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ABSTRACT

A family of guanine nucleotide binding proteins (G proteins) is
involved in signal transduction across biological membranes. These
proteins are heterotrimers comprised of o, B and 7y subunits. G
proteins that have been isolated and characterized from various
vertebrate and invertebrate tissue sources show a remarkable
degree of sequence conservation even among distantly related
species. Thus, it is likely that many of the components of the signal
transduction pathway have been evolutionarily conserved.

The functioning of the nervous system involves diverse
components that interact through complex integrative events. Many
of these events are likely to be mediated by G proteins. The
principal objective of this thesis work was to establish Drosophila as
a model to study G protein function in the nervous system. Many
proteins implicated in nervous system function are conserved in
Drosophila, not only at the sequence level, but also functionally.
Furthermore, the development of Drosophila is well documented.
Thus, the role of G proteins in nervous system development and
differentiation can potentially be investigated using the Drosophila
system.

The early studies described in this thesis successfully showed
that levels of GTP binding present in Drosophila neuronal membranes
were comparable to binding observed in bovine brain extracts.
Additionally, these neuronal membrane preparations contained a 40
kD protein modified by pertussis toxin (PTX). A series of
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experiments resulted in the tentative classification of the Drosophila
toxin substrate as a homologue of vertebrate Goa, a G protein found
in remarkably high concentrations in vertebrate brain membranes.

In order to confirm the identity of the Drosophila Gyo-like
protein, fly head extracts were probed with antibodies that were
specific for the various vertebrate Go. subunits. Immunoblots of fly
head extracts probed with a vertebrate Gooo antibody recognized a 40
kD protein. The antibody also efficiently immunoprecipitated the PTX
substrate of fly heads. These results suggested that the PTX
substrate was a Goa-like protein.

Based on these results, a Drosophila head ¢cDNA library was
screened using the rat brain Gooo ¢cDNA as a probe, in order to obtain
the molecular tools that would enable a more extensive
characterization of the DGgo-like protein. One of the hybridization
positive clones obtained, ADGo21 was completely sequenced.
Sequence homology of DGo21 to vertebrate Goo at the deduced amino
acid level was 82%. Another ¢cDNA (DGo59) that differed from DGo21
only at its 5' end ( S'untranslated region and including nucleotide 1-
63 of the coding region) was also characterized. The existence of two
cDNA types suggests that the two forms are generated by alternate
splicing mechanisms involving the use of different exons.

The expression of the two DGo forms was studied by Northern
analysis. In adult flies, both a head-specific and a body-specific
transcript was seen. Another transcript was present in both heads
and bodies. Analysis of stage-specific expression of transcripts

X



during development showed that the head-specific transcript
appeared at 10-14 hour stage of development coinciding with the
formation of a functional nervous system in this organism. Another
transcript was specific to the 0-2 hour stage of embryogenesis (when
zygotic transcription is inactive). This transcript corresponded in size
to the transcript seen in adult bodies. Since mature females
introduce maternal transcripts into the developing oocytes this
would account for the body-specific transcript in adult flies. The
third transcript was present during all stages of development and in
heads and bodies of adult flies.

These results suggest that transcripts encoding DGgo-like
proteins are regulated in a tissue-specific as well as a stage-specific
manner. /n situ hybridization to various tissue sections of flies
confirms that these transcripts are localized primarily within cell

bodies of neurons as well as in the ovaries of mature females.
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INTRODUCTION

During the last two decades, research directed in the area of
cellular signalling mechanisms has successfully established the
importance of GTP binding proteins (G proteins) in signal
transduction. The family of G proteins occurs ubiquitously in
eukaryotes, where they couple a diverse array of receptors to
appropriate effector functions. An examination of the role of G
proteins, especially in regard to neuronal signal transduction is
presented in this chapter to provide a background for the relevance

of the work that is described herein.

TRANSMEMBRANE SIGNALLING:

Fundamental to the successful functioning of a multicellular
organism is an efficient communication system that can convey
information from one cell to another. Cells can respond to a variety
of extracellular signals by coordinating an elaborate network of
communication, eventually resulting in target effectors eliciting
appropriate intracellular effects. For example, the lower eukaryotes
typified by slime mold and yeast can respond to extracellular signals
such as pheromones and altered environmental conditions by
exhibiting chemotaxis and mating behaviours. In higher plants and
animals, extracellular signals can recruit responses ranging from
development, growth, differentiation and behaviour to the regulation
of gene expression and synthesis and secretion of proteins.

The cell membrane plays a pivotal role in signalling

mechanisms by selectively transmitting information from the



external to the internal cellular environment. Most signalling
molecules such as pheromones, neurotransmitters, growth factors,
hormones and peptides cannot traverse the cell membrane easily.
Although in some cases information transfer occurs through the
uptake of specific ions or nutrients via transporter molecules or
channels, in most cases the cell membrane contains specialized
protein structures or receptors that have high affinity binding sites
for specific signalling molecules. The receptor can bind its cognate
signalling molecule and thereby initiate a sequence of events within
the cell that comprises the signal transduction cascade.

A fundamental prerequisite for transmembrane signal
transmission is physical contiguity between the extracellular
domains of the receptor and the intracellular environment. This
permits the signalling molecule (the first messenger) to bind to the
receptor extracellularly and in turn elicit a physiological effect within
the cell, most often through the generation of a second messenger.
Cells have evolved various mechanisms to facilitate transmembrane
signalling. These can be placed into the following four categories.

The first category comprises the ligand modulated ion
channels. 1In this case the receptors are multi-subunit membrane
proteins which function as ion channels. Binding of a ligand to the
receptor causes changes in ion flux due to increased membrane
permeability and consequently a depolarization or hyperpolarization
of the membrane (e.g. nicotinic acetylcholine receptor, glycine and y-
aminobutyric acid receptors) (1,2).

The second category includes ligands which can regulate an

enzymatic activity contained in the receptor protein. This class of



receptors includes the epidermal growth factor receptor, platelet
derived growth factor receptor and insulin (3). These receptors have
an intrinsic enzymatic (i.e.) tyrosine kinase activity in one of their
domains. Binding of the ligand induces activity of the catalytic
domain of the receptor resulting in the phosphorylation of selected
target residues. The membrane bound guanylate cyclase is also a
receptor in this category. The receptor isolated from atrial
membranes has a dual activity in that the single polypeptide chain
contains a ligand recognition site (for atrial natriuretic peptide, ANP)
and an enzymic activity upon binding ANP that leads to the
generation of elevated levels of cGMP (4).

The third category is the class of lipophilic molecules such as
the steroid hormones including androgens, corticoids, estrogens and
progestins. These molecules are able to diffuse across the cell
membrane due to their hydrophobicity and ultimately bind to
receptors that are present in the nucleus. Generally, this results in
altered gene expression within target tissues (5).

The fourth class of cellular signalling is the most diverse.
Interposed between the receptor and the effector in this case is a
membrane associated component. This is the signal mediator called
the G protein. In the nervous system, many types of receptors
transduce sensory signals by this mechanism into appropriate
effects. For example, in the visual system of vertebrates there are
specialized photoreceptor cells that can respond to a photon of light
by generating an electrical potential. This is accomplished by a G
protein called transducin that couples light stimulation to

phosphodiesterase activity (6). Most recently characterized is Golr,



the G protein that mediates olfactory responses when odorant
molecules bind specific receptors (7). G proteins couple various
hormones, neurotransmitters, eicosanoids, peptides and biogenic
amines to a multitude of effectors including enzymes and ion
channels (8-12). An ever increasing number of G proteins and their
receptor mediated effects are being elucidated; already, over 100
different receptors are known to convey a plethora of biochemical
and physical information via at least 20 different G proteins to a
spectrum of intracellular effectors. Undoubtedly, this is a field that
i1s rapidly expanding as the mechanisms that underlie this mode of
signal transduction are uncovered.

The receptors that are coupled to G proteins exhibit an overall
similarity in topology (13). Shared structural motifs include seven
transmembrane domains that are hydrophobic stretches of o helices
that weave through the membrane separated by extracellular and
intracellular loops comprised of hydrophilic amino acids. It is
believed that ligand binds to the receptor within the hydrophobic
pocket that is formed by the membrane spanning regions. Among
the receptors that have been characterized, the greatest homology
occurs within the membrane spanning regions (20-50%). The amino
termini of receptors are glycosylated while the carboxyl termini are
particularly rich in serine and threonine residues. G protein coupled
receptors in vertebrates include rhodopsin ('light' receptor), the
family of opsins, adrenergic, dopaminergic, serotonergic, muscarinic,
peptidergic, GABAg, Substance K and Substance P receptors. The list
1s growing as more information is obtained. Even in lower

eukaryotes there exists evidence for receptors of this subtype. For



example, the life cycle of D. Discoideum is dependent upon sensing
cAMP levels in the extracellular environment; and the budding yeast,
S. cereviseae, has two mating types that are characterized by the
presence of unique mating factors (pheromones) in each. The cAMP
receptor in the former instance (14) and the mating factor receptor
(15) in the latter have both been characterized as belonging to the G

protein receptor family.

The G proteins are a subset of a large superfamily of GTP
binding proteins which includes tubulin (cytoskeletal protein),
soluble proteins that are important in protein synthesis such as
bacterial elongation and initiation factors (EF-Tu and IF-Tu),
products of the yeast YPT1 and SEC4 genes, and low molecular
weight (21 kD) proteins typified by the ras oncogene and ras related
proteins. The hallmark of this family is the avidity and specificity
with which they bind guanine nucleotides. Although all of the GTP
binding proteins share structural and functional features, there are
specific characteristics that distinguish the G protein subset. For
example, all G proteins are heterotrimers comprised of o, B and vy
subunits. The Go proteins are relatively uniform in molecular
weight; they are also substrates for covalent modification by
bacterial toxins. The function of the G protein is regulated by
guanine nucleotides and a divalent cation, Mg+2. The availability of
sequence information has permitted comparison of Gos with other
GTP binding proteins such as the prototypic GTP-binding protein,
bacterial EF-Tu (16). Not surprisingly, the domains that seem to be

conserved in all G proteins are those that are functionally significant



in interaction with the guanine nucleotides such as the guanine
nucleotide binding domains and the region governing the GTPase
activity. Consensus sequences are therefore implicated in the

activities of the Go subunits.

HISTORY OF G PROTEINS:

The paradigm for transmembrane signalling by G protein
coupled receptors has been the hormone regulated adenylate cyclase
system. The discovery of the G proteins came through assimilation
of the findings of four different groups. In 1974, Rodbell et al
reported that guanine nucleotides were required for the stimulatory
response of adenylate cyclase to the hormone glucagon assayed in
liver membranes (17). Furthermore, the activation of the cyclase
was also affected by divalent ions. The results of Maguire et al (18)
showed that guanine nucleotides decreased the affinity of B-
adrenergic agonists for the receptor while having no comparable
effect on the affinities of antagonists. Their studies demonstrated
that in the absence of guanine nucleotides, the dissociation constant
for binding of agonists were ten-fold lower than their activation
constant for adenylate cyclase. Addition of the guanine nucleotides
restored their affinity for activation of the cyclase. The significance
of these findings were not immediately ascertained.

Cassel and Selinger made progress in the field when they
independently developed an assay to measure GTPase activity in
turkey erythrocyte membranes (19). The assay detected the full
extent of only those GTPase activities having a high affinity for GTP

and effectively discriminating between adenine and guanine



nucleotides. Catecholamines were found to stimulate the GTPase
activity of the membranes through their action on B-adrenergic
receptors. They postulated that a GTPase activity was intrinsic to
adenylate cyclase activition. Taken in tofo, these results suggested
that a guanine nucleotide binding component was an obligatory
factor in receptor mediated cyclase stimulation. Furthermore, this
component could influence the interactions of the receptor with its
agonists in a negatively heterotropic manner.

Evidence for a regulatory guanine nucleotide component was
unequivocally obtained when Pfeuffer was able to separate the G
protein from the catalytic component of cyclase of pigeon
erythrocyte membranes using a GTP-sepharose affinity column (20).
The purified G protein was able to restore cyclase activity to
membranes prepared from a mutant cell line, cyc-, which lacked the
adenylate cyclase activity, thereby providing a convenient assay.
Subsequently, Orly and Schramm (21) were able to reconstitute a
functional P-adrenergic adenylate cyclase system by fusion of a cell
having intact P-adrenergic receptor and an inactive cyclase with a
cell containing no B-adrenergic receptor but with a functional cyclase.
By virtue of the ability of the regulatory component of the purified G
protein to stimulate adenylate cyclase, it was termed Gsy,. Gs protein
was first purified from rabbit liver membranes by Northup et al (22)
and was characterized by its ability to reconsitute cyclase activity in

an S49 cyc- lymphoma cell line that was genetically deficient in Gsg.



CLASSIFICATION OF G PROTEINS / SUBUNIT CHARACTERIZATION:
Historically, G proteins have been classified based on the
function and specificity of the o subunit's interactions with effectors.
A mnemonic subscript assigned to the « subunit identifies it on the

basis of its initially recognized function. Thus, Ggo is important in
the stimulation of adenylate cyclase (22), while Gjo. was initially
characterized on the basis of inhibition of adenylate cyclase (23).
Transducin, or Gio, couples light stimulated rhodopsin activation to
cGMP phosphodiesterase (6). A Ga protein that was purified from
vertebrate brain tissue, where it was present in abundance (1% of
the total membrane protein) had no function assigned to it and hence
was designated as Goo (where '0' stands for "other") (24, 25). Gpa is
believed to couple receptor mediated phosphoinositide metabolism
(26).

A typical G protein is comprised of three different subunits, o,
B and y that make up the oligomer associated with the plasma
membrane. Each of the subunits is encoded by a distinct gene. The o
subunit has a site for binding guanine nucleotides and is
characterized by having an intrinsic GTPase activity. The molecular
weights of o subunits that have been purified range from 39-52 kD.
Cloning of o subunits from a variety of tissue sources shows that
these molecules are extremely conserved at the sequence level.
Remarkably, o subunits have been found in almost all eukaryotes
where their occurence has been investigated, including slime mold,
yeast and many invertebrates. The sequence of over 30 different o

subunits is currently available. Table 1 is a compilation of the «



subunits that have been characterized along with a tentative listing
of the receptors and effectors they couple.

It is the generally accepted view that the o subunit lends
functional distinction to the G protein while the B and y subunits
perform a regulatory role. Some of the findings that have led to this
belief can be summarized as follows. First, reconstitution studies
were able to elegantly demonstrate that the purified og subunit could
restore cyclase activity to a mutant cell line (549 cyc- lymphoma)
which had been categorized as lacking Ggo by a number of different
criteria. Second, purified a subunits introduced into membranes
isolated from atrial cells elicited ion channel activity recordable by
electrophysiological means (27). Third, various cloned o subunits
have been expressed in bacterial E. coli systems. Translated o
subunit proteins obtained in this manner could effectively couple
receptor-effector components even in the absence of B and y subunits
(28). Finally, there is a growing body of evidence that details various

pathological conditions that result from o subunit dysfunction.

The B subunit is a 35 kD or 36 kD protein depending on the
source from which it was cloned or purified (29, 30). In most tissues,
the B subunit occurs as a doublet of the 35 and 36 kD forms. Two
different genes encode the two forms of B subunit which are 90%
homologous. The y subunit has a molecular weight that has been
reported to range from 8-11 kD. Although ¢cDNAs encoding y
subunits have been isolated (31-33) they remain poorly
characterized. Little is known about the specificity underlying By

linkages. In cells, B and y subunits occur tightly bound together and



TABLE 1:

Properties of G protein Subunits

(Taken from Friessmuth, M., Casey, P.J.,

Gilman, A.G. " G proteins

control diverse pathways of transmembrane signalling" FASEB J.

(1989) 3, 2125-2131)
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can be separated only under denaturing conditions. These subunits
are hydrophobic in nature, and thus may serve to anchor the G
protein within the cytoplasmic membrane. Since the By subunits are
highly conserved they may be shared between different o subunits;
for example, the Py subunits isolated from G; could be reconstituted
with purified Gioo to produce a rhodopsin stimulated GTPase activity
(34). The By subunits may also have a regulatory role as evidenced
by the ability of the By subunits from Gj to inhibit Gga stimulated
cyclase (35). Additionally, it is believed that the By subunits may
have a regulatory role in modulating receptor-Go interactions since
tryptic cleavage of the amino terminus of Gio (the region believed to
be important in receptor and By interactions) prevented activation of
rhodopsin stimulated phosphodiesterase activity (36). Recent
evidence suggests that the Py subunits may be involved as well in the
production of prostaglandins via activation of phospholipase Aj. The
resulting arachidonic acid metabolites can activate K+* channels in

cardiac cells independently of the o subunit (37, 38).

THE GTP CYCLE:

In G proteins, guanine nucleotides are able to mediate signal
transduction by switching the protein between a "signal-on"
activating conformation and a "signal-off" dormant configuration
depending on whether the o subunit is bound to GTP or GDP
respectively. The major guanine nucleotide of the cell is GTP, present
at a concentration of 104 M, approximately in ten-fold excess of the

concentration of intracellular GDP. Figure 1 represents a simple
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FIGURE 1:

The upper panel depicts a diagram of a G protein-coupled receptor
and effector. Extracellular signals (i.e.) the "first messengers"
interact with specific receptors (R) that are transmembrane
glycoproteins. Typically the receptors have seven membrane-
spanning domains, an extracellular amino terminus and an
intracellular carboxy terminus. Activated receptor in turn, activates
the G protein (G) that is membrane associated. The G protein that
has been activated can interact with, and regulate the activity of the

effector (E) leading to the generation of an intracellular signal.

Schematic Diagram of the GTPase Cycle.

The o subunit of the G protein heterotrimer has a GDP bound to it in
the basal state of inactivation. Interaction with an activated receptor
triggers o-GTP formation and dissociation of the o from B and vy
subunits. Termination of activation is signalled by GTP hydrolysis
which returns the o subunit to its inactive state (i.e.) «-GDP
complexed to By. Bacterial toxins transfer (dashed arrows) ADP-
ribose from NAD to G protein o subunits. Toxin modification of the o
subunits interfere with the normal functioning of the GTP cycle as

indicated in the diagram.

(Taken from "Receptor-Effector Coupling By G proteins: Implications
for Endocrinology” A.M. Spiegel, 1989)
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schematic of the events occurring during the GTP cycle. The proper
functioning of the GTP cycle is critical to signal transduction as is
evidenced by the pathology resultant upon derangement of any step
of the cycle.

Extensive studies have successfully elaborated the kinetics of
the cycle (39-42). In the basal state, the G protein exists in a
heterotrimeric configuration with GDP bound to the o subunit; in the
absence of activation, GDP limits basal GTPase activity. The binding
of agonist (i.e.) hormone to the receptor induces a conformational
change which causes "opening" of the guanine nucleotide binding site
which is rapidly filled by GTP. The rate of binding of GTP to the
agonist-receptor-G protein complex approaches diffusion controlled
limits, essentially occurring almost instantaneously. (Km GTP=0.3uM).
Mg+2 is required for the formation of the active GTP-bound species
and at high concentrations (>10mM) stabilizes the latter. The binding
of agonist prompts the accelerated dissociation of GDP from the o«
subunit possibly by lowering the concentration of Mg+2 that is
otherwise required to facilitate this reaction. For the high affinity
Mg+2 modulated GTP (GDP) binding site, koff GDP= .03-0.3 min-l. «-
Mg-GTP dissociates from the By complex and activates the next
component in the cycle, namely the effector.

The lifetime of the active GTP-bound species is finite,
controlled by an intrinsic GTPase activity of the o subunit. The
reported value for the termination of the o-GTP due hydrolysis (i.e.)
kcat, approximates 10 min-! at 300C, which is in good agreement
with the deactivation rate of adenylate cyclase in intact membranes.

GDP bound o subunit can then reassociate with the By subunits
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resulting in regeneration of the inactive species. The precise
mechanism of deactivation has not been detailed.

Salient features of the GTP cycle include the following. The G
protein can alter the affinity of the ligand for the receptor in a
negative manner. Generally, agonist bound to receptor can activate
ten Go molecules leading to an amplification of the signal.
Additionally, as the lifetime of the a-GTP is many seconds,
interaction with many effector molecules (approx. one hundred) is
possible leading to further amplification of the signal. There exists
evidence from the ras system that a GTPase activating protein (GAP)
can positively influence the rate of GTP hydrolysis significantly (43).
Whether or not a homologous factor modulates GTP hydrolysis in G
proteins remains to be established. The importance of the GTPase
activity of the o subunit is highlighted by the recent finding of a Ggo
mutant (GASP), that contained somatic point mutations that
destroyed GTPase activity and hence was constitutively active (44).
This o subunit showed characteristics of being a putative oncogene.
Pituitary tumours containing the mutant Ggo had elevated levels of

cAMP and abnormal proliferative capacity.

COVALENT MODIFICATION BY BACTERIAL TOXINS:

A characteristic feature of all o subunits is their susceptibility
to bacterial toxins. These toxins have significant deranging effects on
the GTPase cycle. The catalytic action of bacterial toxins in
modifying the Go subunits has been used widely in characterizing Go
mediated receptor-effector interactions. In fact, the discovery of the

inhibitory G protein (Gi) occurred fortuitously when pertussis toxin
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(PTX) was found to abolish receptor mediated cyclase inhibition in
rat C6 glioma cells (45). These toxin treated cells contained elevated
levels of cAMP. The toxin substrate (Gja) was subsequently purified
from these cells using the criterion of toxin binding as an assay (46).

Both PTX and cholera toxin (CTX) can transfer the ADP ribose
moiety from NAD (nicotinamide adenine dinucleotide) to the o
subunits of G proteins (47-51). PTX modifies a cysteine residue that
is conserved at the carboxyl terminus of Gja, Goa and Gio (24, 46-48).
When this modification occurs, the o subunit is no longer able to
dissociate from the Py subunits. Thus, the toxin uncouples the G
protein from the receptor. This toxin causes whooping cough whose
symptoms include lymphocytosis, histamine sensitization and
hypoglycemia. PTX is also the causative agent in a certain form of
encephalopathy that results in major disturbances in learning and

memory processes (52).

CTX modifies an arginine residue that is conserved between Ggo
and G (53-56). The effect of this modification is to cause persistent
activation of the effector, since the o subunit is now unable to
hydrolyze the bound GTP and thus return to its inactive GDP-bound
state. CTX is responsible for the pathogenesis of the disease, cholera.
In patients suffering from this disease, CTX catalyzes ADP
ribosylation of Ggoo which results in increased concentration of cAMP
in the intestinal cells of the mucosa and a lethal secretion of salt and
water into the gut (57).

The disruptive action of these toxins has been utilized as an
experimental criterion in identifying particular receptor mediated

effects as being transduced via G proteins. Now that antibody and
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DNA probes are available, G proteins can be identified without the
use of toxins. This has led to the discovery of novel G proteins that
appear to be intractable to covalent modification by toxins (58, 59).

Their function and significance have yet to be studied in detail.

STRUCTURAL MODEL FOR Ga PROTEINS:

The isolation and characterization of cDNA sequences for a
variety of o subunits has allowed a general model of protein
structure for the o subunit to be predicted (60-64). There is
approximately 52% amino acid identity among the o chains of
different G proteins. The proposed model is based largely upon the
solution of the crystal structure of EF-Tu and the p2l1 ras protein (16,
65-68). Basically, the o subunit is separated into three domains
which contain flexible regions (hinges) that allow conformational
changes that occur in any one part of the molecule to be transmitted
across the molecule.

Four different stretches (called A, C, E, and G) have been
assigned in accordance with the model proposed by Halliday (69) as
the regions that show the greatest homology with p21 ras and the
EF-Tu molecule, (i.e.) the GTP binding region. A, C, E and G regions
each occur between a [ strand and an o helix and are arranged
around a central guanine nucleotide binding core. These regions (A,
C, E and G) also display sequence homology among the different o
chains.

The domains of the o subunit have been specified based on
their function. Domain 1 contains the guanine nucleotide binding

region, domain 2 is thought to modulate and interact with the
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effector while domain 3 comprises both the amino and carboxyl
termini regions which are thought to regulate both receptor and By
interactions. There is some evidence for the validity of these domain
assignments. For example, tryptic cleavage of the amino terminus (of
the o subunit) destroys effective receptor and By interactions (36,
70); ADP ribosylation of the carboxyl terminus by PTX uncouples the
Ga from the receptor (71). The assignment of the effector binding
region is based on this region showing the greatest sequence
variability in p21 ras. (72). Quarternary structure predictions align
the carboxyl terminus in spatial proximity to the amino terminus;

this facilitates the interactions between Ga, GBy and the receptor.

Diversity among the various o subunits can arise at different
levels. As expected, characterization of the o subunits revealed that
although they contained unifying features (such as the ability to bind
and hydrolyze GTP), necessarily they diverged from each other in
regions that potentially governed receptor and effector interactions.
For example, the carboxyl termini of the different o subunits
(receptor modulating region) of Gi, Gs, Go and Gt are distinct.
Additionally, distinct post-translational modifications may occur in
the different o subunits. It is known that only the amino termini of
Gio and Goo are myristoylated (73). The significance of the
modification is not completely understood.

Diversity can also occur through regulation at the level of the
gene that specifies the o subunit. For instance, it is known that
alternative splicing of a single gene of Ggo produces four different

gene products (74). Each of the resulting splice variants were able to
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activate calcium channels and adenylate cyclase (75). The
mechanism underlying the specificity of effector function in this case
is not known. Three different genes encode three different forms of
Gija (Gja1-3) (76, 77). Although the Gjus are closely related they do
contain divergent sequences. Gjo subunits are important in
modulating the inhibitory activity of adenylate cyclase (23, 78), the
activation of K+ channels in cardiac tissue (79) and furthermore, are
implicated in the regulation and coupling of phospholipase C activity
(80). The distribution of the various o subunits varies in different
tissues. Thus, Gso and Gjpo occur ubiquitously whereas Gjioe and Giza
appear to have a more restricted distribution. The construction of
Gso-Gijoo chimeras is currently underway and should provide further
insights into the specificity of receptor and effector interactions. Two
forms of transducin or Gy have been isolated to date. These variants
differ in their primary site of expression: one is expressed in the rod
cells and the other in the cones. Genes encoding both rod-specific
and cone-specific transducins have been characterized (81).

Since G proteins have a critical role in signalling processes, it is
expected that aberrations in these proteins would result in
pleiotropic cellular effects. The following examples will serve to
emphasize the clinical relevance of these macromolecules in cellular
function as evidenced by the profound impact that results from
alterations in their normal levels. In pseudohypoparathyroidism
(type la variant) there is resistance at the cellular level to multiple
agents that act by stimulating cAMP production. The condition
reportedly is due to a genetically acquired reduction of upto 50% in

Ggsa levels (82). In animal models where type 1 diabetes (diabetes
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mellitus) has been experimentally induced, there is a loss of
expression of Gijo in liver cells (83). In certain rat pituitary tumours,
the failure to respond to dopamine may be due to a Goo deficiency
(84). Most recently, in certain human growth hormone secreting
pituitary adenomas there is evidence that somatic point mutations in
Gga result in constitutive activatioh of the o subunit (44). The
condition is characterized by elevated concentrations of cAMP
leading to uncontrolled proliferation. The existence of these diseases
demonstrate the importance of the G proteins to cellular function. In
order to understand the mechanisms that are involved in these
pathways as well as the complex interactions that permit efficient
signal transduction to occur, many questions need to be investigated

at a fundamental level.

Goo, A GPROTEIN OF THE NERVOUS SYSTEM:

Within the nervous system, sensory transduction processes are
of singular importance. Synaptogenesis, neurotransmission and ion
channel activity are functions that putatively require integrative
signal transduction. The nervous system in multicellular organisms is
laid out with precision and furthermore, functions efficiently through
the coordinate regulation of a myriad of complex interactive events.
Indeed, the development, differentiation and continued maintenance
of the nervous system is dependent upon temporally and spatially
regulated transduction events occurring through receptor systems
linked to second messenger pathways.

Goo was first purified from bovine brain by Sternweis and

Robishaw (24) and Neer et al (25). During attempts to purify the
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brain Gjo, they noticed a GTP binding activity that was 10-fold

higher than the expected value. This binding was later characterized
as being attributable to the activity of Goa, a protein present in brain
at levels of approx. 1% of total brain membrane protein. Although
experiments using antibodies specific for Gyo have shown that this
subunit occurs predominantly in brain tissues; positive
immunoreactivity is also seen in liver, heart, kidney and adipocyte
membranes (85). Additionally, Go type immunoreactivity was seen
in invertebrate neuronal tissues including those of snail, sea slug,
locust and tobacco hornworm (86). Peripheral tissues of these
invertebrates did not contain any Go-like antigenicity. On the basis
of its tissue localization, Go is almost certain to play a major role in
neuronal signal transduction.

The function of Go has remained elusive since its purification
from brain membranes. Currently, the most likely role for this Ga is
the mediation of voltage sensitive calcium channel activity (87).
Most recently, the studies of McFadzean et al show that in
neuroblastoma (NG108-15) cells, noradrenaline (NA) induced Cat2
current (Ica) inhibition is effectively blocked by a selective antibody
against Goa (88). Although these cells contain Gjoo as well, an
antibody against Gjo did not inhibit the Ic, response. Earlier, it had
been shown that PTX could effectively block NA induced decrease in
Ica in these NG-108 cells (89). However, the Ca channel inhibition
could be restored by the addition of purified Goo subunit to the cells.
Gijo was also able to reconstitute the attenuated response albeit with

ten-fold less efficiency than the Gyoa. The authors postulated the
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likelihood of Gpoo being implicated in this catecholamine induced
inhibition of Ca*2 current.

Several other neurotransmitters have also been shown to
inhibit Ic, in sensory neurons studied in vitro. Neuropeptide Y (NPY)
potently blocks calcium currents in neurons of cultured dorsal root
ganglion (DRG) cells. This effect is abolished by pretreating these
cells with PTX. Introduction of purified Gyo subunit can rescue the
inhibition of Ic, (90-92). Enkephalins such as the opioid peptide, D-
ala D-leu enkephalin, also mediate inhibition of Ic,, studied in NG108
cells (93). PTX interferes with this inhibition; and this interference
can be overcome by the addition of purified Goo to the cells.

Both GABAB and o adrenoceptors are known to negatively
couple to adenylate cyclase. Furthermore, they inhibit the secretion
of Substance P from cultured DRG cells (94). The antinociceptive
function of a2 and GABAR receptors can be blocked by PTX,
suggesting Go involvement. The finding of high concentrations of Gyo
immunoreactivity in the substantia gelatinosa area of the dorsal horn
of the spinal cord (which contains Substance P releasing neurons) is
provocative, implicating Goo in the pain response.

In order to clarify the role of Gyo in neuronal function,
immunohistochemical studies using specific antibodies have mapped
the localization of this protein within different areas of the rat brain
(95, 96). The results show that the distribution of the protein is not
uniform within the brain but is restricted; frontal cortex, pyramidal
cells of the hippocampus, Purkinje cells, the claustrum and the
habenula being areas of concentration. At the cellular level both

neuronal and glial cells contained Goo (97). However, synaptic zones
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appeared to be selectively enriched for Gyo. Interestingly, the
localization studies revealed that the pattern of distribution of the
Goa in rat brain was paralleled by the distribution of protein kinase C
sites (mapped on the basis of autoradiography of labelled phorbol
ester binding)(98).

A G protein is coupled to phosphoinositide (PI) metabolism, but
its identity has remained an open quesbtion. Evidence of PTX
impairing pathways that are coupled via PI metabolites includes the
following. In HL-60 cells, a chemotactic peptide (f-Met-Leu-Phe)
couples receptors to activate phospholipase C. This effect is PTX
sensitive. Introduction of purified Gy or Gja to toxin pretreated cells
can restore the expected effector activity (99).

The studies of VanDongen et al (100) show that purified Gyo
could directly activate four classes of K+ channels in hippocampal
pyramidal cells of the neonatal rat brain. The ability of Gya to
stimulate these channels was tested in cell-free membrane patches
from these neurons. A purified preparation of bovine brain Ggo
(activated by GTPyS) could elicit single channel currents at low
concentrations (1-10 pM). To confirm that the G protein involved
was in fact Gooo and not a contaminant such as Gjo (which is also
known to activate K+ channels), Goo was expressed as a fusion
protein in E.coli. The fusion protein rGoo, was able to activate these
channels; other recombinant fusion proteins including rGgo and rGjo
were unable to produce this effect.

A PTX sensitive protein (Goo?) is involved in long term
potentiation (LTP) studied in hippocampal slices of rat brain (101).

Hippocampal LTP has been described as a stable facilitation of
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synaptic responses resulting from very brief trains of high frequency
stimulation. The high frequency neural activity is of sufficient
duration to postulate that the resulting LTP is the substrate for
learning and memory (102). The action of glutamate acting via the
NMDA receptor produces increased concentrations of calcium in the
post-synaptic neuron. Cat*? has an inductive effect on LTP (103).
Protein Kinase C has been shown to have a role in the maintenance of
LTP (104).

Previous experiments have shown that both serotonin and
GABARBR receptors are present in hippocampal neurons where they
couple to K+ channels (105). Evidence for the involvement of a G
protein came from data showing PTX induced uncoupling of
hippocampal neuronal responses to baclofen (GABAp agonist) and
also affected LTP. It is tempting to postulate that G proteins may
play an important part in learning and memory acquisition,
especially in light of the fact that the distribution of Go parallels that
of Protein kinase C in the rat brain. The G protein may act at a site
upstream of the NMDA induced Cat2? increase.

A role for Goo in atrial cells has been proposed on the basis of
its capacity to reconstitute K+ channel activity to muscarinic
responses in embryonic chick heart cells that have been pretreated
with PTX (106). However, the identity of the G protein in this case is
more tentative. LHRH and somatostatin influence Ic, by means of a
PTX sensitive protein which may be Gi or Go (84, 108). Additionally,
In two pituitary tumours, an anomaly that is reportedly in the
receptor complex is attributed to a Goo deficiency. These cells have

abnormal responses to dopamine mediated events. On the basis of
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experiments using Go specific antisera, it is believed that this G
protein may be responsible for cell transformation and the
acquisition of neoplastic characteristics in these tumours (89).

Lastly, a role for Goa has been suggested in developmental and
differentiation processes. The evidence includes a marked increase
(approximately four-fold) in Gyo subunit concentration upon the
differentiation of fibroblasts into adipocytes, studied in 3T3-L1 cells
(109). Also, in embryonic chick heart cells there is a marked
increase in Goo on Day 2 of development followed by a transient
decrease before steady state levels are acquired (106). The increase

in Goo is paralleled by the appearance of responsiveness to

muscarinic acetylcholine agonists in these tissues.

G PROTEIN MEDIATED SIGNAL TRANSDUCTION IN INVERTEBRATES:

As mentioned earlier, G proteins occur ubiquitously in both
vertebrate and invertebrate systems. In fact, the availability of
molecular probes corresponding to the different G protein subunits
has facilitated the isolation of G protein homologs in various species.
The following section will summarize the evidence for G protein
mediated signal transduction in various invertebrate systems.

Numerous biochemical studies indicate that signal transduction
pathways in the slime mold, D. Discoideum involve guanine
nucleotide binding proteins. In addition, the cAMP receptor of the
slime mold displays seven transmembrane domains in keeping with
other G protein linked receptors. The transduction processes in the
slime mold are critical to its developmental program. cAMP

concentration in the environment governs when the cell will initiate
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chemotaxis and concomitantly begin aggregating to form a
multicellular intermediate. Two different a subunits (expressed at
different times of development) are thought to mediate this
differentiation program through the generation of distinct second
messengers including inositol trisphosphate and diacylglycerol. The
cDNA sequences of these o subunits have been characterized and
display 45% overall amino acid homology to the mammalian Gas
(110).

G proteins with a, B and y subunits analogous to mammalian G
proteins have also been identified in the budding yeast,
Saccharomyces cereviseae (111, 112). The mating pheromone
response pathway of this organism has components that have
structural similarities to mammalian signal transduction. Pheromone
receptors are encoded by genes that are homologous to other G
protein coupled receptors. Using molecular manipulations to delete
the yeast a-like, P-like, and y-like genes, it was found that deletion
of either the B or y gene abolishes a cell's ability to respond to
pheromone whereas deletion of the o gene produces a cell with the
pheromone response programme constitutively activated (33). These
results suggest that in contrast to most signal transmission pathways
where the o subunit is the transducer, in the yeast mating response,
B and y are the elements that carry the signal between receptor and
effector.

A number of invertebrates were examined for the presence of
PTX substrates by the criterion of toxin modification. In the nervous
systems of mollusks (snail), reptiles (turtle) and insects (Drosophila,

Manduca and Locusta) PTX modified a 40 kD protein (86).
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Additionally, an antibody against vertebrate Ggo also cross reacted
with a 40 kD protein in neuronal tissues of these organisms.

The conservation of the Ggo subunit in neuronal tissues of
invertebrates serves to emphasize its central role in neuronal signal
transduction. Harris-Warrick et al studied Helix aspersa neuronal
activity where dopamine mediates a decrease in calcium currents
(113). As in the DRG neurons, this effect in snails could be blocked
by PTX and furthermore, it was restored by the intracellular
injection of mammalian Goo.. Examination of immunoreactivity
showed that snail extracts prepared from nervous tissue contained a
40 kD band that was recognized by a vertebrate Gy specific
antibody. Taken together with the results of Homburger et al who
demonstrated Goo immunoreactivity in various invertebrate
neuronal tissues, this experiment points to the conservation of a
functional Ggoo protein in the nervous system of these lower
eukaryotes.

Biochemical studies that have characterized GTP binding
proteins in invertebrates have focussed on insect and cephalopod
visual systems. These organisms have well developed visual
systems. Many of the component proteins show remarkable
homology to their vertebrate counterparts, such as the insect
photoreceptor opsins and vertebrate rhodopsin (114, 115). The
phototransduction cascade of vertebrates is also surprisingly
paralleled in insects. A major difference, however is that in
invertebrates the transduction of light results in a depolarizing
potential across photoreceptor membranes; vertebrates respond to

the light signal with a hyperpolarizing potential due to the efflux of
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cations from the photoreceptor cells. cGMP in both systems is
believed to be the second messenger although there is evidence for
second messengers generated by phosphoinositide hydrolysis playing
a major role in insect and cephalopod visual transduction (116).

The first incontrovertible evidence for G proteins in
invertebrates came from light induced GTPase activity in octopus,
squid, Limulus and fly photoreceptors, suggesting that a transducin-
like protein participates in visual transduction (117-122). The
nucleotide requirements of the reaction were examined as a criterion
of the homology to vertebrate transducin. The preferred substrate
for the activated rhodopsin was the GDP-bound form of the G protein.
Light also increased intracellular levels of inositol trisphosphate in
Limulus, squid and Musca. This suggested that second messengers
generated by phospholipase C participated in visual transduction of
invertebrates. Recently, the norpA gene of Drosophila was cloned
and shown to encode phospholipase C (123). Mutants in norpA fail
to exhibit a receptor potential to light stimulation (norp = no
receptor potential). Hence, PI activity has an important signalling
role in invertebrate visual transduction.

Other related experiments include the following. Visual
excitation and adaptation in Musca eye membranes were blocked by
the addition of GDPBS (124). GDPBS blocks the function of the G
protein o subunit by binding irreversibly, thereby preventing the o
subunit from exchanging GTP and becoming activated. It is also
unable to dissociate from the By subunits. Direct injection of inositol
trisphosphate into Musca eye membranes was able to restore the

excitatory response indicating that the phospholipase C in these
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membranes is under stringent regulatory control of a G protein.
Invertebrates also contain phosphorylating deactivation proteins that
terminate the visual transduction cascade. Activated rhodopsin of
vertebrates is phosphorylated (by rhodopsin kinase) and
subsequently a 48 kD protein (arrestin) binds to the phosphorylated
form to signal the end of activation. In blowfly membranes,
phosphorylation of a 48 kD component during visual excitation has
been demonstrated (125).

The summary of the findings described above highlight the
importance of the G proteins in vertebrate and invertebrate neuronal
signal transduction. OQObviously, these proteins have been under
tremendous selective pressure during the course of evolution
resulting in their functional conservation in species that are only

distantly related.

DROSOPHILA AS AN INSECT MODEL TO STUDY G PROTEINS:

In the last decade, research efforts that have focussed on
elucidating the mechanisms of action of the G-proteins, have amassed
a wealth of information. Using purified receptor, G-protein and the
effector components, it has been possible to reproduce the signal
transduction pathway in an in vitro environment using phospholipid
vesicles and an assay for effector function. Furthermore, molecular
cloning of the various G protein subunits has permitted the
application of various techniques such as expression of the « subunit
cDNAs in heterologous cell lines and site directed mutagenesis of
targeted residues within the o subunit to identify domains involved

in critical functions such as receptor and effector interactions and
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postulated guanyl nucleotide binding sites. Furthermore, analysis of
the crystal structure of EF-Tu and the ras protein has permitted
models of o subunit protein structure to be constructed. Of
significance is the fact that almost all the information that has
accumulated to date has been obtained from in vitro manipulations
of vertebrate G protein systems.

There are many gaps in our understanding of G proteins such
as the rules that govern the specificity of receptor-effector
interactions, the implications of the diversity of the o subunits and
their functional significance to the organism; how the fidelity of
signal transduction is maintained in an in vivo situation where there
are multiple receptors, effectors and G proteins, to enumerate only a
few pertinent questions. These and indeed many other questions can
only be addressed meaningfully in the context of an in vivo
environment (i.e.) an intact animal.

A well characterized invertebrate system in which to begin to
investigate these questions is Drosophila melanogaster. Since G
proteins are the central elements that orchestrate the signal
transduction processes; it is likely that they are highly conserved
molecules. In fact this is amply borne out in sequence data available
from the molecular cloning of the various o subunits from different
vertebrate tissue sources. Furthermore, several genes have been
cloned in Drosophila that show remarkable homology to their
vertebrate counterparts (126). These include the genes encoding
structural elements of the cytoskeleton (i.e.) actin, myosin,
tropomyosin, spectrin and tubulin; genes involved in neuronal

function such as the acetylcholine receptor, acetyl cholinesterase,
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sodium channel protein; growth factor receptors like insulin, TGF-B
and the EGF receptors; proteins that play a role in second messenger
systems like calmodulin and protein kinases. These examples serve
to emphasize that although evolutionary divergence of vertebrates
and invertebrates occurred over 500 million years ago, basic
mechanisms that are involved in the functioning of a multicellular
organism have been conserved. In fact it is believed that
"complexity in vertebrates arises from the reiteration and adaptation
of common, evolutionarily ancient processes” (G. Rubin, 1988)(126).

There are many advantages to using an invertebrate
(metazoan) such as Drosophila in the dissection of the components
that constitute a particular pathway. Sophisticated molecular
genetics, to a large extent, was pioneered and perfected as an
experimental approach, in this organism. When molecular genetics is
used in combination with the current applications of biochemical,
molecular biological, electrophysiological, immunochemical and
cytological techniques that are available, it is likely that an accurate
assessment of the role of G proteins in Drosophila will be possible
which can then be meaningfully extended to vertebrate systems.

There exists a body of evidence that demonstrates the
importance of cAMP mediated processes to integrative neuronal
processes in flies such as learning and memory. For example,
rutabaga and dunce, two Drosophila mutants that affect learning are
defective in adenylate cyclase and cAMP phosphodiesterase activity,
respectively (127, 128). Both of these enzymes are central to cAMP
metabolism. It is evident that several mechanisms such as

phosphoinositide turnover and phosphorylation cascades must
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operate in concert to produce complex neuronal behaviours. The
common denominator underlying all these neuronal receptor
mediated events is likely to be the G protein.

Compelling evidence for guanyl nucleotide coupled receptors
came from a series of experiments examining the presence of
bioaminergic receptors in Drosophila homogenates. Octopamine, for
example, has been suggested to function as a hormone,
neurotransmitter and neuromodulator in various insect systems
(129-132). The binding of octopamine results in the activation of
adenylate cyclase; the cascade is suggested to be the parallel of o
adrenergic mediated effects in the sympathetic nervous system. The
binding of octopamine was decreased substantially in Drosophila
extracts in which Gpp(NH)p had been added. Gpp(NH)p is a non-
hydrolyzable analog of GTP and binds irreversibly to the o subunit of
the G protein causing it to dissociate from the By subunits. Since the
By subunits are required for the activation of the G protein by the
receptor; inefficient ligand-receptor induced signal transmission
occurs. Thus, a G protein is implicated in these receptor mediated
effects. This evidence lends credence to the prediction that the G
proteins will be functionally conserved in the Drosophila system.

Once the genes that specify Go subunit(s) of Drosophila have
been isolated, the tools will be available to identify the individual
genetic components of the complex processes underlying signalling.
For instance, the map position of the cloned genes can be determined
by in situ hybridization to the polytene chromosomes of the salivary
glands. The potential of known mutations mapping to this region can

then be examined. Furthermore, knowledge of the map position can



be used to construct strains of flies which have deletions or
mutations in specific genes of interest. The effect of such mutations
can then be assessed using a variety of behavioural paradigms or
biochemical assays of functionality.

Knowing regions of the o subunit protein that are critical to
vertebrate Go function, alterations that would have predictable
consequences at the molecular level can be introduced into the fly
homologs of the Go genes. The striking advantage provided by
studying Drosophila is that the effects of these alterations can be
studied at the organismal level. Since the developmental stages of
the fly have been well documented in terms of the differentiation
events that carry the organism from the embryonic stages to the
adult form; it is possible that the effects of Gas in Drosophila on
development and differentiation can be investigated. These are but
a few of the well established manipulations that are possible using
Drosophila as an insect model to study function.

Using Drosophila, my goal was to identify and characterize the
G proteins that played an important role in nervous sytem function.
In this organism, where embryological and biochemical approaches
nicely complement classical genetic methods, investigation of
nervous system function is a burgeoning field. The data described

herein establishes predictably that G proteins (specifically the
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Drosophila Gooo homolog) are remarkably conserved in Drosophila and

furthermore on the basis of the various experimental criteria that
were applied, indicate that they subserve functions that are critical

to the integrity of the nervous system. The work described is a

necessary foundation, providing a framework upon which to base
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future experiments that will extend the characterization of G proteins
and their role in signal transduction in Drosophila melanogaster.

Already, structural genes encoding receptors and ion channels
have been mapped; and considerable information is available on the
mechanisms underlying neuronal pathfinding, biological rhythms and
behaviour (such as learning and memory). The characterization
studies detailed in this thesis work, could eventually extend our
understanding of the role of G proteins in nervous system
development and function into the realm of vertebrate systems as

well.
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MATERIALS AND METHODS

Preparation of Drosophila Head Homogenates:

Adult flies were frozen, mechanically agitated to separate
heads from bodies, and heads isolated by sieving. Typically, 2g of
heads or bodies was homogenized in 20ml of ice-cold homogenization
buffer (20mM TrisHCI, pH 8.0, ImM EDTA) containing protease
inhibitors (1mM phenylmethyl-sulfonyl fluoride, 1mM benzamidine,
ImM aprotinin, 0.1pg/ml pepstatin) in a Polytron for six 15-sec high
speed bursts. The homogenate was centrifuged (2,000 x g, 10min at
40C), the pellet resuspended in homogenization buffer, and
recentrifuged. The supernatant obtained from both the spins were
combined and filtered through two layers of cheesecloth. The filtrate
was then subjected to ultracentrifugation (100,000 x g for 60min at
40C). The final pellet was resuspended in minimal volume of

homogenization buffer to form the crude membrane preparation.

Solubilization of Drosophila Crude Head Homogenates:

Drosophila membranes prepared as described above were
incubated with an equal volume of dilution buffer containing 20mM
Tris.HCl, pH 8.0, ImM EDTA, 40mM MgCly, 2mM dithiothreitol and 2%
cholate. The mixture was resuspended using a Dounce homogenizer
and incubated with shaking at 49C for lhr. The membranes were
then subjected to ultracentrifugation (100,000 x g for 60min at 40C).
The supernatant obtained after this step served as the detergent

solubilized membrane extract.
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Determination of Protein Concentration:

Protein concentrations were determined by staining with
Amido Black (133) using bovine serum albumin as the standard.
Briefly, 0.5-30mg of protein (in 200ul dH2O)<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>