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ABSTRACT

This dissertation looks at the physiological role of the Drosophila protein Swiss
Cheese (SWS) and the involvement of Swiss Cheese in the development of a
neuropathy associated with pesticide exposure. A brief introductory chapter
presents background on the discovery of the SWS protein and the Pesticide
induced neuropathy. Chapter 2 describes a new physiological role for SWS as a
regulator of a highly conserved kinase, PKA-C3. Evidence is presented that SWS
binds this kinase, keeping it membrane bound and inactive. Overactive PKA-C3
in sws' flies is thought to play a role in the degenerative phenotype associated
with these mutants, suggesting that activity of PKA-C3 is tightly regulated in vivo.
Chapter 3 presents evidence that exposure to Organophosphates (OPs)
decreases kinase activity and we propose this is due to action of OPs on SWS,
which then prevents SWS from releasing and activating PKA-C3. We show that
increased levels of SWS protein increase the toxicity of OPs, which argues in
favor of a controversial hypothesis that suggests SWS adopts a novel toxic
function after being bound by OPs. Chapter 4 presents preliminary data showing
that constitutively active PKA-C3 leads to vacuole formation in the brain as does
mutation of proposed cyclic nucleotide binding sites on SWS. We interpret this to
mean that overactive and constitutively bound PKA-C3 can cause degeneration.
This work suggests that PKA-C3 is a protein whose activity is tightly regulated by
interactions with SWS and both proteins are important for the maintenance of the
adult nervous system in Drosophila. Overall this work adds to the understanding
of what is required for neuronal integrity over the life of an organism and how

disruption of these requirements can lead to neuronal disease.
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CHAPTER 1

INTRODUCTION



Overview

Age-related neurodegenerative diseases represent an increasing burden
on a societal and personal level, especially as medical technology improves and
life expectancy increases. Treatment and diagnosis for neurodegenerative
diseases lags behind other disease processes because the basic biological
causes of many of these diseases, including similarities and differences between
them, are poorly understood. One obstacle to understanding neurodegenerative
disease is the complexity of the nervous system; as such, it is essential to
employ a simple model organism, such as Drosophila melanogaster, to
investigate the processes that are important for maintaining healthy and

functional neurons over the life of an organism.

Drosophila is an excellent choice for the study of neurodegenerative
disease for a variety of reasons. First, the majority of genes known to harbor
disease-related mutations in humans have an ortholog in Drosophila (Reiter et
al., 2001). Further, other important genes associated with disease that have
remained elusive can be identified in a non-biased fashion using forward genetic
screens. Although the comparative simplicity of fruit flies makes them genetically
tractable, their brains are complex enough to allow for the study of learning,
cross talk between neurons and glia, identifying neural circuits, and processes
associated with aging (Kretzschmar, 2005; Skoulakis and Grammenoudi, 2006;

Partridge, 2009). Finally, their relatively short life-span makes fruit flies a practical



genetic system for modeling disease, and for understanding the physiological

functions of proteins in vivo.

In addition to genetic mutations that cause neurodegeneration, many
disorders are sporadic in nature and no gene mutations have been identified.
Sporadic disease is often attributed to environmental factors and thought to
target the same pathways as specific genetic perturbations; therefore,
understanding the effects of environmental toxins can reveal underlying
processes that are important for nervous system function and maintenance. For
example, exposure to the neurotoxin rotenone (used as a pesticide) leads to
Parkinson’s-like symptoms because it causes a specific mitochondrial
dysfunction that has also been associated with Parkinson’s disease (Di Monte et

al., 2002; Greenamyre et al., 2003).

This dissertation examines the physiological function of the
Drosophila protein Swiss Cheese (SWS), as well as the role of Swiss
Cheese in the development of a delayed neuropathy induced by
organophosphate pesticides. Broadly, this work examines the effect of
genetic and environmental perturbations on a single protein required for

neuronal health.



Outline

| will begin by giving a general overview of the sws' mutant fly phenotype,
and what was learned about the function of the SWS protein from this phenotype.
Next | will describe what is known about the murine and human homologs of
SWS, called Neuropathy Target Esterase (NTE). | will then briefly describe one
known function of SWS/NTE in membrane lipid homeostasis, which, while
important to the physiological role of SWS in some contexts, is not the main
focus of this dissertation. Rather, this dissertation suggests a novel role for SWS
as a regulatory subunit for a recently described kinase, PKA-C3. | will, therefore,
give a general overview of cCAMP-dependent kinase signaling. Finally, a disease
thought to result from the action of organophosphate pesticides on the human

homolog of SWS will be described.

Experiments described in this introduction involve a variety of different
model systems. Accordingly, | will use the species-appropriate name of the
protein in which experiments were done: SWS for Drosophila experiments and
NTE for mouse. In cases where numerous experiments have been done in

multiple systems (such as fly and mouse), the term SWS/NTE will be used.

In the appendix section, two review articles will be presented that were
written during this dissertation work but do not directly relate to the body of my

research.



The swiss cheese (sws) fly

The swiss cheese mutant was identified in a large histological screen for
structural brain defects in Berlin wild-type flies exposed to the chemical mutagen
ethyl-methane sulfonate (EMS) (Heisenberg, 1979). EMS predominantly causes
G/C-to-A/T DNA transitions (Keightley, 1996). There are 5 extant sws mutant
alleles that show a decreased life-span when compared to wild-type flies
(Kretzschmar et al., 1997). Two splice variants have been described for the X-
linked sws gene, one is 5.4 kb and the other is 1.7 kb. Both transcripts are
expressed in heads, but only the 5.4 kb transcript is seen in bodies (Kretzschmar
et al., 1997). All experiments in this dissertation focus on the sws* mutant, which
has a point mutation at nucleotide 1616, resulting in an early stop codon. SWS
protein is not detected in sws* flies when using polyclonal antibodies raised
against a bacterially expressed fragment of SWS that spans the region between
the first and second predicted transmembrane domains (Figure 1-1).
Consequently, any truncated protein that might be produced in sws mutant flies
is predicted to undergo rapid degradation. While extremely unlikely, the 170
amino acids present in the fusion protein, but not in the truncated protein
produced in sws* (Muhlig-Versen et al., 2005), might be the most immunogenic
region and would therefore be recognized by the antibody produced. If this
scenario occurred, a truncated protein produced in sws® would not be detectable.
However, additional evidence supporting that sws* is a functional null (i.e. no

functional protein) comes from experiments showing that flies heterozygous for



the mutation over a deficiency® show the same decrease in life expectancy seen
in homozygous mutants (Kretzschmar et al., 1997). This suggests that there is no

contribution of functional SWS protein when the gene mutation in sws’ is

present.
NEST
a-SWS
Protein interaction S985
domain \&
I ™2 ™3 T™a4
.Cyclic nucleotide
ER lumen cytosol sws’ binding site

mutation

Figure 1-1. Cartoon of the SWS protein. The four predicted transmembrane
domains are shown as blue boxes. Proposed cyclic nucleotide binding sites are
shown as orange stars. The protein interaction domain is the site with homology
to the region of PKA regulatory subunits known to bind catalytic subunits, called
the pseudosubstrate region. The location of the point mutation in sws® is
indicated, as is the active site serine required for esterase activity (S985). The
maroon bar labeled a-SWS indicates the fragment against which SWS antibodies
were made. The purple bar labeled NEST indicates the minimum protein

fragment required for esterase activity (Atkins and Glynn, 2000).

! Deficiency lines each have a specific deletion of chromosomal material. In this
case, the region surrounding and including the sws gene is deleted.



Homozygous sws' mutants show progressive vacuole formation in all
regions of the brain and a reduced brain-cortex volume as flies age (Figure 1-2).
Glial cells show an abnormal phenotype — they hyperwrap neurons and form
membranous whirls. These abnormal glial structures are first visible in late pupa
and increase with age. Apoptotic cell death of both neurons and glia is also

evident in aged sws* flies (Kretzschmar et al., 1997).

Figure 1-2. Progressive degeneration in sws’ flies. A-C, Horizontal plastic head

sections (1um) stained with toludine blue. A. Wild-type, age 20 d (arrows indicate
white areas in the lobula plate that are not vacuoles but cross-sections of giant
fibers). B. sws' 5 d old. C. sws’ 20 d old. Vacuolization and darkly stained
structures that result from hyperwrapping of glial cells (arrowheads in C) increase
with age. These are accompanied by a thinning of the cortex (long arrow in C).

This figure was taken from Kretzschmar et al. 1997. © 1997 Society for
Neuroscience

Because SWS is X-linked, gynandromorph studies with flies mosaic for
sex allowed for the generation of flies heterozygous for the sws* mutation in
some brain areas, but hemizygous mutant in other regions. Hemizygous tissue,
but not heterozygous tissue, showed vacuolization, indicating SWS is needed in

a cell-autonomous fashion and does not have long-range effects (Kretzschmar et



al., 1997). This observation suggests the glial and neuronal sws* phenotypes are
independent. This assertion was further confirmed with UAS-SWS rescue
constructs driven in each cell type: neuronally driven SWS rescued only neuronal
phenotypes, while glial drivers rescued only the glial phenotype (Muhlig-Versen
et al., 2005). Interestingly, transient expression of SWS in adulthood, using whole
animal heat-shock promoters, did not rescue the phenotype (Muhlig-Versen et
al., 2005). This result may indicate that SWS is needed during development and
that the adult phenotype is already initiated during development (although sws
mutants lack a developmental phenotype). Alternatively, the heat-shock
promoters used may not have induced SWS expression for long enough or at
high enough concentrations to rescue the phenotype. In summary, SWS is a
protein with cell-autonomous effects that is needed in both neurons and glia to

maintain an intact nervous system with age.

SWS has amino acid homology to the regulatory subunit (Rlo) of cCAMP-
dependent protein kinase (PKA) in both the region that interacts with catalytic
subunits and the cAMP-binding sites (Kretzschmar et al., 1997). PKA signaling
will be discussed in more detail later in this introduction. SWS is also
homologous to the mammalian protein neuropathy target esterase (NTE),

described in detail in the next section.

The mammalian homolog of sws

The mouse homolog of SWS, called Neuropathy Target Esterase (NNTE),

was cloned in 2000 and has 39% amino acid identity with Drosophila SWS



(Moser et al., 2000). There is a stretch of 235 amino acids in the C-terminii of
both proteins that is 61% conserved. This region includes the highly conserved
serine 985 that is known to be important for the initiation of organophosphate-
related neuropathy, discussed later. Young mice express mNTE almost
ubiquitously in the brain, but its expression becomes more restricted with age,
similar to the expression patterns of SWS in Drosophila (Moser et al., 2000;
Muhlig-Versen et al., 2005). Adult mice express mMNTE in groups of large
neurons in the cortex, midbrain, thalamus, hippocampus, and cerebellum (Moser
et al., 2000). Expression of murine NTE in Drosophila rescues the sws
phenotype to the same extent as UAS-SWS, demonstrating that mammalian
NTE is functionally homologous to Drosophila SWS (Muhlig-Versen et al., 2005).
A brain-specific deletion of mMNTE showed degeneration in the mouse
brain similar to that seen in sws mutant flies. These mice had progressive
vacuole formation in the fibrous regions, but not cell body regions, of the

hippocampus and thalamus (Akassoglou et al., 2004).

In mouse, mMNTE is important for non-neural tissue development, as
evidenced in homozygous mutant mice that die from defects in embryonic
vasculogenesis and placental formation (Moser et al., 2004). Surprisingly, NTE is
not detected in mouse or chicken glia (Glynn et al., 1998; Winrow et al., 2003). In
contrast, the Drosophila SWS protein is detected in glia, and a strong glial
phenotype is seen in the mutant, as noted above (Kretzschmar et al., 1997,

Muhlig-Versen et al., 2005).



Human NTE was cloned from a fetal brain cDNA library, using affinity
purification of biotinylated compounds known to bind the conserved serine (Lush
et al., 1998). Lush and colleagues found human NTE to be approximately 150-
kDa. Like Drosophila SWS, it has four predicted transmembrane domains. The
most N-terminal transmembrane domain of NTE is the most likely to function as a
membrane-spanning region, according to hydrophobicity plots. Recently,
mutations in human NTE have been associated with an inherited neuropathy
(Rainier et al., 2008), reinforcing the importance of understanding the
physiological function of SWS/NTE. Patients with this motor neuron disease have
mutations in the esterase domain of NTE (Rainier et al., 2008), that reduce the
esterase activity of the protein. This was determined via in vitro assays using
SWS protein fragments containing mutations that mimic those found in patients
(Hein et al., 2010Db). It is interesting that reduction of esterase activity by only 30-
47% (depending on the point mutation) in humans leads to a neurodegenerative
disease (Hein et al., 2010b). By comparison, similar reductions in esterase
activity do not lead to neurodegeneration in flies or mice (Kretzschmar et al.,
1997; Winrow et al., 2003). SWS activity must be reduced by more than 50% for
detection of a phenotype, as heterozygous sws* mutants do not show a
phenotype (Kretzschmar et al., 1997). This suggests a disease mechanism that
is independent of esterase activity. Further support for an esterase-independent
disease mechanism are the recent identification of non-disease-causing
mutations in NTE that reduce esterase activity to similar levels as disease-

causing mutations (Hein et al., 2010a). These data stongly suggests that disease

10



progression is not directly related to esterase function of NTE and encourages
investigation of alternative physiological functions of NTE/SWS that, when
disrupted, lead to neurodegeneration. This thesis presents evidence that SWS
functions as a regulatory subunit for the kinase PKA-C3. Furthermore, my
experiments show that modification of this function results in neurodegeneration
and provides strong evidence that similar dysfunction of NTE may be the

mechanism of disease in the inherited neuropathy linked to NTE mutations.

Enzymatic activity and subcellular localization and of SWS/NTE

NTE is an esterase with a serine and two aspartate residues required for
activity (Atkins and Glynn, 2000). Mutation of the active site serine in Drosophila
(S985) abolishes esterase activity (Muhlig-Versen et al., 2005). Prior to the
identification of a physiological substrate for NTE, its ability to hydrolyze a
synthetic substrate (phenyl valerate) (Johnson, 1977) was used as a surrogate
for testing its biological activity. In this way it was shown that membrane insertion
was essential for NTE’s catalytic activity. Furthermore it was shown that the
minimum protein fragment required for esterase activity (called NEST) begins
just before the second predicted transmembrane segment and extends to the C-
terminus of the protein (Figure 1-1).

Murine NTE has been shown to be membrane-associated and enriched in

homogenate fractions containing endoplasmic reticulum (ER), golgi, and plasma

11



membrane (Richardson et al., 1979). Antibody staining of Drosophila SWS
shows a pattern that resembles endoplasmic reticulum, colocalizing with an ER
marker, though some SWS is also detectable in non-ER vesicles (Muhlig-Versen
et al., 2005). In chicken spinal cord and sensory neurons, antibodies directed
against chicken NTE show intracellular staining in the cell body region and
proximal axon segments of neurons, but never in dendrites or the nucleus (Glynn
et al., 1998).

It is thought that NTE undergoes both anterograde and retrograde fast
axonal transport, based on the finding that NTE accumulates around both sides
of a chicken sciatic nerve ligation (Carrington and Abou-Donia, 1985; Glynn et
al., 1998). However, while NTE is most likely transported in a membrane-bound
state via vesicles, it should be noted that a soluble form of NTE has also been
identified in chicken (Escudero and Vilanova, 1997).

Increased levels of neuronal SWS protein (associated with a two-fold
increase in esterase activity) cause its localization to vesicular puncta within
neuronal cell bodies, but do not induce noticeable histological degeneration
(Muhlig-Versen et al., 2005). In contrast, over-expression of SWS in
photoreceptors does cause degeneration in the eye that is not seen with
expression of catalytically dead SWS. This suggests that much higher activity of
UAS-SWS (as achieved by expression via the strong photoreceptor promoter
construct GMR-GALA4) can lead to degeneration. This is also supported by the

results obtained after over-expression of SWS in glia where higher levels of

12



expression (resulting in a 12-fold increase in esterase activity) caused abnormal

membranous structures (Muhlig-Versen et al., 2005).

Controversy remains in the field with regard to the exact nature of
NTE/SWS’s transmembrane segment architecture. Interestingly, in vitro studies
indicate that NEST remains membrane-associated, despite lacking the first
transmembrane segment (Atkins and Glynn, 2000). Importantly, any results using
the NEST fragment should be interpreted with caution, since proteolysis studies
indicate that full-length NTE remains anchored to the ER membrane via the most
N-terminal transmembrane segment, and that none of the other three predicted
segment actually span the membrane (Li et al., 2003). Thus, while each of the
predicted transmembrane segments in NTE may have the ability to function as
such in vitro, it remains unclear which of these segments actually span the
membrane when the full-length protein is expressed in vivo. Contributing to this
debate, our laboratory has shown that deletion of the first 80 amino acids of SWS
(including the first transmembrane segment) causes a more diffuse localization of
the protein when expressed neuronally, as compared to neuronal expression of
full-length SWS (Bettencourt Da Cruz, 2006). This observation suggests that
membrane localization has been lost with the deletion of the first transmembrane

domain.

In summary, SWS/NTE is a membrane-associated protein with esterase

activity that is mediated by a highly conserved serine residue.

13



SWS as a phospholipase

The first physiological function described for SWS/NTE was as an enzyme
that catalyzes the hydrolysis of membrane lipids (van Tienhoven et al., 2002).
Membrane lipids are known to play important roles in cell structure and signaling
(Fernandez-Murray and McMaster, 2007). Specifically, mNTE has been shown to
act as a phospholipase resembling calcium-independent phospholipase A2, with
which NTE shares sequence similarity in the esterase domain (van Tienhoven et
al., 2002; Quistad et al., 2003). Both the yeast homolog of SWS and Drosophila
SWS catalyze phosphatidylcholine (PtdCho) hydrolysis (Zaccheo et al., 2004;
Muhlig-Versen et al., 2005), suggesting SWS’s role in lipid regulation is highly
conserved. sws' flies have increased levels of PtdCho and decreased levels of
triacylglycerol, a precursor to PtdCho (Muhlig-Versen et al., 2005). Of note,
despite the high levels of PtdCho in sws" flies, these animals have reduced
levels of cholesterol ester. Because cholesterol ester can be synthesized from
PtdCho by the enzyme lecithin acyltransferase (LCAT), SWS has been proposed
to function in a similar way as LCAT or perhaps it can modify the actions of the

Drosophila LCAT homolog (Muhlig-Versen et al., 2005).

14



The interaction between SWS and PKA

Overview of PKA signaling

Protein kinases are important molecules for mediating the downstream
effects of cyclic nucleotides and for maintaining proper cellular communication
(Tasken and Aandahl, 2004). A canonical PKA complex consists of a dimer of
regulatory subunits, which binds and inhibits two catalytic subunits. In general,
PKA signaling is thought to occur after cyclic AMP binds to the regulatory
subunits, which then results in a dissociation of the complex and activation of
catalytic subunits (Skalhegg and Tasken, 1997) (Figure 1-3).

®g 0®0
® ® *
cAMP CAMP
i

Binding of CAMP releases @

active Catalytic Subunits
Inactive Catalytic Subunits
bound to Regulatory Subunits

Figure 1-3. Canonical PKA signaling. In the absence of bound cyclic nucleotide

(cAMP) the regulatory subunits (brown squares) maintain catalytic subunits in a
bound and inactive (blue circles) state. Upon binding of cCAMP to the regulatory
subunit, the complex dissociates and the catalytic subunits are activated (orange

circles).

Adapted from (Skalhegg and Tasken, 1997).

15



Mammals have three well-known isoforms of PKA catalytic subunits (o, £,
and y). Mammals have four regulatory isoforms: two are mostly cytoplasmic (Rlo
and RIp), and two (Rlla and RIIp) are often membrane-bound via kinase-
anchoring proteins (Faux and Scott, 1996). Type-one regulatory subunits (RI)
and type-two regulatory subunits (RII) differ also in that RIl subunits are true
substrates of PKA that can be phosphorylated, while Rl is a pseudosubstrate?

(Faux and Scott, 1996).

There are three known PKA catalytic subunits in Drosophila, DCO/PKA-
C1, DC1/PKA-C2, DC2/PKA-C3. DCO is the most similar to mouse Ca subunit.
Drosophila has two known regulatory subunits Rl and RIl (Kalderon and Rubin,
1988; Park et al., 2000). Drosophila mutants with altered levels of cAMP show
learning deficits, suggesting cyclic nucleotide-dependent signaling via PKA is
important in complex neural processing (Byers et al., 1981; Livingstone et al.,
1984). These cAMP-dependent defects likely relate to abnormal activity of the
most highly expressed PKA in flies, PKA-C1. In contrast, the work in this
dissertation will focus on the role that PKA-C3 plays in neuronal physiology and

pathology.

% A pseudosubstrate mimics the substrate of an enzyme and thus inhibits its
activity.

16



Regulation of PKA-C3, a novel conserved catalytic subunit

PKA-C3 is the Drosophila homolog of human Protein Kinase X (PrkX) and
mouse Pka-related gene (Pkare). Together, these proteins represent a distinct
group of recently identified kinases that, interestingly, have more similarity with
their homologs across species (i.e., PKA-C3: PrKX: PKare) than with other
cAMP-dependent kinases from the same species (Zimmermann et al., 1999;

Diskar et al., 2010).

PKA-C3 and PrkX can be bound and inhibited by RI subunits from their
respective species (Melendez et al., 1995). The preference of PKA-C3/PrKX for
binding RI but not RII regulatory subunits (i.e. only those with pseudosubstrate
autoinhibitory domains) is unique among cAMP-dependent kinases (Diskar et al.,
2010). Work described in this dissertation shows that in vivo, SWS also functions
to bind and inhibit PKA-C3. However, it should be noted that this discovery does
not completely rule out the possibility that PKA-C3 may bind with both SWS and

other canonical regulatory subunits in Drosophila.

PrkX and Rla can be dissociated with about half the concentration of
CcAMP that is required for dissociation of PKA-Co/Rla (Zimmermann et al., 1999).
Interesting, PrkKX also seems to phosphorylate the Rlla subunit in a CAMP-

independent manner. Phosphorylation of RIl by PrkKX has been shown to lower
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the re-association rate of the RII holoenzyme®. In mouse fibroblasts, PrkX
localizes to the cytoplasm but translocates to the nucleus in response to CAMP
(Zimmermann et al., 1999). However, it is not known yet whether Pkare and
PrkX are membrane-tethered when bound to NTE (as | have shown for
Drosophila PKA-C3 when associated with SWS), and | have not yet addressed

whether Drosophila PKA-C3 translocates to the nucleus when activated.

Expression and Physiological function of PKA-C3 and homologs

In mouse, the PKA-C3 ortholog (Pkare) is expressed ubiquitously in the
adult; in the developing embryo, expression begins around the time of neuronal
differentiation (11.5 pc). At this stage, Pkare expression is observed in regions of
neuronal differentiation but is distinctly absent from zones of proliferation,
including the ventricular zone (Blaschke et al., 2000). This type of expression
pattern might indicate that Pkare has a specific role in neural development, but
that after the completion of embryogenesis Pkare is more broadly expressed and

assumes alternative post-developmental roles.

Potential non-neuronal roles of PKA-C3/Pkare/PrKX are suggested by
work in varied systems. For instance, a homolog of PKA-C3 in an aquatic fungus
(Blastocladiella emersonii) has been shown to regulate cell shape and migration

(de Oliveira et al., 1994). In cell lines derived from the collecting tubule of the

* A holoenzyme includes all subunits, in the case of PKA, the holoenzyme refers
to two regulatory and two catalytic subunits.
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human fetal kidney, PrkKX has been shown to be important for epithelial cell
migration, ureteric bud branching, and cell adhesion (Li et al., 2009). In addition
to kidney development, PrkKX has been shown to play a role in differentiation of
the hematopoietic lineage (Semizarov et al., 1998). Other work in human
epithelial cell lines indicates PrkKX can phosphorylate Polycystin-1 (Li et al., 2008)
and interacts with other proteins that mediate actin dynamics, apoptosis, and

protein assembly and translocation (Li et al., 2009).

Taken together, these results suggest that the proteins in the PKA-C3
family have important roles in many tissues and organs, including the developing
and mature nervous system. The exact role of PKA-C3 in Drosophila is not yet
understood, but its regulation and the phenotypes associated with down-

regulation of active PKA-C3 will be described in this dissertation.

SWS and Organophosphate Induced Delayed Neuropathy

The mammalian homolog of SWS (NTE) has long been associated with the
development of Organophosphate-Induced Delayed Neuropathy (OPIDN). NTE
was identified as the target protein of a certain class of organophosphates (OPs)
in 1970 (Johnson, 1970), although, as discussed above, its physiological
functions are still being elucidated. Controversy surrounds the mechanism by
which OPs act on NTE to induce disease. One hypothesis is that OPs inhibit the
function of NTE, resulting in OPIDN. Others argue that NTE bound by OPs must

undergo a toxic gain-of-function conversion.
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Because protein levels can be easily manipulated in flies, they provide an
excellent system for investigating these alternative models of OPIDN. Increased
levels of SWS can be used to test whether SWS/NTE is protective, which would
support the loss-of-function hypothesis; conversely, if extra protein is found to
increase toxicity, this outcome would support the gain-of-function hypothesis.
The following section will describe the development and symptoms of OPIDN,
accompanied by a summary of previous evidence for both the loss-of- and gain-

of-function hypotheses.

Organophosphate-Induced Delayed Neuropathy

Organophosphate-Induced Delayed Neuropathy (OPIDN) is a disease that
results from exposure to certain organophosphorus (OPs) chemicals that act on
SWS/NTE. OPIDN symptoms include degeneration of long axons, paralysis, and
reduced nerve conduction velocity (Lotti, 2000; Wijeyesakere S. J., 2010). During
prohibition, a large number of American’s were afflicted with OPIDN when the
organophosphorus compound Tri-Ortho-Cresyl Phosphate (TOCP) was added to

a beverage called “Jamaica Ginger” (Smith et al., 1930).

As noted above, not all organophosphates cause OPIDN. While many
OPs act on the enzyme acetylcholinesterase (AChE), only those that can bind
NTE and act as pseudosubstrates lead to OPIDN (Johnson, 1974; Glynn, 2003).
In addition, while OP binding can inhibit the esterase function of NTE, only OPs
that undergo a further reaction termed “aging” are able to induce OPIDN and are

thus called neuropathic OPs (Johnson, 1990). The aging modification leads to
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the permanent inhibition of NTE. In addition, the aging modification includes the
loss of a side group (“R”) from the OP (Figure 1-4) and a resulting negative
charge on the covalently bound OP-NTE complex (Johnson, 1974; Wijeyesakere
S. J., 2010). Additionally, it has been shown that intramolecular transfer of the
“R” group to an unknown site on NTE (called the “Z” site) can occur (Atkins and
Glynn, 2000), although transfer to the “Z” site is dependent on the specific OP
that binds NTE (Atkins and Glynn, 2000). The fact that not all neuropathic OPs
induce this intramolecular transfer strongly argues that transfer of the “R” group

to the “Z” site is not a requirement for the development of OPIDN.

R
NTE + OP «—> NTE-OP j% NTE - OP".\

Organophosphorylated OPIDN
enzyme Aged enzyme

Figure 1-4. The aging reaction. Neuropathic and non-neuropathic OPs are able
to bind NTE. The organophosphorylated enzyme does not have esterase activity.
Neuropathic OPs undergo a further “aging” reaction, in which an R group is lost
and the active site is left with a negative charge. Because only aging OPs lead to

OPIDN, aging is thought to be a critical step in the development of neuropathy.

Adapted from (Wijeyesakere S. J., 2010).

The requirement of OP-induced aging for the development of OPIDN has
led to the hypothesis that NTE might acquire a novel toxic-function after OP

exposure, since simple inhibition (which is accomplished by non-aging OPS) is
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insufficient for the development of this disease (Johnson, 1974; Lotti and
Johnson, 1980). Other evidence in support of a gain-of-function mechanism is
that pre-dosing of animals with non-aging OPs is protective against later insults
with neuropathic OPs (Johnson, 1970). This latter observation implies that
occupation of the NTE binding site by OPs that do not cause the aging reaction

prevents disease, even though NTE activity would be inhibited in this context.

However, in addition to evidence supporting the gain-of-function model,
there is also compelling evidence that loss of SWS/NTE activity can lead to
neurodegeneration. As highlighted by the sws mutant fly phenotypes described in
this dissertation, the loss of SWS function is detrimental to neuronal integrity.
Indeed, OPs that bind SWS/NTE do cause reduced esterase activity: neurotoxic
OPs inhibit NTE activity by 70-90% (Johnson, 1974) by binding to the active site
serine of NTE (S966). Further support for the loss-of-function model comes from
Winrow and colleagues (2003), who showed that mice heterozygous for loss-of-
function mutations in NTE were more sensitive to injection of the
organophosphate ethyl octyphosponofluoridate (EOPF), exhibiting increased
production of tears, decreased movement, seizures, and higher mortality rates
(Winrow et al., 2003). Curiously, these symptoms are remarkably similar to what
would be expected from inhibition of AChE and are not symptoms classically
associated with OPIDN. However, EOPF is thought to have a high binding
affinity for NTE and a low binding affinity for AChE (Li and Casida, 1997), but the
binding affinity of EOPF for AChE has not been reported in the absence of NTE,

which is needed to interpret the experiment as described. It is possible that in the
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absence (or reduction) of the primary target (such as NTE), binding to a
secondary target (such as AChE) could increase. There are also some non-aging
OPs that can lead to mild OPIDN-like phenotypes, but only in very high doses
that result in a nearly complete inhibition of enzyme activity (Lotti, 2000). These
observations support a scenario whereby non-neuropathic OPs that completely

inhibit NTE (unsurprisingly) result in a phenotype similar to sws/NTE mutants.

It was recently shown that mice dosed with the neuropathic OP mono-
ortho-cresyldiphenylphosphate (MOCDPP) exhibited histological abnormalities
resembling the pathology seen in NTE conditional knock-out mice (i.e., lacking
NTE specifically in the nervous system) (Read et al., 2009). This group also
showed that wild-type mice exposed to OPs (MODCPP) for one week had
increased levels of PtdCho. They suggested that altered phosphatidyl choline
metabolism underlies the putative loss-of-function effects of OPs on NTE (Read
et al., 2009), although PtdCho levels return to normal by two weeks. In contrast,
Hou and colleagues (2009) showed that treating wild-type mice with either an
aging or non-aging OP resulted in nearly identical changes in membrane lipid
composition (Hou et al., 2009), which argues against changes in phospholipid

metabolism as a specific mechanism for induction of OPIDN.

As stated earlier, Rainier and colleagues recently found that mutations in
the human NTE gene can cause spastic weakness in the lower extremities that
resembles OPIDN. The NTE mutations found in these patients resulted in altered
esterase function (esterase activity of approximately 37-40%), as shown by

testing their activity with recombinant versions of the human NTE catalytic
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domain (Hein et al., 2010b). While this observation initially appears to support a
loss-of-function mechanism for disease, other asymptomatic subjects with
mutations in NTE also showed reductions in esterase activity of approximately
40% (Hein et al., 2010a), indicating that disease is not well correlated with levels

of esterase activity.

Although reports supporting a loss-of-function mechanism out-number
those supporting a gain-of-function effect, many of the loss-of-function reports
are based on correlations between the phenotypes caused by non-functional
SWS protein and by OP treatment. However, these studies did not specifically
address how OP exposure alters protein function in vivo. In this dissertation, |
have examined the effects of SWS protein levels on development of OPIDN-like
phenotypes. Based on my results, | propose a novel mechanism that explains the

toxic gain-of-function effects that result after OP exposure.

Concluding Remarks

The results presented in Chapter 2 of this dissertation suggest a new
physiological function for the Drosophila protein SWS as a novel regulatory
subunit for the kinase PKA-C3. They also suggest that disruption of SWS leads
to neuronal degeneration by abnormally increasing the activity of PKA-C3. |
present evidence in Chapter 3 that a toxic gain-of-function mechanism underlies
the induction of OPIDN, and that the interaction between SWS and PKA-C3 is
involved in this gain-of-function effect. Chapter 4 describes preliminary studies

that test the requirement for proper levels of PKA-C3 activity to prevent neuronal
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degeneration, and that support cyclic nucleotide binding as a possible
mechanism for the release and activation of PKA-C3 from SWS. Overall, this
dissertation adds to our knowledge of the role of SWS in the development of the
neurodegenerative disease organophosphate-induced delayed neuropathy, and
how the physiological function of SWS contributes to the health of neurons over
time. In addition, my results are also important to better understand the
mechanisms that may lead to the inherited human disease (from mutation of
NTE) and consequently to develop possible treatment strategies for this

devastating condition.
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CHAPTER 2

Swiss Cheese, a protein involved in progressive
neurodegeneration acts as a non-canonical regulatory subunit
for PKA-C3

Abbreviated title: SWS inhibits the PKA-C3 catalytic subunit
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Summary

The Drosophila Swiss Cheese (SWS) protein and its vertebrate orthologue
Neuropathy Target Esterase (NTE) are required for neuronal survival and glial integrity. In
humans, NTE is the target of Organophosphorus compounds, which cause a paralyzing
axonal degeneration and recently mutations in NTE have been shown to cause a
Hereditary Spastic Paraplegia called NTE-related Motor-Neuron Disorder. SWS and NTE
are concentrated in the endoplasmic reticulum and both have been shown to have an
esterase function against an artificial substrate. However, the functional mechanisms and
the pathways in which SWS/NTE are involved in are still widely unknown. Here we show
that SWS interacts specifically with the C3 catalytic subunit of CAMP activated protein
kinase (PKA-C3) which, together with orthologues in mouse (Pkare) and human (PrkX),
forms a novel class of catalytic subunits of unknown function. This interaction requires a
domain of SWS which shows homology to regulatory subunits of PKA and, like
conventional regulatory subunits, the binding of SWS to the PKA-C3 inhibits is function.
Consistent with this result, expression of additional PKA-C3 induces degeneration and
enhances the neurodegenerative phenotype in sws mutants. We also show that the
complex formation with the membrane-bound SWS tethers PKA-C3 to membranes. We
therefore propose a model in which SWS acts as a non-canonical subunit for PKA-C3,
whereby the complex formation regulates the localization and kinase activity of PKA-C3,

and that disruption of this regulation can induce neurodegeneration.
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Introduction

swiss-cheese (sws) mutant flies show age-dependent neurodegeneration, glial
hyperwrapping, and neuronal apoptosis . SWS is the orthologue of vertebrate Neuropathy
Target Esterase (NTE; see also supplementary figure 1) (Kretzschmar et al., 1997; Lush et
al., 1998; Moser et al., 2000) which plays an important role in organophosphate-induced
delayed neuropathy (OPIDN), occurring after intoxication with Organophosphorus
compounds (Glynn, 2000; Moretto, 2000) found in pesticides and nerve agents (Lotti and
Moretto, 2005). OPIDN, which has first been described after a poisoning epidemic in the
southern United States (Smith et al, 1930), is characterized by degeneration of long axons
in the central and peripheral nervous systems (Ehrich and Jortner, 2001). Recently,
mutations in human NTE have also been shown to cause a Hereditary Spastic Paraplegia
called NTE-related Motor-Neuron Disorder (Rainier et al., 2008). Mice lacking NTE show
severe growth retardation and die around day 9 of embryonic development (Moser et al.,
2004), while neuronal specific NTE knock-out mice show a strikingly similar phenotype to
sws mutants, including vacuolization, abnormal myelin figures, and neuronal death
(Akassoglou et al., 2004). We have also shown that these proteins are functionally
conserved because mouse NTE can completely replace SWS in Drosophila (Muhlig-

Versen et al., 2005).

Both, SWS and mouse NTE are widely expressed in the nervous system with a more
restricted pattern to large neurons in older animals (Moser et al., 2000; Muhlig-Versen et

al., 2005). Both have been localized to the endoplasmic reticulum (ER) (Akassoglou et al.,
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2004; Muhlig-Versen et al., 2005) and Li et al. (2003) described that NTE transfected into

COS cells is inserted into ER membranes with most of it exposed on the cytoplasmic face.

NTE and SWS exhibit esterase activity against the artificial substrate phenyl-valerate
(Johnson, 1977; Muhlig-Versen et al., 2005), which requires a serine residue within a
highly conserved domain. A point mutation in this serine in SWS abolishes esterase
activity and interferes with the function of SWS in vivo (Muhlig-Versen et al., 2005). In
addition, SWS contains several regions that show homology to the regulatory subunit of
cAMP-dependent protein kinase (PKA). One of these regions contains a tandem cyclic
nucleotide binding site found in canonical regulatory subunits, while a third consists of a
single cyclic nucleotide binding site (see supplementary figure 2 and 3). The fourth region
shows homology to the motif required for the interaction of the regulatory subunit with the
catalytic subunit of PKA, including the pseudo-substrate site. PKA holoenzymes are
tetramers consisting of two catalytic and two regulatory subunits, which are activated by
dissociation of the regulatory subunits allowing the catalytic subunits to unfold their kinase
activity (Francis et al., 2002; Taylor et al., 2005). The binding between the subunits is
mediated by the pseudo-substrate site which resembles the R-R-X-S-X consensus site
found in PKA substrates (Poteet-Smith et al., 1997). In this study, we show that SWS acts
similar to regulatory subunits specifically binding PKA-C3, and we show that this

interaction plays a role in the neurodegenerative phenotype of sws.
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Results

Mutations in the interaction domain of SWS interfere with its biological function

SWS is a 1425aa long transmembrane protein with a highly conserved C-terminal
domain that is involved in its function as serine esterase, and a N-terminal region that
shows homology to the regulatory subunit of PKA (Kretzschmar et al., 1997), including
cyclic nucleotide binding sites and a domain which in PKA is involved in binding the
catalytic subunit (see Fig. 2-2A, B). This region, which from now on will be referred to as
interaction domain, contains a site resembling the pseudo-substrate site of the regulatory
subunit of PKA (PKA-R). As described above, this site is similar to the R-R-X-S-X site
found in substrates of PKA and has been shown to mediate binding between the catalytic
and regulatory subunits of the PKA complex. Whereas the serine residue in this motif,
which is the target for phosphorylation, is maintained in the type RII subunits, it is replaced
by alanine in vertebrate RI subunits and by glycine in the fly R1 subunit. The SWS
pseudo-substrate site contains an asparagine at this position (see Fig. 2-2B). The two
arginines, which are shared by all types of regulatory subunits (Rla, RIb, Rlla, RIIb) and by
the PKA inhibitor PKI, are also conserved in SWS. Mutations in these arginines have been
shown to decrease the interaction and inhibitory potency of R1a (Buechler et al., 1993;
Poteet-Smith et al., 1997). To investigate the functional importance of the interaction
domain, and specifically the pseudo-substrate site in SWS, we mutated the second

arginine residue (R**

) to an alanine. To determine whether this mutant construct
(SWSRT*) is functional, we expressed SWSR*** pan-neuronally using the Appl-GAL4

driver (Torroja et al., 1999) in sws mutant flies. Determining the degree of
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neurodegeneration by measuring the area of vacuoles in brain sections from 14d old flies,

we observed a reduced rescue capability of SWSR!334

compared to the wild type SWS
construct expressed under the same conditions (equal expression levels of the SWS
constructs were confirmed by Western Blot, supplementary figure 4). Control sws* flies,
carrying the Appl-GAL4 driver but no SWS construct, showed a mean vacuole area of
52%6.8 mm? (Fig 2-1A, D). Compared to these flies, sws* mutant flies expressing
SWSR* pan-neuronally showed significantly less vacuolization (Fig. 2-1B; 30*2.4 mm?;
p<0.01). However, the rescue ability of the SWS™*3* construct was significantly less than
seen after expression of the wild type construct. Due to the cell-autonomous requirement
of SWS in neurons and glia, neuronal expression even of the wild type SWS in sws’
mutants can only prevent neuronal degeneration while the glial phenotype still persists
(Muhlig-Versen et al., 2005). Therefore a few vacuoles are still detectable after expression
of the wild type construct, but these are much less than with SWSR**** (Fig. 2-1C and D;

16*3.7 mm?; p<0.05 to SWS™*4). These results show that the R to A mutation in the

pseudo-substrate site does interfere with the function of the SWS protein in vivo.
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Figure 2-1. Expression of SWSR*** in the nervous system of sws® mutant flies does only
partially rescue the degenerative phenotype and affects esterase activity. A, A sws* fly
shows the characteristic vacuolization in the neuropil (arrows). B, Expressing SWS?334
pan-neuronally in these flies leads to a significant reduction in vacuole formation. C,
Expressing wild type SWS under the same conditions almost completely reverts the mutant
phenotype. D, Mean area of vacuoles in mm? in the three genotypes shown in A, B, and C.
Number of measured flies was; n=24 for Appl-GAL4, sws' (A), n=28 for Appl-GAL4, sws";
UAS-SWSR* (B), and n=34 for Appl-GAL4, sws*; UAS- SWS (C). SEMs are indicated.
All sections are horizontal paraffin sections through the heads of 14day old flies. E,
Esterase activity in fly head homogenates revealed that expressing the SWS™*** construct
pan-neuronally did not restore the esterase function in sws*. In contrast, this construct
showed esterase function in a wild type background and heterozygous sws'/+ flies,
approximately doubling the activity. All values are expressed relative to wild type (100%).
SEMs are indicated. Scale bar for A-C=50um. la=lamina, me=medulla, lo=lobula,

Ib=lobula plate, cb=central brain.
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In addition to its rescue ability, as measured by vacuolization, we also determined whether
the R to A mutation affects the esterase activity of SWS. For these experiments, we used

head homogenates from flies expressing SWSR33A

in neurons (using Appl-GAL4) and
measured the hydrolyzing activity against the artificial substrate phenyl valerate, a
standard method to detect NTE activity. Expression of SWS™%* in the sws' mutant
background appeared not to restore the esterase activity (Fig. 2-1E), although it has an
intact esterase domain. Interestingly, the mutated construct did show esterase activity in a
wild type or heterozygote sws* mutant background, about doubling the endogenous
esterase activity. In comparison expression of the wild type construct restored the activity
in sws mutants (116%) and also doubled the activity (197%) in wild type (Muhlig-Versen et
al., 2005). This shows that the mutation in the pseudo-substrate site does not affect the

esterase activity per se, however, SWS appears to require an interaction mediated via the

pseudo-substrate binding site to exhibit esterase activity.

SWS interacts specifically with the C3 subunit of PKA

The requirement of the pseudo-substrate site for wild type SWS function suggested
that this domain is important for an interaction with a partner. We therefore used the Two-
Hybrid System to isolate direct binding partners of SWS. In addition to the full-length SWS
protein, we also used two smaller fragments (SWS®%** and SWS®?*: Fig. 2-2A) that both
contained the interaction domain but no transmembrane domain to screen an expression
library from adult Drosophila. With all three baits we isolated cDNAs for the C3 catalytic
subunit of PKA (PKA-C3). The longest isolated PKA-C3 clone encoded aal38-583 of the

longer (583aa) isoform (corresponding to aa55-500 of the smaller isoform), containing the
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entire protein kinase domain (aa274-528, http://flybase.bio.indiana.edu). The smallest one
encoded aa246-482. Interestingly, we isolated only one positive clone with the full-length
SWS construct, which also encoded PKA-C3.

To determine whether the binding of SWS to PKA-C3 is indeed mediated by the

R'%3to A mutation. Co-

pseudo-substrate site, we created bait fragments with the
transfection of SWS®?241R133A with the PKA-C3 clone resulted in colonies that did not grow
as well as colonies formed by PKA-C3 and SWS without the R to A mutation (compare the
first and last row in Fig. 2-2C). A similar result was obtained with the SWS?0->44R133A
construct (first and last row, Fig. 2-2D). This shows that as with the vertebrate regulatory
PKA subunit (Poteet-Smith et al., 1997), a point mutation in the conserved arginine in SWS
significantly reduces the binding of SWS to the C3 catalytic PKA subunit.

Besides C3 two other catalytic PKA subunits have been identified in Drosophila
(Melendez et al., 1995). Although we only isolated clones for the C3 subunit in our Two
Hybrid screens, we verified that SWS does not interact with the other two catalytic
subunits. For this purpose, we created pMyr transformation constructs for all three
catalytic PKA subunits using full-length cDNAs (kindly provided by D. Kalderon, Columbia
University). As shown in figure 2-2C and D, only SWS and PKA-C3 produced colonies
under the restrictive conditions, whereas co-transfection with PKA-C1 or PKA-C2 (second

and third row) did not result in colonies under the same conditions. This strongly suggests

that SWS specifically interacts with the C3 subunit.

35



Figure 2-2. SWS binds specifically A "

s”!

to PKA-C3. A, The different . ) So—
128-157 174-301 482-611  508-727 952-1118
i long fragment (ca 60-544)
fragments used in the Yeast Two
Hybrid experiments are shown as sl

dark grey lines above a schematic of B T ————
dPKA-R1 86 APPVRRRGGISAEPVTEEDATNYVKKVVPK 115

the SWS protein. The predicted dsws 128 RILQLRRONMPLEMRTVEEPAEYLEETIEG 157

........

transmembrane (TM) domains are
shown as vertical black bars and the C sws®* P sws®*H
interaction domain (ID), cyclic

nucleotide binding sites (CNMP1-3),

PKA-C3

and esterase domain are indicated as PKA-C2

grey boxes. The active site serine

which is localized in the putative third PKA-C1

transmembrane domain within the

esterase domain is indicated by an S. PKA-C3 ® @

B, Sequence comparison of the NG

interaction domain of SWS with the SWgPO2ATRIA SWgPOoHR13A
human and Drosophila R1 regulatory

subunits. Identical amino acids are indicated by asterisks, highly conserved amino acids
by colons, and conserved amino acids by dots. C, Using the smaller SWS (SWS°%2%)
fragment we obtained colonies at the restrictive temperature when co-transfected with
PKA-C3 (first row) but not after co-transfection with PKA-C2 or PKA-C1 (second and third

row). Using the same fragment with a mutation in the conserved arginine'

still produced
colonies after co-transfection with PKA-C3 at the restrictive temperature but these colonies
grew less well (fourth row). D, The same results were obtained in co-transfection studies

using the larger SWS®*>* fragment.
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SWS tethers PKA-C3 to membranes

The interaction of SWS and PKA-C3 in the yeast Two-Hybrid system strongly
suggested that SWS and PKA-C3 are also found in a complex in vivo. We therefore
performed immunohistochemistry on adult brains using our anti-SWS rabbit antiserum and
an anti-PKA-C3 rat antiserum for co-localization studies (Melendez et al., 1995). We have
recently shown that SWS is expressed in most or all neurons (Muhlig-Versen et al., 2005)
and PKA-C3 can also be detected at low levels in most or all neurons (Fig. 2-3A). In
addition to this weak pan-neuronal expression, we found stronger expression in some
neurons, which also appeared to contain higher levels of SWS (arrowheads in Fig. 2-3A-
C). Interestingly, PKA-C3 was highly expressed in a few very large neurons (asterisks in
Fig. 2-3A-C). In addition, we detected that PKA-C3 and SWS co-localize on a sub-cellular
level because both can be found in the same vesicles (arrows, Fig. 2-3A-C). As
mentioned above, SWS and NTE both have been shown to be enriched in the ER
(Akassoglou et al., 2004; Muhlig-Versen et al., 2005), suggesting that the PKA-C3
immunopositive vesicles might be part of the ER. To test this hypothesis, we performed
co-immunostainings with anti-PKA-C3 (Fig. 2-3D) and GRP78 (Fig. 2-3E), a marker for the
ER. As shown in Fig. 2-3F, some vesicles indeed contained both protein (white arrows)
but others were only positive for PKA-C3 (green arrowheads) or GRP78 (red arrowheads).
These results show that some PKA-C3 is localized to the ER, but like SWS it is also found
in other parts of the cell, and indeed SWS and PKA-C3 seam to co-localize to a much

higher degree than PKA-C3 and GRP78.
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Figure 2-3. SWS and PKA-C3 co-localize in neurons. A-C, Brain whole-mounts stained
with anti-PKA-C3 (green) and anti-SWS (red) show expression in most or all neurons with
stronger expression of both proteins in some neurons (arrowheads), including a few large
neurons, which highly express PKA-C3 (asterisks). In addition, both proteins can be co-
localized to the same vesicles (arrows). D-E, In some vesicles PKA-C3 (green) co-
localizes with the ER marker GRP78 (red), although both proteins can also be found
separately (green arrowheads and red arrowheads). Thickness of the optical sections was

0.1mm. Scale bar=5um.

Both, SWS and NTE contain several predicted transmembrane domains and SWS
could therefore tether PKA-C3, which by itself is not a transmembrane protein, to
membranes. To determine whether SWS does affect the sub-cellular location of PKA-C3,
we used the PKA-C3 antiserum on brain whole mounts from sws' mutant flies. Whereas a
mostly vesicular pattern of PKA-C3 is detected in the wild type background (Fig. 2-4A), its
sub-cellular localization becomes less concentrated to vesicles in sws' mutant brains (Fig.
2-4B). To verify that SWS does indeed recruit PKA-C3 to membranes, we performed

Western Blots form membrane and cytosolic fractions prepared from yw control and sws*
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mutant heads. First, we confirmed that SWS is confined to membranes and as shown in
Fig 2-4C, the 160kD SWS protein is exclusively detected in membrane fractions from
control flies. We could also detect a putative PKA-C3 band of 66kD (the predicted size for
PKA-C3) in control membrane fractions, which was missing in membrane fractions
prepared from sws® flies (asterisks in Fig. 2-4D). To verify that this band does correspond
to PKA-C3, we created flies that contained a PKA-C3 construct under the control of the
UAS sequence and expressed it in neurons using Appl-GAL4. Membrane fractions
derived from these flies (PKA m) did indeed show increased levels of this band. Although
PKA-C3 was depleted form the membranes of sws* flies, we could not detect an
accumulation of the 66kD band in the cytosolic fraction of sws* (nor did we see it in control
flies). However, a smaller band of about 50kD was increased in sws* cytosolic fractions
compared to controls, which could be a degradation product of PKA-C3. To determine
whether SWS affects the levels of PKA-C3, we performed Western Blot with head lysates
which showed that the lack of SWS does not affect PKA-C3 levels of PKA-C3 in general
(supplementary figure 3, lane 4 and 5). We also induced this construct in the eye (via
GMR-GAL4) or pan-neuronally (via elav-GAL4), which again resulted in the increase of the
66kD band. These results show that the loss of SWS does not affect PKA-C3 levels but

changes its sub-cellular localization, depleting it form membranes.
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Figure 2-4. PKA-C3 is mislocalized in the absence of SWS. A, Whereas PKA-C3 can be
found in a mostly punctuate pattern in yw control flies, its pattern is less distinct in a sws*
mutant fly (B). C, In Western Blots, the SWS protein (asterisks), which contains several
transmembrane domains, is exclusively found in membrane fractions (m) from yw control
flies, while it is missing in sws® mutants. D, PKA-C3 is detected as a 66kD band in
membrane fractions from yw control flies and, in increased amount in Appl-GAL4/UAS-
PKA-C3 (mPKA) flies, whereas it is not detectable in membrane fractions from sws* mutant
flies. Cytosolic fractions (c) reveal an increase in a 50kD band in sws®, which