligomeric form of MsGCI 

perhaps does not need further activation to produce levels of cGMP that would 

normally occur upon SNP stimulation of al/pi sGCs. 

Figure 4.11 
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Figure 4.11: Effect of SNP on cGMP content of transfected COS-7 cells. COS-7 
cells where transfected as described in Materials and Methods. Cyclic GMP 
determinations were performed using a cGMP radioimmimoassay kit (NEN) as 
described in Morton and Truman (1985). Cells were treated with 1 mM SNP for 
5 minutes prior to assaying. Values are the mean ± SEM of six determinations. 
Each determination is equavalent to 10^ cells. 

If not through stimulation by NO or Ugand-binding, how does regulation 

of MsGCI activity occur? Two potential mechanisms for stimulation of MsGCI 
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activity were explored. One involved the exposure of MsGCI to arachidonic acid 

(AA), a potential lipid messenger and known activator of sGC activity (Barber, 

1976; Gerzer et al., 1983; Morton and Guinta, 1992). The other involved the 

exposure of transfected CO&-7 cells to a phorbol ester (phorbol 12-myristate 13-

acetate, PMA), which has been previously shown to activate PKC in COS cells 

(Pronin and Benovic, 1997), and could thus provide a mechanism for activation 

of MsGCI via phosphorylation. The results of exposure of MsGCI to arachidonic 

acid (100 |.iM) in transfected COS-7 cell homogenates is shown in figure 4.12. A 

significant increase in activity was seen in response to AA in the presence of 

Mn"^"^. In the presence of Mg"*"*" a lesser, not statistically significant^ response 

was also seen. In one experiment out of the series this response was also 

statistically significant It was approximately half of that seen in the presence of 

Mn"*"'" and only occurred when relatively high levels of transfection efficiency 

were achieved. It should be noted that during this series of experiments a 

significant drop in basal GC activity in the presence of Mn"^"*" was observed. 

This level was highly variable from experiment to experiment and is thought to 

be a reflection of transfection efficiency. Ethanol was used as a carrier for AA in 

these experiments. A solution of 100% ethanol was treated in parallel and used 

as a control. Values obtained for control samples were subtracted from AA 

treated samples prior to reporting the results. Some small increase in MsGCI 

activity did occur in response to ethanol alone. It is not known whether or not 

the stimulatory effect of AA is specific or would occur in response to o&er fatty 

acids or other amphipathic substances in general. Various detergents have been 

shown previously to activate receptor GC activity, however, in these cases it was 
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thought to be a consequence of detergent interaction with the cell membrane 

(reviewed in Tremblay et al,, 1988). Since MsGd appears to cytoplasmically 

localized in COS-7 cell extracts it is unclear how cell membrane interaction 

would effect its activity. Nevertheless, further experiments would be necessary 

to clarify interpretation of this data. Both dose response curves showing a 

specific response to AA and a profile of responses to other fatty acids and 

detergents would be suggested as possible experiments to address this issue. 

Figure 4.12 
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Figure 4.12; Effect of arachidonic acid on MsGCI activity. COS-7 cell 
transfection and measurement of GC activity was performed as described 
previously. Arachidonic acid was diluted and added to cell homogenates as 
described in Materials and Methods. Results from the inclusion of solvent alone 
have been subtracted from sample results on this graph. Values are the mean ± 
SEM of 10 determinations. 
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A second known mechanism for GC regulation is phosphoryiation-

Soluble GCs have been shown to be stimulated by exposure to PMA when 

expressed in PC12 cells (Louis et al., 1993) and purified sGCs have been shown 

to increase activity in response to both cAMP-dependent protein kinase (Zwiller 

et al., 1981) and diacylglycerol-stimulated protein kinase C (Zwiller et al., 1985). 

Receptor GC activity has also been shown to be regulated by phosphorylatioiL 

In the case of both GC-A and sea urchin rGQ the enzyme exists in the basal state 

as a phosphorylated enzyme and dephosphorylation causes desensitization to 

ligand interaction and consequently reduced enzyme activity. Sequence analysis 

of MsGCI reveals several potential sites for PKC-stimulated phosphoryiation. 

For this reason I thought it would be of interest to investigate the effects of an 

agent known to stimulate PKC activity in COS-7 cells on MsGCI activity. The 

phorbol ester, PMA, has been shown to activate PKC in COS cells (Pronin and 

Benovic, 1997). To examine its effects on MsGCI activity, transfected COS-7 ceils 

were treated with 200 nM PMA in culture for 30 minutes at 37° C prior to 

harvesting for GC assay. As can be seen in Fig. 4.13 rather than having a 

stimulatory effect on MsGCI the presence of PMA appears to cause significant 

inhibition of MsGCI activity in the presence of Mn"*"*". In the presence of Mg"^"^ 

there appears to be no effect 

One potential problem in this experiment is the long time period 

(approximately 1 hour) which existed between treatment of the cells with PMA 

and conclusion of the GC assay. PMA induced GC activity has been shown to 

remain elevated in PC12 cells for up to 30 minutes exposure time (Louis et al., 

1993), but the time between exposure and measurement of activity in these 



127 

experiments is not known. Thus it is possible that more substantial or altered 

changes in MsGCI activity would be seen in response to PMA if the time course 

of exposure or the time between treatment and activity measm^ment were 

altered. 

Figure 4.13 
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Figure 4.13: Effect of PMA treatment of transfected COS-7 cells on MsGCI 
activity. COS-7 cells were transfected and treated with 200 nM PMA in culture, 
then immediately harvested and tested for GC activity as described in Materials 
and Methods. The values reported are the mean ± SEM of five determinations. 

To conclude, the above data shows that the MsGCI cDNA clone does 

encode an active guanylyl cyclase enzyme and that this enzyme appears to be 

cytoplasmically localized when expressed in COS-7 cells. Like other GCs, 

MsGCI appears to require dimerization as a minimal unit for the active enzyme. 
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Sequence based predictions concerning the sensitivity of MsGQ to stimulation 

by NO are shown to be correct^ and MsGCI does not appear to be sensitive to 

stimulation by NO when exposed either in homogenates or within intact COS-7 

cells. Under either of these conditions soluble GCs^ also cloned from Manduca 

nervous system, exhibit NO-sensitivity. Preliminary data show that MsGd has 

the potential to be activated by fatty acids and to have its activity regulated 

through phosphorylation. Further exploration of these possibilities, however, is 

required before conclusive statements can be made regarding their role in 

MsGCI regulation. 

4.34 Western Blot Analysis of the MsGCI Protein Product 

Although MsGCI is clearly capable of producing a functional 

protein which exhibits GC catalytic activity in transfected COS-7 cells, and 

Northern blot analysis indicates the existence of a correctly sized transcript in 

the Manduca abdominal CNS, it is still important to show that a correctly sized 

MsGCI protein product is made in Manduca abdominal CNS tissue. For this 

reason I performed Western blot analysis on both transfected COS-7 cells 

extracts and extracts from the Manduca abdominal central nervous system using 

an antibody produced, in rabbits, in response to injection of a GST-MsGCI fusion 

protein. The GST fusion protein was made as described in Materials and 

Methods and designed to contain GST linked to the last 145 amino acids of 

MsGCI (see Fig. 4.3). This region of MsGCI was chosen because it is considered 

unique to MsGCL The resulting protein product produced in bacteria, was 
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examined by western blot using anti-GST antisera. Although many bands were 

present the predominant band was approximately 42 kD, the predicted size for 

the GST-MsGCI fusion protein product The lyophilized protein was used to 

immunize rabbits and the serum obtained used to analyze the presence of 

potential MsGCI proteins in both transfected COS-Z cells and the Manduca 

abdominal CNS. 

The results from these analyses are shown in figures 4.14 and 4.15. Figure 

4.14 shows the results of Western blot analysis on COS-7 cells that had been 

transfected with MsGCX or one of the alpha or beta sGC subunits (al, Pl,33) also 

cloned from Manduca nervous tissue. As can be seen two bands were detected in 

COS-? cells that had been transfected with MsGCL One of these bands is of the 

predicted size for the MsGO protein product approximately 55 kD, the other 

band is slightly smaller appearing to be slightly less than 44 kD. Although 

protease inhibitors were not included in this COS-7 cell preparation, cells were 

placed immediately in SDS containing sample buffer upon removal from the 

plate and this should have resulted in the inactLvation of any additional protease 

activity beyond that which had already taken place in the cell. Inclusion of 

protease inhibitors in subsequent assays did not alter the band pattern of 

proteins seen in COS cells. It is possible that the smaller protein product seen is 

either a product of non-specific proteases that were not affected by either the 

presence of SDS or protease inhibitors, or a genuine post-translationally 

modified form of MsGCL No labeled protein products were seen in any of the 

samples from COS-7 cells transfected with other cloned GCs. Licubation of blots 

in pre-immune serum did not result in the detection of any bands. From these 
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results we can conclude that the functional protein produced by MsGCI in COS-

7 cells is of the predicted size and that die antibody to MsGCI appears to be 

specific for MsGQ, as it detects no non-specific proteins within native COS cells 

and does not appear to detect other cloned GC products. 

Figure 4.14 

Figure 4.14: Western blot analysis of transfected COS-7 cells. Cells were 
transfected and western blot analysis performed as described in Materials and 
Methods. Lanes are labeled on the figure with the GC construct used to transfect 
the COS-7 cells printed above. The far left-hand lane was incubated in pre-
immune serum whereas the four right-hand lanes were incubated with anti GST-
MsGCI antibody. Molecular weight markers are shown on the far left hand side 
of the figure. 
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Figure 4.15 shows the results of western blot analysis using the same 

antibody to detect potential MsGCI protein products in Manduca abdominal CNS 

extracts. Again two bands were detected, one the same size as that produced in 

COS-7 cells (55 kD) and the correct size for the predicted MsGCI protein 

product The other is much smaller, apparently slightly less than 36 kD. In 

these samples a cocktail of protease inhibitors (see Materials and Methods) was 

included in the homogenization solution. In the absence of protease inhibitors a 

series of bands was seen spanning the range from 55 kD - 35 kD with a lessening 

in the intensity of the highest molecular weight band. In no cases were bands 

larger than 55kD seen. This supports the conclusion that MsGCI is not an 

artificially truncated clone as it predicts a correctly sized protein product in the 

Manduca CNS. Incubation of the blots with pre-immune serum, again, did not 

lead to the detection of any bands. 

Interestingly, when abdominal CNS homogenates were separated into 

particulate and soluble fractions, prior to electrophoresis and blotting, both the 

55 kD and smaller protein were found in the partioilate fraction of the 

homogenates (Fig.4.15). Alternatively, when the same treatment was performed 

on COS cell extracts protein products appeared to be conned to the soluble 

fraction of homogenates (data not shown). In nervous tissue, it appeared that 

the smaller of the two protein products was enhanced in the particulate fraction 

and the larger protein product was slightly diminished. One explanation for this 

is that the smaller band is a protease product of the larger and that increased 

time in the presence of non-inhibited proteases during the soluble and 
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partiailafe separation process has caused an alteration in relative concentration 

of the two protein products. 

Figure 4.15 
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Figure 4.15: Western blot analysis of Manduca abdominal CNS homogenates. 
Western blot analysis was performed as described in Materials and Methods. 
Lanes are marked on the figiire with the sample source labeled above. W. Horn, 
indicates whole nervous system homogenates were the sample source/ Sup. 
indicates the soluble fraction of the separated homogenate^ and pellet indicates 
that the resuspended pellet fraction was the sample source. The three left-hand 
lanes were incubated with pre-immune serum and the right-hand three lanes 
were incubated with anti GST-I^GCI antibody. Molecular weight markers are 
shown on the far left-hand side of the figure. 
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Although I am confident that the labeled products seen on the blots are 

specific for the MsGCI protein based on the size of the protein, its presence in 

transfected COS-7 cells versus non-transfected cells, and the limited number of 

labeled bands, I was not able, under the conditions used, to completely abolish 

staining by pre-incubation of the MsGCI antibody with antigen- Under the 

dilution conditions used, Ab 1:1 Ag (v/v, Ag [2 mg/ ml]) I was able to reduce 

the appearance of both bands in COS-7 cells by about half and those from 

nervous system extracts almost completely (data not shown). The fact that both 

bands in COS-7 cells and nervous tissue extracts were reduced by pre-absorption 

of the antibody suggests that they are immunologically related. Since the 

concentration of the antibody is unknown perhaps by varying the amount 

antigen used for pre-incubation I could abolish staining altogether. The fact that 

at least one identically sized protein is found in both the Manduca abdominal 

CNS and COS-7 cells specifically transfected with MsGCI, and that the size of 

this protein is of the predicted size for the MsGCI protein product strongly 

supports the idea that MsGCI produces a real protein in the nervous system. 

The smaller band found in COS-7 cells appears to be perhaps a post-

translationally modified MsGCI product^ whereas the smaller protein product in 

the Manduca abdominal CNS is suspected to be due to the non-specific action of 

proteases occurring after the nervous system is dissected and homogenized. 

Under no circumstances were larger protein products detected, strongly 

supporting the idea that MsGCI is not an artifactually truncated clone. One of 

the most interesting findings from this set of experiments is the presence of the 



134 

MsGCI protein in the particulate fraction of abdominal CNS homogenates. This 

coupled with its cytoplasmic localization and extremely high basal activity in 

COS cells has led us to speculate that regulation of MsGCI may occur through 

intercellular localization. 

4.35 Localization of the MsGCI Transcript within the Abdominal CNS by Lti-Situ 

Hybridization 

I chose to investigate MsGCI because, based on sequence predictions, it 

appeared to potentially have the biochemical characteristics of EH-induced GC 

activity and appeared to be a novel form of GC. I next wanted to investigate 

whether or not MsGCI was actually involved in the EH signal-transduction 

cascade. Since EH does not stimulate cGMP production directly, but apparently 

acts through generation of second messengers, the only methods that we have 

for detenniiung if MsGCI is involved in EH signal-transduction are indirect 

Sequence analysis and biochemical evidence have already shown that MsGCI 

has the predicted biochemical properties. Another way to examine the role of 

MsGCI in the EH-pathway is to look at its localization within the abdominal 

CNS. Several well defined targets which produce cGMP in response to EH have 

been identified within this tissue. They include the transverse nerve (Morton, 

1996), a neurohemal site, located at the anterior end of each abdominal ganglion 

and a set of 50 peptidergic neurons (Ewer et al., 1994) which nm the length of 

the CNS. I have now examined the localization of the MsGCI transcript through 
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in-situ hybridization in order to compare its localization with the known sites of 

EH action. 

In-situ hybridization was performed on the Manduca abdominal CNS 

using both sense and anti-sense probes prepared as described in Materials and 

Methods. Incubation of the abdominal CNS with a riboprobe made in the anti-

sense direction revealed neuronal cell body staining throughout the abdominal 

CNS. Individual ganglia are referred to as T3 (for third thoracic ganglion) and 

A1-A7 (for abdominal ganglia 1-7) with A7 being the most posterior ganglion 

within the insect The most consistent staining of MsGd transcript was seen in 

A2-A5 where two groups of 2-5 cells each, localized in the lateral/ posterior 

portion of each ganglion, were stained (see figure 4.16A for example). Staining 

is clearly in cell bodies as can be seen by the presence cytoplasmic staining 

aroimd the nucleus in higher magnifications of these cells (figxire 4.16Q. These 

cells are predicted to be intemeurons based on their size. However, their 

localization suggests that they might also be the lateral neurosecretory cells: L2, 

L3, and L4. In some preparations other larger, potential neurosecretory neurons 

are also seen to be labeled in slightly more lateral and anterior positions to the 

putative intemeurons. On occasion bilaterally localized midline cells are also 

seen to be stained. This occurs most consistently in ganglia A1 and A2. The 

third thoracic ganglion (T3) rarely showed staining, but when it occurred it 

appeared to be in the same location as that seen in A2-A5. The most posterior 

abdominal ganglion (AT) also rarely showed staining and when staining was 

present it did not seem to have a consistent localization within the ganglion. 

However, due to the harsh conditions used in pre-treatment of the nervous 
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tissue prior to hybridizatioiv consistent anatomical localization was sometimes 

difficult to determine. No staining of cell bodies was ever seen in ganglia in 

response to hybridization with the same concentration of riboprobe made in the 

sense direction (see figure 4,16B for example). 



137 

Figure 4.16: In-situ hybridization of the MsGCI transcript MsGd riboprobes 
were made and in-situ hybridization performed as described in Materials and 
Methods. Staining in abdominal ganglion A4, with both (A) anti-sense and (B) 
sense probes, is shown as an example. Magnification of A and B is with a 20X 
objective. Figure C insets show a higher magnification (40X objective) of the 
same ganglion from a different preparation. 
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Figure 4.16 
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No staining of the MsGCI transcript was ever seen in the transverse nerve. 

Nor did the staining appear to co-localize with tiiat of the 50 EH-sensitive 

neurons which run throughout the nervous system. In some ganglia there did 

appear to be overlap, particularly in ganglion T3, however in most ganglia, cells 

labeled with the MsGQ riboprobe appear to be located slightly more posteriorly 

than those that respond to EH. However, identification of the cells that stained 

in response to MsGCl, based purely on localization is difficult and at this point 

no physiological function can yet be ascribed to MsGCI based on its expression 

pattern. One method for further addressing these questions would be through 

immunological staining using the GST-MsGCI antibody. This should allow 

visualization of cellular processes as well as cell bodies and aid in the 

identification of the MsGCI containing cell type. 

Because the riboprobe used for in-situ hybridization was made using the 

entire MsGCI clone as a template, including the conserved domain, it is possible 

that some of the cells detected contain the larger transcript^ detected in Northern 

blot analysis, or other transcripts that contain a similar conserved domain rather 

than the 2.5 kb MsGCI transcript It should be noted, however, that when a 

comparable concentration of a probe made using only the conserved catalytic 

domain clone as a template was used for in-situ hybridization no cell body 

staining was detectable. In addition, staining seen for MsGCI is clearly different 

from that seen in response to other cloned GCs from Manduca (data not shown). 

These data suggest that MsGCI staining is specific for V!bGCI as opposed to GCs 

in general. In order to further address this issue a probe would have to be made 

using a unique region of MsGCI as a template, such as was used for antibody 
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production. Alternatively, the specificity of the probe used could be examined 

by Northern blot analysis. Since the issue being addressed was whether or not 

MsGCI was found in the target cells of EH, and this question has been answered 

to a great degree in the present study, I have not pursued these possibilities. 

Although it does not appear that MsGCI is found specifically in the target 

cells of EH and a physiological function for MsGCI has yet to be determined, 

these data clearly show the presence of MsGCI in a defined set of neuronal cells 

within the ganglia of the abdominal nervous CNS. This localization of MsGCI 

suggests a role in neuronal cell function. Because nervous tissue for in-situ 

hybridization was taken from animals at only one clearly defined developmental 

stage, -4 to -24 hours before ecdysis, and the MsGCI transcript was fotmd to be 

too rare for identification in developmental northern analysis, it is not known if 

its role is confined to the developmental period around ecdysis or whether the 

transcript is present throughout pupal and adult life, liutial northern analysis 

performed by Dr. Alan Nighom showed the presence of MsGCI transcript in 

adult insects but at a lower abundance. Qearly more extensive investigation 

will be needed to determine the role of MsGCI in the nervous system. 

4.4 Discussion and Conclusions 

We have cloned a novel GC from the abdominal CNS of Manduca sexta. 

Sequence based structural predictions suggest that this GC has the biochemical 

characteristics of EH-stimulated GC activity. These characteristics include 

insensitivity to NO and the inability to be stimulated by direct ligand-binding. 
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In the past it has been thought that ail soluble GCs should be sensitive to 

stimulation by NO due to the presence of associated heme and that all 

particulate GCs should be sensitive to direct ligand-binding based on the 

presence of putative ligand-binding domains. Only two reports of NO-

insensitive, non-receptor based GC activity can be found in the scientific 

literature to date. One of these is the report of ksGC cloned from a rat kidney 

cDNA library by Kojima et al. (1995). KsGC, based on DNA sequence analysis, 

should encode a protein which contains a receptor type catalytic domain, but no 

ligand-binding domain. It is predicted to be cytoplasmically localized within 

the cell and yet to be NO-insensitive. Unfortunately, neither of these sequence-

based predictions have been tested since heterologous expression of the protein 

was not possible. The second report of this type of GC activity is the report of an 

NO-insensitive GC activity found in the soluble fraction of lobster nervous 

system homogenates (Prabhakar et al., 1997). I have extended examination of 

our clone, MsGCI, beyond sequence-based structural predictions and have 

examined both its biochemical regulation and its intracellular localization within 

the abdominal CNS. 

The full-length MsGCI clone has been isolated independently from two 

different Manduca abdominal central nervous system cDNA libraries. It is 2560 

bp long and contains a 1500 bp open reading frame. Translation of the ORF and 

sequence comparison with other GCs show that MsGCI has highest similarity 

with the receptor GC, GC-B. Analysis of the catalytic domain alone, the region 

of highest homology between soluble, heme-containing GCs, and receptor GCs, 

clearly groups MsGCI with receptor-type molecules. MsGCI, however, contains 
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only 89 amino adds N-terminal to the start of the catalytic domain. This region 

does not contain a signal sequence, a iigand-binding domain, a transmembrane 

domain or a kinase-like domain usually found in the N-terminal region of rGCs. 

MsGCI does appear to have a N-terminal region in the correct position to 

correspond to the rGC hinge region, or putative dimerization domain and 

displays high similarity with receptor GCs throughout this area. MsGCI does 

not appear able to bind heme as do sGCs. It shows very little similarity with the 

sGC heme-binding domain throughout its N-terminal region and appears to 

contain few if any of the conserved amino acid sequences thought to be 

necessary for heme binding as identified by Stone and Marietta (1995). MsGCI 

contains an extended C-terminal end of ~150 amino acids beyond the catalytic 

domain. The function of this extended C-terminus is unknown and it shows no 

sequence homology to any proteins found in the NCBI database. 

My initial concern upon finding a clone with the predicted structure of 

MsGCI was that I had found an artifactually truncated version of a longer rGC 

enzyme. To test this hypothesis I performed both Northern and Western blot 

analysis on Manduca abdominal CNS homogenates and have shown that both a 

mRNA transcript and a protein of the predicted size are made in the nervous 

system. This coupled with the fact that the MsGCI clone has been isolated from 

two different cDNA libraries strongly suggests that I have obtained the full-

length clone which encodes a real protein within the Manduca nervous system. 

I have examined the regulation of MsGCI expressed in COS-7 cells and 

shown that the MsGCI cDNA clone encodes a protein with functional GC 

activity. I have also shown that in COS-7 cells this protein is foimd within the 
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cytoplasm, as predicted by sequence analysis. This localization of MsGCI, in 

COS-Z cells, has been shown both through measurement of GC activity and also 

through Western blot analysis. 

Sequence analysis indicates that MsGCI contains a region N-terminal of 

the catalytic domain that has been identified in other iGCs as mediating 

dimerization. I have examined this possibility and shown that like other GCs 

MsGCI forms a catalytically active dimer with no active monomers present It 

also appears to form catalytically active higher order structures such as trimers 

or may be associated in its active form with an additional protein or proteins 

within COS cells. Although MsGCI shows high similarity with other rGCs 

throughout the putative dimerization domain I also consider dimerization or 

interaction with other proteins through the C-tenninal extension a possibility. 

The creation of truncation mutants and investigation of their effects on 

dimerization or interaction with other proteins would be one way to address this 

question. 

As predicted based on sequence analysis, MsGCI proves to be insensitive 

to stimulation by NO. Licubation with the NO-donor, SNP, either added to 

homogenates containing MsGCI or to intact COS-7 cells transfected with MsGCI 

did not result in increased catalytic activity. This is true in either the presence of 

Mg"'"'' or Mn"*"*". When assayed in parallel, co-transfected al/31 subunits, also 

cloned from the Manduca nervous system, clearly showed increased activity in 

response to NO, either in homogenates or intact COS cells, hiterestingly, when 

the basal activity of MsGCI was examined in intact COS-7 cells it appeared to be 

as active as the al/pi subunits when stimulated by NO. This suggests that 
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MsGCI may be activated catalytically merely by dimerization and cytoplasmic 

localization. 

Other possibilities for the regulation of MsGCI include activation by fatty 

acids and phosphorylation. The inclusion of arachidonic acid in homogenates 

containing MsGCI results in increased GC activity. It is not known, however, if 

this is specific for AA, fatty adds in general or is caused simply by the 

hydrophobic nature of AA. In the past detergents and fatty acids have been 

shown to activate rGC and sGC activity. While it has been suggested for sGCs 

that a specific fatty acid binding site exists, for rGCs it has been presumed that 

activation by detergents was due to detergent interaction with the cell 

membrane. Since in COS-7 cells MsGCI appears to be cytoplasmically localized, 

it is unclear by what method an amphipathic substance would activate it 

Nevertheless, more work including dose response curves to AA, and profiles of 

activation by both other fatty acids and detergents, would be necessary to clarify 

this issue. Phosphorylation of MsGCI appears to result in inhibition of activity. 

In PC-12 cells inclusion of PMA results in both the activation of PKC and a 

concomitant increase in endogenous sGC activity (Louis et al., 1993). 

Phosphorylation state has also been shown to affect the activity of rGC molecules 

with dephosphorylation resulting in desensitization to ligand-binding and a 

resulting decrease in activity (Bentley et al, 1986; Potter and Garbers, 1992). 

MsGCI, like sGCs, contains multiple potential sites for PKC phosphorylation 

throughout the N-terminus of the protein, however in these experiments, the 

inclusion of PMA with MsGCI transfected COS-7 cells resulted in a small but 
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significant decrease in activity. The phosphorylation sites, for PKC, do not 

appear to be conserved between MsGCI and either GC-B or ksGC 

Western blot analysis indicates that within the Manduca abdominal 

CNNS MsGd is found associated with the membrane-containing particulate 

fraction- Although there are two potential sites for fatty acylation 

(myristoylation) within the MsGCI sequence, neither of these sites appear to be 

good candidates for involvement in protein localization at the membrane based 

on their localization within the protein. Ih addition, fatty acyl-mediated protein 

localization has been seen to occur for heterologously expressed proteins in COS-

7 cells, yet MsGCI is clearly localized in the cytoplasm of these cells. Thus it 

seems more likely that MsGCI is held at the membrane of cells within the 

nervous system through interaction with another protein. 

Two interesting candidates for protein interaction with MsGO are other 

rGC molecules and other classes of receptor molecules such as the seven-

transmembrane G-protein coupled receptors. In the case of interaction with 

other rGCs two different scenarios can be envisioned. In the simplest of these 

MsGCI exists only at the cell membrane in a heterodimeric complex with other 

ligand-binding rGCs. MsGCI in this case would be expected to modify the 

regulation of the rGC in such a manner as to increase basal GC activity, but 

decrease activation in response to ligand-binding and modiilation of activity by 

ATP. The first two of these effects have been shown to occiu: upon co-

transfection of GC-A with a truncated version of GC-A containing only the 

dimerization and catalytic regions, in both cell homogenates and intact COS cells 

(Thompson and Garbers, 1995). Under these conditions transfection with the 
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truncated version of GC-A did not seem to alter either translocation of GC-A to 

the membrane or binding affinity of the ligand for the receptor. In a second 

scenario, complex formation of MsGCI with the other rGCs would be transient 

and would modify rGC activity and response to ligand for only a limited period 

of time. In this case alteration of dimer subunits could be used to modify both 

basal rGC activity and response to ligand. On one hand, the binding of MsGCI 

to the rGC after ligand stimulation could lead to a reduction in ligand-

dependent response after initial stimulation. On the other hand, the presence of 

MsGCI in a heterodimeric complex prior to the arrival of ligand could lead to a 

delayed maximal response to ligand due to its presence in the rGC complex and 

a higher absolute and longer period of GC activity through its release to form 

active homodimers within the cell cytoplasm. Another, perhaps even more 

intriguing idea, is that MsGCI could exist at the membrane in association with 

other classes of receptor molecules, such as the seven-transmembrane G-protein 

coupled receptors. Although no direct evidence exists for the interaction of G-

protein coupled receptors and rGCs, interaction between the two pathways has 

been suggested. G-protein subunits have been suggested to modulate GC-A 

activity in MA-10 cells: antibodies to both Gsa and Gia have been shown to 

modify the response of GC-A to ANF; the inclusion of AIF"4, which promotes 

the release of G|3Y subunits from Ga, has been shown to stimulate GC-A activity; 

and the inclusion of mastoparan, which accelerates nucleotide exchange in Ga 

subunits, has been also shown to stimulate GC-A activity in these preparations 

(Khiurana and Pandey, 1995). In addition, the ANP-clearance receptor has been 

suggested to both attenuate AC activity and stimulate PLC activity through 
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pertussis toxin-sensitive mechanisms (Anand-Srivastava et al., 1990; Berl et al., 

1991). It may not be too great a leap then to imagine even further interaction 

between the two systems. In the scenario that I envision, MsGCI would be held 

at the membrane in conjunction with a G-protein coupled receptor or the G-

protein subunits as an inactive dimer, inhibited by the interaction. Upon ligand 

activation of the receptor, MsGCI would be released into the cytoplasm resulting 

in a release from inhibition and a subsequent increase in GC activity. Protein 

interaction with the receptor could be governed through the C-terminal region 

of MsGCL This same type of interaction could be imagined to link ntmierous 

other receptor types with GC activity. 

In order to begin to examine these possibilities, I would first suggest co-

immunopredpitation experiments with MsGCI antibody to determine whether 

or not protein/ protein interactions, other than those involved in dimerization, 

do occur. After electrophoresis of the associated proteins identification could 

perhaps be made on the basis of protein microsequencing. If this method was 

unable to provide the quantity of protein needed for sequencing an alternative 

approach may be use of an MsGCI affinity column. Other possible approaches 

include use of the yeast two hybrid screening method and expression library 

screening. If protein interaction with a heterologous protein was shown to take 

place truncation mutants and use of the yeast two hybrid screening method with 

only specific domain segments cotild be used to determine the exact sites of 

interaction between the two proteins. 

In order to gain insight into the physiological function of MsGCI, in-situ 

hybridization was used to locate the MsGCI transcript within the abdominal 
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CNS of Manduca sexto. Through this method it was found that although MsGCI 

did not specifically co-localize with the targets of EH action within the 

abdominal CNS, it did localize to a distinct popidation of cells within each 

abdominal ganglion. Labeled cells are suspected to be intemeurons or 

neurosecretory cells based on their size and localizatioiu No physiological 

predictions for the role of MsGCI in the nervous system can be made at this time. 

In conclusion, we have cloned and characterized a novel GC from the 

abdominal CNS of Manduca sex fa. This clone appears to be most similar to GC-B 

on the basis of sequence analysis, but to resemble ksGC on the basis of structure. 

We have gone beyond the work done on ksGC to show, that in the case of 

MsGCX sequenced-based predictions were correct and it appears to encode a 

NO-insensitive GC. In the case of ksGC it was assmned that based on the 

absence of N-terminal rGC domains, the protein would be cytoplasmically 

localized. In the case of MsGCI this was also assumed and has been shown to be 

correct in COS-7 cells. However, in the the abdominal CNS MsGCI was shown 

to be associated with the particulate fraction of nervous system homogenates. I 

speculate that protein/protein interactions with MsGCI may occur through the 

presence of the C-terminal region of the protein, a region of currently unknown 

function which has not been foxmd in any other iGC enzymes described to date. 

Either the presence of ksGC-like proteins localized in the cytoplasm or the 

presence of MsGCI-Iike proteins released in an active form into iiie cytoplasm 

could explain the type of GC activity that Prabhakar et al. (1997) have described 

in the lobster nervous system. It would be of great interest to clone GCs from 

this system and see if indeed this tjq>e of enzyme is responsible for the described 
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activity. In any case, the discovery of this type of GC molecule and 

characterization of its activity has the potential to greatiy expand the role of GCs 

in cell function and brings to light an entirely new vision of potential GC 

regulation. 
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SUMMARY AND SIGNMCANCE 

5.1 Introduction 

The goal of this project was to investigate regiilation of the enzyme 

guanylyl cyclase, using the actions of eclosion hormone in the insect^ Manduca 

sexta, as a model system. A second goal was to investigate the signal-

transduction mechanism utilized by EH to stimulate cGMP formation 

specifically. Chapters 2 and 3 of this thesis address directly the mechanisms of 

EH action, and examine specifically the GC activity stimulated by EH in the 

Manduca abdominal CNS. These chapters have helped to clarify the biochemical 

characteristics of the GC stimulated by EH and have also allowed us to gain 

further insight regarding the signal-transduction mechanism used to stimulate 

this GC. Chapter 4 more broadly addresses GC regulation, examining a 

potential GC target of EH, cloned from the abdominal CNS of Manduca. The 

finding of a novel GC which demonstrates the potential to be an EH target has 

allowed us to suggest both new methods for GC regulation in general and also a 

new and interesting hypothesis for EH signal-transduction. 
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5.2 Guanylyl Cyclase Activity in the Abdominal CNS 

Preliminary data regarding the actions of EH have suggested that EH acts 

to stimulate a cytoplasmically localized GC which is insensitve to stimulation by 

NO. This is based upon the fact that EH does not stimulate an increase in cGMP 

when added to cell homogenates and the fact that the action of EH cannot be 

mimicked at its target sites by the application of NO, nor blocked by application 

of a specific inhibitor of NO-stimulated GCs, ODQ. Both of these ideas have 

found further experimental support through data generated during the 

completion of this project 

In chapter 2,1 further characterized GC activity present in the Manduca 

abdominal CNS. By this I hoped to confirm the type of GC, receptor or soluble, 

activated by EH. Preliminary evidence had shown that EH could not stimulate 

GC activity in broken ceE preparations and was taken as an indication that EH 

acted through stimulation of a soluble GC. However, reports published since 

the generation of that data indicated the possible requirement of an additional 

co-factor, ATP, for this type of ligand-dependent stimulation of rGCs. To 

address this new evidence I performed experiments examining the ability of EH 

to stimidate GC activity in cell homogenates with the inclusion of ATP. Data 

from these experiments show that under a wide variety of conditions EH does 

not stimulate GC activity in central nervous system homogenates or isolated 

particulate fractions even with the inclusion of ATP as a co-factor. This data 

supports the model that EH acts through stimulation of a non-receptor, 

cytoplasmic GC Additional supporting evidence is found in the fact that when 
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EH was added to the intact abdominal CNS, followed by separation of soluble 

and particulate fractions, a small but signifant increase in activity was seen in. the 

soluble fraction. This is thought to be due to either stimulation of a sGC or 

translocation of a rGC-like molecule from the membrane to the cytoplasm. 

Either method must provide for prolonged stimiilation of GC activity as the 

increase was seen even after centrifugation of the homogenate into soluble and 

particulate fractions. 

A number of inhibitors of lipid metabolism have been shown to block the 

EH-stimulated increase in cGMP. One of the most potent of these, 4BPB, has 

been shown to be capable of a direct effect on GC activity. When 4BPB was 

added to abdominal CNS homogenates that had been separated into soluble and 

particulate fractions it inhibited GC activity in both fractions almost completely. 

Interestingly, however, when 4BPB was added to the intact abdominal CNS 

before separation of the soluble and particulate fractions it showed inhibition of 

only soluble GC activity (56%) and did not have a profound effect on specific 

activity stimulated by NO (12%). It is not known which of the above 

experimental regimes most accurately reflects the conditions under which 4BPB 

blocks EH activity. If it is the latter, then this evidence too supports the idea that 

EH acts through stimulation of a cytoplamically localized GC and also suggests 

that EH acts through a different mechanism than NO. The effects of the inhibitor 

ODQ also suggest the presence of an NO-insensitive cytoplasmic GC in the 

Manduca nervous system. ODQ is a specific inhibitor of NO-sensitive, soluble 

GC activity. When added to the separated fractions ot Manduca nervous system 

homogenates it did not inhibit particulate GC activity, but rather inhibited 
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soluble GC activiiy by about 56%. The fact that such a large percentage of basal 

activity was unaffected, compared to other systems (~80%), suggests perhaps llie 

presence of a NO-insensitive soluble GC in Manduca. Although variations in 

assay conditions as the basis of the above difference cannot be completely ruled 

out The above evidence supports our preliminary findings that EH acts through 

stimulation of a non-receptor, cytoplasmic GC which appears to insensitive to 

stimulation by NO. 

5.3 Involvement of Lipid Messengers 

Our original hypothesis regarding the signal-transduction mechanism 

used by EH to stimulate GC activity involved initial stimulation of a G-protein 

coupled receptor followed by stimulation of PLC and generation of a lipid 

messenger. This was suggested based on data showing that a wide variety of 

inhibitors of lipid metabolism block the EH-stimulated increase in cGMP and 

that there occurs a small but significant increase in Ins(lA5)P3 in the abdominal 

CNS upon application of EH. Soluble GC activity could then be stimulated by 

either PKC-mediated phosphorylation, or direct activation by either the Ca"^"*" or 

the lipid messenger itself (see model in introduction). 

Ln chapter 3 of this thesis I examined the possibility that EH acts through 

the generation of a lipid messenger. To do this I examined the effect of EH on 

levels of a ntmiber of potential lipid messengers and the precursors for these 

messengers. The lipids examined included: DAG, both total levels and levels of 

various molecular species; CMF-PA, a participant in the inositol recycling 
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pathway; and LPQ PS/Pt LPA,PA, PC, and PE, which include molecules which 

could function as possible precursors, possible by-products or possible lipid 

messengers themselves. Despite this extensive investigation I was not been able 

to provide any direct evidence for generation of a lipid messenger. However 

this does not entirely invalidate the idea that a lipid messenger may still be used, 

due to: the large number of possible lipid messengers which exists the transient 

nature of these messengers, and the limitations of the measurement methods 

used. 

5.4 Guanylyl Cyclases Qoned from Manduca Nervous Tissue 

I have cloned and characterized a novel GC (MsGCI) from the abdominal 

CNS of Manduca sexta. This GC demonstrates the biochemical characteristics of 

GC activity stimiilated by EH. Through sequence analysis, it shows highest 

homology to rGCs throughout the catalytic domain, but does not appear to 

contain a signal sequence, ligand-binding domain, transmembrane domain, or 

kinase-like domain. It also does not show any indication of ability to bind heme. 

Thus based on sequence analysis it has the potential to be cytoplasmically 

localized and yet be NO-insensitive. 

These predictions have been validated through expression studies of 

MsGCI in COS-7 cells. I have shown that MsGCI produces a functional GC in 

these cells and that this protein is localized to the cytoplasm where it appears to 

act as a dimer or other higher order structure, kiclusion of SNP, a NO-donor, 

does not stimulate MsGCI activity when added to either cell homogenates or to 
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intact COS-7 cells which have been transfected with MsGCX It does, however, 

stimulate activity otbAanduca al/pi subunits co-expressed and assayed in 

parallel, showing tiiatSNP does function to produce NO and has tiie ability to 

stimulate sGCs under the conditions used. Interestingly, when cGMP formation 

is assayed in intact cells MsGCI shows extremely high basal activity, which 

actually exceeds the activity of the al/p 1 subimits when stimulated by NO. 

Northern blot analysis shows the presence of a transcript of the predicted 

size within the Manduca abdominal CNS which hybridizes to all of a series of 

probes designed to compliment the entire MsGCI clone. Western blot analysis 

also shows that a protein of the predicted size is produced in Manduca 

abdominal CNS and that this protein matches, in size, a protein produced in 

COS-7 cells specifically transfected with MsGCL These data suggest that MsGCI 

is not an artifactually tnmcated clone and that it produces a real protein in the 

Manduca nervous system. 

Interestingly, when soluble and particulate fractions of abdominal CNS 

homogenates are separated, the MsGCI protein appears to be confined to the 

particulate fraction. This, coupled with the high basal acitivity and cytoplamsic 

localization of MsGCI in COS cells, has led us to hypothisize that regulation of 

this unusual type of GC may take place through translocation within the cell. It 

may be that MsGCI is held at the cell membrane in an inhibited state and release 

of the molecule into the cytoplasm leads to release of inhibition and subsequent 

activation. I speculate that it may be held at the membrane in association with 

either another iGC molecule or may be localized to the membrane through 

association with another type of receptor such as a G-protein coupled receptor. 
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Either of these mechanisms provide the potential for novel signal-transduction 

and regulatory mechanisms leading to NO-insensitive cytoplasmic GC activity. 

Work done on MsGCI supports the existance of a functional GC molecule 

with novel biochemical characteristics and adds to previous reports suggesting 

the existence of such a molecule. Studies of its regulation suggest methods by 

which ksGC, found in rat may be regulated and support the idea of its existence 

as a functional molecule despite the inability of earlier studies to demonstrate 

ksGC catalytic activity. The molecular structure of MsGCI also provides a 

possible explanation for the NO-tnsensitive GC activity seen in the lobster 

nervous system. Slight variations in the stringency of its membrane localization 

and methods of separation could explain its presence in the cytoplasmic 

fractions of lobster tissue as opposed to its presence in the particulate fraction of 

Manduca tissue. In addition, slight variations in its structure such as those seen 

between MsGCI and ksGC could provide for molecules with either localization. 

The fact that a molecule of this type has been foimd in both mammals and 

insects suggests its presence in other species and I expect to see this type of 

molecule cloned from a variety of species in the future. 

Although MsGCI does not show localization, through in-situ 

hybridization, in the sites of peripheral EH action which have been examined, i. 

e. the transverse nerve, this does not totally discount the possibility of its 

involvement with EH signal-transductioru There exists possible overlap with 

some targets of central EH action within the set of 50 peptidergic neurons which 

run throughout the insect CNS. It also may be found to be present in the 

epitracheal glands, another target of peripheral EH action which has not yet 
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been examined. In addition/ another molecule with MsGCI-type structure may 

exist in the nervous system. Recent priliminary sequence analysis of another 

GC clone from the Manduca abdominal CNS suggests ttiat this may be true 

(unpublished data). 

Based on this I am able to further speculate and suggest an alternative 

signal-transduction model for the action of EH. In this model application of EH 

would lead to stimulation of a receptor (GC or other) resulting in translocation of 

an MsGCI-type molecule to the cytoplasm followed by subsequent activation. 

Activation could be controlled by release of inhibition, formation of dimers, or 

changes in the phosphorylation state of the enzyme. This would explain much 

of the biochemical data obtained on the EH-pathway to date. It would explain 

both the apparent cytoplasmic localization of EH-induced activity, the apparent 

lack of stimulation of a classical rGC at the membrane, and the lack of NO-

sensitivity of the cytoplasmically localized GC. It would also explain the lack of 

findings regarding generation of a lipid messenger, although this is still possible 

in light of the changes seen in Ins(l,4,5)P3 concentration in response to EH 

Although in the above scenario one might expect to see EH-induced GC activity 

in broken cell preparations a number of reasons exist which could explain this 

discrepency. One, the homogenization process could have disrupted MsGCI-

receptor interaction in such a way as to inactivate the complex. Two, if released 

from the membrane as a monomer dilution of the tissue could have been too 

great to allow dimerization. Three, there could have been dilution of a critical 

co-fector required for MsGCI activation in nervous tissue. 
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Presentation of the above h3^othesis is in addition to, radier than in place 

of, our original hypothesis regarding EH signal-transduction. A MsGCI-Iike 

molecule could also easily fit into our original scenario. The extent of MsGd-

like cytoplasmic activity in the Manduca nervous system is not known. It may be 

far less active or may require a modification, such as phosphorylation or 

dephosphorylation, to form dimers in this system. Activation of an MsGCI-Iike 

molecule could occur through interaction with a lipid messenger or alteration in 

the phosphorylation state of the enzyme. Some evidence for each of these 

scenarios exists, as activity of MsGCI was shown to be increased in the presence 

of AA and decreased upon activation of PKC in transfected COS-7 cell extracts 

and intact cells, respectively. 

Whatever the physiological role of MsGd in the Manduca nervous system 

and whether or not it plays a role in the EH pathway, specifically, MsGCI 

remains a new and interesting form of GC molecule and its discovery and 

subsequent characterization opens a door to new and novel forms of cGMP 

production and GC regulation. I look forward to seeing the present research 

continued and expanded. 



159 

REFERENCES 

Allan, D., Watts, R. and Michell, R H. (1976): Production of 1,2-diacyIglyceroI 
and phosphatidate in human erythrocytes treated with calcium ions and 
ionophore A23187. Biochem J, 156: 22^232. 

Allan, D, and Thomas, P. (1981): Ca '̂̂ -induced biochemical changes in human 
erythrocytes and their relation to microvesiculation. Biochem /, 198:433-
440. 

Allen, A. C, Gammon, C M., Ousley, A. H., McCarthy, K. D. and Morell, P. 
(1992): Bradytdnin stimulates arachidonic acid release through the 
sequential actions of an sn-1 diacylglycerol lipase and a 
monoacylglycerol lipase. / Neurochem, 58:1130-1139. 

Altschul S. F., Gish W., Miller W., Myers E.W. and Lipman D. J. (1990): Basic 
local alignment search tool, f Mol Biol, 215: 403-410. 

Altschul, S. F., Madden T. L., Schaffer A. A., Zhang J., Zhang Z., Miller W. 
and Lipman, D. J. (1997): Gapped BLAST and PSI-BLAST: a new 
generation of protein database search programs. Nucleic Acids Res, 25: 
3389-3402. 

Anand-Srivastava, M. B., Sairam, M. R. and Cantin, M. (1990): Ring-deleted 
analogs of atrial natriuretic factor inhibit adenylate cyclase/cAMP 
system. / Biol Chem, 261:11650-11655. 

Antunes-Rodrigues, J., Machada, B. H., Andrade, H. A., Mauad, H., Ramalho, 
M. J., Reis, L. C., Silva-Netto, C. R., Favaretto, A. L. V., Gutowska, J. and 
McCann, S. M. (1992): Carotid-aortic and renal baroreceptors mediate 
the atrial natriuretic peptide release induced by blood volume 
expansion. Proc Natl Acad Sci USA, 89: 6828-6831. 

Arancio, O., Kandel, E. R. and Hawkins, R. D. (1995): Activity-dependent 
long-term enhancement of transmitter release by presynaptic 3':5'-cycIic 
GMP in cultured hippocampal neurons. Nature, 376: 74-80. 



160 

Bacigalupo, J., Bautista, D. M., Brink, D. L., Hetzer, J. F. and O'Day, P. M. (1995): 
Cyclic-GMP enhances light-induced excitation and induces membrane 
currents in Drosophila retinal photorecptors. f Neurosci, 15: 7196-7200. 

Barber, A. J. (1976): Cyclic nucleotides and platelet aggregation—effect of 
aggregating agents on the activi^ of cyclic nucleotide-metabolizing 
enaymes. Biochim Biaphys Acta, 444: 579-595. 

Beam, K. G., Nestler, E. J. and Greengard, P. (1977): Increased cGMP levels 
associated wtih contraction in muscle fibers of the giant barnacle. 
Nature, 267:534-536. 

Beavo, J. A. (1995): Cyclic nucleotide phosphodiesterases: functional 
implications of multiple isoforms. Physiol Rev, 75: 725-748. 

Bell, R. A. and Joachim, F, A. (1976): Techniques for rearing laboratory 
colonies of tobacco homworms and pink boUworms. Ann Entomol Soc 
Am, 69: 365-373. 

Bentley, J. K., Tubb, D. J. and Garbers, D. L. (1986): Receptor-mediated 
activation of spermatozoan guanylate cyclase. / Biol Oiem, 261:14859-
14862. 

Berl, T. Mansour, J. and Teitelbaum, L (1991): ANP stimulates phopholipase 
C in cultured RIMCT cells: roles of protein kinases and G protein. 
Am J Physiol, 260: F590-F595. 

Berridge, M. J. (1984): Inositol trisphosphate and diacylglycerol as second 
messengers. Biochem J, 220: 345-360. 

Berridge, M. J. and Irvine, R. F. (1989): Inositol phosphates and cell signalling. 
Nature, 341:197-205. 

Blackwell, G. J. and Flower, R. J. (1983): tihibition of phospholipase. Br Med 
Bull, 39: 260-264. 

BoUenbacher, W. E., Smith, W. L., Goodman, W. and Gilbert L. L (1981): 
Ecdysteriod titer during larval-pupal-adult development of the tobacco 
homworm, Manduca sexta. Gen Qmp Endocrinol, 44:302-306. 



161 

Brier, H. and Shepherd, G. M. (1993); Implications of the NO/cGMP system 
for olfaction. TINS, 16:5-9. 

Buechler, W. A., Nakane, M. and Murad, F. (1991): Expression of soluble 
guanyly cyclase activity requires both enzyme subunits. Biodiem 
Biophys Res Commun, 174:351-357. 

Chinkers, M. and Garbers, D. L. (1989): The protein kinase domain of the ANP 
receptor is required for signalling. Science, 245:1392-1394. 

Chinkers, M., Singh, S. and Garbers, D. L. (1991): Adenine nucleotides are 
required for activation of rat atrial natriuretic peptide 
receptor/guanylyl cyclase expressed in a bacolovirus system. / Biol 
Oiem, 266:4088-4093. 

Chinkers, M. and Wilson, E. M. (1992): Ligand-independent oligomerization 
of natriuretic peptide receptors. Identification of heteromeric receptors 
and a dominant negative mutant J Biol Chem, 266:18589-18597. 

Chrisman, T. D., Garbers, D. L., Parks, M. A. and Hardman, J. G. (1975): 
Characterization of particulate and soluble guanylyl cyclases from rat 
lung, f Biol Chem, 2M: 374-381. 

Cobum, C. M. and Bargmann, C. L (1991): A putative cyclic nucleotide-gated 
channel is required for sensory development and function 
in C elegans. Neuron, 7: 695-706. 

Collins, M. L. P, and Salton, M. R. J. (1979): Solubility characteristics of 
Micrococcus lysodiekticus membrane components in detergents and 
chaotropics analyzed by immunoelectrophoresis. Biochim Biophys Acta, 
553: 40-53. 

Cox, K. H., DeLeon, D. V., Angerer, L. M. and Angerer, R. C (1984): Detection 
of mRNAs in sea urchin embryos by in situ hybridization using 
asymmetric RNA probes. Deo Biol, 101: 485-502. 

Currie, M. G., Fok, K F., Kato, J., Moore, R. J., flamra, F. K, Duffin, K L. and 
Smith C E. (1992): Guanyliiu an endogenous activator of intesinal 
guanylate cyclase. Proc Natl Acad Sci USA, 89:947-951. 



162 

Daniel, H., Hemart N., Jaillard, D. and Crepel, F. (1993): Long-term 
depression requires nitric oxide and guanosine 3':5' cyclic 
monophosphate production in rat cerebellar purkinje ceUs. Eur f 
Neurosci, 5:1079-1082. 

Dawson, R. M. C, Hemington, N. L. and Irvine, R- F. (1983): Diacylglycerol 
potentiates phospholipase attack upon phospholipid bylayers: possible 
connection with cell stimulation. Biochem Biophys Res Commun, 117: 
196-201. 

Dhallan, R. S., Yau, K.-W., Schrader, K. A. and Reed, R. R. (1990): Primary 
structure and functional expression of a cyclic nucleotide-activated 
channel from olfactory neurons. Nature, 347:184-187. 

Dini, G. and Del Rosso, M. D. (1984): Ultracytochemical localization of 
guanylate cyclase activity in guinea-pig peritoneal macrophages under 
different physiological conditions. Histodiem /, 16:1257-1263. 

Divecha, N. and Irvine, R. F. (1995): Phospholipid signalling. Cell, 80: 269-
278. 

Downes, C. P. and Michell, R. H. (1985): Inositol phospholipid breakdown as 
a receptor-controUed generator of second messengers, bi Molecular 
mechanisms of transmembrane signalling, Cohen, P. and Houslay, M. D., 
eds, 3-56, Elsevier, Amsterdam. 

Drewett J. G., Zeigler, R. J. and Trachte, G. J. (1990): Neuromodulatory effects 
of atrial natriuretic factor are independent of guanylate cyclase in 
adrenergic, neuronal pheochromocytoma cells. / Pharmol Exp Ther, 255: 
497-503. 

Drewett J. G., Zeigler, R. J. and Trachte, G. J. (1992): Nueromodulatory effects 
of atrial natriuretic peptides correlate with an inhibition of adenylate 
cyclase but not an activation of guanylyl cyclase, f Pharmol Exp Ther, 
260: 689-696. 

Drewett J. G. and Garbers, D. L. (1994): The family of guanylyl cyclase 
receptors and their ligands. Endocrine Rev, 15:135-162. 



163 

Drewett J. G., Fendly, B. M., Garbers, D. L. and Lowe, D. G. (1995): Natritiretic 
peptide receptor-B (guanylyl qrdase-B) mediates C-type natriuretic 
peptide relaxation of precontracted rat aorta. / Biol Chem, 270: 4668-
4674. 

Duda, T., Goraczniak, R. M. and Sharma, R. K (1993): Core sequence of ATP 
regulatory module in receptor guanylate cyclase. FEBS Lett, 315:143-
148. 

Duda, T., Goraczniak, R. M., Sitaramayya, A. and Sharma, BL IC (1993): 
Qoning and expression of an ATP-regulated human retinal C-type 
natriuretic factor receptor guanylate cyclase. Biochemistry, 32:1391-1395. 

Duda, T. and Sharma, R. K (1995): ATP modulation of the ligand-binding 
and signal-transduction activities of the type C natriuretic peptide 
receptor guanylate cyclase. Mol Cell Bioch^, 152:179-183. 

Earp, H. S., Smith, P., Huang Ong, S.-H. and Steiner, A (1977): Regulation of 
hepatic nuclear guanylate cyclase. Proc Natl Acad Sci USA, 74: 946-950. 

Elphick, M. R., Kemenes, G., Staras, K. and O'Shea, M. (1995): Behavioral role 
for nitric oxide in chemosensory activation of feeding in a mollusc. / 
Neurosci, 15: 7653-7664. 

Elphick, M. R., Williams, L. and O'Shea, M. (1996): New features of the locust 
optic lobe: evidence of a role for nitric oxide in insect vision. / Exp Biol, 
199: 2395-2407. 

Ephrussi, B. and Beadle, A. W. (1936): A technique of transplantation for 
Drosophila. Am Nat, 70:218-225. 

Ewer, J., De Vente, J. and Truman, J. W. (1994): Neuropeptide induction of 
cyclic GMP increases in the insect CNS: resolution at the level of single 
indentlfiable neurons, f Neurosci, 14: 7704-7712. 

Ewer, J., Gammie, S. C. and Truman, J. W. (1997): Control of insect ecdysis by 
a positive feed-back endocrine system: roles of eclosion hormone and 
ecdysis triggering hormone. / Exp Biol, 200:869-881. 



164 

Farinelli, S, E., Park, D. S. and Greene L. A. (1996): Nitric oxide delays the death 
of trophic factor-deprived PC12 cells and sympatiietic neurons by a 
cGMP-mediated mechanism. / Neuroscir 16:2325-2334. 

Field, M., Graf, L. EL, Laird, W. J. and Smiiii P. L. (1978): Heat-stable 
enterotoxin of Escheria coli: in vitro effiects of guanylate cyclase 
actvity, cyclic GMP concentration, and ion transport in the small 
intestine. Proc Natl Acad Sci USA, 75:2800-2804. 

Fourcade, O., Simon, M-F., Viode, C, Rugani, N., Leballe, F., Ragab, A., Fourie, 
B., Sarda, L. and Chap, H. (1995): Secretory phospholipase A2 generates 
the novel lipid mediator lysophosphatidic acid in membrane 
microvesicles shed from activated cells. Cell, 80:919-927. 

Friebe, A., Wedel, B., Harteneck, C, Foerster, J. Schuliz, G. and Koesling, D. 
(1997): Functions of conserved cysteines of soluble guanylyl cyclase. 
Biochemistry, 36:1194-1198. 

Fiille, Vasser, R., Foster, D. C, Yand, R.-B., Axel, R. and Garber, D. L. 
(1995): A receptor guanylyl cyclase expressed specifically in olfactory 
sensory neurons. Proc Natl Acad Sci USA, 92: 3571-3575. 

Fuller, F,, Porter, J. G., Arfsten, A. E., Miller, J., Schilling, J. W., Scarborough, 
R. M., Lewicki, H. A. and Schenk, D. B. (1988): Atrial natriuretic 
peptide clearance recepton complete sequence and functional 
expression of cDNA clones, f Biol Oiem, 263:9395-9401. 

Galione, A., White, A., Wilimot N., Turner, M., Potter, B. V. L. and Watson, 
S. P. (1993): cGMP mobilizes intracellular Ca"'"^ in sea urchin eggs by 
stimulating ADP-ribose syndesis. Nature, 365:456-459. 

Garbers, D. L., Hardman, J. G. and Rudolph, F. B. (1974): Kinetic analysis of 
sea urchin sperm guanylyl cyclase. Biochemistry, 13: 4166-4171. 

Garbers, D. L. (1979): Purification of soluble guanylate cyclase from ratlimg. / 
Biol Chem, 254: 240-243. 

Garbers, D. L. and Murad, F. (1979): Guanylate cyclase assay methods. Adv 
Cyclic Nucleotide Res, 10:57-67. 



165 

Garbers, D. L. (1989): Molecular basis of fertilization. Annu Rev Biochem, 58: 
719-742. 

Garbers, D. L. (1992): Guanylyl cyclase receptors and their endocrine, 
paracrine and autocrine ligands. Cell, 71:1-4. 

Garbers, D. L., Koesling, D. and Schultz G. (1994): Guanylyl cyclase receptors. 
Mol Biol Cell, 5:1-5. 

Gamier, J., Osguthorpe, D. J. and Robinson, B. (1978): Analysis of the accuracy 
and implications of simple methods for predicting the secondary 
structure of globular proteins, f Mol Biol, 120: 97-120, 

Garthwaite, J. (1995): Neural nitric oxide signalling. Trends Neurosci, 18: 51-
52. 

Gelperin, A. (1994): Nitric oxide mediates network oscillations of olfactory 
intemeurons in terrestrial mollusc. Nature, 369: 61-63. 

Gerzer, R., Bohme, E., Hofmann, F. and Schultz, G. (1981): Soluble guanylyl 
cyclase purified from bovine lung contains heme and copper. FEBS 
Lett, 132: 71-74. 

Gerzer, R., Hamet, P., Ross, A. H., Lawson, J. A and Hardman, J. G. (1983): 
Calcium-induced release from platelet membranes of fatty acids that 
modulate soluble guanylate cyclase. J Pharmacol Exp Ther, 226:180-186. 

Gilman, A. G. (1987): G protiens: transducers of receptor-generated signals. 
Ann Rev Biochem, 52: 615-649. 

GiuUi, G., Scholl, U., BuUe, F. and Guellaen, G. (1992): Molecular cloning of 
the cDNAs coding for the two subunits of soluble guanylyl cyclase from 
human brain. FEBS Lett, 304:83-88. 

Glass, D. B., Frey II, W., Carr, D. W. and Goldberg, N. D. (1977): Stimulation of 
human platelet guanylyl cyclase by fatty acids, f Biol Chem, 252:1279-
1285. 

Godfrey, P. P. (1989): Potentiation by lithium of CMF-phosphatidate 
formation in carbachol-stimulated rat cerebral-cortic^ slices and its 
reversal by myo-inositol. Biochem f, 258: 621-624. 



166 

Goldberg, N. D. and Haddox, M. K. (1977): Cyclic GMP metabolism and 
involvement in biological regulation. Annu Rev Biodtem, 46: 823-896. 

Goraczniak, R. M., Duda, T. and Sharma, R. K. (1992): Structural motif that 
defines ATP regulatory module of guanylyate cyclase atrial natriuretic 
factor signalling. Biodtem J, 282:533-537. 

Gorczyca, W. A., Gray-Keller, M. P., Detwiler, P. B. and Palczewski, K (1994): 
Purification and physiological evaluation of a guanylate cyclase 
activating protein from retinal rods. Proc Natl Acad Sd USA, 91: 4014-
4018. 

Goy, M. F., Mandelbrot D. A. and York, C. M. (1987a): Identification and 
characterization of a polypeptide from a lobster neurosecretory gland 
that induces cyclic GMP accxmiulation in lobster neruomuscullar 
preparations, f Neurochem, 48:954-966. 

Harma, F. K, Forte, L. R., Eber, S. L., Pidhorodedq^, N". V., Krause, W. J., 
Freeman, R. H., Chin, D. T., Tompkins, J. A., Fok, K. F., Smith, C. E., 
Duffin, K. L., Siegel, N". R. and Currie, M. G. (1993): Uroguanylin: 
structure and activity of a second endogenous peptide that stimulates 
intestinal guanylate cyclase. Proc Natl Acad Sd USA, 90:10464-10468. 

Kartell, N. A. (1994): cGMP acts within cerebellar purkinje cells to produce 
long term depression via mechanisms involving PKC and PKG. 
NeuroReport, 5: 833-836. 

Harteneck, C., Koesling, D., Soling, A., Schultz, G. and Bohme, E. (1990): 
Expression of soluble guanylate cyclase: catalytic activity requires two 
enzyme subunits. FEES Left, 272:221-223. 

Harteneck, C., Wedel, B., Koesling, D., Malkewitz, J., Bdhme, E. and Schxdtz, 
G. (1991): Molecidar cloning and expression of a new a-subunit of 
soluble guanylyl cyclase. Ihterchangeability of the a-subunits of the 
enzyme. FEBS Lett, 292:217-222-

Haefaer, E. W. (1993): Diacylglycerol: formation and function in 
phospholipid-mediated signal-transduction. Comp Biodtem Physiol, 
105C: 337-345. 



167 

Henderson, R. J. and Tocher, D. R. (1992): Thin-layer chromotography. In 
Lipid analysis: a practical approach, 65-111, Hamilton, R. J. and Hamilton, S., 
eds, Oxford University Prss, New York. 

Hesterlee, S. and Morton, D. B (1996): Insect physiology: the emerging story 
of ecdysis. Current Biol, 6: 648-650. 

Hewes, R. S. and Truman, J. W. (1991): The roles of central and peripheral 
eclosion homone release in the control of ecdysis behavior in Manduca 
sexta. f Comp Physiol, 16SA: 697-707. 

Hoffmarm, F., Dostmaiuv W., Keilbach, A., Landgraf, W. and Ruth P. (1992): 
Structure and physiological role of cGMP-dependent protein kinase. 
Biochim Biophys Acta, 1135: 51-60. 

Hoken, L. E. (1985): Receptors and phosphoinositide-generated second 
messengers. Ann Rev Biochem, 54: 205-235. 

Hug, H. and Sarre, T. F. (1993): Protein kinase C isoenzymes: divergence in 
signal-transduction? Biochem ], 291:329-343. 

Humbert, P., Niroomand, F., Fischer, G., Mayer, B., Koesling, D., Hinsch, K-
D., Gausepohl, H., Frank, R., Schultz, G. and Bohme, E. (1990): 
Purification of soluble guanyly cyclase from bovine lung by a new 
immunoaffinity chromotographic method. Eur / Biochem, 190: 273- 278. 

Ignarro, L. J., Wood K. S. and Wolin, M. S. (1984): Regulation of purified 
soluble guanylyl cyclase by porphyrins and metalloporphyrins: a 
unifying concept Ada Cyclic Nucleotide Protein Phosphorylation Res, 17: 
267-274. 

Ingi, T. and Rormett G. V. (1995): Direct demonstration of a physiological 
role for carbon monoxide in olfactory receptor neurons. / Neurosci, 15: 
8241-822Z 

Ingi, T., Cheng, J. and Ronnett G. V. (1996): Carbon monoxide: an endogenous 
modulator of the nitric oxide-cyclic GMP signaling system. Neuron, 16: 
835-842. 



168 

Ishikawa, E., Ishikawa, S., Davis, J. W. and Sutherland, E. W. (1969): 
Determination of guanosine 3',5'-monophosphate in tissues and of 
guanyl qrclase in rat intestine, f Biol Chem, 244:6371-6376. 

Iwata, T., Unchida-Mizuno, K, ICatafuchi, T., Ito, T., Hagiwara, fL and Hirose, 
S. (1991): Bifunctional atrial natriuretic peptide receptor (type A) exists 
as a disulfide-linked tetramer in plasma membranes of bovine adrenal 
cortex- f Biochem, 110:35-39. 

Jewett J. R. S., Koller, K. J., Goeddel, D. V. and Lowe, D. G. (1993): Hormonal 
induction of low affinity receptor guanylyl cyclase. EMBO J, 12: 769-777. 

Julifs, D. M., Fiille, Zhao, A. Z., Houslay, M. D,, Garbers, D. L. and Beavo, 
J. A. (1997): A subset of olfactory neurons that selectively express 
cGMP-stimulated phosphodiesterase (PDE2) and guanylyl cyclase-D 
define a unique olfactory signal-transduction pathway. Proc Natl Acad 
Sci USA, 94: 3388-3395. 

Kalderon, D. and Ribom. G. M. (1989): cGMP-dependent protein kinase genes 
in DrosophiJa. f Biol Chem, 264:10738-10748. 

Kaupp, U. B. (1991): The cyclic nucleotide-gated channels of vertebrate 
photoreceptors and olfactory epithelium. TINS, 14:150-157. 

Khurana, M. L. and Pandey, K. N. (1995): Catalytic activation of guanylate 
cyclase/ atrial natriuretic factor receptor by combined effects of ANF and 
GTPyS in plasma membranes of Leydig tumor cells: involvement of 
G-proteins. Arch Biochem Biophys, 316:392-398. 

Kimura, H. and Murad, F. (1975): Subcellular localization of guanylate 
cyclase. Lije Sci, 17: 837-844. 

Kimura, H., Uchida, T., Futami, Y., Yoshida, K-i., Shinomiya, T., Tarui, S.-L 
and Okada, Y. (1981): Evidence for guanylyl cyclase activity associated 
with hemagglutinating virus of Japan (sendia virus), f Biol Chem, 256: 
2508-2513. 

iCingan, (1997): Regulation of ecdysis-triggering hormone release by eclosion 
hormone. / Exp Biol, 200: 3245-3256. 



169 

Kishimoto, A-, Nishiyama, K., Nakanishi, H., Uratsuji, Y., Nomura, H., 
Takeyama, Y. and Mishizuka, Y. (1985): Studies on the 
phosphorylation of myelin basic protein by kinase C and adenosine 3': 
5'-monophosphate-dependent protein kinase, f Biol Chenir 260:12492-
12499. 

Kito, M., Takamura, H., Narita, H. and Urade, R. (1985): A sensitive method 
for quantitative analysis of phospholipid molecular species by 
high-performance liquid chromatography. / Biochem, 98: 327-331. 

Kojima, M., Hisaki, K., Matsuo, H. and Kangawa, K. (1995): A new type of 
soluble guanylyl cyclase which contains a kinase-like domain: its 
structure and expressioru Biochem Biophys Res Commun, 217: 993-1000. 

Komatsu, H., Mori, L, Rhee, J.-S., Akaike, N. and Ohshima, Y. (1996): 
Mutations in a cyclic nucleotide-gated chaimel lead to abnormal 
thermosensation and chemosensation in C elegans. Neuron, 17: 707-718. 

Kozak, M. (1983): Comparison of initiation of protein synthesis in prokaryotes, 
eukaryotes and organelles, Microbiol Reos, 4!7:1-45. 

Kozak, M. (1984): Compilation and analysis of sequences upstream from the 
translational start site in eukaryotic mRNAs. Nucleic Acids Res, 12: 857-
872. 

Kudo, L, Murakami, M., Hara, S. and Inoue, K. (1993): Mammalian non
pancreatic phospholipases A2. Biochim Biophys Acta, 1170: 217-231. 

Komminoth, P. (1996): Detection of mRNA in tissue sections using DIG-
labeled RNA and oligonucleotide probes. In Nonradioactive in situ 
hybridization application mannual, 126-135, Grunewald-Janho, S., 
Keesey, J., Leous, M., van Miltenburg, R., and Schroeder, C, eds, 
Boehringer Marmheim GmbH, Biochemica, Germany. 

Kuzin, B., Roberts, L, Peunova, N, and Enikolopov, G. (1996): Nitric oxide 
regulates cell proliferation during Drosophila development Cell, 87: 
639-649. 

Larosse, L., McNicoll, H., Ong, H. and DeLean, A. D. (1991): AUosteric 
modulation by ATP of the bovine adrenal natriuretic factor R1 receptor 
functions. Biochemistry, 30:8990-8995. 



170 

Liu, W., Yoon, J., Brug, M., Chen, L. and Pak, W. L. (1995): Molecular 
characterizationof two Drosophila guanylate cyclases expressed in the 
nervous system. / Biol Qiem, 270:12418-12427. 

Lohmann, S. M., Fishmeister, R., and Walter U. (1991): Signal-transduction by 
cGMP in the heart Bas Res Cardiology, 86: 503-514. 

Louis, J.-C, Revel M.-0. and Zwiller, J. (1993): Activation of soluble guanylyl 
cyclase through phosphorylation by protein kinase C in intact PC12 cells. 
Biochim Biophys Acta, 1177: 299-306. 

Lowe, D. G. (1992): Human natriuretic peptide receptor-A guanylyl q^clase is 
self-associated prior to hormone binding. Biochemistry, 31:10421-10425. 

Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951): Protein 
measiurement with the folin phenol reagent f Biol Chem, 193: 265-275. 

MacFarland, R. T., Zelus, B. D. and Beavo, J. A. (1991): High concentrations of a 
cGMP-simulated phosphodiesterase mediate ANP-induced decreases in 
cAMP and steriodogenesis in adrenal glomerulosa cells. / Biol Chem, 266: 
136-142. 

Matsura, M. (1984): Relaxation of Mytilus catch muscle by 8-bromo-cyclic GMP 
and related compoimds. Camp Biochem Physiol C, 78:111-116. 

Moolenaar, W. H., van der Bend, R. L., van Corven, E. J., Jalink, K., Eichholtz, T. 
and van Blitterswijk, W. J. (1992): Lysophosphatidic acid: a novel 
phospholipid with hormone- and growth factor-like activities. In Cold 
Spring Harbor symposia on quantitative biology, vol. LVII, Cold Spring Habor 
Laboratory Press, New York. 

Moroz, L. L., Park, J.-H. and Winlow, W. (1993): Nitric oxide activates buccal 
motor patterns in Lymnaea stagnalis. Neurareport, 4: 643-646. 

Morton, D. B. and Truman, J. W. (1985): Steroid regulation of the peptide-
mediated increase in cyclic GMP in the nervous system of the hawkmoth, 
Manduca sexta. f Comp Physiol, 157A: 423-432. 



171 

Morton, D. B. and Tmman, J. W. (1986): Substrate phosphoprotein availability 
regulates eclosion hormone sensitivity in an insect CNS. Nature, 323: 264-
267. 

Morton, D. B. and Giunta, M. A. (1992): Eclosion hormone stimulates cyclic 
GMP levels in Manduca sexta nervous tissue via arachidonic acid 
metabolism with little or no contribution from the production of nitric 
oxide. / Neurochem, 59:1522-1529. 

Morton, D. B. and Simpson, P. J. (1995): Eclosion hormone-stimulated cGMP 
levels in the central nervous system of Manduca sexta: inhibition by lipid 
metabolism blockers, increase in inositol (1,4,5) trisphosphate and further 
evidence against the involvement of nitric oxide. J Comp Physiol, 165B: 
417-427. 

Morton, D. B. (1996): Neuropeptide-stimulated cGMP immunoreactivity in the 
neurosecretory terminals of a neurohemal organ. / Neurobiol, 29: 341-353. 

Morton, D. B. (1997): Eclosion hormone action on the nervous system. 
Intracellular messengers and sites of action. Annals N Y Academy Sci, 814: 
40-52. 

Mothet J. P., Fossier, P., Tauc, L. and Baux, G. (1996): Opposite actions of nitric 
oxide on cholinergic synapses: which pathways? Proc Natl Acad Sci USA, 
93: 8721-8726. 

MuUer, U. and Hildebrandt; H- (1995): The nitric oxide/cGMP system in the 
antennal lobe of Apis mellij^a is implicated in integrative processing of 
chemosensory stimuli. Eur J Neurosci, 7: 2240-2248. 

MuUer, U. (1996): Lihibition of nitric oxide sjoithase impairs a distinct form of 
long-term memory in the honeybee. Apis mellifsra. Neuron, 16: 541-549. 

Nei, M. (1987): Molecular Evolutionary Genetics, 293-298, Columbia University 
Press, New York. 

Nielson, C. P., Stuchfield, J. and Cockcroft S. (1991): Chemotactic peptide 
stimulation of arachidonic acid release in HL60 cells, an interaction 
between G-protein and phospholipase C- mediated signal-transduction. 
Biochim Biophys Acta, 1095: 83-89. 



172 

Mishizuka, Y. (1984): The role of protein kinase C in cell surface signal-
transduction and tumor promotion. Nature, 308: 693-698. 

Ohsako^ S. and Deguchi, T. (1981): Stimulation by phosphatidic add of calcium 
influx and cyclic GMP sjoithesis in neuroblastoma cells. / Biol Chem, 256: 
10945-10948. 

Pacini, L., Limotola, C, Frati, L., Luly, P, and Spinedi, A. (1993): Muscarinic 
stimulation of SK-N-BE(2) human neuroblastoma cells elicits 
phosphoinositide and phosphatidylcholine hydrolysis: relationship to 
diacyglycerol and phosphatidic acid acciunulation. Biochem f, 289: 269-
275. 

Pivovarov, A. S., Drozdova, E. L and Kotlyar, B. J. (1990): The role of cGMP in 
the extinction of the reactions of identified neurons of the edible snail in 
response to acetycholine. Neurosci Behav Physiol, 20: 323-330. 

Pivovarov, A. S., Sharma, R. and Walker, R. J. (1995): tihibitory action of 
SKPYMRFami'le on acetylcholine receptors of Helix aspersa neurons: role 
of second messengers. Gen Pharmacol, 26: 495-505. 

Porter, J. G., Catalano, R., McEnroe, G., Lewicki, J. A. and Protter, A. A. (1992): 
C-type natriuretic peptide inhibits growth factor dependent DNA 
synthesis in smooth muscle cells. Am / Physiol, 263: C1001-C1006. 

Potter, L. R. and Garbers, D. L. (1992): Dephosphorylation of the guanylyl 
cyclase-A receptor causes desensitization. J Biol Qtem, 267:14531-14534. 

Prabhakar, S., Short D. B., Scholz, N. L. and Goy, M. F. (1997): Identification of 
nitric oxide-sensitive and -insensitive forms of cytoplasmic guanylate 
cyclase, f Neitrochem, 69:1650-1660. 

Preiss, J., Loomis, C. R., Bishop, W. R., Stein, R., Niedel, J. E. and Bell, R. M. 
(1986): Quantitative measurement of sn-l,2-diacylglycerols present in 
platelets, hepatocytes, and ras- and szs-transformed normal rat kidney 
ceUs. / Biol Oiem, 261: 8597-8600. 



173 

Prescott D. J., Hildebrand, J. G., Sanes, J. R. and Jewett S. (1977): Biochemical 
and developmental studies of acetylcholine metabolism in the central 
nervous system of the moth, Manduca sexto. Comp Biochem Physiol, 560 
77-84. 

Pronin, A. N. and Benovic, J. L. (1997): Regulation of the G protein-coupled 
receptor kinase GRK5 by protein kinase C / Biol Oiem, 272: 3806-3812. 

Radney, E. W., Gerzer, R. and Garbers, D, L. (1983): Purification and 
characterization of particiilate guanylate cyclase from sea urchin 
spermatozoa. / Biol Chem, 258: 8346-8351. 

Reinhard, M., Halbrugge, M., Scheer, U., Wiegand, C, Jockusch, B. M. and 
Walter, U. (1992): The 46/50 kDa phosphoprotein VASP purified from 
human platelets is a novel protein associated with actin filaments and 
focal contacts. EMBO ], 11: 2063-2070. 

Resink, T. J., Scott-Burden, T, and Buchler, F. R. (1990): Activation of multiple 
signal-transduction pathways by endothelin in cultured human vascular 
smooth muscle cells. Eur J Biochem, 189:415-421. 

Riddiford, L. M. (1985): Hormone action at the cellular level. In Comprehensive 
Insect Physiology and Biochemisty, vol 8: Endocrinology II, G. A. Kerkut and 
L. A. Gelbert eds., 37-84, Pergammon, New York. 

Roberts, M. F., Deems, R. A., Mincey, T. C and Dennis, E. A. (1977): Chemical 
modification of the histidine residue in phospholipase A2 (Naja naja naja). 
A case of half-site reactivity. / Biol Chem, 252: 2405-2411. 

Rosenzweig, A. and Seidman, C. E. (1991): Atrial natriuretic foctor and related 
peptide hormones. Anna Rev Biochem, 60: 229-255. 

Sanes, J. R. and Hildebrand, J. G. (1976): Structure and development of antennae 
in a moth, Manduca sexto. Dev Biol, 151:282-299. 

Saito, Y., Nakao, K, Itoh, H., Yamada, T., Makoyama, M., Arai, H., Hosoda, K, 
Shirakami, G., Suga, S., Minamino, N., iCangawa, BC, Matsuo, H. and 
Dnura, H. (1989): Brain natriuretic peptide is a novel cardiac hormone. 
Biochem Biophys Res Commun, 158:360-368. 



174 

Savchenko, A., Barnes, S. and Kramer, R. H. (1997): Cyclic-nucleotide-gated 
channels mediate synaptic feedback fay nitric oxide. Nature, 390: 694-698. 

Schiebinger, R. J. and Greening, K M. (1992): Interaction between stretch and 
hormonally stimtilated atrial natriuretic peptide secretion. Am J Physiol, 
262: H78-H83. 

Schmidt H. H. H. W., Lohmann S. M. and Walter., U. (1993): The nitric oxide 
and cGMF signal-transduction system: regulation and mechanism of 
action. Biochim Biophysica Acta, 1178:153-175. 

Scholz, N. L., Chang E. S., Graubard, K. and Truman, J. W. (1995): Cellular 
distrubution of nitric oxide-activated cGMP in the developing lobster 
nervous system. Soc Neurosci Abstr, 21: 630. 

Scholz, N. L, Goy M. F,, Truman, J. W. and Graubard, K. (1996): Nitric oxide 
and peptide neurohormones activate cGMP sysnthesis in the crab 
stomatogastic nervous system. /. Neurosci, 16:1614-1622. 

Schrammel, A., Behrends, S., Schmidt K, Koesling, D. and Mayer, B. (1996): 
Characterization of lH-[l,2,4]Oxadiazolo[4,3-a]quinoxalin-l-one as a 
heme-site inhibitor of nitric oxide-sensitive guanylyl cyclase. Mol 
Pharmacol, 50:1-5. 

Schulz, S., Wedel B. J., Matthews A., Garbers D. L. (1998): The cloning and 
expression of a new guanylyl cyclase orphan receptor. / Biol Chem, 273: 
1032-1037. 

Schwartz, L. M. and Truman, J. W, (1984): Cyclic GMP may serve as a second 
messenger in peptide-induced muscle degeneration in an insect Proc Natl 
Acad Sci USA, 81: 6718-6722. 

Shah, S. and Hyde, D. R. (1995): Two Drosophila genes that encode the a and P 
subunits of the brain soluble guanylyl cyclase. / Biol Chem, 270:15368-
15376. 

Sharma, R. K., Duda, T. and Sitaramayya, A. (1994): Plasma membrane 
guanylate cyclase is a multimodule transduction system: minireview. 
Amino Acids, 7:117-127. 



175 

Shibanaka,^ Y., Hayashi^ H., Takai, M. and Fujita, N. (1993): Eclosion honnone 
activates phosphatidylinositol hydrolysis in silkworm abdominal ganglia 
during adult metamorphosis. Eur f Biochem, 211:427-430. 

Shibanaka, Y., Hayashi, H., Umemura, L, Fujisawa, Y., Okamoto, M., Takai, M. 
and Fujita, N". (1994): Eclosion hormone-mediated signal-transduction in 
the silkworm abdominal ganglia: involvement of a cascade inositol (1,4,5) 
trisphosphate to cyclic GMP. Biodian Biophys Res Commun, 198: 613-618. 

Shyjan, A. W., de Sauvage, F. J. and Gillett N. A. (1992): Molecular cloning of a 
retina-specific membrane guanylyl cyclase. Neuron, 9: 727-737. 

Stanley-Samuelson, D, W. (1994): Prostaglandins and related eicosanoids in 
insects. In Advances in insect physiology, vol 24, eds, 115-212. Academic 
Press Limited, London. 

Stone, J, R. and Marietta, M. A. (1995): Heme stoichiometry of heterodimeric 
soluble guanylate cyclase. Biochemistry, 34:14668-14674. 

Stone, J. R., Sands, R. H., Dimham, W. R. and Marietta, M. A. (1995): Electron 
paramagnetic resonance spectral evidence for the formation of a 
pentacoordinatenitrosyl-heme complex on soluble guanylate cyclase. 
Biochem Biophys Res Commun, 207:572-577. 

Sudoh, T., Kangawa, K, Minamino, N. and Matsuo, H. (1988): A new natriuretic 
peptide in porcine brain. Nature, 332: 78-81. 

Takahashi, S. Y., Kageyama, T., Ohoka, T. and Ohnishi, E. (1974): Guanosine 
3',5' monophosphate-dependent protein kinase from silkworm eggs: 
purification and properties. Insect Biochem, 4:429-438. 

Takamura, H., Narita, H., Urade, K and Kito, M. (1986): Quantitative analysis of 
polyenoic phospholipid molecular species by high performance liquid 
chromatography. Lipids, 5; 356-361. 

Tappel, A. L., Lundberg, W. O. and Boyer, P. D. (1953): Effect of temperature 
and antioxidants upon the lipoxidase-catalyzed oxidation of sodium 
linoleate. Arch Biochem Biophys, 42: 293-304. 



176 

Taylor, A. S., Morrison, A. R. and Russell, J. H. (1985): Incorporation of 
5,8,ll,14-€icosatetra5moic add (ETYA) in cell lipids: competition with 
arachidonic add for esteriiication. Prostaglandins, 29: 449-458. 

Thalhofer, H. P. and Hofer, H. W. (1989): Purification and properties of cyclic-
3',5'-GMP dependent protein kinase from the nemotode Ascaris suum. 
Arch Biochem Biophys, 273: 535-542. 

Thompson, D. BC and Garbers, D. L. (1995): Dominant negative mutations of the 
guanylyl cyclase-A receptor. J Biol Otem, 270: 425-430. 

Thorpe, D, S. and Morkin, E. (1990): The carbojgrl region contains the catalytic 
domain of the membrane form of gyanylate cydase. f Biol Otem, 265: 
14717-14720. 

Thorpe, D. S., Niu, S. and Morkin, E. (1996): The guanylyl cyclase core of an 
atrial natriuretic peptide receptor: enzymatic properties and basis for 
cooperativity. Biochem Biophys Res Commun, 218: 670-673. 

Tremblay, J., Gerzer, R. and Hamet P. (1988): Cyclic GMP in cell function. Adv 
Second Messenger Phosphoprotein Res, 22: 319-383. 

Truman, J. W., Mumby, S. M. and Welch, S. K. (1979): Involvement of cyclic 
GMP in the release of stereotyped behavior patterns in moths by a 
peptide hormone. / Exp Biol, 84:201-21Z 

Truman, J. W., Taghert^ P. H. and Reynolds, S. E. (1980): Physiology of pupal 
ecdysis in the tobacco homworm, Mandnca sexta. L Evidence for control 
by eclosion hormone, f Exp Biol, 88: 'hU-Zyj. 

Truman, J. W,, Roimtree, D. B., Reiss, S. E. and Schwartz, L. M. (1983): 
Ecdysteroids regulate the release and action of edosion hormone in the 
tabacco homworm, Manduca sexta. J Insect Physiol, 29:895-900. 

Truman, J. W, and Copenhaver, P. F. (1989): The larval edosion hormone 
neruones in Manduca sexta: identification of the brain proctodeal 
neurosecretory system, f Exp Biol, 147:457-470. 

Tnmian, J. W., De Vente, J. and Ball E. E. (1996): Nitric oxide-sensitive guanylyl 
cyclase activity is assodated with the maturational phase of neuronal 
development in insects. Development, 122:3949-3958. 



177 

Tucker, C. L., La.ura., R. P. and Hurley, J. B. (1997): Domain-specific stabilization 
of photoreceptor membrane guanylyl cyclase by adenine nucleotides and 
guanylyl cyclase activating proteins (GCAPs). Biochemistry, 36:11995-
12000. 

Vaandrager, A. B., Schulz, S., De Jonge, H. R. and Garbers, D. L. (1993): 
Guanylyl cyclase C is an N-linked glycloprotein receptor that accoimts for 
multiple heat-stable enterotoxin-binding proteins in the intestine. / Biol 
Oiem, 268: 2174-2179. 

Vadas, P., Browning, J., Edelson, J. and Pruzanski, W. (1993): Extracellular 
phospholipase A2 expression and inflammation: the relationship with 
associated disease states. J Lipid Mediators, 8:1-30. 

Verma, A., Hirsch D. J., Glatt; C. E., Ronnett G. V. and Snyder, S. H. (1993): 
Carbon monoxide: a putative neural messenger. Science, 259: 381-384. 

Waldman, S. A. and Murad, F. (1987): Cyclic GMP synthesis and function. 
Pharm Rev, 39:163-196. 

Wang, T., Xie, Z. and Lu, B. (1995): Nitric oxide mediates activity dependent 
synaptic suppression at developing neuromuscular synapses. Nature, 
374: 262-266. 

Wedel, B., Humbert P-/ Harteneck, C., Foerster, J., Malkewitz, J., Bdhme, E., 
Schultz, G. and Koesling, D. (1994): Mutation of His-105 in the pi 
subimit yields a nitric oxide-insensitive form of soluble guanylyl 
cyclase. Proc Natl Acad Sci LfSA, 91:2592-2596. 

Wedel, B., Harteneck, C., Foerster, J., Friebe, A., Schultz, G. and Koesling, D. 
(1995): Fimctional domains of soluble guanylyl cyclase. / Biol Chem, 
270: 24871-24875. 

Weigland, R. C, Kato, J. and Currie, M. G. (1992): Rat guanylin cDNA: 
characterization of tiie precursor of an endognous activator of 
intestinal gyanylate cyclase. Biochem Biophys Res Commun, 185: 812-817. 

Weigland, R. C, Kato, J., Huang, M. D., Fok, K. F., Kachur, J. F. and Currie, M. 
C. (1992): Human guanylin: cDNA isolation, structure, and activity. 
FEBS Lett, 311:150-154. 



178 

Whalin, M. E., Scammell/ J, G., Strada, S. J. and Thompson, W. J. (1991): 
Phosphodiesterase II, the cGMP-activatable qrclic nucleotide 
phosphodiesterase, regulates cyclic AMP metabolism in PC12 cells. 
Mol Pharmacol, 39: 711-717. 

White, A. A. and Aurbach, G. D. (1969): Detection of guanylyl cyclase in 
mammalian tissues. Biochim Biophys Acta, 191: 686-697. 

Wilson, E. M. and Chinkers, M. (1995): Identification of sequences mediating 
guanylyl cyclase dimerization. Biochemistry, 34: 4696-4701. 

Wu, H. H., Williams, C. V., and McLoon, S. C. (1994): Involvement of nitric 
oxide in the elimination of a transient retinotectal projection in 
development Science, 265:1593-1596. 

Yang, R.-B., Foster, D. C., Garbers, D. L. and Fiille, H.-J. (1995): Two membrane 
forms of guanylyl cyclase found in the eye. Proc Natl Acad Sci USA, 
92: 602-606. 

Yoshikawa, S., Mayamoto, L, Aruga, J., Furuichi, T., Okano, H. and 
Mikoshiba, K. (1993): Isolation of a Drosophila gene encoding a head-
specific guanylyl cyclase, f Neurochem, 60:1570-1573. 

Yu, S., Avery, L., Baude, E. and Garbers, E. L. (1997): Guanylyl cyclase 
expression in specific sensory neurons: a new family of chemosensory 
receptors. Proc Natl Acad Sci USA, 94:3384-3387. 

Zeitler, P., Wu, Y. Q. and Handwerger, S. (1991): Melittin stimulates 
phosphoinositide hydrolysis and placental lactogen release: arachidonic 
acid as a link between phospholipase A2 and phospholipase C signal-
transduction pathways. Lije Sci, 48:2089-2095. 

Zhuo, M., Hu., Y., Schultz, C, Kandel, E. R. and Hawkins, R. D. (1994): Role 
of guanylyl cyclase and cGMP dependent protein kinase in long-term 
potentiation. Nature, 368: 635-639. 

Zitnan, D., Kingan, T. G., Hermesan, J. L. and Adams, M. E. (1996): 
Identification of ecdysis-triggering hormone from an eptiracheal 
endocrine system. Science, 271:88-91. 



179 

Zwiller, J., Revel, M. O. and Basset^ P. (1981): Evidence for phosphorylation of 
rat brain guanylate cyclase by cydic AMP-dependent protein kinase. 
Biochem Biophys Res Commun, 101:1381-1387. 

Zwiller, J., Revel, M. O. and Malviya, A. N. (1985): Protein kinase C catalyzes 
phosphorylation of guanylate cyclase in vitro. ] Bial Chem, 260:1350-
1353. 



IMAGE EVALUATION 
TEST TARGET (QA-3) 

150mm 

6" 

/APPLIED A IM/IGE . Inc 
1653 East Main Street 

-̂ ="- Rochester, NY 14609 USA 
Phone: 716/482-0300 

•=='-=• Fax: 716G88-5989 

01993. Applied Image. Inc.. AJI Rights Reserved 


