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ABSTRACT

Ras family GTPases are a diverse group of proteins that regulate many aspects of cell
biology and development. They act as signallng intermediaries in a variety of contexts,
translating signals, both extracellular and intracellular, into cellular responses via
interactions with their effectors. GTPases of the RGK family , which comprise a
subdivision of the Ras family, are characterized by amino acid changes that are
expected to result in the protein being effectively locked in the active GTP-bound state.
From overexpression studies in mammalian systems, RGK proteins have been
implicated in calcium signallng, by directly binding calcium channel subunits, and in
cytoskeletal regulation by direct inhibition of Rho kinase activity. However, to date,
there have been no loss-of-function studies carried out for the RGK GTPases.
This thesis describes the identification and preliminary characterisation of four
genes encoding the RGK GTPases of D. melanogaster. Comparative analysis with the
mammalian RGKs revealed that the RGK family has independently expanded from a
single gene in the common ancestor to a family of four genes in D. melanogaster and
mammals. While the mammalian RGK paralogues are very similar to each other in
terms of domain architecture, the D. melanogaster RGKs appear to have diverged to a
much greater extent.
A reverse genetic approach was undertaken to generate loss-of-function alleles
of the D. melanogaster rgk genes. Mutant alleles of all four rgk genes were generated
by ends in and ends out gene targeting and by imprecise P-element excision.
Surprisingly, given the predicted functions of the mammalian RGK GTPases, flies
mutant for each individual rgk gene, or for all four of the rgk genes are viable and fertile
with no obvious morphological phenotypes. However, flies lacking all four RGK
GTPases are sensitive to certain environmental stresses including oxidative stress.
Thus, the loss-of-function approach undertaken in this thesis has revealed a novel,
unexpected and important biological role for the RGK gene family in D. melanogaster.
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Chapter 1: Introduction
The subject of this thesis is the poorly characterised RGK subfamily of the Ras
superfamily of small GTPases. In this introduction I will discuss the key characteristics
of members of this superfamily, then discuss the properties of the major subfamilies,
finishing with the Ras subfamily, and then the RGK subfamily, which is the subject of
this thesis.

1.1

The Ras Superfamily

Ras superfamily GTPases are key components of intracellular regulatory signalling
cascades. They play conserved but diverse roles ranging from development to tissue
maintenance and homeostasis to apoptosis. Small GTPases generally function as
molecular switches, oscillating between an inactive GDP-bound state and an active
GTP-bound state. This oscillatory property of these signalling molecules allows for
rapid responses to intracellular or extracellular stimuli, resulting in activation of
particular pathways, followed by an equally rapid shutting down of the pathway once
the stimulus ceases to be present. Modulation of small GTPase activity is primarily
mediated by GTP exchange factors (GEFs), GTPase activating proteins (GAPs) and
guanine nucleotide dissociation inhibitors (GDis), which influence which guanine
nucleotide (GDP or GTP) is bound. The signalling ability of a GTPase is also
controlled by alteration of its subcellular localisation, which, together with the
regulation of the nucleotide bound state, allows a specific and graded response to the
particular stimulus. The Ras superfamily comprises five subfamilies; the Ras, Rho,
Rab, Ran and Arf subfamilies. These subfamilies have diverse and sometimes
overlapping functions in a variety of developmental and cellular processes.

1.2

Small GTPase regulation

1.2.1

The GTPIGDP cycle

The activity of small GTPases in signal transduction is primarily regulated by the
identity of the bound guanine nucleotide (Figure 1. 1). GTPases that are bound to GDP
adopt an inactive conformation, where they are unable to bind to their effectors and are
unable to activate downstream pathways. Maintenance of GTPases in this inactive state
is typically accomplished by GDis, which, as their name suggests, inhibit the
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Fig ure 1.1

Th e GD P/G TP switch

Ras family small GTPases oscillate between a GDP-bound inactive form and a GTPbou nd active form. GEFs promote the exchange of GTP for GDP, resulting in a change
in conformation of the GTPase, which enables it to bind its effector proteins. GAPs
stimulate the intrinsic GTPase activity of the GTPase, resulting in hydrolysis of the
bound GTP molecule , releasing a free phospate group (Pi) and returning the GTPase to
its inactive conformation. GD is maintain GTPases in their GDP-bound state by
inhibiting the exchange of GDP for GTP and sequestering inactive GTPases to the
cytosol.
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dissociation of GDP from the protein and sequester the GTPase away from the
membrane to the cytosol (Whitehead et al., 1997). Dissociation of GDP is stimulated
by the binding of a GEF, which acts to displace the GDP and form a transient complex
of a nucleotide-free GTPase and GEF, which preferentially binds GTP due to the
overabundance of GTP compared to GDP in the cytosol. Subsequent binding of GTP
results in dissociation of the GEF, leaving the active GTPase. The presence of the extra
phosphate group in GTP compared to GDP induces an altered structure of the GTPase,
such that two regions of the GTPase, termed the Switch I and Switch II domains,
drastically alter their conformation (Figure 1.2). This conformational change results in
the creation of an effector-binding site, through which the GTPase is able to activate its
effectors. GTPases themselves have a low intrinsic GTPase activity, leading to the
hydrolysis of GTP into GDP and subsequently converting the GTPase from the active to
the inactive state and the loss of the GTPase-effector interaction. This GTPase activity
is greatly enhanced by GTPase Activating Proteins (GAPs), which provide a means of
rapidly shutting off GTPase signalling. This GTPase cycle constitutes a fast and
accurate means of activating signalling pathways in response to specific signals.

1.2.2 Structural requirements for the GTPIGDP switch
The GTPase domain have a very stereotypical structure consisting of a hydrophobic
core comprising six strands of ~-sheet connected by five a-helices and hydrophilic
loops (Bourne et al., 1991). The five most conserved sequence motifs within the
GTPase domain are the G 1 to G5 motifs. In the crystal structure of the best
characterised small GTPase, p21 Ras, these motifs are all clustered to one side of the
protein and together are essential for the functioning of the protein as a molecular
switch (reviewed in Sprang, 1997). The G 1 region, corresponding to residues 10-17, is
a loop that functions to bind the GTP or GDP molecule through amino acid side-chain
interactions with the nucleotide. This region also contains a highly conserved
serine/threonine at position 17, which cooperates with the G2 motif to bind a
magnesium ion, the binding of which is necessary for GTP hydrolysis and is also is
thought to be essential for the GTPase to adopt its active conformation. The G2 motif,
amino acids 32-40, also referred to as the Switch I region, is characterised by a change
in conformation dependant on whether GTP or GDP is bound. This change in
confo1mation is due to a direct interaction between the conserved threonine 35 and the
magnesium ion in the nucleotide pocket (reviewed in Sprang, 1997). The G2 motif is
2

Figure 1.2

Structure of the p21 Ras GTPase bound to GDP and GTP

The structures of p21 Ras bound to GDP (1Q21, Tong et al., 1991) and GTP (121P, Pai
et al. , 1990) were obtained from the NCBI structure database (Chen et al., 2003) and
viewed with Cn3D (Hogue, 1997). a-h elic es and ~-sheets are represented by green
barrels and brown arrows respectively. The guanine nucleotide is represented by the
' stick and ball' structure. Residues of interest are highlighted as indicated. The
enlarged regions show the G 1, G2 and G3 motifs in contact with the guanine nucleotide.
The presence of GTP results in close association of T35 and G60 with the third
phosphate group of the GTP molecule, which dramatically alters the conformation of
the Switch I and Switch II regions.
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also thought to comprise a major component of the effector-binding surface, and is also
involved in interactions with GAPs. The G3 motif, amino acids 57-60, is conserved in
almost all GTPases. The G3 motif binds both the magnesium ion via an aspartic acid
residue and GTP through a glycine residue. The conformation of G3 changes
depending on whether the GTPase is GTP- or GDP-bound. The G3 motif itself and the
a-helix immediately C-terminal to it comprise the Switch II domain that together with
the G2 domain, forms the effector binding surface. Adjacent to the G3 motif, the highly
conserved glutamine 61 is the crucial amino acid in the catalysis of GTP hydrolysis
(Frech et al., 1994). The G4 and GS motifs (positions 112-119 and 144-146
respectively) function mainly to provide additional stability to the interaction between
the GTPase and the guanine nucleotide.

1.2. 3 Subcellular localisation

The subcellular localisation of GTPases is critical for their activity, as GTPases often
act as a signalling interface between a cell and its environment. Most members of the
Ras superfamily are localised to the plasma membrane or internal membranes. This
localisation is largely driven by post-translational modifications to these GTPases.
GTPases of the Ras family typically comprise almost solely the GTPase domain with
only very short N-terminal and C-terminal extensions. Some Ras superfamily members,
namely the Ras, Rho and Rab subfamilies undergo a variety of post-translational
modifications at a C-terminal cysteine-containing motif. These modifications include
methylation, proteolysis and various types of prenylation, such as famesylation,
geranylgeranylation and palmitoylation (reviewed in Seabra and Wasmeier; 2004,
Silvius, 2002; Williams, 2003). Members of the Arf family are typically modified by
the addition of myristic acid at an N-terminal glycine (Sewell and Kahn, 1988). These
modifications are not universal for the Ras superfamily as Sar and the Ran subfamily
lack sequences necessary for modification (reviewed in Takai et al., 2001 ). Generally
these post-translational modifications are thought to influence the subcellular
localisation of the GTPase.

Most members of the Rab subfamily have either a CXC or a CC motif at the Cterminus, in which both cysteine residues are geranylgeranylated, resulting in
membrane localisation (Anant et al., 1998). GTP hydrolysis at the membrane and
association with RabGDis leads to extraction of the Rabs from the membrane (reviewed
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in Seabra and Wasmeier, 2004). Thus, the subcellular localisation of Rabs is influenced
by their post-translational modifications, nucleotide binding state and association with
other proteins.

Rho subfamily GTPases typically have a C-terminal CAAX motif that is subjected to
proteolysis after the cysteine residue and subsequent prenylation of the cysteine. Many
Rho family proteins also contain a polybasic region in close proximity to the CAAX
motif, which also directs the association of Rho GTPases to membranes (reviewed in
Williams , 2003). Similar sequences regulate the localisation of Ras subfamily
GTPases. The most well characterised members possess CAAX motifs, which are
prenylated and then proteolytically processed after the cysteine residue, which is also
subjected to methylation (reviewed in Silvius, 2002). Some members also contain
nearby cysteines that are palmitoylated or geranylgeranylated, and others contain
polybasic regions reminiscent of Rho GTPases (reviewed in Williams, 2003), while
other members do not contain C-terminal cysteines and may be N-terminally
myristoylated. Other members, such as the RGK GTPases, contain well conserved but
unique C-termini with cysteine residues that may be the targets of unknown posttranslational modification.

1.3

Biological roles of-the subfamilies of the Ras GTPase
superfamily

1.3. 1 ·The Rho subfamily
The Rho family of small GTPases comprises at least 20 members in humans (8 in
Drosophila melanogaster), which can be classified into 6 subgroups; the Rho-like , Rac-

like, Cdc42-like, Rnd, RhoBTB and RhoT subfamilies (reviewed in Burridge and
Wennerberg, 2004; Colicelli, 2004). The best characterised roles of the Rho subfamily
of proteins are in the regulation of the cytoskeleton. The most intensely studied Rho
family proteins are Rho, Rae and Cdc42. These proteins act in the characteristic role as
molecular switches, which respond to extracellular and intracellular signals to modulate
the cytoskeleton via their effector proteins. A simple model of Rho GTPase action in
cytoskeletal rearrangement is that activation of each produces a specific type of
cytoskeletal structure. Active Rae promotes actin re-arrangement at the cell periphery
leading to the production of lamellipodia (Nobes and Hall, 1995; Ridley et al. , 1992),
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which are thin actin-rich sheets characteristic of many types of migrating cells. Active
Cdc42 leads to the production of filopodia (No bes and Hall, 1995), which are small,
finger-like projections containing a tight bundle of long actin filaments that are
orientated in the direction of the protrusion. These structures are also characteristic of
migratory cells, and cells producing extensions, such as the growth cones of neuronal
cells. Active Rho results in the formation of actin and myosin-rich stress fibres (Ridley
and Hall, 1992), which traverse the cell, maintaining the structure and integrity of the
cell through contacts with the extracellular matrix known as focal adhesions.

Less is known about the functions of the Rnd and RhoB TB subfamilies, although they
possess some marked structural differences compared to other Rho subfamilies. The
Rnd branch, which can act antagonistically to the Rho family, have amino acid
substitutions that result in a loss of GTPase activity (Foster et al., 1996). Thus, rather
than being regulated by GTP/GDP cycling, at least one member of this branch (Rnd3) is
regulated at the transcriptional level (Hansen et al., 2000). The RhoBTB family is
characterised by a large COOR-terminal extension containing two BTB domains. The
biological roles of the RhoBTB GTPases are largely unknown although there is
evidence that they may be involved in the regulation of cell growth (Hamaguchi et al.,
2002). The final branch of the Rho family, the RhoT branch, have many distinct
structural features and localise to the mitochondria where they have roles in regulating
mitochondrial homeostasis and apoptosis (Fransson et al., 2003).

Although most of the work on the Rho subfamily has focused on its roles in the
regulation of the cytoskeleton, Rho subfamily proteins also have many varied roles in
most aspects of cell biology and development, including the regulation of cell polarity,
cell cycle progression, vesicle transport, microtubule dynamics and gene transcription
(reviewed in Etienne-Manneville and Hall, 2002).

1.3.2 The Rab subfamily
Rab GTPases were first identified as Ras related GTPases expressed in the brain.
Subsequently, Rab GTPases have been found to have roles necessary for universal
cellular processes. To date, at least 60 Rab GTPases have been identified in humans
and at least 32 in D. melanogaster. Rab GTPases have been found to be integral in the
processes of vesicle budding, tethering and docking during vesicular transport, which
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are essential events for many neural and other cell biological processes (reviewed in
Zerial and McBride, 200 I). Rabs, by their specific domains of localisation on the
cytosolic face of organelles, are thought to be integral to the mechanism that provides
docking specificity to newly recruited vesicles. Rabs are also directly involved in
organelle and transport vesicle interactions with the molecular motors that act to
transport them around the cell (reviewed in Hammer and Wu, 2002). The sheer number
of Rab GTPases and the sequence similarities of paralogues suggests that there has been
significant duplication of this gene family. This may reflect the specific targeting of
members of this family to distinct domains and subsets of intracellular membranes.

1.3.3 The Ran subfamily
Although considered a separate subfamily of the Ras superfamily based on function,
sequence analysis suggests that the Ran subfamily is actually a branch of the Rab
subfamily (Colicelli, 2004; this study). Despite being distantly related, the roles played
by the Ran GTPases are completely different to the roles played by Rab GTPases. Ran
has been best characterised for its role in the regulation of nuclear transport, which is
accomplished by the polarised distribution of RanGTP between the nucleus and
cytoplasm. In the nucleus, RanGTP is able to displace the cargo from the importin
complex, releasing it into the nucleus, while at the same time forming a complex with
the importins to export them to the cytosol. RanGTP also complexes with exportin and
its cargo to mediate export. In both import and export, GTP hydrolysis catalysed by
RanGAP takes place in the cytosol, thereby disassembling the complex. RanGDP is
then imported into the nucleus by NTF2 and activated by the RanGEF RCCI in the
nucleus (reviewed in Quimby and Corbett, 200 I). Ran is also involved in spindle
positioning and attachment by regulation of its GTP/GDP cycle. In this case, RCCI,
located along metaphase chromosomes, creates a high local concentration of RanGTP,
which, through its effectors, promotes microtubule stability and polymerisation
(reviewed by Dasso, 2001). Ran is also involved in nuclear envelope assembly, again
through the presence of a localised high concentration of RanGTP in the vicinity of the
chromosomes, which leads to the binding of importins, and the subsequent recruitment
of other factors that mediate nuclear envelope assembly (Hetzer et al., 2000; Zhang and
Clarke, 2000).
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1.3.4 The ARF subfamily
The ADP Ribosylation Factor (ARP) subfamily of small GTPases regulate various
cellular processes including membrane trafficking and actin remodeling. As with most
members of the Ras superfamily, their activity is determined by their nucleotide bound
state. However, their nucleotide bound state also influences their subcellular
localisation, with GDP-bound ARP's being generally soluble and GTP-bound ARP's
being tightly membrane associated, because the N-terminal myristolated amphipathic
helix of ArfGTP is able to interact with the lipid bilayer (Paris et al., 1997). Active
ARP's interact with their effectors at membrane surfaces, including lipid metabolising
enzymes and vesicle coat proteins (reviewed in Nie et al., 2003). It is also at membrane
surfaces that Arfs interact with their GEFs and GAPs (reviewed in Donaldson and
Jackson, 2000). The six members of the mammalian ARP subfamily are divided into
three classes based on primary structure. Class I comprises Arfs 1, 2 and 3, class II
comprises Arfs 4 and 5 and class III is comprised solely of Arf6. Class I Arfs have been
well studied and are known to be involved in the ER-Golgi and endosomal systems
where their recruitment of coat protein complexes leads to localised membrane
deformation and cargo molecule capture in the forming vesicle. A GAP within the
vesicle stimulates the hydrolysis of the bound GTP, releasing Arf-GDP and leading to
dissociation of the coat complexes prior to vesicle fusion (Goldberg, 1999). The Class
III Arf, Arf6, is the least conserved of the Arf family and has a distinct role from the
Class I Arfs. Arf6 is involved in the regulation of the peripheral membranes and cycles
between the plasma membrane and recycling endosomes, directed by its nucleotide
status (Radhakrishna and Donaldson, 1997). A distantly related member of the Arf
family, Sar, is also involved in trafficking, but specifically regulates ER to golgi traffic
(Kuge et al., 1994). Other ARP subfamily proteins including Arf domain protein (Ard),
Arf-like proteins (Arls) and Arf-related (Arp) have also been identified but their
biological roles are poorly understood.

1.3.5 The Ras subfamily
The Ras GTPase forms a crucial step in the highly conserved Ras/MAP kinase (MAPK)
pathway that regulates cell growth, proliferation and survival. This pathway receives
extracellular signals, most often through a receptor tyrosine kinase, and transduces them
to the nucleus to regulate transcription of specific target genes. Autophosphorylation of
the ligand-bound receptor results in the recruitment of an adaptor molecule, which in
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turn recruits a RasGEF. This activates Ras by stimulating the exchange of GTP for
GDP. Ras activation leads to activation of the Ras effector kinase Raf, which
phosphorylates MEK, which in tum phosphorylates MAPK. This multi-protein
signalling cascade carries the signal to the nucleus where the activation or repression of
specific transcription factors leads to a change in the expression profile of the cell in
response to the specific extracellular signal (reviewed in Chang et al., 2003).

The canonical human p21 Ras GTPase actually refers to any one of four proteins
encoded by the N-Ras, H-Ras and K-Ras genes (Shimizu et al., 1983). All are
characterised by transforming activity when constituitively active and all can be
activated by the same extracellular signals and bind many of the same effectors, GEFs
and GAPs, although evidence is emerging that they may have distinct biological
functions (Johnson et al., 1997; Umanoff et al., 1995). In D. melanogaster, this family
is represented by only one member, Ras85D. Ras oncogenes were first isolated by
virtue of their oncogenic activity, ·as an activated form with an amino acid substitution
at glycine 12. Subsequent biochemical analysis indicated that these oncogenic forms of
Ras possessed very low GTPase activity (Gibbs et al., 1984; McGrath et al., 1984), and
thus were effectively locked in their active state. Similar mutations and also mutations
at position 61 have been found in cellular oncogenic variants of Ras (Bos et al., 1984).
The oncogenic forms of Ras are generally unable to catalyse the hydrolysis of GTP into
GDP and thus constitutively activate the MAPK pathway, leading to uncontrolled cell
growth and tumour formation.

The canonical Ras proteins are the best characterised members of the Ras subfamily,
largely due to their incredibly potent ability to promote cellular transformation.
However, there are several other related GTPases that have both overlapping and
distinct functions. The GTPases most closely related to Ras, the R-Ras proteins
(Ras64B in D. melanogaster), are also able to promote transformation, although not to
the same extent as the Ras proteins (Cox et al., 1994). Many attributes of the R-Ras
proteins are shared with the Ras proteins, notably the ability to bind to many of the
same protein regulators and effectors and also to respond to the same extracellular
stimuli. However, there is also evidence that these proteins do not always overlap in
function and also may activate the MAPK pathway to different extents (Marte et al.,
1997).
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Another Ras-related group of GTPases, the Ral GTPases (Rala in D. melanogaster), act
downstream of Ras signalling. GEFs for Ral GTPases are bound and activated by, and
thus are essentially effectors of, Ras GTPases (reviewed in Wolthuis and Bos, 1999).
A role downstream of Ras is just one of the roles of Ral GTPases, as they are also able
to be activated by calcium, independent of Ras (Hofer et al., 1998), and have additional
roles in the polarisation of epithelial cells (Shipitsin and Feig, 2004), endocytosis
(Nakashima et al., 1999), and membrane trafficking (Sugihara et al., 2002).

The Rap GTPases (Roughened and Rap2L in D. melanogaster) appear to function at
least some of the time as antagonists of Ras signalling. Growth factor stimulation has
been shown to result in a switch from Rapl-Rafto Ras-Raf complexes (Okada et al.,
1998). It is clear that the Rapl GTPases also function as signal transducers in their own
right, as they are activated by a variety of growth-promoting stimuli as well as calcium,
diacylglycerol and cAMP, and have their own effectors distinct from Ras targets
(Serebriiskii et al., 1997). Rap proteins also have roles in integrin activation and
subsequent cell adhesion and spreading (McLeod et al., 2004; Reedquist et al., 2000).

Ritl and Rit2/Rin GTPases (Ric in D. melanogaster) are distinct from other members of
the Ras subfamily in that they do not possess the C-terminal CAAX motif. Activated
mutants of Ritl are able to induce transformation, but appear not to be acting through
the Ras/MAPK pathway and probably do not participate in in vivo tumorigenesis
(Rusyn et al., 2000). These GTPases are known to promote neuronal cell survival as
well as differentiation by promoting the formation of neurites (Hoshino and Nakamura,
2003; Spencer et al., 2002), and the levels of both proteins are elevated in neurons (Lee
et al., 1996). The activity of Rin is also regulated by Calmodulin (CaM, Hoshino and
Nakamura, 2003).

NKIRAS proteins were discovered as inhibitors of the transcriptional activity of NFKB.
They perform this inhibition by binding the IKBINFKB cytoplasmic complex,
preventing dissociation of IKB and the subsequent translocation of NFKB to the nucleus
rendering it unable to activate transcription of target genes (Chen et al., 2003; Fenwick
et al., 2000).
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Rheb GTPases are another member of the Ras subfamily that regulate cell growth.
Rheb acts as a mediator between the tumour suppressor proteins TSCl and TSC2 and
mTOR, and is itself regulated by a GAP domain in the C-terminus of TSC2 (Inoki et al.,
2003). The Rheb GTPases exhibit distinct characteristics from the Ras GTPases. Rheb
contains a non-conserved amino acid at the equivalent of position 12 in Ras that results
in very low intrinsic GTPase activity, but GTPase activity can still be stimulated in a
novel way by the TSC2 GAP domain (Yu et al., 2005). Rheb is also unusual in that it is
transcriptionally induced under certain conditions, and thus may be regulated primarily
at the level of transcription rather than by a GDP/GTP switch.

Rhebs are not the only Ras subfamily members that are transcriptionally regulated.
Several of the more poorly understood branches of the Ras subfamily are also either
specifically expressed, or enriched in certain tissues, or are upregulated in response to
particular stimuli. These include the RasD proteins, RasDl and RasD2, which can be
induced by dexamethasone and efaroxan respectively (Chan et al., 2002; Kemppainen
and Behrend, 1998), and the RERG protein, which is induced upon estrogen stimulation
(Finlin et al., 2001). The RERG branch of the Ras subfamily also contains related
GTPases (RASL) about which very little is known. The other unusual feature of the
Rheb GTPases, the low GTPase activity, is also shared by other members of the Ras
subfamily. The DIRAS branch of GTPases are also present mostly in the GTP-bound
state and act to antagonise Ras signalling (Ellis et al., 2002; Kontani et al., 2002).
Consistent with this, DIRAS 1 has been found to be downregulated in tumours (Ellis et
al., 2002).

The remaining branch of the mammalian Ras subfamily, the RGK GTPases, comprise
four members, Rad, Gem, Reml and Rem2. Together with some of the less well known
members of the Ras subfamily described above, these proteins share the characteristics
of having low intrinsic GTPase activity and also being transcriptionally regulated. The
RGK family of GTPases is the topic of this thesis.

1.4

The RGK GTPases

The founding members of the RGK family of GTPases, Rad, Gem and kir, were
identified as novel Ras-like genes that are induced under certain physiological
conditions. Rad (Ras -9:ssociated with giabetes) was identified as a gene overexpressed
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in the muscles of patients with type II diabetes (Reynet and Kahn, 1993). Gem was
identified as a transcript rapidly and transiently induced in human T cells following
mitogenic stimulation (Maguire et al., 1994). Concurrently a ras-like gene named kir
was identified as a transcript induced in cells that had been transformed by ab! tyrosine
kinase oncogenes (Cohen et al., 1994). kir and Gem transcripts differ only in their 5'
UTRs and are encoded by the same gene, and are henceforth referred to as Gem.
Degenerate oligo PCR-based methods were then used to identify more members of this
family, yielding two new members of the RGK family, Rem and Rem2 (Finlin and
Andres, 1997; Finlin et al., 2000). Rem expression is repressed by lipopolysaccharide
stimulation, indicating that RGK GTPases can be both induced and repressed by
physiological stimuli (Finlin and Andres, 1997).

1.4. 1 Expression of the RGK GTPases
Further reports of RGK expression in response to different stimuli include Gem being
upregulated in endothelial cells following stimulation by inflammatory cytokines
(Vanhove et al., 1997). Also Gem was identified as being constitutively expressed in
cultured melanoma and neuroblastoma cell lines (Leone et al., 2001), and in tumourderived cell lines (Ross et al., 2000). Rad expression is observed during myotube
formation (Paulik et al., 1997), in the regenerating limb muscle in the newt Cynops
pyrrhoga ster (Shimizu-Nishikawa et al., 2001), and in the carotid artery in the rat

following injury (Fu et al., 2005). The evidence for a role in the regulation of glucose
metabolism, by which Rad was initially discovered (Reynet and Kahn, 1993), is both
supported and contradicted by more recent studies, which have found that Rad
expression is induced by insulin in humans (Laville et al., 1996), but alternately that
insulin sensitive, insulin resistant and non-treated patients with type II diabetes have no
difference in Rad expression (Garvey et al., 1997). Separately, a study on a human
population susceptible to type II diabetes and also on a rat model of type II diabetes
failed to detect a correlation with Rad expression and the incidence of diabetes (Paulik
et al., 1997). Rem is expressed in the endothelial cells lining blood vessels in the
uterus, heart, colon and breast but is not detected in vessels in the brain and liver (Pan et
al., 2000). Rem is also expressed in striated muscle cells (Finlin et al., 2003). Rem2
was identified as being strongly induced in pancreatic ~-cells by high levels of glucose.
Overexpression of Rem2 in these cells prevented glucose-stimulated insulin secretion,
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suggesting the presence of a feedback loop controlling glucose metabolism (Finlin et
al., 2005).

1.4.2 Structural properties of the RGK GTPases

The mammalian RGK family has several distinguishing features. Beyond the GTPase
domain, RGK GTPases have relatively long N-terminal and C-terminal extensions,
which is unusual for Ras family GTPases. Whilst the N-terminus does not contain any
known functional domains, the C-terminus contains a CaM binding domain (Finlin et
al., 2000; Fischer et al., 1996; Moyers et al., 1997), and a region of conservation at the
very C-terminus, which may represent a novel site of post-translational modification
(see below). Within the GTPase domain, RGKs have variant G 1 and G3 motifs, which
are predicted to result in a low intrinsic GTPase activity and a reduced sensitivity to
GAPs, resulting in the protein being locked in a GTP-bound active state (Cohen et al. ,
1994; Finlin and Andres, 1997; Finlin et al., 2000; Maguire et al., 1994; Reynet and
Kahn, 1993). RGK GTPases are also distinct in their G2 domains, which are normally
required for effector binding and adoption of the active conformation. RGK GTPases
localise to the cell membrane, although analysis of truncated proteins suggests that the
CaM binding domain and not the conserved C-terminus is necessary for this localisation
(Finlin et al., 2000; Fischer et al., 1996; Moyers et al., 1997).

1.4.3 Common biological roles of the RGKs
1.4.3.1

Regulatio n of the cytoskele ton

RGK GTPases share similar structural characteristics and are also involved in similar
processes. At the cellular level, overexpression of mammalian RGK GTPases induces
cytoskeletal remodeling. Despite being predominantly localised to the cytosol and the
membranes, overexpressed RGKs have also been reported to localise to the actin and
microtubule networks (Bilan et al. , 1998; Moyers et al. , 1996; Piddini et al. , 2001).
Overexpression of Gem in the budding yeast Saccharo myces cerevisiae induced
invasive pseudohyphal growth, which requires significant cytoskeletal rearrangement
(Dorin et al. , 1995). Gem was also found to be significantly upregulated in the brains of
mice lacking the microtubule-associated protein (MAP) Tau, and cell protrusions
induced by the ectopic expression of Gem were antagonised by Tau overexpression
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(Oyama et al., 2004). As no direct interaction has been demonstrated for Gem and Tau
or other MAPs, this effect may be due to indirect perturbation of Gem's microtubule
localisation by an overabundance of these MAPs on the microtubules.

Ectopic expression of Gem in neuroblastoma cell lines results in cell flattening and
neurite extension, which reverses the cell rounding caused by overexpression of Rho
Kinase (ROK; Leone et al., 2001). Gem is also expressed in the developing trigeminal
ganglia, indicating that endogenous Gem may also have a role in neurite extension
(Leone et al., 2001). A similar antagonistic relationship between Gem and ROK occurs
in epithelial cells where Gem represses ROK-mediated cell rounding by directly binding
ROKB adjacent to the Rho binding domain, preventing ROKB from phosphorylating a
subset of its targets (Ward et al., 2002) Another intriguing link to cytoskeletal regulation
and Rho GTPase signalling pathways is the interaction of Gem with GMIP, a Rho
specific GAP (Aresta et al., 2002). A requirement for a particular nucleotide bound
conformation of Gem for GMIP binding is yet to be determined (Aresta et al., 2002).
The interaction of Gem with GMIP, together with the interaction with ROKB
demonstrates that there is likely to be considerable crosstalk between the RGK and Rho
signalling pathways in mammalian cells.

Similarly to Gem, overexpression of Rad in neuroblastoma cell lines also results in cell
flattening and elongation, which, as with Gem overexpression, opposes ROK-induced
cell rounding (Ward et al., 2002). Whilst Gem elicits its effect by directly binding
ROKB, Rad interacts with RO Ka. Consistent with this, Rad and Gem are unable to
fully oppose cell rounding brought about by overexpression of the ROK to which they
do not bind (Ward et al., 2002). Rad also physically interacts with skeletal muscle ~Tropomyosin (Zhu et al., 1996). This binding is stronger for RadGDP than for RadGTP
and the interaction is also significantly increased in the presence of high levels of
calcium brought about by addition of a calcium ionophore (Zhu et al., 1996). Thus, the
preferential binding of GDP-Rad to ~-Tropomyosin and the enhancement of this
binding in the presence of high cellular calcium suggests that the ability of Rad to
interact with ~-Tropomyosin may be regulated by extracellular cues, possibly by
calcium/CaM.
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Rad also physically interacts with a tumour suppressor, NM23 (Zhu et al., 1999).
NM23 protein is a nucleoside diphosphate kinase, which adds phosphate groups to
nucleoside diphosphates, producing nucleoside triphosphates such as GTP. NM23 was
isolated as the active component of a previously characterised cellular GAP activity
specific to Rad (Zhu et al., 1995; Zhu et al., 1999), and suppresses the growthpromoting activity of transfected Rad in cancer cell lines (Tseng et al., 2001 ).
Interestingly, NM23 also has GEF activity to Rad, Gem and Ras. The replacement of
GDP by GTP is thought to occur by the in situ conversion of GDP to GTP whilst the
nucleotide is still bound to the GTPase (Zhu et al., 1999).

Less is known about the effects on the cytoskeleton caused by the overexpression of
Rem and Rem2, and no interactions with any proteins related to the cytoskeleton have
been reported for either protein. Overexpression of human Rem (also referred to as
Ges) in human umbilical artery endothelial cells promotes morphological changes,
producing long cytoplasmic extensions and reorganisation of the actin cytoskeleton in a
process referred to as cell sprouting (Pan et al., 2000). Interestingly, cell sprouting
induced by Matrigel, which is composed of extra-cellular matrix proteins and growth
factors, is enhanced when the cells are transfected with wild-type Rem but suppressed
when cells are transfected with the dominant negative Rem T94N, suggesting that
RemGTP is required for the effects on cell morphology (Pan et al., 2000). This
contrasts with the cytoskeletal changes induced by Gem, which do not require GemGTP
(Ward et al., 2002). Alteration of cell morphology has been reported for Rem2 (Beguin
et al., 2005a), and this will be discussed below in the context of calcium channel
regulation.

1.4.3.2

Mammalian RGK Qroteins interact with 14-3-3 and CaM

The N-terminal and C-terminal extensions beyond the GTPase domains of the RGK
GTPases have significant roles in their cellular functions. The most prominent feature
in these extensions is the C-terminal CaM binding domain that is well conserved in
primary sequence in all four RGKs, and is predicted in all four cases to form an
amphipathic a-helix characteristic of a CaM binding domain. CaM is a second
messenger that adopts an active conformation upon binding intracellular calcium ions,
which enables it to bind to one of its several hundred characterised interacting proteins
(reviewed in Vetter and Leclerc, 2003). Deletion or mutation of the CaM binding
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domain of the RGKs leads to nuclear accumulation of the RGK (Beguin et al., 2005a;
Beguin et al., 2001; Fischer et al., 1996). This nuclear accumulation can be cleared by
the co-expression of 14-3-3. 14-3-3 proteins are a family of seven isoforms,
(~, Yl, a,£, -r, y, and~' referred to here collectively as 14-3-3) all of which, with the
exception of 14-3-3a have been demonstrated to bind Gem GTPase (Beguin et al.,
2005b ), and all of which bind Rem2 (Beguin et al., 2005a). Some 14-3-3 isoforms have
been shown to bind both Rem and Rad, but not all 14-3-3 isoforms have been tested for
interaction with these proteins (Finlin and Andres, 1999). 14-3-3 proteins are
scaffolding proteins that elicit their effects by binding target proteins and inducing
conformational change, masking localisation signals and protein-protein interaction
motifs or phosphory lated sites, altering protein stability, or acting as an adaptor to bring
two proteins in close proximity to one another (reviewed in Tzivion et al., 2001 ). In
some cases, such as for the mammalian RGKs, 14-3-3 proteins bind as dimers to two
sites in a target protein (reviewed in Yaffe, 2002). Binding sites for 14-3-3 proteins
contain a serine or threonine, which must be phosphorylated for 14-3-3 binding. For the
mammalian RGKs, a highly conserved serine residue eight amino acids from the end of
the protein, and ten amino acids C-terminal of the CaM binding site, is the C-terminal
14-3-3 binding site (Beguin et al., 2005a; Finlin and Andres, 1999; Ward et al., 2004).
Interestingly, while this site is invariant among the mammalian RGKs, the N-terminal
binding site is not conserved in position nor in the predicted consensus motif for a
particular cellular kinase, suggesting a mechanism by which the binding of 14-3-3 could
be limited to a particular RGK by the activation of a particular cellular kinase (Beguin
et al., 2005b). Given the ability of 14-3-3 to alter the activity of bound proteins
discussed above, the interaction with 14-3-3 may provide a mechanism for the
regulation of the RGK GTPases.

1.4.3.3

Mammalian RGK GTPases in tile control of calcium channel activity

Another common feature of all mammalian RGKs is the ability to regulate calcium
signalling through direct interaction with the ~-subunits of L-type and N-type voltagegated calcium channels (Cav~ subunits; Beguin et al., 2005a; Beguin et al., 2005b;
Beguin et al., 2001; Chen et al., 2005; Finlin et al., 2003; Finlin et al., 2005; Sasaki et
al., 2005). This role was discovered by the identification of a Cav~ subunit as a Gem
interactor in a yeast-2-hybrid screen (Beguin et al., 2001). Strikingly, calcium channel
currents generated by co-expression of Cav~ subunits and a subunits of L-type calcium
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channels in Xenopus oocytes are inhibited by co-expression of Gem (Beguin et al.,
2001 ). The normal role of the Cav~ subunit is to traffic the a subunit to the plasma
membrane for expression on the surface of the cell (Chien et al., 1995). Overexpression
of Gem causes an accumulation of the a subunit at the cytosolic face of the plasma
membrane, resulting in no surface expression of the calcium channel (Beguin et al.,
2001 ). This effect is due to the Gem interaction with the Cav~ subunit preventing
association of the Cav~ and a subunits (Sasaki et al., 2005). While this effect was
initially thought to be mediated by preventing the trafficking and assembly of newly
expressed channels to the surface, the kinetics of the RGK-mediated suppression of
calcium influx coupled with the predicted half life of 36 to 48 hours for calcium
channels at the cell surface (Moss et al., 2002), suggest that the RGKs also inhibit preexisting channels. Indeed, Rem2 has been demonstrated to block N-type and L-type
calcium channel activity without altering surface distribution of the channels,
suggesting that it can bind assembled channels and produce a non-conducting complex
(Chen et al., 2005; Finlin et al., 2005).

The interaction of Gem and Rem2 with Cav~ subunits requires the RGK to be bound to
GTP, thus, Cav~ subunits are effectors of at least two of the RGKs (Beguin et al.,
2005a; Beguin et al., 2005b ). The ability of mutant forms of Rad and Rem that are
unable to bind GTP to bind Cav~ subunits has not been determined (Finlin et al., 2003).
Interestingly, whilst the binding of a mutant version of Rem2 unable to bind GTP to the
Cav~ subunit is significantly decreased compared to wild-type (Beguin et al., 2005a), a
separate study showed that overexpression of this version of Rem2 is still able to inhibit
calcium channel activity (Chen et al., 2005). However, it is possible that this effect is
due to the high exogenous levels of the Rem2 mutant, and it is unclear whether Rem2
that is not bound to GTP at endogenous levels would also be able to inhibit calcium
channels. Due to their low rates of GTP hydrolysis, RGK GTPases are present in their
active state in the cell most of the time (Beguin et al., 2005b). Thus, their ability to bind
Cav~ subunits needs to be controlled by a mechanism not involving the GTP/GDP
switch.
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1.4.3.4

Control of RGK protein activity

The binding of an RGK (Gem) to 14-3-3, CaM and Cav~ subunits is mutually exclusive
(Beguin et al., 2005b). Thus binding of CaM and 14-3-3 modulators could be major
factors controlling and directing the activity of RGK proteins (Figure 1.3). Expression
of Rem2 or Gem proteins with mutations that disrupt the CaM binding domain results in
predominantly nuclear localisation of the RGK (Beguin et al., 2005a; Beguin et al.,
2001; Fischer et al., 1996; Maguire et al., 1994). However, co-expression of 14-3-3
with the mutant RGK results in the redistribution of the RGK to the cytosol (Beguin et
al., 2005a; Beguin et al., 2005b). This redistribution is dependent on 14-3-3 binding to
the RGK protein as expression of an RGK protein with both the CaM binding site and
the 14-3-3 binding sites mutated cannot be cleared from the nucleus (Beguin et al.,
2005a; Beguin et al., 2005b ). These proteins are unable to inhibit calcium channel
activity, presumably due to their mislocalisation. Likewise, studies on Rem and Rad
have shown that mutations in their CaM binding domains also prevent the inhibition of
calcium channel activity (Finlin et al., 2003). However, the localisation of the
expressed proteins was not determined and thus the loss of activity was probably due to
mislocalisation (Finlin et al., 2003).

The phosphorylation of Gem at the 14-3-3 binding sites and at the conserved serine
immediately before the CaM binding domain is necessary for the inhibitory activity of
Gem towards ROK~ (Ward et al, 2004). Although phosphorylation of the 14-3-3
binding sites allows 14-3-3 to bind Gem, the phosphorylation of the C-terminal sites
alone and not the association of 14-3-3 was initially thought to be necessary for the
cytoskeletal regulatory activity of Gem. Expression of both a version of Gem with a
S22A mutation of the N-terminal 14-3-3 binding site, and a version with a S289D
phospho-mimetic mutation at the C-terminal 14-3-3 binding site, neither of which can
bind 14-3-3, induced cellular extensions reminiscent of expression of the wild-type
protein (Ward et al., 2004). The binding of 14-3-3 increases the stability of the Gem
and Rem2 proteins, and inhibits dephosphorylation of the 14-3-3 binding sites (Beguin
et al., 2005a; Beguin et al., 2005b; Ward et al., 2004). The effect of 14-3-3 binding on
protein stability or phosphorylation has not been determined for Rad or Rem (Finlin and
Andres, 1999). Interestingly, the level of free 14-3-3 in the cell and not the level of the
RGK appears to be the limiting factor in determining interactions between the proteins
(Beguin et al., 2005b ). Thus, at endogenous levels of RGK protein, the interactions
17

Fig ure 1.3

Mo del for reg ula tion of Ge m loc alis atio n and act ivit y

Ge m is reg ula ted by its pho sph ory lati on state and bin din g of 14-3-3 and CaM. Rem ova l
of Ge m from the nuc leu s is acc om plis hed by either pho sph ory lati on leading to 14-3-3
bin din g, or by an increase in cellular cal ciu m leading to CaM binding. Ge m bou nd to
14-3-3 changes con for ma tion and represses RO K activity. De- pho sph ory lati on leads to
loss of 14-3-3 bin din g and reli ef of inhibition of ROK. Ge mG TP com ple xed to Cav~
results in inhibition of vol tag e-d epe nde nt cal ciu m channel (VD CC ) activity , pos sib ly by
either direct inhibition at the pla sm a me mb ran e or pre ven tion of cha nne l tran spo rt, or by
bot h mechanisms. The bin din g of 14-3-3 , CaM and Cav~ to Ge m is mutually exc lus ive
and thus the acti vity of Ge m is reg ula ted by the concentrations of free bin din g partners
in the cell. The figure is Fig ure 2 from (Kelly, 2005).
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with 14-3-3 may be critical in maintaining levels of phosphorylated proteins, and, given
the known roles of 14-3-3 in altering protein conformation, may actually be required for
activity in the regulation of the cytoskeleton (Figure 1.3).

The binding of Gem to the

~

subunits of calcium channels is exclusively carried out by

the fast migrating form of Gem, which is thought to be unphosphorylated at the 14-3-3
binding sites, and thus the binding appears to be inhibited by phosphorylation and/or
14-3-3 binding (Beguin et al., 2005b ). The Cav~ subunit can be displaced by the
binding of CaM, suggesting that CaM is a direct negative regulator of Gem-mediated
inhibition of calcium channel expression. Interestingly, Gem S88N, which cannot bind
GTP, has a higher affinity for CaM than the wild-type protein (Beguin et al., 2005b).
Coupled with the ability of CaM to inhibit the GTP binding of wild-type Gem (Fischer
et al., 1996), this suggests that CaM may also regulate the nucleotide binding status of
Gem and, thus, its control of calcium channel function through a possibly distinct
mechanism.

1.4.4 RGK summary

Based on overexpression studies, the mammalian RGKs have many shared biological
roles. At the endogenous level, all are subject to transcriptional regulation, which
probably acts to control RGK-mediated signalling as RGKs are most often present in
their GTP-bound state. However, it is clear that RGKs can be regulated by a GDP/GTP
cycle and have genuine effector proteins in the ~-subunits of voltage-gated calcium
channels. All RGKs when overexpressed regulate calcium channel activity by this
binding and also have separate roles in the regulation of the cytoskeleton. All RGKs
interact with CaM and 14-3-3 proteins and these interactions regulate the subcellular
localisation and activity of overexpressed RGKs (Figure 1.3). These interactions are
regulated by phosphorylation of the RGKs by a variety of cellular kinases, as 14-3-3
binds to sites containing phosphorylated serines. Interestingly, for all four RGKs the Cterminal 14-3-3 binding site is not a specific phosphorylation site for any particular
kinase and is well conserved in terms of relative position in the protein, but the Nterminal 14-3-3 binding site appears to be a more specific phosphorylation target and is
not well conserved in terms of relative position or the cellular kinase for which it is a
target (Beguin et al., 2005a). This may be a control mechanism that allows the
association of 14-3-3 with a particular RGK GTPase in response to a particular
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stimulus. RGKs have also been shown to interact with proteins involved in the
regulation of the cytoskeleton, and there is strong evidence that at least a subset of the
RGKs directly interact with components of the Rho signalling pathway (Ward et al.,
2002), suggesting cross-talk between the RGK and Rho signalling pathways.

1.4.5 Loss of function of RGK GTPases
As noted above, all of the biological roles described for RGKs above involve
overexpression of wild-type or mutant RGKs in a cell that is wildtype for the particular
RGK. Only one study has described a loss of function phenotype for an RGK GTPase,
and this was the result of a screen for novel synthetic ribozymes to identify genes
involved in cell invasion (Suyama et al., 2003). Ribozymes are RNA enzymes that
cleave RNAs with complementary sequence with high specificity (Haseloff and
Gerlach, 1988; Uhlenbeck, 1987), thus resulting in a lowered expression of the target
gene. Using this approach, degradation of the mRNA encoding Gem GTPase was
found to enhance the invasiveness ofNIH-3T3 fibroblasts (Suyama et al., 2003). Gem
GTPase is absent in certain cancer cell lines (Maguire et al., 1994), and upregulated in
others (Leone et al., 2001 ), suggesting that Gem may alternatively function as a tumour
suppressor or an oncogene in different cell types.

There are no other studies of the effect of loss of any of the RGK GTPases. Given the
important biological roles of the mammalian RGKs identified by overexpression
studies, it is likely that RGK GTPases have important roles in development, cell growth
and cell homeostasis. To gain further insight into the biological roles of the RGK
GTPases, it will be necessary to perform loss-of-function analysis of the gene family.
Database analysis of the D. melanogaster genome revealed that there are four RGK
genes in D. melanogaster. These genes have not been analysed in any published work
and no mutations have been identified. The genetic tools available in D. melanogaster,
especially the ability to perform "reverse genetics" by in vivo gene targeting, make it an
ideal organism to further analyse the biological roles of the RGK gene family.

1.5

Reverse genetics in D. melanogaster

For almost a century, D. melanogaster has been the genetic model organism of choice,
owing largely to its small size, many phenotypic markers and fast generation time.
These factors, and the ease of mutagenesis, permit the phenotypic analysis of larger
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numbers of individuals than can be examined in mammalian forward genetic screens.
Such genetic screens identify phenotypes of interest that result from mutations, which
can be genetically mapped to identify the affected gene, thus establishing a causative
relationship between a mutation and a phenotype. Since the publication of the D.
melanogaster genome sequence, it has been estimated that the total number of genes in
the genome is approximately 13,600. However, at the time of publication of the
genome sequence, only approximately 20 percent of these genes had been discussed in
the literature and only half of this 20 percent had been characterised by genetic methods
(Adams and Sekelsky, 2002). Estimates of the total number of genes essential for
viability based on saturating screens of defined areas suggest that approximately one
third of D. melanogaster genes are essential for viability (Miklos and Rubin, 1996).
Despite the large number of forward genetic screens that have been carried out in D.
melanogaster, the number of characterised genes is still well below the estimate of the
total number of essential genes. Additionally, genes may be refractive to analysis by
forward genetics due to functional redundancy. An example of this within the Ras
superfamily is the redundancy of Rae 1, Rac2 and Mtl in D. melanogaster. Single
mutants for each of the three genes are viable and fertile, but triple mutants and all
double mutant combinations except Rac2 and Mtl are lethal and exhibit a wide range of
developmental phenotypes (Hakeda-Suzuki et al., 2002; Ng et al., 2002). The absence
of any previously characterised loss-of-function alleles for any of the D. melanogaster
Rae GTPases was most likely because mutants had not been isolated from genetic
screens due this functional redundancy. Rae 1, Rac2 and Mtl also illustrate the dangers
of inferring the function of genes by the overexpression of wild-type and dominant
negative versions of proteins. Overexpression of dominant-negative forms of Rae had
previously been demonstrated to produce defects in planar cell polarity (Eaton et al.,
1996; Panto et al., 2000), but these defects were not seen in any Rae mutant
combinations (Hakeda-Suzuki et al., 2002). The situation with the Rae GTPases before
the identification of the loss-of-function alleles is analogous to the situation with the
RGK GTPases, where roles had been inferred for the genes based on overexpression
studies but no loss of function studies.

Since the publication of the D. melanogaster genome sequence, reverse genetics has
become more widely utilised. Reverse genetics refers to the phenotypic investigation of
genes where only the gene sequence is known, thus progressing from the sequence of a
gene to the phenotypes associated with perturbation of that gene. The simplest example
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of a post-genome reverse genetic approach to obtain mutations in a gene of interest is
the creation of small deficiencies by excision of a P-element in or near the gene of
interest. However this approach is not ideal as removal of the P-element often results in
the mutation of nearby genes, which may confound the mutant phenotype. Also, many
genes are refractory to P-element insertion due to the non-random nature of P-element
insertion preferences (Spradling et al., 1999), and thus do not have a suitably located Pinsertion. Another approach that is regularly used to analyse the functions of genes for
which only the sequence is known is RNA interference (RNAi). RNAi is a
phenomenon where the presence of double-stranded RNA corresponding to an
expressed mRNA leads to the activation of a silencing pathway that degrades the
mRNA (Fire et al. , 1998). The dsRNA can be introduced by direct injection into
embryos or by expression of a transgene encoding a hairpin RNA .corresponding to the
target gene. RNA interference has the advantage of being able to be made inducible by
using the Gal4/UAS system (Brand and Perrimon, 1993). However, in most cases
RNAi leads to a down-regulation of expression of the target gene rather than a complete
loss of expression, and also can produce significant off-target effects (Jackson et al.,
2003).

1.5. 1 Gene targeting in D. melanogaster
The most significant development for reverse genetics in D. melanogaster has been the
advent of a method for gene targeting by homologous recombination (Rong and Golie,
2000; Rong and Golie, 2001). Gene targeting allows the generation of an in vivo
mutation that can be as small as a single nucleotide change. The method of gene
targeting in D. melanogaster is mechanistically similar to gene targeting systems that
have been used extensively in the yeast (reviewed in Rothstein, 1991 ), and mouse
models (reviewed in Muller, 1999). In all three cases, a linear piece of DNA with
homology to the target locus containing the desired mutation( s) and a selectable marker
is introduced into a cell where it replaces the endogenous gene. Targeting in D.
melanogaster differs from the process in yeast, and mouse embryonic stem cells, as the

targeting must be carried out in the context of a whole multi-cellular organism, as
embryonic stem cell lines do not exist for D. melanogaster. In order to generate the
linear DNA molecule in the germ cells in vivo, firstly transgenic flies are made by
standard P-elernent-mediated transformation with the targeting sequence flanked by
directionally orientated FLPase recombination target (FRT) sites and containing a
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recogniti on site for the yeast homing endonucl ease I-Seel. Crossing of flies with the
targeting "donor" construct to flies carrying the FLPase and I-Seel genes under the
control of heat shock promoters, followed by induction of these enzymes by heat shock
leads to excision from the chromoso me and linearisat ion of the targeting sequence.
This linear targeting molecule is then able to undergo homolog ous recombin ation with
the target locus.. This method and subseque nt derivations of this method have been used
to create mutations in many D. m:elanogaster genes (for example: Dolezal et al., 2003;
Egli et al., 2003; O'Keefe et al. , 2005; Rong and Golie, 2001; Rong et al., 2002; Seum et
al., 2002).

1.6

This Study

Despite the large body of accumula ted evidence suggestin g importan t biologica l roles of
the RGK GTPase family, the biologica l functions inferred by the loss of any of these
genes remains to be determined. This thesis describes the first character isation of the D.
melanoga ster RGK GTPase family, including comparat ive sequence analysis and in

vivo gene expression. Further, this thesis describes the reverse genetic approach es
undertak en to create mutant alleles of all four D. melanoga ster RGK genes, and the
initial phenotyp ic description of these mutant alleles ..
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Chapter 2 - Materials and Methods
2.1 Materials
2. 1. 1

Chemicals

All reagents were of analytical grade, or the highest grade obtainable.

2. 1.2

Antibiotics

Ampicillin: Sigma

2.1.3

Enzymes

Restriction endonucleases: New England Biolabs
T4 DNA ligase: New England Biolabs
Arctic Shrimp Phosphatase and Calf Intestinal Phosphatase: Roche
RNase A: Sigma
T7 RNA polymerase: Roche
Lysozyme: Sigma

Pfu and Pfu TURBO™ DNA polymerase: Stratagene
Taq polymerase: Promega, Roche, New England Biolabs
Proteinase K: Sigma
Superscript III Reverse transcriptase: Invitrogen

2. 1.4

Antibodies

anti-DIG-AP (sheep): Roche - used at 1/2000 for in situ hybridisation.

2. 1.5

Bacterial strains

E. coli DH5a: P-,f80, lacZtiMI5, recAI, endAI, gyrA96, thi-I, hsdRI 7, (rK-, MK+),

supE44, relAI, deoR, ti(lacZYA-argF) U169
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2.1.6

Vectors, clones and constructs

pTV2

Kent Golie

University of Utah

pP EndsOut2

Jeff Sekel sky

University of North Carolina

pBS-70w

Jeff Sekel sky

University of North Carolina

pn:25. 7wc( ~2-3)

Rob Saint

Australian National University

pBluescript II KS

Stratagene

pGEM-T-Easy

Promega

pLitmus 28

New England Biolabs

HL02867 (rgk4 cDNA)

Berkeley Drosophila Genome Project,
Drosophila Gene Collection

BACR21D20

Drosophila Genome Resource Centre

BACR27L09

Drosophila Genome Resource Centre

2. 1. 7

Molecular weight markers

1kb DNA ladder: New England Biolabs

2.1.8

Kits

QIAquick Gel Extraction Kit

Qiagen

QIAprep Spin Miniprep Kit

Qiagen

QIAfilter Plasmid Midi Kit

Qiagen

RNeasy Mini Kit

Qiagen

Qiashredder

Qiagen

QuikChange Site-Directed Mutagenesis kit Stratagene
2X SYBR Green Reaction mix

2. 1. 9

Applied Biosystems

cDNA library

A 0-4 hour embryonic cDNA library was obtained from Nick Brown (Brown and
Kafatos, 1988).

24

2.1.10

0/igonucleotides

Oligonucleotide primers were obtained from Geneworks: Thebarton, SA or Proligo:
Lismore, QLD.

rgkl gene targeting construct generation

9811HR5'Kpn

5' ggggtaccgcggaaacatttcccagcagcgc 3'

9811HR3'Not

5' aaggaaaaaagcggccgcggcaacaaggctttggaggctgc 3'

981 lI-SceIF

5' cgatgctgcattgcattgaatagggataacagggtaatttgcatttcattagttgtcg 3'

98111-SceIR

5' cgacaactaatgaaatgcaaattaccctgttatccctattcaatgcaatgcagcatcg 3'

9811 M5' F

5' ccctctttttatagccctcggcatgctaggacaatacagtcgagacgctgc 3'

9811 M5' R

5' gcagcgtctcgactgtattgtcctagcatgccgagggctataaaaagaggg 3'

. 9811 M3' F

5' catccaatccgggcaacggttaactgcaggtgagtccgttttacgggg 3'

9811M3'R

5' ccccgtaaaacggactcacctgcagttaaccgttgcccggattggatg 3'

PCR testing of rgkl targeting events
9 HR test F

5' ctgcagacacgcaatgtagag 3'

9HRtest R #2

5' tatcccaagcgatcgaagtcg 3'

RGKl ASO 3'R

5' cggactcacctgcagtta 3'

rgk13'wtASO

5' cggactcacctgtaggga 3'

RGKl ASOprtF

5' gcatttcattagttgtcgg 3'

rgk2 gene targeting construct generation

l 5069HR5'Not

5' aaggaaaaaagcggccgcatttgcgaactgaccagccc 3'

15069HR3'Not

5' aaggaaaaaagcggccgcgtcatggttaagtggtagcgg 3'

15069HRM5' F

5' ggcccagcaacagcgcatctgagacgagggagctgtcggtgg 3'

15069HRM5' R

5' ccaccgacagctccctcgtctcagatgcgctgttgctgggcc 3'

150691-SceIF

5' ggaatccggcgagacgggtatagggataacagggtaatcccagcataccaata
gcacc 3'

150691-SceIR

5' ggtgctattggtatgctgggattaccctgttatccctatacccgtctcgccggattcc 3'

15069HRM3' F

5' ccggatgactcggagaatttaagatccacctccgcccgccc 3'

15069HRM3' R

5' gggcgggcggaggtggatcttaattctccgagtcatccgg 3'

PCR testing of rgk2 targeting events
15 HR test F

5' ttcggacttgtgggctagtgg 3'
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15 HR test R

5' gtcttctcgccgaactcgtcg 3'

RGK2ASO3'R

5' cgggcggaggtggatctt 3'

Rgk2wtASO3'R

5' cgggcggaggtggatcca 3'

RGK2 ASOprtF

5' gcataccaatagcaccatgg 3'

rgk3 gene targeting construct generation

5'RGK3HR Not

5' aaggaaaaaagcggccgctcccgcaagcgttttgc 3'

15664 5'G R

5' cgattcggtgccattcaagatg 3'

3'RGK3HR Kpn

5' ggggtaccttactctactctatgtattc gee 3'

15664 5'G F

5' tatcgcgtcgaaatgcttggat 3'

PCR testing of rgk3 targeting events
3EO test 5'

5' gttacatagataggtggtgagc 3'

15664 3'Xba

5' gctctagattagagcacctgcagattc 3'

70w test R

5' gagagggagagtcacaaaacg 3'

70w test F

5' gtttattgccccctcaaaaagc 3'

EO w+ F Barn

5' cgggatccgaagttcctattctctagaaag 3'

EOw+R

5' cgctcgtttagagcagcagccg 3'

RGK3 IS seq

5' gacaatggccgcgacttgagc 3'

3 RNAi F xba

5' gctctagagtatcatcaatcgaggtgactcc 3'

3HRseq3'R

5' ggccatttggcaatcgtccagc 3'

rgk4 gene targeting construct generation

EO4 5'F ATG

5' atgtcactagccggagtcctgacc 3'

EO4 5'R Sac2

5' tccccgcggttctaggccgaacgtcgcatctccgc 3'

EO4 3'F Bgl2

5' gaagatctgagtctcggtaagtcggtgtacg 3'

EO4 3'RBgl2

5' gaagatctcgcccataaaaccgtaatc 3'

rgk4 P-elernent excision testing primers

rgk4 T285N F

5' cc ggagtgggcaagaacacactgacttaccagttc 3'

4rnidexonseqR

5' ttatattgcctaacgtggacg 3'

X test F2

5' attagtccacaaggaggggcgaac 3'

X test Bl

5' gctgtgtctgaaatggctgag 3'

4 3' RNAi FX

5' gctctagacgtttgcgattgctaacggaattgg 3'

rgk4 3' Xho

5' gccgctcgagttagatcacgaagagatcactgc 3'
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3' gap F

5' gaacctatcggttggatagggtcg 3'

3' gapR

5' attacaaatagaggttcttgc 3'

pUASTF

5' gaagagaactctgaataggg 3'

Primers for generation of constructs for in situ probes
5'981 lcDNAl

5' gctctagagcatgtaaacgcggtgccttacggac 3'

3 '9811 cDNAl

5' cggaattccgaagtttcattcggcggacaagcgc 3'

RGK2ex25'Xba

5' gctctagattcccgaccatgtgcgtccgcg 3'

RGK2ex23'Xba

5' gctctagaccaggctggcgtcataggtgtgc 3'

3 RNAi F Xba

5' gctctagagtatcatcaatcgaggtgactcc 3'

3 RNAiRXba

5' gctctagacaggtccatcgtaggcattgatgc 3'

Primers for Real-time RT-PCR
Oligo dT 15

5' ttttttttttttttt 3'

rgkl RTF

5' tcgactggtcacctctgaag 3'

rgkl RT R

5' acagatccctggacttttcg 3'

rgk2 RTF

5' tggcaggagaactacaccaa 3'

rgk2 RT R

5' cttctctttcagccgcatct 3'

rgk3 RTF

5' ttgtcaagggatgaactgga 3'

rgk3 RT R

5' taaacttggctccaaacgtg 3'

rgk4 RTF

5' gagttgtcacccgtcagatg 3'

rgk4 RT R

5' tgcagttccaattccgttag 3'

4E-BP F

5' cctggaggcaccaaacttat 3'

4E-BP R

5' accccctacagatccagttg 3'

rp49 F

5' ctaagctgtcgcacaaatgg 3'

rp49 R

5' acaatctccttgcgcttctt 3'

General sequencing primers
T3

5' aattaaccctcactaaaggg 3'

T7

5' gtaatacgactcactatagggc 3'

M13F

5' gttttcccagtcac gac 3'

M13R

5' cacaggaaacagctatgac 3'
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2.1.11

Media

2.1.11 .1

Drosog_hila Media

Fortified (Fl) Drosophila media:

1% (w/v) agar, 18.75% compressed yeast, 10%

treacle, 10% polenta, 1.5% acid mix (4 7% propionic acid, 4. 7% orthophosphoric
acid), 2.5% tegosept.
Harvard fly food:

47.4g Agar, 165g Tonda yeast and 312g maize meal was

dissolved in 1.3 litres of water, and added to 3 .3 litres of boiled water, stirred
and combined with 660g glucose. The mixture was boiled, before being alloved
to cool to 80°C. 54ml Tegosept was added.
Apple juice agar plates:

3% agar, 25% apple juice, 1.25% sucrose 1.8% Tegosept.

Oxidative stress media:

10% Sucrose, 0.8% low melt agarose, IX PBS (control
media) with 1.5% or 5% H2O2 (stress media)

Nutrient starvation media:

0.8% low melt agarose, IX PBS (with 10% sucrose for
control media)

2.1.11.2

Bacterial media

All media was prepared with distilled and deionised water and sterilised by autoclaving,
except heat labile reagents, which were filter sterilised. Antibiotics were added from
sterile stock solutions to the media after it had been autoclaved. Ampicillin was added
at 50µg/ml for liquid culture and 100µg/ml for solid media.

Liquid media
L-Broth:

1% (w/v) amine A, 0.5% yeast extract, 1% NaCl, pH
7.0.

SOC:

2% bactotyptone, 0.5% yeast extract, l0mM NaCl,
2.5mM KCl,l0mM MgCh, l0mM MgSO4, 20mM
glucose (added after autoclaving).

Solid Media
Plates:

L-Broth with 1.5% (w/v) bacto-agar supplemented
with ampicillin (50mg/ml) where appropriate.

28

2.1.12

Buffers and Solutions

Agarose gel loading buffer 1OX:

2.5ml glycerol, 2.0ml SOX TAE, 0.025g
bromophenol blue (Sigma), 0.025g xylene cyanol
(Sigma), 5.5ml H2O.

Embryo injecting buffer (lx):

5mM KCl, 0. lmM NaPO4 pH 6.8.

PBS:

7.5mM Na2HPO4, 2.5mM NaH2PO4,
145mMNaCI.

1 X PBST:

1 x PBS, 0.1 % Tween 20 or Triton X100.

STET:

50mM Tris-HCl pH8.0, 50mM EDTA, 8%w/v
sucrose and 0.05% Triton X-100.

lX TAE:

40mM Tris-acetate, 20mM sodium acetate, lmM
EDTA, pH 8.2.

1OX HEN buffer:

lM HEPES, O.5M EGTA, 0.1% NP-40, pH to 6.9
and filter sterilised.

AP staining buffer:

l00mM Tris-HCl (pH 9.0), l00mM NaCl, 50mM
MgCh, 0.1 % Tween-20, 8.24ml MQ H 2O.

BCIP:

50mg/ml in 100% DMF.

NBT:

50mg/ml in 70% DMF.

1OX in situ Transcription Buffer:

500mM Tris-HCI (pH 8), 80mM MgCh, 500mM
NaCl, 20mM Spermidine, 90mM DTT.

1OX probe labelling mix:

6.5mM UTP, 3.5mM Dig-11-UTP, l0mM ATP,
l0mM CTP, l0mM GTP.

Stop Solution:

3M NaAc pH 5.2, in DEPC treated MQ H 2O.

2x Carbonate Buffer:

120mM Na2C0 3 , 80mM NaHC0 3 in DEPC treated
MQ H2O (pH 10.2).

SSC(20X):

175.3g NaCl, 88.2g sodium citrate, pH 7.0 with
HCl and adjust volume to 1L.

in-situ hybridisation buffer:

50% deionised formamide, 5X SSC, 50µg/ml
Heparin, 500µg/ ml salmon sperm DNA, lx
Denhardts solution, 0.1 % Tween-20.

Phenol/chloroform:

50% phenol, 48% chloroform, 2% isoamyl alcohol
(stored under TE in the dark).

TE:

l0mM Tris-HCl pH 7.4, 1 mM EDTA.
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Tegosept (fungal inhibitor):

23.8g p-Hydrox y-benzoi c acid methyl ester
dissolved in 91.8ml ethanol.

Proteinas e K:

l0mg/ml in MQ H2 O.

IPTG:

200mg/m l in MQ H2O.

X-GAL:

20mg/ml in DMF.

dNTPs (separately):

100mM solution (Roche).

NTPs (separately):

100mM solution (Roche).

Dig-11-U TP:

10mM solution (Roche).

100X Denhardt s Solution:

2% w/v Ficoll 400, 2% w/v Polyviny lpyrrolid one,
2% w/v Bovine Serum Albumin .

Squishing buffer (SB):

lOmM Tris-HCl, pH 8.2, lmM EDTA, 25mM
NaCl, 200mg/m l Proteinas e K.

D. melanogaster strains

2.1.13

Wild-typ e
Aw

1118

strain that had recently been isogenise d for chromoso mes 2 and 3 was used as

the wild-type control for in-situ hybridisations and phenotyp ic analysis. This strain was
also used for all transgeni c lines generated in this study.

Gene-targ eting stocks
I
*
2
I
*
1118
y , w ; 70FLP, 701-Scel, Sco/CyO, S , y , w ; 70FLP, 701-Scel / TM3 Ser and w ;

hs-I-Cre l/ TM6b were obtained from Kent Golie (University of Utah)./, w

1118

,·

eyFLP

was obtained from the Bloomin gton Stock Center.

rgk4 P-elemen t excision
The stock containin g the P-elemen t P{Mae-U AS.6.11) (Crisp and Merriam, 1997),
inserted in the sixth intron ofrgk4 (referred to as rgk4°

1713

)

was obtained from Ulrich

Schafer (Max-Pla nck-Insti tut fur biophysik alische Chemie, Abt. Molekula re
Entwickl ungsbiolo gie ). The source of transposase, / , w *;

1
Bc ,

1

EgfrE /CyO HoP was

obtained from the Bloomin gton Stock Center.

Deficienc y Stocks

Df(2R)BS C26, Df(2R)PC 66, Df(2R)PC 4 and Df(2R)PK J were all obtained from the
Bloomin gton Stock Center.
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2.1.14

Constructs generate d for fly transformation

2.1.14.1

rgk1 gene targeting construct

The construct for ends in targeting of rgkl is illustrated in Figure 4.2A. DNA from the
BAC: BACR21D20 was prepared and used as template for the PCRs for the targeting
construct, the 5' and 3' halves of which were amplified separately. Pfu Turbo
polymerase was used with primers 981 lHRS'Kp n and 981 lI-SceIR were used to
amplify the 5' half and primers 981 lI-SceIF and 9811HR3 'Not were used to amplify
the 5' half. The gel-purified 5' and 3' products were then A-tailed and cloned into
pGEM-T-Easy. Site directed mutagenesis was performed according to the
manufacturers instructions to both the 5', (9811 MS ' F and 9811 MS ' R), and the 3'
(9811 M3 ' F and 9811 M3 'R) halves to introduce the desired mutations. Clones
containing the desired mutations were identified by restriction analysis, as both
mutations also introduce restriction sites for Sphl and Pstl for the 5' and 3' mutations
respectively. The 5' and 3' halves of the targeting construct were then digested with

KpnI/I-SceI and I-Seel/Natl respectively and simultaneously cloned into KpnI/NatIdigested pBluescript II KS. The targeting construct was then sequenced, cloned by

KpnI/NatI into pTV2 and transformed into flies.

2.1.14.2

rgk2 gene targeting construct

The construct for ends in targeting of rgk2 is illustrated in Figure 4.2B. DNA from the
BAC: BACR27L09 was prepared and used as template for the PCRs for the 5' half of
the targeting construct, with primers 15069HR5 'Not and 150691-SceIR, and for the 3'
half of the targeting construct, using primers 150691-SceIF and 15069HR3 'Not. These
PCR reactions were performed with Pfu Turbo polymerase, and the products were
subsequently gel purified, A-tailed and cloned into pGEM-T-Easy. Site directed
mutagenesis was performed according to the manufacturers instructions to both the 5 ',
(15069M5 ' F and 15069M5 ' R), and the 3' (15069M3 'F and 15069M3 'R) halves of the
targeting construct to introduce the desired mutations. Clones containing the desired
mutations were identified by restriction analysis as the introduction of the mutations
also removed endogenous restriction sites for PvuII and BamHI for the 5' and 3'
mutations respectively. The 5' and 3' halves of the targeting construct were then both
digested with Natl/I-Seel and simultaneously cloned into Natl-digested pBluescript II
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KS. Clones containing both inserts in the correct orientation were identified by
restriction analysis. The targeting construct was then sequenced, cloned by Natl into
p TV2 and transformed into flies.

2.1.14.3

rgk3 gene targeting construct

The construct for ends out targeting of rgk3 is illustrated in Figure 5.2A. A six kilo base
region of homology to the rgk3 locus was PCR amplified in two halves using primer
pairs 5'RGK3HR Not and 15664 5'G R for the 5' half, and 15664 5'G F and
3 'RGK3HR Kpn for the 3' half. These products were then cloned into pBluescript II
KS by NotI/BamHl for the 5' half and BamHI/KpnI for the 3' half (utilising an
endogenous BamHI site in the region of overlap of the 5' and 3' halves). The 5' and 3'
halves were then digested with BamHI/NotI and BamHIIKpnl respectively and cloned
simultaneously into pEndsOut II No Xho (A derivative of pEndsOut II [Jeff Sekelsky],
which has had its Xhol site removed by cutting withXhoI, end-filling and re-ligating).
The 6kb rgk3 fragment in pEndsOut II No Xho was then digested withXhoI and SacII,
removing a 924 base fragment containing half of the first and all of the second and third
coding exons of rgk3. This fragment was replaced with a 3kb SacII/XhoI fragment from
pBS-70w (Jeff Sekelsky) that contained a minimal hsp70 promoter connected to an
intron-less white cDNA. The resulting construct was transformed into flies.

2.1.14.4

rgk4 gene targeting construct

The construct for ends out targeting of rgk4 is illustrated in Figure 5.2B. The 5' region
of homology for targeting, a 2.4 kb region of the rgk4 locus, was PCR amplified from
w1JJ

8

genomic DNA using primers EO4 5'F ATG and EO4 5'R Sac2. The product was

digested with Kpnl (utilising an endogenous Kpnl site just downstream of the 5' primer
binding site) and SacII and cloned into pEndsOutII-w + (Generated in this study,
comprising the pEndsOutII vector, with four unique restriction sites either side of the
70w selectable marker) via KpnI/SacII. The resulting plasmid was then digested with
BglII and treated with CIP to remove the 5' phosphate groups. For the 3' region of
homology, primers EO4 3'F Bgl2 and EO4 3'R Bgl2 were used to PCR amplify a 3.2
8

kb region of the rgk4 locus from wm genomic DNA. This was purified, digested with
BglII and cloned into the pEndsOutII-w + vector already containing the 5' region of
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homology to the rgk4 locus. Clones with the correct orientation of the insert were
selected by restriction analysis and transformed into flies.

2.2

Methods

Standard molecular genetic techniques were performed as described in (Sambrook,
1989) or (Ausubel, 1992).

2.2.1

Generation of recombinant plasmids

2.2.1.1

Restriction endonuclease digestion of DNA

Restriction digestions were performed using the buffers recommended by the
manufacturer at a lX concentration. For complete digestion, 3-5 units of enzyme were
added per µg of DNA and incubated at 37°C for 3 hours.

2.2.1.2

Dephosphorylation of vector DNA

After the vector DNA was linearised by restriction enzyme digestion, 1-2 units (U) of
Arctic Shrimp Phosphatase or Calf Intestinal Phosphatase was added to the reaction and
incubated at 37°C for at least 1 hour.

2.2.1.3

End filling of digested DNA fragments

Fallowing purification of the digested fragment, 1 µl of a 2 mM mix of all four dNTPs
was added to 500 ng of DNA. 0.5-1 µl Klenow (2-5 units) was added, and the reaction
incubated at room temp for 15 min.
2.2.1.4

A-tailing of PCR products

Fallowing PCR with a proofreading polymerase, the product was column purified and
200 ng was incubated with 0.2mM dATP and 0.2U Taq polymerase in lX PCR buffer
at 72°C for 30 minutes. This product was then directly for cloning into pGEM-T-Easy.

2.2.1.5

Purification of DNA from agarose gels

Gels were stained with ethidium bromide and bands were viewed and excised from the
gel under illumination by long wave ultra-violet light to minimise damage to the DNA.
The QIAquick gel extraction kit was used to purify DNA bands from agarose gels,
using the manufacturers protocol, except using water heated to 65°C for the elution step
rather than the supplied elution buffer.
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2.2.1.6

Ligation of DNA fragments

DNA fragments to be ligated were placed in a mix (total volume 20µ1) containing 1U of
T4 DNA ligase, and IX ligation buffer and incubated at l 8°C overnight. Usually, a
molar ratio of between 3: 1 and 6: 1 insert : vector was used. For transformation by
electroporation, the ligation was phenol/chloroform extracted, precipitated by adding
1 µl glycogen, 1/10 volume 3M Sodium Acetate pH 5.2 and 2.5 volumes ethanol, then
washed in 70% ethanol prior to resuspension in 5-7µ1 MQ H 20.

2.2.2

Preparation of electrocompetent E. coli DH5a

500ml of L-broth was inoculated with 5ml of an overnight culture of E. coli DH5a cells
and grown to an ODA6oo of 0.4-0.5. The culture was then chilled on ice for 15 to 30
minutes and the cells harvested by centrifugation at 3 000g for 15 minutes. The cells
were then resuspended in 500ml of ice-cold MQ H 20, pelleted at 4 000g, resuspended
in 250ml of ice-cold MQ H 20, pelleted at 5 000g, resuspended in 10ml of ice-cold 10%
glycerol, re-pelleted at 3 000g and finally resuspended in 1ml of ice-cold 10% glycerol.
The cells were then snap frozen as 45ml aliquots by pipetting into a microcentrifuge
tube sitting in liquid nitrogen. These aliquots were stored at -80°C.

2.2.3

Transformation of bacteria

For transformation, electrocompetent cells were thawed on ice. 1-5µ1 of the DNA to be
transformed was added to the cells, mixed and incubated on ice for at least 3 0 seconds.
Cells were then transferred to an ice-cold 2mm electroporation cuvette and
electroporated in a Bio-Rad E. coli Pulser set to 2.5 kV and 25 µF capacitance. The
cuvette was immediately washed out with 1ml of room-temperature SOC, and the
suspension incubated at 3 7°C for 40 minutes. Cells were then pelleted for 5 minutes at
3 000rpm, then 800µ1 of the supernatant was removed, and the cells gently resuspended
in the remaining SOC. The cell suspension was plated onto L-agar plates supplemented
with 50µg/ml ampicillin and incubated at 3 7°C overnight. If selection for

f3-

Galactosidase activity (blue/white colour selection) was required, 10µl of 20mg/ml
IPTG and 20µ1 of 20mg/ml BCIG were added prior to plating.

34

2.2.4

Isolation of plasmid DNA

2.2.4.1

Low quality DNA - rapid boiling lysis method (STET prep):

A 2ml culture supplemented with the appropriate antibiotics, was incubated overnight at
3 7°C, with shaking. Cells were harvested by centrifugation at 14 000 rpm in a
microcentifuge for 15 seconds. The bacterial pellet was resuspended in 200µ1 of STET,
followed by addition of 10µl of lysozyme (1 0mg/ml). The suspension was heated at
100°C for 45 seconds and centrifuged at 14 000 rpm for 15 min. The pellet was
removed with a toothpick. Plasmid DNA was then precipitated with 240µ1 of
isopropanol, centrifuged, and washed with 70% ethanol. The pellet was then dried and
resuspended in 50µ1 MQ H 2 0.
2.2.4.2

High quality DNA:

High quality plasmid DNA, for microinjection of D. melanogaster embryos and for dye
terminator sequencing reactions, was prepared using Qiagen mini- and midi-prep kits
according to manufacturers instructions, except using water heated to 65°C for the
elution step rather than the supplied elution buffer.

2.2.5

Isolation of D. melanogaster genomic DNA

2.2.5.1

Rapid single fly genomic preparation

Single adult flies were placed in 1.5ml microcentrifuge tubes and placed on ice for 10
minutes to immobilise. Files were then squished against the wall of the tube with a
disposable pipette tip. 50µ1 of squishing buffer was then added and mixed with the
remains of the fly. The solution was then incubated at 37°C for 30 minutes, and the
proteinase K inactivated by a 5 minute incubation at 95°C. Fly debris was pelleted by
centrifugation at 14 000 rpm for 1 minute. 1µI of this preparation was used as template
for PCR.
2.2.5.2

Small scale clean genomic DNA preparation

30 adult flies were placed in 1.5ml microcentrifuge tubes and placed on ice for 10
minutes to immobilise. 100µ1 of ice cold 0.lM Tris pH 9.0, 0.lM EDTA was added
and the flies were homogenised with a pestle. 100µ1 of 2% SDS with 100µg/ml
proteinase K was added. The solution was mixed by gentle pipetting and incubated at
50°C for 3 hours. Fly debris was removed by centrifugation at 14 000 rpm for 10
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minutes and the supernatant was phenoVchloroform extracted twice. The DNA was
then precipitated from the aqueous phase by addition of 0.4 volumes of 5M ammonium
acetate and 2 volumes of 100% ethanol. The precipitate was immediately pelleted by
centrifugation at 14 000 rpm for 5 minutes at 4 °C. The pellet was washed with 70%
ethanol, air-dried and re-suspended in 60 µl of MQ H 2O. 1 µl of a 1/20 dilution of this
DNA was used as template for PCR.

2.2.6

Isolation of Bacterial Artificial Chromosome (BAG) DNA

An overnight 5ml culture of DH5a was pelleted and resuspended in 300µ1 of buffer Pl
(from Qiagen midi kit). 300µ1 of buffer P2 (from Qiagen midi kit) was added, mixed
and the mixture incubated at room temperature for 5 minutes. 300µ1 of buffer P3 (from
Qiagen midi kit) was then added. The solution was mixed and incubated on ice for 5
minutes. The precipitate was pelleted by centrifugation at 14000 rpm for 10 minutes at
4°C. The supernatant was transferred to a new tube containing 800µ1 of ice-cold
isopropanol and mixed. The precipitate was pelleted by centrifugation at 14 000 rpm
for 10 minutes at 4 °C. The supernatant was removed and discarded and the pellet was
washed with 70% ethanol, air-dried and allowed to dissolve in 40µ1 MQ H2O.
Mechanical re-suspension was not performed as it shears large BAC clones.

2.2.7

PCR amplification of DNA

2.2.7.1

PCR for cloning

Pfu polymerase or Pfu Turbo polymerase was used in all of the reactions to produce
products for cloning according to the manufacturers instructions . PCR conditions were
using 0.5 U Pfu polymerase, 10 pg - 1 ng template DNA, 0.2µM primers and 0.2mM
dNTPs in Pfu PCR buffer (20mM Tris-HCl, 10mM KCl, 10mM (NTu)2SO4, 20mM
MgSO 4, 0.1 % Triton X-100, 0.1 mg/ml BSA, pH 8.75). Reactions w ere performed
using a MJ Research, PTC-200 peltier, thermal cycler, or a Corbett Research Palm
Cycler with the follo wing conditions: Initial denaturation of 95°C for 5 minutes
follo wed by 35 cycles of 95 °C for 30 sec, 55 °C for 30 sec and 72°C for 1 minute per kb
of product for Pfu Turbo and 2 mis per kb for Pfu. Occasionally, the annealing
temperature was altered.
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2.2.7.2

Site-directed mutagenesis

The design of the primers used in the site directed mutagenesis followed the instructions
provided in Stratagene's QuikChange Site-Directed Mutagenesis kit. The reaction was
carried out in a 20µ1 volume. Reaction conditions were IX supplied reaction buffer,
50ng template plasmid, 125ng each of the forward and reverse mutagenesis primers,
0.5mM dNTPs and 2.5U of Pfu TURBO polymerase. The reaction was cycled
according to the manufacturers instructions in a MJ Research, PTC-200 peltier, thermal
cycler. Parental DNA was digested with Dpnl, which is specific for methylated (nonmutagenised) DNA. The reaction was phenol/chloroform extracted, ethanol
precipitated and resuspended in 5-7µ1 of MQ H20 and transformed into
electrocompetent DH5a. The presence of the introduced mutation was confirmed by
sequence analysis.

2.2.7.3

Diagnostic PCR

PCR reactions to generate products that were not subsequently cloned were performed
with Taq polymerase according to the manufacturers instructions. PCR conditions
were: 0.5 U Taq polymerase, lµl template DNA, 0.2mM primers and 0.2 mM dNTPs in
lX Taq PCR buffer (using the manufacturers supplied buffer). Reactions were
performed using a MJ Research, PTC-200 peltier, thermal cycler, or a Corbett Research
Palm Cycler with the following conditions: initial denaturation of 95°C for 5 minute
sfollowed by 35 cycles of 95°C for 30 sec, 55°C for 30 sec and 72°C for 1 minute per
kb of product. For PCRs involving allele-specific oligonucleotides, the annealing
temperature was increased to 60°C.

2.2.8

Automated sequencing

DNA was sequenced by one of two methods. The first method used the ABI PrismTM
Dye Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer), as described in
the manufacturer's protocol with the modification of using half the described amount of
reaction mix. The second method used the BigDye® Terminator v3.1 Cycle
Sequencing Kit (Applied Biosystems), as described in the manufacturer's protocol with
the modification of using an eighth of the described amount of the reaction mix. In both
cases, double-stranded DNA was used as a template and, in general, primers were
de-salted. Temperature cycling in both cases was: 25 cycles of 96°C for 10 seconds,
50°C for 5 seconds and 60°C for 4 minutes with a temperature ramp setting of 2.
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Running and analysis of Dye Terminator reactions was conducted by the Sequencing
Centre at the IMVS, Adelaide, and running and analysis of the BigDye® Terminator
reactions was conducted by the AGRF in Brisbane.

2.2.9

RNA extraction from adult flies

The extraction of RNA was carried out using the Qiashredder and RNeasy kits from
Qiagen. All buffers used are contained within those kits. 10-20 adult flies were
homogenised with a pestle in 100µ1 buffer QL T and more QL T was added to a final
volume of 500µ1. The homogenate was added to a Qiashredder column and spun at 14
000 rpm for 2 min. 500µ1 of 70% ethanol was added to the flowthrough and mixed.
The solution was then added to a RN easy column in two lots of 500µ1 and spun at 8
000g for 30 seconds. The flowthrough was discarded and 700µ1 buffer RWl added,
followed by 15 second spin at 8 000g. The column was placed in a new collection tube
and washed with 500µ1 RPE and spun for 15 seconds. This step was repeated a second
time. The column was placed in a new collection tube and spun for 1 minute at 14 000
rpm to dry the column. The column was placed in the elution tube and the RNA was
eluted with 50µ1 of nuclease-free water and spun for 1 minute at 14 000 rpm. The
eluate was added back to the column and re-spun to ensure complete elution of the
RNA. The RNA was quantified by UV spectrometry.

2.2.10

First-strand cDNA synthesis

First strand cDNA synthesis was carried out in 20µ1 volume with 200µg or 400µg of
total RNA, 1µ1 of l0mM dNTPs, 1µ1 of 50mM oligo-dT 15 , 4µ1 of 5X first strand buffer
(invitrogen), 1µl of 0. lM DTT and 1µl of Superscript III Reverse transcriptase. The
RNA, oligo-dT 15 and dNTPs were mixed in a volume of 13 µl and incubated at 65°C for
5 minutes. These tubes were then placed on ice, and the reaction buffer, DTT and
enzyme were added. The reaction mix was then incubated in a thermal cycler at 50°C
for 45 minutes, followed by 55°C for 15 minutes, and finally 70°C for 15 minutes. The
20µ1 cDNA reactions were made up to 100µ1 for Real-Time PCR.
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2.2.11

Real- Time PCR

Real-Time PCR was carried out on an Applied Biosystems 7500 Real-Time PCR
System at the John Curtin School of Medical Research, Canberra. Reactions contained
2.4µ1 of 5mM primer mix (5mM of both forward and reverse primer), 4µ1 of the 1/5
diluted cDNA reaction, and 10µ1 of the 2X SYBR Green mastermix. The reactions
were made up to a volume of 20µ1 with MQ H 20. All reactions were performed in
duplicate and average Ct values taken. Reaction conditions were as follows: 50°C, 2
min, 95°C, 10 min, followed by 40 cycles of 95°C, 15 sec, 60°C, 1 min.

2.2.12

Drosophila cultures

Flies were raised at 18°C or 25°C, with 70% humidity, on Fl medium or Harvard food.
Egg lays were performed at 25°C on apple juice agar plates.

2.2.13

Stress tests of adult flies

2.2.13.1

Oxidative stress

3-5 day old flies grown in non-crowded conditions were placed in groups of 40 or 50 in
vials containing the control media, or media with 1.5% or 5% H 2 O2 . Surviving flies
were counted daily. For Real-Time PCR analysis of transcription levels, RNA was
extracted from live flies removed after 24 hours exposure.
2.2.13.2

Heat stress

3-5 day old flies grown in non-crowded conditions were placed in groups of 10 in vials
containing equal amounts of Harvard food. Vials were then immersed in a 3 7°C water
bath and removed at the appropriate timepoint. Surviving flies were counted after
allowing several hours recovery time.
2.2.13.3

Dry Starvation

3-5 day old flies grown in non-crowded conditions were placed in groups of 50-100 in
empty vials. Surviving flies were counted after 16 hours.
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2.2.13.4

Nutrient Starvation

3-5 day old flies grown in non-crowded conditions were placed in groups of 40 vials
containing nutrient starvation media or control media. RNA was extracted from live
flies removed after 24 hours exposure.

2.2.14

Collection and fixation of D. melanogaster embryos

Embryos were collected on apple juice agar smeared with yeast paste. They were then
harvested and washed thoroughly in a basket using MQ H 2O. The basket was then
transferred into a container with I 00% commercially available bleach (2% sodium
hypochlorite) for 90 seconds to de-chorionate the embryos. The embryos were once
again washed thoroughly in the basket using MQ H 2O. They were then transferred to a
glass scintillation vial containing a two-phase mix of 5 ml of 4% formaldehyde in IX
HEN and 5 ml of heptane. The vial was then shaken on an orbiting platform such that
the interface between the liquid phases was disrupted and the embryos were bathing in
an emulsion, for 20 minutes to 'fix' the embryos. The bottom phase (aqueous) was
drawn off and replaced with 4 ml of methanol and the vial was shaken vigorously for 30
seconds to break the vitelline membrane. De-vitellinised embryos sink from the
interface and are collected from the bottom phase (methanol). Embryos were rinsed
thoroughly in methanol at which point they were either processed for whole mount in

situ hybridisation or storage at -20°C in methanol.

2.2.15

P-element mediated transformation of Drosophila

2.2.15.1

Micro-injection

DNA for injection was prepared using the Qiagen kit according to the suppliers
protocol, except that the DNA was eluted into MQ H 2O. An injection mix was prepared
to a concentration of I 00ng/µl transformation vector plasmid DNA and 300ng/µl of
pn25.7wc (~2-3 transposase source) plasmid in IX embryo injecting buffer. The
injection needle was back filled using a drawn out capillary containing 2µ1 of the
injection mix, which had been centrifuged briefly to remove any particulate matter.
w

1118

embryos to be injected were collected from 30 minute lays on grape juice agar

plates at 25°C, dechorionated in 50% bleach for 3 min, and rinsed thoroughly in MQ
H2O. Embryos were then aligned along a strip of non-toxic rubber glue such that their
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posterior ends would face the needle. A drop of halocarbon oil was placed over the
embryos and the slide placed on the stage of an inverted microscope. A
micromanipulator was used to position the needle, with injection carried out by moving
the microscope stage to bring the embryos to the needle, such that a very small amount
of DNA was injected into the posterior cytoplasm.
2.2.15.2

Identification of transformants

The slides of microinjected embryos were then placed in a petri dish containing moist
tissue paper with a small amount of yeast paste surrounding the embryos and kept at
l 8°C to allow the embryos to hatch. Larvae were collected after hatching using strips
of Whatman paper and placed in a fly food vial where they developed into adult flies.
The flies were then crossed to w

1118

flies to identify transformants on the basis of the

mini-white+ eye pigmentation phenotype indicating the presence of a transgene.

Numerous independent transformants were mapped to determine the chromosome of
insertion, using the dominantly-marked balancer chromosomes CyO and TM6B, and
homozygous lines generated using these balancers.

2.2.16

Heat shock induction of gene expression

Heat-shock induction of I-Seel and Flpase expression was carried out by incubating the
vial with first instar larvae in a 37°C water bath for 60-90 minutes. I-Crel was induced
at 3 6°C for 60 minutes to generate a lower level of enzyme.

2.2.17

Whole mount in situ hybridisation

2.2.17.1

RNA probe preparation

5µg of DNA template was linearised with an appropriate enzyme in the poly linker of
pBluescript II KS at the end of the poly linker not adjacent to the T7 promoter to
generate an RNA probe using T7 polymerase. The linear DNA template was purified
by running through a Qiagen gel extraction column as per manufacturer's protocol. 1µg
of template was added to a transcription reaction containing l0x transcription buffer,
1OX probe labelling mix and 2 units of T7 RNA polymerase. This reaction was
incubated at 37°C for 2 hours and then stopped with 2µ1 of 0.2M EDTA (pH 8). It was
then precipitated with 2.5µ14M LiCl, 2µ1 glycogen and 75µ1 chilled absolute ethanol.
This was left at -20°C for 1-2 hours and then spun at 4 °C at 14000 rpm for 20 minutes.
The pellet was washed in 70% ethanol and then air-dried and either resuspended in 50µ1
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of hybridisa tion buffer if to be used whole or resuspen ded in 15µ1 of MQ H 20 if to be
fragmented.

2.2.17.2

Fragmentation of RNA probe

For some hybridisations, fragment ed RNA probes were used to allow greater
penetrati on into the embryos. The pelleted transcrip tion reaction was resuspen ded in
15 µl of sterile water. 25 µl of 2X carbonate buffer was added and it was incubated at
65°C for the appropriate time to produce probe fragments of approxim ately 225 bp,
according to the formula t = Lo - LR -:- K(Lo)(LR), where t is incubatio n time in
minutes, Lo is original probe length, LR is desired probe length and K is a constant
equating to approxim ately 11 strand scissions/minute/kb. 50µ1 of stop solution was
then added followed by 10µ1 of 4M LiCl, 10µ1 of l0mg/ml E.coli tRNA and 300µ1
absolute ethanol. This was then left at -80°C for 1-2 hours and then spun at 4 °C at
14000 rpm for 20 minutes. The pellet was washed in 70% ethanol and then air dried,
resuspen ded in 20µ1 hybridisa tion solution and stored at -20°C.

2.2.17.3

Whole mount in situ by:bridisation

Embryos of desired stages were collected and fixed as described previously. Embryos
were then rehydrate d by washing 3x 10 minutes in PBST. Followin g the PBST washes,
the embryos were washed in a 1: 1 ratio of PBST and hybridisa tion buffer for 20
minutes. The supernata nt was removed and the embryos were washed in hybridisa tion
solution for 20 minutes at room temperature. The hybridisa tion solution was changed
and the embryos were transferred to a preheated hybridisa tion oven set at 55°C. After
more than 2 hours at 55°C, the hybridisa tion solution was removed and the RNA probe
(usually at a dilution of 1/250 in hybridisa tion buffer), denatured by heating at 100°C
for 5 minutes and then cooling on ice, was added to the embryos. The embryos with the
denatured probe, PBST and hybridisation solution were left at 55°C overnight. The
following day, the probe was removed and stored at -20°C. Embryos were washed as
follows at 55°C: 30 minutes in 100% hybridisa tion solution, 30 minutes in 1: 1 ratio of
hybridisa tion solution : PBST and 20 minutes PBST. The embryos were then washed
four times at room temperature in PBST for 20 minutes each. Followin g the PBST
washes the embryos were incubated for 2 hours at room temperat ure (or overnigh t at
4°C) in anti-DIG AP (1 /2000). The embryos were then washed in PBST four times for
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20 minutes each. The embryos were washed in AP staining buffer 2x 5 minutes and
then developed using 4.5µ1 ofNBT and 3.5µ1 of BCIP in 1ml of AP staining buffer.
The reactions were stopped with the addition PBST and then mounted in 70% glycerol
in PBS.

2.2.18

Light microscopy

Light microscopy was performed on a Zeiss Axioskop light microscope with DIC
optics. Images were collected digitally with SPOT Advanced Software and a cooled
CCD camera. Ado be Photo shop 7. 0 was used for all image preparation.

2.2.19

Gene targeting procedures

All targeting procedures were carried out essentially as described previously (Rong and
Golie, 2001, Rong et al., 2002). Specific details and variations in the procedures used
for targeting the four D. melanogaster RGK genes are described below and in Chapters
4 and 5.

2.2.19.1

Ends in targeting of rgk1

The crossing scheme for the targeting of rgkl is presented in Figure 4.3A and B. A
total of sixteen vials containing approximately forty virgin females carrying the hsFLP
and hs-1-Seel transgenes and twenty males carrying the donor construct on chromosome
3 (for rgkl) or chromosome 2 (for rgk2) were set up and turned onto new food every
eight and sixteen hours alternately. Twenty-four hours after the adult flies were
removed, when all embryos were in the first larval instar, the vial was subjected to a
3 7°C heat shock for 60-90 minutes to induce production the FLPase and I-Seel
enzymes. Flies carrying the gene targeting donor transgene and the hs-Flp and hs-1Seel transgenes appear white or mosaic eyed due to the action of the FLPase. Virgins of

this genotype were then crossed en masse to males of the genotype: /, w * ; hsFlp, hsSeel, Seo I s2 Cy O and the resulting larvae were heat shocked after approximately three

days. The w+ marker in stocks that were not affected by the presence of FLPase was
then tested for linkage to chromosome 2. Flies with w + and Cy markers were re-tested
in the same manner.
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2.2.19.2

Ends in targeting of rgk2

The crossing scheme for the targeting of rgk2 is presented in Figure 4.5. The initial
cross of the flies carrying the donor construct with flies carrying the hsFLP and hs-1Scel transgenes was carried out exactly as described for the targeting of rgkl. As with

the rgkl crosses, flies carrying the gene targeting donor transgene and the hs-Flp and
hs-1-Scel trans genes appear white or mosaic eyed due to the action of the FLPase. In

contrast with the crossing scheme for the rgkl targeting, virgin females of this genotype
were then crossed en masse to males of the genotype: y1, w * ,· eyFlp, that expresses
FLPase in the developing eye. Progeny of this cross with solid w + eyes were balanced
over CyO and molecularly analysed.

2.2.19.3

Removal of the duplication of targeted insertions of rgk1 and rgk2

The crossing scheme for the removal of the duplication in the targeted allele of rgkl is
presented in Figure 4.3B. The exact procedure was also followed in the removal of
duplications of the rgk2 gene targeted insertions. Male flies carrying a targeted
insertion generated as described above were crossed to virgin females of the genotype
w

1118

,·

hs-l-Cre l/ TM6b and first instar larvae progeny subjected to a mild heat shock at

36°C for 60 minutes. Resulting progeny with the 1-Crel transgene and the targeted
insertion appeared mostly white eyed with a low level of mosaicism. Individual males
were crossed to a second chromosome balancer and individual male progeny with white
eyes and the Cy marker were used to set up stocks. These stocks were then molecularly
analysed.

2.2.19.4

Ends out targeting of rgk3 and rgk4

The crossing scheme, numbers of vials and heat shock regime for the ends out targeting
of rgk3 was carried out exactly as described for the ends in targeting of rgk2, as
illustrated in Figure 4.5. The crossing scheme for the ends out targeting of rgk4 is
presented in Figure 5.4A. The procedure was essentially as described for rgk2 and rgk3
with the exception that progeny of the final cross with solid w + eyes were analysed for
linkage of the w + marker to the X chromosome, where the rgk4 locus resides.
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Imprecise P-element excision mutagenesis of rgk4

2.2.20

Female flies homozygous for they+ P-element G 1713 (Beinert et al., 2004) were
crossed to males of the genotype y, w; Bc,Elp I CyO, HoP. 150 resulting male flies of
the genotype y, w ; + I CyO, HoP were individually crossed to females of the genotype:
FM7a ,·

1
rgkl ,

1
rgk2 ,

1
rgk3 JB

I CyO, wglacZ. Flies of this genotype were used rather

than straight FM7a flies to enable faster generation of a quadruple rgk mutant following
identification of an rgk4 mutant. Female progeny of this cross were screened for the
yellow body phenotype, indicating loss of the P-element. No more than five females

were taken from each vial to encourage the isolation of independent excision events. A
total of 240 stocks were generated that were derived from 112 of the 150 males
described above giving a minimum of 112 independent excision events. These females
were crossed individually to males hemizygous for the FM7a balancer chromosome to
generate stocks. Male progeny carrying the non-FM7a chromosome were used for
molecular analysis.

2.2.21

Allele-specific PCR of rgk mutant alleles and wild-type loci

For rgkl and rgk2, the 3' ends of the mutant allele-specific primers were designed to be
complementary to the nucleotide changes introduced by gene-targeting. The wild-typespecific oligos are complementary to the same position in the wild-type loci. For rgk3
and rgk4, the mutant specific PCRs were performed with primer pairs with one primer
binding site within the wild-type locus and the other within thew+ marker (for rgk3) or
within the remaining fragment of the P-element (for rgk4). The wild-type-specific
PCRs were performed with pairs of primers with one primer binding site within the
deleted region and one binding site outside the deleted region. The PCRs were
performed as described in section 2.2.7.3. The annealing temperature was set at 60°C
for wild-type and mutant-specific PCRs for rgkl, rgk2 and rgk3 and at 55°C for the
wild-type and mutant-specific PCRs for rgk4. The primer pairs used for the wild-typespecific PCR were; rgkl - RGKl ASOprtF and RGKl ASO 3'R, rgk2 - RGK2 ASOprtF
and Rgk2wtASO3'R, rgk3 - 3 RNAi F xba and 3HRseq3'R, rgk4 - X test F2 and X test
B 1. The primer pairs used for the mutant-specific PCR were; rgkl - RGKl ASOprtF
and rgk13'wtASO, rgk2 - RGK2 ASOprtF and RGK2 ASO 3'R, rgk3 - RGK3 IS seq
and 70w test R, rgk4 - X test F2 and pUAST F.
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2.2.22

Regulatory considerations

All manipulations involving recombinant DNA were carried out in accordance with the
regulations and approval of the Genetic Manipulation Advisory Committee and the
University Council of Adelaide University or the Australian National University
Council.
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Chapter 3: Phylogenetic and structural analysis of the
D. melanogaster RGK family
3.1

Introduction

3. 1. 1 The Ras family of small GTPases

The Ras superfamily of GTPases are involved in an extremely wide range of biological
processes, mostly at the level of a signalling intermediary, translating intracellular or
extracellular signals into biological effects as components of signalling pathways.
Within the Ras superfamily are five well-defined subfamilies, the Rab, Rho, Ras, Arf
and Ran subfamilies. These subfamilies are distinct from each other both at the level of
primary sequence and the biological processes they affect.

3. 1.2 Structural properties of the Ras superfamily of small GTPases

GTPases of the Ras family typically comprise a GTPase domain and very short Nterminal and C-terminal extensions. For some members of the Ras superfamily, namely
the Ras, Rho and Rab subfamilies the subcellular localisation of the protein is
determined by post-translational modifications to the C-terminus (reviewed in Seabra
I

and Wasmeier, 2004; Silvius, 2002; Williams, 2003) The GTPase domain of the best
characterised small GTPase, p21 Ras, has a very stereotypical structure consisting of a
hydrophobic core comprising six strands of ~-sheet connected by a-helices and
hydrophilic loops (Bourne et al., 1991 ). The five most conserved sequences between all
members of the Ras superfamily are the G 1 to GS motifs. In the crystal structure of p21
Ras, these motifs are all clustered to one side of the protein and together are essential
for the functioning of the protein as a molecular switch. To be a functional GTPase, the
G 1 to GS motifs need to act in concert to direct the binding of GTP or GDP, adopt the
appropriate conformation upon binding, catalyse hydrolysis of GTP, and interact with
effectors, GEFs, GAPs and GDis.

RGK GTPases are characterised by distinct structural properties that result in a very
atypical GTPase. Mammalian RGKs have longer N and C-terminal extensions than
most small GTPases. The C-terminal extension contains a CaM binding domain and a
highly conserved 10 amino acids at the very C-terminus (C7 Domain) with an invariant
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cysteine at position 7 from the C-terminus (Figure 3 .SA), that may be a target of an as
yet unidentified post-translational modification (Cohen et al., 1994; Finlin and Andres,
1997; Finlin et al., 2000; Maguire et al., 1994; Reynet and Kahn, 1993). Mammalian
RGK GTPases also differ significantly within a subset of the G motifs within the
GTPase domain (see Chapter 1). This variation has significant implications for the
molecular function of the RGKs.

3.2

Results

3.2. 1 Identification of the D. melanogaster RGK GTPases
The D. melanogaster RGK GTPases were identified by BLAST analysis (Altschul et
al., 1990), of the human RGK GTPases against the predicted proteins of the D.

melanogaster genome. This analysis yielded four predicted proteins, CG9811 (Rgkl ),
CG15069 (Rgk2), a fusion of CG15663 and CG15664, now annotated as CG33949
(Rgk3) and CG32776 (Rgk4). These proteins were selected on the basis of the presence
of a GTPase domain with high similarity to the human RGK GTPases and a C7-like
domain at the C-terminus. Further BLAST searching with protein queries of the human
RGKs against the complete translated genome database (tBLASTn) did not identify any
additional RGK GTPases.

3.2.2 Phylogenetic analysis of the D. melanogaster RGK GTPases
The Ras Superfamily of small GTPases comprises 5 main subfamilies, the Ras, Rho,
Ran, Rab and Arf subfamilies. In order to characterise the extent of the D.

melanogaster RGK family, a representative member of each of these families, Ras85D,
Rho 1, Ran, Rab 1, and Arf72A was used for BLAST analysis against the predicted
proteins of the D. melanogaster genome. This approach yielded greater than 80 small
GTPases. Ga proteins were excluded from the analysis, as were predicted genes with
unusual spacing between the G 1-GS motifs of the GTPase domain. The remaining 71
protein sequences were aligned using ClustalW and subsequently trimmed down to the
region of highest homology, the GTPase domain, and re-aligned. The data set
consisting of the ClustalW-aligned 71 small GTPase domains was then subjected to
phylogenetic analysis by maximum likelihood using ProML in the Phy lip phylogeny
package (Felsenstein, 1989), with 100 bootstraps. The resulting unrooted phylogeny is
shown in Figure 3.1.
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Figure 3.1

Phylogenetic analysis of the D. melanogaster Ras
superfamily

Maximum likelihood analysis of the GTPase domains of 71 members of the D.
melanogaster Ras superfamily. The subfamilies are highlighted in different colours as

shown on the figure. Bootstrap values at the points of branching of the subfamilies are
included.

Rgk1

Rgk2

Ras

Ran
Rab
Rho
Art

The phylogeny shows that the 71 D. melanogaster small GTPases fall into 5 main
clades corresponding to the subfamilies of the Ras Superfamily. The Rab subfamily
comprises 32 GTPases, the Arf subfamily 13, the Rho subfamily 6 (Rho BTB was
excluded due to long extensions within the GTPase domain interfering with the
alignment), the Ran Subfamily 2 and the Ras subfamily 18. Within the Ras subfamily,
the RGK GTPases are clearly more related to each other than to any other Ras GTPases.
Between the RGKs, Rgkl and Rgk2 are the most closely related, and both are more
closely related to Rgk4 than to Rgk3.

The RGK family in both D. melanogaster and human comprises four members. To
determine the ancestral relationship of the four RGKs from each species, phylogenetic
analysis of the Ras subfamilies of D. melanogaster, humans and Caenorhabditis
elegans was performed. Reciprocal BLAST analysis identified 62 Ras subfamily

GTPases in the three species, 32 from humans, 18 from D. melanogaster and 12 from C.
elegans. These protein sequences were aligned, trimmed, re-aligned and subjected to

phylogenetic analysis by maximum likelihood as described above for the D.
melanogaster Ras Superfamily, using D. melanogaster Rhol as an outgroup. The

resulting phylogeny (Figure 3.2) closely matches a previous similar analysis (Colicelli,
2004). One consistent feature that is common to almost all of the orthologous groups
defined by the branches of the phylogeny (Colicelli, 2004), is an expansion of gene
number in humans relative to D. melanogaster and C. elegans, which in most cases
have a single orthologue in each branch. This is indicative of the common ancestor
having a single gene representative of each branch, which has subsequently expanded in
number in the human lineage only. The most obvious exception to this trend is the
RGK family, where, although there is a single orthologue in C. elegans, there has been
expansion to four members in both D. melanogaster and humans. The high bootstrap
values separating the D. melanogaster and human RGKs clearly show that there is no
orthologous relationship between any two RGKs between species. I conclude that the
families are derived from a single common ancestor and have independently expanded
in D. melanogaster and humans. All four D. melanogaster RGKs have orthologues in
other insects; clear orthologues are present for Rgk 1, Rgk2, Rgk3 and Rgk4 in Apis
mellifera and for Rgkl, Rgk2 and Rgk3 in Anopheles gambiae.
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Figure 3.2

Phylogenetic analysis of the Ras subfamily

Max imum likelihood analysis of the GTPase domains of 61 members of the Ras
subfamily from D. melanogaster, C elegans and humans. D. melanogaster Rho 1 is the
outgroup. GTPases from different species are highlighted in different colours as
indicated. Separate branches of the Ras subfamily are annotated as has been previously
described (Colicelli et al. , 2004).
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3.2.3

Structural analysis of the D. melanogaster RGK GTPases

From the above analysis, the D. melanogaster RGK GTPase family comprises four
members: Rgkl, Rgk2, Rgk3 and Rgk4. Phylogenetic analysis of the GTPase domains
by maximum likelihood demonstrates that these proteins form a separate clade within
the Ras subfamily of the D. melanogaster Ras Superfamily of small GTPases (Figure
3 .1 ). The four D. melanogaster RGKs are more closely related to human RGKs than to
any other D. melanogaster small GTPase, and the four D. melanogaster RGKs and the
four human RGKs do not have individually orthologous relationships, but appear to
have arisen from a single gene in the common ancestor that independently duplicated in
both lineages (Figure 3.2). This phylogenetic analysis was performed solely on the
GTPase domains of these proteins, where they are most similar. However, RGK
GTPases do differ from other Ras subfamily members in some of the Gl-5 motifs, and
possess C-terminal and N-terminal extensions with RGK-specific features.

3.2.3.1

N-terminal and C-terminal extensions.

D. melanogaster RGK paralogs exhibit extended domains N and C-terminal to the

GTPase domain relative to the human RGK proteins. With the exception of Rgk3
which is similar in size to the human RGKs at 317 amino acids, the D. melanogaster
RGKs are predicted to be significantly larger than human RGKs; Rgkl is 537 aa, Rgk2
is 740 aa and Rgk4 is 683 aa (Figure 3.3). Despite the shared evolutionary origin of
these genes, there are only limited areas of homology in the N-terminal and C-terminal
extensions between members of the RGK family and no significant homology with
other proteins in the database (data not shown).

Within the N-terminal extension, there is a conserved block of amino acids that ends
between 29 (Rgk4) and 50 (Rgk3) amino acids N-terminal of the start of the GTPase
domain (Figure 3 .4A). This block consists of 34 amino acids that are 62% identitical
and 79% similar in at least three out of four D. melanogaster RGKs and is rich in
arginine and serine residues, although it does not show homology with "RS domains"
which are also rich in arginine and serine and are involved in splicing (reviewed in
Hertel and Graveley, 2005). This block of amino acids is also conserved in primary
sequence and position relative to the GTPase domain in C. elegans and Caenorhabditis
briggsae, although the level of conservation is not as high as the level between the D.
melanogaster paralogues (49% similar with at least two D. melanogaster RGKs, Figure
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Figure 3.3

Domain structure of the RGK GTPases

Schematic representation of the RGK proteins from human (Gem, Rad, Rem and
Rem2), C. elegans (ceRGK)J C. briggsae (cbRGK) and D. melanogaster (Rgkl, Rgk2,
Rgk3 and Rgk4) aligned by the GTPase domain. The human RGK GTPases are larger
than p21 Ras and the D. melanogaster, C elegans and C. briggsae RGKs are larger
again and varied in size. The length of the N-terminal and C-terminal extensions
beyond the GTPase domain is indicated. The various conserved sequence motifs are
coloured as indicated.
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ClustalW aligned sequences are shaded if identity or similarity is above 66% for all
aligmnents. A. The N-terminal conserved region of the D. melanoga ster (Rgkl, Rgk2,
Rgk3 and Rgk4), C.elegan s (ceRGK) and C. briggsae (cbRGK) RGKs that finishes
between 29 and 50 amino acids N-terminal from the GTPase domain. B. The same
region from the human RGKs (Gem. Rad, Rem and Rem2) aligned with the D.
melanoga ster, C.elegan s and C. briggsae sequences. C. Aligmnent of the N-terminal

conserved motif of the human, C.elegan s and C. briggsae RGKs with position relative
to the GTPase domain illustrated. There is no conservation of this region in the D.
nielanog aster RGKs.
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3.4A). Interestingly, this block is not conserved in the human RGK proteins (Figure
3.4B). Conversely, ending at between 2 (Rem) and 9 (Rem2) amino acids N-terminal to
the GTPase domain of the human RGK GTPases, there is a block of 13 conserved
amino acids that are 62% identical and 85% similar in at least three out of four proteins
(Figure 3 .4C). Although this block is not conserved in D. melanogaster RGK GTPases,
there is some degree of conservation with the C. elegans and C. briggsae RGKs (54%
similar with at least two human RGKs).

Although long by normal GTPase standards, the length of the C-terminal extension of
the human RGK GTPases is only modest, at between 53 (Reml) and 61 (Rem2) amino
acids, when compared to the D. melanogaster RGK GTPases which range from 48
(Rgk2) to 246 (Rgk4) amino acids (Figure 3.3). Amongst the human RGKs, the last 10
amino acids are highly conserved and contain the cysteine residue seven amino acids
from the C-terminus that is thought to be the target of an as yet unknown posttranslational modification (Cohen et al., 1994; Finlin and Andres, 1997; Finlin et al.,
2000; Maguire et al., 1994; Reynet and Kahn, 1993). Also, the conserved serine eight
residues from the very C-terminus is phosphorylated in vivo and forms a 14-3-3 binding
site (Figure 3.5A, Beguin et al., 2005a; Finlin and Andres, 1999; Ward et al., 2004).
Immediately N-terminal of the highly conserved C-terminus is the CaM binding domain
(Figure 3.5A). The secondary structure of CaM binding domains is a basic amphipathic
a-helix, with the charged and hydrophobic residues residing on opposite sides of the
helix (O'Neil and DeGrado, 1990). The CaM binding domain is highly conserved both
in primary sequence and in predicted secondary structure in all four human RGK
GTPases (Figure 3.5A, Figure 3.6, Moyers et al., 1997). However, strikingly, there is
no evidence of primary sequence homology in the region corresponding to the human
RGK CaM binding domains in the D. melanogaster or C. elegans and C. briggsae RGK
GTPases (Figure 3.5B). Analysis of the secondary structure of the C-termini of the D.
melanogaster, C. elegans and C. briggsae RGKs revealed only limited regions

predicted to be helical. Helical projections of these regions, as performed for the Rad
CaM binding domain (Moyers et al., 1997), reveals that only Rgkl has a structure that
is partly amphipathic, as the only clear difference compared to the human RGKs is the
substitution of a basic residue for a hydrophobic residue at position 3 of the helix
(Figure 3.6). Although this does disrupt the charged face of the helix, outside of the
human RGKs, it is clearly the most amphipathic structure among the remaining RGKs
(Figure 3 .6). The other D. melanogaster RGKs, and the C. elegans and C. briggsae
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Figure 3.5

The C-terminal conserved regions of the human, D.

melanogaster, C. elegans and C. briggsae RGKs

The C-terminal 40 amino acids of the RGK GTPases aligned with ClustalW. The
positions of the CaM binding domain, the C7 domain and the conserved serine (green
asterisk) that serves as a binding site for 14-3-3 proteins in the mammalian RGKs are
indicated. A. The C-terminal 40 amino acids of the human RGK GTPases. The CaM
binding domain, with charged( +) and long chain hydropho bic(·) amino acids indicated
that are conserved in at least three out of four human RGKs (Moyers et al. , 1997), and
the C7 domain are indicated. B. The same region from the D. melanogaster, C. elegans
and C. briggsae RGKs aligned with the human sequences.
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Figure 3.6

Helical wheel projections of the putative and known CaM
binding domains of human, D. melanogaster, C. elegans and
C. briggsae RGKs

The C-terminal extensions of the RGK proteins of D. melanogaster (Rgkl, Rgk2, Rgk3
and Rgk4), C. elegans (ceRGK) and C. briggsae (cbRGK) were subjected to secondary
structural analysis. Predicted helical regions were chosen and plotted as a helical wheel.
Amino acids with basic side chains are illustrated in blue and amino acids with long
hydropho bic side chains are illustrated in red. Note the distribution of the charged and
hydropho bic residues to opposite sides of the helix for all four of the human RGKs (Rad
[previously shown in Moyers et al., 1997] , Gem, Rem and Rem2). Note that for the D.
melanogaster, C. elegans and C. briggsae RGKs, the entire C-terminal extensions were
scanned with an 18 amino acid window every four amino acids for amphipathic
structures. No structures more amphipathic than the ones shown were identified for any
of the proteins. The selected structures are shown as they contain an independently
predicted helical secondary structure and they are within a similar distance to the Cterminus as the CaM binding domains of the human RGKs.
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RGKs do not exhibit a distribution of charged and hydrophobic residues consistent with
an amphipathic helix (Figure 3.6). The C7 domain at the very C-terminus is conserved
in the D. melanogaster RGKs but is very poorly conserved in C. elegans and C.
briggsae, and does not contain a cysteine residue (Figure 3.5B). However, the serine
residue 8 amino acids from the end of the protein that is known to be phosphory lated
and bind 14-3-3 proteins in mammalian RGKs (Beguin et al., 2005a; Finlin and Andres,
1999; Ward et al., 2004), is conserved in all RGKs with the exception of Rgk3.

3.2.3.2

The GTPase domain

The RGK family differs markedly from other Ras superfamily members in the Nterminal and C-terminal extensions as described previously. In addition, there are
significant structural differences within the GTPase domain. The G 1 domain, which
functions in nucleotide binding and GTP hydrolysis is known to be divergent in
mammalian RGKs, as it is lacking the glycine at the position corresponding to glycine
12 of p21 Ras, which is known to be important for GTP hydrolysis (Krengel et al.,
1990). D. melanogaster, C. elegans and C. briggsae RGKs also lack this glycine with
this position occupied by praline in Rgkl, alanine in Rgk2 and Rgk3, serine in Rgk4
and threonine in the C. elegans and C. briggsae RGKs (Figure 3. 7). With the exception
of alanine, the side chain of which consists of a single methyl group, the side chains of
the other amino acids in this position are either polar (S, T) or larger than the side chain
of valine (P), which in this position is known to inhibit GTP hydrolysis by occupying
space (Krengel et al., 1990). However, structural analysis of p21 Ras suggests that even
the single methyl group side-chain of alanine at position 12 is sufficient to inhibit GTP
hydrolysis (Scheffzek et al., 1997). This position in the human RGKs is occupied by
praline in Rem and Rad, serine in Rem2 and glutamine in Gem (Figure 3.7). Again, the
side chains of these amino acids are all polar or large and hydrophobic and thus would
be expected to inhibit GTP hydrolysis (Scheffzek et al., 1997). Also in the G 1 domain,
Rgk3 is unique among RGK family members in that it is lacking a serine or threonine at
the position corresponding to S 17 in p21 Ras (Figure 3. 7). The absence of a serine or
threonine at this position is predicted to result in a form of the GTPase that is unable to
bind GTP and adopt the active conformation. Indeed, serine to asparagine mutations at
this position are traditionally used as dominant negative proteins due to their ability to
sequester GEF's and inability to activate downstream effectors (Feig, 1999). This lack
of a serine or threonine in Rgk3 is also conserved in the Drosophila pseudoobscura and
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Fig 3.7
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Anopheles gambiae Rgk3 orthologues (data not shown), and thus is likely to be a
genuine property of the Rgk3 GTPase.

The G2 motif is often referred to as the effector binding region as it is the Switch I
region that adopts different conformations depending on whether GTP or GDP is bound
(Figure 1.2), and, in the GTP-bound conformation, directly interacts with effectors.
This region is also necessary for GTP hydrolysis and for interactions with GAPs. These
properties of the G2 domain are separable, as it is the threonine (T35 in p21 Ras) that is
specifically necessary for GTP hydrolysis through coordination of magnesium
(reviewed in Sprang, 1997), and mutations can be made in the N-terminal half of the G2
domain that result in a GTPase that can bind GTP and its effectors but whose GTPase
activity is not stimulated by GAPs (Stone et al., 1993). The G2 motif, only the Cterminal half of which is conserved in human RGKs, is largely intact in D.
melanogaster RGKs, albeit with the potentially conservative substitution of serine for
threonine at the position corresponding to T35 of p21 Ras in Rgkl, Rgk2 and Rgk4
(Figure 3. 7). Rgk3 and the C. elegans and C. briggsae RGKs have non-conservative
amino acid substitutions at this position, proline and glutamate respectively.

The G3 motif is involved in both coordinating the catalytic magnesium molecule and
directly binding they phosphate of the GTP, and is highly conserved in almost all
GTPases. It corresponds to amino acids 57-60 in p21 Ras. The consensus for the motif
is DXXG, where aspartate 57 binds the magnesium ion through a water molecule and
glycine 60 hydrogen bonds with they phosphate of the GTP. The G3 motif is also
within the Switch II region, as the specific binding of the glycine to GTP results in a
conformational change in this region of the protein (Figure 1.2). Thus, the Switch I and
Switch II regions in a GTP-bound GTPase cooperate to form the effector binding site.
In the human RGK GTPases, the DXXG motif is replaced with a DXWE motif (Figure
3. 7). As well as coordinating the magnesium ion, the glycine is required for its intrinsic
flexibility for the structural changes required for the adoption of the active conformation
in response to GTP binding (Sung et al., 1995). The absence of this glycine in the
RGKs indicates that RGK GTPases must undergo a distinct conformational change in
the Switch II region. Immediately adjacent to the G3 region is the highly conserved
glutamine 61 in p21 Ras, the basic side chain of which is thought to be directly involved
in the hydrolysis of GTP (Frech et al., 1994). This residue is present in Rad and Rem2
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but is not prese nt in Gem and Rem. It is also abse nt in the D. melanogaster, C. elegans
and C. briggsae RGK s whic h suggests that if they can hydr olyse GTP, a property whic h
has been demo nstra ted for Rem (Finlin et al., 2000), it must be throu gh a distinct
mechanism.

The G4 and GS motifs, corresponding to positions 112-119 and 144-146 of p21 Ras
respectively, function mainly to prov ide additional stability to the interaction betw een
the GTP ase and the guanine nucleotide. The G4 domain, corre spon ding to residues
112-119 of p21 Ras with the core sequence block NKX D, is invo lved in binding the
guanine ring throu gh interactions with the side chain of the aspartate group. The
asparagine and lysine are also invo lved in stabilising the nucle otide bind ing site by
direc t interactions with residues in the G 1 region. This region, toget her with the G 1
motif, are the majo r regions responsible for nucleotide binding. The G4 moti f is
cons erved in huma n, D. melanogaster and C. elegans and C. briggsae RGK s (Figure
3. 7). The GS dom ain is know n only to directly inter act with the guanine nucle otide
throu gh the alanine at posit ion 146 via the main chain amide. It is also thou ght to be
indirectly invo lved in stabilisation of other G motifs of the GTP ase domain, specifically
the G4 motif. The hum an RGK GTP ases all have the cons ensu s GS moti f (EXS A),
however, the highly cons erved alanine is abse nt in the D. melanogaster, C. elegans and

C. briggsae RGK s, replaced with valine in the C. elegans and C. briggsae RGK s and in
Rgk l and Rgk3, and with serine in Rgk2 and Rgk4.

3.3

Discussion

Despite being phylogenetically part of the Ras subfa mily of small GTPases, sequence
comp ariso ns reveal that the GTP ases of the RGK family have very different prop ertie s
to the avera ge Ras family member. While the rgk GTP ase gene of the comm on
ancestor has been main taine d as a single ortho logo us gene in C. elegans and C.

briggsae, it has evolv ed into multiple gene families in D. melanogaster and humans.
The expa nsion of the family in D. melanogaster to the same exten t as in hum ans is
unique in any of the well defined sub-branches of the Ras subfamily, indicating that the
selective press ure apparently keeping Ras family gene num ber low in D. melanogaster
has not acted on the rgk GTPase genes in the same way it has for the rest of the Ras
subfamily.
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Although the D. melanogaster and human RGKs are derived from a single common
ancestor, it is likely that the functions of the RGKs in humans and D. melanogaster
have significantly diverged. The CaM binding domain of the human RGKs, conserved
in primary sequence and position in the human RGKs, is not conserved at the level of
primary sequence in any D. melanogaster, C. elegans or C. briggsae RGK and is only
conserved in secondary structure in Rgkl. This region is known to be essential for the
correct localisation of mammalian RGKs and the binding of CaM is an important
mechanism of regulation of the biological activity of the proteins. In the model
organisms, D. melanogaster, C. elegans and C. briggsae RGKs share an N-terminal
domain at between 29 and 50 amino acids N-terminal to the GTPase domain, the
function of which remains to be elucidated, but which is absent in human RGKs. The
lack of conservation of these domains, especially the CaM binding domain in three of
the D. melanogaster RGKs suggests that whilst one or some of the individual D.
melanogaster RGKs may have similar roles as the mammalian RGKs, other members of

the family may have acquired new roles, or at least are not regulated in the same
manner.

One striking feature of the RGK GTPases is that they have variant residues at positions
12, 3 5, 60 and 61, rather than the highly conserved residues found in other Ras family
GTPases. These variant residues affect the G 1, G2 and G3 motifs and are predicted to
affect the ability of the proteins to bind GTP, hydrolyse GTP and interact with GAPs
and effectors. Although it is not clear how all of these substitutions impact on the
ability of the proteins to act as molecular switches, they clearly result in GTPases that
are very different from the rest of the Ras subfamily. Although guanine nucleotide
binding ability has been demonstrated for all four human RGK GTPases (Cohen et al.,
1994; Finlin et al., 2000; Reynet and Kahn, 1993), GTPase activity has been observed
only for Rad, Rem and Rem2, which all have very low intrinsic GTPase activity (Cohen
et al., 1994; Finlin et al. , 2000; Zhu et al. , 1995). Also, despite the lack of T35 and G60
that are normally necessary for adoption of the active conformation in response to GTP
binding, there is evidence that RGK GTPases have effector-like relationships with the
~-subunits of voltage-gated calcium channels, where the binding is dependent upon the
GTPase being in the GTP-bound state (Beguin et al. , 2005a; Beguin et al., 2001; Ward
et al., 2004). How this relates to the D. melanogaster RGK GTPases is unclear. The
human and D. melanogaster RGKs differ significantly in the G2 and G3 motifs. The
G3 motif of the mammalian RGKs is at least conserved within the mammalian RGK
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paralogues, while the D. melanogaster G3 motif is not at all conserved beyond the
aspartate 57. Also, the catalytic glutamine is present only in Rad and Rem2, which both
have GTPase activity, and is absent in Gem and Rem (Cohen et al., 1994; Finlin et al.,
2000; Zhu et al., 1995). However, whilst GTPase activity has not been demonstrated
for Gem, Rem appears to possess GTPase activity without the catalytic glutamine
(Finlin et al., 2000). Thus, despite the absence of this residue in D. melanogaster and

C. elegans and C. briggsae RGKs, they may possess GTPase activity.

The G2 motif is particularly interesting, as it has been conserved in both human and D.
melanogaster RGKs but in different ways. Human RGKs possess the C-terminal half of
the motif, which is normally associated with effector binding, but lack the amino acid
corresponding to T3 5 in p21 Ras which is necessary for GTP binding and the associated
conformational change. In contrast, the D. melanogaster RGKs have weak
conservation over the length of the G2 motif and in all cases except Rgk3 have a
potentially conservative substitution of serine at the position corresponding to T35.
Thus, based on sequence analysis, the D. melanogaster and mammalian RGKs appear
likely to have structurally different responses to GTP binding.

3.4

Conclusion

The RGK gene families of humans and D. melanogaster form distinct sub-groups of the
Ras family of small GTPases. Both gene families comprise four members, and
phylogenetic analysis clearly demonstrates that both families have expanded from a
single ancestral gene. The human RGKs are closely related to each other both in terms
of overall sequence similarity and in domain composition. In contrast, the D.
melanogaster RGKs have undergone significant radiation, with the result of marked
differences in size, domain composition, and divergence within functional domains. The
evidence presented is consistent with independent divergence of the D. melanogaster
RGK GTPases with the possible maintenance of ancestral function.

56

Chapter 4 - Ends in gene targeting of rgk1 and rgk2
4.1

Introduction

D. melanoga ster has been the leading model organism for the best part of 100 years,

primarily because of the relative ease of genetic screens compared with other systems.
One area where D. melanoga ster has not been able to compete with other model
organisms has been the ability to create mutations in genes of which only the gene
sequence is known, a process sometimes referred to as reverse genetics. Researchers
using some other model systems are able to target genes by adding linear DNA carrying
engineered mutations to cells, which can then replace the endogenous gene and be
selected by the presence of a nutritional or antibiotic resistance marker gene. This
technique has proved difficult in D. melanoga ster because of the lack of any cultured
cell lines with the ability to become part of the germ line, and the need therefore, to
introduce a linear gene targeting molecule directly into the germ cells of the animal in
vivo. These factors have meant that many attempts to specifically target D.
melanoga ster genes have failed. However, these difficulties were overcome with a

combination of transposon-mediated transgenesis, the FLP/FRT system and a yeast
homing restriction endonuclease, I-Seel, to generate the linear targeting molecule in
vivo (Rong and Golie, 2000). Upon induction of FLPase, the transgene containing the

targeting construct undergoes recombination at directionally-orientated FRT sites
flanking the targeting construct to produce a circular, extrachro mosomal DNA molecule
which is linearised by the co-induced S. eerevisia e I-Seel endonuclease (Figure 4.1).

The gene targeting method originally described in 2000 (Rong and Golie, 2000), is
referred to as "ends in" targeting, as the position of the induced break in the targeting
construct is in the middle of the region of homology. When this molecule successfully
integrates at the target locus, the target locus is duplicated, with the w + marker gene and
I-Crel recognition sequence in between (Figure 4.1). The targeting construct is
designed with a mutation either side of the I-Seel recognition sequence such that both
duplicated copies of the locus contain mutations. This duplication can also be reduced
to a single copy of the locus by induction of the I-Crel endonuclease, with either, both,
or neither engineered mutations retained. Thus, ends in gene targeting makes it possible
to specifically mutate a target locus by introducing a change to a single nucleotide
(Figure 4.1 ). The rgk genes of D. melanoga ster are excellent candidates for a reverse
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Figure 4.1

Ends in gene targeting scheme

The relevant features of the pTV2 targeting vector are indicated: P-ele men t ends, FRT
sites, white+ selectable marker and I-Cre l recognition site (Rong and Golie, 2000). The
two exons of the hypothetical gene are indicated, with white asterisks representing the
introduced mutations. Induction of FLPase and I-Seel results in excision and
linearization of the targeting construct, which integrates into the target locus. This
produces a tandem duplication of the target locus, with each copy possessing one of the
introduced mutations. The reduction step is carried out by the induction of I-Crel,
which cleaves at its recognition sequence as indicated. This chromosomal break is
enlarged by endogenous exonucleases and repaired by a single strand annealing
mechanism, leaving a single copy of the target locus.
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genetic approach towards understanding their function as no mutant alleles of these
genes exist in D. melanogaster and the mammalian homologues are implicated in a
variety of cellular processes. This chapter describes the ends in targeting of rgkl and
rgk2.

4. 1. 1 General principles of targeting construct design

Homologous recombination requires the extrachromosomal linear targeting DNA to
find a region of the genome homologous to it and become inserted. In the majority of
cases, the greater the number of base pairs of homology, the greater the efficiency of
homologous recombination (Deng and Capecchi, 1992; Dray and Gloor, 1997; Shen and
Huang, 1986). It has been postulated that an extended stretch of homology may result
in the lengthening of transient contacts between chromosomes and extrachromosomal
DNA, thereby increasing the likelihood of recombination (Rong and Golie, 2000). The
first two reports of gene targeting in D. melanogaster described the rescue of the
1

yellow (y1) mutation (Rong and Golie, 2000), and the creation of a mutation in the
pugilist (pug) gene (Rong and Golie, 2001 ). Targeting of these loci was performed with

8kb and 2.5kb of homology respectively and resulted in targeting efficiencies of one
correctly targeted event per 1500 gametes and one event per 25000 gametes
respectively (Gloor, 2001; Rong and Golie, 2000; Rong and Golie, 2001). Based on
these frequencies, the total amount of homology used for the targeting constructs for
rgkl and rgk2 was approximately 7 .6kb.

The process of gene targeting relies on the host cell DNA repair and recombination
machinery. Upon induction of the double stranded break (DSB) in the targeting
molecule, the recombination machinery assembles at the point of the DSB and allows
for the rare events of homologous recombination. Another potential fate of the DSB is
enlargement by the action of cellular exonucleases, producing a gap in the targeting
molecule. During homologous recombination, this gap is repaired by the DNA repair
machinery by copying from the target locus. Thus, if the gap enlargement progresses
past the point of the engineered mutation(s), the process of repair can create a targeting
molecule that is wild-type at one or both of the mutated sites. This leads to a proportion
of targeted events that lack the intended sequence changes. Levels of gap enlargement
following P-element excision have been well studied (Gloor et al., 1991) and provide a
guide for the positioning of the mutations such that the targeting construct can be easily
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made and the mutations maintained in a majority of targeting events. Accordingly, both
the 5' and 3' mutations in the targeting constructs for rgkl and rgk2 were placed around
800 base pairs from the I-Seel site.

4.2

Results

4.2. 1 Gene targeting of rgk 1

The targeting construct for rgkl

2 st0
(pTV 2-rg k1 x P,

henceforth referred to as the donor

construct) was designed with two premature stop codons: a 5' mutation at codon 23 and
a 3' mutation at codon 278, which is the last amino acid before the GTPase domain
(Figure 4.2A, construct generation described in Chapter 2). Transgenic flies carrying
the donor construct were generated by standard P-element-mediated transformation
(Rubin and Spradling, 1982). A transgenic line containing the donor construct on
chromosome 3 was chosen for the targeting to enable the detection of potential targeted
events by altered linkage, as the target locus is on chromosome 2. The crossing scheme
for the targeting of rgkl is illustrated in Figure 4.3A and B, and described in Chapter 2.

Induction of the hs-Flp and hs-1-Scel trans genes in flies carrying the donor construct
resulted in almost complete loss of the w + marker due to the activity of the FLPase. A
targeted insertion of the targeting molecule should have only one FRT site (Figure 4.1 ),
and thus the w + marker should be resistant to FLPase-mediated excision. Thus, the
virgin females potentially carrying gametes with targeted insertion events were crossed
to flies able to express FLPase after heat shock induction, to quickly distinguish flies
with residual donor molecules from flies with new insertions of the targeting construct.

Out of 27 000 flies screened, 19 independent events were identified where the w + marker
was resistant to FLPase-mediated excision and was located on chromosome 2, giving a
targeting frequency of approximately one event per 1 500 gametes. These events were
further examined by PCR and restriction analysis (Figure 4.4A). Ten of the lines have
both mutant alleles present, four have only the 5' mutation, two have only the 3'
mutation, and three have neither mutation. Both non-targeted insertions and events
where the 5' and 3' mutations are lost are indistinguishable by this assay and no further
attempt was made to analyse these events (Figure 4.4A, lanes r,u and bb ). Thus, of the
confirmed targeted lines, six lost one of the mutations in the targeting event, whilst ten
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Figure 4.2

Ends in gene targeting constructs for rgkl and rgk2

Schematic repre senta tion of the constructs gene rated for the gene targe ting of rgkl (A)
and rgk2 (B). The gene regions are draw n to scale. The 7.6 kb regions of hom olog y
were clone d with intro duce d mutations (red asterisks) appr oxim ately 800 base pairs
either side of an intro duce d I-Seel site (as indicated). The locations of the prim ers
utilized for the cloning of the targeting construct , intro ducti on of the I-Seel site and
intro ducti on of the engin eered muta tions are indicated. The gene ratio n of both
constructs is described in detail in Chap ter 2. The targeting constructs were cloned into
the targeting/trans form ation vecto r pTV 2 (Rong and Golie, 2000), conta ining an I-Cre l
site, directionally orientated FRT sites, a white+ selectable mark er and P-ele ment ends
as indicated. Only features of pTV 2 that are prese nt in trans form ed flies are shown.
Thes e features are not draw n to scale.
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Figure 4.3

Crossing scheme for the ends in targeting of rgkl

A. Gene ratio n of the initial targe ted insertion at the rgkl locus. The proc edur e is

described in detail in Chapter 2. The donor construct and the hs-Flp and hs-1-Scel
transgenes were crossed and larvae heat- shoc ked in the first larval instar. Virg in flies
carrying the chro moso mes of interest were identified by the absence of the Ser marker,
and were crossed en masse to males with a hsFlp transgene , and the resulting larvae
were heat- shoc ked after approximately three days. Thew + from stocks that were not
affected by the prese nce of FLPase were then tested for linkage to chro moso me 2. Flies
with the Cy mark er were re-tested in the same manner. B. Male flies carrying a
targe ted insertion generated as described above were crossed to virgi n females with a
hs-1-Crel transgene, and first instar larvae progeny subjected to a mild heats hock at
36°C for 60 mins. Resulting prog eny with the 1-Cr el transgene and the targeted
insertion appeared mostly whit e-eye d with a low level of mosaicism. Individual males
were crossed to a stock balan ced for chromosomes 2 and 3. The introduction of the
TM6B chromosome was to enable the tracking of, and selection against, the hs-1-Crel
trans gene . Individual males with white eyes were used to set up stocks. The floating
TM6B chromosome was subsequently selected against (not shown).

A
hs-Flp, hs-I-Seel

y,w

TM 3 Se r

X

l
~

y,w
w11 1s

P w+ [rgk1 donor]

w11 1s

Hea t sho ck at first larval instar

.. hs-Flp, hs-I-Seel x
' ' p w+ [rgk1 donor]

hs-Flp, hs-I-Seel, Se o

y,w

2

S Cy 0

l

He at sho ck at first larval instar

w+ and hs-Flp, hs-I-Seel, Se o
Test w+ for linkage to
chr om oso me 2, then balance

B
w ..

hs-I-Crel

' '

w·

X

'

TM 6B

l
w

adh

L12-3, Sb

Cy O'

TM 6B

rgk1w+[targeted insertion]
2

S Cy 0

Heat sho ck at first larval instar

rgk1w- I mosaic
w·'
+

X

hs-I-Crel

+

l
w

Gia

rgk1w• or +

w·
'

X

CyO

CyO

hs-I-Crel or +

'

TM 6B

l
w

rgk1w- or +

CyO

+

'

TM 6B

Sto ck generated and
analysed molecularly

Figu re 4.4

Mole cula r anal ysis of rgkl targ eting events

A. DNA from heterozygous individuals from the 19 potentially targeted lines was

isolated and used as template for two PCR reactions designed to amplify across the 5'
(primers 9 HR test F and 981 lI-Sc eIR) and 3' (primers 981 lI-Sc eIF and 9HRtest R #2)
mutations. The PCR products were subjected to digestion with Sphl (5' PCR product,
upper panel) and Pstl (3' PCR product, lower panel). The presence of the restriction
site indicates the presence of the introduced mutation. This results in a 1.1 kb product
in wild-type being cleaved into 850bp and 350 bp fragments for the 5' PCR product and
a 1kb fragment being cleaved into 650bp and 350bp fragments for the 3' PCR product.
The w
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and donor samples were included as negative and positive controls

respectively. Note that the wild -type band is expected to be present in two copies as the
flies are heterozygous and contain a duplication of the target locus , only one copy of
which contains the mutation. Note also that the 3' PCR product is originally 1.2 kb but
is cleaved into 1kb and 200bp fragments in both the wild-type and mutant products. B.
Allele specific PCRs for both the wild -type and mutant loci were performed as
described in Chapter 2 on the indicated genotypes (het = heterozygote, horn =
homozygote). Note that the wild-type band is absent in flies homozygous for the 3'
allele. C. Sequence analysis of the 3' mutation in flies homozygous for the rgkl
allele. The introduced stop codon and restriction site are indicated.
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retained both mutations. One of the stocks containing both mutations was subsequently
chosen for the reduction step.

4.2.1.1

Removal of the duQlication

Although two duplicated genes each with a mutation can be considered a mutant allele,
it is still preferable to have the locus as close to wild-type as possible with reference to
the genomic structure, to minimise the possibility of phenotypic effects due to the local
spatial disruption of the genome caused by a duplication. Also, any mutation not
directly affecting a predicted functional domain of a protein has the potential to not be
reflective of a mutation in the whole gene if the gene has multiple isoforms, and the
isoform that includes the mutated exon is only expressed at a low level or in a subset of
the tissues of the other isoforms. Thus, the reduction step was carried out with the aim
of isolating a stock with the 3' mutation, as it introduces a stop codon immediately
before, and in the same exon as the first amino acid of the GTPase domain. The
crossing scheme for this step is illustrated in Figure 4.3B, and described in Chapter 2.

Induction of the hsl-Crel trans gene in flies carrying a targeted rgkl allele induces a
DSB at the 1-Crel site. The process of the repair of the DSB produces an outcome
equivalent to that of recombination having occurred between the two copies of the
target locus (Figure 4.1 ). The resulting product can contain the 5' mutation, the 3'
mutation, both mutations, or neither mutation. Several independent reduction events
were obtained which all contained the 3' mutation (One shown in Figure 4.4B). The
presence of the introduced mutation was confirmed by sequence analysis (Figure 4.4C).
Two independent lines were found to be semi-lethal, but complemented each other. For
one of these lines, the semi-lethality was found to segregate away from a molecular
marker of the gene targeted rgkl allele, although the recombination distance was not
determined. This "cleaned up" rgkl allele was used for subsequent analysis. This allele
(henceforth referred to as rgkl

1

)

is completely viable and fertile as a homozygote and in

trans with Df(2R)BSC26, which removes the region of the genome containing rgkl.

4.2.2 Gene targeting of rgk2
2

st0

The targeting construct for rgk2 (pTV2-rgk2 x

P,

henceforth referred to as the donor

construct) was designed with two premature stop codons: a 5' mutation at codon 8 and
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a 3' mutation at codon 519, which is seven amino acids before the GTPase domain
(Figure 4.2B, construct generation described in Chapter 2). Transgenic flies carrying
the donor construct were generated by standard P-element-mediated transformation
(Rubin and Spradling, 1982). Unfortunately, only one transgenic line was isolated, and
was found to map to the second chromosome, where the target locus also resides. I was
not able, therefore, to use altered genetic linkage as a quick means of distinguishing
targeted insertion events from the original donor insertion. For the targeting of rgkl ,
the testing of the sensitivity of the w + marker to FLPase-mediated excision was
inefficient as not all of the progeny received the hs-F LP trans gene, thus a second round
of testing had to be performed. This method was improved in the targeting of rgk2 , by
crossing the heat shocked females carrying the donor construct and the hs-F LPas e and
hs-1- Scel transgenes to males homozygous for a transgene containing FLPase under the

control of the eyele ss promoter, resulting in FLPase expression in the developing eye.
This method also has the advantage that induction of the FL Pase does not require a heat
shock. The crossing scheme for the targeting of rgk2 is illustrated in Figure 4.5, and
described in Chapter 2.

Approximately 60 000 progeny of this cross were scored for the presence of the w +
marker. Of these, eight independent lines were identified with a FLPase-resistant w +
marker, giving a targeting frequency of approximately one event per 8 000 gametes.
These lines were subjected to PCR and restriction analysis for the presence of the
introduced molecular lesions (Figure 4.6A). All of the eight targeting events recovered
possessed the 3' mutation, and only one was lacking the 5' mutation. One of the stocks
containing both mutations was chosen for the reduction step, which was carried out
exactly as described for rgkl (Figure 4.3B). Several independent reduction events were
obtained which again all contained the 3' mutation (One shown in Figure 4.6B). The
presence of the introduced mutation was confirmed by sequence analysis (Figure 4.6C).
As with rgkl a reduced allele of rgk2 also contained a linked recessive allele, which in
this case conferred female sterility. This female sterility was complemented in trans by
both Df(2 R)PC 66 and Df(2 R)PC 4, which both uncover the rgk2 locus. The gene
targeted rgk2 allele was also found to segregate away from the female sterile allele at
approximately 17%, and the subsequent "cleaned up" rgk2 allele used for further
analysis. Also as with rgkl , this allele (henceforth referred to as rgk2

1

)

is completely

viable and fertile as a homozygote, and in trans with both Df(2 R)PC 66 and Df(2 R)PC 4.
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Figure 4.5

Crossing scheme for the ends in targeting of rgk2

The crossing scheme for the targeting of rgk2 is similar to that described for the
targeting of rgkl (Figure 4.3), and the procedure is described in Chapter 2. The number
of vials and the heat-shock regime is identical, however, the donor construct for rgk2
targeting was located on chromosome 2 rather than chromosome 3 for rgkl targeting.
Also, virgin females carrying the hsFlp and hs-1-Scel transgenes and the donor construct
were crossed en masse to males of the genotype y1) w

111 8

).

eyFlp which expresses

FLPase in the developing eye. All stocks that had w + eyes resistant to FLPase were
balanced for chromosome 2 and subsequently analysed molecularly. The reduction step
for rgk2 was carried out exactly as described for rgkl (Figure 4.3B and Chapter 2).
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Figure 4.6

Molecular analysis of rgk2 targeting events

A. DNA from heterozygous individuals from the 8 potentially targeted lines was

isolated and used as template for two PCR reactions designed to amplify across the 5'
and 3' mutations. The PCR products were subjected to digestion with PvuII (5' PCR
product, upper panel) and BamHI (3 'PCR product, lower panel). The absence of the
restriction site indicated the presence of the introduced mutation. This results in 850bp
and 550 bp fragments for wild-type and the uncut 1.4 kb product in the mutant for the 5'
PCR product, and 900bp and 300bp products for wild-type and the uncut 1.2kb product
for the mutant for the 3' PCR product. The w

1118

and donor samples were included as

negative and positive controls respectively. Note that the wild-type band is expected to
be present in two copies as the flies are heterozygous and contain a duplication of the
target locus, only one copy of which contains the mutation. B. Allele specific PCRs for
both the wild-type and mutant loci were performed as described in Chapter 2 on the
indicated genotypes (het = heterozygote, horn= homozygote) .. Note that the wild-type
band is absent in flies homozygous for the 3' allele. C. Sequence analysis of the 3'
1

mutation in flies homozygous for the rgk2 allele. The introduced stop codon and
destroyed restriction site are indicated.
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4.3

Discussion

This chapter has described the in vivo site-directed mutagenesis of the novel D.
melanogaster genes rgkl and rgk2 by ends in gene targeting. For both rgkl and rgk2,
this resulted in the production of alleles with premature stop codons before the start of
the GTPase domain, which are expected to be null alleles for GTPase activity. Flies
homozygous for each of these mutations are viable and fertile and show no obvious
visible phenotypes, indicating that rgkl and rgk2 are individually dispensable for
normal development. Due to the high level of conservation between the four D.
melanogaster RGK GTPases, it is possible that there exists a level of functional
redundancy within the gene family. This possibility will begin to be addressed in the
next chapter where I will describe the mutagenesis of the remaining D. melanogaster
RGK GTPases, rgk3 and rgk4.

Previous published attempts at gene targeting have recovered targeted events at
frequencies ranging from approximately 1 event per 500 gametes (Rong et al., 2002) to
over 1 in nearly 50 000 gametes (O'Keefe et al., 2005). Three main factors are thought
to influence the targeting efficiency. The most obvious is the well established
correlation between the total amount of sequence identity shared between the donor
construct and the target locus and the targeting frequency, which in mouse ES cells has
been shown to be a linear relationship up to about 14 kb (Deng and Capecchi, 1992).
Targeting of the D. melanogaster pugl ist (pug) locus was found to be 5 times more
efficient using a donor with 8.9kb of homology compared to a donor with 2.5kb of
homology (Rong and Golie, 2001; Rong et al., 2002), indicating that the correlation
between amount of sequence identity and targeting efficiency is also positive in D.
melanogaster. Single nucleotide changes in the region of sequence similarity in mouse
ES cell targeting have also been shown to have dramatic effects on targeting efficiencies
(te Riele et al., 1992), although this is not as apparent in D. melanogaster where most
attempts, including this study, have not taken special care to ensure the isogenicity of
the targeting molecule and the target locus and still achieved high targeting efficiencies.
Indeed, when the targeting of metal responsive transcription factor, MTF l, was
successfully performed in a strain that was not isogenic to the donor construct and
subsequently repeated in an isogenic strain, the targeting efficiency was not increased
(Egli et al., 2003). It is possible that isogenicity would increase targeting efficiencies in
D. melanogaster in other cases, but the reward may not be worth the increased effort,
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given that high frequencies of targeting are obtainable without using isogenic donor and
target sequences.

Chromatin structure at the target locus is also thought to heavily influence targeting
efficiencies, as a closed chromatin conformation would make it harder for the cells
DNA repair and recombination machinery to access the target locus and integrate the
targeting molecule. The third factor influencing the efficiency of D. melanogaster gene
targeting is the chromatin structure at the donor insertion site. Successful FLPasemediated excision would be predicted to be a more likely event from open chromatin
than from closed chromatin based on accessibility to the FRT sequence. Additionally,
the packaging of a successfully excised donor element could vary markedly in, for
example the type of bound histones and their modifications. Very different targeting
efficiencies have been reported for different insertions of the same donor construct
(Rong et al., 2002; Seum et al., 2002), which is testament to this. Fortunately, in this
study, the first donor lines used for targeting rgkl and rgk2 were readily mobilisable as
judg ed by the nearly completely white eyes of FLP-induced flies carrying the donor,
and these lines both gave rise to targeted events at high frequency. This was especially
fortunate in the targeting of rgk2 as only one donor insertion line was obtained by
transformation.

Avoiding loss of the engineered mutations due to gap enlargement of the I-Seel-induced
DSB is also of critical importance to the overall efficiency of ends in gene targeting.
The gap enlargement following the I-Seel-mediated linearisation of the donor molecule
can result in the loss of the engineered mutations if the mutations are too close to the
site of the DSB, as the enlarged DSB in the donor molecule is repaired using the
endogenous locus as template, resulting in restoration to the wild-type sequence
(Szostak et al., 1983). In this study, the mutations were introduced between 750 and
800 bp from the I-Seel recognition sequence. For rgkl this resulted in 6 confirmed
losses of mutation and 26 instances of the mutation being maintained (this excludes the
three events that are indistinguishable from non-targeted insertions). For rgk2, of the 8
events recovered, there was only one instance of the loss of a mutation, and 15 instances
of the retention of the mutation. Thus, 750 to 800 bp is a sufficient amount of "buffer
sequence" between the site of the DSB and the mutations to enable the high frequency
recovery of targeted events containing the introduced mutations.
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The reduction of the gene targeted events to a single copy has in both cases favoured the
3' allele to the extent that no reduction events were obtained that contained the 5' allele
for either rgkl or rgk2. This bias has been observed before and is thought to be a result
of the proximity of the mutation to the I-Crel-induced DSB (Rong et al., 2002). In a
type II insertion event, the 2 copies of the locus are separated by the marker gene and
the I-Cre l recognition site. Upon DSB formation, it is thought that cellular 5' -3'
exonuclease activity generates single-stranded regions that are able to anneal by base
complementarity (Rong et al. , 2002). Then, a combination of degradation of loose ends,
polymerisation to cover remaining gaps and ligation restores the structure of the locus.
This single-stranded annealing (SSA) process therefore biases towards the retention of
the mutation that has the w+ marker gene between it and the I-Cre l site, as the annealing
of the single strands is a rapid process and should occur before the exonuclease has
reached the mutation site. The sequence encoding the mutation closest to the I-Crel site
is therefore most likely to have been deleted before there is any complementary single
stranded DNA available for binding from the other side of the DSB.

For both rgkl and rgk2, the donor constructs were oriented to place the 3' mutation
furthest from the I-Cre l site in a targeted event to bias its recovery. This was done to
ensure a GTPase null allele was created for each of these genes, as it is possible that
there are alternative transcripts of these genes, which may have bypassed the more 5'
mutations. Several attempts were made to recover the 5' alleles as these would be
protein null alleles assuming a single transcript, but these attempts were unsuccessful.

The reduction step has produced linked recessive mutations on three occasions, which
initially hampered analysis. For rgkl , this was particularly confounding as two
independently reduced lines both exhibited approximately 90% semi-lethality when
homozygous but yet complemented each other. The production of linked recessive
lethal mutations has been observed previously in the reduction step (Rong et al., 2002),
although there is no obvious explanation for this phenomenon. The I-Crel enzyme is
able to cut the rDNA sequences of D. melanogaster but these reside on the X and Y
chromosomes, and thus any mutations generated in them would not be linked with
chromosome 2.
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4.4

Conclusion

This chapter has described the successful gene targeting of the novel D. melanogaster
genes rgk l and rgk2. Alleles generated for both genes have premature stop codons at
the start of the GTPase domain and are thus likely to be functionally null alleles. The
next chapter describes the generation of mutant alleles of the remaining members of the
D. melanogaster rgk family by a combination of ends out gene targeting and imprecise
P-e lem ent excision.
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Chapter 5: Ends out targeting of rgk3 and rgk4 and Pelement excision mutagenesis of rgk4
5.1

Introduction

Targeted mutagenesis in D. melanogaster has been performed using both ends in and
ends out approaches (for example, Dolezal et al., 2003; Egli et al., 2003; Gong and
Golie, 2003; Gong and Golie, 2004; O'Keefe et al., 2005; Rong and Golie, 2000; Rong
and Golie, 2001; Rong et al., 2002; Seum et al., 2002). The previous chapter described
the ends in targeting of the rgkl and rgk2 genes. In the targeting of these genes, the
ends in designation refers to the position of the breakpoint in the target construct, as the
I-Seel site is engineered in the middle of the region of homology. As described
previously, this technique results in a duplication of the target locus, which can then be
relatively easily removed, leaving the target locus wild-type except for the desired
mutation, which can be as small as a single nucleotide change.

Traditionally, in organisms such as yeast and mice, gene targeting has been performed
by an "ends out" approach. As the breakpoints in the targeting construct are at the ends,
the initial insertion event results in a cassette exchange where the selectable marker,
such as a nutritional marker in yeast or an antibiotic resistance marker in mice, replaces
some, or all, of the target gene. This method lacks the subtlety of ends in targeting, as
the mutant allele generated is usually a replacement of a significant portion of the gene
with a marker gene. This lack of subtlety is offset by the general utility of the approach
and the ease of construct generation, particularly when a null allele is desired, as crucial
regions of the gene, or the entire gene, can be simply replaced with a marker gene.

Despite the differences in targeting construct generation, ends out targeting in D.
melanogaster is basically a slight modification of the previously described ends in

targeting. In both cases, directionally orientated FRT sites are used in combination with
a heat shock-inducible FLPase transgene to generate the extrachromosomal donor
molecule, in which a double stranded break is induced by the I-Seel enzyme, the
expression of which is also induced by heat shock. Thus, the procedure for ends out
targeting in D. melanogaster is identical to the first step of ends in gene targeting,
although the actual targeting event is quite different (Figure 5.1)
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Figure 5.1

Ends Out Gene Targeting scheme

The Donor construct contains many of the elements of the donor described for ends in
targeting (Figure 4.1 ). The white+ selectable marker is inserted between two regions
homologous to the target locus such that it disrupts the gene. The targeting region is
flanked at either end by I-Seel sites and directionally orientated FRT sites. The whole
construct is contained within P-element ends for transformation. In transgenic flies
carrying the targeting construct, induction of FLPase and I-Seel results in excision and
linearization of the targeting construct with the breaks at the ends of the region of
homology. The linear targeting molecule recombines with the target locus, resulting in
a cassette exchange and the production of a mutant allele.
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5.2

Results

5.2. 1 Ends out gene targeting of rgk3
The targeting construct for rgk3 (pEndsOut II- 70w-rgk3!J

927

,

henceforth referred to as

the donor construct) was designed to remove most of exon 1 and all of exons 2 and 3
(Figure 5.2A, construct generation described in Chapter 2). Transgenic flies carrying
the donor construct were generated by standard P-element-mediated transformation
(Rubin and Spradling, 1982). Two independent transgenic lines were recovered which
both mapped to chromosome 2. The crossing scheme for the targeting was carried out
exactly as described for the first step of the ends in targeting of rgk2 in the previous
chapter (Figure 4.5 and Chapter 2). Out of approximately 30 000 flies screened,
approximately one in 200 possessed a w + marker gene that was resistant to FLPasemediated excision. Stocks were made from these individuals, from which single flies
were subjected to PCR analysis with two primer pairs designed to amplify fragments,
both 5' and 3 ', spanning a portion of the marker gene, the entire region of the target
locus used to generate the targeting construct and a portion of the endogenous target
locus (Figure 5.3C). Thus, a PCR product of the correct size could only be produced if
an "ends out" targeting event had occurred. Three independent lines out of 15
examined tested positive for these PCRs (one shown in Figure 5.3C), and because of the
large number of lines, the rest were discarded . Extrapolation of these data gives an
estimated targeting efficiency of approximately one in 1 000. The ends of the 5' and 3'
test PCR products of one of these lines ,

3
rgkJ1 B

were sequenced (Figure 5.3C) showing

that a precise cassette exchange has occurred. The rgkJ1 JB allele is completely viable
and fertile both as a homozygote and in trans with Df(2 R)PKl, which removes the
region of the genome containing rgk3.

5.2.2 Ends out gene targeting of rgk4
The targeting construct for rgk4 (pEndsOut II- 70w-rgk4!J

908

,

henceforth referred to as

the donor construct) was designed to remove most of exon 4 and all of exons 5 and 6
(Figure 5.2B, construct generation described in Chapter 2). Transgenic flies carrying
the donor construct were generated by standard P-element-mediated transformation
(Rubin and Spradling , 1982). Two independent lines were recovered, one each on
chromosomes 2 and 3. The crossing scheme for the targeting of rgk4 is illustrated in
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Figure 5.2

Ends out Gene Targeting constructs for rgk3 and rgk4

Schematic representation of the constructs generated for the gene targeting of rgk3 (A)
and rgk4 (B). The gene regions are drawn to scale. The locations of the primers used
for cloning the targeting construct are indicated. The cloning procedure is described in
detail in Chapter 2. The positions of the restriction sites utilized for the cloning of the
rgk3 construct SacII (S) .x'hol (X) BamHI (B) are indicated. In both constructs, at least

2.5kb of homology was used either side of the white+ gene. For both rgk3 and rgk4 the
white+ marker replaces exons that encode the beginning of the GTPase domain, and

thus are predicted to produce GTPase-null alleles. The relevant features of the targeting
vector, pEndsOut II are indicated.
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Figure 5.3

Molecular analysis of an rgk3 targeting event

DNA from (A): wild-type flies, (B): donor flies, and (C): flies with putative targeted
insertion 13B, was subjected to PCR analysis with primer pairs specific for the wildtype rgk3 locus, the donor construct, and a targeted insertion. The schematic
representations in A, B and C illustrate the specific PCR reactions. Primers that bind to
the wild-type rgk3 locus are represented by black arrows, primers binding within the w +
marker are represented by red arrows and primers that bind within the targeting vector
are represented by green arrows. A. Wild-type DNA: only the wild-type specific bands
amplify. Primer pairs were 5': 3EO test 5' and 15664 5'G R, and 3': 15664 5'G F and
15664 3 'Xba. B. DNA from wild-type flies carrying the donor construct: the wild-type
and donor specific bands amplify. Primer pairs for the donor-specific PCRs were 5':
EO w+ Rand 70w test R, and 3': 70w test F and EO w+ F Barn C. DNA from flies
heterozygous for the 13B insertion: the wild-type and targeted insertion specific bands
amplify. Primer pairs for the targeted insertion-specific PCRs were 5': 3EO test 5' and
70w test R, and 3': 70w test F and 15664 5'G F. D. Sequence analysis of the ends out
targeted rgk3 allele. (i) The sequence of the junction between the 5' end of the rgk3
locus and the 5' end of the region of homology used for targeting. (ii) The sequence of
the junction between the 5' region of homology and thew+ selectable marker. (iii) The
sequence of the junction between thew+ selectable marker and the 3' region of
homology. (iv) The sequence of the junction between the 3' end of the region of
homology and the 3' end of the rgk3 locus. All junctions are as expected for the desired
targeted event.
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Figure 5.4A. Initially, the donor on chromosome 3 was used and approximately 50 000
flies were screened. As previously described for the targeting of rgk3, there were many
flies (approximately 80) recovered with aw+ marker gene resistant to FLPase-m ediated
excision that were not targeted events. This was apparent as the rgk4 locus resides on
the X chromoso me, and no linkage of the w + marker to the X chromoso me was detected
for any of the 80 lines. It has been previously reported that different chromoso mal
locations of the donor element can have marked effects on the targeting frequency
(Rong et al., 2002; Seum et al., 2002), thus targeting was attempted again using the
donor construct on chromoso me 2. This time, approximately 70 000 flies were
screened, and again, many individuals (approximately 150) were recovered with aw+
marker gene resistant to FLPase-m ediated excision, but again, none of these were on the
X chromosome.

Shortly after the second attempt at ends out targeting of rgk4, a P-elemen t (G 1713) was
isolated that was located in the middle of the sixth intron of rgk4 (Figure 5.5A, and
Beinert et al., 2004). Because of the failure to generate a targeted mutant allele, the
targeted mutagene sis of rgk4 was abandone d in favour of mutagenesis by imprecise Pelement excision.

5.2.3 Imprecise P-element excision mutagenesis of rgk4
Mutagenesis of rgk4 by imprecise P-elemen t excision was carried out mobilising the
G 1713 P-elemen t and creating multiple stocks that had lost the P-elemen t-associa ted y +
marker and analyzing these stocks for the presence of deletions associated with the loss
of the P-elemen t. The crossing scheme is illustrated in Figure 5.4B and described in
Chapter 2. They+ G 1713 P-elemen t was mobilised by crossing virgin female flies
homozyg ous for the P-elemen t to male flies carrying the CyO-HoP transposase source.
Male progeny with the Cy marker (and thus the source of transposase) were mated to
virgin females homozyg ous for the X chromoso me balancer FM7a, which carries a y
allele. Female offspring from this cross with yellow body colour, and thus lacking the
P-elemen t, were mated to FM7a males to set up stocks. Individual males from the 240
P-reverta nt stocks generated were used for molecular analysis. Of these 240 stocks, 34
were found to be imprecise excisions that failed to amplify a PCR product across the Pelement insertion site (Figure 5.5A and B). Although none of these stocks contained
deletions that removed exons 5' to the original P-elemen t insertion (Figure 5.5B), a
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Figure 5.4

Crossing schemes for mutagenesis of rgk4

A. Crossing scheme for ends out targeting of rgk4. The crossing scheme is similar to

that described for the ends in targeting of rgk2 , and the procedure is described in
Chapter 2. The first attempt used a donor trans gene located on chromosome 3 (as
indicated) and the second used a donor on chromosome 2. In both cases, flies carrying
the donor construct and the hs-F lp and hs-1- Scel transgenes had almost completely
white eyes with a very low level of mosaicism. These flies were selected by their eye
colour and the absence of the Ser marker. All flies that retained the w + marker after
crossing to eyFl p were tested for linkage of the w + marker to the X chromosome. B.
Crossing scheme for imprecise P-ele men t mutagenesis of rgk4. The procedure is
described in Chapter 2. After generation of stocks from each individual excision, the
CyO -HoP chromosome was removed from all stocks (not shown).
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Figure 5.5

Generati on of mutant alleles of rgk4 by imprecis e P-elemen t
excision

A. Schematic representation of the rgk4 locus showing the position of the G 1713 P-

element. The horizontal lines labeled 1, 2 and 3 below indicate the regions amplified by
PCR to analyse the excision lines generated. The primers used were, PCRl: X test F2
and X test Bl , PCR2: rgk4 T285N F and 4midexonseqR, PCR3: 4 3' RNAi FX and rgk4
3' Xho. B. PCRl, with a primer binding site either side of the location of the Gl 713
insertion was used for the initial screening of the 240 excision lines. The 34 lines that
failed to produce a PCR product with PCRl were subsequently tested for PCRs 2 and 3.
In all 34 cases, PCR2 was successfully amplified , however PCR3 failed for excision
lines 48, 51 and 96 (indicated with asterisks). C. PCR amplification of DNA from
excision line 96 with the forward primer of PCRl and the reverse primer of PCR3
resulted in a 1.7 kb product (the primer binding sites are almost 4kb apart in the wildtype locus). This product was sequenced from both ends and the breakpoints of the
deletion were identified. Approximately 900 bp of the P-elemen t remains in the locus
as indicated.
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PCR product with both primer binding sites within the ninth exon of rgk4 failed to
amplify in three of the lines (Figure 5.5B). Subsequently, a 2 kb PCR product was
found to be specifically amplified in two of these lines (~51 and ~96) using the forward
primer from PCR l and the reverse primer from PCR3 , which bind 4 kb apart on the
wild-type rgk4 locus (Figure 5.5A and data not shown). Sequence analysis of this
product revealed that in the ~51 and ~96 excision lines, 3 148 bp of the rgk4 locus,
including exons 7, 8 and the first 333 nucleotides of exon 9, were deleted (Figure 5.5C).
This deletion encompasses nearly all of the sequences that encode the GTPase domain
and thus is expected to be a GTPase null mutation. The excision was not completely
clean, however, as approximately 900 bp of the original P-ele men t remained at the
locus. The ~51 and ~96 stocks are derived from progeny from the same male, and as
they have the same molecular lesion are henceforth regarded as the same allele and
referred to as ~96. The limits of the deletion in the ~48 stock were defined by the
successful amplification of a PCR product approximately half way between the end of
the rgk4 locus and the downstream gene (data not shown). However, the precise nature
of the ~48 deletion was not elucidated. The rgk4!J

96

allele will be used for all

subsequent analyses as its molecular lesion is strictly limited to the rgk4 locus while the
8

rgk4M deletion extends 3' of rgk4 into a region, which although lacking any predicted
genes, appears to code for several non-coding RN As based on BLAST analysis of this
region against the D. melanogaster EST database. Males and females hemizygous and
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8

homozygous respectively for rgk4 !J and rgk4M deletions are viable and fertile and
show no gross morphological defects.

5.3

Discussion

This chapter has described the generation of mutant alleles of rgk3 and rgk4.
Interestingly, although ends out gene targeting was successful for the mutagenesis of

rgk3 , a targeted mutation was not obtained for rgk4 by the same method. Fortunately, a
P-ele men t insertion in rgk4 (Beine1i et al., 2004) became available and was mobilised to
generate small deletion alleles of rgk4 , which are expected to be GTPase null alleles.

As for rgkl and rgk2 , flies homozygous for either the rgk3 or rgk4 mutant alleles are
viable and fertile with no obvious visible phenotypes, indicating that none of the D.
melanogaster RGK GTPases are individually required for normal development.

Therefore, if RGK GTPases perform essential functions required for normal
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development, they must act redundantly. The issue of redundancy between the D.

melanogaster RGK GTPases is addressed in the next chapter.

Less data are available on the targeting frequencies for ends out targeting than for ends
in, although in the original proof of principle experiments, approximate frequencies of
one in 800 and one in 380 targeting events per gamete were recorded for the rescue, or
creation of a yellow mutation respectively (Gong and Golie, 2003). Similarly,
comparable frequencies were obtained in the productio n of deletions of the two Hsp70
gene clusters at 87 A and 87C (Gong and Golie, 2004). These frequencies, however,
refer only to events where recombination has occurred between the donor molecule and
the target locus. For the targeting of the Hsp70 87C cluster, a majority of putative
events were not targeted, although this was not the case for the 87 A cluster or for the
previously reported yellow targeting (Gong and Golie, 2003; Gong and Golie, 2004).
For the Hsp70 87C experiment, it was noted that there were numerou s occasions where
the original donor insertion had not mobilised but had lost one of its FRT sites. Using
the rgk3 and rgk4 rapid crossing scheme to test for the mobilisation of any potential
inserts, such events would have lost FLPase-m ediated mobility and thus appeared to be
genuine insertions (Gong and Golie, 2004).

Together with the potential in some cases for non-targeted insertions, the loss of FRT
sites may explain the very high levels of lines observed in the targeting of both rgk3 and

rgk4 that had lost the ability to be mobilised by FLPase but did not map to the target
chromosome. Gong and Golie postulate that the high levels of donor inserts that lose
the ability to be mobilised by FLPase are probably caused by I-Seel cleavage of the
donor in its chromoso mal location. They propose that a DSB created by I-Seel is
enlarged by degradation of the broken ends, leading to the loss of an FRT, and finally
repair of the broken ends by non-homologous end joining, creating a donor molecule
that cannot be excised (Gong and Golie, 2004). Although no effort was made in this
study to determine whether events not mapping to the target chromoso me were nontargeted insertions or immobilised versions of the original donor insertions, it is likely
that immobilised donors make up a large proportion of the non-targeted events
observed. It is also apparent that there were more of these events observed in this study
than reported by Gong and Golie (Gong and Golie, 2004). The targeting performe d by
Gong and Golie used the pW35 vector, whereas this study used the pEndsOu t II vector
(J. Sekelsky, personal c01mnunication 2002). These vectors do not differ significantly
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in their components required for the initial targeting (p W35 has LoxP sites for later
removal of the marker gene), but do differ in their construction. The vector pEndsOut II
has no intervening sequence between the I-Seel sites and their adjacent FRTs, whereas
in pW35, the I-Seel sites and FRT sites either side of thew+ marker have l00bp and
125bp separating them. Thus, if I-Seel was to cut a donor molecule in its chromosomal
context, the likelihood that an FRT sequence will be lost is much higher in a pEndsOut
II-derived construct than in a p W35-derived construct.

This is unlikely to significantly affect the actual targeting frequency but does
significantly decrease the efficiency of the procedure as a whole as it leads to a much
greater number of potential events that have to be examined for linkage to the target
chromosome. One way to improve this technique may be to insert a large spacer
between each I-Seel site and its neighbouring FRT. Based on the gap enlargement data
used for designing the ends in targeting constructs described in the previous chapter, a
spacer of around 800bp should suffice. This complication does not arise in ends in gene
targeting as the I-Seel site is in the middle of the region of homology and is thus at least
3kb from the nearest FRT site.

Despite the targeting of rgk3 occurring at a high estimated frequency, no targeting
events were obtained for rgk4. The overall amount of homology used in the targeting
construct for rgk4 was slightly lower than used for rgk3 but was still at the high end of
published accounts of D. melanoga ster targeting constructs. Taken together, the two
attempts at targeting rgk4 analysed more flies than the targeting of the other three rgks
together (Chapter 4 and this chapter). One difference is that rgk4 is located on the X
chromosome at 3F4, compared to the other rgks, which are on 2R. However , the
original gene targeting proof of principle targeted the yellow locus, which is also located
on the X chromosome (Gong and Golie, 2003). One possibility is that the chromatin
structure around the rgk4 locus is in a closed conformation compared to the autosomal
rgks. Immediately upstream of rgk4 is predicted gene CG 15240, and upstream ofthis is

a 20kb region that is devoid of any predicted genes or significant similarity to EST' s. It
is likely therefore that this region is transcriptionally silent and possibly in a closed type
chromatin conformation, and this may influence surrounding genes, making it harder for
the donor molecule to gain access to the rgk4 locus.
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5.3. 1 Ends in vs ends out gene targeting
Ends in targeting has been shown to be an efficient way to generate mutant alleles at a
number of independent loci by a number of independent labs (For example, Dolezal et
al., 2003; Egli et al., 2003; O'Keefe et al., 2005; Rong and Golie, 2001; Rong et al.,
2002; Seum et al., 2002). In contrast, ends out gene targeting has not been as widely
used as ends in targeting, largely because an initial attempt at ends out targeting failed
(Bellaiche et al., 1999). Mechanistically, ends out targeting is more reminiscent of the
cassette exchange model for gene targeting by homologous recombination, as the region
between the chosen regions of homology is replaced by a marker gene in one step.
Ends in targeting requires two steps, initially creating a duplication of the target locus,
which is then easily resolved to produce an allele that can be as precise as a single
nucleotide change. Recently, ends in targeting has also been adapted to enable the
production of precise gene deletions (Xie and Golie, 2004). The choice of ends in or
ends out targeting as a means of generating a mutant allele of a gene is not a black and
white choice as it depends largely on the type of allele required. Both point mutations
and deletions created by ends in targeting can be made so that with the exception of the
desired change, the endogenous locus is completely intact. Conversely, deletions
created by ends out targeting always retain some exogenous sequence, such as the
marker gene for the Sekelsky system or a LoxP site for the Gong and Golie system.
The trade off for less precision in the final mutant allele is that construct generation is
much simpler and the number of crosses required for the finished product is less than
for ends in targeting, making it a faster and easier process. As described by Gong and
Golie and in this study, the proximity of the I-Seel sites and the FRT sequences leads to
the identification of numerous false positives that do decrease the overall efficiency of
the process. However , the insertion of a "buffer" between the I-Seel sites and the FRTs
should easily overcome this problem.

One potential modification for ends out targeting to enable the production of fine level
mutations would be to use ends out targeting to replace a pre-existing marker at or near
the target locus. This marker could be a transposable element insertion or a previously
generated targeted allele. The marker could then be replaced by ends out targeting with
the endogenous gene with any desired mutations or epitope tags introduced as long as
the replacement construct had homology directed to the target locus either side of the
marker gene (Figure 5.6). Ideally, the replacement would be transformed using a
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Figu re 5.6

End s out gene repla ceme nt sche me

The replacement donor molecule illustrated contains three single nucleotide
substitutions (asterisks) and an N-terminal GFP tag of the endogenous locus (green
box). The donor molecule is cloned into an ends out targeting vector, preferably with a
different transformation marker than the marker to be replaced (ie yello w or rosy to
replace aw + marker). FLPase and I-Seel are induced in transgenic flies containing the
replacement construct and the target locus with the marker present, a P-ele ment inserted
5' to the target locus is indicated in this case. Cassette exchange at the target locus
results in loss of the marker gene and generation of the replacement allele of the target
gene.
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different marker than the marker that is to be replaced (eg yellow or rosy for aw+
marked allele). Thus, targeted events would be detected by the loss of the marker gene,
and the alleles created would contain no exogenous DNA with the exception of the
desired changes. Alleles could also be produced with a number of mutations spread
over the length of the region of homology. Although the same result could be achieved
by ends in targeting, it would be much more laborious both in terms of construct
generation and fly crosses, and have the disadvantage that screening would involve the
elimination of non-targeted insertions. For the replacement process described above,
the loss of the phenotypic marker can only be achieved by a recombination event
between the replacement molecule and the target locus, virtually eliminating the
problem of false positives and non-targeted insertions.

5.4

Conclusion

Despite the success of ends out targeting at the rgk3 locus, the same technique failed to
produce a mutant allele at the rgk4 locus. However, two mutant alleles were obtained
by imprecise P-element excision mutagenesis of the G 1713 P-element located in the
large sixth intron of rgk4. One of these alleles, rgk4

1196

comprises a deletion wholly

contained within the rgk4 locus that removes most of the DNA encoding the GTPase
domain. As with rgkl and rgk2, flies lacking rgk3 or rgk4 are viable and fertile.
Chapter 4 and this chapter have described the production of predicted GTPase-null
alleles of all four D. melanogaster rgk genes. The consequences of loss of rgk genes in
D. melanogaster are examined in Chapter 6.
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Chapter 6 - in vivo analysis of the D. melanogaster rgk
family
6.1

Introduction

The previous chapters described the sequence analysis and phylogenetic
characterisation of the D. melanogaster RGK GTPase family and the generation of
mutant alleles for each of the four genes. The sequence analysis demonstrated that the
human and D. melanogaster rgk families are likely to have diverged in function as they
have independently expanded from a single common ancestor and the RGK proteins
significantly differ in their domain architecture, both within the GTPase domain and in
the N-terminal and C-terminal extensions. A feature of RGK GTPases in mammalian
systems is that as well as being present at low levels in most tissues, they can be
induced or repressed in response to certain stimuli. This chapter describes the
expression of the D. melanogaster rgk genes during embryonic development, and the
response of rgk gene expression in response to certain stimuli.

Flies homozygous for mutations in any of the RGK genes are viable and fertile and
show no obvious phenotypes. Thus, if RGK GTPases are required for D. melanogaster
development, they must act redundantly. This chapter describes approaches used to
address the issue of redundancy both by comparative analysis of the expression patterns
of the four rgk genes, and by the generation and phenotypic analysis of flies
homozygous for mutations in all four rgk genes.

6.2

Results

6.2. 1 Embryonic expression patterns of the D. melanogaster RGK GTPases
6.2.1.1

rg_k1

A full-length cDNA for rgkl was amplified from a 0-4 hour embryonic cDNA library
(Brown and Kafatos, 1988) using primers 5' 9811 cDNAl and 3' 9811 cDNAl. DIGlabeled RNA transcribed from these clones was used as sense and anti-sense probes for
embryo whole-mount in situ hybridisations. rgkl message is maternally deposited and
is ubiquitously distributed in the syncytial embryo (Figure 6. lA). During gastrulation,
rgkl is enriched in the ventral and cephalic furrows (Figure 6.1 B and C), and is most
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Figure 6.1

Embryon ic expression of rgkl

The embryonic expression pattern of rgkl was determined by whole-m ount in situ
hybridisation. All views are lateral unless otherwise indicated. A. A syncytial embryo
with high levels of maternally deposited message. B. Ventral view of a stage 6 embryo
with staining present in the ventral furrow (VF) and cephalic furrows (CF). C. A stage
6 embryo. D. A stage 8 embryo with staining enriched in the germ band. E. Dorsolateral view of a stage 17 embryo with a low level of general staining and enrichment in
the central nervous system (CNS). F. A stage 8 embryo homozygous for the rgkl

1

allele showing the wild-type expression pattern (compare to D). G. A stage 6 embryo
stained with sense pro be for rgkl.

co

()

(f)

z

0

obviously expressed in the developing germ band (Figure 6.1 D). Thus, during early
embryogenesis, rgkl expression is present in tissues undergoing rapid division and cell
shape changes. At later stages, rgkl is ubiquitously expressed at a low level, but
appears to be emiched in the CNS at stage 17 (Figure 6. lE). Embryos homozygous for
1

the rgkl allele show similar staining to wild-type embryos (Figure 6. lF). This is not
unexpected as the allele introduces a premature stop codon but should not terminate
1

transcription. It was possible that the transcript produced from the rgkl locus was
subject to nonsense-mediated decay, but quantitative Real-Time PCR analysis of cDNA
derived from adults showed that it is not (Figure 6.5B), consistent with the near wildtype in situ expression shown here.

6.2.1.2

rgk2

A PCR product corresponding to the 401 bp exon 3 of the rgk2 gene (see Figure 4.2 for
gene structure) was amplified from genomic DNA with primers RGK2ex25'Xba and
RGK2ex23 'Xba and cloned into pBluescript II KS in both orientations. DIG-labeled
RNA transcribed from these clones was used as sense and anti-sense probes for embryo
whole-mount in situ hybridisations. As for rgkl, rgk2 is maternally deposited and
emiched during gastrulation and present in the germ band (Figure 6.2A-D). At later
stages, the expression level is again low and ubiquitous and no specific staining is
1

observed in the CNS (data not shown). Embryos homozygous for the rgk2 allele show
a similar pattern of expression compared to wild-type embryos but with less intense
staining (Figure 6.2E). As with rgkl, the gene-targeted allele for rgk2 is a premature
1

stop codon. In contrast to rgkl however, the transcript produced from the rgk2 allele
appears to undergo nonsense-mediated decay, as the in situ hybridisation reveals weaker
expression (Figure 6.2E) and quantitative Real-Time PCR analysis of cDNA derived
from adults shows that the levels of transcript are approximately halved compared to
wild-type (Figure 6.5B).

6.2.1.3

rg_k3

A PCR product corresponding to the 314 bp exon 2 of the rgk3 gene (see Figure 5.2 for
gene structure) was amplified from genomic DNA with primers 3 RNAi F Xba and 3
RNAi R Xba and cloned into pBluescript II KS. DIG-labeled RNA transcribed from
these clones was used as an anti-sense probe for embryo whole-mount in situ
75

Figure 6.2

Embryonic expression of rgk2

The embryonic expression pattern of rgk2 was determined by whole-mount in situ
hybridisation. All views are lateral unless otherwise indicated.

A. A syncytial embryo

with high levels of maternally deposited message. B. Ventral view of a stage 6 embryo
with staining present in the ventral furrow (VF) and cephalic furrows (CF). C. A stage
6 embryo. D. A stage 8 embryo with staining emiched in the germ band. E. Stage 8
1

embryo homozygous for the rgk2 allele showing reduced levels of expression in the
wild-type pattern (compare to D). G. A stage 9 embryo stained with sense probe for
rgk2.
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hybridisations. The expression pattern ofrgk3 is essentially identical to that of rgk2,
with maternal deposition of message followed by expression during gastrulation that
persists in the developing germ band (Figure 6.3 A-E). As for rgk2 , the expression in
late embryo genesis is low and ubiquitous and there is no enrichment in the CNS (data
not shown). Embryos homozygous for the rgk3

13

B

allele do not exhibit staining. This

absence of staining is expected , as the probe used for in situ hybridisation is encoded by
exon 3 of rgk3 , which is completely removed in the rgk3

6.2.1.4

13

B

allele (Figure 5.3).

rgk4

A cDNA clone containing the full-length rgk4 coding sequence (HL02867) was
obtained from the Drosophi la gene collection. A 1036 bp Stul fragment from this clone
corresponding to all but the first four nucleotides of exon 6 through to the stop codon of
rgk4 (see Figure 5.2 for gene structure), was cloned into pBluescript II KS in both

orientations. DIG-labeled RNA transcribed from these clones was used as sense and
anti-sense probes for in situ hybridisations on embryos. The early embryonic
expression pattern of rgk4 is identical to the expression patterns of the other rgks up
until approximately stage 8, as maternal expression gives way to zygotic expression
during gastrulation and the subsequent extension of the germ band (Figure 6.4A-D).
However , at stage 8, rgk4 is expressed strongly in the anterior and posterior midgut
primordia, two pockets of endodermal cells that migrate and join to form the midgut
later in embryogenesis (Figure 6.4E). Also at approximately stage 8, rgk4 becomes
expressed in the somatic muscle precursor cells (Figure 6.4E). This expression is
prominent up to stage 13 (Figure 6.4 F, G). At later embryonic stages, rgk4 is
expressed ubiquitously at a low level but, like rgkl , is enriched in the CNS at stage 17
(Figure 6.4H). Embryos homozygous for the P-elemen t insertion G 1713 (Beinert et al. ,
2004) show the same expression patterns as wild-type embryos (Figure 6.41). The
probe used for the in situ hybridisations is designed to exons downstream of the G 171 3
insertion, thus rgk4 is transcribed in the G 1713 strain despite the presence of the Pelement in the large sixth intron of the gene. Embryos homozygous for the rgk4!J

96

allele generated by imprecise excision of the G 1713 P-elemen t do not show any staining
as the deletion removes the 5' half of the region used to generate the probe (Figure 5.5A
and C, Figure 6.41) , as confirmed by quantitati ve Real-Time PCR analysis of cDNA
derived from adults (Figure 6.5).
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Figure 6.3

Embryo nic expression of rgk3

The embryonic expression pattern of rgk3 was determined by whole-m ount in situ
hybridisation. All views are lateral unless otherwise indicated.

A. A syncytial embryo

with high levels of maternally deposited message. B. Ventral view of a stage 6 embryo
with staining present in the ventral furrow (VF) and cephalic furrows (CF). C. A stage
6 embryo. D. A stage 7 embryo with strong expression in the germband. E. A stage 8
embryo with staining enriched in the germ band. F. A stage 9 embryo homozygous for
the

1
rgk3 JB

allele showing lack of expression.

A

rgk313a

F

Figure 6.4

Embryo nic expressio n of rgk4

The embryonic expression pattern of rgk4 was determined by whole-mount in situ
A. A syncytial

hybridisation. All views are lateral unless otherwise indicated.

embryo with high levels of maternally deposited message. B. Ventral view of a stage 6
embryo with staining present in the ventral furrow (VF) and cephalic furrows (CF). C.
A stage 6 embryo. D. A stage 8 embryo with expression in the germband. E. A stage 9
embryo with staining enriched in the anterior midgut primordi a (AMP) and posterior
mid gut primordi a (PMP). The staining in the germ band also becomes less general and
more punctate consistent with staining of the somatic muscle precursors (SMP). F. A
stage 11 embryo with strong staining in the SMPs and in the migrating midgut. G. A
stage 13 embryo with staining in the midgut and SMPs. H. Dorso-lateral view of a
stage 17 embryo with low levels of general staining but with enrichment in the CNS. I.
3

A stage 8 embryo homozygous or hemizygous for the rgk4°m P-elemen t, showing the
wild-type expression pattern. J. A stage 9 embryo homozygous or hemizygous for the
rgk4!J
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allele showing a complete absence of staining. K. A stage 9 embryo stained

with a sense probe for rgk4.
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6.2.2 Redund ancy of the RGK GTPases.
Individual mutants of all of the D. melanoga ster rgk genes are viable and fertile with no
obvious phenotypes. Given that the four genes are more similar to each other than to
any other genes in the D. melanoga ster genome (Figure 3 .1 ), and have clearly expanded
from a single gene since the split of the ecdysozoa and lophotrochozoa (Figure 3 .2), it is
possible that they may act redundantly, such that individual mutants do not show any
obvious phenotypes.

6.2.2.1

Generation of a quadruple rgk mutant

To address the possible functional redundancy of the D. melanoga ster rgk genes I
generated flies homozygous or hemizygous for 'mutations in each of the four D.
melanoga ster rgks. The rgkl, rgk2 and rgk3 genes are located on the right arm of

chromosome 2 and are spread over approximately 8 cM, with rgk2 the most proximal at
cytological location 55D3, rgkl 2.3 cM distal at 56C10-11 and rgk3 a further 5.5 cM
towards the telomere at 57D5-6. Initially, a recombinant between the targeted
mutations in rgkl and rgk2 was identified by screening potential recombinants for each
allele by allele-specific PCR (as described in Chapters 2 and 4), as neither mutation is
associated with a visible marker. One recombinant line containing both mutant alleles
was identified from 233 generated lines. Five lines were identified that contained
neither mutant allele and thus had also undergone a recombination event between the
two genes, consistent with the predicted recombination distance of approximately 2.5
cM between rgkl and rgk2. The rgkl
line, the rgk3

13

B

1
,

1

rgk2 line was then recombined with the rgk3

13

allele being selected by the presence of the w + marker associated with
1

1

the allele (see Chapter 5). The presence of the rgkl and rgk2 alleles was again
determined by allele-specific PCR. Three recombinants were identified from 60 lines,
consistent with the expected recombination distance of approximately 5 cM. A stock
1
,

carrying the rgkJ1, rgk2 rgk3

13

B

chromosome was then combined with the rgk4,1

96

allele by standard crosses to a stock carrying balancers for the X chromosome and
chromosome 2. This stock was subsequently homozygosed by removal of the balancer
chromosomes. The presence of all four mutations and the absence of the wild-type loci
were confirmed by allele-specific PCRs (Figure 6.5A and Chapter 2). All stocks
generated, including the stock carrying mutations in all four rgk genes are homozygous
viable and fertile and show no obvious morphological or behavioral phenotypes. Thus,
RGK GTPases are dispensible for development under normal laboratory conditions.
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B

Figure 6.5

Confirm ation of rgk quadrup le mutant flies by allele-specific
PCR and quantitative Real-Tim e PCR

A. The presence of the mutant alleles and the absence of the wild-type alleles were

confirmed in quadruple mutant flies by allele-specific PCR (see Chapter 2). Note that a
non-specific product for the rgk3 mutant-specific PCR is amplified from both wild-type
and mutant DNA. The expected specific product in the lower panel is the correct size
and is amplified only from the rgk mutant DNA. B. The levels of adult expression of
the rgk genes were determined by quantitative Real-Time PCR of cDNA derived from
total RNA from whole adult flies. The amount ofmRNA normalized to rp49 is
indicated in arbitrary units. Values are shown as the mean± the standard error of the
mean (SEM) and are averaged from four separate experiments. Levels in w

1118

flies and

flies lacking all four rgks (rgk-) are shown in blue and red respectively. Note that the
scale for d4E-BP levels is 200 times greater than for the rgks. C. Levels of rgkl, rgk2,
rgk3 and rgk4 transcripts compared to net, rho, d4E-BP and rp49 in adult flies. (i) Pie

chart illustrating the relative levels of rgkl, rgk2, rgk3, rgk4, net, rho, d4E-BP and rp49.
The levels of the rgk genes are too _low to be visible. (ii) Pie chart illustrating the
relative levels of rgkl, rgk2, rgk3 and rgk4, net and rho. The values for rp49 and d4EBP are not included to allow the rgk genes to fit on the scale.
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6.2. 3 Analysis of the adult expression of the rgks
The expression of the four rgk genes in normal flies and quadruple rgk mutant flies was
assayed by quantitative Real-Time RT-PCR. The analysis of total RNA from wild-type
and quadruple mutant flies indicated that the levels of rgk2, rgk3 and rgk4 transcripts
are lower in the quadruple mutant flies than in wild-type flies (Figure 6.5B). However,
the levels of rgkl are not decreased and may be slightly increased compared to wildtype. The mutations in rgkl and rgk2 produce premature stop codons and thus the
genes should still be transcribed. However, mRNA transcribed from these loci should
be degraded by nonsense-mediated decay (NMD), a process by which transcripts with
premature stop codons are recognised and degraded to prevent the production of
potentially deleterious truncated protein products (reviewed in Hentze and Kulozik,
1999). The process ofNMD is triggered by the binding of the ribosome to a stop codon
without the close proximity of a 3' UTR and factors associated with it (Amrani et al.,
2006). NMD is context dependent and does not occur equally for all transcripts with
1

premature stop codons. Accordingly, the transcript from the rgkl allele is not subject
1

to NMD, but the level of transcript from the rgk2 allele is decreased, presumably by
this mechanism (Figure 6.5). The molecular lesions at the rgk3 and rgk4 loci both
remove coding exons of the respective genes. For the rgk4

1196

allele, the binding sites of

both primers of the primer pair used for the Real Time PCR are absent. As expected, no
transcript could be detected by Real-Time PCR of rgk4 in cDNA derived from
quadruple mutant flies (Figure 6.5B). rgk3

13

B

mutants are missing all of exon 3 (Figure

5.3), which contains the 5' half of the p·rimer binding site for the 5' primer used for
Real-time PCR. The 12 bases that form the 3' end of the primer binding site are still
present as they are in a downstream exon, and thus, if a transcript was produced from
the rgk3

13

B

allele incorporating the last three exons, a product may be produced, which

probably accounts for the low level of transcript detected in the mutant flies.

The levels of mRNA transcribed from the rgk genes in wild-type adult flies as
determined by Real-Time PCR analysis are quite low, ranging from 235 fold less than
d4E-BP levels for rgkl to 670 fold less for rgk3 (Figure 6.5B and C). d4E-BP is a

general factor involved in the regulation of translation, and would therefore be expected
to be highly expressed relative to small GTPases. However, even relative to two
developmental genes involved in the EGF pathway, net and rho, which are not highly
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expressed general factors (Brentrup et al., 2000), the levels of expression of the rgks
range from 1/20 (for rgkl) to 1/60 (for rgk3) of the levels of net and rho (Figure 6.5C).
Of the rgks, rgkl is the most highly expressed, followed by rgk2 and rgk4, which are
expressed at approximately 60% to 70% of the level of rgkl (Figure 6.5B). rgk3 is the
most lowly expressed gene at approximately 35% of the level of rgkl (Figure 6.5B).
6.2. 4 The quadruple rgk mutant is susceptible to certain environmental

stresses
Flies lacking all four rgk genes have no obvious defects that lead to visible phenotypes,
loss of viability or reduced fecundity, and thus the RGK GTPases are dispensable for
normal development under standard laboratory conditions. However, the conservation
of clear orthologues of the D. melanoga ster rgks in other insects suggests that there is a
selective advantage for the presence of this gene family for the fitness of the organism.
The rgk gene family must therefore have important but non-essential roles in the
organism. The most obvious type of role that fits this description is a role in the
organismal response to environmental stresses. Laboratory cultures of D. melanoga ster
have a virtually stress-free existence where food and water are in excess, temperature
and humidity is controlled, and there is no exposure to high levels of potentially toxic
chemicals. In natural populations, however, animals must be able to cope with various
environmental insults. I therefore tested the susceptibility of flies lacking the rgk genes
to various environmental stresses.

6.2.4.1

Heat stress

Following the protocol described in Chapter 2, flies were subjected to heat stress at
37°C for hourly timepoints between O and 5 hours. Due to difficulties in determining
which flies are dead and which are simply dormant due to the heat, I did not count the
same group of flies at each timepoint, as has been previously described (Craig et al. ,
2004). Instead, a separate vial was set up for each timepoint and removed from heat
shock at the appropriate time. The flies were then allowed to recover for several hours
before the levels of morbidity were determined. No difference was observed in the
viability over time of vi/

118

and the quadruple rgk mutant flies (Figure 6.6A). Males and

females were tested separately and in both cases, the mutant flies were as susceptible as
the wild-type flies. The data shown is the pooled results of the heat stress tests on males
and females.
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Figure 6.6

Analysis of the stress sensitivity of flies lacking RGK
GTPases

Flies of the genotypes rgk4tJ

96

,·

rgkJ1,

1
rgk2 ,

rgk3

13

B

(rgk-) and w

1118

were grown in

non-crowded conditions, aged to 3-5 days and subjected to stress. In all cases, the
values are the mean of the indicated number of experiments. The error bars represent
the SEM. A. Flies were subjected to heat stress by placing vials in a 37°C water bath
for the indicated periods of time. No difference was observed in the rate of death of
w

1118

and rgk- flies. The values shown are the mean of eight independent experiments

with 10 flies at each timepoint. B. Flies were subjected to oxidative stress by being
placed on media containing 5% or 1.5% H2 0 2 . The number of surviving flies was
counted daily. At both concentrations of H2 0 2 the rgk- flies died faster than the w

111 8

flies. The values for 5% H 2 0 2 are the means of two independent experiments with 40
flies each. The values for 1.5% H2 0 2 are the mean of 11 independent experiments with
40-50 flies each. The values for 0% H2 0 2 are the means of 3 (w

111 8

)

and 4 (rgk-)

independent experiments with 40 flies each C. Flies were subjected to dry starvation
by being placed in empty vials. The number of surviving flies was determined after 16
hours. The values shown are the mean of 4 independent experiments with 100 flies
each.
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6.2.4.2

Oxidative stress

Sensitivity to oxidative stress was determined by assaying survival times on media
containing two different concentrations of hydrogen peroxide (H 2O 2). Control vials
with the same media without the H2O 2 were set up for both genotypes and in every case
exhibited viability over 85 percent after 7 days (Figure 6.6B). As expected, the two
different concentrations of H 2O 2 resulted in very different levels of survival (Figure
6.6B). The experiments were repeated a greater number of times at the lower
concentration (1.5%) of H 2O 2 as this concentration produced a more graded response
that was less variable than the higher concentration (5%). However, 5% H2O2 was used
for later analysis of gene expression to remain consistent with published data (Teleman
et al., 2005). At 1.5% H2O2, flies mutant for all four rgks are more sensitive that the
control flies, and generally reach the same levels of morbidity one day earlier than the
control flies (Figure 6.6B). Fifty percent of flies were dead at 3 days for the rgk mutant
compared to 4 days for the control flies. At 5% H 2O 2, flies lacking all four rgk genes
were almost all dead after 24 hours, compared to the control flies, of which over 60
percent were still alive. No fly mutant for all rgks survived to 48 hours compared to
around 20 percent of the control flies. Thus, flies lacking all RGK GTPases are
susceptible to H 2O 2 in a dose-dependent manner.

6.2.4.3

Dry starvation

Sensitivity to dry starvation was determined by depriving flies of all food and water and
measuring survival after 16 hours. Flies were aged for 3-5 days on normal food and
transferred to empty vials. Surviving flies were counted 16 hours later. Flies lacking all
four rgk genes were much more susceptible to dry starvation than the w

1118

with only 17% of flies surviving after 16 hours compared to 90% for the w

control flies,

1118

control.

6.2.5 Are rgk genes induced in response to stress?
Flies lacking all four rgk genes are susceptible to oxidative stress and dry starvation.
Ordinarily, GTPases act in signalling pathways by oscillating from their inactive to
active state when a particular signal either directly or indirectly activates a GEF for that
GTPase. However, as discussed previously, RGK GTPases are expected not to act in
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this manner due to their structural constraints and indeed are predicted to be in their
active GTP-bound state most of the time. Thus, an alternative mechanism for regulation
of RGK GTPase activity is to regulate the levels of RGK proteins. From studies in
mammalian systems, one of the properties of rgk genes is their ability to be
transcriptionally regulated; specifically, to be transcriptionally induced by various
extracellular stimuli (Finlin et al., 2005; Laville et al., 1996; Maguire et al., 1994). I
therefore investigated the transcriptional responses of the D. melanogaster rgk genes to
environmental stresses.

Male flies were aged 3-5 days on normal food and placed on control media, starvation
media or 5% H202 media for 24 hours (Chapter 2). The starvation media used in this
case is nutritional starvation as compared to the dry starvation described earlier as the
flies are placed on a PBS agar medium rather than in an empty vial. The rgk genes
showed different responses to the two stresses examined. rgkl levels remained
relatively constant under both starvation and oxidative stress, whilst rgk2 levels were
50% higher in both stress conditions compared to the levels in flies grown on the
control media (Figure 6. 7). The levels of rgk3 were slightly decreased in response to
both stresses, whilst rgk4 levels did not change in response to starvation but did increase
by 50% in response to oxidative stress (Figure 6.7). The level of d4E-BP, a gene
induced by both starvation and oxidative stress (Teleman et al., 2005), increased twofold in response to both stresses. Interestingly, in the quadruple rgk mutant in nonstressed conditions, the levels of d4E-BP are reduced compared to the levels in wildtype flies (Figure 6.5).

6.3

Discussion

This chapter describes the expression analysis and phenotypic characterisation of the D.
melanogaster RGK GTPases. The early embryonic expression patterns were very

similar for all four rgk genes, being maternally deposited and most highly expressed in
cells undergoing cell division or morphogenetic movements; both processes requiring
large-scale modifications to the cytoskeleton. Overexpression of RGK proteins in
mammalian systems can lead to changes in cellular morphology, resulting in a more
elongated shape, suggesting an in vivo role in the regulation of the cytoskeleton.
Although the early embryonic expression pattern of the D. melanogaster rgks is
consistent with such a role, any role must not be crucial for organismal survival, as flies
81

Figure 6.7

Transcriptional responses of rgk genes to stress

The levels of expression of the rgk genes in response to two different stresses was
determined by quantitative Real-Time PCR analysis of cDNA derived from total RNA
from whole adult flies. Flies were grown in non-crowded conditions and aged to
between 3 and 5 days and placed on media with 5% H 2 O2 ( oxidative stress), media
lacking all nutrients ( starvation) or control media. Values shown are the ratios of the
level of expression in flies on the stressed media to the level of expression in flies on
control media. The values are the means of three separate experiments± SEM. d4E-BP
is a positive control as it is known to be induced by both oxidative stress and starvation
(Teleman et al., 2005).
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lacking all four rgks proceed through embryogenesis and are completely viable and
fertile. A cytoskeletal role is further supported by the expression pattern of rgk4, which
is highly expressed in the anterior and posterior midgut primordia, tissues that undergo
an epithelial to mesenchymal transition, migrate towards each other and finally undergo
a mesenchyme to epithelial transition to form the midgut (Reuter et al., 1993).
However, flies lacking rgk4 are viable, so any roles in the development of these tissues
must be non-essential.

Overall, whole-mount embryo in situ hybridisations and quantitative Real-Time PCR
analysis of cDNA derived from adult flies suggests that rgks are expressed at relatively
low levels under normal conditions. The in situ hybridisations shown in Figures 6.1 to
6.4 were technically difficult as the signal to background ratio was low. The expression
patterns of the rgk genes, especially in early embryo genesis, correlated with folding and
invaginating tissue. Thus, the concentration of the staining in regions of high tissue
density make it hard to be convinced of the tissue specificity of the observed expression
patterns. If the low adult levels of expression of the rgks is a reflection of the
embryonic levels of the transcripts, this may explain the difficulties encountered with
the in situ hybridisations. Of the rgks) rgkl, rgk2 and rgk4 are all more highly
expressed than rgk3, which may have functional significance as Rgk3 has an amino acid
substitution that is predicted to render it incapable of binding GTP (Feig, 1999), and
thus could allow it to act as a dominant negative. Additionally, rgkl, rgk2 and rgk4 are
all more closely related to each other than any are related to rgk3 (Figures 3 .1 and 3 .2).

Apart from the mild levels of induction of expression of rgk2 in response to starvation
and both rgk2 and rgk4 in response to oxidative stress, there is no evidence of high
levels of induction of expression of any rgks in any of the data presented. This, coupled
with the low general levels of the rgks observed argues that if RGK signalling is active,
at least in embryogenesis, the D. melanogaster RGKs are acting primarily as molecular
switches rather than as constitutively active proteins regulated at the level of
transcription. This is a plausible mode of action for these proteins as mammalian RGK
GTPases are able to hydrolyse GTP, albeit at very low rates (Cohen et al., 1994; Finlin
et al., 2000; Zhu et al., 1995), and therefore have the potential to be regulated by a
GDP/GTP switch.
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6.3.1

rgk mutants are sensitive to certain environmental stresses

Flies lacking all four rgks are more susceptible to oxidative stress and dry starvation
than control flies, suggesting a role for RGK GTPases in the response to certain
stresses. Stress signalling is known to act through conserved MAPK signalling
pathways in D. melanogaster and in other organisms. In D. melanogaster the Jun
kinase (INK) Basket (bsk) and the p38 MAPKs are the major stress activated MAPKs
(Stronach and Perrimon, 1999). INK is essential for development, as embryos
homozygous for null alleles of bsk do not complete embryogenesis (Riesgo-Escovar et
al., 1996; Sluss et al., 1996). However, flies homozygous for a null allele of
p38a are viable and fertile but are sensitive to environmental stresses (Craig et al.,
2004). It is important to note that D. melanogaster has three p38 MAPKs, p38a, p38b
and p38c. Since the publication of the p38a mutant (Craig et al., 2004), the predicted
gene corresponding to p3 8c has been added to the genome annotation and resides
adjacent to p38a. The deletion removing p38a also removes all of the upstream
sequences and codons for the first 12 amino acids of p38c, which lies adjacent to p38a,
and thus should be considered as a mutant for both p3 8a and p3 8c. Flies lacking p3 8a
and p3 8c are susceptible to environmental stresses including heat shock, dry starvation
and oxidative stress. Given that Ras family GTPases often transduce signals through
MAPK signalling cassettes, and the similar phenotypes of flies null for RGK GTPases
and p3 8a and p3 8c, it is possible that the RGK GTPases may act in the p3 8 stress
response pathway in response to oxidative tress and dry starvation but not heat shock.
Conceivably, the RGKs could act upstream of p38 in a typical GTPase switch capacity,
or alternatively, downstream of the p3 8 MAPK cassette, as induced, constitutively
active proteins. However there is as yet no biochemical or genetic evidence for either
regulatory relationship.

Interestingly, the expression of d4E-BP appears to be marginally decreased in nonstressed flies lacking all RGK GTPases, relative to wild-type levels. d4E-BP encodes a
translational inhibitor that is induced in stress conditions to slow cellular metabolism
(Teleman et al., 2005; Tettweiler et al., 2005). Although the decrease in d4E-BP levels
is not statistically significant, it potentially provides a mechanism for the stress
sensitivity of the quadruple rgk mutant. To test this potential mechanism, the levels of
d4E-BP will need to be investigated under stressed conditions in the rgk mutant to see if

it is being induced at the wild-type level.
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Genetic pathways involved in environmental stress response are also often involved in
processes such as ageing, nutrient sensing, metabolism and developmental timing, often
regulating the same signal transduction cascades and transcription factors. Thus, the D.
melanoga ster rgks may have roles in some of these processes. Additionaly, there are

strong links between the response to oxidative stress and longevity (Landis et al. , 2004;
Lin et al., 1998; Wang et al. , 2003). Thus, an important future direction will be to
determine if the loss of RGK GTPases affects the lifespan of flies.

6.3.2 Are the RGKs acting redundantly in the response to stress?
Although the motivation behind the creation of the quadruple mutant was to determine
whether the rgks played a redundant role crucial for normal development, there is no
reason that the rgks should be acting redundantly in the stress response. This is
supported by the different transcriptional responses of the rgk genes to starvation and
oxidative stress. The levels of rgk3 transcript are marginally decreased in response to
oxidative stress, whilst the levels of rgk2 and rgk4 are increased , and the level of rgkl
remains unchanged (Figure 6.7). As discussed in Chapter 3, Rgk3 has an amino acid
substitution predicted to render it incapable of binding GTP, and thus allowing it to
potentially act as an antagonist to the other RGKs by binding and sequestering a
common GEF. The transcriptional response to stress appears to be to up-regulate one or
two of the rgks that are able to bind GTP and down-regulate the rgk that cannot (Figure
6.7). Thus, in the quadruple mutant, the loss of rgk3 may be acting to suppress the
phenotypes of the other three mutants. As discussed in Chapter 4, the creation of the
1

1

rgkl and rgk2 alleles resulted in the creation of linked second-site mutations that

conferred semi-lethality and female sterility respectively. These second site alleles
were removed in the process of creating the quadruple mutant. It is clear that the
sensitivity to stress of single mutant flies needs to be determined, but single rgk mutant
flies free of background mutations have not been available for this thesis.

One caveat of the stress sensitivity experiments is that the rgk- flies also carry a
mutation at the y ellow locus, while the control w

1118

flies do not. Flies with mutations

in yellow have been demonstrated to exhibit the same sensitivity to oxidative stress as
wild-type flies (Tettweiler et al. , 2005), and the rgk- flies also homozygous for a yellow
allele exhibited the same susceptiblity to heat stress as control flies in this study.
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However, the effect of yellow mutations on dry starvation has not been determined.
More generally, genetic background is a very important variable in stress tests, as
different inbred laboratory strains can accumulate different polymorp hisms that
1

quantitatively affect responses to stresses. The rgkJ1, rgk2 and rgk3
made in a w

1118

13

B

alleles were all

backgrou nd recently isogenised for chromoso mes 2 and 3. The
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rgk41i. allele was made from the G 1713 P-elemen t strain which is in/, w * background.
Thus, there is no clear control strain to compare the quadruple mutant against, as even a
precise excision of G 1713 does not adequately control for the genetic backgrou nd on
the autosomes. Also, as discussed previously, given that the ends in targeting procedure
twice produced second site mutations that produced a developmental phenotype, it is
possible that the process may have generated other lesions that, whilst not producing a
visible phenotype, may impact on the general health of the flies. To counter this, a
future direction is to clean up the genetic backgrou nd of the quadruple rgk mutant by
sequentially crossing it to w

1118

five times and allowing recombination to occur each

time. The presence of the mutant alleles will be confirmed by PCR analysis at each
generation. Assumin g that recombination will allow exchange of half of the genome at
each generation, after five rounds of recombination and selection for the mutant alleles,
the flies carrying the four rgk mutant alleles should have exchange d over 95% of their
genome with the w

1118

strain. All possible mutant combinations (15 total) will

subsequently be derived from this stock. These stocks will all be made homozygous by
PCR selection of parent flies, and thus will be greater than 95% identical in their genetic
backgrou nd over all chromosomes. Unfortunately these stocks will not be available in
time for inclusion in this thesis.

6.4

Conclusion

Despite being dispensable for organism survival in normal laboratory conditions, the D.

melanogaster RGK GTPases appear to be involved in the response to certain
environmental stresses. Flies lacking all four rgks are susceptible to oxidative stress
and dry starvation but not to heat stress. Environmental stresses also subtly alter the
transcript levels of a subset of the rgks. Analysis of individual mutants and
combinations of the rgk mutants will help to determine the precise roles of each of the
four genes individually and combinatorially in stress responses.
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Chapter 7: Final discussion
The aim of this thesis was to utilise D. melanoga ster as a model system to analyse the
effect of loss of RGK GTPases, a poorly characterised group of Ras family GTPases, on
development. To date, almost all of the work on the RGK GTPase family has been
carried out in mammal ian systems and all phenotyp es associated with the RGK
GTPases were generated by overexpr ession of various constructs in cell lines at levels
many times higher than endogeno us levels. The work described here took an
alternative, and more incisive approach, of characterising the phenotyp e of loss of
function alleles of the rgk genes.

7.1

Creation of mutant alleles of the D. melano gaster rgk
genes

The loss-of-fu nction alleles for all four D. melanoga ster rgk genes were generated by
three reverse genetic approaches. The creation of mutant alleles of rgkl and rgk2 was
accompli shed by ends in gene targeting, which created prematur e stop codons in each
gene. Ends out gene targeting was used successfully to mutageni se rgk3, but was
unsucces sful in creating a mutant allele of rgk4. Fortunately, a P-elemen t became
available and was excised to create a small deletion in rgk4. Thus, a combinat ion of
reverse genetic approaches enabled the productio n of mutant alleles of the entire D.
melanoga ster rgk gene family. These approaches had various degrees of success. Ends
in targeting was successful at a relatively high frequency for both rgkl and rgk2,
although each character ised event was found to be associated with a second site
mutation. Ends out targeting was less efficient compared to ends in targeting as it
generated more non-specific events in the targeting of rgk3 and failed to produce a
targeted event at the rgk4 locus. Imprecise P-elemen t excision mutagene sis of the rgk4
locus created two independ ent alleles at a relatively high frequency, but this technique
relies on the presence of a conveniently located insertion. Thus, this work acts to
reinforce that there is no best way to create a mutant allele of a gene when only the
sequence of the gene is known.

Recently, a technique first pioneered in C. elegans and plants for high throughp ut
screening of EMS alleles for nucleotide changes in a target region has been adapted to
D. melanogaster. This technique, known as Tilling (Iargetin g induced local lesions in
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genomes) detects single nucleotide changes in a defined region (McCallum et al. , 2000).
Although this technique is not targeted, as the EMS mutagenesis is essentially random,
it is a reverse genetic approach because it detects mutations in a gene in the absence of
any knowledge of the expected mutant phenotype. This technique has the disadvantage
that only a small proportion of the detected changes will be deleterious to protein
function. Other recent advances such as the development of the piggy Bae and Minos
transposable elements that lack the insertion bias that is a property of P-elements will
provide further resources for the generation of mutant alleles for every gene in the D.
melanoga ster genome (Metaxakis et al. , 2005; Thibault et al., 2004). The novel ends

out gene replacement approach discussed in Chapter 5 could be especially useful in
combination with a piggy Bae mutagenesis approach as it offers a way to create
deletions from piggy Bae insertions, which have the property of always excising
precisely. Thus it is likely that a combination of targeted mutagenesis, utilisation of
pre-existing insertions and identification of alleles by Tilling will be the way forward
for reverse genetics.

7.2

How related are the roles of the mammalian and D.

melano gaster RGKs?
Phylogenetic analysis of the GTPase domains of the mammali an and D. melanoga ster
RGKs clearly demonstrates that each family has independently expanded from a single
common ancestor (Figure 3.2). Additionally, the two families have evolved different
structural features outside of the GTPase domain, most notably, a C-terminal CaM
binding domain present in the mammali an RGKs that appears only to be present in one
of the four D. melanogaster RGKs (Figure 3.6). Mammal ian RGKs bind in a mutually
exclusive fashion to Cav~, CaM and 14-3-3 , and the binding of these proteins affects the
activity of the RGK. It has recently been proposed that CaM acts to regulate the RGK
proteins both in their regulation of calcium channels and in the regulation of ROK
(Kelly, 2005). In calcium channel regulation, it is postulated that an increase in the
concentration of calcium leads to the activation of CaM, which displaces Cav~ from the
RGK, allowing more cham1el activation , thus creating a positive feedback loop.
Similarly , in the regulation of ROK, CaM is postulated to displace 14-3-3 from the
RGK, leading to dephosphorylation and decreased stability of the RGK, thus relieving
the RGK-mediated repression of ROK.
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These models for the regulation of RGKs by CaM suggest that the mammalian RGKs
are essentially repressing proteins, either repressing calcium channel activity by
complexing with Cav~, or repressing cytoskeletal rearrangement by complexing with
ROK. In both pathways, this repression can be relieved by CaM, suggesting that RGKs
act as downstream modulators of CaM. As CaM is thought to be a central regulator of
the biological activity of the mammalian RGKs and the CaM binding domain appears to
be only conserved in one D. melanogaster RGK (Chapter 3, Figure 3.6), it is likely that
the CaM binding domain is ancestral and that the ancestral roles of the RGKs, which are
shared by all of the mammalian RGKs, are carried out by only one protein in D.
melanogaster. This raises the interesting possibility that whilst D. melanogaster Rgkl

may have similar biological roles to the mammalian RGKs, Rgk2, Rgk3, and Rgk4 may
be involved in different processes.

If D. melanoga ster RGKs play similar roles to their mammalian counterparts in the

regulation of voltage-gated calcium channels and the cytoskeleton, phenotypes stronger
than those observed might have been expected. No mutant alleles exist for the D.
melanoga ster voltage-gated calcium channel ~-subunit gene, but strong alleles for the

two genes encoding a-subuni ts of voltage-gated calcium channels, cacophony and Caal D, are lethal, while hypomorphic alleles produce defects in locomotion and

behaviour (Eberl et al., 1998; Smith et al., 1996). Based on the inhibitory roles of
mammal ian RGKs towards the activity of voltage-gated calcium channels, the loss of
the RGK genes might be expected to phenocopy activated or overexpressed calcium
channel phenotypes, however, the phenotypes caused by overexpression of these
cham1els have not been described. It is possible that a subtle behavioural phenotype
exists in flies lacking RGK GTPases and the behaviour of rgk mutant flies should be
more carefully characterised in the future. Additionally, genetic interactions between
alleles of calcium channel components and the rgk alleles generated in this study should
reveal if D. melanogaster RGKs are acting similarly to mammalian RGKs in repressing
calcium cham1el activity, as the rgk alleles should suppress the phenotypes of the
hypomorphic alleles of calcium channel a-subunits.

Mammalian RGKs also act as inhibitors of ROK (Ward et al., 2002). In D.
melanogaster, Drok mutants die during embryogenesis and clones lacking Drok exhibit

planar cell polarity defects (Winter et al., 2001). Ubiquitous embryonic overexpression
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of Drok results in defects in dorsal closure, suggesting that proper regulation of Drok is
essential for embryo genesis (Mizuno et al., 2002). Thus, if the D. melanogaster RGKs
were the primary negative regulators of Drok during embryogenesis, a phenotype
similar to Drok overexpression would be expected. Contrary to this, I have shown that
flies lacking all D. melanogaster RGK GTPases do not exhibit obvious developmental
phenotypes. As for calcium channel regulation, some involvem ent in Drok regulation
cannot be ruled out, as low level de-regulation of Drok could produce subtle
behavioural or morphological phenotypes that were not detected in this study.

7.3

RGKs in the response to environmental stress

Although I have not been able to show that the proposed functions of the mammali an
RGKs are conserve d functions in D. melanogaster, I have produced evidence for an
entirely new function for this gene family. Specifically, I have presented the first
evidence that RGK GTPases are involved in the response to environmental stress. Flies
lacking all four RGK GTPases are more susceptible to oxidative stress and dry
starvation than control flies. However, no difference was observed in response to heat
stress, indicating that RGKs are not general stress response factors but are more likely
to be involved in the response to specific stresses. Consistent with such a role, some of
the D. melanoga ster rgk genes exhibit different transcriptional responses to the stresses
analysed. In response to oxidative stress, the levels of rgk2 and rgk4 increase by 50%
and levels of rgk3 decrease marginally while the levels of rgkl remain virtually
unchanged. This differential response to oxidative stress suggests that the RGKs may
have specialised roles in the oxidative stress response. The transcriptional response to
nutrient starvation is similar to the response to oxidative stress, with the exception that
only rgk2 is induced, as the levels of rgk4 do not increase. This further supports the
notion that different RGKs may have different roles in the stress response, as the levels
of particular rgk genes or combinations of rgks are transcriptionally regulated
differently by different stresses. Given the absence of obvious CaM binding domains in
Rgk2, Rgk3 and Rgk4, and the expected dominant-negative activity of Rgk3 as
discussed in Chapter 3, a possible model is that Rgkl may act in analogous roles to the
mammali an RGKs in the regulation of calcium channels and the cytoskeleton, whilst
Rgk2/Rg k4 and Rgk3 have an antagonistic relationship as the primary RGK regulators
of the response to environmental stresses. Analysis of individual mutants of the D.
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melanoga ster rgks will provide insights into the individual roles played by the four

genes in response to various environmental stresses.

It is not yet clear how the role of RGKs in stress response relates to the roles of other

factors implicated in stress response. This is in part due to the preliminary nature of the
studies reported here, but also because the nature of stress response pathways in animal
cells are yet to be fully elucidated and integrated. For example, similar defects in
responses to oxidative stress and dry stravation to those observed for rgk mutants have
been observed for flies lacking two other small GTPase signalling pathway components,
p38a and p38c (Craig et al., 2004). However flies lacking p38a and p38c are also
sensitive to heat stress, suggesting unsurprisingly, that the stress response in general is
affected in flies with diminished p38 activity. Targets of the p38a and p38c kinases in
the context of stress response are yet to be defined. Flies with mutations in the
transcription factor dFOXO are sensitive to oxidative stress, but are not sensitive to
other stresses examined including heat stress (Junger et al., 2003). dFOXO encodes a
transcription factor that controls the transcription of a variety of genes in response to
insulin signalling. Interestingly, loss-of-function of dFOXO or the C. elegans
orthologue daf 16 increases susceptibility to oxidative stress and decreases lifespan of
the organism, whilst ectopic activation can increase stress resistance and lifespan
(Hwangbo et al., 2004; Junger et al., 2003; Ogg et al., 1997). dFOXO is also the
convergence point between the nutrient sensing insulin pathway and the stress response
mediated by JNK (Wang et al., 2005).

Similar links between increased susceptibility to oxidative stress and decreased
longevity have been identified for other D. melanogaster mutants, such as null mutants
in the D. melanoga ster parkin gene that encodes an E3 ubiquitin ligase and is the
orthologue of a human gene responsible for some cases of familial Parkinso n's disease
(Pesah et al. , 2004). Also, flies lacking d4E-BP, a general translational inhibitor and a
direct target of dFOXO are hypersensitive to oxidative stress and have decreased
longevity (Tettweiler et al., 2005). Conversely, flies carrying a hypomorphic mutation
in the G-protein coupled receptor methuselah or null mutations in either of its ligands,
stunted A or B, show increased tolerance to oxidative stress and increased longevity

(Cvejic et al. , 2004; Lin et al. , 1998). Thus, it is very clear that strong links exist
between the response to oxidative stress and ageing, and that genes involved in this
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pathway include extracellular ligands, G-protein coupled receptors, signalling kinases,
ubiquitylation factors, transcription factors and translational repressors.

Ras family GTPases are known to be intricately involved in the regulation of signalling
pathways, especially in relaying extracellular signals from receptors to MAPK
signalling cassettes. Thus it is conceivable that RGK GTPases may play an important
role in the organismal response to oxidative stress and possibly in ageing, which will
need to be investigated. It will be interesting to determine whether the RGK GTPases
activate the stress-specific MAPK signalling cascades or whether they are activated
downstream of these signalling cassettes. Analysis of the levels of active stressactivated MAPKs in rgk mutants and the transcript levels ofrgks in p38 mutants
following stress will begin to address these alternatives.

7.4

Concluding Remarks

Mutations have been generated in all four members of the D. melanogaster RGK
GTPase family by reverse genetic techniques including both ends in and ends out gene
targeting. The D. melanogaster RGK GTPases are not required for development under
standard laboratory conditions, either individually or as a family. Studies based on
overexpression of mammalian RGK proteins have previously implicated these proteins
in the control of the cytoskeleton and of calcium channel activity. However, the loss of
function analysis presented here argues against a developmental or cellular role for the
D. melanogaster RGKs necessary for survival, as might have been expected from

previous studies in mammalian systems, and reveals a completely novel role of this
protein family in the response to environmental stress. This study emphasises the
importance of loss of function studies for the analysis of the biological roles of genes
and gene families .
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