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ABSTRACT
Over the last few decades, a powerful combination of advanced genetic and molecular
tools has enabled remarkable progress in the analysis of gene function in Drosophila
melanogaster.

One outcome of this analysis is the realisation that most genes have

pleiotropic functions during animal development. The current loss-of-function
techniques have limitations in uncovering pleiotropic gene functions such as maternal
contributions suppressing early zygotic phenotypes, early lethality hindering analysis of
later events and suppression of phenotypes by the perdurance of protein levels. In
addition, current techniques are unable to generate tissue specific loss of gene function
during embryogenesis to dissect molecular signalling pathways important for certain
early embryonic events.
The aim of this thesis is to develop a new approach that can deliver tissue
specific loss-of-function during Drosophila embryogenesis. Such a technique would
enable dissection of the precise molecular mechanisms that operate in particular tissues
and stages of embryogenesis circumventing a number of current limitations with
available techniques. The work reported in this thesis is aimed at inducing conditional
degradation of proteins in a spatially and temporally specific manner. This thesis
describes the development and successful demonstration of a new technique, based on
N-end rule pathway called, inducible N-end regulated degradation (iNERD), which
enables the generation of tissue specific loss-of-function during embryogenesis.
In this study, iNERD was used to dissect the roles of the Rho signalling
component Pebble (Pbl) during embryogenesis. Pbl is a RhoGEF that is required for
cytokinesis, and for the EMT and cell migration of the mesoderm. iNERD induced
clones in the ectoderm were able to phenocopy pbl loss of function to generate
binucleate cells in an otherwise normal embryo. To investigate if the role of Pebble in
EMT and cell migration is a conserved mechanism, endoderm morphogenesis, which
also involves an EMT and cell migration, was studied. Use of conventional zygotic
mutant analysis and endoderm specific pbl loss of function using iNERD, demonstrated
that Pbl is dispensable for the endoderm morphogenesis. This suggested that the role of
Pbl is not a conserved mechanism in regulating EMT and cell migration. This
demonstrated that iNERD is a unique technique that can deliver tissue specific loss of
gene function during development. Application of this technique could potentially be
used for the genetic analysis of developmental processes previously out of the reach of
traditional loss-of function techniques in Drosophila and other organisms.
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Chapter One: Introduction
Mutant analysis is a fundamental approach to dissecting gene function in the field of
developmental biology. Drosophila melanogaster

with its powerful genetics and

molecular tools has been at the forefront of model systems used to address precise
questions about gene function during development. Drosophila has fundamentally
advanced our understanding of basic cell biology processes and the many signalling
pathways by which cells communicate in the embryo to regulate pattern of gene
expression and differential cell behaviour. There exist, however, some aspects of cell
behaviour that have received little attention. In particular, our current understanding of
the molecular mechanisms that drive epithelial to mesenchymal transitions (EMT), the
process by which epithelial cells become migratory, is limited. This is in spite of the
fact that Drosophila embryogenesis has two archetypal examples of EMTs, which occur
during the development of the mesoderm and endoderm. This is due, in part, to an
inability to create tissue specific loss-of-gene function during embryogenesis.

The subject of this thesis is the development of a new technique that can deliver tissue
specific loss-of-gene function during Drosophila embryogenesis and its first application
to the role of the Rho Guanine nucleotide Exchange Factor (RhoGEF) Pebble (Pbl) in
the mesodermal and endodermal EMT and cell migration events.

Pbl is required for the 14"^ cytokinesis that occurs at the onset of gastrulation (Hime and
Saint, 1992; Lehner, 1992), and also for the EMT and cell migration that the
mesodermal cells undergo at approximately the same time (Schumacher et al, 2004;
Smallhorn et al., 2004). Because of these functions, it is difficult to use embryos that are
homozygous mutant for pbl to study the roles of Pbl during later EMTs and cell
migration events that occur later in embryogenesis such as in the endoderm. By
specifically depleting gene function in the endodermal tissue, however, I have been able
to examine the role of Pbl in the endoderm development without the complication of
prior disruptions to cytokinesis and mesoderm formation. In this introduction I will
highlight the need for a fissue specific loss-of-function technique by using embryonic
EMTs and cell migration as an example.

1.1 Why study EMTs and cell migration?
In an EMT, epithelial cells break free of the adhesive connections to their neighbours in
the epithelial sheet and become dissociated, migratory, mesenchymal cells. EMTs are
defined by certain cellular morphological changes, changes to the expression of cell
differentiation markers and functional changes that are required for cells to migrate.
However, we do not completely understand the molecular events that drive EMTs.
Therefore, more detailed analyses of developmental EMTs is required particularly in
model organisms such as Drosophila in which mutant analysis can uncover novel
factors. Although EMTs were first recognised during several critical stages of
embryonic development, recently they have been implicated in promoting carcinoma
invasion and metastasis (reviewed in Thiery, 2003; Yang and Weinberg, 2008). It is
also becoming increasingly evident that the molecular signalling pathways are
conserved between EMTs during development and tumour metastasis. Therefore, the
association between EMTs and tumour invasion and metastasis means that an increased
understanding of cellular and molecular mechanisms that govern EMTs during normal
development will enhance our ability to understand disease pathogenesis and potential
modes of treatments. In addition cell migration is essential for various developmental
processes, where failure of cells to migrate can result in life threatening consequences
such as congenital defects, defects in immune responses and repair of injured tissues.

1.2 Epithelial to mesenchymal transitions
The EMT is a highly conserved cellular process in which polarised, immotile epithelial
cells convert to motile mesenchymal cells. During EMTs, cells that were previously
integral components of an epithelial sheet break their association with their neighbours,
acquire motility and move to other locations. EMTs and cell migration play essential
roles in allowing some of these epithelial cells to relocate and participate in the
formation of internal tissues and organs. For example, during vertebrate gastrulation,
EMTs and cell migratory events lead to the establishment of tissues such as the neural
crest, heart, musculoskeletal system, craniofacial structures and peripheral nervous
system (reviewed in Thiery, 2002; Thiery and Sleeman, 2006; Yang and Weinberg,
2008).

1.3 EMT is a multi-step process
EMT is a multi-step process beginning with polarised epithelial cells that are tightly
adhered to each other and ending with dissociated motile cells embedded in the
extracellular matrix (ECM). The events of a normal developmental EMT can be divided
into five steps, although these do not necessarily occur consecutively, nor are all events
present in all EMTs (reviewed in Levayer and Lecuit, 2008). First, the group of cells
that are destined to undergo the EMT are specified. Second, these cells lose intercellular
adhesion because of the downregulation of cadherins, a key component of adherens
junctions. Third, these cells lose their well-defined apico-basal polarity. Fourth, the cells
undergo necessary cytoskeletal reorganisation to actively drive cell delamination and
become motile. Finally, the basement membrane is broken down, allowing the cells to
enter the ECM and migrate. I consider each of these steps in more detail in the
following sections.

1.3.1 Epithelial cell polarity and adhesion
A typical epithelium comprises a single sheet of polarized cells with defined apical and
basolateral domains. Cell polarity is established by three protein complexes that localise
to the apical or basal compartments (reviewed in Dow and Humbert, 2007; Goldstein
and Macara, 2007; Assemat et al, 2008). The first complex, the PAR complex,
comprises PAR6, PAR3 and atypical protein kinase C (aPKC) (Kuchinke et al, 1998;
Nance et al, 2003; Chen and Macara, 2005). This complex localises to the apical
junction domain and has an important function in the assembly of tight junctions
(reviewed in Goldstein and Macara, 2007). The second complex, the CRB complex,
comprises Crumbs (CRB), Pals and Patj. The CRB complex localises to the apical
membrane and controls the extension of the apical surface or apical junction assembly
(Macara, 2004; Segbert et al, 2004; Chalmers et al, 2005). The third complex, the
SCRIB complex, comprises Scribble (SCRB), Discs-large (DLG) and Lethal-giantlarvae (LGL). In mammalian cells the SCRIB complex localises to the basolateral
domain of epithelial cells (Macara, 2004). The apical-basal polarity is established
through the mutually antagonistic interaction between the PAR, CRB and SCRIB
complexes (reviewed in Assemat et al, 2008). Polarity formation is initiated by the
activation of the Cdc42 GTPase, which when activated is recruited by PAR6 to the PAR
complex. Here, Cdc42 activates aPKC, which in turn, phosphorylates PARS. This
3

promotes the formation of an active PAR complex at the apical domain and promotes
the assembly of junctional structures. Localisation of the active PAR complex to the
apical domain is stabilised by the CRB complex whose distribution is reciprocally
dependent on the PAR complex. The basolaterally located SCRIB complex functions as
an antagonist of the active PAR complex, preventing its formation in the basolateral
region. The antagonist function is provided by the LGL protein component of the
SCRIB complex, which competes with PARS for binding to the PAR complex.
Therefore, the active PAR complex can only form away from the basolateral domain.
Conversely, LGL phosphorylation by aPKC inactivates the SCRIB complex in the
apical domain.
In an epithelial sheet, the individual cells are attached to each other in a uniform array.
The cells mediate lateral contact and adhesion between each other via adherens
junctions, desmosomes, tight junctions and gap junctions. Of these, adherens junctions
play an essential role in assembling and constructing lateral cell-cell adhesion (Yap et
al, 1997). Adherens junctions are characterised by the presence of E-cadherin clusters
that are linked to the cytoplasm indirectly via a-catenin and |3-catenin (Kemler, 1993;
Takeichi, 1995; Tepass et al, 2000). They initiate as small junctional complexes, which
then expand to establish stable adherens junctions and promote the establishment of
desmosomes (Garrod et al, 1996; Adams, 1998; Kowalczyk et al, 1999). Desmosomes
present a specialised junction between two epithelial cells, characterised by an electrondense line in the intercellular space and dense plaques lining the adhesive sites. As a
consequence of the anchoring to the basal surface and adhesion to each other, the
epithelium is maintained as an organised, planar structure that inhibits the movement of
individual cells and precludes their entrance into the underlying extracellular matrix.
1.3.2 Loss of epithelial cell adhesion and polarity during EMT
During an EMT, the epithelial cells lose their cell-cell contacts and polarity, thereby
leading to the release of cells from the epithelium. This is mediated by the loss of Ecadherin expression, which is a hallmark of an EMT. The down-regulation of Ecadherin during EMTs has been observed in parietal endoderm formation in mice
(Damjanov et al, 1986; Veltmaat et al, 2000) and during mesoderm formation in
Drosophila (Tepass et al, 1996), chick (Edelman et al, 1983) and mouse (Burdsal et
al, 1993). Loss of another type of cadherin, N-cadherin is observed in EMTs that occur

during neural crest development (Hatta et al, 1987) and somite formation (Duband et
al, 1987).

The downregulation of E-cadherin is usually achieved by the zinc-finger family
transcription factor, Snail. Snail was originally identified in Drosophila as a factor that
is important in the control of gastrulation (Leptin, 1991). Here, Snail downregulates the
transcription of the Drosophila E-cadherin in the presumptive mesodermal cells that
undergo the EMT (Oda et al, 1998). Snail is also important in vertebrate EMTs. In
mice, for example, Snail is present in primitive streak cells and in neural crest
progenitors (Nieto et al, 1992; Smith et al, 1992). The vertebrate ortholog of Snail has
been shown to suppress E-cadherin expression by binding two E2 boxes that are located
proximal to the transcriptional start site of the E-cadherin gene (Batlle et al, 2000;
Cano et al, 2000). Snail represses E-cadherin expression in fibroblasts and in some
epithelial tumours (Batlle et al, 2000; Cano et al, 2000).

In vertebrates, another member of the Snail family, Slug, is also important for EMTs
(Nieto et al, 1994). Slug is expressed in chick gastrula and in the neural crest
progenitors (Cano et al, 2000). Other transcription factors such as SI PI, 6EF1 and
E12/E47 are also capable of down regulating E-cadherin (reviewed in Thiery, 2002;
Peinado et al, 2007).

The molecular mechanisms underlying the downregulation of cell polarity determinants
and the way in which this downregulation is coordinated with the downregulation of Ecadherin and other epithelial markers is poorly understood in developmental EMTs. The
loss of basement membrane is also required for the release of cells from the epithelium.
Interestingly, mesoderm development in chick embryos shows that this occurs prior to
the loss of adherens junctions, tight junctions and apical polarity markers (Nakaya et al,
2008).

1.3.3 Cell behaviour after EMTs: migratory morphology and MesenchymeEpithelial Transitions (METs)
Following the EMT, the resultant mesenchymal cells do not display a regimented
cellular arrangement or tight intercellular adhesion, but rather acquire migratory
morphology and are able to move independently. The mesenchymal cells are highly
5

motile and show polarization in their actin and microtubule cytoskeleton in the direction
of movement (reviewed in Hay, 1995; Vicente-Manzanares et al, 2005). In migrating
cells, the front of the cell with respect to the direction of migration is called the leading
edge while the rear of the cell is called the trailing edge. These cells characteristically
extend actin-rich protrusions and show highly dynamic cell shape changes at the leading
edge (Pollard et al, 2000). As cells migrate they establish new adhesion sites in the
extended membrane, where they form transient adhesions at the leading edge called
focal complexes (Nobes and Hall, 1995). The net movement forward of the cell body is
achieved by the contractile forces exerted by myosin II and the disassembly of focal
complexes at the trailing edge (reviewed in Lauffenburger and Horwitz, 1996;
Mitchison and Cramer, 1996). Collectively, this facilitates migration and subsequent
settlement at appropriate destinations.

Fine regulation of the actin dynamics is critical in maintaining cellular integrity and the
dynamic cell shape changes required for migration. Actin polymerisation controls
protrusive activity of migrating cells and is regulated by Arp2/3 complex and the
formins mDial and mDia2 (reviewed in Pollard and Borisy, 2003). Arp2/3 promotes
actin polymerisation by binding to the sides of existing actin filaments (Machesky et al.,
1994; Machesky and Insall, 1998). This results in extension of a new actin filament
forming at a 70° angle with respect to the existing filament (Volkmann et al, 2001).
The activity of Arp2/3 complex is regulated by WAVE/Scar, WASP and N-WASP
proteins (reviewed in Weaver et al, 2003). WAVE and WASP proteins are regulated by
the Rho family GTPases Cdc42 and Racl(Rohatgi et al, 2000; Eden et al, 2002). Racl
induces the dissociation of the WAVE complex proteins Abi, Nap 125 and Sra-1 from
WAVEl thus activating WAVEl (Eden et al, 2002). On the other hand WASP and NWASP are regulated by Cdc42, where Cdc42 binding alleviates the intermolecular
interaction of WASP, which keeps them in inactive form (Rohatgi et al, 2000). Formins
bind actin filaments on the barbed ends and promote actin growth in a linear manner
(Pruyne et al, 2002). The Rho GTPases RhoA and Cdc42 regulate the Formins mDial
and mDia2 respectively (Kohno et al, 1996; Evangelista et al, 1997; Watanabe et al,
1997). Formin regulation also requires the interaction with G-actin-bound profilin to
promote actin polymerisation (reviewed in Watanabe and Higashida, 2004).

The Rho family GTPases play pivotal roles in regulation of the F-actin dynamics
associated with cell migration (reviewed in Hall, 1998; Etienne-Manneville and Hall,
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2002). RhoA and Cdc42 activation has been shown to resuh in an increase in
phosphorylation of myosin light chain (MLC), which results in increased contractility
(Totsukawa et al, 2000; Totsukawa et al, 2004). RhoA acts via Rho kinase (ROCK),
which phosphorylates and inactivates the phosphatase that dephosphorylated MLC
(Totsukawa et al, 2000). Cdc42 acts via myosin light chain kinase (MLCK) to
phosphorylate the MLC of myosin II (Totsukawa et al, 2004). Racl can also lead to
myosin II contractility via activation of p21-activated kinase (PAK), which
phosphorylates MLC and activates myosin II in vitro (Chew et al, 1998; Brzeska et al,
1999). PAK may also be capable of phosphorylating MLC directly (Brzeska et al,
2004). However, in cultured cells there is contradictory evidence to suggest that PAK
leads to both increase in MLC phosphorylation (Sells et al, 1999; Zeng et al, 2000)
and decreased MLC phosphorylation (Sanders et al, 1999). Activation of PAK also has
implications in cell polarity in migrating cells, where active PIX/PAK complex is
targeted to the leading edge of cells in a G-protein-coupled receptor dependent
migration (Li et al, 2003). There is also evidence to suggest that PAK can decrease
microtubule catastrophe via stathmin phosphorylation (Wittmann et al, 2004).

Attachment to the ECM or substrate is critical for migrating cells. During migration,
adhesions assemble at the leading edge of the cell while these are disassembled at the
trailing edge. The adhesions at the leading edge of the cells need to be able to rapidly
disassemble in response to extracellular cues, a process known as adhesion turnover
(Webb et al, 2004). Adhesion sites contain integrins that mediate attachment to the
ECM (Hynes, 2002). Integrins are linked to the F-actin cytoskeleton by adapter
molecules such as talin, which has roles in organising adhesions, stabilising integrinactin linkages and mediating integrin signalling (reviewed in Nayal et al, 2004).

Trailing edge retraction is critical for the net movement forward in migrating cells. To
achieve this, adhesions at the trailing end must disassemble. One way to achieve this is
via microtubule-dependent targeting of dynamin and subsequent endocytosis of
adhesion complexes (Ezratty et al, 2005). Another way is via myosin contractility
through regulation of MLC phosphorylation by the Rho GTPases as described above.
Finally dissolution of adhesion complexes can also be achieved by the activity of focal
adhesion kinase (FAK), Src, plSOCAS, paxillin, ERK and MLCK (reviewed in Webb et
al, 2004) or simply by proteolysis of molecules such as talin by calcium dependent
protease calpain (Franco et al, 2004).

Migrating cells also display polarity where certain proteins and organelles are
distributed in an asymmetrical layout. This is achieved through the Rho GTPase Cdc42
acting via the PAR6-PAR3-aPKC complex (reviewed in Etienne-Manneville, 2004;
Goldstein and Macara, 2007). This complex has been proposed to mediate the
microtubule dynamics at the front of the cell and also orientate the Golgi apparatus and
microtubule-organising centre (MTOC) in establishment of migratory polarity (EtienneManneville and Hall, 2003; Pegtel et al, 2007).
EMTs therefore allow cells of epithelial origin to convert to migrating mesenchymal
cells. However, this is often not an irreversible morphological change. During
development, mesenchymal cells aggregate and adopt epithelial characteristics by the
reverse process referred to as a mesenchymal to epithelial transition (MET) (Boyer and
Thiery, 1993; Davies, 1996). This provides an enormous level of plasticity in the way
that certain embryonic cells participate in embryonic development. The following
sections describe EMTs that occur during development and the known signalling
mechanisms that govern such events.
1.4 EMTs and cell migration in development
1.4.1 EMTs and cell migration during Drosophila

development

1.4.1.1 Mesoderm formation

Mesoderm development provides the earliest example of an EMT that occurs during
embryogenesis. During Drosophila gastrulation, the set of ventral cells that comprise
the presumptive mesoderm is internalised by invagination to form an epithelial tube that
runs along the anterior-posterior axis of the embryo. Intemalisation is evident by the
appearance of a ventral furrow. Ventral furrow formation is achieved by subtle changes
in the shape of the ventral cells of the blastoderm (Leptin and Grunewald, 1990;
Sweeton et al, 1991). Initially the cells flatten on their apical sides and their nuclei
migrate basally. The apical sides of the cells then constrict to generate a wedge shape
and the cells shorten along their apical-basal axis to induce the tissue folding that forms
the ventral furrow. The EMT begins after the mesoderm has completely internalised as
an epithelial tube. The ventral furrow cells lose their epithelial characteristics and

become mesenchymal. As described above, the EMT is marked with the
downregulation of E-cadherin in the presumptive mesodermal cells (Tepass et al,
1996). The cells undergoing EMT then begin to express N-cadherin (Oda et al, 1998).
Apart from the cadherin switch, our understanding of the molecular mechanisms that
are required for this EMT is very limited. Following the EMT, the resultant
mesenchymal cells then migrate over the ectoderm to form a single layer of cells that lie
next to the basal surface of the ectoderm (Murray and Saint, 2007; McMahon et al,
2008). The migration of these cells is thought to be guided by chemoattractant and
differential affinity mechanisms (Murray and Saint, 2007). In the chemoattractant
model, cells move away from the midline and disperse over the ectoderm in response to
the FGF ligands secreted from the ectoderm (see below) (Murray and Saint, 2007). In
the differential affinity model, cells that are not in contact with the ectoderm move over
the cells that are in contact with the ectoderm (Murray and Saint, 2007). The
mesodermal cells also show typical migration profiles depending on their position in the
epithelial tube internalised during gastrulation (Murray and Saint, 2007). The outer cells
stay together as a group and are often overtaken by more internally positioned cells. The
inner cells adjacent to the furrow reach more dorsal poshions, while cells in the centre
of the furrow disperse randomly. The molecular mechanisms that govern mesoderm
formation are not yet fully understood. However, FGF and Rho signalling pathways are
important for some aspects of the EMT and are essential for the spreading of the
mesodermal cells (see below).
1.4.1.2 endoderm formation

The Drosophila larval midgut is composed of an epithelial tube derived from the
endoderm surrounded by a layer of visceral muscle derived from the mesoderm. Prior to
gastrulation, the two endoderm primordia are positioned at the anterior and posterior
ends of the embryo respectively. During gastrulation they undergo an epithelialmesenchymal transition (EMT). Following the EMT, the endodermal cells come in
contact with the newly formed visceral mesoderm primordia, which run parallel to the
anterior-posterior axis as continuous bands on either side of the embryo. The two
groups of endodermal cells then migrate towards each other along the visceral
mesoderm. Finally, cells making contact with the visceral mesoderm undergo a
mesenchymal to epithelial transition (MET) to form the gut epithelium (Reuter et al,
1993; Tepass and Hartenstein, 1994). Endoderm morphogenesis therefore provides an
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interesting developmental system because it exhibits an EMT, cell migration and a
MET. However, the molecular mechanisms that govern such complex cellular
behaviour are poorly understood.

1.4.2 EMTs and cell migration during vertebrate development
1.4.2.1 Endoderm and mesoderm formation

In vertebrates, the mesoderm arises through similar cellular mechanisms to those
described above for Drosophila. A region in the primitive ectoderm, called the primitive
streak, undergoes an invagination to form the mesoderm (Viebahn, 1995). As these cells
continue to ingress they lose their tight cell-cell adhesions and remain loosely attached
to each other via sparsely distributed focal contacts. At the same time the basement
membrane is broken down locally. These cells then undergo mesenchymal
differentiation and migrate along the narrow extracellular space underneath the
ectoderm. The definitive endoderm also forms from these processes. However, the cells
contributing to this delaminate slightly later from more distal locations in the primitive
streak (Lawson et al, 1991).
1.4.2.2 Neural crest formation

The Neural crest cells are multipotent, migratory cells that are unique to vertebrate
embryos. They are capable of migrating over extraordinary distances in the embryo.
The presumptive neural crest cells develop at the boundary between the neural plate and
the epidermal ectoderm. As neurulation progresses, the neural crest precursor cells,
positioned within the elevating neural folds, come to lie between the ectoderm and the
dorsal part of the neural tube. Following this, neural crest cells undergo an EMT and
actively move through the basal lamina (Nichols, 1981; Duband and Thiery, 1987). The
neural crest cells are first seen as a distinct population of cells with rounded and
pleiomorphic shapes. This morphology is in sharp contrast to the polarised neural tube
cells that form nearby. As the neural crest cells become separated from the neural
epithelium they lose N-cadherin mediated cell-cell adhesion (Tucker et al, 1988) and
upregulate the expression of genes that are essential for their migration. One such class
of genes encodes the components of the ECM, which is laid down along the migratory
path. Genes encoding ECM components such as fibronectin and hyaluronan have been
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observed to be upregulated prior to the onset of neural crest cell migration (Poelmann et
al, 1990).

1 •4.2.3 Cardiac valve formation

Cardiac valve formation in vertebrates also requires an EMT. The cardiac valve is
formed by a precursor structure known as the endocardial cushion and is initiated
following the looping of the primitive linear heart. The endocardial cushion is created
by the secretion of a large amount of ECM by myocardial cells. This displaces the
endocardium away from the myocardium. This resultant endocardial cushion then fills
with mesenchymal cells. These mesenchymal cells arise from the endocardial cell layer
by undergoing an EMT (Bolender and Markwald, 1979). Explant studies have shown
that signals secreted from the myocardium are essential for the induction of the EMT in
the endocardial cells (Mjaatvedt and Markwald, 1989; Rezaee et al., 1993). As the
endocardial cells undergo the EMT they lose N-cad expression, lose cell-cell adhesion
and invade the newly deposited endocardial cushion. This establishes the presumptive
cardiac septa and valves (Person et al., 2005).

1.4.2.4 Secondary palate formation

Secondary oral palate formation is rather a simple process compared to the development
of other organs during embryogenesis. In the developing oral cavity, the palatal shelves
approach one another from the opposite sides and fuse at the midline. The epithelial
cells covering the tip of each shelf intercalate and form the medial epithelial seam.
Following this, the medial epithelial seam cells undergo an EMT and become integrated
into the mesenchymal compartment of the palate (Fitchett and Hay, 1989). Blocking
fusion of the palatal shelves prevents the EMT suggesting that signals from the
epithelial midline seam are critical for the EMT (Griffith and Hay, 1992).

1.5 Molecular regulation of EMTs and cell migration
In this section I will briefly summarize the signalling pathways that have been
implicated in mesoderm development, neural crest formation, cardiac valve formation
and secondary palate formation in vertebrates. Then I will describe known signalling
mechanisms that govern EMTs during Drosophila
II

development.

1.5.1 Vertebrate molecular signalling pathways
1.5.1.1 TGF-p signalling
Members of the transforming growth factor-|3 (TGF-P) superfamily of signalling
molecules play major roles in the induction of EMTs. For example, members of the
nodal subfamily initiate mesoderm specification in both Xenopus laevis and Danio rerio
embryos (Kimelman, 2006). \n Xenopus, regulation of Nodal pathway activation is
essential for mesoderm induction in both the dorsal and ventral regions (McDowell and
Gurdon, 1999). In addition, ectopic expression of another Nodal family member, Vgl,
in chick embryos is sufficient to induce the formation of a secondary primitive streak
(Shah et al, 1997). Similar signalling mechanisms also operate in mice where null
mutants for the mouse ortholog of \hcXenopus Vgl, Gdf3, shows defects in mesoderm
formation (Chen et al., 2006).

Induction of the neural crest requires signalling by BMP, another member of the TGF-P
superfamily. \n Xenopus, experiments examining differential activation of the BMP
signal indicate that BMPs set up a competency zone between the neural plate and
ectoderm from which the neural crest is induced (Raible, 2006). In chickens and in
mice, BMPs have been shown to be required for the induction and/or migration of
neural crest cells (Correia et al, 2007).

TGF-p signalling is also utilised during cardiac valve and secondary palate formation.
Explant studies in chicken have shown that TGF-P2 is required for the initiation of the
cardiac valve EMT program and the separation of endocardial cells (Boyer et al, 1999).
Another TGF-(3 factor, TGF-(33, was specifically required for the migration of the
separated endocardial cells into ECM (Boyer et al, 1999). In mice, TGF-pl or TGF-P2
knockouts displayed multiple heart defects suggesting their roles in cardiac valve
formation (reviewed in Mercado-Pimentel and Runyan, 2007). The importance of TGFP signalling in secondary palate formation is evident in TGF-p3 knockout mice, which
display a cleft palate phenotype (Ahmed and Nawshad, 2007). Furthermore, treatment
of mouse palatal shelf explants with an antibody against TGF-|33 that blocks its function
results in failure to initiate the EMT (Ahmed and Nawshad, 2007).
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1.5.1.2 Wnt signalling
The canonical Wnt signalling pathway has been shown to be required for a number of
EMT events. In Xenopus and in Zebrafish, Wnt8 is required for the formation of dorsal
mesoderm (Smith and Harland, 1991; Sokol et o/., 1991; Kelly et al, 1995) while in
mice, Wnt3 mutants show defects in formation of the primitive streak (Liu et al, 1999),
suggesting its requirement in mesoderm and endoderm morphogenesis.

Neural crest delamination and migration requires both canonical and non-canonical Wnt
signalling. Depletion of P-catenin confirms that the canonical Wnt pathway is required
for the initial neural crest induction (Wu et al, 2005), while ectopic activation of Wnt
signalling can induce ectopic neural crest cell induction (Wu et al, 2005). In support of
the requirement for non-canonical Wnt signalling, activation of Wnt 11/Frizzeld7 plays
an essential and specific role in neural crest cell migration (De Calisto et al, 2005). In
avian embryos, Wnt is also necessary and sufficient to induce neural crest cells (GarciaCastroe/ a/., 2002).

Wnt signalling has been shown to be important for cardiac valve formation. |3-catenin
transcription is observed in newly formed cardiac cushion mesenchyme during EMTs
(Gitler et al, 2003; Hurlstone et al, 2003; Liebner et al, 2004). In addition,
inactivation of (3-catenin in endothelial cells inhibits EMT and cardiac cushion
formation both in vivo and in tissue explants (Liebner et al, 2004).

1.5.2 Signalling pathways important for EMTs in tissue culture
1.5.2.1 HGF signalling
The use of epithelial cells to model EMTs emanated from the studies that discovered
fibroblast culture supernatant was able to induce cell scattering in MDCK epithelial
cells (Stoker and Ferryman, 1985). The scatter factor present in fibroblast culture
supernatant was later identified as hepatocyte growth factor (HGF), which is the ligand
of the c-met receptor (Weidner et al, 1993; Zhu et al, 1994). HGF stimulates the
breakdown of cell-cell junctions and dispersal of epithelial cells, increasing their
invasiveness (Stoker et al, 1987; Weidner et al, 1990). Consistent with this
observation, HGF and its receptor are deregulated or overexpressed in many human
tumours (reviewed in Lamorte and Park, 2001).
13

1.5.2.2 Ras signalling

Ras proto-oncogene is required for the EGF induced cell dissociation in NBT-II rat
bladder carcinoma cell line (Boyer et al, 1997). Ras has been shown to activate
signalling pathways that lead to the activation of phosphoinositide-3-kinase (PI3K)
(Kotani et al, 1994; Rodriguez-Viciana et al, 1994; Rodriguez-Viciana et al, 1997),
Raf/MAPK phosphorylation cascades (reviewed in Treisman, 1996) and activation of
Rac (Van Aelst and D'Souza-Schorey, 1997). In NBT-II rat bladder carcinoma cell line,
MAPK pathway and Racl is important for EGF- and Ras-induced cell dispersion (Edme
et al, 2002). However, PI3K activation is dispensable for cell scattering (Edme et al,
2002). This is in contrast to the requirement of PI3K in MDCK cells where it can induce
cell scattering in the presence of HOP (Royal and Park, 1995).
1.6 Molecular mechanisms in Drosophila ElVITs and cell
migration
1.6.1 Mesoderm development
1.6.1.1 FGF signaling

Mesoderm specification is achieved through the members of the helix-loop-helix and
zinc-finger transcription factors Twist and Snail (Leptin, 1991). As mentioned earlier,
very little is known about the molecular mechanisms of epithelial breakdown. However,
the molecular mechanisms that govern cell migration are better understood. Fibroblast
growth factor (FGF) signalling is required for Drosophila mesodermal cell migration.
The Drosophila homolog of the FGF receptor (FGFR) Heartless, is expressed in the
entire mesoderm primordium and is later restricted to a subset of heart and somatic
muscle precursors, heartless mutant embryos show a failure in spreading of the
invaginated mesoderm (Beiman et al, 1996; Gisselbrecht et al, 1996). The putative
ligands for the Heartless receptor are Thisbe (FGF8-like-l) and Pyramus (FGF8-like-2)
(Gryzik and Miiller, 2004; Stathopoulos et al, 2004). Embryos mutant for both of these
genes show defects in mesoderm spreading similar to that of embryos mutant in FGFR
itself These molecules are thought to act redundantly on Heartless to initiate signal
transductions necessary for mesoderm spreading. However, Pyramus may exhibit a
longer functional range as pyramus mutant embryos show severe defects in dorsal
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mesoderm specification (Kadam et al, 2009). Embryos mutant for downstream of FGF
(dof), which encodes a factor that functions downstream of the Heartless receptor, also
show mesoderm migration defects (Michelson et al, 1998; Vincent et al, 1998; Imam
et al, 1999). Heparan sulfate glycosaminoglycans (HSPGs), which act as low affinity
FGF co-receptors, are also important for FGF signalling (Omitz et al, 1992; Mason,
1994). Mutations in two genes, sugarless and sulfateless, that encode enzymes capable
of modifying HSPGs also show defects in mesoderm migration (Lin et al, 1999). This
study provided the first genetic evidence that HSPGs are required for signalling by
FGFR during development. Collectively, these data show that FGF signalling is an
important pathway in mediating mesoderm spreading in Drosophila.

FGF receptors are members of the receptor tyrosine kinase (RTK) family of receptors.
On activation by ligand binding, RTKs dimerize, autophosphorylate and use a common
set of highly conserved signal transduction molecules (reviewed in Cobb and
Goldsmith, 1995). The small GTPase, Ras, is a key player in RTK signalling pathways.
Activation of Ras by activated RTKs initiates the MAPK cascade, a cascade of protein
phosphorylation events mediated by the Raf, MEK and MAP kinases. This signalling
cascade is highly conserved, being present in animal phyla from cnidaria to chordates.
Activated RTK dimers autophosphorylate their intracellular C-terminal domains, which
then become coupled to membrane tethered Ras via one or more adaptor proteins. One
such adaptor protein is Grb2, encoded by drkin in Drosophila. Grb2 interacts via its
SH2 domain with specific phosphorylated tyrosine residues on the intracellular domain
of the activated receptors. In turn Grb2 constitutively binds the Ras activating guanine
nucleotide exchange factor Son of sevenless (Sos) via a SH3 domain, which is therefore
brought into close proximity to Ras. As a consequence, Ras is activated by the GTP
exchange factor (GEF, see below) activity of Sos (Dickson and Hafen, 1994;
Schlessinger and Bar-Sagi, 1994; Wassarman et al, 1995). However, Grb2 does not
bind directly to FGFRs (Klint et al, 1995; Kouhara et al, 1997), so it is likely that other
proteins may be involved in mediating the Grb2 interaction with the FGFRs. One
protein that may play a part in this is SNT-1 or FRS2. This protein can bind to Grb2
when phosphorylated in response to FGF signalling (Wang and Moran, 1996; Kouhara
et al, 1997). However, the ability of SNT-I to bind to FGFR is weak. This suggests that
there may be other components that facilitate this interaction. Signals from FGFR are
transmitted through the Ras/MAPK pathway (Kouhara et al, 1997) where the activation
of this pathway can be monitored by the active, dual phosphorylated form of MAP
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kinase (dp-ERX) (Gabay et al, 1996; Gabay et al, 1997). In the invaginated mesoderm,
activated MAPK is first seen in the cells that are in the contact with the ectoderm and
then later becomes confined to the leading edge of the migrating cells. In mutants
affecting FGF signalling, activated MAPK is lost or dramatically reduced in leading
edge cells.

FGF signalling has been demonstrated to be important for other cell migration events
during Drosophila embryonic development. One such process is the formation of the
tracheal system. The tracheal system arises from segmentally repeated clusters of
ectodermal cells that invaginate to form epithelial sacs. These sacs sprout successively
finer branches to generate a tree like structure. This process occurs exclusively by cell
migration and cell shape changes without cell proliferation. Tracheal development
requires FGF signalling through Breathless, another FGFR homolog in Drosophila, and
its ligand Branchless, which are both required for the migration of tracheal cells
(Klambt et al, 1992; Reichman-Fried et al, 1994). FGF signalling is also required for
the migration and/or differentiation of the longitudinal visceral muscle precursor cells
(Mandal et al, 2004) and indirectly for the salivary gland migration (Bradley et al,
2003), which are both defective in heartless embryos.

1.6.1.2 Rho family GTPase signaling

The Rho family small GTPase signalling component, Pbl, is required for mesoderm
migration (Schumacher et al, 2004; Smallhom et al, 2004), implicating Rho family
small GTPase signalling in mesoderm spreading. A detailed analysis of pbl mutant
embryos showed that the mesodermal cells at the leading edge had reduced protrusions
and the cells were less rounded and more tightly adhered to each other (Smallhom et al,
2004). The reduced protrusions of the leading edge cells in the pbl mutant embryos are
reminiscent of the loss of Rac and/or Cdc42 activity, a finding that is supported by the
recent evidence for a role for the Rac small GTPases as the target of Pbl (van Impel et
al, 2009). However, the cell rounding is more likely to be mediated by the activity of
RhoA. Therefore, although/.W acts as a GEF for RhoA during cytokinesis, it is possible
that its role in mesoderm migration may be mediated by acting on RhoA, the Rac
subfamily and/or Cdc42 to facilitate mesoderm formation. Significantly, the activity of
the FGF signalling pathway is not affected in pbl mutants where activated MAPK is
observed in leading edge cells (Smallhom et al, 2004). This suggests that Pbl either
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acts downstream of the MAPK pathway or in a parallel pathway during mesoderm
migration. However, the exact molecular role of Pbl in mesoderm migration is yet to be
elucidated.

1.6.2 Endoderm development
1.6.2.1 Integrin signalling in endoderm development
The specification of the Drosophila endoderm is achieved by the coordinated action of
the terminal gap genes huckebein and tailless (Weigel et al, 1990; Bronner et al,
1994), the GATA gene serpent (Reuter, 1994) and the Fox factor gene fork head
(Weigel et al, 1989). Despite this fairly detailed understanding of the specification of
the endoderm, genes that are important for the endodermal EMT, migration and MET
are poorly characterised. Similar to the EMT in the mesoderm, very little is known
about the genes that are required for the epithelial breakdown in the endoderm. One
class of molecules that are essential for endodermal cell migration are the integrins
(Martin-Bermudo et al, 1999; Devenport and Brown, 2004). The integrin class of
transmembrane receptors are the primary cellular receptors for the ECM (Hynes, 2002).
Each integrin is a heterodimer composed of an a subunit and a (3 subunit
transmembrane protein. The extracellular domains of both the a and (3 subunits
contribute to binding of the extracellular ligands. The cytoplasmic domain of the p
subunit links the integrins to the intracellular proteins that are required for signalling.
Migrating cells extend processes that adhere to the ECM through integrins, which
enable them to exert force on the substratum and therefore move forward. In addition to
the transmission of the forces from cells to the ECM (reviewed in Hynes, 1992),
integrins also mediate signal transduction necessary for cell migration (reviewed in
Lauffenburger and Horwitz, 1996; Schwartz and Shattil, 2000). The Drosophila genome
encodes two p subunits and five a subunits (Brown, 2000). In endoderm migration,
removal of the (3ps subunit results in a migration delay with cells exhibiting a rounded
morphology and a lack of projections (Martin-Bermudo et al, 1999). However, these
cells complete migration eventually, meeting in the middle of the embryo. Removal of
both (3 subunits, |3ps and

on the other hand, which eliminates integrin function

entirely, results in complete failure of endodermal cell migration (Devenport and
Brown, 2004). In these mutants, the endoderm undergoes the EMT, but the resultant
mesenchymal cells remain as a clump and do not show any migratory morphology.
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is

expressed exclusively in the endoderm and functions redundantly with PPS, as removal
of

alone does not affect endoderm migration (Devenport and Brown, 2004). The aps

subunits are differentially expressed in the endoderm and its substrate, the visceral
mesoderm, and contribute differentially to endodermal cell migration. For instance, apsi
and aps3 are expressed in the endoderm and function redundantly in this tissue (MartinBermudo et ai, 1999). Removal of aps3 has no effect on endoderm cell migration (Stark
et al, 1997; Martin-Bermudo et ai, 1999). However, removal of apsi results in a
modest delay (Martin-Bermudo et al, 1999) and removal of both apsi and aps3 results
in a dramatic delay in endoderm migration (Martin-Bermudo et ai, 1999). The aps2
subunit is expressed in the visceral mesoderm and embryos that lack aps2 show a
modest delay in endoderm migration (Martin-Bermudo et al, 1999). This delay is most
likely caused by a requirement for aps2 for the visceral mesoderm to form an optimal
substratum for endodermal cell migration as these embryos show subtle defects in the
visceral mesoderm (Roote and Zusman, 1995; Martin-Bermudo et al, 1999).

1.6.2.2 Integrins. Rho family signalling, focal adhesions and cell migration

Migrating endodermal cells show tubulin-containing projections (Martin-Bermudo et
al, 1999). It is thought that PS integrins could play a role in forming such projections
by facilitating the attachment of the cellular extensions to the substratum, thereby
stabilizing them (Martin-Bermudo et al, 1999). Evidence from fibroblasts shows that
otherwise freely diffusing integrins can attach to newly formed lamellipodial extensions
upon ligand binding (Felsenfeld et al, 1996). Another possible function of the integrins
is to activate signalling pathways that regulate the organization of the cytoskeleton
(Martin-Bermudo et al, 1999). Engagement of integrins has been shown to cluster
and/or activate signalling molecules such as focal adhesion kinase (FAK), c-Src, Abl
and Syk (Miyamoto et al, 1995; Stark et al, 1997).

Integrins perhaps signal through the Rho GTPases to mediate reorganisation of the
cytoskeleton. In support of this, the Rho/Cdc42 GAP, Graf, has been shown to associate
with focal adhesion kinase and localise to the focal contacts (Hildebrand et al, 1996).
Consistent with this, Rho family GTPase function is implicated in endoderm migration.
Expression of DN-Rac and DN-Cdc42 in the endoderm perturb cell migration whereas
the expression of DN-Rho has no effect (Martin-Bermudo et al, 1999). These results
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must be treated with some caution, however, as dominant negative constructs can
interfere with functions unrelated to the presumed target gene (see below). Rho family
GTPases are important for a number of other cell migration events during Drosophila
development. As described above, the RhoGEF Pbl is required for the mesoderm
migration (Schumacher et al, 2004; Smallhom et ai, 2004) while Racl is required for
the migration of somatic border cells (Murphy and Montell, 1996) and Rac function is
also required for an epithelial sheet migration process known as dorsal closure (HakedaSuzuki et ai,

2002).

It is not well understood how integrin mediated signalling and Rho signalling are
orchestrated to regulate endoderm migration. However, evidence from human foreskin
fibroblast tissue culture studies have suggested that although integrin-ligand binding
and integrin aggregation can induce focal adhesion complexes (Miyamoto et al., 1995),
in Swiss 3T3 cells this alone is not sufficient to induce focal adhesion complexes
(Hotchin and Hall, 1995). In this cell type active Rho GTPases Rho and Rac may direct
the clustering of integrins by modifying their cytoplasmic domains, thus promoting
focal adhesion complexes (Hotchin and Hall, 1995). In addhion, Rho GTPases have
been shown to regulate integrin-mediated signalling pathways. For example, a Rhol
dependent pathway regulates activation of FAK, phosphorylation of paxillin and
assembly of focal adhesion sites (Clark et ai, 1998). A Cdc42 dependent pathway
activates Akt, while both Rac and Cdc42 regulate actin organization required for
membrane ruffling (Clark et al., 1998). Therefore, cooperation between both integrin
and Rho family signalling could be essential in mediating cell motility.

1.7 The role of EMTs and cell migration in human disease
EMTs were first recognized as critical tissue transformations that occur during
embryonic development. Recently, it has been suggested that EMT-like processes
promote carcinoma invasion and metastasis. A great majority of solid tumours are
carcinomas that originate from various types of epithelial cell types throughout the
body. In order to invade adjacent cell layers, these epithelial tumours must lose their
cell-cell adhesion, break away from neighbouring cells and acquire motility. Another
emerging parallel between developmental EMTs and tumour metastasis is the
conservation of the molecular signaling pathways involved. This section will summarise
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some of the shared molecular mechanisms between EMTs during development and in
tumour metastasis.

1.7.1 Cadherins and invasive tumours
Although E-cadherin production is maintained in most differentiated tumours, there
exists an inverse correlation between the E-cadherin levels and tumour grade
(Birchmeier and Behrens, 1994; Hirohashi, 1998). In some human and mouse tumours,
partial loss of E-cadherin has been associated with carcinoma progression (VincentSalomon and Thiery, 2003). For example, in familial gastric cancers, E-cadherin is lost
at an early stage of tumour development. Consistent with this, forced expression of Ecadherin in tumour cell cultures or in vivo in mouse models can inhibit the ability of
gastric cancer cells to invade and metastasise. Conversely, blocking E-cadherin in noninvasive tumour cells results in invasiveness and increased metastatic potential (Frixen
et a/., 1991; Perl et al, 1998). Furthermore, in some tumour cells E-cadherin mediated
adherens junctions are negatively regulated by the actions of several receptor tyrosine
kinases. This results in rapid disruption of cell adhesion and scattering of the cells
(Fujita et al, 2002; Pece and Gutkind, 2002).

1.7.2 Transcription factors implicated in EMTs and invasive tumours
Just as downregulation of E-cadherin is seen at the sites of EMTs during development,
transcriptional repression of E-cadherin is also seen in tumours. As discussed above,
developmental downregulation of E-cadherin is mediated by members of the Snail
transcription factor family. Consistent with a relationship between metastasis and
developmental EMTs, expression of Snail is observed in high-grade human breast
carcinomas and lymph-node-positive tumours, (Blanco et al, 2002). In fact, many of
the EMT-inducing transcription factors, including Snail, Slug, S l P l , 6EF1, Twist 1,
F0XC2 and Goosecoid, have been linked to tumour invasion and metastasis (reviewed
in Yang and Weinberg, 2008). Twist is required for mesoderm induction in Drosophila
(Thisse

al, 1987; Leptin and Grunewald, 1990; Leptin, 1991) and is expressed in

vertebrate neural crest cells (Gitelman, 1997). It is required for neural crest cell
formation in mice where lack of Twistl leads to defects in neural crest cell migration
(Chen and Behringer, 1995; Soo et al, 2002). Twistl is also essential for a mouse breast
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carcinoma cell line to metastasise from the mammary gland to the lung (Yang et al,
2004).

1.7.3 Signalling pathways, EMTs and metastasis
Signaling pathways that induce EMTs during embryogenesis have also been implicated
in tumour invasion and metastasis. For example, activation of TGF-|3 at later stages of
tumour development has been shown to promote EMT, invasion of the ECM and
spreading to distant organs in mice (Oft et al, 1998; Janda et al, 2002). This may be
due to the ability of TGF-|3 signalling to induce Snail, Slug and SI PI, which can lead to
the repression of E-cadherin (Comijn et al, 2001; Peinado et al, 2003). The Wnt
signalling pathway may also be capable of promoting EMTs in cancer. Glycogen
synthase kinase 3(3 can phosphorylate Snail leading to its degradation. Therefore,
inactivating GSK3(3 via Wnt pathway can promote EMTs (Zhou et al, 2004; Bachelder
et al, 2005). Recent studies have also shown that hypoxia can induce EMTs in
carcinoma cells via activation of snail (Lester et al, 2007) or Twistl (Yang et al,
2004). Taken together, these studies strongly support the proposal that the molecular
mechanisms that govern EMTs during development act during tumour cell invasion and
metastasis.

1.8 Use of Drosophila to study EMT, cell migration and MET
Drosophila provides an outstanding model organism to study cellular and molecular
mechanisms of normal developmental processes. This is because of the availability of
powerful genetic and molecular tools. Drosophila embryogenesis also provides two
examples of EMTs that take place during mesoderm and endoderm development
respectively. Development of the endoderm has the added attraction of providing a
model system that encompasses complex cellular behaviour that includes an EMT, cell
migration and a MET.

Despite the attraction of these systems, our understanding of the molecular mechanisms
that govern EMTs during Drosophila embryogenesis is very limited. This is due to
current limitations in our ability to dissect gene function in a spatial and temporal
specific maimer during embryogenesis. For example, these technical constraints limit
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the analysis of the pleiotropic functions of the Rho family small GTPase signalling
pathway factors. The next section discusses these limitations and explains the need for a
technique that can deliver tissue specific loss-of-function in Drosophila to study gene
function.

1.9 The limitations of current technologies
Over the last few decades, powerful combinations of genetic and molecular tools have
enabled remarkable progress in the analysis of gene ftinction in Drosophila. This
analysis has emphasised that most genes have pleiotropic functions during normal
animal development. Currently, a majority of the loss-of-function studies in Drosophila
embryogenesis are carried out using classical null alleles, injection or engineered
expression of dsRNA, generation of germline clones and in some cases by the
expression of dominant negative forms of proteins. However, these techniques each
have limitations that prevent them from providing a thorough analysis of gene function
during embryogenesis. Limitations include maternal contributions that mask early
zygotic phenotypes, early lethality hindering analysis of later events, the inability to
make clones of mutant cells in the embryo and suppression of phenotypes by the
perdurance of proteins. These limitations are described in more detail in the following
sections.

1.9.1 Limitations in conventional zygotic loss of function mutant analysis
Classical phenotypic analyses of RhoA mutants have shown that RhoA zygotic null
embryos develop normally until late embryogenesis where they show imperfect dorsal
closure and defects in head involution (Magie et al., 1999). In contrast, expression of a
dominant-negative form of RhoA produces numerous embryonic phenotypes, in
addition to the expected defects in dorsal closure. These include cellularisation defects
at the blastoderm stage (Crawford et al, 1998), cytokinesis defects (Prokopenko et al,
1999), a delay in ventral furrow formation and the failure of some mesodermal
precursors to be internalised properly (Barrett et al, 1997), all of which are phenotypes
that precede the zygotic mutant phenotypes (Harden et al, 1999). The absence of some
of these phenotypes in RhoA zygotic mutants can be explained by the presence of
maternally deposited RhoA mRNA and/or protein, since reduction of the maternal
contribution (see below) leads to the cellularisation defects (Magie and Parkhurst,
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2005). Therefore, classical mutant analysis may not always uncover pleiotropic gene
functions, especially roles during early embryogenesis, when maternal products are
deposited into the egg.
Another major limitation of classical mutant alleles in certain cases is the generation of
early lethality and the appearance of secondary phenotypes. One example of early
developmental arrest associated with classical alleles can be demonstrated by the
analysis of loss-of-function and dominant-negative studies of the Rho family GTPase,
Cdc42. Expression of DN-Cdc42 results in failure of dorsal closure (Harden et al,
1999). Although this may indicate a true function of Cdc42 in dorsal closure, Cdc42
mutants do not display dorsal closure defects as these mutants fail to complete germ
band retraction and thus arrest in development prior to the initiation of dorsal closure
(Genova et al, 2000). An example of a secondary phenotype is observed in heartless
mutant embryos where they show a defect in salivary gland migration (Bradley et al,
2003). Heartless is required for the mesoderm spreading and differentiation of dorsal
mesoderm (Gisselbrecht et al, 1996). As a consequence heartless embryos display
defects in visceral mesoderm where they show numerous gaps (Gisselbrecht et al,
1996). Salivary gland migration requires an intact visceral mesoderm where the
invaginated salivary gland uses the visceral mesoderm as a substrate for its posterior
migration (Bradley et al, 2003). However, the posterior migration of the salivary gland
is perturbed when encountered with breaks in the visceral mesoderm in heartless
embryos (Bradley et al, 2003). Collectively, the above-mentioned factors prevent the
analysis of gene function later during development using classical mutants.
1.9.2 Limitations in germline clone elimination of maternal products
In Drosophila, it is possible to remove any maternal contribution by the generation of
mutant germline clones using mitotic recombination (Chou and Perrimon, 1992). The
approach involves inducing mitotic recombination between chromosome arms in a
heterozygote so that the daughter cells become homozygous for the alleles on each
homologue. When the animal is heterozygous for a mutation in the gene of interest on
one homologue and a dominant female sterility-inducing allele on the other homologue,
the only cell that can produce eggs is one in which the product of mitotic recombination
has lost the dominant female sterile allele and is therefore homozygous mutant for the
gene of interest. The egg chambers that derive from that cell cannot make the maternal
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product for that gene, so if it is fertilized by a sperm also carrying a mutation in the
gene, the egg has no supply of either the maternal or the zygotic product. Although this
approach has been used with great success for the analysis of the early embryonic
functions of many genes, it cannot be used for genes such as RhoA, which is required
for cell division. Thus mitotic recombination-induced homozygous RhoA mutant
germline cells cannot proliferate and therefore cannot produce eggs (Johndrow et al,
2004). This prevents the analysis of early embryonic roles of genes that are required for
cell division and which are present as maternally-derived products.
1.9.3 Limitations in dominant negative constructs
The expression of dominant-negative (DN) constructs has been used extensively to
analyse the roles of Rho family GTPases during Drosophila development (reviewed in
Johndrow et al., 2004) as the expression of such constructs is relatively easy to engineer
and the effects of DN-proteins are considered equivalent to loss-of-function mutations.
However, although DN-Rho forms have been shown to affect specific functions of Rho
family GTPases, there is considerable evidence that supports the conclusion that some
of the phenotypes arise as a resuh of cross inhibition of other Rho family GTPases. For
example defects in ommatidial planar cell polarity occur when DN-Rac is expressed in
the developing eye (Eaton et al, 1996; Fanto et al, 2000). In contrast, eye mutant
clones for all three Rac homologs Racl, Rac2 and Mtl, do not show such defects in
planar cell polarity (Hakeda-Suzuki et al, 2002). Therefore, although dominantnegative studies are capable of delivering tissue specific loss-of-function throughout
development, one has to be careful to interpret the results. More importantly, dominantnegative approaches may not be applicable for all cellular proteins. Therefore, this too
limits the thorough analysis of gene function.
1.9.4 Limitations in RNA interference
Some of the limitations presented by the classical mutant alleles can be overcome by
tissue specific depletion of the respective gene products. In Drosophila there exists two
such techniques that can mediate tissue specific loss-of-function. The first technique,
RNAi, effectively knocks down the transcripts of the target genes and hence affects the
abundance of cellular protein encoded by those transcripts (Fire et al, 1998).
Application of this technique in Drosophila using the GAL4-UAS system for the
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expression of transgenes in a tissue-specific fashion has enabled tissue specific
expression of an RNA hairpin that folds back on itself to become double stranded
(Brand and Perrimon, 1993; Kennerdell and Carthew, 2000; Lam and Thummel, 2000;
Piccin et al, 2001). However, RNAi is least effective during embryogenesis and more
pronounced during later developmental stages such as larval and pupal development.
This most likely reflects the relative expression levels of the hairpin RNA in the
embryo, as injection of dsRNA into the pre-cellularised blastoderm allows significant
gene silencing (Misquitta and Paterson, 1999; Kim et al, 2004). However, RNAi
injection does not allow for tissue specificity, because, if injected before cellularization,
the double-stranded RNA molecules can diffuse to generate whole organism gene
silencing. Injection of individual cells after cellularization is not technically feasible.
Therefore, this technique too carmot be used for the analysis of gene function in a tissue
specific manner during early embryogenesis.

1.9.5 Limitations in clonal analysis
The second way of overcoming these limitations is to use mitotic recombination to
induce clones of cells that are mutant for a particular gene. Such techniques involve the
generation of homozygous mutant somatic cells from heterozygous precursors via
mitotic recombination (Golic and Lindquist, 1989), as described for germline
recombination above. This technique utilizes the highly efficient yeast FLP/FRT system
to mediate mitotic recombination. The ability to mark such mutant cells negatively (Xu
and Rubin, 1993), or positively (Lee and Luo, 1999) has enabled the use of such mosaic
techniques to analyse gene function and screen for new mutants. However, this
approach is restricted to the analysis of larval and adult phenotypes. In one such
technique that can produce positively marked mutant clones, mosaic analysis using a
repressible cell marker (MARCM), the clones can only be reliably identified 48hrs after
mutant generation due to the perdurance of the GAL80 repressor (Lee and Luo, 1999).
Therefore, this excludes the analysis of embryonic events as Drosophila embryogenesis
is completed within 24hrs. Furthermore, if a protein is stable, it may take some time
after the clone is made to develop a mutant phenotype (Lee and Luo, 1999). Finally,
mitotic recombination based techniques are limited in their ability to analyse specific
post-mitotic gene functions, as the recombination event would have to occur during the
final mitosis and only one mutant cell could be generated per mitotic recombination.
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To conclude, the currently available loss-of-function techniques have limitations that
prevent a thorough analysis of gene function during embryonic development. In
particular, the current techniques cannot generate tissue-specific loss-of-function during
embryogenesis. An ability to eliminate gene function in a tissue specific fashion would
significantly enhance our ability to study embryonic events such as endoderm
development.

1.10 This study
The aim of this study was to develop a new technique that could induce tissue specific
loss-of-function during Drosophila melanogaster embryogenesis, which would enable
dissection of pleiotropic roles of Pbl in EMTs and cell migration events during
development. This thesis describes several approaches that were aimed at conditionally
reducing the level of a target protein by enhancing the degradation of that protein in a
desired tissue at a particular time. The thesis describes how one such technique;
inducible N-end regulated degradation (iNERD), succeeded in achieving such inducible
tissue-specific degradation during embryogenesis and reports the first application of the
technique to the role of the Rho family GTPase activator, Pbl, during Drosophila
embryogenesis.

The first experimental chapter describes the use of conventional mutant analysis to test
for a requirement for Pbl in the endodermal EMT and migration. The next experimental
chapter describes an attempt to exploit the Skpl-Cullin-F box (SCF) ubiquitin ligase
complex to conditionally degrade proteins of interest. The final experimental chapter
describes the development of the iNERD technique and its application to the analysis of
Pbl function during embryogenesis.
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Chapter Two - 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
Kanamycin: Sigma
Chloramphenicol: Roche
Tetracycline: 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
Lysozyme: Sigma
Pfu and Pfu TURBO™ DNA polymerase: Stratagene
Taq polymerase: Promega, Roche, New England Biolabs
Proteinase K: Sigma

2.1.4

Antibodies

Primary Antibodies
anti-GFP (Rabbit): Molecular Probes, used at 1/200 dilution on tissues
anti-GFP (Mouse): Roche, used at 1/500 on westerns
anti-Tubulin (Mouse): Sigma, used at 1/1000 dilution on westerns
anti-Fasciclin III - 7G10 (Mouse): Developmental studies hybridoma bank, used at 1/5
dilution on tissues
anti-(3Gal - 4 0 - l a (Mouse): Developmental studies hybridoma bank, used 1/100 dilution
on tissues
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anti-Moesin (Rabbit): A kind gift from R. Fehon, used at 1/100 dilution
anti-Lamin - ADL67.10 (Mouse): Developmental studies hybridoma bank, used at 1/20
dilution on tissues
anti-Eve-2B8 (Mouse): Developmental studies hybridoma bank, used at 1/500 dilution
on tissues
anti-Myc (Rat): Abeam, used at 1/500 dilution on westerns and 1/100 dilutions on
tissues
anti-FLAG (Mouse): Sigma, used at 1/100 dilution on tissues
anti-HA (Mouse): Sigma, used at 1/100 dilution on tissues
Secondary Antibodies
Goat anti-mouse Alexa 488: Jackson Laboratories, used at 1/100 dilution on tissues
Goat anti-Rabbit Alexa 488: Jackson Laboratories, used at 1/100 dilution on tissues
Goat anti-mouse Alexa 568: Jackson Laboratories, used at 1/100 dilution on tissues
Goat anti-mouse Cy5: Jackson Laboratories, used at 1/50 dilution on tissues
Goat anti-mouse AP: Jackson Laboratories, used at 1/500 dilution on tissues
Goat anti-mouse HRP: Jackson Laboratories, used at 1/2000 dilution on westerns
Goat anti-rat HRP: Jackson Laboratories, used at 1/2000 dilution on westerns
2.1.5
DNA and Actin stains
To stain DNA, tissues were incubated in lO^g/ml Hoechst 33258 (Sigma) in PBST for
5 mins.
To stain filamentous actin, tissues were incubated in 80nm Rhodamine Phalloidin
(Molecular Probes) in PBST for 2 hours.
2.1.6
Bacterial strains
E. coliDHSa: F" f80, /acZAM15, recAl, endAl, gyrA96, thi-\, hsdRM, {v^., MK+),
supEAA, relA\,deoR, ^{lacZYA-arg¥) U169
E.coUDHlOB- F mcrA ^(mrr-hsdRMS-mcrBC) MacX74 deoR endAl araD139 ^(ara,
leu) 7697 rpsL recAl nupG (|>80dlacZ^M15 galUgalK
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E. coliSW102: F" mcrA A(mrr-hsdRMS-mcrBC) MacX74 deoR endAl araD139 A(ara,
leu) 7697 rpsL recAl nupG (pSOdlacZAMlS galUgalK[Xcl857
(cro-bioA)<>Tet]
AgalKgal490
E. coli EPI300: F" mcrA A(mrr-hsdRMS-mcrBC) (t)80dlacZAM15 MacX74 recAl endAl
araD139 A(ara, leu)7697 galUgalK A- rpsL nupG trfA dhfr
2.1.7

Yeast strains

140: MATa his3A200 trpl-901 Ieu2-3J12 ade2 LYS2::(4lexAop-HIS3)
URA3::(8lexAop-lacZ GAL4 gal80)
AMR70: MATa his3A200 trpl-901 leu2-3,112 ade2 LYS2::(4lexAop-HIS3)
URA3::(8lexAop-lacZ GAL4 gal80)
2.1.8

Vectors, clones and constructs

pBluescript II KS
Cosmid 34
pUAST
pBDlOlO
Vipl cDNA
VirF cDNA
pYFP-BRCAl
pYFP-BARDl
pBluescript-Tum-Mycs
pENTRSC
pDEST48
pAW
pLexA-NLS Dest
pVP16Dest
pCaSpeR-tubulm-GAL4

Stratagene
Berkeley Drosophila Genome project
(Brand and Perimon, 1993)
B. Dickson (Uni. Of California)
(Tzfira et al, 2004)
(Tzfira et al, 2004)
B. Henderson (Uni. of Sydney)
B. Henderson (Uni. of Sydney)
Michael Zavortink (ANU)
Invitrogen
Invitrogen
The Drosophila Gateway Vector Collection
H. Dalton (Uni. of Adelaide)
H. Dalton (Uni. of Adelaide)
(Lee andLuo, 1999)
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2.1.9

Molecular weight markers

Ikb DNA ladder: New England Biolabs
Prestained protein Marker (Broad range 6-175kDa): New England Biolabs

2.1.10

Kits

QIAquick Gel Extraction Kit
QIAprep Spin Miniprep Kit
QIAfilter Plasmid Midi Kit
QuikChange Site-Directed Mutagenesis kit
Gateway® LR Clonase® II enzyme mix

2.1.11

Qiagen
Qiagen
Qiagen
Stratagene
Invitrogen

Oligonucleotides

Oligonucleotide primers were obtained from Geneworks: Thebarton, SA or Invitrogen:
Mount Waverley, VIC.
Construction of pMILF and pGILF vectors
5' oligo:
gaccggttaattaactagtgctagcctaggccggccacgcgtggcgcgccg
3' oligo:
aattcggcgcgccacgcgtggccggcctaggctagcactagttaattaaccggtctgca
PCR amplification of twist promoter
Twi-F:
acatgcatgcaagcttgacaagctcaaagtg
Twi-R:
ttctaccggtttggtgatcttgcttggc
Vipl primers
Vip 1 -F:
Vip 1 -R:
VirF primers
Vi^'F-F:
VirF-Myc-R:
Slmb-F-F:
Slmb-F-R:

cggaattcatggaaggaggaggaaga
ccctcgaggcctctcttggtgaaatcc

cggaattcatgagaaattcgagtttgcg
cctcgatcaacgcgcggtctagaacaaaagttgatctccgaagaggatttgtagcggccgc
gaattctc
gagtttgcgtgatgcatctggtctggatcacatcgcag
cccttgtgaaacgatgggacttgcgttcgatgagcttc
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Slmb-FL-F:

cggaattcatgatgaaaatggagac

Slmb-Fb-R:

gaagatctcgagttctcggaccggca

BRCAl primers
BRCA-Kpn-F:

ccggtacccttttttgcaaaattatagc

BRCA-Kpn-R:

ggggtaccatggatttatctgctcttc

BRCA NcoF:

catgccatggatggatttatctgctcttc

BRCA NcoR:

catgccatggcttttttgcaaaattatagc

BARDl constructs
BARD Not F:

atgcggccgcgatggaaccggatggtcgcggt

BARD Myc*Xba R:

gctctagactacaaatcctcttcggagatcaacttttgttccttcttgtttcctgcatc

BardflagxbaR:

gctctagatcactacttgtcatcgtcatccttgtagtcgatgtcatgatctttataatcaccgtcat
ggtctttgtagtccttcttgtttcctgcatc

N-end rule constructs
XhoGFPF:

ccgctcgagatgagtaaaggagaagaacttttc

GFPHindR:

gggaagctttttgtatagttcatccatgcc

HindHaUbiF:

gggaagctttacccttatgacgtccccgattacgccatgcagatcttcgtgaagacc

UbNNarR:

cggggcgccattcttgttgttcccacctctgagacggaggaccag

UbMNarR:

cggggcgccattcttgttcatcccacctctgagacggaggaccag

113F:

cggggcgcctggctgaacaagaactcactggtgaaacgcaaaaccacc

119F:

cggggcgccaacaagaacaatgtgtcactggtgaaacgcaaaaccacc

NDEcoR:

cggaattccgagcgctgcatcagtgaatcggcc

EcoTum F:

cggaattcatggcgctctccgcattggcg

MycRxba:

gctctagactattacatagtgaggtcgcc

PblLAglkF:

tgtgtatgttccacgagttgttcgccttaaaaaagtaactgcagaagatcccctgttgacaatta
atcatcggca

PblRAglkR:

ctttcagtactcaccgcacttcgattgctcttcaatggtctccatttccattcagcactgtcctgct
cctt

PblCZCUBF:

tgtgtatgttccacgagttgttcgccttaaaaaagtaactgcagaagatccatggcaagcgag
cagctggaaaag

PblCZCUBR:

ctttcagtactcaccgcacttcgattgctcttcaatggtctccatttccatcgagcgctgcatca
gtgaatc

NUbEcoF:

ccggaattcatgcagatcttcgtgaagacc
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NUbNotR:

agccagagccagagccacccgcggccgcagggatgccttccttgtcttg

NZNotF:

caagacaaggaaggcatccctgcggccgcgggtggctctggctctggct

NZXbaR:

gctctagattaggcgtaatcggggacgtc

General sequencing primers
T3

aattaaccctcactaaaggg

T7

gtaatacgactcactatagggc

M13F

gttttcccagtcacgac

M13 R

cacaggaaacagctatgac

2.1.12
2.1.12.1

Media
Drosophila Med\a

Fortified (Fl) Drosophila media:
1% (w/v) agar, 18.75% compressed yeast, 10% treacle, 10% polenta, 1.5% acid mix
(47% propionic acid, 4.7%) orthophosphoric acid), 2.5% tegosept.

Harvard fly food:
47.4g Agar, 165g Torula 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 allowed to cool to 80°C. 54ml Tegosept was added.

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

2.1.12.2 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. For both liquid and
solid media cultures following concentrations of antibiotics were added: Ampicillin;
50|ag/ml, Kanamycin; 15|ig/ml, Chloramphenicol; 12.5^g/ml and Tetracycline;
lO^g/ml.
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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, lOmM NaCl, 2.5mM KCl,
lOmM MgCl2, lOmM MgS04, 20mM glucose (added after
autoclaving).

Solid Media
Plates:

L-Broth with 1.5% (w/v) bacto-agar supplemented with
antibiotics where appropriate.

Gal+ selection:

M63 + 1.5%(w/v) bacto-agar, 0.2% D-galactose, lmg/1 D-biotin,
45mg/l L-leucine, 12.5fxg/ml chloramphenicol.

Gal- selection:

M63 + 1.5%(w/v) bacto-agar, 0.2% D-glycerol, lmg/1 D-biotin,
45mg/l L-leucine, 0.2% DOG, 12.5ng/ml chloramphenicol.

Gal indicator plates: MacConkey agar, 0.2% D-galactose, 12.5ng/ml chloramphenicol.

2.1.12.3 Yeast Media

Yeast minimal media (YNB):
0.17% yeast nitrogen base without amino acids or ammonium sulfate, 0.5% ammonium
sulphate and 2% glucose (amino acids were added as required).

YPD:

1% Yeast extract, 2% Bactopeptone, 2% glucose

YPD plates:

YPD whh 2% Bactoagar

Selective Plates:

YNB with 2% Bactoagar

Amino acids for yeast media:

1OOX Adenine (hemisulfate salt)

0.4% w/v

1 OOX Arginine (HCl)

0.2% w/v

lOOXHistidine

0.2% w/v

1 OOX Leucine

0.6% w/v
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2.1.13

lOOX Lysine (mono-HCl)

0 . 3 % w/v

lOOX Methionine

0 . 2 % w/v

lOOX Phenylalanine

0 . 5 % w/v

lOOX Serine

3 . 7 5 % w/v

lOOX Threonine

2 % w/v

lOOX Tryptophan

0 . 3 % w/v

lOOX Uracil

0 . 2 % w/v

Buffers and Solutions

Agarose gel loading buffer:

2.5ml glycerol, 2.0ml SOX T A E , 0.025g bromophenol

(lOX)

blue (Sigma), 0.025g xylene cyanol (Sigma), 5.5ml H2O.

AP staining buffer:

1 OOmM Tris-HCl (pH 9.0), 1 OOmM NaCl, 5 0 m M MgCU,
0 . 1 % Tween-20, 8.24ml MQ.

E C L Solution A:

5ml lOOmM Tris-HCl (pH 8.5), 22^1 9 0 m M paracoumaric acid, 50jxl 2 5 0 m M luminol.

ECL Solution B :

5ml lOOmM Tris-HCl (pH 8.5), 3fxl hydrogen peroxide.

Embryo injecting buffer:

5mM KCl, 0.1 mM NaP04 pH 6.8.

PBS:

7.5mM Na2HP04, 2.5mM NaH2P04, 145mM NaCl.

PBST:

1 X P B S , 0 . 1 % Tween 20 or Triton X - 1 0 0 .

Protein gel running buffer:

1.5% Tris Base, 7 . 2 % Glycine, 0 . 5 % S D S .

Protein sample buffer ( 3 X ) :

3 % S D S , 3 0 % glycerol, 0.15 M Tris-HCl (pH 6.8),
3 % P-mercaptoethanol added fresh. Bromophenol Blue
added to colour.

Protein gel stain solution:

10% acetic acid, 1:1 v/v (methanohMQHiO), 0 . 2 5 %
Coomassie Blue R-250.
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Protein gel destain solution:

10% acetic acid, 1:1 v/v (methanol:MQH20).

Squishing Buffer:

lOmM Tris-Cl pH 8.2, ImM EDTA, 25mM NaCl,
200[xg/ml Proteinase K.

TAE:

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

Western Blot transfer buffer: 50mM Tris, 0.3% glycine, 0.04% SDS, 20% methanol.

Yeast Transformation Mix:

33.3% w/v PEG 3500, lOOmM Lithium acetate, lOOmg
boiled SS-carrier DNA, 2[ig plasmid DNA (per
transformation).

BCIP:

50mg/ml in 100% DMF.

NBT:

50mg/ml in 70% DMF.

Phenol/chloroform:

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

TE:

lOmM Tris-HCl pH 7.4, 1 mM EDTA.

Tegosept (fungal inhibitor):

23.8g p-Hydroxy-benzoic acid methyl ester dissolved in
91.8ml ethanol.

Proteinase K:

lOmg/ml in MQ H 2 0 .

IPTG:

200mg/ml in MQ H2O.

X-GAL:

20mg/ml in DMF.

dNTPs (separately):

lOOmM solution (Roche).
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M9 washing solution:

6g Na2HP04, 3g KH2PO4, 1 g NH4CI and 0.5g NaCl.

5X M63 media:

lOg (NH4)2S04, 68g KH2PO4, 2.5mg FeS04.7H20, adjust
pH to 7 with KOH.

Lysis Buffer:

50mM TrisCl pH 8, 150mM NaCl, 5mM EDTA, 0.5%
Triton-X and 40 fxl of 25C Proteinase inhibitor cocktail
per 1 ml.

2.1.14

D. melanogaster strains

Wild-type
1118
Aw

strain that had recently been isogenised for chromosomes 2 and 3 was used as

the wild-type control phenotypic analysis. This strain was also used to generate some of
the transgenic lines generated in this study.
(pC31 stocks
Fly strain of the genotype P{ry[+t7.2]=hsp70-flp}l,
86Fb; M{vas-int.B}ZH-102D

y[ljw[*j;

M{3xP3-RFP.attP}ZH-

was used to generate transgenic lines containing the

genomic rescue construct iTag^"^-pbl. Here, this construct was inserted at the position
86F on the 3rd chromosome.

pbl alleles
pbf- andpbf" alleles corresponding to nonsense mutations that result in truncated protein
products of 37 and 185 amino acids respectively were used in this study (Prokopenko et
al., 1999).

GAL4-UAS stocks
48Y-GAL4, engrailed-GAL4 (en-GAL4), twist-GAL4 (twi-GAL4) and

paired-GAL4

(prd-GAL4) were obtained from Bloomington stock centre. UAS-pbl and

UAS-pbf^^^'^

were obtained from lab stocks. UAS-GFP-Actin and UAS-CD8-GFP were also obtained
from Bloomington stock centre. 48Y-GAL4, UAS-GFP-Actin recombinant and 48YGAL4, UAS-CD8-GFP recombinants were made in this study.
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2.1.15

Constructs generated

pMILF and pGILF vectors
pMILF is a modified version of pUAST to incorporate a larger multiple cloning site
(MCS). pUAST was digested with PstI and EcoRI and ligated with the annealed
primers, 5' oligo and 3' oligo, also digested with PstI and EcoRI. The annealed
oligonucleotides incorporate extra unique restriction sites Agel, Pad, Spel, Nhel, Avrll,
Nael, Fsel, Mlul and Asel between the PstI and EcoRI sites. pGILF incorporates the
same new MCS and is based on pBDlOlO, which is a modified form of pUAST to
contain S65T GFP between Kpnl and Xbal sites.
twist: :pbl-GFP
An EcoRI-XhoI fragment from p\JAST-pbl containing the pbl CDS was subcloned to
pGILF to create pGILF-pZ)/. Using Twi-F and Twi-R primers a 3.2 kb region of the twist
promoter was amplified from genomic DNA with the incorporated restriction sites SphI
and Agel. pMILF was digested with Sphl-Agel and ligated with Sphl-Agel digested PCR
product to create p^^vw^MILF. Then a 1.8 kb Fspl-Fsel fragment of
-pbl was
replaced with a 4.9 kb Fspl-Fsel fragment from p/wwr-MILF containing the twist
promoter to create the twist: :pbl-GFP construct.
Vipl-GFP constructs
tubulin-.-.ViplGFP was created by the replacement of a EcoRI-XhoI iragmtnX containing
phf^"" from the tubulin::pbf^^GYV construct. The replacement fragment of Vipl CDS,
was amplified by Vipl-F and Vipl-R primers as a 1024bp EcoRI-XhoI fragment. This
was also cloned into pBDlOlO via ^ c o ^ / a n d ^ o / s i t e s to create an inframe Vipl-GFP
sequence. Vipl-GFP was then excised as a 1.7kb EcoRI and end-filled
fragment,
and subsequently cloned into pENTR3C. The pENTR3C clone was used to generate
pVP16 Dest and pLexA-NLS versions of Vipl-GFP by performing LR reactions
according to the manufacturers instructions (Invitrogen).
VirF constructs
UAS-VirF-Myc was generated by cloning a 606 bp PCR amplified VirF CDS into
pUAST via the sites EcoRI-Notl. This was also cloned into pENTR3C using the same
restriction sites. LR reactions were performed to create pVP16 Dest, pLexA-NLS, pAW
and pDest48 versions of VirF-Myc according to manufacturers instructions
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(Invitrogen). To generate VirF(Slmb)-Myc, the F box domain of Slmb (spanning bases
286-420 from the ATG codon) was ampHfied using primers Slmb-F-F and Slmb-F-R.
The 5' ends of these primers also contained homologous regions to either side of VirF's
F box. A PGR product of this primer pair was used as mutagenising primers in a
reaction with pENTR3C-VirF-Myc as the template. This mediated replacement of the
VirF F box with the F box of Slmb. Correct clones were selected and LR reactions were
carried out to obtain pVP16 Dest, pLexA-NLS, pAW and pDest48 versions. UAS-SlmbFb-VirF-Myc was generated by cloning the EcoRI-BglllVCK

product encoding 1-630

bp of slmb, amplified by the primers Slmb-FL-F and Slmb-Fb-R, into pUAST. Then
VirF-Myc CDS was amplified and cloned as a Notl-Xbal fragment to generate inframe
Slmb-Fb-VirF-Myc. This was then excised as an EcoRI-XhoI fragment and cloned in to
pENTRSC. LR reactions were performed from here according to the manufacturers
instructions (Invitrogen) to generate pVP16 Dest, pLexA-NLS, pAW and pDest48
versions.

BRCAl constructs
tubulin::BRCA1-GFP was created by excising tubulin::Vipl-GFP

using Kpniio remove

the Vipl fragment, followed by non-directional cloning of 309 bp sequence encoding
BRCAl RING region via the Kpnl site. This was used as template to PGR amplify
BRCA-GFP and cloned into pENTR3G as a KpnI-EcoRVixdigmtni.

The resultant clone

was used for LR reactions to generate the pVP16 Dest and pLexA-NLS forms. To
generate the tubulin::Tum-BRCA-Myc5 construct, pBS-Tum-Mycs was partially
digested with Ncol, which lies between the Tum and the Myc CDS. Then DNA
sequence encoding BRCA RING region was PGR amplified using BRCA-NcoF and
BRGA-NcoR primers and inserted at the A^co/digested pBS-Tum- Mycs. Clones in
correct orientation were picked by PGR tests and restriction analysis. Tum-BRGA-Mycs
was then excised with Kpnl and NotI (blunted) and ligated to Kpnl and Xbal (blunted)
tubulin::ViplGFP to create

tubulin::Tum-BRCAl-Myc5.

BARDl constructs
To generate UAS-Slmb-Fb-BARD-Myc

and UAS-Slmb-Fb-BARD-FLAG

constructs,

Notl-Xbal ?CR products were amplified by appropriate primers. These were cloned into
Notl-Xbal digQslQA pUAST-Slmb-Fb construct. An

fragment of this was

subcloned to pENTR3C in order to generate pVP16 Dest, pLexA-NLS, pAW and
pDest48 versions.
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N-end rule constructs
GFP-HA-Ub-Nl

13-degron-Tum-Myc

and

derivatives

GFP-HA-Ub-Nl 13-degron-Tum-Myc was constructed in pBS as described below,
where the following PGR fragments were amplified, digested and cloned sequentially;
Xhol-Hindlll

OFF fragment, Hindlll-Narl

HA-Ubiquitin fragment, Narl-EcoRI

degron

fragment and EcoRI-NotI Tum-Myc fragment. The degron sequences were assembled
from the following two fragments, the Hindlll-Narl
Narl-EcoRI degron fragment. The Hindlll-Narl

HA-Ubiquitin fragment and the

HA-Ubiquitin fragment was encoded

by the primers HindHaUbF and UbNNarR or the primers HindHaUbF and UbMNarR to
generate N113 or M113 sequence. This region encodes the first six amino acids of the
degrons 113 and 119, which are identical up to here. The second fragment, the NarlEcoRI ^Qgxon fragment, encodes the distinct permutations of NKN motifs in 113 and
119 sequences by the use of primers 113F and NDEcoR, or the use of primers 119F and
NdecoR respectively. This allows the generation of Ml 13, N113 and Ml 19 degron
containing constructs. To generate the R119 construct from the M l 19 construct, whole
plasmid mutagenesis was carried out as described. All of the resultant versions were
then excised as a KpnI-NotI fragment and put into pENTR3C. LR reactions were
performed to generate pDest48 clones, which enables inducible expression of these
constructs in S2 cells. All constructs were confirmed by restriction checks and DNA
sequencing.

tubulin::iTag^"^-Tum-Myc

and tubulin::iTag^"^-Tum-Myc

constructs

These constructs were generated by recombineering, where the tubulin promoter, CZCub and a 500bp region of Tum-Myc was cloned into p[acman] vector (J. Wang). The
Cub and the 500 bp Tum-Myc region were used as homology arms to retrieve the
sequences from pENTR3C-GFP-HA-Ub-M113/Nl 13degron-Tum-Myc constructs. The
resultant clones were confirmed by restriction analysis and DNA sequencing.

iTag'^"^-Pbl

genomic

construct

First, a 17.2 kb region spanning the pbl genomic locus was cloned into p[acman] by gap
repair recombineering (H. Fraval). Then this was modified using galK selection
recombineering method to insert an inframe iTag at the ATG codon using PGR products
amplified by the primers PblLAglkF and PblRAglkR, and PblGZGUBF and
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PblCZCUBR. The resultant clone was confirmed by restriction analysis and DNA
sequencing.

UAS-iDeg
UAS-iDeg was made by performing a three-way ligation with EcoRI-NotI fragment of
Nub, Not-XbaHragmQnX o f N Z sequence and EcoRI-Xbal digQsXQd pUAST (J. Wang).
The resultant construct was confirmed by restriction analysis and DNA sequencing.

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

2.2.1 PCR amplification of DNA
2.2.1.1 PGR 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, 0.2mM primers and 0.2mM
dNTPs in Pfu PCR buffer (20mM Tris-HCl, lOmM KCl, lOmM (NH4)2S04, 20mM
MgS04, 0.1% Triton X-lOO, 0.1 mg/ml BSA, pH 8.75). 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 minutes
followed 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 minutes per kb for Pfu. Occasionally, the annealing
temperature was altered.

2.2.1.2 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 20|j1 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.
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Parental DNA was digested with Dpnl, which is specific for methylated (nonmutagenised) DNA. The reaction was phenol/chloroform extracted, ethanol precipitated
and resuspended in 5-7|al of MQ H20 and transformed into electrocompetent DH5a.
The presence of the introduced mutation was confirmed by sequence analysis.
2.2.1.3 Diagnostic PGR

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, 1|.A1 template DNA, 0.2mM primers and 0.2 mM dNTPs in IX
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 minutes
followed 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.
2.2.2 Generation of recombinant plasmids
2.2.2.1 Restriction endonuclease digestion of DNA

Restriction digestions were performed using the buffers recommended by the
manufacturer at a IX concentration. For complete digestion, 3-5 units of enzyme were
added per ^g of DNA and incubated at 37°C for 3 hours.
2.2.2.2 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.
2.2.2.3 End filling of digested DNA fragments

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

Following PGR with a proofreading polymerase, the product was column purified and
200 ng was incubated with 0.2mM dATP and 0.2U Taq polymerase in IX PGR buffer at
72°G for 30 minutes. This product was then directly for cloning into pGEM-T-Easy.
2.2.2.5 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°G for the elution step
rather than the supplied elution buffer.
2.2.2.6 Ligation of DNA fragments

DNA fragments to be ligated were placed in a mix (total volume 20^1) containing lU of
T4 DNA ligase, and IX ligation buffer and incubated at 18°G 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 [i\ glycogen, 1/10 volume 3M Sodium Acetate pH 5.2 and 2.5 volumes ethanol, then
washed in 70% ethanol prior to resuspension in 5-7fil MQ H20.

2.2.3 Generation of constructs by Recombineering
2.2.3.1 Recombineerinq mediated Gap repair

Recombineering mediated gap repair was conducted according to Venken et ai, 2006.
Briefly, BAGs containing a gene of interest were identified using the Release 3 or the
Release 4.3 annotated Drosophila genome sequence in the Flybase Genome Browser
(http://www.flybase.org) and obtained from BacPac Resources (http://bacpac.chori.org).
Once the gene region of interest was identified, two sets of primers were designed to
amplify two homology arms of -500 bp each, at the 5' and 3' ends of the selected
region. The 5' homology arm is referred to as the left arm (LA) and the 3' homology
arm is referred to as the right arm (RA). The homology arms were amplified and cloned
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as AscI-BamHI

(LA) and

BamHI-PacI

(RA) to

AscI-PacI

digested and PCR purified

p[acman] vector as a three way ligation. Alternatively, the LA and the RA were knitted
together in a secondary PCR and digested with

Ascl-PacI,

and ligated to

AscI-PacI

digested and PCR purified p[acman] vector. Ligation products were electroporated into

EPI300

cells and induced to high copy number. Correct clones were isolated using

restriction analysis and sequencing. In order to perform gap repair, 1 |a.g of p[acman]LA-RA construct was linearised with

BamHI,

purified using QIAquick Gel Extraction

Kit columns and eluted in 30|J,1 of H2O. Then 2\il of this was electroporated to
competent

SW102

cells containing the appropriate BAC that had been heat shocked at

42°C for 15 minutes to induce the A,-Red function just prior to making them competent.
As a negative control

2\x\ of this was also electroporated

to competent

SW102

cells

containing the appropriate BAC that had been kept at 30°C, where ?^-Red is not
induced. After recombineering, gap repaired p[acman] construct DNA was isolated and
electroporated into

EPI300

cells and plasmid copy number induced. The DNA was then

isolated and confirmed by restriction digest analysis and sequencing. This construct was
then modified using

galK

selection method (2.2.3.2).

2.2.3.2 galK positive and negative selection recombineering to modify genomic
fragments in pfacman]
Recombineering using galK selection was conducted according to Warming et al,
2005. Briefly, two sets of primers were designed to span - 5 0 bp flanking the ATG
codon

ofpbl

locus, also referred to as LA and RA. In addition, the first set of primers

contained sequences that would enable amplification of the

galK

promoter and the

coding sequence. The other primer set contained sequences that would enable the
amplification of the N113 iTag sequence. Using the first primer set, the

galK o^Qn

reading frame with fianking homology regions was amplified, and using the second
primer set, the N113 iTag sequence with flanking homology regions was amplified. The
PCR products were D/?/?/digested, gel purified and eluted in 30fAl of H2O.
genomic region construct was transformed into

SW102

p[acman]-pbl

cells and the cells made

competent. Prior to making cells competent >^-Red function was either induced or
uninduced. Competent cells were first electroporated with 2.51^1 of

galK

PCR product,

then harvested, washed in M9 salts twice and plated on M63 minimal medium
containing galactose as the sole carbon source. The plates were grown at 30°C for 3
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days. Few of the many resulting colonies were streaked for single colonies on indicator
plates and a single dark red Gal+ colony was used in the next step. Gal+ SWl02 cells
containing p[acman]-/)^)/ genomic region were made competent with or without the
induction of >^-Red function. This time N113 iTag PCR was electroporated to competent
cells, and allowed to recover in LB for 4.5h. Then cells were harvested and washed in
M9 salts twice and plated in minimal plates containing glycerol as carbon source and 2deoxy-galacose-1-phosphate (DOG) for selection against galK. Plates were grown at
30°C for 3 days. A few of the many resulting colonies were streaked for single
white/colourless {Gal-) colonies on indicator plates. Following this, the construct was
isolated from SW102 cells, transformed into EPI300 cells induced to high copy number
and plasmids were isolated either by Qiagen Mini or Midi preps. The construct was
confirmed by restriction analysis and sequencing. The final construct was then used for
Drosophila transformation.
2.2.4 Automated sequencing
DNA was sequenced by using 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. Here, double-stranded
DNA was used as a template and, in general, primers were de-salted. Temperature
cycling 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. Running and analysis of the BigDye®
Terminator reactions were conducted by the AGRF in Brisbane.
2.2.5 SDS-polyacrylamide gel electrophoresis
The Bio-rad Mini-Protean II gel electrophoresis system was used to cast and run protein
gels. Protein samples were boiled at 100°C for 5 minutes in protein sample buffer and
loaded and run on the gels at 180-200V. Separated protein samples were then
transferred to a nitrocellulose filter (Schleicher and Schuell, Germany), using a Bio-rad
Transblot SD Semi-dry transfer cell according to manufacturer's guidelines. In general,
a current of 0.3 mA per cm^ of gel was applied for 30 min.
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2.2.6 Western blotting
Nitrocellulose membranes, containing the separated proteins, were blocked in PBST
with 5% Milk powder for one hour with agitation. The primary antibody was incubated
with the membrane in PBST with 5% Milk powder overnight at 4°C. The filter was then
rinsed repeatedly with PBT at room temperature. A HRP-conjugated secondary
antibody, diluted in PBST with 5% Milk powder, was incubated with the membrane for
2 hours at room temperature. The secondary antibodies were detected with either the
commercial Enhanced Chemiluminescence Kit (Amersham) or by mixing 5ml of the
ECL solution A with 5ml of solution B. The membrane was incubated in this solution
for one minute, blotted dry, wrapped in glad-wrap and imaged on Versadoc (Biorad)
using Quantity One software.

2.2.7 Yeast transformation
Yeast cultures were inoculated in 10ml of the appropriate selective media (YNB+/appropriate amino acids, or YPD) and grown for - 2 0 hours at 30°C with shaking. The
next morning a fresh 10ml culture was inoculated to an ODA6OO of ~0.1, and grown for
3-5 hours or until ODa600 was -0.5. The cultures were then pelleted at 2800 rpm for 5
minutes in a bench-top centrifuge, resuspended in 4ml I X TE, pelleted again and then
resuspended in 200fil I X TE. The suspended yeast cells were transferred to an
eppendorf tube and spun at 14000 rpm for 10 seconds, before resuspending in 100 mM
LiOAc/0.5X TE (in enough volume for approximately 50^il/transformation). The cells
were then incubated in a 30°C water-bath for 15 minutes, then 50|j,l aliquoted into
individual eppendorf tubes. The cells were pelleted at 14000rpm for 10 seconds, and
resuspended in 350fxl (35% 4000 PEG/0.1 M LiAc/0.5 x TE/50ng denatured sonicated
salmon sperm DNA). l-2[xg of the plasmid to be transformed was added to the
resuspended cells, briefly vortexed and incubated at 30°C for 30 minutes. The tubes
were then heat-shocked at 42°C for 15 minutes. The transformed yeast cells were
pelleted once again at 14000 rpm for 10 seconds, resuspended in ~200fAl I X TE and
plated onto YNB selective media and grown for - 3 days placed at 30°C.
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2.2.8 Yeast Interaction Mating
Interaction mating was performed by mixing cells from L40 and AMR70 yeast colonies
on YPD plates. Using a wooden stick with a flat end surface, L40 colonies were touched
on the flat surface and transferred onto the YPD plate, making a diameter of about
0.5cm, and mixed with AMR70 colonies, using a fresh wooden stick. The plate was
incubated at 30°C overnight. The mated yeasts were then transferred onto a -Trp, -Leu
plate and incubated for 30°C overnight to ensure the yeasts have actually mated. Using
the flat surface of the wooden sticks, mated yeasts were picked from the -Trp, -Leu
plates and inoculated into 500 |il of -Trp, -Leu media and incubated at 30°C overnight
with shaking. Yeast cells were then washed three times with autoclaved water, and
diluted to an A600 of 0.5. The cells were then further serially diluted 10 fold, 100 fold
and 1000 fold and 10 pil of these four concentrations spotted onto -Trp, -Leu without 3AT and -Trp, -Leu, -His with 5mM of 3-AT plates. The plates were then incubated at
30°C for about 2 days, until colonies could be seen. The 3-AT inhibits any basal
expression of histidine that might result in growth on the selective plates.
2.2.9 Preparation of electrocompetent E. coli
500ml of L-broth was inoculated with 5ml of an overnight culture of E. coli DH5a,
DHIOB, SW102 or EPI300 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
OOOg for 15 minutes. The cells were then resuspended in 500ml of ice-cold MQ H20,
pelleted at 4 OOOg, resuspended in 250ml of ice-cold MQ H2O, pelleted at 5 OOOg,
resuspended in 10ml of ice-cold 10% glycerol, re-pelleted at 3 OOOg 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.
2.2.10 Induction of k-Red function for recombineering
Starting with an 5 ml overnight culture of SW102 cells containing a desired BAC or
p[acman] construct with appropriate antibiotics in LB at 30°C, a 1/50 dilution was
performed in total volume of 30 ml. This was allowed to grow at 30°C for 2 - 2.5hrs to
obtain an ODa600 of 0.4-0.6. This was then divided between two flasks and one was heat
shocked at 42°C for 15 minutes to induce A,-Red function (induced sample), while the
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other was kept at 30°C (uninduced sample). The cultures were cooled down in ice/water
slurry for 5 minutes and then continued as for preparation of eletrocompetent cells
described in 2.2.9.

2.2.11 Transformation of bacteria
For transformation, electrocompetent cells were thawed on ice. l-5|a,l of the DNA to be
transformed was added to the cells, mixed and incubated on ice for at least 30 seconds.
Cells were then transferred to an ice-cold 2mm electroporation cuvette and
electroporated in a Bio-Rad E. coll Pulser set to 2.5 kV and 25 ^iF capacitance. The
cuvette was immediately washed out with 1ml of room-temperature SOC, and the
suspension incubated at 37°C for 40 minutes. Cells were then pelleted for 5 minutes at 3
OOOrpm, then 800|J,1 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 appropriate antibiotics and incubated at 37°C overnight. If selection for (3Galactosidase activity (blue/white colour selection) was required, 10[a.l of 20mg/ml
IPTG and 20^1 of 20mg/ml BCIG were added prior to plating.

2.2.12 Isolation of high quality plasmid 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.

2.2.13 Isolation ofD. melanogaster genomic DNA
2.2.13.1 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. 50|al 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
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centrifugation at 14 000 rpm for 1 minute. 1(0,1 of this preparation was used as template
for PGR.

2.2.13.2 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. lOOfxl of ice cold O.IM Tris pH 9.0, O.IM EDTA was added and
the flies were homogenised with a pestle. lOOpil of 2% SDS with lOOmg/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 minutes and the
supernatant was phenol/chloroform 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 ml of MQ H2O. 1 ml of a 1/20 dilution of this DNA was used as
template for PGR.

2.2.14 Isolation of Bacterial Artificial Chromosome (BAC) DNA
An overnight 5ml culture of DHIOB was pelleted and resuspended in 300ml of buffer
PI (from Qiagen midi kit). 300|al of buffer P2 (from Qiagen midi kit) was added, mixed
and the mixture incubated at room temperature for 5 minutes. 300^1 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°G. The supernatant was transferred to a new tube containing 800ml of ice-cold
isopropanol and mixed. The precipitate was pelleted by centrifugation at 14 000 rpm for
10 minutes at 4°G. The supernatant was removed and discarded and the pellet was
washed with 70% ethanol, air-dried and allowed to dissolve in 40^il MQ H2O.
Mechanical re-suspension was not performed as it shears large BAG clones.

2.2.15 Drosophila cultures
Flies were raised at 18°C or 25°G, with 70% humidity, on F1 medium or Harvard food.
Egg lays were performed at 25°G on apple juice agar plates.
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2.2.16 Collection and fixation ofD. 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 H2O. The basket was then
transferred into a container with 50% commercially available bleach (2% sodium
hypochlorite) for 3 minutes to de-chorionate the embryos. The embryos were once again
washed thoroughly in the basket using MQ H2O. They were then transferred to a glass
scintillation vial containing a two-phase mix of 5 ml of 4% formaldehyde in IX PBS
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 stored at -20°C in methanol. Embryos for Rhodamine Phalloidin
stains were also fixed as described above, except that they were de-vitellinised, rinsed
and stored in 90% ethanol.
2.2.17 P-element mediated transformation of Drosophila
2.2.17.1 Micro-injection

DNA for injection was prepared using the Qiagen kit according to the supplier's
protocol, except that the DNA was eluted into MQ H2O. An injection mix was prepared
to a concentration of lOOng/fxl transformation vector plasmid DNA and 300ng/^il of
pjr25.7wc (A2-3 transposase source) plasmid in IX embryo injecting buffer. The
injection needle was back filled using a drawn out capillary containing 2|xl of the
injection mix, which had been centrifuged briefly to remove any particulate matter.
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
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
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of DNA was injected into the posterior cytoplasm. For (t)C31 integrase mediated
integration of DNA to specific sites of the genome, appropriate stocks were selected to
contain the source of integrase and desired landing site, and embryos were injected with
the attB-p[acman] transformation vector containing the construct of interest (Venken et
al, 2006, Bischof er al, 2007).
2.2.17.2 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
18°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
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. When (t)C31 integrase mediated sitespecific incorporation to the genome was used, the transformants were selected and
established over appropriate balancer chromosome.
o^Drosophila embryos
Fixed embryos were rehydrated by replacing the methanol with PBST, followed by 3 x
5 min rinses in PBST. The embryos were then blocked in PBT (0.2% BSA) for at least 1
hour. The embryos were then incubated with the primary antibody diluted in fresh
blocking solution, overnight at 4°C. The next day the antibody solution was removed
and embryos were washed 4 x 1 5 mins with PBST. Embryos were then incubated with
secondary antibodies in fresh blocking solution for at least two hours at room
temperature with gentle agitation. The embryos were again washed 4 x 1 5 mins in
PBST. Generally, DNA was also detected with Hoechst 33258, for 15 minutes,
followed by repeated washes in PBST. The embryos were then cleared in 70% glycerol
in PBST. Embryos were then examined using a epifluorescence microscope (Leica
Ml65) to orientate and mounted. The mounted embryos were then imaged using the
Delta Vision (Applied Precision) or Confocal microscope (Leica SP2) using a CCD
camera. Cytokinesis rescue or failure was assayed by counting 400-600 cells on the
2.2.18 Whole mount immuno-staining
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ventral surface of the embryos in acquired z-stacks. Images were analysed using Adobe
Photoshop CSS or Image J.

2.2.19 Alkaline phosphatase staining of Drosophila embryos
Drosophila embryos were fixed, blocked and incubated with the primary antibody as
described in 2.2.18. The embryos were repeatedly washed in PBST and then incubated
with an AP-conjugated secondary antibody for 2 hours, before repeated washing in
PBST. The embryos were then equilibrated in AP buffer (2X 10 minutes), and then
colour detected with the addition of3.5i.il BCIP and 4.5^1 NBT in 1 ml of AP buffer.
Colour development was monitored under a dissecting microscope and stopped when
the desired level of colour had been achieved by repeated washes in PBST. This was
routinely used to identify homozygous mutant embryos when marked balancer
chromosomes were used, in which these embryos lack particular staining pattems.

2.2.20 Immunostaining of larval wing imaginal discs
Wing imaginal discs were dissected out of third instar larvae, and fixed in 4%
formaldehyde diluted in IX PBS, for 15 minutes. The discs were then washed several
times in PBST, before blocking in PBT (0.1%BSA) for 30 minutes. Primary antibodies
were incubated with the discs over night at 4°C. The next day, discs were repeatedly
washed in PBST, and then incubated with fluorescent secondary antibodies. The discs
were again repeatedly washed in PBST and were cleared in 70% glycerol in PBST and
mounted for imaging. The mounted discs were then imaged on the Delta Vision
(Applied Precision) using a cooled CCD camera. For each genotype, one wing disc per
larvae was imaged and the number of larvae is represented as the n value in figures.

2.2.21 Growth and maintenance of Drosophila S2 cells
Drosophila Schneider 2 (S2) cells were grown in IX Schneider's Drosophila media
(GIBCO) supplemented with 10% Foetal Calf Serum (FCS) in 75-cm2 flasks (Falcon®)
or in a 6-well plate (Falcon®) containing a 22 x 22 mm cover slip, and grown at 25°C in
normal air.
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2.2.22 Drosophila S2 cell culture

immunostaining

Immunostaining was performed on Drosophila S2 cells adhered to cover slips in the 6well plates. The S2 cells were gently washed several times with PBS, before fixing with
3.7% Formaldehyde (Sigma) in PBST for 15 minutes at room temperature. The S2 cells
were then washed 3-4 times in PBS over a 10 minute period. The S2 cells were then
blocked at 37°C in PBT (0.1%BSA) for 30 minutes in a humid chamber. The fixed S2
cells were then incubated with the primary antibodies in the same block solution for 1.5
hours at 37°C, before washed 3-4 times in PBST. The S2 cells were then incubated with
secondary antibodies for 1.5 hours at 37°C in a light-tight container and again washing
3-4 times in PBST. DNA was detected with lOfxg/ml Hoechst 33258 for 10 minute. The
cells were again washed several times in PBST, before mounting face down on a slide
containing lO^il 70% glycerol in PBST and sealed with nail-varnish.

2.2.23 Drosophila S2 cell transfectlon
3 x 1 0 ^ cells were plated in serum containing medium in T-25 flasks containing 10 ml
of culture medium a day prior to transfection. On the day of the transfection, 5fxg of
DNA and 30^il of Cellfectin were mixed independently in a total of200i.il of serum free
media. DNA and Cellfectin solutions were then gently mixed and allowed to sit at RT
for 45 mins. To this 1ml of serum free media was added and gently mixed. The cells
were rinsed twice in serum free media and the DNA/Cellfectin mix was added to the
cells and left for 24hrs. At this point DNA/Cellfectin was removed and replaced with
serum containing media and allowed to grow for 48hrs before induction of expression
constructs and subsequent uses.

2.2.24 Protein sample

preparation

Protein samples from cultured Drosophila S2 cells and embryos were prepared at 4°C
as follows. S2 cells were harvested, gently pelleted by centriftiging at 1100 rpm for 5
mins and supernatant was removed. Cells were gently resuspended in PBS, pelleted by
centriftiging and supernatant was removed. This was repeated once more. 150^1
Lysis buffer was added, gently resuspended and left on ice for 15 mins. Then, 5X
sample buffer was added and boiled at 100°C for 10 mins. The samples were then
aliquoted and stored at -20°C. Embryos were rinsed in PBS few times, then 50-150fxl of
52

Lysis buffer was added, grinded using a tissue grinder, centrifuged at 1100 rpm for 5
mins and supernatant was cleared from debris. Then, 5X sample buffer was added to the
supernatant, boiled, aliquoted and stored at -20°C.

2.2.25 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. Fluorescence microscopy were performed on Delta Vision deconvolution
microscopy system (Applied Precision) or Confocal microscope (Leica SP2) and
imaged using a cooled CCD camera. Adobe Photoshop CS3 or Image J was used for all
image preparation.

2.2.26 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
Australian National University Council.
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Chapter Three: Investigating a requirement for the
RhoGEF Pebble in endoderm EMT, migration and MET
3.1 Introduction

Cell migration is an important component of animal development. Extracellular cues
direct the migration of cells by inducing a variety of intracellular signaling-mediated
responses that are required for reorganisation of the actin and microtubule cytoskeleton,
cell polarity, gene expression and vesicular transport (reviewed in Raftopoulou and
Hall, 2004). During Drosophila embryogenesis, the morphogenetic events that lead to
the formation of the larval midgut include complex behavioural changes in cells derived
from the endoderm primordia. Midgut morphogenesis requires EMTs of the anterior
and posterior endodermal cells, their subsequent migration towards each other and a
final MET to form the midgut epithelium (Tepass and Hartenstein, 1994). To date, the
cellular and molecular mechanisms that govern these morphogenetic events are poorly
characterised. For example, the Rho family of small GTPases are important for dynamic
cell shape changes, but their role in midgut formation is poorly understood. This chapter
characterises cellular morphology underlying midgut morphogenesis and analyses of the
role, in midgut morphogenesis, of Pbl, a RhoGEF that has previously been shown to be
required for an EMT and cell migration occurring in the Drosophila mesoderm
(Schumacher et al, 2004; Smallhom et ai, 2004).
3.1.1 The Ras superfamily

The Ras superfamily of small GTPases are important molecules that regulate numerous
intracellular signalling pathways. The Ras superfamily consists of five major subgroups,
the Ras, Rho, Rab, Arf and Ran subfamilies. Each of these subfamilies are involved in
controlling distinct cellular signal transduction pathways that control a variety of
cellular processes. For example, the Ras subfamily is implicated in controlling cell
proliferation and differentiation (Lowy and Willumsen, 1993), whilst Rho subfamily
members are critical for mediating cytoskeletal rearrangements (Ridley and Hall, 1992;
Ridley et al, 1992; Kozma et al, 1995). Rab and Arf subfamilies on the other hand play
a role in regulating vesicular transport (Balch, 1990), while the Ran subfamily regulates
nuclear protein transport, nuclear envelope assembly and mitotic spindle assembly
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(Moore and Blobel, 1993; Quimby and Dasso, 2003). The signalling cascades that
control these cellular processes must respond rapidly to extracellular stimuli. This is
achieved by regulated activation and inactivation of the GTPases.

3.1.2 Regulation of Rho family GTPase activity
Rho family GTPases are highly conserved proteins that function as molecular switches
to control signal transduction pathways by cycling between an active, OTP-bound state
and an inactive, GDP-bound state (Figure 3.1). Three classes of molecules regulate the
active state of the Rho GTPases. The first class of molecules, the RhoGEFs, activate
Rho GTPases by catalysing the exchange of GDP for GTP (Figure 3.1) (Whitehead et
al., 1997). GEFs displace the bound GDP and form a transient complex of a nucleotidefree GTPase. This then facilitates the preferential binding of GTP compared to the GDP,
which is more prevalent in the cell. The extra phosphate group present in GTP induces
conformational changes to the switch 1 and II domains of the GTPase resulting in
creation of effector-binding sites, whereby the GTPase binds and activates downstream
effector molecules (Pai et al, 1990; Tong et al, 1991). GTPases themselves have a low
intrinsic GTPase activity hydrolysing the GTP into GDP to switch from the active to
inactive state. A second class of molecules, the GTPase-activating proteins (GAPs),
promote inactivation by increasing the rate of GTP hydrolysis (Figure 3.1). This
provides a mechanism to rapidly switch off GTPase signalling. Finally, the GDP
dissociation inhibitors (GDIs), bind Rho GDP in the cytoplasm and prevent nucleotide
exchange, thus promoting the inactive state (Figure 3.1). Collectively, these molecules
enable rapid regulation of the Rho GTPase cycle in response to specific signals. The
next section describes the outcomes of Rho signalling in regulating the cytoskeleton in
both tissue culture and during Drosophila development.

3.1.3 Rho GTPase functions
3.1.3.1 Rho GTPases are key regulators of the actin cytoskeleton
The Rho family of GTPases comprise more than 20 members in mammals, 7 in
Drosophila,

5 in Caenorhabditis

elegans and 15 in Dictyostelium

discoideum (Burridge

and Wennerberg, 2004). The founding members of this family are Rho, Rac and Cdc42
(Hall, 1998; Mackay and Hall, 1998). The best characterised role of the Rho GTPases is
55

in the regulation of actin dynamics to remodel the cytoskeleton. Activation of specific
Rho GTPases cause specific changes to the F-Actin cytoskeleton. For instance, active
Rho induces the formation of contractile actomyosin-rich stress fibres (Ridley and Hall,
1992), active Rac induces actin rearrangement at the cell periphery leading to the
formation of lamellipodia (Ridley et al, 1992), and active Cdc42 induces formation of
thin finger-like filopodial protrusions (Kozma et al, 1995). Moreover, in fibroblasts
these GTPases display a hierarchical relationship in which activation of Cdc42 leads to
the subsequent activation of Rac, which in turn activates Rho (Nobes and Hall, 1995),
although, this type of cooperation has not been demonstrated in other cell types.
Activation of specific GTPases has been shown to be important for various aspects of
cell migration. For example, in neuronal precursors, the outgrowth of neurite extensions
requires the function of Rac and Cdc42 while Rho is important for their retraction
(Kozma e/a/., 1997).
3.1.3.2 Rho GTPases in cytokinesis

Cytokinesis is the final stage of cell division where one cell physically divides into two.
This process requires significant rearrangements of the actin and microtubule
cytoskeleton. During anaphase, the mitotic spindle specifies the cleavage plane and
initiates the formation of an actomyosin contractile ring at this site (Glotzer, 1997). The
myosin activity drives membrane furrowing by providing the contractile force to F-actin
filaments (Mabuchi and Okuno, 1977; Karess et al, 1991). Following cleavage flirrow
ingression, the mitotic spindle is compacted down into a thin cytoplasmic bridge known
as the midbody, which is all that connects the two daughter cells late in telophase.
Finally, the common membrane around the midbody is resolved to form two separate
cells.
A growing number of inhibitor and genetic studies suggest that Rho GTPases play a
pivotal role in cytokinesis. For example, the C3 exoenzyme, an ADP-ribosyltransferase
from Clostridium botulinum specifically ADP-ribosylates and inactivates Rho GTPase
(Mabuchi et al, 1993). Injection of C3 exoenzyme into furrowing sand dollar eggs
causes disruption of the contractile ring actin filaments and causes furrow regression
without affecting nuclear division (Mabuchi et al, 1993). In addition, genetic studies in
Saccharomyces cerevisiae have shown that loss-of-flinction of Cdc42 prevents bud
formation, a normal process of cytokinesis in budding yeast (Adams et al, 1990;
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Figure 3.1 - The GDP/GTP switch
Rho family GTPases oscillate between a GDP-bound inactive form and a GTP-bound
active form. GEFs (GTP exchange factors) promote the exchange of G D P for GTP,
resulting in a conformational change that allows the GTPase to bind its effector proteins.
GAPs (GTPase activating proteins) enhance the intrinsic GTPase activity to hydrolyse the
bound GTP molecule, releasing a free phosphate group (Pi) and returning the GTPase to its
G D P bound inactive conformation. GDIs bind and sequester the GDP-bound GTPases.
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Johnson and Pringle, 1990). Moreover, in Drosophila and C. elegans loss of RhoA
leads to a failure in cytokinesis (Jantsch-Plunger et al, 2000; Prokopenko et al, 2000).
3.1.3.3 RhoGTPases in Drosopfa/a development

The Drosophila genome encodes seven Rho family members, RhoA, RhoL, Racl,
Rac2, Cdc42, MIG2-like (Mtl) and RhoBTB (Luo et al, 1994; Hariharan et al, 1995;
Murphy and Montell, 1996; Hakeda-Suzuki et al, 2002). These GTPases have roles in
numerous developmental processes during oogenesis and embryogenesis where they
control dynamic reorganisation of the cytoskeleton. Some of the described roles for Rho
family GTPases have been identified by the expression of dominant-negative constructs.
In some cases, this has lead to misleading conclusions due to potential cross inhibition
of a number of Rho family GTPases by these dominant-negative forms. Therefore,
where possible the dominant-negative conclusions are supported by the analysis of
mutants. Cdc42 and RhoL are thought to be required for maintenance of the actin-rich
ring canals that link nurse cells and the oocyte (Murphy and Montell, 1996). During
oogenesis, Cdc42 mutant follicle cell clones lose their cuboidal shape and epithelial
integrity, whereas Cdc42 mutant germlines show a delay in nurse cell dumping, a
process where these cells rapidly expel their cytoplasm into the oocyte (Genova et al,
2000). In addition, Racl is required for the migration of somatic border cells (Murphy
and Montell, 1996), while reduction of RhoA levels during oogenesis results in marked
disruption of the actin cytoskeleton at the oocyte cortex and in the ring canals (Magie et
al, 1999).
During embryogenesis, the Rho GTPases exert their functions in a number of
morphogenetic processes. Cellularisation of the syncytial blastoderm represents a
specialised form of cytokinesis. Injection of Drosophila embryos with C3 exoenzyme or
a dominant-negative form of RhoA (DN-RhoA) leads to defects in cellularisation
(Crawford et al, 1998). In addition, reduced maternal RhoA levels leads to
multinucleate cells at the blastoderm stage, implying a role in cellularisation (Magie and
Parkhurst, 2005). Following cellularisation during G2 phase of cycle 14, patches of
cells, termed "mitotic domains", undergo near synchronous mitoses at stereotypical
times and locations (Foe, 1989). During these divisions, cells in embryos lacking the
Pbl RhoGEF fail to form a proper contractile ring at the cleavage furrow resulting in
failure to undergo cytokinesis and the formation of multinucleate cells (Prokopenko et
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al, 1999). Moreover, the multinucleate cell phenotype can be phenocopied by
expression of a DN-RhoA (Prokopenko et al, 1999). Expression of DN-RhoA causes a
delay in gastrulation (Harden et al, 1999) suggesting that RhoA GTPase is important
for the cell shape changes that are associated with gastrulation. Rho GTPases are also
involved in a classical epithelial sheet migration known as dorsal closure. Expression of
DN-RhoA disrupts the elongated morphology of leading edge (LE) cells in the dorsal
epidermis and disrupts the migration of the epithelial sheet over the amnioserosa
resulting in a dorsal open phenotype (Glise et al, 1995; Kockel et al, 1997; Jacinto et
al, 2002). Zygotic null embryos and embryos with reduced maternally derived RhoA
undergo imperfect dorsal closure in which epithelial cells are misaligned and LE cells
show disorganization of the actin cytoskeleton (Magie et al, 1999; Genova et al,
2000). Interestingly, these embryos do complete dorsal closure. However, embryos that
are mutant for all three Rac homologues Racl, Rac2 and Mtl do not complete dorsal
closure. In this case the LE cells do not elongate properly and do not show protrusive
activity (Hakeda-Suzuki et al, 2002). These results suggest potential cross-inhibition of
the Rac signaling pathway by the DN-RhoA during dorsal closure.

Expression of DN-RhoA also suggests that RhoA is important for neurogenesis (Lee et
al, 2000). This conclusion is supported by loss-of-function RhoA clones generated by
the Mosaic Analysis with a Repressible Cell Marker (MARCM) technique, which has
shown that RhoA is indeed required for dendrite complexities and neuroblast
proliferation but it is not required for axon growth (Lee et al, 2000). Analysis of triple
Rac mutant embryos show defects in both guidance and growth of axons (Ng et al,
2002), showing that Rac plays a major role in regulating neurogenesis.

Specific regulation of Rho family GTPase activity is achieved by families of GEFs and
GAPs, which act in a tissue, temporal and subcellular localisation specific manner. For
example, GEF64C and Trio are RhoGEFs that are required for neurogenesis (Bateman
et al, 2000; Bashaw et al, 2001). Another GEF, RhoGEF2, is thought to act on RhoA
during gastrulation (Barrett et al, 1997), while Pbl acts on RhoA during cytokinesis
(Prokopenko et al, 1999; Somers and Saint, 2003).
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3.1.3.3.1 The RhoGEF Pbl is required for mesoderm migration
During Drosophila gastrulation, cells of the presumptive mesoderm are internalised,
initially by invagination to form the ventral furrow. Ventral furrow formation is
achieved by subtle changes in the shape of the ventral cells of the blastoderm (Leptin
and Grunewald, 1990; Sweeton et ai, 1991). Initially the cells flatten on their apical
sides and their nuclei migrate basally. The apical sides of the cells then constrict to
generate a wedge shape and shorten along their apical-basal axis to induce the tissue
folding that forms the ventral furrow. The ventral furrow completely internalises as an
epithelial tube, after which the ventral furrow cells lose their epithelial characteristics
and become mesenchymal. These mesenchymal cells then migrate over the ectoderm to
form a single layer of cells (Leptin and Grunewald, 1990; Sweeton et ai, 1991; Murray
and Saint, 2007).

Following migration, segmentally repeated clusters of the dorsal-most migrated cells,
each cluster consisting of two pericardial cell precursors and two somatic muscle
precursors, express the transcription factor Even skipped (Eve) (Frasch et ai, 1987). pbl
embryos show a reduced number of these Eve-positive cell clusters (Smallhom et al.,
2004), indicating a failure of cell migration. A detailed analysis of pbl mutant embryos
showed that the mesodermal cells at the leading edge had reduced protrusions and the
cells were less rounded and more tightly adhered to each other (Smallhom et al, 2004).
The reduced protrusions of the leading edge cells are reminiscent of the loss of Rac
and/or Cdc42 activity. Therefore, although Pbl acts as a GEF for Rho during
cytokinesis, it is possible that its role in mesoderm migration may be mediated by Rac
and/or Cdc42 to generate protrusions. In support of this, recent evidence has indicated
that the Rac small GTPases are targets of Pbl (van Impel et al, 2009). However, Pbl
may act on Rho to achieve rounded cell morphology. Significantly, the activity of the
FGF signalling pathway, which is required for mesoderm migration, is not affected in
pbl mutants (Smallhom et al, 2004). This suggests that Pbl either acts downstream of
the MAPK pathway or in a parallel pathway during mesoderm migration. However, the
exact molecular role of Pbl in mesoderm migration is yet to be elucidated.

Pbl and its associated complexes may also have roles in controlling METs and in
epithelial structures during development. Studies in C. elegans have suggested that the
kinesin motor protein ZEN-4 and the Rho GTPase activating protein CYK-4 have a role
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in polarising cells undergoing a MET during pharynx morphogenesis (Portereiko et al,
2004). ZEN-4 and CYK-4 in C. elegans and their Drosophila orthologs Pavarotti and
RacGAPSOC respectively form a complex named centralspindlin, a complex that is
required for cytokinesis in both model organisms (Mishima et al, 2002; Somers and
Saint, 2003). The C. elegans ortholog of Pbl, LET-21 is also required for cytokinesis
and is capable of physically interacting with the centralspindlin complex (Somers and
Saint, 2003; Yuce et al, 2005). Pbl has not been shown to be required for METs,
although, the mammalian ortholog of Pbl, ECT2, has been linked to establishment of
epithelial cell polarity (Liu et al, 2006). However, the roles of centralspindlin in MET
and the role of Pbl in EMT are independent of their activities in cytokinesis (Portereiko
et al, 2004; Schumacher et al, 2004; Smallhom et al, 2004). Therefore, one possibility
is that the same molecular machinery is used in distinct ways in cytokinesis and in
EMT/MET. Alternatively, the individual components may form molecular subcomplexes that control EMTs and METs that are different from the complexes that
control cytokinesis.

Reorganisation of the cytoskeleton is a critical component of cell motility and the Rho
family of GTPases are key molecules that mediate such dynamic changes. In mesoderm
migration, Pbl is likely to be important for the reorganisation of the cytoskeleton
through its activation of the RhoGTPases. It is likely that the molecular mechanisms
that mediate dynamic cytoskeletal remodelling are conserved for other EMTs, cell
migration and METs. I therefore wished to ask whether Pbl is required more generally
for EMTs, migration and METs during development by determining whether it is
required for the endoderm EMT, migration and MET. In order to answer this, I also
further characterised the cellular events that occur during endoderm morphogenesis.
This chapter therefore describes a study of the cellular basis of the endoderm EMT,
migration and MET, and analysis of the role(s) of Pbl during these events.

3.2 Results
3.2.1 Characterisation of the cellular morphology of the endodermal cells
The Drosophila larval midgut is composed of a tubular epithelium of endodermal cells
surrounded by a layer of visceral muscle. During embryogenesis, the endoderm is
specified as two spatially separated primordia at the anterior and the posterior end of the
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embryo. These are called the anterior midgut (AMG) primordium and the posterior
midgut (PMG) primordium respectively (Figure 3.2A). The AMG primordium is
internalised in an invagination that occurs during stage 7 of embryogenesis and by stage
10 becomes associated with the invaginating stomodeum. Subsequently, the AMG cells
undergo an EMT, lose their epithelial polarity and dissociate from the epithelium to
become a mesenchymal cell population (Reuter et al, 1993; Tepass and Hartenstein,
1994). Similarly, the PMG primordium is internalised with the amnioproctodeal
invagination at stage 7. Subsequently, the PMG cells undergo an EMT to produce a
mass of mesenchymal cells by late stage 10. Following the EMT, the AMG and the
PMG cells come in contact with the visceral mesoderm, which runs along the anteriorposterior axis as two continuous bands on either side of the embryo (Figure 3.2B-B').
These cells then begin to migrate towards each other along the visceral mesoderm. Cells
making contact with the visceral mesoderm then undergo a mesenchymal to epithelial
transition to form the midgut epithelium (Figure 3.2B-C). Finally, the endodermal cells
spread dorsally and ventrally to engulf the yolk to form a tubular epithelial structure.
Although the requirement for the visceral mesoderm in endoderm cell migration and the
subsequent MET has been demonstrated, the exact cellular mechanisms governing these
events are not well characterised. In addition, the molecular mechanisms that regulate
this morphogenesis are poorly characterised. Therefore in this study, I used GFP-Actin
expression to specifically label the endodermal cells and observed their cellular
morphology with respect to that of the visceral mesoderm.

Expression of UAS-GFP-Actin

by an endoderm specific driver, 48Y-GAL4, enabled

visualisation of endodermal cells throughout embryogenesis (Figure 3.3A-C). The
earliest detection of the GFP-Actin expression was observed at stage 10. Here, the PMG
primordium exists as an epithelium prior to undergoing an EMT while the AMG
primordium has already undergone an EMT (Figure 3.3A). In stage 11 embryos
endodermal cells derived from the PMG primordia have also undergone an EMT. At
this stage, endodermal cells show mesenchymal morphology (Figure 3.3B,E). The
leading edge cells are highly polarised in the direction of migration with actin rich
extensions (Figure 3.3E-E'). These cells are positioned on the dorsal surface of the
visceral mesoderm (Figure 3.3E) Within this stream of cells, the cells located behind the
leading edge were less polarised (Figure 3.3B,E). By stage 12, the two streams of cells
meet in the middle of the embryo (Figure 3.3F-I). At this stage, the cells in contact with
the visceral mesoderm display a columnar appearance and are tightly arranged in a
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regular fashion suggesting that they had already undergone the MET (Figure 3.31 and J).
However, the cells not in contact with the lateral surface of the visceral mesoderm
display a mesenchymal morphology (Figure 3.3F,H-J). These cells were more internally
positioned, with a layer of endodermal cells between them and the visceral mesoderm,
or were on the dorsal or ventral surface of the visceral mesoderm. Interestingly, two
streams of cells were observed to be positioned dorsally and ventrally to the visceral
mesoderm, which has not previously been described (Figure 3.3E,F,G,I). These cells
showed a highly migratory morphology and did not show signs of epithelial
polarization. This passage of cells can also be observed in live embryos expressing
GFP-Actin in the endoderm (Figure 3.3G). Thus, there appear to be two streams of
migrating endodermal cells, those internal to the already formed endoderm epithelium
associated with the internal surface of the visceral mesoderm, and those at the dorsal
and ventral edges of the visceral mesoderm.

3.2.2 Investigating a role for Pebble during the endodermal EMT and cell
migration
Pebble is required for the mesoderm EMT, where it may act on members of the Rho
GTPase family to remodel the actin cytoskeleton (Smallhom et a i , 2004). In addition to
the cytokinetic and mesoderm migration

defects, pbl^/pbl^ embryos show an endoderm

migration defect (Figure 3.4A [n=43]). This endoderm migration defect may indicate a
conserved molecular mechanism used for cell migration throughout development.
Alternatively, this could represent a phenotype caused by a disruption to the visceral
mesoderm that is a secondary consequence of mesoderm migration failure (Figure 3.4CD). In order to distinguish between these two possibilities endodermal cells were
labelled with GFP-Actin and their cellular morphologies and distribution with respect to
the visceral mesoderm in pbl

embryos.

As a consequence of mesoderm migration

failure, pbl^/pbl^ embryos showed a disrupted

visceral mesoderm (Figure 3.4C-D). Although the visceral mesoderm forms two parallel
bands in pbl mutants, the bands are often interrupted by gaps (Figure 3.4C-D). The
endodermal cells of these embryos were confined to the available visceral mesoderm,
and were not found extending across these gaps (Figure 3.4E-H). In some embryos, the
endodermal cells had migrated far indicating that they are indeed capable of migrating
(Figure 3.4E,H). Interestingly, endodermal cells
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ofpbf'lpbf'

embryos showed highly

Figure 3.2 - Endoderm morphogenesis involves an ElVIT and a IVIET
Schematic representation of the cellular behaviour of Drosophila endoderm morphogenesis.
Figures A-C show lateral views of stage 7, stage 12 and stage 15 embryos respectively.
Dashed lines indicate the locations of the transverse sections shown in A ' - C . Figures A ' C show transverse sections of stages represented in A-C respectively. (A) Stage 7 embryo
showing the AMG and PMG primordia (red) at respective ends of the embryo. (A')
Transverse section encompassing the PMG primordium, which shows its epithelial nature
prior to the EMT. (B) Stage 12 embryo showing migrating AMG and PMG endodermal
cells following the EMT (red). The AMG and PMG cells split into two streams of cells on
either side of the embryo (B and B'). (C) Stage 15 embryo showing the fused AMG and
PMG, which has undergone a MET ( C ) to form the midgut epithelium, (ph, pharynx; es,
esophagus; pv, proventriculus; hg, hindgut; pr, proctodeum; as, amnioserosa; ms,
mesoderm; mp, malpighian tubules; sg, salivary glands; ap, anal pads). Figures adapted
from Altas of Drosophila Development by Volker Hartenstein.
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Figure 3.3 - Endoderm morphogenesis during Drosophila
embryogenesis
Confocal images of control Drosophila embryos. The endoderm is visualized by expression
of GFP-Actin with the 48Y-GAL4 driver, which expresses in the endoderm and a few other
cell types (green). The visceral mesoderm is visualized with an anti-Fasciclin III antibody
(red). All images are lateral views with anterior shown to the left and dorsal up unless
stated otherwise. (A-C) 48Y-GALA driven GFP-Actin expression pattern during
embryogenesis. (A) A late stage 10 embryo showing GFP-Actin in the AMG and PMG
primordia. The AMG has already undergone the EMT (asterisk) while the PMG remains as
an epithelium (arrowhead). (B) A stage 12 embryo showing the AMG and PMG primordia
migrating towards each other. (C) A ventral-lateral view of a stage 15 embryo showing the
endoderm after it has undergone the MET and dorsal-ventral spreading to form the
epithelial gut tube. (D) The anterior-posterior bands of the visceral mesoderm on each side
of the embryo (arrowheads). The image is an average intensity projection, which has been
tilted ventrally and laterally in order to allow visualisation of both bands of the visceral
mesoderm. (E) A higher magnification image showing the AMG of a stage 11 embryo.
Note the highly elongated morphology of the leading edge cells (boxed) positioned at the
dorsal edge of the visceral mesoderm. (E') A high magnification image of the boxed region
in E. (F-I) Stage 12/13 embryos showing the fused AMG and PMG. Note the migratory
cells positioned dorsally and ventrally with respect to the visceral mesoderm (arrowheads in
F and I). (G) To observe endodermal cell migration live, stage 12 embryos of the genotype
48Y-GAL4/UAS-GFP-Actin

were imaged at l-minute intervals. The highly migratory cells

were also observed in these embryos (outlined cell in G). Note the regular arrangement of
the laterally positioned cells (G). (I-J) Lateral (I) and ventral (J) view of the AMG in a
stage 12/13 and stage 11 embryo respectively. Endodermal cells that are in immediate
contact with the visceral mesoderm show a regular arrangement (dotted regions in I and J)
and signs of elongating (dotted region in J) compared to cells that are not in contact with
the visceral mesoderm. Embryos examined for each stage above (n a 10). Scale bars:
lOO^xm in A-D; 20|Am in E-J. Images A-C courtesy of Dr. Michael Murray.

Figure 3.4 - pd/embryos show an endoderm migration defect
(A) A stage 12/13 pbP'/pbl^ embryo showing GFP-Actin expression driven by the 48YGAL4. The A M G and PMG primordia have failed to migrate towards each other and
remain as a clump of cells (asterisks). (B-D) Stage 11/12 embryos in which the visceral
mesoderm is labelled with an anti- Fasciclin III antibody. (B) Wildtype visceral mesoderm
morphology; (C, D) pbP/pbl^ visceral mesoderm morphology. The pbl mutants show
numerous gaps in the visceral mesoderm (arrows in C and D). (E-J) Stage 12 pbt^/pbf'
embryos showing GFP-Actin expression in the endoderm (green) and anti-Fasciclin III
stained visceral mesoderm (red). (E-H) Endodermal cells of pbP/pbl^ embryos are able to
migrate towards each other from opposite ends of the embryo. However, their migration is
hindered by the gaps in the visceral mesoderm (arrowheads). (I, J) High magnification
images of the embryo shown in F. (I) A M G cells showing actin-rich protrusions
(arrowheads). (J) PMG cells showing an elongated cell morphology (dotted region) and
actin-rich protrusions (arrowhead). (K) High magnification image of the embryo shown in
H showing actin-rich protrusions in AMG cells (arrowheads). All images are shown with
anterior to the left and dorsal to the top. Scale bars: lOOjxm in A-H; 20|am in I-K. Image A
courtesy of Dr. Michael Murray.
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migratory morphology similar to that of wildtype embryos, with the leading edge cells
showing actin-rich protrusions (Figure 3.4I-K). The streams of AMG and PMG cells
were often observed to show protrusions when encountering the breaks in the visceral
mesoderm (Figure 3.4I-K). This suggests that the endodermal cells are capable of
migrating and that their migration is only hindered by the gaps in the visceral
mesoderm. However, due to the highly disrupted visceral mesoderm morphology and
other morphological structures of the embryos, it is difficult to interpret the fate of the
dorsally and ventrally located migratory streams of cells in pbl mutant embryos.

Following the endodermal EMT and cell migration, these cells undergo a MET. In
pbf'Ipbf'

embryos, the endodermal cells that have been in contact with the visceral

mesoderm begin to display signs of polarisation suggesting that the MET is also
unaffected in these embryos (Figure 3.4J).

Moreover, the expression of a pbl construct pbl^^^^^, which is capable of rescuing
mesoderm cell migration but not cytokinesis, does not modulate this endodermal
phenotype (Figure 3.5A-D [n=13]). Collectively, these results suggest that Pbl is not
required for the endodermal EMT, the migration of endodermal cells, or the subsequent
MET. Therefore, the defect in endoderm migration observed in pbl embryos is most
likely a secondary consequence of Pbl's earlier role in the mesoderm.

To further clarify the above observation, I sought to specifically rescue the mesoderm in
pbl mutant embryos. Expression of UASr.pbl in pbl mutant embryos using the twistGAL4 (twi-GAL4) driver rescues mesoderm migration defects, with such embryos
showing a relatively normal visceral mesoderm morphology (Figure 3.6A-B) and a
normal number of Eve positive hemisegments (data not shown). However, minor
defects were occasionally observed where some embryos had small gaps in the visceral
mesoderm (Figure 3.6B). However, due to the use of endodermal GAL4-UAS
expression to drive GFP-Actin and specifically label the endoderm, the UAS-pbl
construct would have been expressed in the endoderm and not specifically in the
mesoderm. To overcome this, I generated a direct promoter fusion construct between
the twist (twi) promoter and a Pbl-GFP fusion coding sequence. The resultant twir.pblGFP construct drives expression of Pbl-GFP specifically in the mesoderm (Figure 3.6CD). pbl mutant embryos transgenic for the twi::pbl-GFP construct formed a near
wildtype visceral mesoderm (Figure 3.6E). This allowed me to observe the morphology
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o f p b l mutant endodermal cells in embryos in which the visceral mesoderm was intact.
In these embryos, the endodermal cells migrated normally, similar to wildtype embryos,
providing strong evidence that Pbl expression in the endodermal cells is dispensable for
the endoderm EMTs and cell migration (Figure 3.6E-F [n=8]). Furthermore, in these
embryos the highly migratory streams of cells located on the dorsal and ventral edges of
the visceral mesoderm were also observed (Figure 3.6F). Taken together, these
observations indicate that Pbl is not required for the EMT, cell migration or MET of the
endoderm and that the endodermal defects observed are a consequence of the earlier
role of Pbl in the mesoderm (Figure 3.7B).

3.3 Discussion
This chapter describes an analysis of the cellular basis of endoderm morphogenesis and
of the requirement for the RhoGEF Pbl during this process. In this study, I used GFPActin to specifically label the endodermal cells and observed their cellular behaviour in
relation to the visceral mesoderm, on which endoderm migration depends. Using GFPActin, I observed that, immediately following the EMT, many endodermal cells show a
highly migratory morphology. At the same stage, cells that were in contact with the
visceral mesoderm appeared to have undergone an MET and formed a polarised
epithelium. This study therefore presents evidence that cells begin to undergo the MET
as they become associated with the internal face of the visceral mesoderm. Interestingly,
I observed two previously undescribed streams of cells associated with the dorsal and
ventral edges of the visceral mesoderm epithelial sheets. These endodermal cells show
highly migratory morphology and do not show signs of epithelial polarization. The
dorsal and ventral surfaces of the visceral mesoderm thus appear to provide a passage
for cells to actively migrate without undergoing the MET. Based on this, I hypothesise
that the internal face of the visceral mesoderm contains signal(s) that induce the
endodermal cells to undergo the MET, while the dorsal and ventral surfaces facilitate
their migration (Figure 3.7A).

The endoderm migration failure mpbl embryos was not due to a cell autonomous
function of Pbl in the endoderm. Rather, this defect was shown to be due to an earlier
requirement oipbl in the EMT that occurs in the mesoderm. As a consequence, the
dorsal and trunk mesoderm of pbl embryos has significant defects including a reduced
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Figure 3.5 - Expression of pbl^^^^^ does not ameliorate tlie pbl
endoderm phenotype
Stage 11/12 pbl^/pbl^ embryos in which UAS-GFP-Actin

and [//IS-p^/^®"^^expression is

driven by the 48Y-GAL4 driver. Visceral mesoderm is labelled with an anti-Fasciclin III
antibody (red) and endoderm is labelled with an anti-GFP antibody (green) (A-B) Embryos
showing endodermal cells migrating along the residual visceral mesoderm (arrowheads).
(C-D) High magnification images of the AMG (boxed in white) and PMG (boxed in
yellow) primordia of the embryo shown in A. Scale bars: lOOfim in A-B; 20[xm in C-D.

Figure 3.6 - Mesoderm rescued pW embryos show normal endoderm
migration
(A-B) Stage 12/13 pbP-1pbl^ tmhryos in which UAS-pbl is expressed using the twi-GAL4
driver. Visceral mesoderm is labelled with an anti-Fasciclin III antibody. (A) A n embryo in
which expression of UAS-pbl in the mesoderm has rescued the visceral mesoderm defects
in pbP'Ipbf' tmbxyOS (B) A n embryo displaying a minor defect in the visceral mesoderm,
which shows a gap (arrow). (C) A stage 11 embryo carrying a twi::pbl-GFP

construct

stained with anti-GFP antibodies showing the Pbl-GFP expression in the mesoderm. PblG F P may also be expressed in the A M G by this construct (asterisk) (D) A stage \Q48YGAL4, UAS-CD8-GFP/+

; twi::pbl-GFP/+

embryo stained with anti-GFP antibodies,

showing mesoderm specific Pbl-GFP (arrowheads) and endoderm specific CD8-GFP
expression (yellow asterisks). Pbl-GFP predominantly shows a nuclear localisation in the
mesoderm whereas the CD8-GFP localised to the cell membrane in the endoderm. (E-G) A
stage 11/12 48Y-GAL4, UAS-CD8-GFP/+

; twi::pbl-GFP,pbf/pbl'

embryo stained with

anti-Fasciclin III antibodies (red in E, G ) and anti-GFP antibodies (green in F, G ) showing
normal endoderm migration. (E) twi::pbl-GFP

rescues the visceral mesoderm defects. (F)

A M G and P M G primordia of the endoderm (yellow asterisks) show cells with highly
migratory morphology positioned on the ventral surface of the visceral mesoderm
(arrowheads). ( G ) A merged image of E and F. Scale bars: lOOjxm in C ; 2 0 n m in D-G.

Figure 3.7 - Proposed model for endodermal cell migration
A diagrammatic representation of the E M T , migration and M E T of the A M G primordium.
(A) Following the A M G primordium E M T , the cells accumulate as a mesenchymal
population. These cells then come into contact with the two anterior-posterior ribbons of
visceral mesoderm on either side of the embryo (the internal face of one of these shown
here diagrammatically). The cells attach and begin migrating along the visceral mesoderm.
However, the lateral surface of the visceral mesoderm induces the cells to undergo a MET.
The dorsal and ventral surfaces of the visceral mesoderm do not contain MET-inducing
cues as the cells on these surfaces display highly a migratory morphology. Therefore, these
surfaces may provide an active passage for endodermal cells to migrate and reach
unoccupied visceral mesoderm spaces. The cells positioned more internally migrate over
the cells that are attached to the visceral mesoderm (black arrow). A similar set of events
are occurring to the PMG primordium at the posterior end of the embryo (not shown). (B)
In pbl mutants, endoderm cell migration occurs normally. However, due to an earlier
requirement for Pbl during mesoderm migration, the visceral mesoderm shows numerous
gaps. These gaps in the visceral mesoderm prevent migration of the endodermal cells.
Therefore, the endoderm migration defect observed in pbl embryos is not cell autonomous
but rather a secondary effect of its earlier role in the mesoderm.
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number of pericardial cell positive hemisegments and numerous gaps in the visceral
mesoderm. The visceral mesoderm is crucial for normal migration of endodermal cells
(Tepass and Hartenstein, 1994). Inpbl embryos endodermal cells show a normal
migratory morphology and in fact are capable of migrating. However, their migration is
hindered by the numerous gaps present in the visceral mesoderm and expression of
in the endoderm does not ameliorate this defect, unlike the rescue of mesoderm
migration by expression of this construct in a pbl mutant background. In addition,
endodermal cells appear not to require Pbl for the MET, as pbl mutant embryos
containing a twi::pbl-GFP construct, which show normal or near normal mesoderm
migration, also show normal endodermal cell migration and a wildtype midgut
epithelial morphology. It has been previously reported that twi is transiently expressed
in the AMG during stage 7 (Thisse et al, 1988). In embryos containing the twir.pblGFP construct, anti-GFP staining shows Pbl-GFP expression in a population of cells
that, based on their position, could represent cells of the AMG (Figure 3.6C). On the
other hand, PMG cells do not show any twi expression (Figure 3.6C) (Thisse et al,
1988) yet PMG primordium migration and MET occurs normally in pbl mutant
embryos in which the mesoderm is rescued by the twi::pbl-GFP construct. I conclude,
therefore, that Pbl is not required for migration of cells of the endoderm or for the MET
of the endodermal cells. These results suggest that the role of Pbl in migration of the
mesoderm is not a conserved molecular mechanism that governs cell migration in
general.

Failure of the AMG and PMG cell migration has been observed for other molecules that
are important for mesoderm specification. For example, in embryos mutant for the
transcription factor encoding genes twi or snail, the mesoderm completely fails to form
and the AMG and the PMG cells stay as a clump of cells at either end of the embryo
(Reuter et al, 1993; Tepass and Hartenstein, 1994). Mutation of tinman, a gene
encoding another transcription factor that is important for the differentiation of the trunk
mesoderm, results in failure of visceral mesoderm differentiation. However, some
tinman embryos show residual fragments of visceral mesoderm (Tepass and
Hartenstein, 1994). The endodermal cells associated with these residual patches of
visceral mesoderm assume columnar cell shapes indicative of the MET (Tepass and
Hartenstein, 1994). These studies have emphasised the importance of an intact visceral
mesoderm for endoderm morphogenesis.
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During mesoderm migration, Pbl has been proposed to act via Cdc42 and/or Rac for
protrusive activity and via Rho for cell rounding (Smallhom et al, 2004), whereas
during cytokinesis Pbl exerts its function by acting on Rho (Prokopenko et al., 1999). I
have shown here that a requirement for Pbl to mediate cell motility is not universal, as
pbl mutants show normal endodermal cell migration. However, Rac and Cdc42 are
thought to be important for endoderm migration since DN-Rac and DN-Cdc42 perturb
migration (Martin-Bermudo et al, 1999). This suggests that indeed Rho family
GTPases are important for endodermal cell migration. However, the mechanisms by
which these GTPases function to achieve such complex cellular behaviour remain
largely unknown.

3.4 Conclusion
This chapter described the analysis of the requirement of RhoGEF Pbl during endoderm
morphogenesis using conventional genetic techniques. Using zygotic mutants, this study
clearly demonstrated that the endoderm migration defects in pbl mutant embryos arise
due to an earlier requirement for Pbl in the mesoderm. This also highlighted the
limitations in currently available loss-of-function techniques where they are unable to
address tissue specific functions of genes during development. In particular, analysis of
the Rho family GTPase signaling pathways, which regulate many important biological
processes, is hindered by a combination of the presence of maternal products, early
lethality of zygotic mutants and the essential role of these molecules in cell division. For
example RhoA mutant embryos develop normally and display defects late in
embryogenesis due to the presence of maternally deposited products that mask the loss
of zygotic expression earlier in development (Magie et al, 1999). In Drosophila, it is
possible to remove any maternal contributions by the generation of mutant germline
clones using mitotic recombination (Chou and Perrimon, 1992). However, since RhoA
is required for cell division these mitotic recombination-induced RhoA mutant germline
cells will not proliferate and therefore will not produce eggs. Moreover, RNA
interference (RNAi)-mediated tissue specific knock down of genes by tissue-specific
expression of double stranded RNA is ineffective during Drosophila embryogenesis.
Unfortunately, using any of the established techniques it is impossible to further dissect
the tissue specific roles of Rho family GTPases during Drosophila embryogenesis. In an
attempt to overcome these limitations, the following chapters describe approaches taken
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to develop a new loss-of-function technique. Briefly, chapters four and five describe
approaches based on targeting a protein of interest for degradation in a temporal and
tissue specific manner. A technique that would operate at the protein level would
overcome the limitations in current loss-of-function techniques mentioned above.
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Chapter Four: Adaptation of the ubiquitin-proteasome
pathway to induce protein degradation
4.1 Introduction
In the previous chapter, I described the use of conventional zygotic mutant phenotypic
analysis to test for a role for the RhoGEF Pbl in Drosophila endoderm development.
This analysis strongly suggested that the pbl endoderm phenotype was due to an earlier
requirement for Pbl in the mesoderm. A better approach would have been to knock out
Pbl function specifically in the endoderm, overcoming the problem of secondary effects
of the role of Pbl in mesoderm migration. With the currently available techniques,
however, it is not possible to inactivate genes in a tissue specific manner early in
embryogenesis. The reason for this is that tissues arise polyclonally, so a mutant tissue
clone cannot be generated. In addition, many genes have a maternal component that can
only be removed by creating germline clones or injecting small interfering RNA
(siRNA), neither of which is tissue-specific, while RNA interference (RNAi)
knockdown from tissue-specific promoters does not work effectively at these early
stages. Therefore, a technique that is capable of interfering with gene function in a
tissue specific way during embryogenesis would be highly desirable. Such a technique
would enable the dissection of the role of specific genes in a tissue specific manner
without the complication of interfering with its role in other developmental processes. A
further problem in such a rapidly developing system is likely to be the persistence of the
protein product if the gene or mRNA is targeted. This limitation could only be
overcome by targeting the stability or activity of the proteins themselves. This chapter
describes an attempt to exploit the ubiquitin-proteasome pathway to conditionally
degrade proteins in a tissue specific and temporally controlled manner.

4.1.1 The ubiquitin-proteasome

pathway

The ubiquitin-proteasome pathway plays a key role in protein turnover in cells. In
eukaryotic cells it has physiological roles in regulating the cell cycle, signal
transduction, apoptosis and stress responses. The ubiquitin-proteasome pathway
mediates polyubiquitination of target proteins, their subsequent recognition and
degradation by the 26S proteasome (reviewed in Hochstrasser, 1996; Hershko and
Ciechanover, 1998). Substrate polyubiquitination is achieved by the actions of a series
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of three enzymes; the El ubiquitin-activating enzyme, the E2 ubiquitin-conjugating
enzyme and the E3 ubiquitin-protein hgase enzyme. First, a ubiquitin molecule is
activated for transfer to the substrate via the formation of an ATP-dependent thioester
bond with the El ubiquitin-activating enzyme. Next, ubiquitin is transferred to a
member of the family of E2 ubiquitin-conjugating enzymes. Lastly, thioesterified
ubiquitin is transferred from the E2 ubiquitin-conjugating enzyme to a lysine residue of
the target protein, either directly or with the assistance of an E3 ubiquitin-protein ligase.
E3 ubiquitin-protein ligases bind directly to their substrates, and therefore are the
component of this cascade of enzymes that confers substrate specificity (reviewed in
Deshaies, 1999; Zhou, 2005). The majority of the characterised E3 ubiquitin-protein
ligases are multimeric protein complexes that recruit both the E2 ubiquitin-conjugating
enzyme and the substrate to a close proximity and allow the transfer of the ubiquitin
moiety from the former to the latter (reviewed in Deshaies, 1999; Schulman et al, 2000;
Petroski and Deshaies, 2005; Hao et al, 2007).
E3 ubiquitin-protein ligases can be classified into two distinct classes. Really Interesting
New Gene (RING)-type and the Homology to E6AP C-terminus (HECT)-type. RING
type E3 ubiquitin-protein ligases function as docking platforms that bridge the
interaction between the E2 ubiquitin-conjugating enzyme and the substrate. In addition
to their function as a docking platform, the HECT type E3 ubiquitin-protein ligases
contain catalytic activity that directly accepts the ubiquitin moiety from the E2
ubiquitin-conjugating enzyme and transfers it to the bound substrate (reviewed in
Hochstrasser, 1996; Hershko and Ciechanover, 1998; Zhou, 2005). As a key component
in the ubiquitination pathway, the E3 ubiquitin-protein ligases control both the
specificity and the timing of substrate ubiquitination and therefore the degradation. One
particular class of E3 ubiquitin-protein ligases, the heterotetrameric Skpl-Cullin-F box
(SCF) ubiquitin ligase complexes are discussed in detail in the following section.

4.1.2 Skp1-Cullin-F box (SCF) ubiquitin ligase complexes
SCF ubiquitin ligase complexes consist of Skpl, a Cullin family member, the RING-H2
protein Hrtl and an F box protein (reviewed in Deshaies, 1999). The components of
SCF ubiquitin ligase complex were first discovered in a genetic analysis of proteins
involved in the Gl/S transition in Saccharomyces cerevisiae, where cdc4'^ (¥ box
protein), cdc34" (E2 ubiquitin conjugating enzyme) and ct/cJi" (Cullin-1) mutants
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failed to enter S phase (Schwob, 1994). This arrest in G1 is due to the persistence of the
S phase cyclin/cyclin-dependent kinase (CDK) inhibitor Sicl, which must be degraded
for wild-type cells to progress from G1 to S (Schwob, 1994). Similarly, the Skpl'^
mutants also show a G1 cell cycle arrest (Bai, 1996). Subsequently, it was shown that
ubiquitination of Sicl in crude yeast extracts depended on the direct activity of Cdc34,
Cdc4 and 01 cyclin/CDK (Schwob, 1994; Schneider et al., 1996; Verma et al, 1997b).
Expression of these components in insect cells and their coimmunoprecipitation led to
the discovery that they form a complex, and this purified complex exhibited E3
ubiquitin-protein ligase activity (Skowyra et al, 1997). Furthermore, this complex was
able to ubiquitinate phosphorylated Sicl and hence mediate its degradation (Skowyra et
al, 1997; Verma et al, 1997a). The above complex, denoted
is the founding
member of the SCF family of ubiquitin-protein ligases.
4.1.2.1 Architecture of the SCF complex

The SCF ubiquitin-protein ligases are heterotetrameric complexes (Figure 4.1). The
Cullin family member functions as a scaffolding protein that recruits two small adapter
molecules, Skpl and Hrtl (Mathias et al, 1996; Kamura et al, 1998; Ohta et al, 1999;
Seol et al, 1999; Tan et al, 1999). Skpl in turn binds to F box domains (FBD) of F box
proteins (reviewed in Willems et al, 1996; Feldman et al, 1997; Skowyra et al, 1997;
Patton et al, 1998a; Deshaies, 1999; Seol et al, 1999; Skowyra et al, 1999). F box
proteins are a family of proteins that contain a conserved FBD and a highly variable
protein-protein interaction domain (Figure 4.2A) (Bai, 1996). The protein-protein
interaction domains of F box proteins such as WD40 and leucine-rich repeats (LRR)
bind specific substrates whilst the FBD links the F box protein to the SCF ligase
complex. The F box proteins thus serve as receptors for the SCF ligase complexes and
present the complex with diverse molecules for polyubiquitination. In addition, F box
proteins can interchangeably bind Skpl to give rise to highly dynamic SCF ubiquitin
ligase complexes (Skowyra et al, 1997; Schulman et al, 2000; Zheng et al, 2002; Wu
et al, 2003). The fourth component, Hrtl, recruits the E2 ubiquitin-conjugating
enzyme, Cdc34, to the SCF ligase complex (Kamura et al, 1999; Ohta et al, 1999; Seol
et al, 1999; Tan et al, 1999). F box bound substrates recruited to the SCF complex are
thought to be in an optimal 3D configuration for the E2 ubiquitin-conjugating enzyme
to mediate ubiquitin transfer (Schulman et al, 2000; Wu et al, 2003; Hao et al, 2007).
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Figure 4.1 - Architecture of the SCF complex
A schematic representing the SCF ligase components; Cullin-1, S k p l , Hrtl and an F box
protein. The Cullin family member is a scaffolding protein, which recruits two small
adapter molecules, Skpl to its N-terminus and Hrtl to its C-terminus. Hrtl recruits the E2
ubiquitin-conjugating enzyme to the SCF complex. The F box protein binds the substrate
via its protein-protein interaction domain and recruits the substrate to the SCF complex by
binding to Skpl via its F box domain. Once within the SCF complex, the E2 conjugating
enzyme transfers a ubiquitin (Ub) moiety to a lysine residue on the substrate molecule,
which is subsequently polyubiquitinated and degraded by the 26S proteasome.

Figure 4.2 - F box protein architecture and adaptations made to F box
proteins to achieve conditional protein degradation
(A) A schematic representation of the F box protein architecture. F box proteins contain an
N-terminal FBD and a C-terminal protein-protein interaction domain. Examples of proteinprotein interaction domains include WD40 domains and leucine-rich repeats (LRR). WD
domains under physiological conditions bind phosphorylated substrates. The FBD in turn
binds Skpl and recruits the substrate to the SCF ligase complex. (B) An engineered
chimeric F box protein containing an FBD and a Targeting Peptide (TP) that interacts with
a specific substrate. Such chimeric F box proteins recruit the targeted substrate to the SCF
ligase complex. (C) A Protac containing a binding peptide for an F box protein (green) and
a small chemically synthesised molecule that binds a specific substrate (red). The small
chemically synthesised molecules can be highly specific and can recruit their target to the
SCF ligase complex.
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4.1.2.2 SCF ubiquitin ligases are conserved across species

The components of SCF ubiquitin ligase machinery are highly conserved from yeast
through to mammals (Deshaies, 1999). For example, functional conservation has been
observed for the human orthologs of Skpl, Cullin-1 and ROCl/RBXl (the vertebrate
ortholog of Hrtl), which complement the respective S. cerevisiae mutants and form
functional SCF complexes (Bai, 1996; Lyapina et al, 1998; Kamura et al, 1999; Ohta
et al, 1999; Seol et al, 1999; Skowyra et al, 1999). SCF ubiquitin ligase complexes
regulate a diverse array of cellular signalling mechanisms ranging from the auxin
response in plants, withdrawal from the cell cycle in nematodes, entry into S phase and
M phase of the cell cycle in S. cerevisiae, regulation of wnt and hedgehog signalling
pathways in Drosophila and Xenopus, and innate immunity in human cells (reviewed in
Elledge and Harper, 1998; Krek, 1998; Patton et al, 1998b; Ang and Wade Harper,
2005). Another important key feature of the SCF ubiquitin ligase complexes is their
ability to promote rapid and effective turnover of cellular proteins. This is evidenced by
the rapid turnover of multiple cell cycle regulators such as Sicl, Cyclin E,
(Clurman et al, 1996; Won and Reed, 1996; Skowyra et al, 1997; Carrano et al, 1999;
Sutterluty et al, 1999; Tsvetkov et al, 1999; Nagahama et al, 2000; Welcker et al,
2003). Therefore, SCF complexes provide a versatile and effective mode of cellular
protein turnover.
4.1.2.3 Drosophila components of SCF ligases

Drosophila has been widely used to elucidate the roles of SCF ligases in biological
functions. A genome survey of Drosophila reveals the presence of six Skpl paralogs
(SkpA-SkpF), five Cullin paralogs (Cull-Cul5), three Hrtl paralogs (Roc la, Roc lb and
Roc2) and 33 F box proteins. Few F box proteins have been studied extensively
(reviewed in Ho et al, 2006). For example, the Drosophila ortholog of p-TrCPl,
Supernumerary limbs (Slmb), has been shown to be important for regulation of Cubitus
interruptus (Ci), Cactus and Armadillo, which are downstream effectors of Hedgehog,
Dorsal/NFKB and Wingless signalling pathways respectively (Jiang and Struhl, 1998;
Spencer et al, 1999; Lum and Beachy, 2004; Ogden et al, 2004; Hooper and Scott,
2005). In addition, Slmb has roles in regulating circadian rhythm and egg chamber
development (Grima et al, 2002; Ko et al, 2002; Muzzopappa and Wappner, 2005).
Another well-known F box protein. Archipelago (Ago), regulates the cell cycle protein
Cyclin E, the growth controller dMyc and the activity of Notch signalling pathway
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(Moberg et al, 2001; Moberg et al, 2004; Shcherbata et al, 2004). The presence of a
large number of F box proteins reflects the potential to target a diverse range of
substrate molecules during development.
4.1.3 SCF as a means of conditional proteolysis of proteins
There have been several attempts to modify the ubiquitin-proteasome pathway to
achieve conditional degradation of cellular proteins (see below). As noted earlier, a
technique that operates post-translationally to mediate targeted proteolysis would
encompass a number of advantages over the existing loss-of-function techniques that
operate at the DNA or RNA level, such as gene knockouts, RNAi, antisense
oligonucleotides and ribozymes. Such a technique would be able to overcome early
lethality, maternal contributions and perdurance of proteins in loss-of-function clones or
in RNAi as discussed in Chapter one. Several innovative studies have engineered
methods to exploit the SCF ubiquitin ligase machinery to degrade specific cellular
proteins of interest in yeast, plant and animal cells (reviewed in Zhou, 2005). These
studies have achieved targeted proteolysis by engineering chimeric F box proteins
(Figure 4.2B) or engineered bi-functional peptide-small-molecule adapters (Figure
4.2C). The following section describes key features of each of the above approaches.
4.1.3.1 Conditional proteolysis using engineered chimeric F box proteins
The first in vivo study to exploit the SCF ligase machinery for targeted protein
degradation successfully demonstrated that Retinoblastoma (Rb) protein could be
degraded in both yeast and mammalian cells by the expression of a chimeric F box
protein (Zhou et al, 2000). Rb forms a complex with the E7 protein encoded by the
human papilloma virus type 16 (Dyson et al, 1989; Munger et al, 1989). Exploring this
fact, Zhou and colleagues generated chimeric proteins of the yeast FBD of Cdc4 protein
and the human FBD of |3-TrCPI protein, each containing an inframe fusion of the E7
Rb interacting domain. Expression of these chimeric F box proteins were able to
successfully mediate degradation of Rb (Zhou et al, 2000). However, under
physiological conditions, F box and substrate binding has been shown to be dependent
on substrate modifications such as phosphorylation (Verma et al, 1997a; Yaron et al,
1998). It is unclear if substrate phosphorylation has a role in mediating degradation or is
solely required for binding of the F box proteins. However, the work by Zhou et al
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clearly shows that substrate binding to the F box is sufficient for its efficient
degradation (Zhou et al, 2000). Similarly, using the P-catenin binding domain of Ecadherin to generate a chimeric F box protein, it was shown that cytosolic and nuclear
(3-catenin can be selectively degraded while the membrane associated (3-catenin is
unaffected (Cong et al, 2003; Su et al, 2003). In addition to targeting specific subcellular localised proteins, these studies also employed regulatable promoters to achieve
inducible protein degradation. Chimeric F box approaches have been used to degrade
other proteins such as c-Myc, Cyclin A and Cdk2 (Chen et al, 2004; Cohen et al,
2004). Using chimeric F box proteins in conjunction with in utero gene transfer
techniques, it was demonstrated that c-Myc is required for cell expansion and
complexity in late gestational lung and intestinal development in mice (Cohen et al,
2004). This study used a unique way of effectively generating a loss-of-function
phenotype in a whole organism, overcoming the early embryonic lethality associated
with loss of c-Myc.

4.1.3.2 Conditional proteolysis by engineered bi-functional peptide-small-molecule
adapters

In this approach, the substrate to be degraded is recruited to the SCF complex via a
synthetic chimeric compound called a Protein-targeting chimeric molecule (Protac). A
Protac is composed of a binding peptide for an F box protein and a small chemically
synthesised molecule that binds a specific substrate (Figure 4.2C). The first Protac
developed, Protac-1, contained a phosphopeptide derived from I K B Q that binds to (3TrCPl and the small molecule ligand ovalacin, which binds methionine
aminopeptidase-2 (MetAP-2) (Sakamoto et al, 2001). In cell free systems Protac-1 has
been shown to accelerate ubiquitination and degradation of MetAP-2. Other specific
Protacs have been designed to degrade the estrogen receptor and the androgen receptor
(Sakamoto et al, 2003). In vivo studies using Protacs currently rely on microinjection or
covalent attachment of a poly-D-arginine peptide to render them membrane-permeable
(Sakamoto et al, 2003; Schneekloth et al, 2004). Development of improved cellpermeable protacs could provide a powerful and versatile means of controlling targeted
proteolysis either temporally or in a dose dependent manner.
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4.1.4 Requirement for an inducible protein degradation technique for use in a
whole organism
Although these techniques have successfully demonstrated inducible protein
degradation in tissue culture, adaptation at the level of a whole organism has been
limited. In the case of Protacs, they are difficult to trial in a whole organism due to
issues with permeability, stability, tissue specificity and ease of administration.
Similarly, with chimeric F box proteins, saturated levels of expression of the chimeric F
box protein may adversely affect the stability of the endogenous proteins they regulate.
In addition, in some cases the protein to be targeted may not have a binding partner that
can be used to create a chimeric F box fusion. Therefore, there is tremendous potential
for this type of approach to be developed further such that it can be applicable at the
organism level to dissect the role of particular genes during specific developmental
processes.
4.1.4.1 Requirement for an inducible protein degradation technique in Drosophila
The need for the development of an inducible protein degradation technique in
Drosophila early development will be illustrated using the Rho family GTPase
pathways as an example. Analysis of the role of these pathways is complicated by the
fact that maternal components mask potential early embryonic phenotypes. For
example, RhoA mutant embryos only show defects in late embryonic events (Magie et
al, 1999). Maternal contribution to gene function in Drosophila can, in most cases, be
removed by generating germline clones (Chou and Perrimon, 1992; Harrison and
Perrimon, 1993). However, due to their roles in cell division, this is not feasible for
some of the Rho family GTPase signalling pathways, as these germlines do not
proliferate to produce eggs. In addition, Rho GTPases are likely to have pleiotropic
roles during development, with earlier and widespread functions rendering them near
impossible to analyse. Moreover, tissue-specific expression of RNAi has proven to be
ineffective during Drosophila embryogenesis. Therefore, a technique that enables
conditional protein degradation in Drosophila during embryogenesis would be highly
desirable. Such a technique, when combined with the available powerful genetic and
molecular tools in Drosophila, would be able to address the importance of Rho
GTPases during early Drosophila development. For example, with the use of the
GAL4-UAS binary system, one could degrade the Rho GTPases in a tissue or temporalspecific manner, overcoming the limitations of currently available techniques. The
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following section details approaches undertaken in an attempt to exploit the SCF ligase
machinery in order to develop an inducible protein degradation system in Drosophila.
4.1.5 Outline of the strategy
Foreign sequences have been used to great effect in genetic analysis of development.
For example, the viral protein VP 16 of herpes simplex virus has been used to induce the
transcription of target transgenes that contain the VP 16 response element in mouse
models (Byrne and Ruddle, 1989; Gardner et ai, 1996; Rundle et al., 1998). Other
approaches, such as the TetR-based systems use the transactivation domain of VP 16 and
the Escherichia coli tetracycline repressor (TetR) protein to conditionally induce
transcription of target genes (Gossen and Bujard, 1992). Another more versatile
technique, the CxdloxP system, is widely used to activate or silence gene expression by
deleting DNA fragments that have been flanked by directly repeated loxP sites (Gu et
al, 1994). In this system, the Cre recombinase from bacteriophage PI, enables DNA
recombination between two 34-bp recognition sites to invert or delete DNA fragments
in cis, or to switch DNA fragments in trans. Similar techniques using foreign molecules
have been developed in Drosophila. For example use of the S. cerevisiae transcriptional
activator GAL4 and its binding sequence, upstream activator sequences (UAS), is
widely used to express transgenes containing the UAS element (Brand and Perrimon,
1993). Recently, site-specific integration of DNA into the genome using the integrase of
bacteriophage (jjCBl has been demonstrated in Drosophila (Groth et al, 2004). (j)C31integrase mediates recombination between an engineered "docking" site, containing a
phage attachment {attP) site, in the fly genome, and a bacterial attachment {attE) site in
the injected plasmid. These techniques collectively demonstrate that foreign molecules
can be successfully used to deliver specific functions that are otherwise not feasible. In
this study I am using a known foreign F box-target pair to provide specificity in
Drosophila to mediate targeted protein degradation.
4.1.5.1 Use of Agrobacterium and Arabidopsis proteins

Agrobacterium tumefaciens genetically transforms eukaryotic cells of diverse origins,
including not only their natural plant hosts, but also yeast and human cells (reviewed in
Bundock et al, 1995; Gelvin, 2000; Kunik et al, 2001; Gelvin, 2003). A. tumefaciens
achieves this by exporting its transferred (T) DNA together with several virulence (Vir)
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proteins, a complex known as the T-complex (reviewed in Zupan et al., 2000; Tzfira
and Citovsky, 2002). It is thought that host integration of the T-complex requires the
uncoating of Vir proteins, VirE2 and VirD2 (Tzfira et al, 2004). This is achieved by
another exported Vir protein, VirF. VirF degrades VirE2 and the Arabidopsis thaliana
nuclear protein Vipl in a SCF-dependent mechanism (Tzfira et al, 2004). VirF encodes
an F box protein that binds to the Arabidopsis protein Vipl and presents it to the
SCF'^"'' complex to mediate its direct degradation (Tzfira et al, 2004). VirE2 interacts
with Vipl in the plant nucleus and this interaction results in its indirect degradation via
the SCF^''^ complex (Tzfira et al, 2004). VirF-mediated Vipl-GFP fusion protein
degradation has been demonstrated across kingdoms occurring in plant cells as well as
in yeast cells (Tzfira et al, 2004). Using temperature sensitive SCF components and
proteasome inhibitors, Tzfira et al demonstrated that Vipl degradation occurs via the
SCF ligase complex in a proteasome dependent manner (Tzfira et al, 2004).
The above mentioned study provided two interacting proteins VirF and Vipl, where
VirF mediates the degradation of Vipl in an SCF-dependent mechanism. Critically, this
SCF-dependent degradation was functional across kingdoms from plants to yeast. Given
the relatively small sizes of these proteins, they could potentially serve as tags to recruit
and degrade proteins of interest that are not normally degraded by an SCF-dependent
mechanism. Specifically, I hypothesised that a Vipl tagged protein could be degraded
in a tissue or temporal specific manner by controlled expression of VirF. Therefore, I
asked if expression of VirF could mediate the degradation of Vipl in Drosophila.
4.2 Results.
4.2.1 VirF-mediated degradation of Vip1 in Drosophila wing imaginal discs

To address if VirF could mediate Vipl degradation in Drosophila, C-terminal GFP
tagged Vipl (Vipl-GFP) and C-terminal Myc Tagged VirF (VirF-Myc) constructs were
generated (Figure 4.3 A). The Vipl-GFP coding sequence was placed downstream of the
tubulin {tub) promoter, which drives ubiquitous expression, to generate tub:: Vipl-GFP.
The VirF-Myc coding sequence was placed downstream of the UAS promoter to
generate UAS-VirF-Myc, which enables its expression in a desired tissue by the use of
specific GAL4 drivers. Transgenic fly lines containing these constructs in conjunction
with the engrailed-GAL4 {en-GAL4) were crossed to obtain F1 progeny that combined
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Figure 4.3 - VirF mediated Vipl degradation in Drosophila larval
imaginal discs
(A) Schematic representation of the Vipl-GFP and the VirF-Myc constructs. Full-length
Vipl CDS, comprising residues 1-341, was placed inframe with the CDS of S65T GFP to
generate the Vipl-GFP construct. To generate VirF-Myc, full-length VirF CDS, comprising
residues 1-203, was placed inframe with the CDS of a Myc epitope (black box). VirF FBD
is shown by the red box (residues 21-75) (B-D) Third instar larval discs of the genotype enGAL4/+ ; UAS-VirF-Myc/tub::Vipl-GFP.

(B) GFP antibody staining of a larval disc of the

above genotype showing ubiquitous expression of Vipl-GFP. (C) Myc antibody staining
showing VirF-Myc expression in the posterior compartment. VirF-Myc expression did not
result in a reduction of Vipl-GFP intensity in the posterior compartment (B). (D) Merged
image of B and C. Discs are oriented with anterior to the left and dorsal towards the top of
the page. Scale bar: lOOpim
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all three elements. en-GAL4 mediates expression in the posterior compartments of each
of the embryonic para-segments and continues to be expressed in posterior
compartments of the imaginal discs. Unexpectedly, VirF-Myc expression could not be
detected in a typical en pattern in the epidermis of Drosophila embryos (data not
shown). Furthermore, Vipl-GFP levels were not reduced in the en-GAL4 expressing
posterior para-segments (data not shown). Since en continues to be expressed in the
posterior compartments of developing imaginal discs in larvae, I decided to investigate
Vipl-GFP degradation in larval imaginal discs. Presumably, the increased expression
time enabled detection of VirF-Myc in the posterior compartment of the wing imaginal
discs (Figure 4.3C). As expected, the tub promoter expresses Vipl-GFP uniformly
throughout the disc (Figure 4.3B). If expression of VirF-Myc induces degradation of
Vipl-GFP, the posterior compartment is expected to show decreased GFP fluorescence.
However, there was no marked depletion of the Vipl-GFP signal evident in the
posterior compartment that expresses VirF-Myc (Figure 4.3B [n=4]). Since VirF-Myc is
not expressed in the anterior compartment of the imaginal disc (Figure 4.3C), this
compartment serves as an ideal internal control for the levels of Vipl-GFP in the
absence of the putative inducer of degradation.
4.2.1.1 VirP is unable to bind to Drosophila SkpA

One possible reason for the lack of Vipl-GFP degradation was that VirF was unable to
recognise the Drosophila Skpl component, SkpA. To test this possibility, a fellow PhD
student, Jianbin Wang, conducted a yeast-two hybrid assay. Jianbin Wang conducted all
the yeast-two hybrid assays described in this thesis. Unfortunately, the yeast-two hybrid
assay confirmed the inability of VirF to recognise Drosophila SkpA (Figure 4.4B). This
resuh explains the inability of VirF to degrade Vipl-GFP in Drosophila.
4.2.2 Substitution o^ Drosophila SImb F box domain with VirF
All F box proteins share a conserved FDD, which mediates the interaction with the Skpl
component of the SCF ligase complex. Therefore, I hypothesised that replacement of
the Agrobacterium VirF FBD, with a known Drosophila FED may compensate for the
inability of VirF to recognise Drosophila SkpA. To test this, a chimeric F box protein,
VirF(Slmb)-Myc, was generated. In this construct, the Agrobacterium FBD was
replaced by the FBD of Drosophila Slmb (Figure 4.5A). Unfortunately, this construct
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also failed to interact with SkpA in a yeast-two hybrid assay (Figure 4.4D). It is likely
that the lack of interaction is due to the unstable nature of this chimeric protein, since
VirF(Slmb)-Myc protein is barely detectable by immunofluorescence and western blot
analysis when expressed in Drosophila S2 cells (Figure 4.5B-E). The highly unstable
nature of VirF(Slmb)-Myc may be a consequence of incorrect folding. For this reason,
this construct was not tested in vivo in the larval wing imaginal disc assay.

4.2.3 Fusion of SImb N-terminal domain with VirF
Slmb encodes an F box protein that contains an FBD and a WD-40 protein-protein
interaction domain (Figure 4.6A). By fusing the entire N-terminal region of Slmb,
which contains the FBD, to VirF-Myc the UAS-Slmb-Fb-VirF-Myc construct was
generated (Figure 4.6A). This construct contains an intact F box capable of binding to
SkpA and has the potential to recruit Slmb-Fb-VirF-Myc to the SCF complex. Indeed,
the yeast-two hybrid assays confirmed its ability to bind both SkpA (Figure 4.4E) and
Vipl-GFP (Figure 4.4F). However, expression of this construct by the en-GAL4 driver
was still unable to mediate significant degradation of Vipl-GFP in the posterior
compartment of larval wing imaginal discs (Figure 4.6B [n=5]).

4.2.4 BRCA1 and BARD1 mediated recruitment to the SCF complex
Mere recruitment to the SCF complex is thought to be sufficient for a protein to be
poly-ubiquitinated leading to its subsequent degradation (Zhou et al, 2000). However,
the above data suggests that this may not always be the case. Slmb-Fb-VirF-Myc was
demonstrated to bind both Vipl-GFP and SkpA, at least in a yeast-two-hybrid assays
(Figure 4.4E,F). Yet, it remains a puzzle why Vipl-GFP was not degraded. One
possible explanation is that some unknown underlying feature of VirF and Vip 1 may be
promoting Vipl degradation in plant and yeast cells. For example, specific
phosphorylation of Vipl may render it susceptible for accepting ubiquitin molecules.
Therefore, in the next approach the domains of a well-known pair of interacting proteins
with a high affinity for each other were used in the place of VirF and Vipl. This
candidate pair comprised the RING domains of Breast Cancer Associated gene 1
(BRCAl) and the BRCA 1-associated RING domain 1 (BARDl) protein (Figure 4.7A).
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Figure 4.4 - Yeast-two-hybrid assays of the SCF components tested in
this study
Overnight cultures of L40 cells were diluted to an
the serial dilutions 10

ODA6OO

of 0.5. Aliquots of undiluted and

10 ^ and 10 ^ were spotted on to plates lacking tryptophan, leucine

and histidine deficient media (-Trp, -Leu and -His) with lOmM of 3-amino-l ,2,4-triazole
(A-G) or onto tryptophan and leucine deficient media (-Trp and -Leu) (A'-G'). (A) pNLXVipl-GFP + VP16-VirF-Myc. (B) pNLX-VirF-Myc + VP16-SkpA. (C) pNLX-Full-length
Slmb + VP16-SkpA. (D) pNLX-VirF(Slmb)-Myc + VP16-SkpA. (E) pNLX-Slmb-FbVirF-Myc -i- VP16-SkpA. (F) pNLX-Slmb-Fb-VirF-Myc + VP16-Vipl-GFP. (G) NLXBRCAl-GFP + VP16-Slmb-Fb-BARDl-Myc. (H) pNLX-Slmb-Fb-BARD-Myc -i- VP16SkpA.
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Figure 4.5 - Substitution of the VirF FBD with the FBD of SImb results
in an unstable protein
(A) Schematics showing the domain structure of Slmb, VirF-Myc and VirF(Slmb)-Myc.
The F box protein Slmb, contains an FBD spanning residues 97-136 (red box with asterisk)
and a C-terminal WD40 domain. To generate VirF(Slmb)-Myc, 42 residues of the VirF
FBD (spanning residues 12-54) were replaced by a 42 residue fragment spanning 97-139 of
Slmb containing its FBD (red box with asterisk). (B-D) S2 cells containing empty pAW
vector, pAW-VirF(SImb)-Myc and pAW-VirF-Myc respectively were stained for Myc
(red) and DNA (blue). The listed constructs are under the control of the actin promoter. (B)
Empty pAW vector showing background levels of fluorescence (C) VirF(Slmb)-Myc
expression is not detected in transfected cells above the background fluorescence (compare
with B and D). Picture shows a single cell in a field of cells. (D) An S2 cell expressing the
VirF-Myc construct. Note the two non-transfected cells showing background level
fluorescence (asterisks). (E) Western blot of S2 cell extracts of the same transfection
experiment in C and D showing expression of VirF-Myc (lane 1) and VirF(Slmb)-Myc
(lane 2). Western blot probed with Myc antibody. Note that the level of VirF(Slmb)-Myc
expression is significantly low compared to that of VirF-Myc (arrow in Top panel). The
bottom panel shows the tubulin loading control.
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Figure 4.6 - SImb-Fb-VirF-Myc mediated Vipl-GFP degradation in
Drosophila larval imaginal discs
(A) Schematic representation of the Slmb, VirF-Myc and Slmb-Fb-VirF-Myc. To generate
the Slnnb-Fl)-VirF-Myc, residues 1-210 of Slmb were placed upstream of the VirF-Myc
sequence. (B-D) Third instar larval disc of the genotype en-GAL4/+ ;
Myc/tub::Vipl-GFP.

UAS-Slmb-Fb-VirF-

(B) GFP antibody staining of a larval disc of the above genotype

showing ubiquitous expression of Vipl-GFP. (C) Myc antibody staining showing Slmb-FbVirF-Myc expression in the posterior compartment. Slmb-Fb-VirF-Myc expression did not
result in the reduction of Vipl-GFP intensity in the posterior compartment (B). (D) Merged
image of B and C. Discs oriented anterior to the left and dorsal towards the top of the page.
Scale bar: lOOpim
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Figure 4.7 - Slmb-Fb-BARD1-Myc mediated BRCA1-GFP degradation in
Drosophila larval imaginal discs
(A) The crystal structure of the B R C A l and B A R D l R I N G heterodimer (Brzovic

etal.,

2001) were obtained from the N C B I structure database (Chen et al, 2003) and viewed
using Cn3D (Hogue, 1997). (B) Schematic representation of the B R C A l - G F P and SlmbFb-BARD-Myc constructs. To generate the B R C A l - G F P construct, a 110 amino acid
region spanning the B R C A l R I N G domain was placed upstream of the C D S of GFP. To
generate the Slmb-Fb-BARDl-Myc, residues 1-210 of Slmb were placed upstream of the
B A R D l R I N G sequence. (C-E) Third instar larval disc of the genotype en-GAL4/ + ;
UAS-Slmb-Fb-BARDl-Mycltub::BRCAl-GFP.

(C) G F P antibody staining of a larval disc

of the above genotype showing ubiquitous expression of B R C A l - G F P . (D) Myc antibody
staining showing Slmb-Fb-BARD-Myc expression in the posterior compartment. Slmb-FbB A R D I - M y c expression did not result in the reduction of B R C A l - G F P intensity in the
posterior compartment (C). (E) Merged image of C and D . Discs oriented anterior to the
left and dorsal towards the top of the page. Scale bar: lOOjxm
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4.2.4.1 BRCA1-GFP degradation bv SImb-Fb-BARD-Myc

The BRCAl and BARDl RING domains form a heterodimer representing the first
reported RING-RING heterodimeric complex (Figure 4.7A) (Brzovic et al, 2001). The
RING domains of BRCAl and BARDl proteins are 103 and 96 amino acids
respectively. Sequence BLAST analysis showed that the Drosophila genome does not
contain orthologs that closely resemble BRCAl and BARDl. Therefore, it was unlikely
that expression of either of these components in Drosophila would have any detrimental
effects on endogenous protein interactions. Therefore, I used the BRCAl and BARDl
RING domains in conjunction with the Slmb FBD in a further attempt to mediate
recruitment of molecules to the SCF ligase complex.
As for the previously described constructs, tub::BRCAl-GFP and UAS-Slmb-Fb-BARDMyc constructs were made (Figure 4.7B). Unfortunately, expression of the UAS-SlmbFb-BARDl-Myc was unable to down regulate the levels of BRCAl-GFP in the wing
imaginal disc assay (Figure 4.7C [n=9]). This was not due to the inability of the proteins
to interact as yeast-two hybrid results demonstrated that these fusion proteins were
capable of binding to each other and the SkpA component of the SCF ligase complex
(Figure 4.4G,H).
4.2.5 Tum-BRCA1 degradation by SImb-Fb-BARD-FLAG

Recently, the crystal structures of several SCF ligase complexes have been resolved
(Schulman et al., 2000; Zheng et al, 2002; Wu et al, 2003; Hao et al, 2007). An
underlying feature that emerges from these 3D structures is the potential requirement of
an optimal 3D spatial arrangement of the substrate for its successful ubiquitination. In
the SCF complex, Cul-1 serves as a rigid scaffold, which holds the Skpl-F box complex
and the Rbxl subunit approximately 100 A apart (Zheng et al, 2002). As a
consequence, this may limit potential substrate molecules that are capable of occupying
the 3D space. Therefore, it is possible that our target proteins were failing to achieve an
optimal 3D arrangement in the SCF complex. For example, being a relatively small
protein of 42 A in length and 24 A in diameter, the GFP molecule would fail to span the
length of the SCF ligase complex and may not come into close proximity with the E2
conjugating enzyme (Ormo et al, 1996; Zheng et al, 2002). However, it is possible that
a larger protein may occupy the space more readily and therefore have a higher
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probability of being ubiquitinated and degraded. A potential candidate for such a large
protein is Tumbleweed (Turn), which is a 625 amino acid protein that has been
extensively studied in our laboratory. Thus, a chimeric protein comprising Turn fused to
BRCA-Myc and driven by the tub promoter was constructed to generate tubv.TumBRCA-Myc (Figure 4.8A). However, this too was not degraded by the expression of the
Slmb-Fb-BARD-FLAG construct in the wing imaginal disc assay (Figure 4.8B [n=7]).

4.3 Discussion

This chapter has described several attempts to exploit the ubiquitin-proteasome
machinery to develop a new loss-of-function technique in Drosophila. Although the
Agrobacterium protein VirF had been reported to mediate degradation of the
Arabidopsis Vipl protein in a heterologous yeast system (Tzfira et al, 2004), I found
that VirF was unable to mediate Vipl-GFP degradation in Drosophila. Yeast-two
hybrid experiments suggested that the failure resulted from an inability of the FBD of
VirF to bind to Drosophila SkpA. However, introduction of a Drosophila FBD of Slmb
to VirF capable of binding to SkpA also proved to be unsuccessful in inducing
degradation. In addition, an attempt to induce degradation by recruiting a fusion protein
to the SCF complex using the BRCAl and BARDl interacting domains was not
successful. Furthermore, use of a larger molecule, Tum-BRCA-Myc, as substrate
yielded no degradation in a Drosophila imaginal disc assay. Unfortunately, all of the
approaches described above failed to show significant targeted degradation in
Drosophila. This could be due to several factors that normally regulate SCF-dependent
protein degradation. These include compatibility of foreign molecules with the
endogenous SCF components, lack of required post-translational modifications and 3D
optimal arrangements of the substrate in the SCF ligase complex. The following
sections further discuss each of these possible scenarios.
4.3.1 VirF is unable to bind SkpA

Although, VirF-mediated Vipl-GFP degradation has been demonstrated to be effective
in both yeast and plant systems, in Drosophila VirF fails to degrade Vipl-GFP. VirF is
able to bind to ASKl and Skpl of A. thaliana and S. cerevisiae respectively (Tzfira et
al, 2004), yet the present study shows that it fails to bind Drosophila SkpA. The
residues contributing to F box and Skpl interaction are located in two interfaces, called
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Figure 4.8 - Slmb-Fb-BARD1-FLAG mediated Tum-BRCA1-Myc
degradation in Drosophila larval imaginal discs
(A) Schematic representation of the rM^. ;Tum-BRCA-Myc construct, where the Turn CDS
(residues 1-625) was placed in frame with the BRCAl RING domain CDS (pink box) and 5
Myc epitopes (black boxes). B-D) Third instar larval disc of the genotype
Slmb-Fb-BARDl-FLAG

; tub::Tum-BRCA]-Myc/+.

en-GALA/UAS-

(B) Myc antibody staining of a larval

disc of the above genotype showing ubiquitous expression of Tum-BRCAl-Myc. (C)
FLAG antibody staining showing Slmb-Fb-BARDl-Flag expression in the posterior
compartment. SImb-Fb-BARDl-FLAG expression did not result in the reduction of TumBRCAl-Myc intensity in the posterior compartment (B). (D) Merged image of B and C.
Discs oriented anterior to the left and dorsal towards the top of the page. Scale bar: lOOfxm
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the core and variable interface respectively (Schulman et al, 2000). The Skpl
contribution to the core interface comprises the helices H5, H6 and H7 while the H8
helix constitutes the variable interface (Schulman et al, 2000). Several key residues
from the above mentioned helices contribute to the interaction with the F box protein
(Figure 4.9A). Sequence comparison of Skpl components from yeast, human, plant and
Drosophila show that Drosophila SkpA contains all the critical conserved residues for F
box interaction (Figure 4.9A). Therefore, Drosophila SkpA should be able to facilitate
the binding of VirF. However, analysis of the FBD of VirF shows the absence of some
residues that are important to mediate Skpl binding (Figure 4.9B). In the FBD, the LI
loop and the helices HI and H2 contribute to the core interface of Skpl-FBD interaction
while the H3 helix and the sequences from the LRR protein-protein interaction domain
contribute to the variable interface (Schulman et al, 2000). The FBD shows a low
degree of sequence conservation over the LI loop, HI, H2 and H3 helix region (Figure
4.9B). However, the residues that initiate the FBD (Pro 113 of Skp2) and the residues
that facilitate packing of the FBD (Leu 124 and Trp 139 of Skp2), which are hallmarks
of F box proteins are conserved (Figure 4.9B). Unexpectedly, the residue Trp 149 of
Skp2 which lies within the variable interface is not conserved in VirF (Figure 4.9B).
Trp 149 is required for the Skp2 groove to pack with the residues from the F-box
(Schulman et al, 2000). This may provide a possible explanation for the observed lack
of interaction between VirF and SkpA. However, this is unlikely, as VirF has been
shown to interact with A. thaliana and S. cerevisiae SkpA orthologs. Therefore, it is
unclear why VirF is unable to bind to SkpA. Irrespective of its molecular basis, the
failure to detect an interaction between VirF and Drosophila SkpA in a yeast 2-hybrid
assay is the probable reason for the lack of VirF-mediated degradation of Vipl-GFP in
Drosophila.
4.3.2 Recruitment to the SCF complex may not be sufficient for degradation
The published data to date strongly suggest that recruitment to the SCF ligase complex
is sufficient for substrate degradation (Zhou et al, 2000; Cong et al, 2003; Su et al,
2003; Zhang et al, 2003; Cohen et al, 2004; Liu et al, 2004). Using yeast-two hybrid
assays, the present study has shown that all the F box-containing components except for
VirF and VirF(Slmb) are capable of binding to the Drosophila SkpA (Figure
4.4B,D,E,H). Assuming that such interactions are conserved in vivo, the components
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developed here should be capable of recruiting the target substrate to the SCF ligase
complex.

The present study used the entire N-terminal region of Slmb, which contains the FBD,
without the substrate recognition motif that functions to recruit the normal target
proteins to the SCF ligase complex. As a result it can be argued that perhaps the fulllength form of the F box protein is required for successful target degradation. However,
similar chimeric F-box domain proteins have been shown to induce degradation in
target proteins (Su et al, 2003; Liu et al, 2004). Interestingly, a range of F box protein
constructs were used to degrade target proteins such as Rb, (3-catenin, c-Myc, Cyclin A
and Cdk2 in these published experiments. For example, some used full-length forms of
F box proteins to generate chimeric F box proteins (Zhou et al, 2000). Others used fulllength forms that contained mutations that preserve structure yet abolish interactions
with the endogenous proteins that they normally regulate (Zhang et al, 2003). It was
also demonstrated that protein-protein interaction domains such as the WD-40 repeats
of P-TrCP were dispensable for its function in recruiting substrate to the SCF complex
(Su et al, 2003; Liu et al, 2004). Therefore, the use of the F box domain may not be the
sole reason for the lack of degradation observed for Slmb-Fb-VirF-Myc, Slmb-FbBARD-Myc and Slmb-Fb-BARD-FLAG constructs. However, the impact of modifying
SCF component proteins on the 3D spatial and stereochemical arrangement of the
substrate within the SCF ligase complex may be an important factor. 3D spatial
requirements are discussed further in section 4.3.4 below.

4.3.3 Substrate modification may be required for its degradation
Under physiological conditions, specific modifications are necessary for successful
degradation of a substrate. For example the phosphorylation status of Sicl,

IKBU,

cyclin

E, (3-catenin, Emil, cdc25A and Weel have been shown to regulate interaction with PTrCPl (reviewed in Clurman et al, 1996; Verma et al, 1997a; Welcker et al, 2003;
Ang and Wade Harper, 2005). Interestingly, in human cells cyclin E degradation
requires the sequential function of Cdc4a and Cdc4Y F box isoforms to incorporate a
prolyl cis/trans isomerization (van Drogen et al, 2006). In this cooperative event, Pinlcyclin E/Cdk2 complexes require complex formation with SCF*'^'*'^" in order to
isomerise the trans bond between the proline residues 381 and 382. This, in turn, places
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Figure 4.9 - Sequence conservation of SkpA and FBD of F box proteins
(A) Sequence alignment showing SkpA conservation. The helices H5, H6 and H7 of Skpl
interact with the L I , HI and H2 helices of Skp2, which constitute the core interface
(magenta boxes). The variable interface is composed of helix H8 of Skpl and the H3 helix
and the C-terminal LRR domain of Skp2 (blue and brown boxes). Arrowheads point to
critical residues of Skpl that mediate contact with Skp2. The residues marked with
asterisks are important for core interface structure (Gly 129, Arg 136 and He 141 of Skpl).
(B) Sequence alignment of the FBDs of Skp2, Slmb and VirF. The domains L I , HI and H2
contribute to the core interface (magenta boxes) while the H3 helix (blue box) and the first
helix of LRR domain (brown box) contributes to the variable interface. Arrowheads point
to conserved residues that are characteristics of FBD. These include Pro 113, Leu 124 and
Trp 139 of Skp2. However, another residue that is critical for F-box architecture, Trp 149,
is not conserved in VirF (asterisk). (Hs; Homo sapiens, Sc; S cerevisiae, Sp; Spombe,
Arabidopsis thaliana, Dm; Drosophila melanogaster, A tu; A

tumefaciens)
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the C terminus of cyclin E in a conformation productive for polyubiquitination by
g^phcdc4Y
Drogen et al, 2006). In the absence of prolyl cis/trans isomerization
cyclin E is not polyubiquitinated in human cells. Other less well-characterised posttranslational modifications such as core oligosaccharides that have a high mannose
content and hydroxyproline epitope modifications are recognised by the SCF^®^'^®^'
and CUL2-elongin-BC-VHL complexes in humans (Ivan et al, 2001; Jaakkola et al,
2001; Yoshida et al, 2002). Similarly, one could envisage that other post-translational
modifications may be utilised by cellular proteins to allow recognition by a specific F
box protein for their degradation. These modifications appear to represent mechanisms
to conditionally recruit proteins to the SCF complex in order to mediate their
degradation in vivo. But how this may affect the fate of a protein that is already
recruited to the SCF complex is unclear. Regardless, the consequences of such posttranslational modifications are twofold. First, such modifications mediate timely
association of the substrate with the F box proteins, which serves as an important
regulatory mechanism of protein degradation. Secondly, such modifications may render
a conformational change or local unfolding of the protein, which exposes potential
lysine residues that are capable of accepting ubiquitin molecules. In the case of ViplGFP, in yeast and plant systems, specific modifications of Vipl may induce such
changes to the protein where it exposes its lysine residues for accepting ubiquitin
molecules. Although, there is no evidence to date to suggest the existence of
modifications of Vipl needed for its degradation, lack of such potential posttranslational modifications in Drosophila may explain the inability of Slmb-Fb-VirFMyc to degrade Vipl-GFP.
4.3.4 Optimal 3D spatial arrangement may be necessary for successful
ubiquitination of substrate
Structural and mutational data strongly suggest that SCF ligase complexes facilitate
ubiquitin transfer by positioning the substrate protein in an optimal manner (Schulman
et al, 2000; Zheng et al, 2002; Wu et al, 2003). By correctly positioning the substrate,
the lysine side chains to be ubiquitinated are presented in the immediate vicinity of the
E2 ubiquitin conjugating enzymes active site. All of the SCF complex components are
thought to co-operate in order to achieve such an optimal positioning of the substrate
(Schulman et al, 2000; Zheng et al, 2002). In the SCF complex, Cul-1 serves as a rigid
scaffolding molecule that separates the Skpl-F box^''''^ and the Rbxl components ~ 100
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A apart from each other (Zheng et al, 2002). Although the main function of the F box
proteins are to recruit the substrate to the SCF complex, it is highly likely that the rigid
coupling between the Skp2 substrate-binding domain and Skpl suggests that F box
proteins may also contribute to the optimal positioning of the substrate (Schulman et al,
2000). For example, superimposed structures of SCF^''^^ and the Skpl-|3-TrCP-pcatenin complexes suggest that the top surface of the WD40 domains, the (3-propeller,
faces the E2 binding site of Rbxl (Wu et al, 2003). In the Skpl-P-TrCP-|3-catenin
complex, P-catenin peptide binds the top surface of the p-propeller (Wu et al, 2003).
According to the superimposed structure both N and C termini of the ^-catenin peptide
point towards Rbxl (Wu et al, 2003). One prediction of the positioning model is that
the location of the ubiquitinated lysine is relative to the motif that is recognised by the
substrate-binding domain of the F box protein. Indeed, p27'^'''' and IKBQ are both
ubiquitinated at specific lysine side chains close to their F box protein binding sites,
supporting this model (Shirane et al, 1999; Spencer et al, 1999). Therefore, selection
of lysine residues for ubiquitination may be determined by the spatial and
stereochemical constrains imposed by the tight coupling of the SCF complex. However,
large substrates or substrates with considerable flexibility may adopt a configuration
within the SCF complex that potentially exposes multiple lysine residues to the E2
active site.

The proteins tested in this study may not have achieved the optimal 3D spatial
requirements for ubiquitination. In the absence of structural data for most components,
it is impossible to visualise how these proteins may reside within the SCF complex.
However, it can be speculated that perhaps due to the rigidity or the flexibility of the
fusion proteins and the nature of the protein-protein interactions, the substrate molecule
may not accommodate the whole space in the SCF complex and may be located away
from the E2 ubiquitin conjugating enzyme. Such a scenario would not result in
successful ubiquitination of the substrate protein. It can also be speculated that even if
the substrate occupies the space within the SCF complex, the substrate may not span the
100 A gap to reach the E2 ubiqmtin conjugating enzyme or E2 ubiquitin conjugating
enzyme may not have access to lysine residues that can accept ubiquitin molecules. This
would also result in no ubiquitination of the substrate. Therefore, this type of 3D spatial
restriction provides another possible explanation for the lack of degradation observed in
the degradation assays in larval wing discs.
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Interestingly, the B R C A l - B A R D l RING heterodimer can function as an active E3
ubiquitin protein ligase (Brzovic et al, 2001). The individual RING domains show
minimal E3 ubiquitin protein ligase activity in vitro compared to the activity of the
heterodimer (reviewed in Irminger-Finger and Jefford, 2006). Therefore, it was feasible
that even without the aid of the SCF complex, these proteins may be able to ubiquitinate
the fused target proteins (reviewed in Baer and Ludwig, 2002; Irminger-Finger and
Jefford, 2006). However, the lack of degradation showed that this inherent activity did
not occur in

Drosophila.

4.4 Conclusion
This chapter describes several attempts to exploit the SCF ubiquitin protein ligase
machinery to develop a new loss-of-function technique in Drosophila.

Unfortunately,

all of the approaches failed to deliver a detectable level of targeted protein degradation.
The most likely reasons for this failure are the inability of foreign components to
recognise endogenous components of the SCF ligase machinery, the absence of posttranslational modifications necessary for exposing lysine residues that can act as
ubiquitin acceptors and the failure to achieve an optimal 3D spatial arrangement of the
target proteins in the SCF ligase complex. One way of optimising the 3D arrangement
would be to use flexible linkers, which would enable the substrate to float freely in the
SCF complex, and variable length proline helix linkers that would effectively 'rotate'
the molecule a few degrees at a time with respect to the ubiquitin ligase in the SCF
complex. Finally, different F box proteins could be used. F box proteins have evolved to
target specific molecules/types of molecules. For example, some F box proteins may
suit degradation of larger substrates while others may facilitate degradation of smaller
substrates. The fact that this approach would almost certainly require 'tailoring' the
system to each potential substrate led me to abandon this approach in favour of another
approach that had the advantage of not having such potential conformational
constraints. The alternative technique was based on N-end rule mediated degradation
and is detailed in the next chapter.
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Chapter Five: Use of N-end rule mediated degradation
to induce protein degradation
5.1 Introduction
The ubiquitin-proteasome pathway plays a key role in targeted protein turnover in cells.
In this pathway, substrate polyubiquitination is achieved by the action of a series of
enzymes, the El ubiquitin-activating enzyme, the E2 ubiquitin-conjugating enzyme and
the E3 ubiquitin-protein ligase enzyme. This group of enzymes regulates the abundance
of most cellular proteins, whose concentration may vary with changes in the state of the
cell, and degrades aberrantly synthesised or damaged proteins. One sub class of E3
ubiquitin-protein ligases, the SCF ligase complex, regulates degradation of a specific set
of target proteins via F box protein dependent recruitment of the substrates to this
complex. However, the approaches described in the previous chapter using foreign
protein-protein interacting components, VirF - Vipl and BRCAl - BARDl, to recruit
target proteins to the SCF ligase machinery failed to confer instability to the test
proteins. This was most likely due to the lack of an optimal 3D spatial configuration
within the SCF ligase complex.

Another pathway that leads to degradation of cellular protein substrates is dependent on
the recognition of their N-terminal residues. This N-terminal residue recognition
pathway for protein turnover is called N-end rule mediated degradation (NERD), where
the N-terminal residue dictates the metabolic stability of a protein. In this chapter I will
describe the development of a new technique I have called inducible N-end rule
mediated degradation (iNERD), which enables degradation of proteins in a tissue and
temporal specific manner in Drosophila

5.1.1 N-end rule mediated

melanogaster.

degradation

N-end rule-mediated degradation was first encountered in experiments that explored the
metabolic fate of a linear fusion between ubiquitin and the reporter protein pgalactosidase of E. coli expressed in 5. cerevisiae (Bachmair et al, 1986). In these
experiments, when an engineered Ub-(3-galactosidase linear fusion was expressed, it
was efficiently deubiquitinated by ubiquitin specific processing proteases (Bachmair et
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al, 1986). Deubiquitination of Ub-(X)-P-galactosidase occurred co-translationally or
nearly so, irrespective of the identity of the residue X at the Ub-P-galactosidase
junction, proline being the only exception where it is resistant to deubiquitination. This
yielded an in vivo method for generating any residue at the N-termini of otherwise
identical test proteins, bypassing the normal restriction on the range of N-terminal
residues (see below). Interestingly, depending on the identity of the N-terminal residue,
the stability of the X-(3-galactosidase varied from being a metabolically stable or an
unstable protein. This N-terminal amino acid-determined level of protein stability was
termed the N-end rule and is conserved in organisms including E. coli, S. cerevisiae and
mammalian cells (Table 5.1 and Figure 5.1) (reviewed in Varshavsky, 1996).

5.1.1.1 N-degron

Characteristics of proteins that confer metabolic instability are called degradation
signals, or degrons. Degrons can be particular amino acid sequences, specific protein
conformations or chemically modified protein structures. Degrons that confer instability
in an N-end rule dependent manner are called N-degrons. In eukaryotic cells,
characterised N-degrons are composed of two determinants, a destabilising N-terminal
residue and internal lysine residue(s) of the substrate (Bachmair and Varshavsky, 1989).
The Lys residues act as the site of ubiquitin attachment, which is subsequently
polyubiquitinated. The resultant polyubiquitinated substrates are recognised and
degraded by the 26S proteasome.

5.1.1.2 Destabilising residues

Linear ubiquitin fusions, such as Ub-(X)-(3-galactosidase, have been widely used to
generate proteins with desired N-terminal residues (Bachmair et al, 1986; Bachmair
and Varshavsky, 1989; Johnsson and Varshavsky, 1994). This technique circumvents
the normally limited range of N-terminal residues, which include the initiation
methionine residue and, in approximately 60% of proteins, a restricted range of residues
that become N-terminal after post-translational removal of the initiation methionine by
methionine aminopeptidases (reviewed in Giglione et al., 2004). However, removal of
the initiator methionine only occurs if the adjacent amino acid is a stabilising residue
(Sherman et al, 1985; Arfm and Bradshaw, 1988; Hirel et al, 1989). In 5'. cerevisiae,
the residues Met, Pro, Val, Gly, Thr, Ser, Ala and Cys act as stabilising residues,
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whereas the residues Phe, Leu, Trp, Tyr, Arg, Lys, His, He, Asn, Gin, Asp and Glu
function as destabiHsing residues (Figure 5.1) (Bachmair et ai, 1986). Consistent with
this, all long-lived proteins in both bacteria and eukaryotes do not contain destabilising
residues at their N-terminus (Bachmair et al, 1986).

Destabilising residues can be categorised into three classes, primary, secondary and
tertiary destabilising residues. Primary destabilising residues can be further classified as
type I, which correspond to the basic residues Arg, Lys and His, and type II, which
correspond to the set of bulky hydrophobic residues Phe, Leu, Trp, Tyr and He
(Varshavsky, 1992). The primary destabilising residues are recognised by a protein
called N-recognin, which constitutes a special E3 ubiquitin-protein ligase class (Figure
5.2) (Bartel et al, 1990). N-recognin binds primary destabilising N-terminal residues
and facilitates ubiquitination of substrates, thus tagging them for recognition and
destruction by the proteasome (Bartel et al, 1990). The tertiary destabilising residues
function through their conversion into secondary destabilising residues, where the
tertiary destabilising residues, Asn and Gin, are converted to Asp and Glu, respectively
by specific deamidases (Figure 5.2) (Gonda et al, 1989). The secondary destabilising
residues are conjugated to the primary destabilising residue arginine by arginine tRNAprotein transferases (Figure 5.2) (Bachmair et al, 1986; Ferber and Ciechanover, 1987).
This cascade of enzymatic activities, therefore, leads to the conversion of tertiary
destabilising residues to secondary destabilising residues, which in turn leads to the
recruitment of a primary destabilising residue to its N-terminus. Once a primary
destabilising residue has been recruited to the N-terminus, such a protein can now be
recognised by N-recognin, which mediates substrate degradation (Figure 5.2).

5.1.1.3 N-recognin

N-end rule mediated degradation mechanisms are well characterised in S. cerevisiae,
where genetic analysis of N-end rule-mediated degradation has led to the discovery of
pathway components including deamidases (DEAl) (Varshavsky, 1992), arginine
tRNA-protein transferases (ATEl) (Balzi et al, 1990) and N-recognin (UBRl) (Bartel
et al, 1990). N-recognin is an E3 ubiquitin-protein ligase that selects potential N-end
rule substrates by binding to their primary destabilising residues (Figure 5.2) (Bartel et
al, 1990). N-recognin contains two distinct substrate-binding sites; a type I site, which
mediates binding to basic N-terminal residues such as Arg, Lys and His, and a type II
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Table 5.1 - The N-end rule In E. co//and S. cerevisiae
Approximate in vivo half-lives of proteins with different N-terminal amino acids, created
by the synthesis of X-(3-galactosidase ((3gal) proteins and co-translational cleavage by
deubiquitinases (see the text). The half-lives of proteins were measured at 36°C in E. coli
and 30°C in S. cerevisiae. The question mark at Pro indicates its uncertainty in the N-end
rule. Table adapted from (Varshavsky, 1996). The amino acids are identified by the three
letter code.

Residue X

in vivo half-life of X-jBgal (mins)

in X-Pgal

In E. coli

In S. cerevisiae

Arg

2

2

Lys

2

3

Phe

2

3

Leu

2

3

Trp

2

3

Tyr

2

10

His

>600

3

He

>600

30

Asp

>600

3

Glu

>600

30

Asn

>600

3

Gin

>600

10

Cys

>600

>1200

Ala

>600

>1200

Ser

>600

>1200

Thr

>600

>1200

Gly

>600

>1200

Val

>600

>1200

Pro

7

7

Met

>600

>1200

Figure 5.1 - Comparison of eukaryotic and bacterial N-end rules
The behaviour of N-terminal amino acids attached to Ub-X-(3-galactosidase when
expressed in E. coli, S. cerevisiae, rabbit reticulocyte lysates and mouse L-cells. The amino
acids are identified by the single letter code. Open circles represent stabilising residues.
Magenta, red and yellow circles represent type I, type II and type III primary destabilising
residues respectively. Blue triangles represent secondary destabilising residues. Green
crosses represent tertiary destabilising residues. A question mark next to Pro indicates its
uncertain status. A question mark above Ser indicates its uncertain status in the rat
reticulocyte N-end rule. Figure adapted from (Varshavsky, 1996).
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Figure 5.2 - The N-end rule pathway in S. cerevisiae
Destabilizing amino acids form three groups; primary, secondary and tertiary destabilizing
residues. The amino acids are identified by the single letter code. The oval represents the
rest of the protein of an N-end rule substrate. The tertiary destabilising residues N and Q
are converted into the secondary destabilising residues D and E by specific deamidases.
Next, the conjugation of the primary destabilising residue to the N-terminus of the substrate
is catalysed by the arginine tRNA-protein transferases. The N-recognin encoded by the
U B R l binds type I or type II primary destabilising residues via two distinct binding sites. If
the substrate has a primary destabilising N-end residue and contains appropriately located
Lys residues, the UBRI-associated E2 ubiquitin-conjugating enzyme, U B C 2 , catalyses the
formation of the substrate-linked polyubiquitin chain. Substrate polyubiquitination is
required for the subsequent degradation of the N-end rule substrate by the 26S proteasome.
Figure taken from (Dohmen et al., 1991).
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site which binds bulky hydrophobic N-terminal residues such as Phe, Leu, Trp, Tyr and
He (Reiss et al, 1988; Gonda et al, 1989; Baker and Varshavsky, 1991). In addition to
the binding of type I and type II primary destabilising residues, there is evidence to
suggest that the N-recognin forms complexes with other proteins that are required to
process proteins bearing destabilising residues. For example, the S. cerevisiae Nrecognin has been shown to interact with the E2 ubiquitin-conjugating enzyme encoded
by the UBC2 (RAD6) gene (Dohmen e/ a/., 1991). The E2 ubiquitin-conjugating
enzyme in this complex mediates ubiquitination of the substrate where, in either ubc2 or
ubrl null mutants, the N-end rule pathway is inactive (Bartel et al., 1990; Dohmen et
al, 1991). N-recognin is also capable of interacting with other enzymes, such as
arginine tRNA-protein transferase (ATEl) and the deamidase, D E A l , that play roles in
N-end rule mediated degradation (Varshavsky, 1992). Thus, N-recognin potentially
resides within a complex that is capable of processing a substrate bearing tertiary
destabilising residues, by the mechanism described above, and initiating degradation of
the protein.

Upon binding to N-recognin, the substrate is ubiquitinated at one or more specific lysine
residues by the E2 ubiquitin-conjugating enzyme. This lysine residue(s) becomes the
site of attachment of a polyubiquitin chain, which tags the substrate for degradation by
the proteasome. The selection of the lysine residue is thought to be related to its spatial
proximity to the destabilising N-terminal residue (Bachmair and Varshavsky, 1989). In
one model for lysine residue selection, each lysine of an N-end rule substrate can be
assigned a probability of being used as a polyubiquitination site, depending on timeaveraged spatial location, orientation, and the mobility of the lysine (Varshavsky, 1992).
This stochastic capture mechanism of lysine residues is consistent with data derived
from X-|3-galactosidase, related test proteins and other model substrates of the N-end
rule pathway (Dunten and Cohen, 1989; Dunten et o/., 1991; Sokolik and Cohen, 1991).
Another model for lysine residue selection is that, upon binding of a primary
destabilising residue of an N-end rule substrate, the proteolytic machinery directionally
scans for lysine residues along the substrate's polypeptide chain (Varshavsky, 1992). In
this model, the scanning stops upon encountering the proximal most lysine to the Nterminus. In both models, the selected lysine residue serves as the site of polyubiquitin
chain attachment (Varshavsky, 1996). In addition, in both stochastic and scanning
models, the efficiency of the polyubiquitination site is strongly influenced by structural
and kinetic aspects of the substrate's conformation, where a folded conformation may
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slow or preclude identification and ubiquitination of the lysine residue (Varshavsky,
1992).

As noted above, once an N-end rule substrate has been polyubiquitinated, it is degraded
by the 26S proteasome. The 26S proteasome is an ATP-dependent multicatalytic
protease that contains more than twenty distinct subunits. The core catalytic component
of the 26S proteasome, the 20S proteasome, contains proteolytic activity. Mutations in
specific subunits of this complex impair its function leading, in S. cerevisiae, to the
metabolic stability of N-end rule substrates and other short lived proteins (Heinemeyer
etal., 1991; Varshavsky, 1992).

5.1.1.4 The N-end rule is conserved across species

As noted above, similar forms of the N-end rule are observed in E. coli, S. cerevisiae
and mammalian cells. However, there are certain differences in different species. In
rabbit reticulocyte lysates, for example, Cys, Ala, Ser and Thr, which are stable residues
in S. cerevisiae, function as destabilising residues. In E. coli, the S. cerevisiae tertiary
destabilising residues Asn and Gin, and the secondary destabilising residues Asp and
Glu, act as stabilising residues (Tobias et al, 1991). In addition, Arg and Lys in E. coli
function as secondary destabilising residues whereas they serve as primary destabilising
residues in S. cerevisiae (Tobias et al, 1991). Degradation of E. coli substrates
containing secondary destabilising residues is mediated by the recruitment of primary
destabilising residues Leu or Phe, by the Leu, Phe tRNA-protein transferases (Tobias et
al, 1991). Aminoacyl tRNA-protein transferases, which conjugate specific amino acids
to the N-termini of acceptor proteins, are conserved in both bacteria and eukaryotes
(Deutch, 1984; Kato and Nozawa, 1984; Ichetovkin et al, 1997). Arginine tRNA
transferases are confined to eukaryotic lineages whereas the Leu and Phe tRNA-protein
transferases are present in gram-negative bacteria but are absent from eukaryotes
(Deutch, 1984; Kato and Nozawa, 1984; Ichetovkin et al, 1997). Therefore, this
difference between the bacterial and eukaryotic N-end rule is consistent with the
distribution of the required tRNA transferases. This also suggests that secondary and
tertiary destabilising residues were recruited independently and relatively late in the
evolution of the N-end rule, following the divergence of bacterial and eukaryotic
lineages.
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A striking feature of the bacterial N-end rule pathway is the absence of ubiquitin. In E.
coli, no ubiquitin-like modifications have been detected in N-end rule substrates. In
agreement with this, mutation of potential ubiquitin acceptor lysine residues to arginine
residues, which cannot be ubiquitinated, have no effect on the degradation of E.coli
substrates. This suggests that the E. coli N-degron consists of only one determinant, the
N-terminal destabilising residue (Tobias et al, 1991).
5.1.2 Physiological control of protein activity by N-end rule mediated
degradation

Physiological substrates of N-end rule mediated degradation remain largely
undiscovered. However, two recent studies have implicated N-end rule mediated
degradation in the regulation of chromosome stability in 5". cerevisiae and in the
regulation of apoptosis in Drosophila.
5.1.2.1 N-end rule mediated degradation regulates chromosome stability

In normal cell division, the sister chromatids of a replicated chromosome are segregated
to each of the daughter cells by the mechanical forces generated by the centromereattached microtubules that emanate from spindle poles (Hirano, 2000; Nasmyth et al,
2000; Pidoux and Allshire, 2000). Premature separation of the sister chromatids is
prevented by a protein complex, named cohesin, established during DNA replication.
Cohesin is essential for chromatid cohesion in both fungi and metazoans. The yeast
components of the cohesin complex include the proteins SMCl, SMC3, SCCl and
SCC3 (reviewed in Nasmyth et al, 2000).
At the metaphase-anaphase transition, SCCl, the 566 amino acid subunit of cohesin is
cleaved by the ESPl encoded cysteine protease separin (Uhlmann et al, 1999). Separin
cleaves SCCl at the residues 180 and 268 from its N-terminus. One of the resultant
fragments, the C-terminal fragment spanning the residues 269-566, Arg-SCCl^^^'^^^,
bears a destabilising Arg residue at its N-terminus (Rao et al, 2001). Inhibition of the
NERD pathway by a specific inhibitor (RA dipeptide) resulted in stabilisation of the
Arg-SCCl^^^'^^^ fragment (Rao et al, 2001), suggesting that this fragment is normally
degraded by the N-end rule pathway. Stabilisation of the SCCl fragment was also
observed in cells mutant for UBRl, and replacement of the N-terminal Arg with a
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stabilising Met caused this fragment to be long lived in both UBRl and ubrl null cells
(Rao et al, 2001). The N-end rule mediated degradation of the Arg-SCCl^^^'^^^
fragment is therefore essential for proper chromosome segregation. Yeast cells lacking
the function of the N-recognin, UBRl, display increased frequency of chromosome loss
due to the metabolic stabilisation of the Arg-SCCl^^'"^^^ fragment (Rao et al, 2001).

5.1.2.2 N-end rule mediated degradation regulates apoptosis

Another function of the N-end rule pathway is the regulation of apoptosis. Apoptosis
induced caspase activation leads to the proteolytic cleavage of numerous cellular target
proteins and in some cases this leads to the production of protein fragments that contain
destabilising N-terminal residues (Varshavsky, 1996). Although such protein fragments
are potential targets of the N-end rule pathway, the only fragment that has been
demonstrated to be degraded via this pathway is the Drosophila Inhibitor of Apoptosis
protein (DIAPl) (Ditzel et al, 2003). DIAPl is a key inhibitor of apoptosis where
DIAPl mutant embryos show apoptotic cell death of most cells (Wang et al, 1999). In
multicellular organisms, caspase inhibition is the major function of lAPs. In addition to
this level of caspase regulation, lAPs also contain RING domains that can function as
an E3 ubiquitin-protein ligase, where they can mediate self-ubiquitination or
ubiquitination of lAP-bound proteins (Salvesen and Duckett, 2002).

Initiation of apoptosis is regulated by the balance of the activities of lAPs and the
activators of apoptosis, which in Drosophila are primarily Reaper, Grim and Hid
(reviewed in Kombluth and White, 2005). These proteins counteract the protective roles
of lAPs by binding them and preventing them from interacting with and inhibiting
caspases. Caspases not in complexes with lAPs are then free to autoactivate. Activators
of apoptosis are also capable of increasing the rate of self-ubiquitination and therefore
degradation of bound I APs. Some activators of apoptosis are even capable of inhibiting
cellular protein synthesis. As a consequence, the cellular concentrations of lAPs
decrease relative to the concentrations of caspases as the in vivo half-lives of lAPs tend
to be shorter than the half-lives of active caspases (Salvesen and Duckett, 2002).
However, the ability of the I APs to mediate the destruction of both the bound activators
of apoptosis and themselves by the ubiquitin-proteasome allows lAPs to keep an upper
hand in non-apoptotic cells (Olson et al, 2003).
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Regulation of cellular DIAP levels are essential for cell viability as loss of DIAP leads
to spontaneous and unrestrained caspase activation (Wang et al, 1999; Goyal et al,
2000; Lisi et al, 2000; Rodriguez et al, 2002). Although the nature of the regulation of
DIAP levels in cells is not well understood, DIAP degradation requires active caspases
(Ditzel et al, 2003). Caspase mediated cleavage of DIAP 1 occurs at the N-terminus of
the protein where it cleaves off the first 20 amino acids (Ditzel et al, 2003). The
resultant C-terminal fragment, Asn-DIAPl^'"'*^*, is a highly unstable protein that bears
an N-terminal Asn, which is degraded by the N-end rule pathway (Ditzel et al, 2003).
The Asn-DIAPl^'-^^^ fragment is stable in cells that have been treated with lactacystin,
which specifically inhibits degradation of polyubiquitinated substrates by the 26S
proteasome (Ditzel et al, 2003). The instability does not require the function of E3
ubiquitin-protein ligase activity of DIAP RING finger, as a form that lacks a functional
RING finger is equally unstable (Ditzel et al, 2003). In addition, substitution of the
destabilising N-terminal residue Asn with a stable residue such as Met or Gly results in
enhanced stability of the DIAP^'""*^^ fragment (Ditzel et al, 2003). Asn is a tertiary
destabilising residue, i.e. it is processed first by deamidases and then by arginine-tRNA
transferases (Atel) to recruit a primary destabilising residue to the N-terminus.
Inhibition of atel function by dsRNA induced a marked stabilisation of the AsnQj^p2i-428 fragment (Ditzel et al, 2003), providing further evidence that Asn-DIAP^'"
degradation is mediated by the N-end rule pathway. Caspase induced degradation of
DIAPl protein levels lowers the cellular apoptotic threshold and therefore promotes
apoptosis. This occurs in parallel with the DIAPl degradation mediated by its RING
finger, where mutations in this domain also prevent the regulation of caspases.
5.1.3 N-end rule based strategies to induce protein instability
The N-end rule pathway has been successfully used to generate temperature sensitive
conditional mutants. Temperature sensitive mutants enable analysis of gene function by
inactivation of a gene or a gene product in a temporally controlled manner by shifting
from a permissive to a restrictive temperature. One major limitation in temperature
sensitive mutants is the difficulty in generating temperature sensitive proteins.
Temperature sensitive mutations are rare, and may not occur in all proteins given the
need to maintain structure and function of the protein at permissive temperatures and
lose structure and function at non-permissive temperatures. In support of this, repeated
screens in search of temperature sensitive lethal mutations that map to S. cerevisiae
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chromosome I has only uncovered six loci, although this chromosome is known to
contain a greater number of essential genes (Kaback et al, 1984; Harris and Pringle,
1991).

To facilitate the targeted generation of temperature sensitive mutations in yeast, a
protein domain called a temperature-inducible degron, which acts as a portable heat
inducible N-degron, has been developed (Dohmen et al, 1994). This N-degron becomes
a substrate of the N-end rule pathway at a high temperature due to the conformational
changes that uncovers its previously cryptic N-degron. This conformational change may
increase the exposure of its destabilising N-terminal residue and/or increase the
accessibility of its internal lysine residues. Since degradation according to the N-end
rule is dependent on the N-degron, such an engineered thermolabile N-degron can be
fused to any desired protein, to conditionally induce instability. The temperatureinducible degron that has been successfully utilized is derived from mouse dihydro
folate reductase (DHFR), a 21kDa protein. When the N-terminus of DHFR was mutated
to contain the destabilising residue Arg, the resultant Arg-DHFR protein was
unexpectedly long-lived (Bachmair and Varshavsky, 1989; Johnson et al, 1990; Hill et
al, 1993). It was proposed that this is presumably due to the unavailability of the
destabilising residue or lysine residues to the N-recognin complex (Bachmair and
Varshavsky, 1989; Johnson et al, 1990; Hill et al, 1993). Mutation of Pro 66 to a Leu
in Arg-DHFR yielded a temperature sensitive N-degron which was active at 37°C but
not at 23°C (Dohmen et al, 1994).

The Arg-DHFR" has been used to analyse the function of CDC28, where it encodes a
kinase that is an essential component of the cell cycle oscillator. Replacement of the
endogenous CDC28 gene with an Ub-Arg-DHFR"-HA-Cdc28 form allowed normal
growth at the permissive temperature similar to that of wildtype cells, whereas the
incubation at the non-permissive temperature resuhed in cell cycle arrest, the cells
appearing larger and lacking buds (Dohmen et al, 1994), similar to that of the
conventional temperature sensitive alleles (Reed, 1992). The phenotype caused by the
temperature-inducible degron required the N-end rule pathway, as Ub-Arg-DHFR''-HACdc28 expressing cells were viable at 37°C in a ubrl null mutant background (Dohmen
etal, 1994).

94

The function of Arg-DHFR'^ as a portable N-degron has been demonstrated across
species. For example, it was used to demonstrate that the ubiquitin proteasome system
operates within synaptic boutons to acutely control levels of presynaptic proteins in
Drosophila (Speese et al, 2003). In this study, Ub-M-DHFR''-EGFP and Ub-RDHFR'^-EGFP were expressed in the neuromuscular junction and the relative amounts
of EGFP levels were monitored after a 30 min heat shock at 35°C. The R-DHFR"EGFP protein levels dramatically reduced to nearly undetectable levels following the
heat shock whereas the M-DHFR'^-EGFP levels remained unchanged (Speese et al,
2003).
Temperature sensitive N-degrons present an innovative adaptation of N-end rule
pathway to mediate conditional protein degradation. This technique is particularly
suited to a single cell organism such as yeast, where precise gene knock-outs and
knock-ins can be made with relative ease, however, there are a number of limitations for
its use in Drosophila for loss-of-function studies of genes with pleiotropic functions.
One major limitation is that induction of protein degradation cannot be confined to a
specific tissue or cells. Another limitation is that, in order to generate a clone that is
devoid of any functional protein, the heat shock treatment has to be done as a
continuous process throughout the developmental events of interest, as newly
synthesised proteins can function masking potential role(s). Persistent induction of
degradation is not possible in Drosophila as the heat shock needed to induce
degradation would result in lethality if applied for more than a few hours. In addition,
the heat shock treatment used to induce degradation (35°C) lies within the heat stress
range for normal Drosophila growth, so even acute heat-shock induction of protein
degradation may produce experimental artefacts independent of the function of the gene
of interest. Therefore, the use of temperature-inducible degrons to generate tissuespecific loss-of-function is not widely suitable for use in Drosophila. The next section
describes a strategy to develop a technique that adapts the N-end rule pathway to deliver
inducible and tissue specific loss-of-function in Drosophila development.
5.1.4 Outline of strategy
Nascent protein synthesis almost always initiates with methionine, which is a stabilising
residue in the N-end rule pathway. Therefore, an unstable N-end rule substrate must be
produced from a precursor protein termed pre-N-degron, by proteolytic cleavage to
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expose the unstable N-terminal residue. In an engineered N-end rule substrate, the
precursor typically contains an N-terminal ubiquitin moiety, which is removed by the
ubiquitin specific processing proteases to expose the N-degron (Bachmair et al, 1986).
Previous work has demonstrated that the 76-residue ubiquitin molecule can be split into
two fragments, Nub and Cub, spanning the N-terminal residues 1-37 and the C-terminal
residues 35-76 respectively. When the Nub and Cub fragments are expressed together,
the innate affinity of these fragments leads to reconstitution of a functional ubiquitin
moiety (Johnsson and Varshavsky, 1994). This is referred to as the split ubiquitin
system. In the iNERD technique described here, the Cub fragment is linearly attached to
an N-degron to create a pre-N-degron. This pre-N-degron, referred to as the iTag, is
attached to the N-terminus of a target protein to yield an iTag-target, which is stable
because the C-terminus of ubiquitin alone is not a substrate for the cellular ubiquitinspecific processing proteases (Figure 5.3A). When the Nub fragment, referred to as the
iDeg (inducer of degradation), is expressed in a tissue or temporal specific manner, the
ubiquitin molecule is reconstituted in cells expressing both the iDeg and the iTag-target
(Figure 5.3B). This results in cleavage of the ubiquitin molecule by the endogenous
ubiquitin specific processing proteases, exposing the N-degron (Figure 5.38) which is
now a substrate of the N-end rule pathway, leading to degradation of the target protein
in a spatial or temporal-specific manner.

5.2 Results
5.2.1 Design of the N-degrons
The N-end rule states that the metabolic stability of a protein is dependent on its Nterminal residue, which serves as the first determinant of an N-degron. The second
determinant of an N-degron, the internal lysine residue(s) capable of accepting ubiquitin
molecules, was identified by a study of a ubiquitin-DHFR fusion, Ub-X-DHFR. In this
experiment the X-DHFR proteins were metabolically stable and long-lived irrespective
of the N-terminal residue, in contrast to the variable stabilities observed for X-^galactosidase (Bachmair and Varshavsky, 1989). In the (3-galactosidase studies, a 38
amino acid linker derived from the Lac repressor (Lad) had been fused to the Nterminus of |3-galactosidase. When this linker was added to the N-terminus of DHFR to
generate Ub-X-LacI-DHFR constructs, the X-LacI-DHFR proteins now displayed Nend rule mediated variations in metabolic stability similar to that of the original X-(396

Figure 5.3 - Overview of the binary iNERD system
(A) A schematic representation of a cell containing the iTag-target protein. In the absence
of the iDeg, the iTag serves as a pre-N-degron, protecting the protein from N-end rule
mediated degradation. (B) A schematic representation of a cell containing both the iTagtarget and the iDeg. To enhance the interaction between the N^b and C^b fragments, two
artificial leucine zippers N Z and C Z are attached (black helices). To mediate conditional
degradation of the target, the iDeg can be expressed in a tissue specific manner. W h e n the
Nub and C^b fragments interact, they reconstitute the ubiquitin molecule. This results in its
cleavage by the endogenous ubiquitin specific processing proteases thus exposing the Ndegron. The exposed N-degron is recognised by the N-recognin complex and
polyubiquitinated. The polyubiquitinated substrate is degraded by the 26S proteasome.
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galactosidase (Bachmair and Varshavsky, 1989). Mutation analysis of this Lad derived
linker identified two lysine residues that are sites of polyubiquitination of the unstable
versions of X-LacI-DHFR (Figure 5.4A) (Bachmair and Varshavsky, 1989). In addition,
ubiquitination at these sites is necessary for the degradation of X-^-galactosidase
proteins bearing destabilising N-termini (Bachmair and Varshavsky, 1989). Therefore,
this Lad linker region provided a portable N-degron, which can mediate degradation of
proteins bearing destabilising N-termini in heterologous contexts according to the Nend rule.
In another elegant experiment, Suzuki and Varshavsky conducted a screen to identify
Lad derivatives that could function as a stronger N-degron by the incorporation of
additional of lysine residues (Suzuki and Varshavsky, 1999). In this experiment the first
14 individual residues of the Lad degron were mutated to either a lysine or an
asparagine to yield 16, 384 different sequences. Of these, 68 retained the function as Ndegrons, while three of them were found to be at least as active and specific as the
original Lad N-degron. Two such sequences that displayed higher activity as an Ndegron contained lysine residues at the positions 3 and 8, and 3 and 10 while the other
neighbouring residues were asparagines (Figure 5.4A). It was noted that the strongest
N-degrons always contained a single Lys flanked by Asn on either side to derive an
NKN motif (Figure 5.4A) (Suzuki and Varshavsky, 1999). Based on this, I designed
two derivatives of the above N-degrons termed 119 and 113, where the NKN motifs
were placed at positions 3 and 8, and 3 and 10 respectively. The identity of the other
residues in the first 14 amino acids were kept the same as those of the wildtype Lad
sequence (Figure 5.4A). This was due to the fact that Asn is encoded by the codons
AAU and AAC while Lys is encoded by the codons AAA and AAG. Therefore the
DNA sequence that encodes such a string of Asn and Lys in space would lead to a
potentially unstable A-rich sequence, which may affect expression of the constructs.
The next section describes the assays carried out to test the ability of these sequences to
function as N-degrons in Drosophila.
5.2.2 The Lad derivatives N113 and R119 act as N-degrons in Drosophila
In order to test the functionality of the N-degrons in Drosophila, the following
constructs were made: For constructs bearing the N-degron 119, GFP-Ub-X-119-TumMyc were made where X was either the stable residue Met or the primary destabilising
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residue Arg. For the constructs bearing the N-degron 113, GFP-Ub-X-113-Tum-Myc
were made where X was either the stable residue Met or the tertiary destabilising
residue Asn (Figure 5.4B). DNA encoding these proteins was placed downstream of the
inducible metallothionein {mtn) promoter to generate, mtnwGFP-Ub-X-l 13-Tum-Myc
and mtn::GFP-Ub-X-113-Tum-Myc. Expression of these constructs in S2 cells showed
that GFP-Ub-X-119-Tum-Myc and GFP-Ub-X-113-Tum-Myc are processed by the
endogenous ubiquitin specific processing proteases to yield two fragments, the Nterminal GFP-Ub fragment (36.8kDa) and the X-119-Tum-Myc or X-113-Tum-Myc Cterminal fragments (83.3kDa) (Figure 5.4B and C). This demonstrates that ubiquitin
specific processing proteases are functional in Drosophila S2 cells. Cleavage induced
by the ubiquitin specific processing proteases occur co-translationally or nearly so, as
the full-length protein is not detected in S2 cell extracts (Figure 5.4B and C). Since the
cleavage by the ubiquitin specific processing proteases results in two fragments, which
are produced in equimolar amounts, the N-terminal GFP-Ub can be used as an internal
control for the relative amounts of proteins produced and therefore the relative stability
of the C-terminal fragments bearing N-degrons (Figure 5.4B). Proteins carrying the
Ml 13 and Ml 19 N-degrons showed high metabolic stability whereas the proteins
bearing either the primary (R119) or the tertiary (N113) destabilising residues were
highly unstable and showed -75% reduction in levels compared to the stable forms
(Figure 5.4D, F). Therefore, the N-degrons R119 and N113 may function as substrates
of N-end rule degradation pathway. Consistent with this, the degradation mediated by
these N-degrons is dependent on the function of the 26S proteasome, as treatment with
the proteasome inhibitor, MG132, stabilised the fragments N113 and R119 (Figure
5.4E). Both N-degrons were capable of mediating degradation of the attached target
protein. Turn, at similar efficiencies. As a resuh, only one of the N-degrons (113) was
used in the experiments described below.

5.2.3 iNERD in Drosophila S2 cells

The ability of iNERD to conditionally expose the N113 N-degron and mediate
degradation was first tested in Drosophila S2 cells. Here, the split ubiquitin system was
modified by the addition of two artificial leucine zippers NZ and CZ, which have a high
affinity for each other, to the iDeg and the iTag respectively to enhance their interaction
(Figure 5.3). These artificial leucine zippers have been successfully used to mediate
protein-protein interactions in C. elegans (Ghosh et al., 2000; Zhang et al, 2004). To
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Figure 5.4 - The Lad derivatives N113 and R119 function as N-degrons
in Drosophila
(A) A sequence alignment showing 40 amino acid L a d sequence and its derivatives that
function as N-degrons. The Lys residues shown in bold at position 15 and 17 are known to
act as sites of ubiquitination. The dashed line shows the first 14 amino acid residues of L a d
mutated to either Asn (N) or Lys (K) in the study by Suzuki and Varshavsky (1999). The
N/Kl and N/K2 sequences show the two sequences that contained enhanced activity as an
N-degron compared to L a d sequence itself. These sequences contain strings of Asn with
scattered Lys residues at either positions 3 and 8 or at positions 3 and 10. Sequence 119 and
113 show two hybrid N-degrons of L a d and N/K sequences used on this study, where the
lysines of the NKN motifs were positioned at 3 and 8, and 3 and 10, respectively. (B)
Schematic representation of the GFP-Ub-X-degron-Tum-Myc constructs. In constructs
bearing the N-degron sequence 119, the residue X was either a Met or an Arg. In constructs
bearing the N-degron sequence 113, the residue X was either a Met or an Asn. Expression
of the GFP-Ub-X-degron-Tum-Myc constructs and cleavage by a deubiquitinase is
expected to lead to the production of two proteins, a 36.8kDa GFP-Ub-containing fragment
and an 83.3kDa X-Degron-Tum-Myc-containing fragment. (C) Western blot of protein
samples isolated from S2 cells expressing the GFP-Ub-Ml 13-Degron-Tum-Myc (lanes
marked M l 13) or GFP-Ub-Ml 19-Degron-Tum-Myc (lanes marked M l 19) probed with
mouse anti-GFP or Rat anti-Myc antibodies as indicated below the blot. Two cleavage
products of the expected size (36.8kDa detected by anti-GFP and 83.3 kDa detected by
anti-Myc) are observed. Note that the 120kDa full length is not detected with either
antibody (arrowhead). (D) Western blot of protein samples isolated from S2 cells
expressing various fusion proteins and probed with rat anti-Myc (upper panel) or mouse
anti-GFP (lower panel). Each lane corresponds to the expression of a GFP-Ub-DegronTum-Myc fusion protein. The degrons incorporated are: M l 13 (lane 1), N113 (lane 2)
M l 19 (lane 3) and R l 19 (lane 4). Top panel: the N-degrons R119 and N113 confer
significant instability to the attached target protein, Tum, compared to the forms bearing
stable N-terminal residues ( M l 13, M l 19). The bottom panel shows the relative amounts of
GFP-Ub, detected by GFP antibody, which serves as an internal loading control. (E)
Degradation mediated by the N-degrons bearing destabilising residues (N113, R l 19) is 26S
proteasome dependent. The figure shows a blot of protein samples isolated from S2 cells

expressing various fusion proteins as described in (D), and probed with rat anti-Myc (upper
panel) or mouse anti-GFP (lower panel). Treatment of cells with the proteasome inhibitor
MG132 stabilises the N113 and R119 fragments such that they are now present at the same
level as the stable ( M l 13 and M l 19) equivalents. (F) A histogram showing the relative
abundance of M l 13, N113, M l 19 and R119 normalised relative to the internal reference
protein (GFP) and represented as a fraction of M l 19 protein levels.

Lad

XHGSGAWLLPVSLVKRKTTLAPNTQTASPRALADSLMQRS

N/Kl

XNKNNNNKNNNNNNKRKTTLAPNTQTASPRALADSLMQRS

1 19

XNKNGANKNPVSLVKRKTTLAPNTQTASPRALADSLMQRS

N/K2

XNKNNNNNNKNNNNKRKTTLAPNTQTASPRALADSLMQRS

113

XNKNGAWLNKNSLVKRKTTLAPNTQTASPRALADSLMQRS

B

#

/

r^

dD^m:
120kDa

ro

ON

1 /

On

\ t

\I

175
N/'

83

QHT

62

XD

47

83.3 kDa

32
MaGFP

(TDO

Rat

a

Myc

36.8 kDa

D
m

as

Z

MGI32: Proteasome inhibitor

2
5

o\
a:

IM113

a

INII3

'S

IM119
IR119
02

o

1

assay for successful iNERD in Drosophila S2 cells, iTag*^"^ and iTag'^"^ were attached
to the N-terminus of the Tum-Myc CDS and placed downstream of the tub promoter to
generate tub:-Tum-Myc

and t u b - T u m - M y c . The iDeg-NZ-HA

construct was placed under the control of the mtn promoter, to enable induction of
expression of the iDeg by addition of CUSO4 to the culture medium. Prior to the
induction of the iDeg, the pre-N-degron forms denoted, iTag'^"^-Tum-Myc^^ and
iTag'^"^-Tum-Myc''^, showed high levels of expression in S2 cell extracts as a stable
88.3kDa protein (Figure 5.5A,B and C). Induction of the iDeg presumably resulted in
reconstitution of the ubiquitin molecule and cleavage of the C-terminal ubiquitin
resulting in the appearance of an 83.2kDa lower migrating form denoted Ml 13-TumMyc and N113-Tum-Myc (Figure 5.5A,B and C). This lower migrating form continued
to accumulate in the presence of a stable N-degron as the higher migrating form was
increasingly cleaved (Figure 5.5B, D). It should be noted that the full-length protein is
continuously being produced under these conditions, so cleavage is not expected to be
complete. When a destabilising N-degron is exposed, the lower migrating form fails to
accumulate compared to that of a stable N-degron (Figure 5.5C, D). Over the time
course, the amount of the higher migrating form was dramatically reduced as it is
processed to the lower migrating form. When the destabilizing N113 degron is exposed
following Cub cleavage, the N-end rule pathway degrades the lower migrating form
resulting in the depletion of the cellular Tum-Myc levels. This demonstrated that
iNERD could conditionally degrade a protein of interest in Drosophila S2 cells. Next,
the ability of iNERD to conditionally degrade a protein of interest during Drosophila
embryogenesis was tested.

5.2.4 iNERD in Drosophila embryos
5.2.4.1 Use of iNERD to generate Pbl loss-of-function clones in the ectoderm
To demonstrate the iNERD technique in Drosophila embryos, Pbl was chosen as the
test protein, pbl mutant embryos show a distinct cytokinetic phenotype, where cells fail
the 14"^ cell cycle leading to multinucleate cells (Figure 5.6 B-E) (Hime and Saint,
1992; Prokopenko et al, 1999). Therefore, iNERD-mediated reduction of Pbl should
lead to the appearance of multinucleate cells in the embryonic epidermis. To investigate
the ability of the iNERD system to generate an embryonic phenotype, I attempted to
rescue the defects observed in pbl embryos by introducing a 17.2 Kb genomic fragment
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that contained the pbl locus modified to contain an inframe iTag'^"^ coding sequence
upstream of the ATG start codon of pbl, referred to as

(Figure 5.6A). To

generate this, first, gap repair recombineering was used to clone the genomic region.
Then galK selection recombineering was used to insert the iTag upstream of the ATG
start codon in a two-step process (see materials and methods). Therefore, when
expressed in a pbl mutant background iTag^"^-Pbl would constitute the sole functional
Pbl in the embryo. The in vivo functionality of iNERD could then be analysed by
inducing expression of an iDeg construct in a specific tissue, and assaying for
phenotypes reminiscent of pbl loss-of-function.

Two copies of the iTag^"^-pbl

genomic construct in a pbF/pbl^ mutant background,

were able to rescue the cytokinesis defects completely (Figure 5.6 F-I). Expression of
either one or two copies of the iTag^"^-pbl

genomic construct was able to rescue pbl

mutants to pharate adult stages but not to viable adults. However, when one copy of the
iTag^"^-pbl was expressed in a pbf'Ipbf' background, occasional binucleate cells were
observed in the ectoderm (Figure 5.7 [n=5] and Figure 5.10E). This suggested a 1%
cytokinesis failture in these embryos. Thus, this small fraction of cells failing
cytokinesis may contain too low a level of iTag^"^-Pbl protein to be functional. This
suggested that one copy of the rescue construct might present a genetically
hypomorphic background with levels of the rescuing iTag^"^-Pbl protein at or near a
phenotypic threshold. This provided an ideal platform where the effects of iTag^"^-Pbl
degradation could be monitored by the appearance of multinucleate cells when the iDeg
is expressed in a specific tissue. A paired-GAL4

(prd-GAL4) driver was chosen to

express the iDeg, as it drives expression in the embryonic ectoderm in alternative
stripes. Expression of the UAS-iDeg by prd-GAL4 was able generate binucleate cells in
a pattern that reflected p r J expression. The appearance of binucleates was first observed
in stage 11 embryos (Figure 5.8 [n=12] and Figure S.\QE).prd-GAL4

expression

appears first in the head region and shows stronger expression levels there compared to
the stripes that are observed in other parts of the embryo (Yoffe, 1995). Consistent with
this, most of the binucleate cells in stage 11 embryos were located in the head region
(Figure 5.8). In stage 11 embryos, binucleate cells were also observed along the
germband of the embryo in a pattern consistent with prd expression, although their
occurrence was not as prevalent as in the head region (Figure 5.8). This most likely
reflects the iDeg expression timing and levels. On the entire ventral surface, these
embryos contained - 9 % of cells that failed cytokinesis. By stage 12/13 the majority of
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Figure 5.5 - INERD allows conditional protein degradation in
Drosophila S2 cells
(A) A schematic representation of the iNERD system targeting iTag-Tum-Myc. The iTagTum-Myc pre-N-degron is a stable protein of 88.3kDa. Induction of the iDeg in cells that
express iTag-Tum-Myc results in cleavage of the Q t component of iTag-Tum-Myc,
resulting in a protein of 83.2kDa and exposing either a stable (Ml 13-Tum-Myc) or an
unstable (NI13-Tum-Myc) N-degron. (B-C) Western blots showing time courses of
Drosophila S2 cells expressing m^::iTag'^"^-Tum-Myc (B) and rMZ?::iTag^"^-Tum-Myc (C)
probed with mouse-anti-Myc (upper panels) and mouse anti-Tubulin (lower panels). iDeg
expression was induced at the 0 time point. Time points - 2 to 0 show high abundance of
the higher migrating iTag'^"^-Tum-Myc'^ and iTag^"^-Tum-Myc''^ protein (Black
arrowhead in Top panels). The lower migrating form begins to appear by 1 hr post iDeg
induction and is clearly visible from the time point 2 and onwards (red arrowhead in Top
panels). This lower migrating form accumulates when the N-degron contains the stable Met
residue at the N-terminus (B). However, when the N-degron contains a destabilising Asn
residue at the N-terminus, the lower migrating form fails to accumulate (C). (D) Line graph
representation of the relative amounts of iTag'^"^-Tum-Myc'^ and iTag'^"^-Tum-Myc^ (left
panel) shown in B and C throughout the time course (black arrowhead in B and C). Right
panel shows line graph representation of the relative amounts of Ml 13-Tum-Myc or N113Tum-Myc (red arrowhead in B and C) represented as a fraction of iTag-Tum'^"^-Myc''^ or
iTag-Tum^"^-Myc"' respectively at time points 2hr - 6hr.
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Figure 5.6 - Two copies of iTag^^^^-Pbl completely rescues cytokinesis
defects in pbl mutant embryos
(A) Schematic representation of the genomic region used to generate the iTag'^"^-Pbl
construct. The asterisk shows the ATG codon of Pbl, where the 369bp DNA sequence
encoding the N113 iTag was i n s e r t e d . a n d the neighbouring genes (CG8281 and
eIF4E5) are shown in green, pbl mRNA and CDS are shown in red and blue boxes
respectively. (B-D) A stage 11 pbP'Ipbf' embryo stained with: (B) Hoechst 33258 to
visualize the DNA; (C) anti-Lamin antibodies to mark the nuclear envelope; (D)
Rhodamine phalloidin to stain F-actin. (F-H) A stage 11 iTag^'"-pbl,pbl^/ iTag^"^-pbl,pbl^
embryo stained for: (F) Hoechst 33258 to visualize DNA; (G) anti-Lamin antibodies to
mark the nuclear envelope; (H) Rhodamine phalloidin to stain F-actin. (E, I and J) Merged
images of stage 11 embryos with DNA shown in blue, Lamin in green and F-actin in Red.
(E) Merged image of the pbi^/pbP embryo shown in (B-D). (I) Merged image of the
iTag^"^-pbl,pbf-liTag'^"^-pbl,pbt embryo shown in (F-I). (J) Merged image of another
stage 11 wildtype embryo stained with the same markers as described above. Scale bar:
20jxm
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Figure 5.7 - One copy of iTag'^^^^-Pbl almost completely rescues
cytokinesis defects in pbl mutant embryos
A stage 11 embryo of the genotype

iTag^"^-pbl, pbF/pbi^ stained

with: (A) Hoechst 33258;

(B) anti-Lamin antibodies; (C) anti-Moesin. (D) Merged image of A-C where D N A is
shown in blue, Lamin in green and Moesin in red. The arrowheads point to two binucleate
cells, marked also with a white dot in (D). The average number of binucleate cells for the

iTag^"^-pbl,pbF/pbP- genotype at this stage = 2.2, which
the ventral surface of embryos. Scale bar: 20^m
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Figure 5.8 - Expression of UAS-iDeg by the prd-GAL4 driver in a
iTag^"^-Pbl-rescued pbl mutant embryo generates binucleate cells
A single confocal slice of a stage 11 embryo of the genotype UAS-iDeg! + ; iTag'^"^-pbl,
pbf'lprd-GAL4,pbf-

stained with: (A) Hoechst 33258; (B) anti-Lamin antibodies; (C) anti-

Moesin. (D) Merged image of A-C where DNA is shown in blue, Lamin in green and
Moesin in red. The white dots in (D) mark binucleate cells that are visible in this particular
slice whereas the squares mark binucleate cells that are not visible in this particular slice.
Outlined in brackets are the regions of the embryo that contained binucleate cells. The
average number of binucleates for the UAS-iDeg! + ;

iTag^"^-pbl,pbl^lprd-GAL4,pbf-

embryos at this stage = 26.58, which represents -9% of the total cells in the ventral surface
of embryos. Scale bar: 20txm
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the cells in prd expressing stripes contained binucleate cells, while cells in stripes in
which the iDeg is not expressed were largely mono-nucleate (Figure 5.9). pbl-iTag^"^
rescued embryos expressing iDeg have significantly more binucleate cells present in the
ectoderm compared to that of lacking the iDeg expression (Figure 5.10E). Importantly,
expression of the iDeg alone does not resuh in generation of binucleates (Figure 5.10AD [n=6]), indicating that it is the ability of the iDeg to mediate iTag^"^-Pbl degradation
that is responsible for generating the pbl phenotype. It is noteworthy that prd-GAL4
expression begins towards the end of the 14"" mitotic cycle and at the onset of the 15""
mitotic cycle. From this point, a majority of the embryonic cells undergo one final
division, the le"" mitotic cycle, before exiting the cell cycle (Foe, 1989). Since cells
with more than 2 nuclei were never observed, iNERD mediated-degradation of
iTag'^"^-Pbl in this experiment must only block the final cytokinesis associated with the
16"' mitosis, approximately 200 mins from the time o f e x p r e s s i o n . Because iDeg
expression is induced using the GAL4-UAS system, there will be a delay in iDeg
expression because the GAL4 must accumulate sufficiently to activate transcription of
the iDeg. Therefore, iDeg expression must be exerting its phenotypic effect in less than
200 mins (see below).
These results demonstrated that iNERD could successfully generate tissue specific pbl
loss-of-function during Drosophila embryogenesis in a non-clonal fashion, as segments
displaying these arise from non-clonal sets of cells along the length of the embryo. The
following sections describe the application of iNERD to corroborate the embryonic
roles of pbl in EMTs in Drosophila development.
5.2.4.2 Use of iNERD to generate Pbl loss-of-function in the mesoderm

The iTag^"^-pbl genomic construct not only rescued the cytokinesis defects o f p b f ' / p b f '
embryos, but also rescued the mesoderm migration defects, as evident from the fact that
these embryos contained a full complement of the eve positive hemisegments (Figure
5.1 IC). Therefore, it is feasible that the role of pbl in the mesoderm could be elucidated
by the tissue specific degradation of the iTag^"^-Pbl. To achieve this, a twir.iDeg direct
promoter fusion construct was generated in order to drive mesoderm specific expression
of the iDeg. This strategy was used in preference over the GAL4-UAS system, in order
to mediate the earliest possible expression of the iDeg in the mesoderm, twi expression
begins at stage 5 immediately prior to the formation of the ventral furrow, which
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internalise the mesoderm. It provides the earliest possible expression in the mesoderm.
Although iDeg expression by the twi::iDeg could not be detected in embryos by
immuno-fluorescence (data not shown), western analysis shows the processing of an
iTagged protein to yield the N-degron bearing form (Figure 5.1 IE). This indicates that
twi::iDeg is expressed in the embryos during the mesodermal EMT and should enable
the degradation of iTag'^"^-Pbl in the mesoderm.
Expression of twi:iDeg in pbf'/pbl^ embryos that contained a single copy of the
iTag'^"^-Pbl was unable to reduce the number of eve positive pericardial hemisegments
(Figure 5.1 ID and F
pbf'lpbf' mutant embryos exhibit larger eve clusters due
to cytokinesis failure, but the eve clusters in twi. iDegpbf'/pbl^ embryos were not
enlarged and were similar to those of embryos that lacked the expression of the iDeg
(Figure 5.1 ID). This suggests that degradation of the iTag^"^-Pbl was not achieved in
time to block the two cytokinesis that are expected to occur during mesoderm
development (Figure 5.1 IB and D). The mesodermal cells undergo these two rounds of
cell divisions as they are migrating, approximately 33 mins and Ihr 19 mins after the
onset of gastrulation (Murray and Saint, 2007). Mesoderm spreading to achieve a
monolayer of cells is completed within 2hr 15 minutes from gastrulation (Murray and
Saint, 2007). Therefore, this leaves a narrow window of time for iNERD to mediate
iTag'^"^-Pbl degradation. Given the lack of a phenotype in the eve positive mesodermal
cells, it appears that iNERD failed to degrade iTag'^"^-Pbl sufficiently to induce any
phenotype during mesoderm migration.
5.2.4.3 The use of INERD to generate Pbl loss-of-function in the endoderm

Next, iNERD was used to analyse the role of pbl in the endoderm. Compared to the
mesoderm, endodermal cell migration is more suited for analysis by iNERD as it occurs
over approximately five hours from stage 10.1 chose to use the endoderm-specific
driver, 48Y-GAL4 (Martin-Bermudo et al, 1999), to drive iDeg expression in the
developing endoderm. 48Y-GAL4 mediated expression of UAS-CD8-GFP can be
observed by stage 10, so UAS-iDeg expression and the degradation of iTagged proteins
can therefore be expected to be occurring by this stage. This should provide more time
for the iNERD system to degrade iTag^"^-Pbl than was available in the mesoderm.
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Figure 5.9 - Expression of UAS-iDeg by the prd-GAL4 driver in a
iTag'^^^^-Pbl-rescued pbl mutant embryo generates binucleate cells

A stage 12/13 embryo of the genotype UAS-iDeg! + ;
iTag'^"^-pbl,pbtlprd-GAL4pbi^
stained with: (A) anti-lamin antibodies; (B) anti-moesin antibodies (B). (C) A merged
image of A-B where DNA is shown in blue, lamin in green and moesin in red. The asterisks
mark binucleated cells. The regions outlined in white dotted lines represent regions of prdGAL4 expression. The binucleate cells are restricted to these regions of expression. Scale
bar: 10[a.m

O
Or ri , '•'•r ^
• i
!
^r^lA

i
^
// • • A-s\
"Uy'')
I * ^/
KJ'S'^^.,...

Figure 5.10 - Expression of iDeg alone does not Induce binucleate
formation
A stage 12 embryo of the genotype UAS-iDeg/+ ; iTag'^"^-Pbl,pbl^/prd-gal4

stained with:

(A) Hoechst 33258; (B), anti-Lamin antibodies; (C), anti-Moesin antibodies. (D) Merged
image of A-C where DNA is shown in blue, Lamin in green and Moesin in red. No
binucleate cells were observed for this genotype. Scale bar: lOjxm (E) The ventral surfaces
of stage 11-12 embryos were imaged and the number of binucleate cells were counted for
each of the following genotypes; iTag''"^-pbl,pbl'/pbf
pbl,pbl'/prd-GAL4,pbP

(green), UAS-iDeg/+ ; iTag^"^-

(red) and UAS-iDeg/+ ; iTag'"'^-pbl,pbl'/prd-GAL4

fyellow). The

error bars show SEM. The proportion of binucleates observed for iTag^"^-pbl,pbl^/pbf
UAS-iDeg/+ ; iTag'"'^-pbl,pbl^/prd-GAL4,pbf

were 1% and 13% respectively.
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Figure 5.11 - Expression of twi::iDeg in the mesoderm was unable to
block mesoderm migration
(A-D) Stage 12/13 embryos stained with anti-Eve antibodies to label the Eve positive
pericardial cells. (A) w'"' (B) pbl'/pbl' (C) iTag'""-Pbl,pbl^lpbP
pbl,pbtltwi::iDeg,pbf'

(D) iTag"""-

(E) twi::iDeg containing transgenic flies were crossed to fly lines

containing tub::iTag^-Tum-Myc

where X denotes sequences encoding the degrons Ml 13,

N113, Ml 19 or R119. Alternatively, tub::iTag^-Tum-Myc

were also crossed to w'"® flies.

Embryos from these crosses were collected in agar plates for 2 hrs and then aged for 2.5hrs
to enrich for embryos undergoing gastrulation. The deubiquitinase-cleaved lower migrating
forms of iTag^-Tum-Myc are only seen in embryos containing both the iTag'^-Tum-Myc and
twi::iDeg constructs. (F) Histogram showing the average number of Eve positive
pericardial cells in genotypes shown in A-D. The error bars show SEM.
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pbi^'lphf' embryos containing the iTag'^"^-pbl genomic rescue construct showed
wildtype endoderm migration morphology (Figure 5.12A). Expression of a UAS-iDeg
by the endoderm specific 48Y-GAL4 driver in these iTag^"^-pblpbl^tpbl^

resulted in

normal endoderm migration (Figure 5.12B-D [n=10]). This is consistent with the
zygotic mutant analysis of pbl described in chapter three, where it failed to identify a
role ioxpbl in the endoderm. It is possible that similar to the observations made in the
mesoderm, iNERD may have failed to degrade iTag^"^-Pbl levels sufficiently during
endoderm migration. However, this is unlikely as endoderm migration occurs over a
significantly longer time compared to mesoderm migration allowing more time for
iNERD to function to generate loss-of-function clones in the endoderm.

5.3 Discussion
This chapter described the adaptation of the N-end rule pathway to induce protein
instability in a tissue and temporal-specific fashion in Drosophila. The L a d derived Ndegrons were shown to mediate degradation of an attached substrate in both Drosophila
S2 cells and during embryogenesis. The degradation was shown to be dependent on the
N-end rule pathway, where N-degrons bearing stabilizing N-terminal residues (in this
case Met) confer high metabolic stability to the attached substrate while N-degrons
bearing destabilising N-terminal residues (in this case Arg or Asn) confer metabolic
instability to the attached substrate. The N-end rule mediated degradation of the
substrate was also shown to be blocked by treatment with a specific proteasome
inhibitor, showing that degradation is dependent on the 26S proteasome, consistent with
N-end rule mediated degradation.

This chapter also validated a new method whereby a destabilising N-degron is
conditionally exposed by the use of a split ubiquitin system. This novel technique,
termed iNERD, was first demonstrated in Drosophila S2 cells where it mediated
inducible degradation of iTag-Tum-Myc. iNERD was later demonstrated to
conditionally induce tissue specific loss-of-function of pbl during embryogenesis as
measured by the appearance of the pbl mutant phenotype only in regions of the embryo
expressing the iDeg component of the split ubiquitin.
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iNERD enables conditional degradation of a protein of interest in a tissue specific
manner during Drosophila embryogenesis. iNERD is the first technique that has been
successful in producing tissue specific loss-of-function during early embryogenesis.
Prior to iNERD, the analysis of embryonic developmental processes has been studied by
conventional loss-of-function techniques such as classical mutant alleles and RNAi
injection. One major drawback in such techniques is the inability to generate tissue
specific loss-of-ftinction. This is critical as most genes have pleiotropic roles during
development. Therefore, generating a whole organism mutant may result in its early
lethality preventing analysis of gene function later during development. Another
limitation of such conventional techniques is the generation of secondary phenotypes.
One example of such a secondary phenotype is the endoderm migration failure in pbl
embryos, which occurs as a result of Pbl's earlier role in the mesoderm. However, by
generating tissue specific loss-of-function clones a more refined dissection of gene
function in a given tissue can be undertaken. It should be noted that tissue-specific
expression of RNAi should achieve the same outcome as the iNERD approach.
However, in practice, although microinjection of RNAi into the pre-blastoderm embryo
is very effective in knocking down gene function, for unknown reasons tissue-specific
expression of RNAi has only been found to be effective later in development, e.g.
during pupal development. Another major drawback in both classical mutant alleles and
in RNAi treatment is the perdurance of proteins that can mask potential role(s) of a
particular gene. This is due to the presence of maternal contributions in classical mutant
alleles and because RNAi acts to block mRNA function. The iNERD technique can
overcome these limitations as it operates at a posttranslational level, where the proteins
themselves are targeted. Most importantly this technique can be adapted to other model
organisms that can be genetically manipulated. Therefore, iNERD presents a potentially
powerful technique that can be used to dissect precise gene function during
development.

Similar to any other technique, iNERD has a number of limitations. The first limitation
is that due to the inherent nature of N-end rule pathway, the iTag that harbours the Ndegron has to be attached to the N-terminus of the protein of interest. In the example
provided in this chapter, iTag-Pbl functions normally to rescue cytokinesis and
mesoderm migration, the known embryonic functions of pbl. Although some cellular
proteins may tolerate the relatively small 123-residue iTag, others may not tolerate such
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5.12 - L/>!IS-/Deg expression in the endoderm by the 48Y-GAL4

driver

does not block endoderm migration
(A) A stage 11 embryo of the genotype 48Y-GAL4,UAS-CD8GFP/+

;

iTag'""-pbl,pbl'/pbl'

stained with anti-GFP antibody (green) staining the endoderm cells and some ectodermal
cells (striped or outer staining) and anti-Fascilin III antibody (red) staining the visceral
mesoderm. (B-D) Embryos of the genotype 48Y-GAL4,UAS-CD8GFP/+
pbl,pbl^/UAS-iDeg,pbl^

;

iTag"'"-

stained with anti-GFP antibody staining the endoderm cells and

some ectodermal cells (striped or outer staining), and anti-Fascilin III antibody staining the
visceral mesoderm. (B) A stage 11/12 embryo showing normal endoderm cell migration
morphology. (C) A stage 13/14 embryo showing AMG and PMG cells that have fused
together. The endodermal cells show a regular arrangement suggesting that they have
undergone the mesenchymal to epithelial transition. (D) A stage 15 embryo showing the
normal heart shaped morphology of the midgut. Scale bars 20jxm
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N-terminal modifications. Therefore, such proteins would not be suitable for analysis
using iNERD.

Another very significant limitation of the iNERD approach is the requirement for the
existence of mutant alleles and the ability to genetically transform the organism with a
modified genomic construct. Alternatively, the iTag could be incorporated into the
endogenous locus using homologous recombination techniques. Either way, highly
advanced genetic manipulation techniques are required for this technique to work.

Another limitation is the potential phenotypic lag upon the induction of the iDeg. One
factor contributing to the phenotype lag is the time that is required for the expression of
the iDeg construct, folding of the iDeg, interaction with the iTag resulting in its
cleavage and degradation. However, optimisation of the iTag sequence and the optimal
expression control of iDeg may enable increased rates of target protein degradation.
These will be discussed in detail in the next chapter.

Another factor contributing to the phenotype lag is due to the kinetics of N-end rule
substrates. The iDeg mediates the cleavage of the already existing pre-N-degron-target
protein to expose the N-degron-target fragment. The degradation of this N-degron-target
deviates from first order kinetics, with the metabolic stability of older N-degron-target
molecules being higher than the metabolic stability of younger ones (Levy et al, 1996).
It has been documented that X-^-galactosidase proteins bearing destabilising residues
show a rapid degradation in the first 15 mins when expressed as an Ub-X-|3galactosidase fusion (Levy et al., 1996). This is called the initial decay (ID). Following
the ID, the rate of X-|3-galactosidase degradation dramatically diminishes (Levy et al,
1996). This slow degradation phase is called subsequent decay (SD). This reduction in
degradation rate is possibly due to an increase in resistance to proteolysis caused by the
conformational maturation of X-(3-galactosidase. Therefore, the rate of degradation of a
nascent, partially unfolded protein may generally be different from the rate of
degradation of a folded counterpart at a later time in the same cell (Levy et al, 1996).

Consistent with this, the two N-degrons described in this study, N113 and R119,
conferred dramatic instability to the attached substrate when expressed as the linear
ubiquitin fusion protein, GFP-Ub-N-degron-Tum-Myc. This is due to the fact that the
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removal of ubiquitin occurs co-translationally resulting in the exposure of the nascent
unfolded N-degron, which is readily degraded by the proteasome. In iNERD, the
substrate is expressed as a pre-N-degron-target protein, which is not cleaved until it
encounters an iDeg molecule. In this situation, the iDeg-induced cleavage exposes an
N-degron-target protein that has assumed a mature folded conformation, potentially
decreasing the degradation rate. This phenomenon could lead to a delay in the iNERDinduced loss of function. For example, the generation of binucleates due to iTag^"^-Pbl
degradation occurs at cell cycle 16 and not cell cycle 15. Although this may occur
simply because of the time required to accumulate enough iDeg molecules, it may also
be due to insufficient degradation of iTag^"^-Pbl protein by the IS"' cell cycle because
the degradation rate of the mature folded protein is low, even though the newly
synthesized protein may be being degraded at a rapid rate. However, in the endoderm it
can be argued that iNERD had sufficient time to degrade iTag'^"^-Pbl and the lack of a
phenotype is consistent with the zygotic null mutant analysis, which showed that pbl is
dispensable for endoderm migration.

One way to assay the efficacy of iNERD in the endoderm is to quantify the appearance
of multinucleate cells in the endoderm. The endodermal cells undergo two rounds of
cell divisions during stages 9 and 10. However, these occur at a time similar to the onset
of the 48Y-GAL4 driver, so there would almost certainly be insufficient time for iNERD
to block cytokinesis and, as a consequence, this cannot be used as readout of the
efficacy of iNERD. Another way to assay the efficacy of iNERD in the endoderm is by
visualising the levels of iTag'^"^-Pbl by anti-Pbl antibody staining. However, given the
absence of an effective antibody against Pbl, this too cannot be used as a readout of the
effect of iNERD. Given that iNERD was capable of producing a pbl mutant phenotype
in the ectoderm within 200 mins, it is likely that iTag'^"^-Pbl was depleted to a similar
degree in the endoderm. However, the drivers used may have expressed the iDeg at
different levels and the activity of the N-end rule may be different in the endoderm, so
this cannot be claimed with certainty. Moreover, the additional time that iNERD has in
the endoderm would allow significant degradation of iTag'^"^-Pbl levels. In support of
this, the evidence from the S2 cells also showed dramatic reduction of iTag-Tum within
3 hrs. Therefore, it is highly likely that the absence of a phenotype in the endoderm
reflects that pbl is dispensable for the endoderm migration.
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5.4 Conclusion
This chapter describes the development of a novel technique, based on the N-end rule
pathway, iNERD, and the split ubiquitin system, to induce tissue specific loss-offunction in Drosophila.

This mechanism operates at the post-translational level and

overcomes many limitations present in currently available loss-of-function techniques.
In this chapter, I have demonstrated that iNERD can be used to generate pbl loss-offunction clones in the embryonic ectoderm and the endoderm. iNERD presents a
significant advance in our ability to address gene function in a given tissue at a specific
time.
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Chapter Six: Final discussion
The aim of this study was to develop a new technique that can induce tissue specific
loss-of-function during Drosophila melanogaster embryogenesis. Such a technique is
highly desirable as limitations in current techniques prevent a thorough dissection of
gene function, especially during early development. Given that the majority of currently
available loss-of-function techniques operate at the DNA or RNA level are ineffective
or lack tissue-specificity, the alternative approach adopted here is to develop a method
that operates at the level of protein degradation to create a tissue specific loss-offunction in a gene of interest. This study explored two approaches to the targeting of
proteins to the ubiquitin-dependent 26S proteasome pathways. The first attempted to
utilize the Skpl-Cullin-F-box protein (SCF) type ubiquitin ligase complexes while the
second attempted to utilize the N-end rule mediated degradation pathway. While the
former was not successful, the latter approach led to the development of a novel
technique termed inducible N-end rule mediated degradation (iNERD), which
succeeded in generating tissue specific loss of gene function during embryogenesis.
This is the first time, to our knowledge that this has been achieved in Drosophila.

6.1 Why the requirement of a new loss-of-function technique?
Over the last few decades, powerful combinations of advanced genetic and molecular
tools have enabled remarkable progress in the analysis of gene function in Drosophila.
One outcome of this analysis is the realisation that most genes have pleiotropic
functions during normal animal development. Currently, the majority of loss-offunction studies in Drosophila embryogenesis use classical null alleles, injection of
dsRNA, generation of germline clones or, in some cases, the expression of dominant
negative forms of proteins. However, each of these techniques has limitations, such as
maternal contributions suppressing early zygotic phenotypes, early lethality hindering
the analysis of later events, delayed onset of phenotypes using RNAi or mitotic
recombination-induced clones due to the perdurance of proteins and ineffectiveness of
hairpin dsRNA expression to induce loss-of-function during embryogenesis. Therefore,
the development of a technique that is capable of generating true tissue specific loss-offunction during embryogenesis would enable dissection of many signalling mechanisms
that have remained poorly understood.
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6.2 Strategies explored in tliis study
Initially, attempts were made to exploit the ubiquitin-dependent 26S proteasome
pathway using the SCF ubiquitin-protein ligase complexes to induce degradation of
target proteins. In physiological conditions, the SCF type ubiquitin-protein ligases
regulate targeted protein degradation of a selected number of proteins via F box protein
dependent recruitment of substrate to this complex (reviewed in Elledge and Harper,
1998; Krek, 1998; Patton et al, 1998b; Ang and Wade Harper, 2005). However, the
approaches described in this study using a foreign F box - protein interaction pair, VirF
- Vipl, and the foreign protein-protein interacting components, BRCAl - BARDl, to
recruit target proteins to the SCF ligase machinery failed to confer instability to the test
proteins. This was most likely due to the lack of an optimal 3D spatial configuration
within the SCF ligase complex. However, this type of strategy has been successfully
used in other model systems (Zhou et ai, 2000; Cong et al, 2003; Su et al, 2003; Chen
et al, 2004; Cohen et al, 2004). Therefore, perhaps when 3D structural data is available
for a protein of interest, the SCF type ubiquitin-ligase system may be tailored to
overcome potential conformational constraints.

The second strategy utilised the N-end rule degradation pathway. In the N-end rule
pathway, the N-terminal residue dictates the metabolic stability of a protein. Instability
is conferred when proteins containing destabilising N-terminal residues are recognised
by a special class of E3 ubiquitin-protein ligases and degraded via a 26S proteasome
dependent mechanism (Varshavsky, 1996). Through exploitation of this pathway, I
developed a new technique called inducible N-end rule mediated degradation (iNERD),
which enables degradation of proteins in a tissue specific and temporally controlled
manner in Drosophila. The features of this technique are discussed in the following
sections.

6.3 iNERD and its potential adaptations
6.3.1 Advantages of iNERD over currently available loss-of-function

techniques

iNERD is an adaptation of the N-end rule pathway that permits conditional protein
instability in Drosophila. This technique has successfully combined instability
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conferred by the E. coli L a d derived N-degrons and the inducible exposure of the Ndegrons using the spht ubiquitin system to deliver conditional and tissue specific protein
degradation in both Drosophila S2 cells and in embryos. Importantly, the ability of
iNERD to induce tissue specific pbl loss-of-function during embryogenesis
demonstrated that this technique is effective and should be able to overcome many of
the inherent limitations of currently available loss-of-function techniques.

Firstly, conventional loss-of-function analysis of genetic phenotypes identifies the first
role that is disrupted after any maternal product has run out. Where germline clones are
available, the first embryonic function of the gene will fail and produce a phenotype,
potentially preventing the analysis of the function of a pleiotropic gene during later
stages of development. In addition, such zygotic mutants may display defects that
represent secondary effects due to an earlier requirement of the gene during
development. Therefore, analysis of the loss-of-function phenotypes of a gene in a
particular process can be confounded by earlier developmental roles for the gene.
iNERD can be used to degrade the target proteins in a spatial and temporal specific
manner, generating a mutant tissue in an otherwise normal organism. Although, the
experiments conducted in this study used GAL4 drivers that allow tissue specificity but
not complete temporal control of its expression in the embryo, iNERD can be tailored to
deliver temporal specific targeting of proteins (see below). Collectively, this will enable
us to study developmental gene function throughout development in spatial and
temporal specific manner. It should also be noted that iNERD is the first technique that
is capable of generating tissue specific loss-of-function during embryogenesis. Other
techniques such as inducible RNAi and mitotic recombination induced clones, which
are capable of generating tissue specific loss-of-function clones during larval and pupal
development, are either ineffective or inoperable during embryogenesis. iNERD
therefore represents a unique technique that can be used to significantly enhance the
study of embryonic events.

Secondly, techniques such as RNAi and mitotic recombination-induced clones operate
at the RNA and DNA levels respectively. As a consequence, the strength of the loss-offunction can be thwarted by the presence of stable proteins or high levels of proteins,
particularly when studying events that occur soon after the clones are generated or
RNAi is expressed. iNERD operates post-translationally to regulate protein degradation
in a spatial and temporal specific manner, and thus has the potential to generate rapid
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loss-of-function even when the proteins are normally stable or present in large amounts.
Finally, another limitation in the use of mitotic induced mutant clones is that it is
difficult to generate specifically post-mitotic mutant cells. To do this, the induced
recombination must occur during the final mitotic division and it will only produce a
single post-mitotic mutant cell. As the iNERD approach is cell cycle independent, it can
be used to address post-mitotic roles of genes during development.

Another advantage of the iNERD system is that it offers the possibility of reversibly
inactivating gene function in post-mitotic cells, e.g. by using an inducible system to
express the iDeg for a defined period of time and then removing the expression of the
iDeg and allowing translation of new proteins. In order to know whether reversible
induction of degradation might work, it would be important to determine the kinetics of
the accumulation and stability of the iDeg itself.

6.3.2 Potential adaptations of iNERD
In addition to the uses reported in this thesis, iNERD, could be adapted in several ways
to deliver a wide range of applications. One such adaptation is that it could be used to
remove maternal contributions during early embryogenesis. This could potentially be
achieved by the expression of a maternally supplied iDeg protein that is deposited into
the oocyte during oogenesis inducing degradation of the target protein. This approach
could also inhibit the function of maternally contributed mRNA, because the iDeg could
mediate the degradation of the target proteins as the mRNA is translated. This type of
approach would be highly suited for molecules that are associated with cell cycle
regulation, as loss of genes required for the cell cycle would be expected to be unable to
produce germline clones (Magie et al, 1999; Magie and Parkhurst, 2005). Therefore,
iNERD would be ideally suited for highly stable proteins associated with cell cycle such
as histones (Clarkson and Saint, 1999; Clarkson et al, 1999). This is because techniques
such as dsRNA injection that can generate non-tissue specific loss-of-function clones,
may not be able to deplete such stable proteins to abolish gene function.

iNERD could also be adapted to degrade proteins in a temporally controlled manner
during development. Here, iDegs under the control of inducible drivers such as hsp70GAL4 could be used to induce its ubiquitous expression by heat shock treatment (Brand
and Perrimon, 1993; Brand et al, 1994). In addition, combination of temperature
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sensitive form of the yeast GAL4 repressor, GAL80'®, could be used to control temporal
expression of tissue specific GAL4 activity (McGuire et al, 2003). This would enable
expression of the tissue specific GAL4 driven iDeg upon shifting to the restrictive
temperature of GAL80" (McGuire et al, 2003).

Another potential adaptation of iNERD is that it could be used to degrade proteins
based on their subcellular localisation. This could be achieved by attaching, to the iDeg,
specific subcellular localisation signal tags such as nuclear localisation signals (NLS),
nuclear export signals (NES) or tags such as a CAAX motif to which isoprenoid lipids
are conjugated, directing the protein to the membrane. However, iDeg is 9.5 kDa in
size, which allows it to freely diffuse in and out of the nucleus even when it contains the
SV40 NLS (data not shown) (reviewed in Yoneda, 1996). It possible to increase the size
of the iDeg by attaching it to a larger protein and hence retaining it in the nucleus. This
would enable specific subcellular localisation of the iDeg, where it can mediate
degradation of the target proteins localised to the same compartment as the iDeg,
whereas target proteins localised elsewhere would be unaffected. It should be noted that
the N-end rule pathway has been demonstrated to occur in both the nucleus and the
cytoplasm (Varshavsky, 1996). Therefore, this approach could be used to specifically
degrade cytoplasmic, nuclear or membrane bound proteins. However, the iNERD
approach would be limited to target membrane proteins that have their N-terminus, and
therefore the iTag, on the cytoplasmic side.

Although this study demonstrated that iNERD can be effectively used to generate lossof-fianction tissue in the embryo, the use of iNERD is not restricted to the embryo. In
fact, iNERD could be used analyse gene fiinction throughout development and in the
adult. As iNERD operates at a post-translational level to regulate target protein
degradation, it has the potential to deliver loss-of-function quicker than the clones
generated by RNAi or mitotic induced clones. Therefore, iNERD could be used in place
of RNAi or mitotic clones during later developmental events. It should be noted that
iNERD may work more effectively in larval and pupal stages than in the embryo,
because most developmental processes occur at a much slower rate at these stages.
Alternatively, iNERD could be used in conjunction with RNAi to deliver even stronger
and quicker loss-of-function. Therefore, the advantages of iNERD over currently
available loss-of-function techniques and its potential adaptations make iNERD a
powerful tool in analysing gene function throughout Drosophila development. Finally,
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the i N E R D approach could be used in other model systems making it a potentially more
general tool to study gene function during development.

6.4 Limitations and potential improvements of iNERD
In Chapter five I discussed in detail the limitations of the iNERD approach, so they will
be only briefly summarized here. First, the N-degron containing iTag must be attached
to the N-terminus and proteins may not tolerate such N-terminal modifications.
Secondly, I observed a lag after iDeg induction before a mutant phenotype was evident.
This was due to the delay in expression of the iDeg by the GAL4-UAS system and the
degradation kinetics of the N-end rule substrates. Finally, it should be noted that
although i N E R D is a versatile technique, its application requires the existence of null
mutant alleles, as well as complex genetics such as iTagged rescue constructs and tissue
specific iDegs. Therefore, it will only be suitable for use in a restricted number of
organisms in which advanced genetic manipulation is available.

There are several ways in which the iNERD approach could possibly be improved.
Mutagenesis of the N-degrons to disrupt any secondary structure that the N-degron may
assume may allow it to better mimic a nascent peptide and degrade quicker. For
example, insertion of a proline residue in a a-helical or P-sheet regions is known to
disrupt the overall structure. Primary sequence analysis of the 40 amino acid long
degrons predicts two p-sheet regions (spanning residues 5-7 and 12-14) and one ahelical region (spanning residues 18-28) (data not shown). Systematic introduction of
proline residues to the N-degrons N i l 3 and R119 and screening for the relative
efficiencies of the resultant N-degrons may allow identification of improved N-degrons
that can degrade attached substrates more rapidly. Although, the prediction scores for
the a - h e l i x or the p-sheet regions are not significantly high, disruption of any secondary
structures present may potentially increase the efficiency of the degrons.

T w o other potential improvements are to increase the expression of the iDeg by
developing stronger drivers, and to decrease the phenotypic lag by using direct promoter
fusions. Another method of delivering iDeg to the cell would be to produce "caged
iDeg" that is unable to interact with the iTag. Caging is often done as a photolabile
modification to a protein of interest, where this prevents its activity or interaction with
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its interaction partners (Adams and Tsien, 1993; Cambridge et al, 1997; Lawrence,
2005). The caged compounds can be uncaged and converted to their active state by
exposing them to certain wavelength light. Uncaging of the iDegs in iNERD would then
allow rapid interaction with the iTag to rapidly degrade target proteins.

6.5 Application of iNERD
Due to the limitations in current loss-of-function techniques in Drosophila, signalling
mechanisms that govern early embryonic events remain poorly understood. A good
example of this is in EMTs, cell migration and METs that take place during
embryogenesis. An important example of this is the fact that molecular signalling
mechanisms that govern the endodermal EMT, cell migration and MET are very poorly
understood, despite the fundamental importance of the endoderm as one of the three
primary tissues and the importance of EMTs, cell migration and METs to development
and disease. To date, very few genes have been shown to be required for the
endodermal cell migration (Martin-Bermudo et al, 1999; Devenport and Brown, 2004).
The ability of iNERD to create endoderm specific loss-of-function during
embryogenesis should now enable analysis of gene function specifically in this tissue.
Therefore, iNERD has the potential to identify previously undiscovered gene functions
during endoderm morphogenesis. iTagged versions of key molecules that act in these
signalling pathways, such as the Rho GTPases, FGF and PDGF pathways should be
generated and tested in the iNERD system to abolish their function specifically in the
endoderm. Such studies should begin to identify signalling pathways that operate during
endoderm morphogenesis.

6.6 Concluding remarks
Molecular mechanisms that govern certain early embryonic events have been poorly
understood due to a number of limitations in currently available loss-of-function
techniques. In order to dissect the precise molecular mechanisms that operate in
particular tissues and stages of embryogenesis, new approaches to generate tissue
specific loss-of-funcfion are required. The work reported in this thesis describes the
development and successful demonstration of a new technique, iNERD, which enables,
for the first time, the generafion of tissue specific loss-of-fiincfion during
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embryogenesis. Application of this technique could potentially be used for the genetic
analysis of developmental processes previously out of the reach of traditional loss-of
function techniques in Drosophila and other organisms.
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