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Abstract

Out cold (Ocd) is an X-linked Drosophila gene, mutations in which lead to dominant cold-
sensitive paralysis. Previous studies have suggested that Ocd may have some involvement
in mitochondrial energy metabolism. The primary objective of this work was to identify
the Ocd gene and gene product, and determine how mutations in it result in this complex
phenotype. Two strategies were employed to narrow down the Ocd critical region: SNP
mapping and P element mapping. From an original area of 1.5Mb, the critical region was
reduced to less than 100kb and only six candidate genes. Complementation tests between
Ocd and paralytic (para), a voltage-gated sodium channel gene, suggested the two are
allelic. Subsequent sequencing of Ocd lines revealed mutations within highly conserved
regions of para, both within transmembrane segment S6 of domain III (11545M, T15511),
and in the linker between domains III and IV (G1571R), the putative location of the
channel inactivation gate. Further evidence for allelism between Ocd and para was
obtained from electrophysiology and pesticide resistance experiments. In addition, a
proteomics study was conducted which supports the notion of mitochondrial defects
arising as a consequence of the Ocd mutations. The G1571R mutation is of particular
interest as mutations of the orthologous residue in the human skeletal muscle sodium
channel gene SCN4A, G1306, have been associated with cases of periodic paralysis and
myotonia, including the cold-sensitive disorder paramyotonia congenita. The mechanisms
by which sodium channel mutations lead to such phenotypes are not well understood. In
the absence of a suitable vertebrate model system, Ocd provides a system in which genetic,
molecular, physiological and behavioural tools can be exploited to determine mechanisms

underlying sodium channel periodic paralyses.
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1.1 Drosophila as a genetic model organism

The fruit fly Drosophila melanogaster has for almost a century been widely appreciated as
a tractable genetic model organism, thanks to features such as a short life cycle and high
fecundity (O'Kane, 2003). Due to their small size, fruit flies are also inexpensive and
relatively easy to maintain in the laboratory. Although mammalian models are, rightly so,
regarded as the ideal model for studying human disorders, the completion of the human
and fly genome projects has revealed the striking similarity of these two species at the

genetic, molecular and cellular level (Kornberg and Krasnow, 2000).

The fruit fly is composed of many the major cell types found in mammals, and the cellular
processes occurring throughout development are conserved. Although some systems are
relatively simplified in flies, the functions remain the same. Because of this, Drosophila
can be used as a model for dissecting genetic pathways and investigating how normal
human cells function. One recent study estimated that approximately 77% of human
disease genes have at least one Drosophila homologue (Reiter et al., 2001). This
remarkable degree of relatedness makes Drosophila an ideal organism in which to study
the pathogenesis of human disorders, and further therapeutic developments. The fruit fly
has been used successfully to model a multitude of diseases including cancer (Brumby and
Richardson, 2005), neurodegenerative disease (Fortini and Bonini, 2000) and

mitochondrial disorders (Jacobs et al., 2004).

The wealth of tools available to Drosophila researchers has made the fruit fly an amazingly
amenable model organism. Reverse genetics screens are routinely used to identify genes of
specific functional relevance (reviewed by Adams and Sekelsky, 2002). The generation of
mutant lines via ethylmethanesulphonate (EMS) or P element mutagenesis, or by reducing
protein expression using RNA interference, can provide a vast amount of information
about the wild-type gene function and, in most cases, this information will prove relevant
to human disease genes. Mutation mapping techniques are well developed in Drosophila,
commonly making use of P element insertions or single nucleotiode polymorphisms
(SNPs) (Hoskins et al., 2001, Zhai et al., 2003). However, sequencing of P element
flanking regions means identification of disrupted genes is even simpler, and mapping is

not required. Recent advances in Drosophila endogenous gene-targeting via homologous
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recombination have made introducing defined mutations and gene knock-outs possible
(Gong and Rong, 2003, Rong and Golic, 2000). This means mutations equivalent to those
associated with human disease can be created in the fly, so that mechanisms of

pathogenesis can be examined, and treatments developed.

An elegant expression system allowing targeted gene expression is now well established in
Drosophila. The GAL4/UAS system (Brand and Perrimon, 1993) allows temporal or
spatial specific expression of any gene of interest, and is widely used for the investigation
of medically important genes and cellular processes (reviewed by Duffy, 2002). This
system was developed to allow targeted gene expression in Drosophila, making the fruit
fly one of the most tractable genetic model organisms. The Saccharomyces cerevisiae
GALA protein regulates yeast genes by binding to upstream activating sequences (UAS). In
Drosophila, GALA can be used to drive expression of UAS reporter genes. To do this, flies
containing two separate constructs must be generated; one construct carrying a GAL4
driver and one carrying a UAS responder. Targeted gene expression of the gene of interest
(the responder) is achieved through GALA4 directed expression in a particular spatial or

temporal pattern (Figure 1.1).

Another advantage of using Drosophila is that modifier screens are simple to conduct.
These screens can be used to identify alleles that suppress or enhance mutant phenotypes
(reviewed by St Johnston, 2002). This is commonly achieved using a mutagenesis
approach, but alternative methods can prove highly rewarding. For example, in any given
mutant, selecting for a less severe (and therefore more wild-type) phenotype over many
generations will inevitably lead to the accumulation of suppressors. One way to identify
these might be to examine global gene expression patterns via microarrays, which are now
commonly used in Drosophila research (reviewed by Gupta and Oliver, 2003).
Characterising such modifier genes can help to identify pathways involved in pathogenesis.
Most identified genes will have human homologues, which may be candidate genes for

human disease, and may identify routes via which such diseases may be treated.

This project focuses on the characterisation of a set of unmapped Drosophila mutations,
and the development of them as a model for human disease. Based on the mutant
phenotype, which will be described in detail later, it is feasible that the mutants may

provide a model for either mitochondrial or neurological (seizure) diseases, or both.
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Figure 1.1 The GAL4/UAS system in Drosophila

A simplified overview of the GAL4/UAS system exploited in fruit flies. In the cross
shown, a female fly expressing GAL4 in a defined spatial or temporal pattern under
the control of an enhancer or promoter element is mated to a male carrying an
upstream activating sequence (UAS) responder construct. In the absence of GAL4,
the gene of interest, or responder, is not transcribed. Progeny from this cross however
will contain both GAL4 and UAS elements. This means that the GAL4 protein is able
to bind to the UAS element and drive expression of the responder gene. GAL4 will
only be expressed in certain tissues and/or developmental stages so in this way,
targeted gene expression is achieved.

1.2 Human mitochondrial disorders and fly models

In humans, mitochondria provide all cells of the body with energy in the form of adenosine
triphosphate (ATP), generated through the process of oxidative phosphorylation
(OXPHOS). It is not surprising then that mitochondrial dysfunction can affect a broad
range of tissues and functions. They also play a central role in programmed cell death and
the process of ageing (reviewed by Chomyn and Attardi, 2003). Human mitochondrial
DNA (mtDNA) is a double-stranded circular DNA molecule, 16.5kb in length (Anderson

et al., 1981). This DNA encodes 13 polypeptides involved in the electron transport chain,
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two ribosomal RNAs and 22 transfer RNAs. mtDNA is highly polymorphic as mutations
accumulate relatively quickly due to a poor repair system compared to that of nuclear
DNA, and also because errors are more likely to be tolerated as there are many copies of
the mitochondrial genome in each cell. mtDNA is maternally inherited, although

exceptions to this rule have been reported (for example, Schwartz and Vissing, 2002).

Human mitochondrial defects may arise not only from mutations in mtDNA, but from
nuclear DNA defects or from environmental toxins. Nuclear genes encode several subunits
of the OXPHOS complexes located in the mitochondrial inner membrane, and regulate the
transport and the modification of such polypeptides. They also have a role in the
maintenance of mtDNA and in the translation of mtDNA-encoded polypeptides (Singh,
1998). Therefore a nuclear mutation can have a direct or indirect mitochondrial effect. This
results in a mitochondrial disease being inherited in an autosomal recessive or dominant
manner, and not maternally. Such mutations have even been shown to predispose to

mtDNA deletions (reviewed by Simon and Johns, 1999).

Mutations in mtDNA give rise to a broad range of phenotypes in humans, but generally
tissues with high energy consumption, such as brain and muscle, are most affected
(reviewed by Taylor and Turnbull, 2005). A single mutation may produce different
symptoms in two different patients (clinical heterogeneity), and a single clinical phenotype
may be associated with several mutations (genetic heterogeneity), making correct
diagnosis and treatment problematic. There are various symptoms typical of mitochondrial
dysfunction, including neurological anomalies (strokes, ataxia, seizures, deafness etc.),
cardiomyopathy, and endocrine abnormalities. Mitochondrial disease is often not easily
diagnosed. However, aside from identifying underlying mutations, abnormal mitochondrial
proliferation in cells, particularly muscle cells, may be detected using staining techniques,
and histochemical analysis may reveal cytochrome c oxidase (COX) deficiency in patient

muscle (reviewed by Wallace, 1999, and Simon and Johns, 1999).

Some classic mitochondrial disorders which lead to a seizure phenotype in humans are
mitochondrial encephalomyopathy, lactic-acidosis, and stroke-like episodes (MELAS)
(Goto et al., 1990), myoclonic epilepsy with ragged red fibres (MERRF) (Shoffner et al.,
1990), neuropathy, ataxia, and retinitis pigmentosa (NARP) (Holt et al.,, 1990), and
maternally inherited Leigh syndrome (de Vries et al., 1993). The genetic bases of these

conditions are largely understood - primarily missense mutations in mitochondrial tRNAs,
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NADH dehydrogenase subunits, or ATPase genes - but they remain essentially untreatable.
Developments of treatment at the gene level have been held back through the lack of
appropriate model systems (Taylor and Turnbull, 2005). It is anticipated that research into
mitochondrial dysfunction may aid in developing suitable animal models that may

eventually yield improved therapeutic options.

The fruit fly is now widely recognised as a valid model of human mitochondrial function
and dysfunction. A database exists listing Drosophila proteins targeted to the
mitochondrion (Sardiello et al., 2003). Drosophila and human mitochondrial genomes are
remarkably similar, encoding exactly the same proteins, rRNAs and tRNAs (Clary and
Wolstenholme, 1985). The role of mitochondria in oxidative phosphorylation, intermediary
metabolism and programmed cell death is conserved from fly to man. Drosophila can been
successfully used as a model of human mtDNA replication (Garesse and Kaguni, 2005),
ageing (Ballard, 2005) and apoptosis (Twomey and McCarthy, 2005). In addition, it had
been shown that it is possible to model specific mitochondrial diseases, such as
mitochondrial deafness in Drosophila. Remarkably, mutations in the Drosophila ribosomal
mitochondrial subunit S12 lead to phenotypes very similar to those observed in humans
suffering from mitochondrial dysfunction, including deafness, seizures and antibiotic
sensitivity (Toivonen et al., 2001). Identifying genes or chemicals that mitigate the fly
mutant phenotype via second-site modifier screens may identify routes by which the

human disorder can be treated.
1.3 Human seizure disorders and fly models

Human seizure disorders are a heterogenous group of relatively common nervous system
conditions, including the epilepsies, which affect approximately 1% of the population
(McNamara, 1994). Many of these disorders involve a genetic predisposition, although any
person can be at risk from developing a seizure disorder following severe insult to the
brain (Noebels, 1996). The term epilepsy is normally used to describe recurrent
spontaneous attacks, resulting in altered motor activity, consciousness or behaviour, caused
by abnormal electrical activity in cerebral neurons. Seizures - usually convulsions or fits -
can also arise as isolated occurrences, as part of another disorder or following head trauma.
Exogenous stimuli such as anticonvulsant drugs, sound, light, and hypoxia can induce

seizure episodes (Guerrini et al., 1998, Verrotti et al., 2004, Jensen and Baram, 2000).

22



wihaplicl |

Despite the prevalence of these disorders, the genetic and molecular basis of most is as yet
unclear. More than a dozen genes involved in human epilepsies have been identified

(Upton and Stratton, 2003), and there are likely to be many more yet to be discovered.

As mentioned previously, mitochondrial mutations can cause the syndromic seizure
disorders such as MERFF and MELAS, which are largely untreatable. Indeed, it is thought
that oxidative stress, as well as being a consequence of seizures, plays a significant role in

epileptogenesis (Patel, 2004).

Another common cause of seizures, are mutations in ion channel genes (Lerche et al.,
2005, Lerche et al., 2001, Gutierrez-Delicado and Serratosa, 2004). Ion channel mutations
may induce seizures through prolonged depolarisation, or through repetitive firing of
neurons. For example, molecular lesions in the voltage-gated sodium channel alpha
subunits have been associated with the disorders generalised epilepsy with febrile seizures
plus (GEFS+) and severe myoclonic epilepsy of infancy (Claes et al., 2001, Escayg et al.,
2000). Additionally, mutations in two voltage-gated potassium genes, KCNQ2 and KCNQ3
have been found in families with benign familial neonatal convulsions (Biervert and
Steinlein, 1999, Hirose et al., 2000). Mutations in the voltage-gated chloride channel gene
CLCN?2 have also been uncovered in cases of idiopathic generalised epilepsy (Haug et al.,
2003).

Mutations in subunits of both the gamma-aminobutyric acid (GABA) receptor and the
nicotinic acetylcholine receptor have been implicated in the seizure disorders generalised
epilepsy with febrile seizures plus and autosomal dominant nocturnal frontal lobe epilepsy,
respectively (Baulac et al., 2004, McLellan et al., 2003). These classes of mutation alter
neurotransmitter release or alter postsynaptic sensitivity at central synapses, leading to the

onset of seizures.

Without a complete understanding of seizure pathogenesis, most seizure disorders remain
largely untreatable, and are rather controlled through the administration of anticonvulsant
drugs. Often, an underlying causative disorder will require treatment, for example brain
lesions or endocrine abnormalities. Animal models provide an invaluable tool for
dissecting such conditions at the molecular and cellular level, and thus paving the way for

the development of novel, more effective treatments. Using an animal model can also
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prove fruitful in identifying why certain mutations lead to specific types of seizure

disorders, and also in exploring the effects of exogenous factors.

A plethora of mouse models for epilepsy exist, comprising both spontaneous mutations as
well as targeted transgenic mutants and gene knockouts (reviewed by Upton and Stratton,
2003). These are of great value to seizure research, and many human epilepsy phenotypes
have been successfully recapitulated in the mouse. For example, transgenic mice carrying a
targeted gain-of-function mutation within the mammalian neural voltage-gated sodium
channel gene Scn2a undergo a progressive seizure disorder (Kearney et al., 2001). Human
SCN2A mutations have been associated with the disorder GEFS+ (Sugawara et al., 2001).
Also, knockout of the GABAg, receptor subunit in mice leads to spontaneous generalised
seizures (Prosser et al., 2001). Such models will be invaluable in developing effective anti-
epileptic therapies. In addition, other tractable genetic models such as Drosophila can also

provide insights into the genetics and neurobiology of seizure disorders.

One very rewarding approach is to search for modifier genes of seizure phenotypes in
Drosophila (Kuebler and Tanouye, 2000). Several Drosophila mutants have been
identified as putative models for seizure disorders, on the basis of their bang-sensitive
paralytic phenotype. Bang-sensitivity refers to seizure susceptibility following mechanical
stress, such as vortexing, or electrical shock (Ganetzky and Wu, 1982, Pavlidis and
Tanouye, 1995). Studying bang-sensitive mutants and the interaction between these and
other behavioural mutants has been successfully used to identify mutants which can
suppress seizure susceptibility (Kuebler et al., 2001). These suppressors include mutations
in the sodium channel gene paralytic, the potassium channel gene Shaker, the gap junction
connexin gene shaking B (Song and Tanouye, 2005), and the meiotic gene mei-P26
(Glasscock et al., 2005). A similar approach has also been applied to Scn2a seizure-
susceptible mice. Here, dominant modifier alleles were mapped via comparisons of the
genetic backgrounds of mutants. Although two modifier loci were identified, the genes

themselves have not been cloned (Bergren et al., 2005).
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1.4 The Out cold mutations

1.4.1 Introduction

As part of a collaborative project with the University of Tampere, Finland, we are
interested in the development of fly models of human mitochondrial disorders. This will
hopefully allow the mechanisms underlying such disorders to be studied in depth, and will
ultimately provide a platform for therapeutic studies. The Drosophila melanogaster Out
cold (Ocd) dominant cold-sensitive paralytic mutations are of interest as they were
originally believed to have a mitochondrial role (Sgndergaard et al, 1975, Sgndergaard,
1976, Sgndergaard, 1979a, Sgndergaard, 1979b, Sgndergaard, 1986). It is hoped that they
may provide a model for human seizure disorders, particularly those associated with

mitochondrial defects.

1.4.2 Ocd phenotype

Sendergaard (1975, 1979a) originally isolated seven EMS generated mutant alleles of Ocd,
Ocd’ - Ocd’, each of which was identified in a screen for dominant cold-sensitive paralysis.
Ocd’ was originally isolated in a student laboratory course at the University of Copenhagen
where flies were mutagenised using 20mM EMS and mutant phenotypes scored, in this
case lethality in males. Following the discovery of Ocd’, 400,000 mutagenised wild-type
Oregon-R (ORR) flies were screened for cold-sensitivity. Of these, only 25 independent
mutants were isolated, six of which were X-linked and subsequently found through
recombination studies to be allelic (Sgndergaard, 1979a). This finding suggests that there
may be only one gene on the X chromosome that can be mutated to result in dominant

cold-sensitive paralysis.

Eleven mutations mapped to the third chromosome, and nine to the second. The third
chromosome mutants were found to be allelic and termed Third Cold Paralytic (TCP).
These remain largely uncharacterised although were shown to have defects in
mitochondrial energy metabolism (Sgndergaard, 1980). The second chromosome mutants

have not been studied further.

In the original experiments, cold-sensitivity was quantified in a custom-made cold chamber

in which time taken for flies to display paralysis-associated behaviours or to recover from
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paralysis was measured. The cold-sensitivity can also be assayed by placing flies at 4°C
and measuring the time it takes for them to exhibit paralysis, which is preceded by
uncoordinated behaviour such as leg twitching and wing flutter. Although wild-type flies
will also eventually become paralysed at 4°C, this will take much longer than for Ocd flies,

usually more than five minutes.

Hemizygous Ocd/Y males display a more severe phenotype than heterozygous Ocd/FM7
females (Sgndergaard, 1975, Sgndergaard, 1979a). They generally only eclose when stocks
are maintained at 25°C, and when they do eclose are very unfit and often drown in the food
medium. These males are unable to fly, unable to mate and walk in a reeling manner,
although the mutant phenotype varies greatly between individual flies. At 25°C
heterozygous females appear wild-type, with the exception of Ocd’/+ and Ocd’/+ females,
which are unsteady, and some have droopy wings. Viable homozygous or trans-
heterozygous Ocd females are weak, have reduced activity, walk in a reeling manner and
frequently fall over. The lines vary greatly in terms of male lethality: Ocd’ males eclose the
most frequently, and Ocd’ is almost completely lethal in males. With respect to cold-
sensitive paralysis - associated phenotypes such as leg shaking and wing flutter, Ocd” flies

are also the most severely affected, and Ocd’ the least.

Initial investigations into the molecular basis of the Ocd cold-sensitive paralysis involved
the study of the reaction kinetics of mitochondrial enzyme. The activity of succinate
cytochrome c reductase is a measure of enzyme activity in both complex II and complex
III of the respiratory chain. This enzyme complex catalyzes electron transfer from
succinate to cytochrome c¢ and is involved in ATP production. Activity was measured at
varying temperatures in mitochondrial isolates using a spectrophotometer. Abrupt changes
in the activation energy of this mitochondrial enzyme were observed upon temperature
decrease in all Ocd flies (Sgndergaard, 1975, Sgndergaard, 1976, Sgndergaard, 1979a).
This correlates with the restrictive temperature for paralysis. None of the lines differed
significantly in this respect from Ocd’, where the change occurred at 18°C, except Ocd’, in
which the change occurs at 16°C. However, these flies also undergo paralysis at 16°C

rather than 18°C and therefore display the mildest Ocd phenotype.

This change in activation energy is also observed in wild-type flies, but occurs at a much
lower temperature, 8°C, a temperature below which wild-type flies would also eventually

be paralysed (Sgndergaard, 1975). The change in Ocd’ flies may be due to a change in the
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properties and composition of mitochondrial membrane-bound phospholipids. If
membrane fluidity is affected by temperature, it follows that properties of membrane-
bound proteins will also be altered. Indeed, using thin-layer chromatographic analysis,
Ocd' flies were shown to have low levels of the mitochondrial phospholipid sphingomyelin
compared to wild-type (Sgndergaard, 1979a). Other classes of lipids were not significantly
different. It might be that phospholipid composition might have some effect on succinate
cytochrome c reductase activity. However, experiments where phospholipid extract from
either Ocd or wild-type mitochondria were rebound to Ocd or wild-type lipid-deficient
mitochondria revealed that the change in succinate cytochrome c reductase activity
observed in Ocd flies was independent of the source of phospholipids used (Sgndergaard,

1979b). It must therefore be the membrane proteins themselves that elicit this effect.

The connection between cold-induced changes in mitochondrial enzyme kinetics and
paralysis is not clear. Mitochondrial dysfunction and oxidative stress, as well as being the
cause of some epileptic disorders, is also a recognised consequence of seizures (reviewed
by Patel, 2004). Seizures can result in oxidative damage to lipids, DNA and mitochondrial
proteins, particularly iron-sulphur enzymes such as aconitase (Melov er al., 1999).
Therefore, it may be that the Ocd mutations confer cold-sensitive paralysis, which in turn
affects mitochondrial function, rather than the mitochondrial effect observed being a direct

result of the mutations.

Interestingly, an additional mitochondrial effect has been reported in Ocd flies. An
abnormal pattern of mitochondrial polypeptides was identified upon 2D gel electrophoresis
(Sgndergaard, 1986). An unidentified extra protein was revealed in Ocd mutant males and
females carrying the Dp(1;4)r*f* duplication (Figure 1.2). Dp(1;4)r*f* is a duplication of
part of the X chromosome (14A1-16A2) onto the fourth chromosome which can partially
rescue the Ocd phenotype (see next section). However, these flies display a mutant
phenotype even at 25°C so a protein change is likely to occur at even at the permissive
temperature. It is not clear whether a change in molecular weight or in isoelectric point
elicited the creation of an aberrant protein. The protein change could be the result of a
change in primary structure of a mitochondrial redox enzyme such that at 18°C the
protein's conformation is altered. This might explain the observation of altered activation
energy profile of succinate cytochrome ¢ reductase in Ocd mutants. This particular theory

has yet to be investigated further.
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The 2D gel analysis points towards the involvement of Ocd in the mitochondrion.
SOndergaard (1986) speculates that Ocd may have a role in phospholipid synthesis,
mitochondrial structure, the modification of nuclear encoded mitochondrial proteins, or
processing of mitochondrial gene products. As noted previously, the mitochondrial effect
observed may be a secondary consequence of the Ocd mutation, possibly induced by the

seizures which affect Ocd flies.

A wild-type * B Out cold -

Figure 1.2 2D gel electrophoresis of mitochondrial proteins in wild-type and Ocd
flies

The figure shows 2D electrophoretic separations of mitochondrial polypeptides
isolated from males and females from A. wild-type (ORR) and B. Ocd?; Dp(1;4)rY.

The aberrant polypeptide detected in Ocd flies by Sondergaard (1986) is indicated by
an arrow. Taken from Sondergaard (1986).

1.4.3 Mapping Ocd

The Out cold gene has yet to be cloned. However, Ocd has already been partially mapped
to a region of the X chromosome. A duplication of part of the X chromosome located on
the fourth chromosome, Dp(1;4)rf, can partially rescue the Ocd male phenotype in terms

of coordination and ability to fly and mate, but there is pronounced variation between
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individual flies (Sgndergaard, 1975, Sgndergaard, 1979a) . The duplicated region is stated
as either between 13F1 and 16A2 (Flybase: http:/flybase.org) or 14A1 and 16A2
(Sg¢ndergaard, 1975). This places Ocd in a broad 1.5Mb region encompassing several

hundred genes.

Recombination mapping placed Ocd’ 0.5cM=0.2 to the left of rudimentary (r), and the
distance between Ocd and forked (f) was calculated as 1.7cM=0.2. This placed Ocd at X-
55.2cM=0.2 (Sgndergaard, 1975). Each of the other mutant Ocd alleles were subsequently
shown to be about 1.7 cM to the left of £, based on analysis of at least 1000 F, flies for each
mutation (Sgndergaard, 1979a). This, and the fact that no recombination occurred between
any of the mutations in approximately 10,000 offspring, implies that they are all allelic.
This was further supported by complementation tests performed between each of the Ocd
alleles. Trans-heterozygotes of each combination of alleles were created. In order to do this
males carrying Dp(1,;4)r'f* were used. These males are able to mate successfully due to the
rescuing effect of the duplication. Complementation was assayed by measuring duration of
cold-sensitive paralysis-associated behaviours at 18°C: abnormal leg movements and leg
stretching. Between each of the Ocd combinations, there was no significant difference in
this duration. Although these observations would suggest that all of the Ocd mutations are
allelic, only Ocd’', Ocd’ and Ocd® were shown through complementation to be truly allelic,
on the basis that trans-heterozygotes of each combination of these alleles behaved like the

respective homozygous females (Sgndergaard, 1979a).

The original mapping data was generated using three cytologically defined deletions (I°),
and the duplication Dp(1;4)r’'f* (Sgndergaard, 1975). Heterozygous Ocd’' females were
crossed to deficiency (I°) males which also carried Dp(1,;4)r*f*. Each of the deletions were
stated as covering a region from at least 14D1 to 15A5-6. If any of the deletions covered
the Ocd gene, Ocd/I° females would be expected to behave like homozygous Ocd females
or Ocd males. Because, in the case of each deletion, resulting Ocd'/I® females had a
phenotype no more severe than heterozygous Ocd females, it was concluded that Ocd lies
outside the deleted regions, and therefore was mapped to 14A1-14C8. Notably, the
temperature at which these crosses were carried out and at which the phenotypes were

scored was not stated.

However, in light of more recent mapping data generated on these deletions, the critical

region is likely to be slightly larger (Table 1.1 and Figure 1.3).
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Deficiency name Annotation in Breakpoints Reference

(Flybase) Sdndergaard, 1975

Df(1)D7 r 14C7-14F1 Loughney ef al., 1989
Df()r-D17 idn 14F6-15A6 Sterne/ al, 1990
Df(1)D34 i 14C6-14D1 Broadie and Bate, 1993

Table 1.1 Lethal deletions used to map Ocd

These are the lethal deficiencies described in Sondergaard (1975). The annotation
has changed since, so both Sondergaard's and Flybase annotation is noted. In his
paper, Sondergaard states that each of the deletions extend from and incuding the
bands 15A5-6 and including at least band 14D1. However, approximations of the
exact breakpoints of each deficiency have since changed, and the current estimated
breakpoints are listed in the table. The breakpoints define the maximum possible
length of the deletion based on estimates. Df(1)D34 is in fact a small deletion within
the voltage-gated sodium channel gene paralytic which results in a null mutation,

abolishing sodium current (Baines and Bate, 1998).

The current estimated breakpoints of each deletion used in the deficiency mapping are

shown in Table 1.1. The deletions are smaller than was originally stated (Sdndergaard,

1975), and between them extend from 14C6 to 15A6, but there are gaps across the region

which are not included, within which Ocd could conceivably lie. From this data, the

critical region of Ocd is indeed approximately 14A1-14C8, but the gene could also lie

somewhere between 14F1 and 14F6, or between 15A6 and 16A2, the right hand breakpoint

of the duplication which rescues Ocd (Figure 1.3).

14A1

Dp(1;4)r+f+
16A2

Df(1)D7
14C7 14F1

14FTT"6 Df<tD1?
1406*7401 Df<1*034

Figure 1.3 Deficiency mapping of Ocd

A duplication (magenta) and three deletions (blue) within the Ocd regions are shown,
with estimated breakpoints displayed. The duplication Dp(1;4)r# is located on the
fourth chromosome, and rescues the Ocd phenotype so Ocd must lie between 14A1
to 16A2 (Sondergaard, 1975). Ocd/P females do not behave like homozygous Ocd
females or Ocd males, so it is unlikely that Ocd lies within any of the deleted regions.
Estimates of the breakpoints of the deletions have changed since the Sondergaard's
publication.
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Several X-linked mutants were crossed to Ocd’ to test for any interaction and behavioural

I (para™) and

effect which might indicate complementation (Sgndergaard, 1975). paralytic
shibire” (shi®), two recessive temperature-sensitive paralytic mutants, were crossed to Ocd’
and the heterozygous phenotype examined. For each, cold-sensitive paralytic behaviour
akin to heterozygous Ocd females was observed, but no heat-sensitive paralysis was
observed upon temperature shift from 25°C to 30°C. It was thus concluded that Ocd is
neither allelic with para nor shi. Ocd’ was also crossed to Hyperkinetic (Hk) mutants. Hk
flies shake their legs under etherisation, and this phenotype was also observed in Ocd’
mutants. + Ocd'/Hk + trans-heterozygotes displayed great variation in the degree of leg

shaking between individuals, therefore no conclusions were reached regarding any

interaction between the two mutations.

1.5 What causes cold-sensitivity?

Conditional mutants, such as those that are temperature-sensitive, provide a useful tool for
studying mutant phenotypes such as behaviour in Drosophila. Because mutant behaviours
can be switched on or off in one animal, the pathogenic mechanisms which lead to
particular mutant phenotypes can be studied in depth. Conditional mutations can also be
highly informative in mosaic animals, where tissue specificity of the mutations can be
determined (Suzuki ef al., 1971). Many mutant genes are first isolated on the basis of their
temperature-sensitivity, and there is a wealth of temperature-sensitive mutant lines
available to researchers. In Drosophila, screening for temperature-sensitive mutants has
proved invaluable in identifying genes involved in different processes, for example
ribosome assembly (Falke and Wright, 1975a) and neurodegeneration (Palladino et al.,
2002). Indeed, temperature-sensitive mutations have been identified in genes as diverse as
nervous wreck, which regulates synaptic growth at neuromuscular junctions (Coyle et al.,
2004); pale, a tyrosine hydroxylase involved in locomotory behaviour (Neckameyer and
White, 1993) ; bicoid interacting protein 1, a regulator of transcription (Singh et al., 2005);

and alpha actinin, a structural constituent of the cytoskeleton (Fyrberg et al., 1990).

Temperature-sensitive phenotypes often arise due to missense mutations, which alter
folding properties and confer conformational changes to proteins at restrictive
temperatures. Most temperature-sensitive Drosophila mutants isolated tend to be heat-
sensitive rather than cold-sensitive. This might be simply due to the selection processes

adopted by particular researchers, but it is reasonable to expect that mutations are more
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likely to be heat-sensitive due to protein instability; most proteins are more stable at lower
temperatures, although there are exceptions (Marshall, 1997). Mutations in some genes, for
example Acetylcholine esterase (Ace), can be either cold or heat-sensitive, but both classes
affect protein secretion by affecting folding (Mutero et al., 1994). Missense mutations are

not necessarily the basis of temperature-sensitivity however.

The Ocd mutations lie somewhere in the region 14A1-16A2, an area which encompasses
hundreds of genes. Aside from mitochondrial evidence, the analysis of cold-sensitivity or
tolerance, even across species, may provide some clues as to what the Ocd gene might do,
or a pathway which Ocd might be involved in. One important point to note with the issue
of cold-sensitivity is that insects are poikilothermic; they lack a body temperature
regulation system like that of mammals. This means they are subjected to a direct effect of
temperature, which in turn can directly affect their genetic and biochemical machinery.
Therefore, unlike mammals, there is a need to make internal compensations for changes in

temperature in Drosophila.

Although there may be only one X-linked gene that mutates to result in dominant cold-
sensitive paralysis (Sgndergaard, 1979a), mutations in comatose (comt), which encodes a
N-ethylmaleimide-sensitive fusion protein and is important for neurotransmitter secretion
(Dellinger et al., 2000), can result in recessive cold-sensitive paralysis (Siddiqi and Benzer,
1976). However, comatose maps genetically to X-40, too far a distance from Ocd for the
two to be allelic. A second X-linked gene is known to mutate to cause recessive cold-
sensitive paralysis. The hypoactive D (hypoD) mutation is an allele of slow receptor
potential (slrp). Mutants are paralysed at 15°C (Homyk and Pye, 1989). sirp has not yet
been cloned, but maps to 13F1-14B2, so is a possible candidate gene for Ocd.

In Drosophila, several temperature-sensitive paralytic mutants have been isolated with
malfunctions in ion pump or channels. For example, the voltage-gated calcium channel
cacophony (cac) mutants (Kawasaki et al., 2000) and the voltage-gated sodium channel
paralytic (para) mutants (Loughney et al., 1989). A P element insertion in the sodium
pump alpha subunit gene has also been shown to result in cold-sensitive recessive lethality
(Feng et al., 1997). paralytic (para) encodes the major functional voltage-gated sodium

channel in Drosophila (Loughney et al., 1989). Two para olfactory mutants, parg™*"*

smellblind2

and para , are associated with recessive cold-sensitive lethality (Lilly et al., 1994b).

The para gene lies within the Ocd critical region, and several previously characterised
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mutations have been heat-sensitive paralytic (Suzuki et al., 1971, Loughney et al., 1989).

smellblindl and para™™™“, flies actually survive to adulthood but

In the para mutants para
then die prematurely at the restrictive temperature. An important point to note is that,
unlike Ocd, mutants of these particular alleles of para have not been reported to undergo
any paralytic behaviour. The process of action potential conduction is known to be
temperature-sensitive; more sodium channel activity is required to maintain conduction at
higher temperatures. A cold-sensitive human disorder associated with mutations of a
sodium channel gene does exist, which manifests as the muscle disease paramyotonia

congenita (Ptacek et al., 1992).

In Drosophila, many recessive X-linked cold-sensitive mutants have been identified, but
display an phenotype other than paralysis, for example lethality or sterility (Mayoh and
Suzuki, 1973, Wright, 1973). Understanding the underlying processes leading to the cold-
sensitivity in these mutants is also useful for speculating on the nature of the gene product

Ocd encodes.

Studies in Aspergillus (Waldron and Roberts, 1974), Neurospora (Schlitt and Russell,
1974), and Saccharomyces (Bayliss and Ingrahm, 1974) have shown that eukaryotic cold-
sensitive lethal mutants are often defective in ribosome assembly. This had previously
been shown to be the case in prokaryotes, for example Escherichia coli (Guthrie et al.,
1969). One study in Drosophila involved the analysis of 13 cold-sensitive mutant lines and
found eight to have deficiencies in ribosome assembly (Falke and Wright, 1975b). This
was deduced from sucrose density gradient analysis of ribsomome synthesis on a
mitochondria-free extract. Evidence for a ribosomal defect was further strengthened by the
fact that many strains were also female sterile, and also possessed some phenotypical
characteristics similar to the bobbed mutant, which is known to have low ribosomal DNA
levels. This finding would suggest that selecting for cold-sensitive mutants provides a

route by which ribosome assembly defective lines can be identified.

Low temperatures can result in increased RNA secondary structures, which subsequently
affects translation. Chilled bacteria express cold shock proteins that act as RNA
chaperones to reduce RNA secondary structure and rescue translation (Jiang et al., 1997).
The closest Drosophila homologue of the major cold-shock protein in E. coli, CspA, is
CG9705 (de Bono et al., 2005), which maps to 73C4.
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Heat shock factor (HSF) regulates heat shock proteins that are important in the
development of heat stress resistance. In Drosophila, the role of heat shock factor in
resistance to cold stress has been investigated, but was found not to be of great importance
(Muhlig Nielsen et al., 2005). The gene Frost, which maps to 85E2, is implicated in the
response and recovery to cold shock (Goto, 2001). Frost is up-regulated during recovery to
cold shock (0°C) specifically - no difference in gene expression was detected following

heat shock.

In contrast to vertebrates, both plants and insects can store amino acids. Cold tolerance in
plants has been correlated with significant increases in proline levels (reviewed by Hare
and Cress, 1997). This has also been demonstrated in flies (Misener et al., 2001) and
beetles (Bonnot et al., 1998). Indeed, plants are known to undergo transcriptional changes
in proline biosynthesis genes in response to many different stressors. Proline pool
differences between cold tolerant and sensitive species have been demonstrated in
Drosophila (Misener et al., 2001). Pyrroline 5-carboxylate reductase (P5cR), which maps
to 91EA4, is a housekeeping gene involved in proline biosynthesis and is continually present
in higher levels than is ever required. As a consequence, Drosophila proline is always kept
at elevated levels, which could theoretically help flies cope with stress. A large proline
pool is important for Drosophila metabolism and survival during cold stress. It is therefore
plausible that mutations in proline metabolism genes might lead to a cold-sensitive
phenotype. However, Misener et al. (2001) detected no changes in transcript abundance in
two genes encoding enzymes important for proline metabolism in response to low
temperature. It is possible though that post-translational events may regulate proline pool

changes.

In insects, membrane phospholipid composition is important in developing cold- or heat-
tolerance. For species in certain parts of the world, it is important to be both cold- and
heat-tolerant. To do this, a particular membrane composition must be adopted such that
membrane fluidity is maintained at both hot and cold temperatures (Ohtsu et al., 1998).
Rapid cold hardening in insects is known to induce changes in the composition of
membrane phopholipid fatty acids (Overgaard et al., 2005). In theory genes regulating
phospholipid synthesis, if mutated, could lead to cold- (or heat-) sensitive phenotypes. The
easily shocked (eas) gene, which is involved in the Dbiosynthesis of

phosphatidylethanolamine, a dominant membrane phospholipid, is located within the
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critical region for Ocd, at 14B7. This is of particular interest as it has already been shown

that Ocd’ mutants have an altered phospholipid composition (Sgndergaard, 1979b).

Mitochondrial uncoupling proteins (UCPs) are known to play a role in the regulation of
body weight and in adaptive thermogenic processes. Murine mutations in UCP genes can
lead to cold-sensitive phenotypes (Enerback et al., 1997). Four UCPs have been identified
in Drosophila, one of which, Ucp4a, lies close to the Ocd region, at 16E1 (Hanak and
Jezek, 2001). However, UCP function in flies has not yet been fully characterised, and at

present no mutant alleles have been described.

Ocd might be a novel or uncharacterised gene and analysis of the mutant lines are likely to
shed some light on the mechanisms of cold-sensitivity and/or paralysis and seizure

susceptibility.
1.6 Project Aims

The primary aim of this project was to identify the Out cold gene and gene product, and
determine how mutations in it result in the complex phenotype of cold-induced paralytic
seizures. Mapping the gene will make use of the wealth of SNP and P element markers
available to the Drosophila researcher. This will confine the Ocd critical region to a
manageable size for sequencing. Following the identification of Ocd, further
characterisation of the mutant phenotype will further the development of Ocd as a model

for human disease.

In the longer term, it is anticipated that the Ocd mutations will shed some light on human
seizure disorders and/or mitochondrial disease, and provide a tractable model in which the
questions of pathogenic mechanism and therapy can be addressed. Although the discovery
of an Ocd human homologue is not guaranteed, understanding the nature of the Ocd gene
shouls reveal a pathway that is likely to be involved in human seizure disorders and/or

mitochondrial dysfunction, even if the orthologous gene in humans product is not.
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2.1 Drosophila

2.1.1 Drosophila stocks
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Drosophila line Description Abbreviation | Reference(s)

wild-type

Oregon-R wild-type ORR

Canton-S wild-type CS

white!!’8 ORR with the w'/’¢ mutation wili8

Oregon-R (S) wild-type (Ocd progenitor) ORR-S

FM7 X chromosome balancer FM7

CyO Second chromosome balancer CyO

Ocd alleles (Glasgow)*

Out cold"® dominant cold-sensitive Ocd'® Sgndergaard,

Out cold®® paralytic mutants with Ocd’® 1975

Out cold*® mitochondrial defects Ocd*® Sgndergaard,

Out cold®® Ocd*® 1979a

Out cold”™® Ocd’” ¢

white'''®, Out cold"® Ocd'¢ with the w!'’® mutation w, Ocd'®

Ocd alleles

(Sgndergaard)*

Out cold™ dominant cold-sensitive Ocd'S Sgndergaard,

Out cold** paralytic mutants with Ocd** 1975

Out cold’* mitochondrial defects Ocd** Sgndergaard,

Out cold*s Ocd** 1979a

Out cold®s Ocd**

Out cold®’ Ocd®’

Out cold™s Ocd”*

P element lines

y',w, P{SUPor-P }kat80¥%*" CG3415 disrupted KG02315 Bellen et al.,

y', w9 P{EPgy2}EY04615 small wing disrupted EY04615 2004

y', w% P{EPgy2}EY3459 Furin 2 disrupted EY 03459

y', w5 P{EPgy2}CG4239FY0'%%3 CG4239 disrupted EY01983

w, P{GT1}BG00710 hangover disrupted BG00710

GALA4 driver lines

w; P{GA1A-Heat-shock protein GALA expressed upon heat- hs:GALA Jarman et al.,

70.PB} shock 1993

w; P{GAlA-daughterless.G32} GALA ubiquitously expressed da:GAlA Wodarz et al.,

1995

w; P{GALA4-1407} GALA4 expressed in neuroblasts | 1407:GAL4 Sweeney et al.,
and throughout development in 1995
neurons of the CNS and PNS

w; P{GALA-Myocyte enhancing GALA expressed in muscle dmef2:GALA Ranganayakulu et

factor 2.R} al., 1996

w; P{GAlA-eyeless} GAILA expressed in eye discs ey.:GALA Bonini et al.,

1997
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GAILA4 driver lines (continued)

W: P{GALA-Dopa decarboxylase} | GALA expressed in Ddc:.GALA4 Li et al., 2000
seratoninergic and
dopaminergic neurons

UAS responder lines
w; P{UAS-paral3.5} para splice variant 13.5 P{UAS:para*} | Warmke et al.,
expressed under GALA4 an 1997
regulation. Insertion on second
chromosome
Other mutant lines
hangover*t!" P element insertion in hangover | hang**"’ Scholz et al.,
2005
DR1)D34 internal deletion of para para’b3 Broadie and Bate,
1993
slow receptor potential’ cold-sensitive paralytic mutant sirp? Homyk and Pye,
1989

Table 2.1 Drosophila lines used

*Out cold lines are split into two groups - the Glasgow lines and Sgndergaard's lines.
There are slight variations in phenotypes between the two groups, likely to be due to
the accumulation of modifiers. The Glasgow lines were obtained from Leif
Sendergaard's laboratory at the University of Copenhagen in 1997. Most of the work
in this project was conducted on them. Following the identification of the Ocd gene in
2004, the Ocd lines were obtained from Sendergaard and these were characterised
further. Other lines were obtained from the Bloomington Drosophila stock centre, the
Bellen lab (Baylor College of Medicine), Kevin O'Dell, Tony Dornan, (University of
Glasgow), Richard Baines (University of Warwick), and Henrike Scholz (University of
Wirzberg).

2.1.2 Drosophila rearing conditions

Fly stocks were maintained in plastic vials or bottles (for large-scale amplification)
containing food medium (1% (w/v) bacto-agar, 1.5% (w/v) sucrose, 3% (w/v) glucose,
3.5% (w/v) active dried yeast, 1.5% (w/v) maize meal, 1% (w/v) wheat germ, 1% (w/v)
soya flour, 3% (w/v) treacle, 0.5% (v/v) propionic acid, 0.1% (w/v) nipagin M in H,0).
Stocks were reared at 18°C, room temperature (RT) or 25°C, with ambient humidity on a
12/12 hour light/dark cycle. Basic technique for the laboratory culture of Drosophila was
as described by Ashburner (1989). All behavioural assays were conducted at 25°C unless

otherwise stated.

In fly crosses, six females were crossed with six males of the required genotype in each
vial. This gives the optimum amount of offspring, with no overcrowding. The parent flies

were removed prior to the next generation hatching.
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2.1.3 Isogenisation of Drosophila chromosomes

The Out cold mutations are X-linked. To isogenise the mutations, the method of
chromosome substitution was used (Figure 2.1). This means that the X chromosome, and
therefore roughly 20% of the genome remains from the original Ocd strain, but the other
chromosomes are from a wild-type Canton-S line. This was necessary as at the time, the
molecular nature of Ocd was unknown. Simply selecting for an Ocd-like (cold-sensitive)
phenotype would prove problematic as it would result in the accumulation of modifiers.
Once the underlying mutation is known, it is possible to isogenise the X chromosome as

well, as flies can be confirmed as carrying the Ocd mutation via molecular techniques.

Ocd,- . ., 8 . @
FM7's * o X v 'Cy0’TM3SD

N\

Ocd, » L x FM7, CS;CS
FM7'CyO TM3SH Yy ' CS’CS

Ocd, CS.CS x FM7;CS ; CS
FM7’CyO'TM3Sb Y CyO TM3Sb

STABLE STOCK

Ocd .CS. CS
FM7'CS ‘' CS

Figure 2.1 Chromosome substitution for the isogenisation of Ocd mutations

In this isogenisation of Ocd, the X chromosome remains the same, but the other
chromosomes are derived from wild-type Canton-S. In the crossing scheme the dots
represent any chromosome; they are crossed out so their origin is not important.

2.1.4 Auditory behavioural assay

Deafness was measured using a modified version of the induced male-male courtship assay
of Eberl er al. (1997). Six mute wingless males, aged between six and nine days, were
transferred to mating chambers and subjected to five minutes of silence followed by 10
minutes of species-specific courtship song (D. melanogaster), provided by Mike Ritchie

(University of St. Andrews). The courtship song was artificially generated, with a mean
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interpulse interval of 35ms, which oscillated rhythmically. The basic pulse was 10ms with
bursts of 72ms every six seconds. The song was played at 60, 80 or 100dB. The rate of
courtship was measured 20 seconds before the song was played, and after 9 minutes, 30
seconds of the song's duration. Courtship was quantified by scoring the number of males
involved in courtship behaviour such as following or orientation. To simplify the scoring,
passive recipients were included in the system. The effect of song was calculated as the
mean number of flies courting after song minus the number before song. n=10 for each
mean value. 2x2 7 analysis was performed on the raw data to test for significant deviation

from wild-type.

2.1.5 Cold-sensitive paralysis assay

Female flies were placed in batches of 10 in empty vials in a 4°C refrigerator for three
minutes and the number of flies upright after each 30 second interval were scored. Flies on
their backs with little or no leg movement were scored as having undergone paralysis.
Standard error of the proportion was calculated as the square root of PQ/n, where P is the

percentage of flies upright, Q is the percentage paralysed, and n is the sample size.

SNP and P element mapping: to determine which flies carried the Ocd mutation, male flies
were placed in empty vials in a 4°C refrigerator for one minute, after which those flies that
had undergone paralysis were scored as cold-sensitive. This is a stringent test for male

flies, where the cold-sensitive paralysis is more severe than that of females.

2.1.6 Cold-sensitive male lethality assay

Replicate vials containing six females and three males were placed at either 18°C or 25°C.
The numbers of males flies eclosing of each genotype were counted. The percentage of
Ocd males out of the total number of males eclosing was determined and standard error of
the proportion was calculated from the square root of PQ/n, where P is the percentage of
Ocd males eclosing, Q is the percentage of FM7 males eclosing, and n is the sample size.
2x2 * analysis was performed on the raw data to test for significant deviation between

observations at 25°C and 18°C.
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2.1.7 SNP mapping

Eight SNPs between Ocd’® and Oregon-R were identified through sequencing. Flies
carrying a recombinant Ocd/ORR chromosome were generated, and the eight SNPs were
genotyped using the ABI Prism SNaPshot™ Primer Extension Kit (section 2.2.9). The
genotypes and phenotypes of recombinant flies allow an estimation of the relative position
of Ocd, and the right hand limit of the Ocd region was defined. This is described in more
detail in Chapter 3.

2.1.8 P element mapping

Ocd was mapped using five molecularly defined P element insertions, obtained from the
BDGP Gene Disruption Project (Bellen et al., 2004). The P elements were of three types
(Figure 2.2). Insertion sites were confirmed using inverse PCR (section 2.2.10). The Ocd’¢
mutation was crossed into a white (w'’’®) background. Flies recombinant between Ocd and
each P element insertion were generated. Presence of each P element was scored by the
presence of red eyes. Presence of the Ocd’® mutation was scored by tests for cold-
sensitivity (section 2.1.5). Genetic distances between Ocd and each P element were
calculated from the proportions of recombinant flies observed. Genetic distance, in
centimorgans (cM) = number of recombinants divided by the total number of flies.
Standard errors were calculated as the square root of PQ/n, where P is the percentage of
recombinant genotypes, Q is the percentage of parental genotypes, and n is the sample size.

This is described in more detail in Chapter 3.
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Figure 2.2 Schematic representations of the P elements used

Three different types of transposon insertion lines were used in mapping: Baylor
genetrap (BG) lines (Lukacsovich et al.,, 2001), Karpen genome (KG) lines (Roseman
et al., 1995) and EP yellow (EY) lines (Bellen et al, 2004). BG elements are P{GTI/}
dual-tagging gene trap elements which drive expression of white+when inserted into a
gene, and also fuse a GAL4-containing exon with the target gene. EY elements are
P{EPgy2} elements containing intronless yellow+ and mini-wb/te+ gene markers. A
GAGA/GAL4-UAS enhancer allows regulated misexpression of the adjacent
downstream gene from the P element promoter under the control of GAL4. KG
elements are P{SUPor-P} transposons which contain suppressor of hairy-wing (Su
(Hw)) binding regions that act as chromatin insulators. This reduces positional effects
on white+ expression, and can also alter gene expression by blocking interactions
between enhancer/silencer elements and their promoter. Modified from Bellen et al,
2004.

2.1.9 Complementation tests

Where possible, replicates of six heterozygous Ocd/FM! females were crossed to three
male flies mutant in one of the candidate genes. In the case of the para deficiency
Df(l)D 34, where males are lethal, replicates of six heterozygous Df(1)D34/FM [ females
were crossed to three viable Ocd males. Only males from certain Ocd lines were viable and
able to mate, for example Spndergaard's Ocdls, Ocd5s and Ocd7S strains. Crosses were
carried out at 25°C or 18°C. Trans-heterozygote female flies, recognised by absence of the
markers carried on the FM7 balancer chromosome, were examined for mutant phenotypes,

such as cold-sensitivity, uncoordinated behaviour and wing aberrations.

2.1.10 Rescue of male semi-lethality

Flies carrying the construct P{\JAS:para+ on the second chromosome were crossed to
Ocdl Gflies using various balancer chromosomes in a series of crosses to give rise to Ocd/

g/FM7 ; P{\JAS:para+ females (Figure 2.3). In the rescue crosses, these females were
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crossed to male flies. The male flies were either wild-type (Canton-S or Oregon-R) as a
negative control, or carried a GAL4 construct to direct wild-type para expression in a
specific fashion. The numbers of Ocd’® and FM7 males eclosing over four days from the
first eclosion were counted, and the percentage of Ocd’*® males eclosing out of the total
males was calculated. Similarly, as a further control, Ocd’ °/FM7 heterozygous females
(without the P{UAS:para*} construct) were crossed to males flies carrying each GAL4
construct and the number of Ocd’® and FM7 males eclosing counted. Standard error of the
proportion for each value was calculated as the square root of PQ/n, where P is the
percentage of Ocd’“ eclosing, Q is the percentage of FM7 males eclosing, and n is the
sample size. 2x2 % analysis was performed on the raw data to test for significant deviation
from the results obtained in each negative control (absence of the PfUAS:para*} construct
and absence of the GALA4 driver).

FM7.CyO x ";P{UASTD&(&*)
+ '+ Y +

Ocd ; + 5 FM7,Cy0 FM?, P{UAS para+) y FM7;P{UAS.para+)
M7+ y ' o+ + Cyo Yy oo

™~ e

0cd . CyO .  FM7.P{UASpara+)
FM7 '+ Y 'P{UAS)para+}

|

Ocd ;PfUASpara+) x FM7;P{UAS para+}
FM7 CyO Y CyO

STABLE STOCK

Figure 2.3 Crossing scheme to generate a stock of Ocd flies carrying the
P{UAS:para’} construct

The scheme shown is to generate an Ocd stock carrying P{UAS:para’} on the second
chromosome, using CyO, a balancer for the second chromosome.

2.1.11 Dichlorodiphenyltrichloroethane (DDT) contact assay

The DDT bioassays were performed. by Sam Boundy in Professor Richard ffrench-
Constant's laboratory, Department of Biology and Biochemistry, University of Bath. For

DDT bioassays, 20 adult flies less than 72h post-eclosion were placed in glass vials with
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interior surfaces evenly coated with varying concentrations of DDT (Sigma) dissolved in
20041 acetone and allowed to air dry. The vials were sealed with cotton wool soaked in 5%
sucrose solution. Mortality was scored after 24h with flies being unable to move being
scored as dead. Dose-response curves were estimated from six different concentrations of
DDT with three replicates per dose. Probit analysis was performed using the computer
programme POLO (Robertson et al., 1980).

2.1.12 KCI and NaCl sensitivity assay

Sensitivity to KCl and NaCl was tested using the protocol described in Huang et al.,
(2002). Briefly, adult flies, aged between one and four days, were grouped in batches of 10
in vials containing food with the appropriate concentrations (0, 0.2, 0.4, 0.6, or 0.8M) of
KCI or NaCl added in place of water. After four days at 25°C, the survival of flies was
scored with those unable to move being classed as dead. The percentage of flies surviving
at each concentration was calculated, and standard error of the proportion was calculated as
the square root of PQ/n, where P is the percentage of surviving flies, Q is the percentage of

dead flies, and n is the sample size.
2.2 Molecular biology

2.2.1 Materials

All kits and reagents were used as per manufacturer's instructions unless stated otherwise.

The kits used are shown in Table 2.2.

Kit Supplier

ABI PRISM® SNaPshot Multiplex Kit Applied Biosystems
BigDye® Terminator Cycle Sequencing Kit Applied Biosystems
QIAquick® Gel Extraction Kit Qiagen

QIAquick® PCR Cleanup Kit Qiagen

Table 2.2 Molecular biology kits and suppliers

Molecular biology and analytical grade chemicals were obtained from Merck Ltd (BDH),

Sigma, or Fisher Scientific.
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Restriction endonucleases, DNA polymerases and other DNA modification enzymes, e.g.
T4 DNA ligase, were supplied by New England Biolabs, Invitrogen, Finnzymes or

Promega.

2.2.2 DNA extraction from Drosophila

20 adult flies were homogenised in 500ul lysis buffer (100mM Tris-HCI pH 8.5, 50mM
EDTA, 80mM NaCl, 5% sucrose, 0.5% SDS in H,0). The sample was incubated at 70°C,
followed by the addition of 40ul 8M KAc and 30 minutes on ice. Debris was removed by
centrifugation at 10400rpm at 4°C for 10 minutes. The supernatant was extracted once with
an equal volume of phenol/chloroform and once with an equal volume of chloroform
(centrifugations 10400rpm). The DNA was precipitated with 0.75 volumes of isopropanol
for 20 minutes at room temperature, followed by centrifugation for 30 minutes at
10400rpm. The pellet was washed with 1ml 70% ethanol, briefly air dried and resuspended
in 100ul H,O containing 30ul/ml RNase A. The sample was then incubated for 1 hour at
37°C.

For single fly DNA extractions, one fly was homogenised using a pipette tip containing
50ul grinding buffer 2 (10mM Tris-Hcl pH 8.5, ImM EDTA, 25mM NaCl in H,O). The
buffer was expelled once the fly was completely ground. 50ul lysis buffer was added and
the sample was incubated for 10 minutes at 70°C, followed by the addition of 40ul 3M
KAc and 10 minutes on ice. Debris was removed by centrifugation at 10400rpm for 10
minutes. The DNA was precipitated with 200ul 95% ethanol at room temperature for five
minutes, followed by centrifugation for five minutes at 10400rpm. The pellet was washed

with 200ul 70% ethanol and resuspended in 20u1 H,O.

2.2.3 Quantification of DNA concentration

Concentration and purity of DNA were determined by spectrophotometry. Genomic DNA
samples were diluted in H,O. An absorbance value of 1.0 at 260nm corresponds to
50ug/ml double stranded DNA. DNA concentration was calculated by A, x dilution

factor x 50.
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2.2.4 Polymerase Chain Reaction

Because much of the reactions performed were for use in sequencing reactions, high
fidelity enzymes were chosen. Primers were manufactured by TAG Copenhagen or Sigma
Genosys. 25ul or 50ul reactions contained 1x polymerase buffer, 0.2mM dNTPs,
0.8pmol/ul of each primer, Pfu polymerase (Promega) or DyNAzyme EXT™ (Finnzymes),
and an appropriate amount of genomic DNA template in H,O. The thermal cycle reactions

all followed the essentially similar sequence shown in Table 2.3.

tep

Long denaturation: 95°C for 4 minutes

Annealing: 55-65°C for 30 seconds ("C dependent on primer melting temperature)

Short denaturation: 95°C for 45 seconds

Repeat steps 2-4 for 25-34 additional cycles

S
1
2
3 Elongation: 72°C (time dependent on length of DNA fragment)
4
5
6

Final extended elongation: 72°C for 10 minutes

Table 2.3 Standard thermal cycling conditions for PCR

2.2.5 Agarose gel electrophoresis

DNA was resolved by electrophoresis on agarose gels ranging from 0.8 - 2%, depending
on the expected size of the DNA fragment(s), with 150ng/ml ethidium bromide in 1xXTBE
(40mM Tris-borate, ImM EDTA in H,0). DNA was visualised under UV irradiation.

2.2.6 Extraction of DNA from agarose gels

DNA bands of interest were excised under UV illumination using a scalpel and extracted

using Qiagen's QiaQuick Gel Extraction Kit, according to the protocol provided.

2.2.7 Purification of PCR products

PCR products were purified using Qiagen's QIAquick PCR Purification kit, according to
the protocol provided. Where more than one DNA fragment was amplified using PCR, the
fragment of interest was gel extracted and purified using Qiagen's QIAquick Gel

Extraction Kit.
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2.2.8 DNA sequencing

(a) Glasgow: DNA sequencing reactions on purified PCR products were carried out by the
Molecular Biology Support Unit at the University of Glasgow. Sequences were analysed

using ABI Prism EditView or 4peaks software.

(b) Tampere: Sequencing was performed using the BigDye® Terminator Cycle
Sequencing Kit on an ABI 310 genetic analyzer (Applied Biosystems), according to the
protocol provided. Sequencing reactions were prepared containing 50ng template, Spmol
primer and dye terminator ready reaction mix (BigDye), to a final volume of 10ul. The
thermal extension reaction was run using the following basic cycle for 25 cycles:
denaturation for 30 seconds at 96°C; annealing for 15 seconds at 57°C; extension for four
minutes at 60°C. Extension products were then precipitated with ethanol to remove
unincorporated ddNTPs for 10 minutes at room temperature and centrifuged for 20
minutes. The DNA pellet was washed with 70% ethanol, dried and resuspended in 12.5ul
Template Suppression Reagent, vortexed for 10 seconds, and denatured for two minutes at
95°C. Samples were then loaded onto an ABI 310 automated sequence analyser. Sequences

were analysed using ABI Prism software.

2.2.9 SNP genotyping

Genotyping was performed on purifed PCR products amplified from DNA derived from

t™ Primer Extension Kit,

single recombinant males using the ABI Prism SNaPsho
according to the protocol provided. The primers used for both PCR and primer extension
are listed in Tables 2.4 and 2.5. The annealing temperature for all PCR reactions was 62°C.
Genotyping primers for each SNP were designed to have melting temperatures of between
60°C and 65°C, and to terminate at the base directly before the base of interest. The
annealing temperature in primer extension was 59°C. Samples were then loaded onto an
ABI 310 automated sequence analyser. Data was analysed using ABI Prism GeneScan®

analysis software, using the GS POP4 (1ml) E module.
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Name Sequence 5'-3' Target | Size of PCR product
9240-7 | GACCCAATAAATGGCCTATGTTTCG CG9240 | 440bp
9240-9B | CAGCAGCATCACAACTGCGCAT

8288-1 | GTTTTGACAGCTCTTTTGGTTATTCTGC CG8288 | 281bp
8288-6 | GTCACATACTGTAATTTCCTTGCGCA

8931-8 | AGCATGCTCCGAACGTGGGTT CG8931 | 299bp
8931-10 | CGAAAAGGTAAGGGAATCTAAACGAAG

9219-4 | GCAGCAGCTGTATTGCCAGCACT disco-r | 380bp
9219-5B | CTCAATTTGAATAACAACAAGAGCGGC

eas-11 TAATTCAAGGGGCCAAGGAACTGT eas 360bp
eas-4 GTATATATCCCACGTTCCGCACACC

3560-3 | CTGGGCAGATGGGCCTACAATC CG3560 | 342bp
3560-4 | TTTCCCAGTCCTCACGCTCCTC

para-3 CTGCATCCTGATGATAATGCCGAC para 418bp
para-5 CAAGTTTGACCTAAATACACATCTGCATAAA

r-7 TTAATGGCCCCCAAATATATATGCC r 407bp
r-8 TGCACTCAGTTATAAGTACTTTGCACTCC

Table 2.4 PCR primers used to amplify region around SNPs in SNP mapping

Primers were designed to amplify fragments of approximately 300-400bp containing
each SNP of interest.

Name | Sequence 5'-3' Target Direction | Ocd/ORR
9240- | CAGCCTTTTACAAAAGCTTTTCTTTTGATA 2‘25240 reverse G/C
I81128818— GGAGACCCAGTAATTGATTAATAACGCT CG8288 | reverse A/C
3193311 - | TGTCCTTTCCACCACGAAAGCAG CG8931 |forward | A/C
3128 119- AGTCCGCTTCTGTTTGCCGGA disco-r forward T/C
Z:ISS{ ACAACACACTATACAATGCAAAAAAACGAA | eas forward | A/T
?58610— CTGTATGAGAACGAGGATGTGAAGGA CG3560 |forward | A/G
;;Srz- CAAATCAAGTGTCTTTGGGACTTGGG para reverse C/IG
:r-lrsnzs 1 | AAGAGTTCTGTTTTCAGGGGTATTAACGA r forward | C/T

Table 2.5 Minisequencing primers for SNaPshot geno%ping.
These primers were used with ABI Prism SNaPshot
genotype each recombinant flies in SNP mapping. The base read depends on the
direction of the primer (forward or reverse). The bases shown here as Ocd’ or ORR

are the bases shown on a GeneScan electrophoregram, in the appropriate colour.

2.2.10

Primer Extension Kit to

Determination of P element insertion position

Inverse PCR was performed according to the BDGP protocol. Briefly, 10ul genomic DNA

was digested with 10U Hpall or HinPl1l and 8ug/ml RNase A in a 25ul reaction with

appropriate buffer. This was followed by heat inactivation at 65°C. The digestion reaction

was checked on a 0.8% agarose gel. 10ul of the digestion reaction was then used in a
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400u1 ligation reaction containing 0.25U T4 ligase, 1x ligase buffer, and ddH,O. This
reaction was incubated overnight at 4°C, followed by precipitation of the DNA using
ethanol and sodium acetate. The DNA was resuspended in TE for at least 1 hour at room
temperature. 25ul inverse PCR reactions were comprised of Sul ligation reaction, 1ul
2.5mM dNTPs, 0.5ul of each primer (Tables 2.6 and 2.7), 1x Taq buffer, 1U Taq
polymerase, and ddH,0. Thermal cycling was performed using the following conditions:
95°C for 5 minutes, 35 cycles of 95°C for 30 seconds, annealing temperature for 1 minute
(Table 2.6), and 68°C for 2 minutes, followed by 72°C for 10 minutes. PCR products were
then purified and sequenced using the appropriate primers (Tables 2.6 and 2.7). Sequences
were then used to search the NCBI BLAST programme for identical Drosophila

sequences, to check exactly where in the genome P elements were inserted.

P element | S'or3' iPCR iPCR Annealing Sequencing
type flanking primer 1 primer 2 | temperature primer

sequence sequence | sequence

5'-3' 5'-3'

KG lines: 5' Placl Pwhtl 60°C 5.SUP.seql
P{SUPorP} |3 3.rev.hpa2 | Pry4 55°C 3.SUP.seql
EY lines: 5' Placl Pwhtl 60°C 5.SUP.seql
P{EPgy2} |3' Pryl Pry4 55°C 3.SUP.seql
BG lines: 5 pGT1.5a pGT1.5d |55°C Spl
P{GT1} 3 Pryl Pry4 55°C Spepl

Table 2.6 Inverse PCR primers and reaction annealing temperatures

Three different types of line were used in P element mapping (Figure 2.2). The
primers used are shown, depending on whether the 5' or 3' flanking region was
amplified. For primer sequences, see Table 2.7.

Primer Sequence 5'-3'

Placl CACCCAAGGCTCTGCTCCCACAAT
Pwhtl GTAACGCTAATCACTCCGAACAGGTCACA
3.rev.hpa2 TTGCCACTTGCTCATACGTC

Pry4 CAATCATATCGCTGTCTCACTCA

Pryl CCTTAGCATGTCCGTGGGGTTTGAAT
pGT1.5a CCGCACGTAAGGGTTAATG

pGT1.5d GAAGTTAAGCGTCTCCAGG
5.SUP.seql TCCAGTCACAGCTTTGCAGC
3.SUP.seql TATCGCTGTCTCACTCAG

Spl ACACAACCTTTCCTCTCAACAA

Spepl GACACTCAGAATACTATTC

Table 2.7 Primer sequences for inverse PCR and sequencing of PCR products
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2.3 Proteomics

2.3.1 Protein extraction from Drosophila

Protein was extracted from Drosophila according to the Cambridge Centre for Proteomics
(CCP) protocol. Briefly, 12 adult male flies aged between one and two days were frozen in
liquid nitrogen then homogenised in 100yl lysis buffer (10mM Tris-HCl pH 8, SmM
magnesium acetate, 8M urea, 4% (w/v) 3-((3-Cholamidopropyl)dimethyl-ammonio)-1-
propanesulfonate in H,0). The pestle was washed with 50ul lysis buffer. When all flies
were completely ground, the homogenate was left on ice for one hour. The sample was
centrifuged for 10 minutes at 4°C at 13000rpm and the supernatant transferred to a chilled
tube and stored at -20°C. Three biological replicates were generated for each group (mutant
or wild-type). In addition, each biological replicate was used in 2D DIGE three times.
Protein concentration was determined at the CCP using the BioRad DC protein assay (Bio-

Rad, UK)

2.3.2 2D difference gel electrophoresis

2D DIGE was performed at the CCP according to their protocol (see Swatton ef al, 2004).
Individual protein samples were minimally labelled with the CyDyes Cy3 or Cy5 (GE
Healthcare, Sweden). A pooled protein sample was minimally labelled with Cy2 and acted
as an internal standard. Proteins labelled with Cy2, Cy3 and Cy5 were mixed and separated
firstly by isoelectric focussing using immobolised pH gradient (IPG) DryStrips, pH3-10
(GE Healthcare, Sweden), and secondly according to molecular weight using 12% SDS-
polyacrylamide gels. Protein gels were scanned for Cy2, Cy3 and Cy5 fluorescence using
the Typhoon 9400 imager (GE Healthcare, Sweden), and image analysis was performed
using DeCyder V4.0 automated software (GE Healthcare, Sweden). The DeCyder
Biological Variation Analysis (BVA) software module was used to identify spots with
increased or decreased expression between samples, based upon calculated standardised
abundances. Standardised abundance was calculated by dividing spot volumes by the Cy2
internal standard for each spot. Statistical analysis was applied using standard analysis of
variance (ANOVA). Spots with p <0.05 for random occurrence were considered to differ
significantly between samples. CyDye and DeCyder are trademarks of Amersham

Biosciences Limited.
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2.3.3 Mass spectrometry (protein identification)

Protein gels were fixed and stained using Colloidal Coomassie Brilliant Blue and spots of
interest excised manually within a laminar flow cabinet. Mass spectrometry to identify
proteins from 2D DIGE experiments was performed at the CCP. Proteins spots within the
gel were first reduced, carboxyamidomethylated, and then digested to peptides using
trypsin on a MassPrepStation (Micromass, Manchester, UK). The resulting peptides were
applied to either matrix-assisted laser desorption ionization time of flight MS (TofSpec2E;
Micromass), for peptide mass fingerprinting, or LC-MS/MS. For LC-MS/MS, the reverse
phase liquid chromatographic separation of peptides was achieved with a PepMap C18
reverse phase, 75 pm i.d., 15-cm column (LC Packings, Amsterdam) on a capillary LC
system (Waters) attached to QTof2 (Micromass) mass spectrometer or the same column
attached to a Dionex Dual Gradient LC system attached to a QSTAR XL (Applied
Biosystems, Framingham, MA, USA). The MS/MS fragmentation data achieved was used
to search the National Center for Biotechnology Information database using the MASCOT
search engine (http://www.matrixscience.com). Probability-based MASCOT scores were
used to evaluate identifications. Only matches with P < 0.05 for random occurrence were
considered significant (further explanation of MASCOT scores can be found at

http://www.matrixscience.com).

2.4 Electrophysiology

All electrophysiology experiments were performed by Dr Richard Baines, Department of
Biological Sciences, University of Warwick, using the protocols described in Baines and

Bate (1998) and Mee et al., (2004).
2.4.1 Staging and dissection for voltage clamp recordings

First instar larvae were fixed at anterior and posterior ends to a Sylgard (Dow-Corning)
coated coverslip using cyanoacrylate glue under dissection saline. Larvae were opened
dorsally, following the line of the trachea, using sharp tungsten needles then glued flat to
the Sylgard coverslip. Gut and fat body were removed using sharp tungsten needles to
expose the ventral nerve cord (VNC). The larvae were viewed using a 63x water
immersion lens combined with Nomarski optics. A section of the neurilemma surrounding

the nerve cord between abdominal segments Al1-A4 was ruptured using protease in
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external saline solution. A large diameter (10-20um) patch pipette containing protease
saline was used to degrade the neurilemma on the dorsal surface of the nerve cord using
gentle suction and expulsion. This results in the underlying aCC and RP2 neurons being

exposed. These neurons are identified on the basis of their size and position in the VNC.

2.4.2 Patch clamping

Standard patch electrodes (thick walled borosilicate glass), fire-polished to resistances
between 15 and 20MS2 were used to generate whole-cell recordings. Amplification and
voltage control were achieved using an Axoclamp-1D patch clamp amplifier and
pCLAMP®6 software running on an IBM-compatible computer (Axon Instruments, Foster
City, CA). Leak subtraction within pCLAMP6 was used to resolve sodium currents.
Current recordings were taken at voltages held at between -60 and 45mV, and were made
at three temperatures: 16°C, 22°C and 28°C. Data was analysed using GLM-ANOVA on

Minitab software.

2.4.3 Solutions

* External saline: 135mM NaCl, SmM KCl, 2mM MgCl,, 0.5mM CaCl,, SmM N-

Tris, 36mM sucrose in H,O

* Internal saline: 140mM CsCl,, 2mM MgCl,, 11mM EGTA, 10mM HEPES in H,0,
pH 7.4.

* Sodium conductance saline: 100mM NaCl, 50mM TEA, 10mM 4-aminopyridine,
10mM MgCl,, 10mM HEPES, 10mM glucose in H,O, pH 7.4
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3.1 Introduction

To characterise the Ocd mutations, the underlying gene first had to be identified.
Understanding the nature of the gene product and the mutations within it is crucial in

determining the mechanisms by which these mutations generate the Ocd phenotype.

The critical region for Ocd is defined as between 13F1 and 16A2 (Sgndergaard, 1975),
determined by the ability of a molecularly defined duplication to rescue Ocd. This
duplication is approximately 1.5Mb, and encompasses more than 200 genes (Flybase:
http://flybase.org). Much of the previous Ocd literature suggests a mitochondrial role for
the gene (Sgndergaard, 1975, Sgndergaard, 1976, Se¢ndergaard, 1979a, Sgndergaard,
1979b, Sg¢ndergaard, 1986). Therefore, genes in or around the Ocd region known to be

expressed in the mitochondrion were sequenced to check for any Ocd-specific mutation(s).

In parallel, a major objective was to reduce and redefine the Ocd region, to a more
manageable size and number of genes that could subsequently be sequenced. To this end,
two separate mapping strategies were employed: SNP mapping and P element mapping.
Using these combined approaches, new left and right hand flanking markers were defined,

reducing the critical region from 204 to only six genes.
3.2 Preliminary Ocd characterisation

To confirm and clarify Sgndergaard's original observations, the Glasgow Ocd lines were
tested for dominant cold-sensitive paralysis (Figure 3.1). This was necessary for the
development of a stringent test for the Ocd phenotype, which would be required in the
mapping experiments described later. Most heterozygous females are paralysed within two
to three minutes, in contrast to wildtype controls, although there is lots of variation
between individual flies. Viable Ocd males display a more severe cold-sensitive

phenotype; almost all are paralysed at 4°C in under one minute (data not shown).
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Figure 3.1 Dominant cold-sensitivity assay in Glasgow Ocd and wild-type lines
This experiment assayed cold-sensitive paralysis in heterozygous Ocd females, wild-
type (Canton-S and Oregon-R), and balancer FM7 females as controls. Cold-
sensitivity was assayed by placing 30 flies at 4°C and measuring how many flies
remained upright after each 30 second time interval. Error bars represent standard
errors of the proportion.

An analysis of any temperature-sensitivity of the Ocd male semi-lethality was undertaken.
Crosses of heterozygous Ocd females with wild-type (Canton-S) males were performed at
both 18°C and 25°C. The proportion of Ocd males out of the total number of males
eclosing from each cross was calculated (Figure 3.2). It was found that each of the Ocd
mutations, with the exception of Ocd*0 which is almost completely lethal at either
temperature, were associated with cold-sensitive male lethality. The most severe effect was
observed in Ocd70flies, with 36.9% of the total males being Ocd7G at 25°C, and no Ocd °
males eclosing at 18°C. In fact, at 18°C, the Ocd70 mutation appears to induce lethality
similar to that observed in Ocd40 flies; Ocd7Ghomozygous females, though viable at 25°C,

do not eclose at 18°C.
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Figure 3.2 Cold-sensitive male lethality assay in Glasgow Ocd lines

Heterozygous Ocd/FM7 females from selected Ocd lines were crossed to wild-type
males at 18°C and 25°C and the proportion of cold-sensitive males calculated.
Standard errors of the proportion are shown. All lines were observed to be cold-
sensitive with regards to male lethality, with the most pronounced effect of
temperature being observed in Ocd7G flies. Standard errors of the proportion are
shown. Asterisks indicate significant deviation from observations at 25°C (Ocd5Gand
Ocd70), as calculated from y2analysis (p<0.05).

3.3 Sequencing of mitochondrial candidates

Based on the evidence for a mitochondrial role of Ocd (section 1.4.2), candidate genes

involved directly or indirectly in mitochondrial energy metabolism within the critical

region were analysed.

Five nuclearly encoded mitochondrial candidates in this region were identified and
selected for sequencing throughout the coding region (Table 3.1). Although easily shocked
(eas) is not exclusively mitochondrial, it encodes an ethanolamine kinase, involved in the
pathway to synthesise phosphatidylethanolamine, a major membrane phospholipid which
is abundant in mitochondria (Pavlidis ef al., 1994). The ecas gene is also a good candidate
due to the seizure susceptibility observed in eas mutants. The Ocd/Gline and a wild-type

control were used in sequence analysis.
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Gene name Cytogenetic map | Gene product/ function
position

CG9240 13E8 mitochondrial peptidase/
mitochondrial protein processing

CG8288/ mitochondrial 13E14 large subunit of mitochondrial

ribosomal protein L3 (mRpL3) ribosome/ protein biosynthesis

CG8931 14A5 mitochondrial substrate carrier/
energy transfer

CG3525/ easily shocked (eas) | 14B7 ethanolamine kinase/ phospholipid
biosynthesis

CG3560 14B8 ubiquinol-cytochrome-c reductase/
mitochondrial electron transport

Table 3.1 Mitochondrial candidate genes in and around the region 13F1-16A2
The genes CG8288 and CG3560 are both listed on the MitoDrome database which
identifies nuclear Drosophila genes encoding mitochondrial proteins (D'Elia et al.,
2004, Sardiello et al., 2003). CG9240 and CG8931 are largely uncharacterised, but
bioinformatics analysis suggests CG9240 is localised to the mitochondrial membrane,
and encodes a mitochondrial peptidase, and that CG8931 contains a mitochondrial
substrate carrier protein domain (Flybase: http://flybase.org). NB. eas is not
exclusively mitochondrial (see main body of text). Cytogenetic map positions are from
Flybase (http://flybase.org). Coding regions of the genes were sequenced. No
mutations unique to the Ocd lines were discovered.

Although many single nucleotide polymorphisms (SNPs) were found between Ocd’ and
wild-type (ORR) DNA, no mutations unique to the mutant strain were uncovered within
the coding regions of these genes. Non-coding regions were not sequenced, but we would
expect mutations resulting in temperature-sensitive paralysis to be missense mutations,
rather than mutations affecting transcription levels. Temperature-sensitive mutations
commonly affect protein folding. A change in the primary structure, by as little as one
amino acid, can be sufficient to cause conformational changes, often causing the protein to
be unstable so that it dissociates at elevated temperatures. This is not always the case,
however, and several of the temperature-sensitive alleles of para, a Drosophila voltage-
gated sodium channel gene, are caused by insertions, even in intronic regions (Gamo- et al.,
1998, Loughney et al., 1989). These insertions are likely to result in reduced sodium
channel expression. The temperature-sensitivity may reflect an increased need for sodium
channel function at higher temperatures, or may be the result of temperature-dependent

instability in sodium channels (Stern et al., 1990) .

Instead of further sequencing of other genes in the region, and of non-coding DNA and
regulatory sequences of the mitochondrial candidates, an alternative approach to finding
the Ocd gene was undertaken. Because SNPs between Ocd’© and wild-type (Oregon-R)

were uncovered during sequencing, an attempt to map Ocd using SNPs was carried out.
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This would narrow down the critical region further, to a manageable size for sequence

analysis.

3.4 SNP mapping

Traditionally, geneticists have tended to wuse visible marker mutations in classical
recombination mapping, for example bristle and wing variations. However, the use of
single nucleotide polymorphisms (SNPs) in mapping offers several advantages. SNPs are
highly abundant (occurring on average every 200-300bp), exist in only two codominant
variants, and are usually phenotypically neutral (Berger ef al., 2001). The completion of
the Drosophila genome project, and the availability of different wild-type strains carrying
a wealth of SNP markers, make it feasible to use molecular techniques to identify the Ocd

gene. Indeed, it should be possible to map mutations to the subgenic level.

SNP mapping is based on the phenomenon of recombination during meiosis. In a
heterozygous gamete, crossovers may occur between two chromosomes (in this case,
mutant and wild-type). The resulting progeny can be genotyped for each SNP variant. If
the chromosome is recombinant and has a mixture of mutant and wild-type SNPs, this can

yield clues to the position of the mutated gene (Figure 3.3).

1 2 3 4 I 5 6

Ocd

T wt

cold-sensitive recombinant male

Figure 3.3 Mapping Ocd using SNPs

A theoretical example of mapping the Ocd mutation using SNP markers. SNPs (1-6)
are characterised that differ between Ocd and wild-type (wt). Heterozygous females
with one wt and one Ocd X chromosome are generated and backcrossed to wt males
to produce potential recombinants. In this example, the recombinant male is cold-
sensitive so must carry the Ocd mutation. The position of crossover is indicated by a
dotted line. The Ocd gene must lie within the Ocd-derived segment of the
chromosome, i.e. to the left hand side of SNP 5.
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A Drosophila SNP database does exist (Hoskins et al., 2001), but at the start of this project
no markers located across the Ocd region had been reported. Therefore SNPs spanning the
critical interval were identified through sequencing non-coding Ocd’® and Oregon-R
DNA. Although the Ocd mutations were originally reported to be isolated in an Oregon-R
background (Sgndergaard, 1975, Sgndergaard, 1979a), we found that the Ocd lines were
far more similar to our Canton-S line than our Oregon-R line, with respect to the SNPs
sequenced. Eight SNPs were chosen for the experiment, which differ between Ocd"® and

our Oregon-R line (Table 3.2). The eight SNPs are spread across and just beyond the Ocd

region, as defined on Flybase as 13F1-16A2.

Gene Map location & SNP Position Flanking | Ocd' | ORR
gene orientation location of SNPin | sequence
(forward or gene
reverse strand)

CG9240 13E8 AEQ003499.5 | 110bp 3' AAATG- | C G
reverse nt:5748 of gene TATCA

mitochondrial 13E14 AEQ003500.4 | intron 1 ATGCG- T G

ribosomal protein | forward nt:55600 AGCGT

L3 (mRpL3)

CG8931 14A5 AE003500.4 | 838bp 5' AGCAG- | A C
forward nt: 277193 of gene CGAAC

disco-related 14B1 AEQ003501.4 | exon 2 CCGGA- | T C

(disco-r) reverse nt:213518 TGCCG

easily shocked 14B7 AE003501.4 | intron 2 ACGAA- | A T

(eas) forward nt: 272377 CCATC

CG3560 14B8 AEQ03501.4 | exon 3 AAGGA- | A G
forward nt: 277695 GCCGT

paralytic (para) 14D1-14El AE003502.4 | intron 6 GTAAC- G C
reverse nt: 123890 CCCAA

rudimentary (r) 14F5-15A1 AEQ003503.4 | intron 5 AACGA- C T
forward nt: 28093 TTAAT

Table 3.2 SNPs identified across the Ocd region.

The genes in or around which SNPs were identified are shown, together with their
cytogenetic map position (Flybase: http://flybase.bio.indiana.edu), orientation on the X
chromosome (forward or reverse strand), and the nucleotide (nt) position of each SNP
in the corresponding NCBI GenBank Drosophila melanogaster genomic scaffold
(AE#), and the position of the SNP relative to the associated gene. Where the gene is
read on the reverse strand, the nucleotide position refers to that of the reverse
complemented strand. The flanking sequence of each SNP is also shown, along with
the base present in either Ocd’® (blue) or wild-type Oregon-R (red) DNA.

Figure 3.4 shows the relative positions of the eight SNPs across the critical region used in
the mapping experiment. Also shown in the map is the forked (f) locus, which maps to the
right of the critical region (15F4-15F7). Ocd"€ carries the recessive forked mutation so all
Ocd' males have a forked bristle phenotype. This facilitates mapping as male flies in the

output from the final cross can be identified that are cold-sensitive but have normal
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bristles, or males which are not cold-sensitive but have forked bristles, thus confining the
SNP analysis to recombinant chromosomes that have undergone at least one recombination
event between the Ocd and/ loci. This should identify which of the chosen markers flanks

Ocd on the right hand side, and should also generate an accurate location of the gene.

mRpL3 disco-r CG3560
13E14 14B1 14B8 14F5-15A1
J J,
CcG9240 CG8931 eas para
13ES8 14A5 14B7 14D1-E1 15F4-1 5F7

Figure 3.4 Relative positions of genes containing SNPs identified across the
Ocd region and used in mapping

This diagram is not to scale and shows only the relative positions of the SNPs on the
X chromosome. The Ocd region is defined on Flybase as 13F1-16A2. The forked
locus is also shown to the right of the eight SNPs, at 15F4-15F7. The Ocd1Gline is
marked with forked, which facilitates mapping of the Ocd gene.

1. 2.
Ocd + A Ocd +
M7 Y — % x y €T

Cross balanced Ocd females to
wild-type (Oregon -R) males

I
Ocd Ocd FM7 FM7

Select Ocd females only

Cross Ocd females again to
wild-type (Oregon -R) males

I
Ocd Ocd + +

Select recombinant males, by

analysing bristle type and
assaying for cold-sensitivity.
and prepare DNA for SNP
analysis

Figure 3.5 Crossing strategy to generate recombinant flies

Ocd/+ females were generated and backcrossed to wild-type males. Progeny of this
cross should include recombinants. To simplify the analysis, male flies only were
assayed for cold-sensitivity and bristle type, to check whether they carried mutant or
wild-type copies of the Out cold and forked genes. If recombinant, DNA was extracted
from single flies and SNPs were genotyped.
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Figure 3.5 shows the crossing strategy used to generate recombinant flies. Ocd’“ flies are
maintained over the balancer chromosome FM7. Ocd/+ females were generated and
backcrossed to ORR males. Progeny from this cross will include some recombinants. Male
flies were analysed, firstly because the cold-sensitive phenotype is more striking in males
than in heterozygous females, and secondly, because subsequent analysis of SNPs is
simpler in males as they only have one X chromosome. Choosing to analyse males did
prove problematic however, as Ocd’® males eclose at a relatively low frequency, and even
when they survive to eclosion they are usually very sick and susceptible to getting stuck in

the food medium, making testing for cold-sensitivity difficult.

SNP genotyping was carried out using a 'minisequencing' or primer extension reaction,
using the ABI Prism SNaPshot™ kit. This method is similar to the Sanger method of
sequencing, but only one base is added during primer extension. This is because only
ddNTPs are added to the reaction, and not a mixture of dNTPs and ddNTPs. PCR primers
were designed to amplify a 300-400bp fragment surrounding each SNP. Initially these
fragments were designed to be of easily separable sizes so that the SNP genotyping
reactions could be carried out in multiplex. However, despite several attempts at
optimisation, this was not possible. Most flies were initially genotyped only at the SNPs at
the far ends of the region (at CG9240 and rudimentary). This meant that recombinants
could be identified immediately prior to genotyping the SNPs inbetween. It should be
noted however that this strategy would fail to identify any double recombinant
chromosomes. Minisequencing primers were designed to anneal to the appropriate PCR
product template DNA up to the base preceding the SNP of interest. Upon thermal cycling
a fluorescently labelled ddNTP is incorporated, depending on the SNP variant present on
the template. Electrophoresis of minisequencing products and analysis was carried out on

an ABI Prism Genetic Analyser using GeneScan software.

The initial analysis, which involved genotyping only at the CG9240 and rudimentary (r)
markers in most cases, included 35 non cold-sensitive males (Ocd") with forked bristles ().
Because Ocd’“ flies carry the f marker, these males must be recombinant, between Ocd
and f. Of these males, 27 had wild-type (Oregon-R) variants of all eight SNPs, indicating
that there must have been a crossover event between r and f. However, eight flies carried
the Ocd SNP variant at r, implying crossover to the left of ». Recombination frequencies
then clearly place Ocd on the para side of r, closer to r than fis. Crudely, the mapping
implies that Ocd lies 8/27 from r of the distance (r-f), on the para side (Figure 3.6). This
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would place the Ocd mutations within para, although confidence limits place it within
100kb or so of para, on either side of it. However, the sample size here is too small to

make more accurate measurements.

Ocd r f

8 27

35

Figure 3.6 Estimated relative positions of Ocd, rudimentary (r), and forked (f)
Positions were calculated from recombination rates observed during SNP mapping.
The numbers represent the number of recombination events observed between each
pair of markers. From these numbers, the distance from Ocd and rcan be calculated
as 8/27 of the distance between r and £ The distance between the genes r and fis
approximately 597kb. 8/27 of this distance is 177kb. This places Ocd approximately
177kb to the left of r, within the gene paralytic. However, the numbers used are too
small to give a very accurate location so further mapping is required.

In order to determine which side of para Ocd lies, the SNP at para was genotyped in the
eight males recombinant between Ocd and r. After minisequencing, it was found that six of
these flies had the wild-type variant of the para SNP and one had the OcdIG variant
(Figure 3.7). These flies were also genotyped for the remaining SNP markers, and all of
them were wild-type. Unfortunately, the result for one fly was undeterminable, even after
several repetitions of the minisequencing reaction. This may have been due to the PCR

product being degraded or contaminated.
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Figure 3.7 GeneScan electrophoregrams
The electrophoregrams represent the genotypes for Oregon-R, Out cold, and one
informative recombinant at all eight SNPs. The recombinant did not carry the Oca™®

mutation, but carried the forked marker. SNP anal
variants at SNPs 1-6, and the Ocd"® variants at SNPs 7 and 8. Therefore the Ocd
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mutation lies upstream of marker 7 (para). See section 2.2.9 for details of SNP

genotyping.
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The fact that one fly harbours the Ocd'~G variant of the para SNP, and so is recombinant
between eas and para, is highly informative. This fly has an Oregon-R derived
chromosome between CG9240 and eas, and an Ocd-derived chromosome at both para and
r SNPs. Because this fly is not cold-sensitive we know that Ocd must lie to the left of, and

close to, the SNP inpara.

The genotypes for each of the recombinants are summarised in Figure 3.8. From this
mapping experiment, » could be excluded as a candidate gene for Ocd. However, para
could not yet be. The SNP in para used for mapping is in an intronic region between exons
6 and 7. Because para mRNA is transcribed on the reverse complemented strand, this
leaves a large region encompassing exons 7-31 (~50kb) which would still need to be
sequenced in order to eliminate the possibility of Ocd and para being allelic. Since this is
such a large region to sequence, particularly if non-coding DNA was included, an
alternative mapping strategy using more closely linked markers was employed to narrow
down the region even further. Also, although the para SNP flanks Ocd closely on the right

hand side, the left hand side of the region is relatively ill defined.

Ocd+f+ Ocd-f- Ocd+f- males

1 CG9240 1 1 1 1
2 mRpL3 2 2 2 2
3 CG8931 3 3 3 3
4 disco-r 4 > 4 4 4
9 CG3560 5 5 5 5
6 eas 6 6 6 6
7 para 7 7 7 7
8 r 8 8 8 8
27 6 1

parental recombinants

Figure 3.8 Genotypes of recombinant males

SNPs are labelled 1-8 corresponding to CG9240 through to r. The two parental
chromosomes were crossed to result in a total of 35 recombinant males, which were
not cold-sensitive, but carried the forked marker. Of these, 27 carried wild-type
markers for all eight SNPs, and therefore recombinant between r and f, and six were
recombinant between para and r. One fly was recombinant between eas and para, so
we know that the Ocd' G mutation must lie upstream of the SNP in para. NB one fly
was not successfully genotyped for all markers, so this data is omitted.
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3.5 P element mapping

Mapping using molecularly defined P element insertions offers several advantages over
SNP mapping (Zhai et al., 2003). In SNP mapping, polymorphisms must first be identified
through sequencing. In analysing recombinants, SNPs need to be detected via molecular

means, namely sequencing or restriction enzyme digestion.

Over 7000 P element insertion lines, which together disrupt more than 40% of all
annotated Drosophila genes, are now publicly available from the BDGP Gene Disruption
Project (Bellen et al., 2004). On average the insertions occur every 20-30kb. These P
elements have commonly been manipulated to contain a visible marker such as the white
eye colour gene, so it is simple to score for their presence, provided the lines used in
mapping are in a white” background. This also makes P element mapping a relatively low

cost strategy, as no molecular reagents are required for scoring.

P element mapping, like SNP mapping, is based on meiotic recombination. Using as many
insertions as possible across the Ocd region, recombinants between Ocd and molecularly
defined P elements were generated using the crossing scheme outlined in Figure 3.9. To
identify recombinants, progeny were simply scored for eye colour and cold-sensitivity.
Because the Ocd'® line is marked with the forked mutation, the distance between Ocd and
f can also be calculated to act as an internal control. This value should remain constant
irrespective of which P element insertion is crossed in. From previous mapping
experiments, it is estimated that the distance from Ocd to forked is approximately 1.7cM
(S¢ndergaard, 1979a). The crosses carried out are effectively three point test crosses and
the distances between each of the three markers can be calculated by counting different
classes of progeny; parental and recombinant. Genetic distance, in centimorgans (cM), is
equal to the number of recombinants divided by the total number of progeny and

multiplied by 100, i.e. the percentage recombination between two markers.
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6 P{w*}. Ocd*. f-
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Select heterozygous females
with no balancer, which carry
both Ocd and the P element

Figure 3.9 Crossing scheme to generate recombinant flies

Ocd1G flies were first crossed into a white background. Heterozygous Ocd17females
were then crossed to males containing the P element insertion (P{w?*}) of interest.
Females from this cross were crossed to wild-type males and the male progeny of the
cross were analysed for the presence of the P element, as well as the Ocd and forked
mutations. This placed each fly into one of eight possible categories as shown.

By searching the BDGP Gene Disruption Project database, it was possible to identify
insertions in many of the genes contained in the Ocd region. These fly lines were obtained
and analysed for male viability. Initial crosses were carried out to determine whether or not
using each insertion would be informative. Some crosses gave uninterpretable results,
which may have been due to the presence of more than one P element or contamination.
The strategy employed would only be successful if each P element line was a single
insertion and in a white background. Five insertions gave clear results, with the distance
between Ocd and /remaining fairly constant (Table 3.3). Each point of insertion, as cited
on the BDGP database, was checked by inverse PCR, using the protocol described on the
BDGP Gene Disruption Project database. The flanking sequences were used to search the
NCBI BLAST programme for identical Drosophila sequences, and points of insertion were

found to correlate with the BDGP database.
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P element line | Associated gene | Map position Map position | Point of
according to according to insertion
BDGP Flybase

KG02315 CG3415 14B11 14B7 5'of 5'UTR

EY04615 small wing (sl) | 14B18 14B15-17 5'of 5'UTR

EY03459 Furin 2 (Fur2) | 14C1 14C1-2 5' of 5'UTR

EY01983 CG4239 14C3 14C2 5'UTR

BG00710 hangover (hang) | 14C6 14C4-6 5'of 5'UTR

Table 3.3 The five P element lines used in mapping
Each P element is inserted in or around one gene, the cytogenetic location of which is
cited on the BDGP database. The Flybase database also lists cytogenetic map
positions of each of these genes. Because there are some discrepancies between
these two positions, both are listed.

Each of the five lines were crossed into Ocd’ using the crossing scheme shown in Figure

3.9. Numbers of parental and recombinant flies with respect to each pair of markers (Ocd-

P element, Ocd-f and P element-f) were calculated and genetic map distances between each
were calculated (Tables 3.4 and 3.5).

Genotype KG02315 | EY04615 | EY03459 | EY01983 | BG00710
Ocd f (parental) 70 203 135 106 83
P{w*} Ocd’ f* (parental) 1767 1657 1232 1316 1647
Ocd' f* 6 14 5 6

P{w*} Ocd f 49 1 1 0

Ocd f* 4 7 9 6

P{w’} Ocd’ f 38 36 31 31 37
Ocd' f 0 0
P{w*}Ocd f*

P{w*}-Ocd recombinants 58 15 8 8 3
Ocd-f recombinants 45 43 42 39 39
P{w"}-f recombinants 97 58 46 43 40
Total 1937 1918 1415 1467 1771

Table 3.4 Number of parental and recombinant flies in P element mapping
The table shows the numbers of flies counted of each possible genotype. In each case
there are two parental and six recombinant genotypes. All lines are in a white’
background. The number of recombinants between each pair of markers which was
used to calculate genetic distance is listed. The total number of flies counted is also
shown. P{w'} indicates the presence of a P element, scored by red eye colour.
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Line

KG02315
EY04615
EY03459
EY01983
BGO00710

Map (BDGP)

14B11
14B18
14C1
14C3
14C6

Genetic distance between markers (cM)

P{w+-Ocd
2.99
0.78
0.57
0.55
0.17

SE
0.39
0.20
0.20
0.19
0.10

Ocd-f SE
2.32 0.34
2.24 0.34
2.97 0.45
2.66 0.42
2.20 0.35

nw -/

5.01
3.02
3.25
2.93

2.26

Table 3.5 Genetic distances between pairs of markers used in the five crosses

Genetic distances and standard errors (SE) are shown. P{w+ refers to the P element.
In each case, the order of the three markers (deduced from the genetic distances) is
P{w#-Ocd-f, meaning that each of these P element insertions lie to the left hand side
of Ocd. The genetic distances between each insertion and Ocd clearly correlate with
their cytogenetic locations. The distance between Ocd and f, which is included as a
control, remains fairly constant, at between 2.2 and 3cM. Genetic distance (cM) is the

percentage recombination between two given markers.

KG02315

EY01983
EY03459
EY04615 BG007

m

*

10

(0

0.17
0.55
057
0.78

2.99

distance between P insertion and Ocd (cM)

Figure 3.10 The Ocd region showing relative positions of P element insertions

P elements are represented by triangles, and the Ocd gene is represented by a red
circle. The map shows relative positions and the calculated genetic distances (cM)

between each P element insertion and Ocd.

SE

0.50
0.39
0.47
0.44
0.35

The P element mapping data determined the closest right hand flanking marker for Ocd:

BG00710 (Figure 3.10). This insertion is located at 14C6 at approximately 50bp 5' of the

5'UTR of hangover (hang). As described earlier, SNP mapping reveals that the right hand

flanking marker is a SNP within paralytic. Therefore, the Ocd critical region was reduced

to an area encompassing only six genes (Figure 3.11).
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BG00710 para SNP

mill

lokb 48/F-2a
0CG9947
C\CG4420 Mpara

Figure 3.11 Topographical representation of the Ocd region after mapping

The region encompasses six genes over a 100kb region, and between cytogenetic
bands 14C6 and 14E1.para makes up 64kb of the region. The P element defining the
left hand limit is represented by a triangle, and the SNP defining the right hand limit is
indicated by a star.

Four of the genes in the newly defined Ocd region have already been characterised, while
two are genes defined only by the genome project, the putative functions of which have
been assigned via bioinformatic analysis (Flybase: http://flybase.org). The Ocd mutations

could potentially reside in any one of these genes.

The 14.6kb gene hangover (hang) has only recently been characterised (Scholz et al,
2005). hang encodes a large nuclear zinc finger protein, so may have a role in DNA
binding. One transposon-induced mutant allele is defective in responses to several
environmental stressors such as heat, ethanol and paraquat, a free-radical generating agent.
It is feasible that because #ang mutants are broadly stress-sensitive, mutations elsewhere in
the gene could also result in cold-sensitivity. However, although /ang mutants do not
thrive well when grown at 18°C, they are not reported to be cold-sensitive paralytic (H.

Scholz, personal communication).

CGY947 is uncharacterised, although is putatively thought to have a role in cell cycle
control (Flybase). This was determined through bioinformatic analysis however, and no
mutant alleles have been described. Similarly, CG4420 is as yet uncharacterised. It is cited
on Flybase as encoding an endopeptidase. This is of particular interest as the
aminopeptidase mutant slamdance (sda) has a seizure (bang-sensitive) phenotype. It is

unclear how such a mutation might result in a neural disorders, although it has been
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speculated that the peptidase may be involved in neuropeptide processing and degradation

(Zhang et al., 2002).

elF-2a encodes a translation initiation factor (Qu and Cavener, 1994). This particular
initiation factor is known to regulate translation under a variety of stress conditions, for
example heat shock, when regular protein synthesis is inhibited (Duncan et al., 1995). It
seems unlikely that mutations in such a gene product would result in such a specific
phenotype. However, mutant subunits of a human translation initiation factor (eIF2B) have
been implicated in the primarily neural disorder vanishing white matter (VWM)
(Leegwater et al., 2001). Although elF2B, and other translation initiation factors are
involved in regulating translation in both cold and heat shock conditions, no temperature-

sensitive elF2B disorder has yet been identified in humans.

RNA-binding protein 2 (Rbp2) contains an RNA recognition motif and is thought to have
role in translation initiation (Kim and Baker, 1993). This is of particular interest as cold is
known to affect translation by increasing RNA secondary structures (Gracey et al., 2004).
This is likely to be modulated by RNA binding proteins. Rbp2 is largely uncharacterised
however, and the only mutant allele reported is a P element intronic insertion derived from
the BDGP Gene Disruption Project (Bellen et al., 2004). No discernible phenotype has
been reported for this mutant allele, so it could be that the P element insertion has little or

no effect. These flies are not cold-sensitive paralytic (data not shown).

paralytic (para) encodes the major Drosophila voltage-gated sodium channel (Loughney e?
al., 1989). The first mutant allele described was a temperature-sensitive paralytic mutant
(Suzuki et al., 1971). A cold-sensitive human disorder associated with mutations in a
sodium channel gene has also been described (McClatchey et al., 1992b). The smellblind
alleles of para are cold-sensitive developmental lethal (Lilly ez al., 1994b). However, there

is no published data on cold-sensitive paralytic paralytic mutant alleles.

3.6 Complementation tests

To determine whether candidate genes were allelic to Ocd, complementation tests were
performed. Of the six genes within the defined critical region, we were able to obtain
mutant alleles of only two: hangover and paralytic. In parallel with the sequencing of

candidate genes, these mutants were used to test for complementation with Ocd. The
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crosses were carried out at two temperatures, 25°C and 18°C, to address the cold-

sensitivity of aspects of the Ocd phenotype.

Complementation can only be achieved when combining two recessive mutations. The Ocd
mutations cause dominantly inherited cold-sensitivity. However, in addition, the mutations
lead to recessive lethality, as well as recessive traits such as lack of coordination, general
weakness and droopy wings, so it should be possible to acquire valuable information from

complementation crosses.

This strategy was used to determine whether each of the Ocd mutations were allelic to each
other (S¢ndergaard, 1979a). Ocd trans-heterozygotes were generated by crossing
heterozygous Ocd females with Ocd males carrying the Dp(1;4)r*f* duplication. Here, the
time before wing flutter commenced at 18°C was measured. There was no significant
difference in the time taken between flies of each of the different trans-heterozygous allelic
combinations. Furthermore, analysis of the general behaviour of homozygous and trans-
heterozygous Ocd females revealed that homozygous Ocd females behave like the
respective Ocd males, and that this is also the case with certain trans-heterozygous females
carrying combinations of the alleles Ocd’, Ocd® and Ocd’, confirming that they are truly
allelic (S¢ndergaard, 1979).

In addition, complementation tests were previously carried out between Ocd and mutants
of paralytic, Hyperkinetic and shibire, where no evidence for allelism was found
(Sgndergaard, 1975). The temperature at which these crosses were carried out was not

specified.

The gene slow receptor potential (slrp) has not been cloned but maps to 13F1-14B2, so is a
candidate for Ocd. Mutants are cold-sensitive paralytic (at 15°C) (Homyk and Pye, 1989).
Complementation tests at 25°C and 18°C between sirp’ and Ocd revealed no evidence for
allelism; although cold-sensitive, slrp/Ocd trans-heterozygotes behave no differently to

either of the respective heterozygous mutants (data not shown).
3.6.1 Complementation tests between Ocd and hang

The hang®" allele is a P element insertion within the coding region of the first exon of

hang. Mutants are viable but defective in responses to several environmental stressors

71



wiidplol v

(Scholz et al., 2005). We also obtained an imprecise excision mutant derived from
hang**’°. Although hang’®’® mutants have been described as cold-sensitive (H. Scholz,
personal communication), this is because they do not thrive at 18°C, and not because they

display cold-induced paralysis.

Complementation tests were performed at 18° and 25°C between each of the Glasgow Ocd
alleles and each of the hang mutants. 50 trans-heterozygotes of each combination were
examined. In each case, Ocd/hang trans-heterozygous females were viable, and displayed
cold-sensitivity due to the dominant Ocd mutation. This cold-sensitivity was no more
pronounced than than for age-matched Ocd heterozygous females. No other phenotype was
observed. Therefore no evidence was found from these crosses for Ocd and hang being

allelic.

3.6.2 Complementation tests between Ocd and para

We obtained several mutant lines of para, including Df{1)D34, a lethal deletion specific to
the gene (Ganetzky, 1984), which was used for complementation on the basis of its lethal
phenotype. Complementation data had previously been compiled for Ocd and para®, a
heat-sensitive paralytic mutant (Sgndergaard, 1975), where it was concluded that there is

no interaction between the two and that they are non-allelic.

Some of S¢ndergaard's Ocd lines have acquired modifiers that seem to improve their
viability. Some stocks (Ocd’, Ocd’, Ocd®’ and Ocd’*) can be maintained as homozygous
stocks, and Ocd males are healthy enough to mate. To test for complementation between
Ocd and para, Ocd'®, Ocd”® and Ocd’ males were crossed to para™"P** (Df(1)D34)
females, at 18°C and 25°C. The results are shown in Table 3.6.

In each cross, resulting Ocd/para®”™* females were viable but displayed a phenotype
distinct from that of either balanced mutation. This was more pronounced at 18°C than at
25°C. Although the cold-sensitivity again was no more severe than in Ocd heterozygotes,
the double mutants are uncoordinated, many hold their wings out or down in a drooped
position (with the exception of Ocd*/para™”?*), and most are generally unfit. This
droopy wing phenotype has been described previously in Ocd’? and Ocd’ males

(Sgndergaard, 1979a). The phenotype observed is specific to Ocd/para®""* flies; neither
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heterozygous para®"?** females nor heterozygous Ocd flies show these additional

phenotypes, nor do Ocd/hang**'’ flies.

Cross Temperature Ocd/FM7 | Ocdlpara®®"**+ | Wing

(0O phenotype
para®P¥/FMT7 x 25 70 54 0
Ocd™1Y 18 100 67 0
para®P¥/FMT7 x 25 55 45 15 (33.3%)
OcdS/Y 18 75 22 14 (63.6%)
para® P FM7 x 25 55 24 24 (100%)
Ocd*1Y 18 53 12 12 (100%)

Table 3.6 Data from complementation tests between Ocd and para

Heterozygous para®™”**/FM7 females were crossed to viable Ocd males from
Sendergaard's lines at 18°C and 25°C. The numbers of heterozygous Ocd/FM7 and
trans-heterozygote Ocd/para™"P* fiies eclosing were counted. Numbers of trans-
heterozygote females with a wing phenotype were also counted, for example, droopy
wings or wings held out. *All trans-heterozygote flies were observed to be
uncoordinated and generally unfit.

From the table, Ocd’” is the strongest allele, and all trans-heterozygotes have a pronounced
wing phenotype, at both temperatures. In crosses with both Ocd’® and Ocd””, far fewer
trans-heterozygote females eclosed compared to Ocd/FM7 females at 18°C, suggesting
there is cold-sensitive lethality in these flies. In contrast, Ocd'® appears to be the weakest
allele, as no wing phenotype was observed in trans-heterozygotes, at either temperature.

There also does not seem to be any temperature-sensitive lethality in this line.

These observations strongly imply that Ocd and para are allelic. If there were no
interaction between the two, we would not expect to see any phenotype in the double
mutants other than cold-sensitivity. However, a previous report presented evidence to the
contrary. Sgndergaard (1975) reported that Ocd'/para® flies, though cold-sensitive
paralytic, were not heat-sensitive. Flies were generated carrying the Ocd’ mutations and
two copies of the para” mutation. These females behaved like para homozygous females
when given a heat shock, and like Ocd’ heterozygous females when given a cold shock.
Generating these flies would require a recombination event to occur between the two
mutations. The numbers of recombinant and parental flies were not disclosed. Assuming
Ocd and para are allelic, it is possible that this was an intragenic recombination event.
Given that para is such a large gene (~60kb), this is entirely plausible. Indeed, if Ocd and
para are allelic, an instance of intragenic recombination has already been observed in the

SNP mapping experiment described earlier.
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If Ocd and para are allelic, the Ocd/ para™""* flies have only one copy of para, and it is
the mutant para form. In terms of gene dosage this is equivalent to Ocd hemizygous males,
but the phenotypes are distinct. This is most likely due to hypertranscription of the X-

linked para through dosage compensation mechanisms in males.

3.7 Sequencing of candidate genes

The six candidate genes were sequenced across the coding regions and checked for any
missense mutations unique to any of thé Glasgow Ocd lines. Although several SNPs were
uncovered, no mutations were found in the coding regions of hang, CG9947, CG4420,
elF-2a, or Rbp2.

Analysis of sequence data for para in the Glasgow Ocd lines however uncovered three
separate missense mutations in exon 28, occurring as a double mutant in one Ocd line and
as a single mutant in another. Exon 28 of the Ocd lines and several wild-type controls were
sequenced. The original Ocd lines Ocd'’ to Ocd’”, as well as their progenitor wild-type
strain (Sgndergaard, 1975, Sgndergaard, 1979a) were also sequenced to check for presence

of the mutations.

None of the control lines harboured mutations in exon 28, whereas each of the Ocd lines
did, with the sole exception of Ocd’. This sequencing data is described in full in Chapter 4.
The data, taken together with the complementation test results and mapping data strongly
implies that the Ocd mutations are mutations in the voltage-gated sodium channel

paralytic.
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4.1 Introduction to sodium channel biology

4.1.1 Voltage-gated sodium channels

Voltage-gated sodium channels play a vital role in the initiation and propagation of action
potentials in electrically excitable tissues and are involved in a wide range of cellular
functions, including muscle contraction, neuron signalling and exocytosis (reviewed by Yu
and Catterall, 2003). Excitable cell membranes depolarise through the influx of Na* into
the cell, and this forms the basis of the action potential. Membrane hyperpolaristion
subsequently occurs, induced by the action of potassium and calcium channels. Although
other forms of sodium channel exist which are not voltage-gated and are structurally
dissimilar, for example amiloride sensitive epithelial sodium channels (Alvarez de la Rosa

et al., 2000), this thesis will focus solely on voltage-gated channels.

Unlike the potassium channel (Doyle et al., 1998), the complete structure of the sodium
channel has not yet been resolved. However, some individual parts have been, yielding
clues to functionally important domains. In general, sodium channels consist of a large
240-280kDa glycoprotein o subunit that is responsible for ion selectivity and voltage-
gating. The exact size of this subunit is dependent on the species and splice variant -
alternative splicing is common for sodium channels. Nine such genes are known to exist in
the human genome, as well as four 8 accessory subunit genes. The smaller  subunits are
thought to stabilise the o subunit, although some channels, for example the eel electric

organ sodium channel, can function as normal without it (Miller et al., 1983).

The voltage-gated sodium channels consist of four homologous domains I-IV containing
multiple oa-helical transmembrane sections S1-S6, connected by hydrophilic intervening
segments (Figure 4.1). Section S4, the most highly conserved segment, is highly positively
charged, containing basic lysine or arginine residues at every third residue, with
hydrophobic bases inbetween. S4 is thought to function as a voltage sensor and regulates
gating. The channel 'gate' can open or close under the control of these voltage sensors that
respond to the level of the membrane potential, thus dictating whether or not Na* can flow

through into the cell. Between sections S5 and S6 there is a hairpin-like-P-loop, the pore
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loop, which controls ion selectivity and permeation. Intermembrane short segments SSI

and SS2 make up the pore region.

outside
Ss,/ss2
$3s« (
NH
inside Coo

Figure 4.1 Schematic representation of sodium channel structure

The transmembrane arrangement consists of four homologous domains |, II, Illl and IV
each comprised of six transmembrane segments S1-S6. S4 is though to act as a
voltage sensor. Intermembrane short segments SS1 and SS2 make up the pore
region: black triangles represent entrance to the pore. The linker between domains lli
and IV contains the putative inactivation gate (circled). Modified from Zlotkin, 1999.

In the resting state, sodium channels adopt a closed conformation, meaning that they are
impermeable to Na+ Cell membranes depolarise through the opening (activation) of the
sodium channel. Here, the S4 segments (voltage sensors) of each domain change
conformation, and in turn alter the positions of adjacent segments resulting in the
formation of an open pore that Na+can pass through. Na+ influx causes rapid membrane
depolarisation and action potential initiation. Channel activation is transient and is
followed by the inactivation phase, when the membrane becomes repolarised. For this to
occur, channels become impermeable to sodium ions. This inactivation is accompanied by
the opening of potassium channels and makes the cell refractory to firing, thus preventing

both the breakdown of ionic gradients and cell death.

This type of channel inactivation (fast inactivation) is described as working according to a
‘ball and chain’ or ‘hinged lid’ mechanism (reviewed by Goldin, 2003). Slow inactivation
is a distinct process which occurs if the membrane is depolarised for longer, and is
probably a consequence of a structural rearrangement of the channel pore (Goldin, 2003,
Vilin and Ruben, 2001). During fast inactivation, a cytoplasmic region occludes the pore
by binding to a region nearby: the docking site. This cytoplasmic region, or ‘inactivation

gate’, is widely believed to be the linker between domains III and IV (Vassilev et al., 1988,
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Stuhmer et al., 1989), which includes the hydrophobic four amino acid stretch IFMT
thought to be crucial for this function (West et al., 1992). In Drosophila, the corresponding
motif is MFMT. The phenylalanine and threonine residues are positioned to directly
interact with the docking site (Rohl et al., 1999). The docking site is comprised of multiple
regions, including the cytoplasmic linkers between S4 and S5 in domains III and IV, and
the cytoplasmic end of S6 in IV (Smith and Goldin, 1997) (McPhee et al., 1998).
Understanding the precise mechanisms underlying inactivation has important therapeutic
implications, since, as will be discussed, many human sodium channel disorders are

associated with inactivation defects.

There are at least nine distinct groups of neurotoxins that specifically target sodium
channels, and they are characterised by the site to which they bind (Wang and Wang,
2003). Some toxins block channels, whilst other modify gating. Channel toxicology can
provide further information about gating properties and ion transport. Future studies
combining structural analysis, site-directed mutagenesis and toxicology experiments will
more clearly define the specific molecular interactions involved in the process of

inactivation.

Nine voltage-gated sodium channel major subunit genes have been found in the human
genome (reviewed by George, 2005). These fall into three categories defined by expression
mainly restricted to cardiac muscle, the nervous system, or skeletal muscle. In Drosophila,
only two putative genes have been identified, one of which, paralytic, encodes the major

functional channel.

4.1.2 paralytic, a Drosophila sodium channel gene

In genetic model organisms, ion channel genes are commonly identified either through
their sequence homology to known channel genes, or by examination of mutant
phenotypes. In Drosophila, mutations affecting sodium channel function commonly
manifest as temperature-sensitive paralytic, and/or toxin resistant or sensitive mutants. The
Drosophila gene paralytic (para) has been identified as encoding a sodium channel gene
(Loughney et al., 1989). Prior to this, the first allele to be described was para®, an X-
linked recessive mutation associated with heat-sensitive paralysis (Suzuki ez al., 1971).
Since then, para mutations have been associated with a number of other phenotypes,

including olfactory malfunction in the para™""™ mutants (Lilly and Carlson, 1990, Lilly
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et al., 1994a), and DDT and pyrethroid insecticide resistance amongst several different

para mutants (Pittendrigh ez al., 1997, Martin et al., 2000).

Another putative Drosophila sodium channel, DSC! (Ramaswami and Tanouye, 1989),
located on the second chromosome, has also been identified based on sequence homology
to other sodium channels. However, most evidence points towards para being the
structural gene and the major functional component; the homologue of the mammalian
subunit (Loughney et al., 1989, Hong and Ganetzky, 1994). Less research has been carried
out on DSCI, and whether it transports sodium or another ion such as calcium is unclear. It
is expressed solely in fly neurons (Castella et al., 2001). Although DSCI and para have
distinct embryonic patterns, they are known to have a parallel expression pattern in the
adult and pupal CNS (Hong and Ganetzky, 1994), suggesting that they might serve distinct

smellblind

neuronal functions. Interestingly, in parallel with the para mutations, a smell-

impaired DSCI mutant has been reported (Kulkarni e? al., 2002).

Through sequencing of independently isolated cDNAs, it was discovered that the para
gene undergoes alternative splicing of the primary transcript (Loughney et al., 1989). This
is shown in Figure 4.2. The para locus is approximately 64kb, and the transcripts around
6.4kb. Initial analysis uncovered three optional microexons. In some of the microexons the
amino acid is almost identical to that of the corresponding alternative, although the DNA
sequence differs more significantly. Further analysis (Thackeray and Ganetzky, 1994) has
revealed that there may be at least 48 alternative splice variants of para. 11 embryonic and
18 adult splice types have already been identified in vivo. However, the exact para splicing

patterns during specific developmental stages has not yet been fully elucidated.

Alternative splicing has already been described for the Drosophila potassium ion channel
gene Shaker (Schwarz et al., 1988). Splicing variation is believed to lead to increased
functional diversity in Drosophila ion channels (Thackeray and Ganetzky, 1994). The
differences between splice variants may allow for an additional site of modification, for
example cAMP-dependent phosphorylation, or glycosylation. Putative phosphorylation
sites may be of functional importance, as cAMP-dependent phosphorylation reduces the
Na* current of sodium channels. Other changes that might alter channel function include
changes involving charged residues. Such a substitution might affect the capacity of the S4

domain to act as a voltage sensor, for example.
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Figure 4.2 Approximate locations of the alternative exons identified in para
Schematic representation of the predicted membrane topology of para. The
approximate locations of the alternative exons j, i, a, b, ¢, d, e and f are indicated
(Loughney et al., 1989, Thackeray and Ganetzky, 1994, Warmke et al., 1997). Taken
from Warmke et al., 1997.

The complete length of the Para protein is between 2071 and 2131 amino acids, depending
on which alternative exons are present. The gene is made up of 31 exons in total. A cDNA
corresponding to an additional nested transcript has also been isolated (CG9906)
(Loughney er al., 1989). CG9906 lies within the first intron of para. Although
uncharacterised, CG9906 has a putative role in exocytosis (Flybase: http://flybase.org).
Whether this transcript has any significance to the expression or function of para remains

unclear.

The para protein has been shown to be modulated by an auxiliary-regulatory 50kDa
subunit encoded by temperature-induced paralytic (tipE), also originally identified as a
heat-sensitive paralytic mutation (Warmke et al., 1997). This accessory protein enhances
para sodium channel function in an interaction thought to be similar to that between o and
B subunits in vertebrates. Here, para is equivalent to the o subunit, and tipE is the §
subunit counterpart. In Drosophila neurons, tipE has been demonstrated to control
repetitive firing of sodium-dependent action potentials during sustained membrane

depolarisation (Hodges et al., 2002).

Insect voltage-gated sodium channels are one of the major targets of conventional
pesticides, for example DDT (dichlorodiphenyltrichloroethane) and pyrethroid

insecticides. There are two main effects of para-specific toxins: the inhibition of ion
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transport, and the alteration of gating properties, through the inhibition or persistence of
inactivation (reviewed by Zlotkin, 1999). Resistance to such toxins and pesticides in

Drosophila mutants will be discussed in greater detail in Chapter 5.

4.1.3 Human sodium channel disorders

As mentioned previously, there are at least nine human voltage-gated sodium channel o
subunit genes (SCNIA, SCN2A, etc), mutations in five of which are associated with a
variety of disorders. Of the four §§ subunit genes, only SCNIB, a neurally expressed gene,
has been directly linked to human disease, namely generalised epilepsy with febrile
seizures plus (GEFS+) (Audenaert e al., 2003, Wallace et al., 1998). Sodium channel
mutations manifest as either neuronal, cardiac or muscular diseases, depending on where
the affected gene is predominantly expressed. A list of disorders associated with sodium
channel mutations is displayed in Table 4.1; only some will be discussed in detail. The
incidence of such diseases varies considerably according to ethnic origin but they are rare,
with an incident rate of approximately one in 100,000. There is a slightly higher incidence
in men compared to women. These diseases almost exclusively follow an autosomal
dominant mode of inheritance with varying degrees of penetrance (reviewed by Cannon,
1997). In most cases studied, the mutant channels have some defect in channel
inactivation, which in turn mediates a dominant negative effect on the wild-type channels.
This is because if inactivation is disrupted, some sodium current will be persistently
leaked, leading to sustained membrane depolarisation. This sustained depolarisation has
the effect of inactivating all channels, wild-type and mutant, leading to a loss of electrical

excitability (reviewed by George, 2005).

Neuronal sodium channelopathies are caused by mutations in SCNIA, SCN2A, SCNIB, or
SCN9A. Such mutations have been shown to be associated with a range of epilepsy and
seizure syndromes (reviewed by Lerche er al, 2001). Severe myoclonic epilepsy of
infancy (SMEI), for example, is mainly caused by SCN/A mutations which give rise to
non-functional channels (Lossin et al., 2003). This would suggest that haploinsufficiency
is the basis for dominantly inherited SMEI. However, some functional but defective
channels have also been identified in cases of SMEI (Rhodes et al., 2004), suggesting a
gain-of-function model. GEFS+, also caused by mutations in SCNIA (or SCNIB) can
result in persistent Na* current (Spampanato et al., 2004). Missense mutations in SCN9A

can lead to painful inherited neuropathy, thought to arise as a result of slow inactivating

81



wilapicl <

channels (Cummins et al., 2004). The neuronal channels are also of particular importance

in that they serve as targets for certain drugs such as anaesthetics and anticonvulsants

(Catterall, 1999).

Skeletal Muscle Cardiac Neuronal
Gene(s) | SCN4A SCN5A SCNIA, SCN2A, SCNYA,
involved SCNIB
Disorders | Paramyotonia congenita | Long QT syndrome Generalised epilepsy with

Hyperkalemic periodic

paralysis

Hypokalemic periodic

paralysis

Potassium-aggravated
myotonia

Painful congenital

Brugada syndrome

Isolated cardiac
conduction system
disease

Atrial standstill

Sick sinus syndrome

febrile seizures plus

Severe myoclonic
epilepsy of infancy

Intractable childhood
epilepsy with frequent
generalised tonic-clonic
seizures

\ Sudden infant death | Benign familial neonatal-
myotoma' syndrome infantile seizures
Myasthenic syndrome Dilated Familial primary
Malignant hyperthermia | cardiomyopathy, erythermalgia
susceptibility conduction disorder,

arrythmia

Table 4.1 Inherited sodium channel disorders

The sodium channelopathies fall into three broad categories (muscular, cardiac and
neuronal), depending on which gene is affected and therefore the major affected
tissue. In some cases however, features of more than one class of disorder may
manifest in the same disease (George, 2005).

SCN5A is expressed in the heart and is necessary for the formation of a normal heartbeat,
through the propagation of action potentials. Mutations in this gene can cause congenital
long QT syndrome (LQTS) and Brugada syndrome (Akai et al., 2000), both associated
with ventricular arrythmias, amongst other symptoms. SCN5A mutations can lead to
abnormal cardiac events during sleep, and the gene has been implicated in sudden infant
death syndrome (Ackerman et al., 2001). In LQTS, channel inactivation is impaired

leading to sustained membrane depolarisation (Wang et al., 1996).

Several human disorders associated with myotonia and periodic paralyses are caused by
mutations in the skeletal muscle sodium channel SCN4A (reviewed by Cannon, 1997, and
Caldwell and Schaller, 1992). These include hyperkalemic periodic paralysis (HYPP),
paramyotonia congenita (PMC), and potassium-aggravated myotonia (PAM) and
hypokalemic periodic paralysis (HOKPP). These diseases are inherited in an autosomal

dominant fashion and exhibit high penetrance. The incidence of such disorders is in the
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order of one in 100,000. Symptoms are episodic and vary in severity both between and
within affected individuals. All of these disorders are associated with mutations in the adult
isoform of the skeletal muscle sodium channel alpha subunit (SCN4A4). This isoform is
only expressed at significant levels in skeletal muscle, so there are generally no cardiac or
CNS symptoms in the patients. A plethora of SCN44 missense mutations have been
described with each base change resulting in the substitution of a highly conserved amino
acid in the protein. The NCBI Online Mendelian Inheritance in Man database (OMIM:
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=0OMIM) lists 24 allelic variants, with

mutations spanning the entire protein (Figure 4.3)

PMC HYPP PAM A HOKPP
1693T L6891 V445M R669H
S804F 1693T S804F R672H/G/S
Al 156T T704M 11160V

V 12931 S903T G1306A/V/E

G1306V A1156T

T1313M 1360V

L1433R M1592V

R1448C/H/P/S

G1456E

V 1458F

F14738

Figure 4.3 Mutations identified in SCN4A4

Schematic representation of the SCN4A skeletal muscle sodium channel, showing
positions of missense mutations identified in cases of paramyotonia congenita (PMC),
hyperkalemic periodic paralysis (HYPP), potassium-aggravated myotonia (PAM) and
hypokalemic periodic paralysis (HOKPP). In some cases, missense mutations were
found in patients suffering from overlapping symptoms of more than one disorder.
Diagram adapted from Cannon, 1997, Cannon, 2000, and Cannon, 2002.
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In these mutant channels, permeation of sodium ions through the channel pore is thought to
be normal. The primary defect is instead an alteration in voltage-dependent gating;
specifically the disruption of fast inactivation. This manifests itself as aberrant bursts of
reopening of the channel and prolonged durations of the open state. Several mutations
identified lie in the cytoplasmic loop linking domains III and IV (the proposed ‘ball and
chain’ or inactivation gate). Other mutations lie at the cytoplasmic ends of S5 or S6, which
may form part of the inner part of the ionic pore to which the inactivation gate binds (the

docking site).

HYPP a dominantly inherited disease, characterised by recurrent attacks of weakness, is
associated with elevated serum potassium levels (Gamstorp, 1963). Hypokalemic periodic
paralysis (HOKPP) is another disorder associated with SCN4A mutations, but does not
necessarily involve myotonic attacks. In contrast to HYPP, potassium can be used as a
remedy. Two different mutations in SCN4A, T704M (Ptacek et al., 1991) and M1592V
(Rojas et al., 1991), in domain II S5 and domain IV S6 respectively, have been identified
in HYPP patients. Additionally, a case of HYPP in a lineage of quarter horses has been
described (Rudolph et al., 1992). This was found to be due to a mutation in domain III

transmembrane segment S3 of the equine adult skeletal muscle sodium channel gene.

The main symptom of PMC, first described by von Eulenberg in 1886, is myotonia, which
is usually worsened by cold temperatures, although cases of PMC without cold paralysis
have also been described (Davies er al., 2000). Also, this myotonia is paradoxically
worsened with rapid movement. This is in contrast to myotonia congenita, caused by
mutations in the skeletal muscle chloride channel gene CLCNI (Koch et al., 1992). PMC is
a dominant disorder with high penetrance. Many different mutations within SCN4A have
been identified in PMC patients. For example, four different substitutions at R1448, a
highly conserved residue in the S4 helix of domain IV have been associated with PMC
(Ptacek et al., 1992). Two mutations have also been found in the III-IV cytoplasmic loop
region of the sodium channel (the proposed location of the channel inactivation gate);

G1306V and T1313M (McClatchey ez al., 1992b).

Individuals with PAM suffer from myotonia that becomes significantly worse with
potassium ingestion. This encompasses a handful of disorders including mild myotonia
fluctuans and severe myotonia permanens. As with the previously described sodium

channelopathies, the mode of inheritance is dominant. Like PMC, a mutation in domain IV
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S4 has been identified, VI589M (Heine et al., 1993). In the family studied, as well as
being aggravated by potassium, the myotonia was also worsened by cold. The valine
residue is thought to be close to the cytoplasmic surface and putatively forms part of the
docking site for the inactivation gate. Also, as in PMC, residue G1306 has been found to
be mutated in cases of myotonia fluctuans (Ricker et al., 1994). Here the mutation is

G1306A, and is not associated with cold-sensitivity.

At present no cure exists for the sodium channelopathies. Treatments range from the
administration of carbonic anhydrase inhibitors and local anaesthetics, to antiarrhythmic or
antimyotonic agents. Some side effects of such drugs can however prevent long-term use.
For cardiac channelopathies, pacemakers or defibrillators may be fitted. Until recently,
channelopathy mutations have been investigated at the channel kinetics level through
heterologous expression of mutant channels. Although undoubtedly informative, this in
vitro method is not ideal for shedding light on the impact of environmental factors on
mutant phenotype. A whole animal model is necessary to research the effects of a channel

mutation on the whole organism, and in developmental stages and tissues of choice.

To date, murine mutations in two voltage-gated sodium channel genes have been
identified. Missense mutations in the mouse gene Scn8a, expressed in the brain and spinal
cord, have been shown to cause severe neurological phenotypes (Buchner et al., 2004,
Kohrman et al., 1996). In addition, transgenic mice carrying a targeted mutation in the S4-
S5 linker of domain 2 of the neuronal gene Scn2a, analogous to a GEFS+ causing human
SCN2A mutation, develop a progressive seizure disorder from two months of age (Kearney
et al., 2001). Such mouse models will aid research into human channelopathies
considerably, particularly neural disorders. Indeed, the Sn2a model has been successfully

used to map modifiers of the seizure phenotype (Bergren et al., 2005).
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