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Abstract

Cellular division is a vital process that must be tightly regulated to ensure the

faithful replication and segregation of the genetic material of a cell. Previous experiments

have shown that the Drosophila gene pebble plays an essential role in this process, and is

thought to be required for the activation of the Rho G protein and the stimulation of

cytokinesis. However, in addition to the DH/PH domains deemed responsible for this

activation of Rho, Pebble (PBL) also contains two highly conserved nuclear BRCT

domains, and a third conserved region, named the RadECl region. BRCT domains have

previously been implicated in the response to and repair of DNA damage. The presence

of such domains within a Rho GEF protein is both unique and intriguing in that it could

enable PBL to play a dual role in both cytokinesis and DNA repair. This would not only

be a novel mechanism, but it could also provide a link between the sensing of DNA

damage and cell cycle control. A potential nuclear role for PBL was therefore examined

in this thesis.

Through the use of a variety of biochemical and genetic techniques, the

importance of the nuclear localisation of PBL was examined, as well as the function of its

RadECl and BRCT domains. V/hile nuclear localisation was found to be non-essential for

the role of PBL in cytokinesis, sequestering the protein to the nucleus at the appropriate

time was found to be highly important for the maintenance of normal cellular processes.

In a completely novel and exciting hnding, the RadECI/BRCT domains were found to be

required in the cytoplasm for cytokinesis, extending the range of function attributed to

these domains. PBL was also shown to shuttle between the nucleus and the cytoplasm,

providing an explanation for the observed ability of nuclear PBL to influence cytoplasmic

structure.

In addition to its role in cytokinesis, the phenotypes observed when PBL and its

mutant forms were expressed in non-cytokinetic tissues suggested a novel cytoplasmic

andlor nuclear role for PBL in interphase. In line with the documented function for BRCT

domains, preliminary evidence also suggested a role for PBL in the response to DNA

damage.

The results of this study have therefore provided numerous novel findings

concerning the function of PBL, indicating that it is a multifunctional protein that utilises

multiple domains for its diverse cellular roles.
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Chanter 1: Introduction

L:1 Introduction

Cellular division is a vital process that must be tightly regulated to ensure the faithful

replication and segregation of the genetic material of a cell. During the development of a

multicellular organism this process must not only be tightly regulated, but it must also be

strictly coordinated with the process of development itself. In addition to this, cells are

constantly under the threat of genetic mutation through continuous errors in DNA replication

and the damaging effect of an unstable environment. A large number of spontaneous errors

occur every day in a typical human cell. Thus it is obvious that accurate and thorough

mechanisms must have evolved to cope with this high level of damage and maintain genomic

integrity. Despite these mechanisms, failures in this process are evident from the numerous

types of cancers that plague our existence. The massive detrimental impact of these diseases

on our society is one of the many reasons why cell proliferation and DNA repair are of such

high social and experimental interest. However, despite this interest and the many decades of

research devoted to the understanding of these processes, there is still much to learn. The

classical model organism Drosophila melanogaster provides an ideal system in which to

study this vital regulation of proliferation, as it is a genetically manipulable metazoan whose

cellular basis of development has been extremely well characterised. The high conservation

of genes and their function across the broadest range of eukaryotic species makes Drosophila

an invaluable research tool in the understanding of these complex cellular processes.
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1:2 The euka otic cell cvcle

The eukaryotic cell cycle can be divided into four distinct phases;

2) M phase, consisting of mitosis, the process during which the duplicated genome is divided

into two daughter nuclei before the cell itself divides during cytokinesis.

3) Gl phase, the period of time between cell division and the start of DNA synthesis and

4) G2 phase, the period between the completion of DNA synthesis and the next M phase.

Coordination of genome replication during S phase with its segregation during M phase is of
vital importance to the correct development of a eukaryotic organism. If this proeess is not

correctly controlled, cell death or cancer can result. Studies of mammalian cultured cells

suggest that the two main control points of the cell cycle, Gl and G2, play different roles in

the regulation of the cell cycle. During Gl, cells respond to growth factors and other

environmental signals, and a decision is made by the cell to continue through another cell

cycle or to cease proliferating. During G2, cells monitor the fidelity of replication of the

genome before the decision is made to commit to division. Throughout development, the

emphasis on these control points is thought to differ at different developiriental stages and in

different tissue types (reviewed by Saint and Wigley, 1992;Edgar,1995).

Studies in a multitude of different organisms have indicated the importance of two

key families of proteins in the regulation of the cell cycle. The cyclin dependent kinase

(CDK) family of serine/threonine protein kinases exert their effect by phosphorylating

selected proteins involved in cell cycle processes. Their activity depends on association with

a second family of proteins, termed cyclins because of the cyclic oscillations in the level of

these proteins observed throughout the cell cycle. The cyclic assembly, activation, and

disassembly of cyclin/CDK complexes is thought to act as the engine that drives the cell

cycle (reviewed by O'Farrell, 1992),
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1:3 The process ofcvtqkuieËi$

Cytokinesis itselt the division of the cell into two daughter cells, is a process about

which surprisingly little is known. Despite the fact that many of the structural components

involved have been identified on the basis of their mutant phenotypes or cellular localisation,

the actual mechanics and regulation of this fundamental process remains relatively poorly

understood. The process of cytokinesis varies widely in eukaryotes, from budding in yeast, to

septation in plants, and to contractile ring-driven cytokinesis in animal cells. Although a great

deal is known about the components of yeast budding and plant septation, this discussion will

focus on the factors identified in animal cell cytokinesis.

Cytokinesis in animal cells can be divided into a series of steps (Figure 1.1). The first

step is cleavage plane specification, i.e. speciSring the plane along which the cell will divide

(Figure 1.1a). This is thought to involve the transmission of a signal, derived from the

mitotic spindle and targeted to the cellular cortex, which directs the accumulation and

alignment of proteins involved in the next step in cytokinesis, the formation of the contractile

ring (Figure 1.1b) (reviewed by Glotzer, 1997b).

The contractile ring is proposed to consist of filamentous actin, arranged in a

circumferential ring around the equator of a dividing cell, and non-muscle myosin II, which

is arranged into minifîlaments that interdigitate the actin filaments. ATP hydrolysis by

myosin leads to constriction of the actin bundles via a slide filament mechanism, similar to

that which drives muscle contraction. Thus constriction of the ring applies tension to the

attached plasma membrane, generating the cleavage furrow which divides the cell in two

(Figure 1.1c).

The ingression of this cleavage furrow continues until the cell membrane has been

pulled in towards the microtubule bundles forming the central spindle region. The

intercellular bridge structure generated after the furrow ingresses completely, which links the

two daughter cells, is known as the midbody (Figure 1.1d). It is a transient structure

consisting of an aggregate of overlapping microtubules from the spindle.

This final remaining link between the cells is resolved when the cells separate

(Figure 1.1e). Very little is known about this process, apart from the assumption that it must

involve the insertion of ne\ry membrane between the two now separate daughter cells

(reviewed by Glotzer,1997a; Glotzer, 1997b).
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Figure 1.1 Cytokinesis in animal cells.

A schematic diagram of the steps involved in cytokinesis in animal cells. Nuclear material

and the outline of the cell are shown in black, microtubules are shown in blue, the contractile

the position of the cleavage plane is represented by yellow triangles.

A. Cleavage plane specification. This is thought to involve the transmission of a signal

from

the mitotic spindle to the cell cortex.

B. Contractile ring formation. The contractile ring consists of fîlamentous actin and

myosin

arranged in a circumferential ring around the equator of the dividing cell.

C. Furrow ingression. The constriction of the acto-myosin contractile ring leads to the

formation of the cleavage furrow that divides the cell in two.

D. Midbody formation. After furrow ingression, the two daughter cells are joined by a

small bridge termed the midbody. It is a transient structure consisting of an aggregate of

overlapping microtubules from the spindle.

E" Cell separation, Resolution of the miclbody structure and insertion of ner¡r membrane

results in the formation of two separate daughter cells.
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1:4 The initiation of cvtokinesis: when?

Cytokinesis begins shortly after the onset of anaphase, the stage in mitosis in which

the duplicated sister chromatids move apart to the opposite poles of the cell. The tight

temporal correlation between the processes of mitosis and cytokinesis is of upmost

importance to ensure that the cell does not divide until its genetic material has been

completely segregated. The exit from mitosis itself is triggered by the degradation of the

mitotic B type cyclins and by decreased levels of their associated CDK activity (reviewed by

Zachariae,lggg). However, it has also been shown that these mitotic proteins can control the

onset of cytokinesis. Inactivation of CDK1 has been shown to be required for cytokinesis to

proceed in cultured rat cells (Wheatley et al., 1997). Similarly, the expression of stable forms

of cyclin B (CYC-B) in a variety of cell types has shown that the degradation of B-type

cyclins is essential not only for late mitotic stages, but also for cytokinesis to proceed

(Murray et a\.,1989; Sigrist et al., 1995; Yamano et al., 1996;Parry and O'Farrell, 2001). In

support of this, cycB mutarrt Drosophila embryos form premature cytokinetic furrows

(Knoblich and Lehner,1993). Thus it appears that mitotic cyclin and CDK activity must be

removed for both the exit from mitosis and the initiation of cytokinesis, allowing these

processes to be precisely coordinated.

1:5 The initiation of cYtokinesis: where?

How does a cell decide where it is going to initiate the process of cleavage furrow

specification and divide itself in two? How does it ensure that this process is initiated so that

each daughter receives its appropriate share of nuclear and cellular material? Mitosis is a

process that is driven by reorganisation of microtubule filaments. These filaments are one of

the three major protein components that make up the cytoskeleton. During the mitotic

process, microtubules are reorganised and proteins are recruited to form the structure known

as the mitotic spindle. This mechanical structure divides the duplicated genome in two by

applying opposing forces to the sister chromatids aligned on the metaphase plate.

Microtubule organising centres (MTOCs) or centrosomes play important roles in the
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assembly of the spindle, the alignment of sister chromatids at the metaphase plate, and the

movement of the sister chromatids to opposite poles during mitosis.

1:5.1 Cleavage plane specification: the importance of the mitoti

The results of numerous studies have indicated the importance of the mitotic spindle

structure to the initiation of cytokinesis. This is not at all surprising given that such

connection would enable the processes of mitosis and cytokinesis to be precisely coordinated,

ensuring both the correct timing and positioning of the cleavage furrow between the two

daughter nuclei after successful mitotic separation. However, there remains some controversy

as to which part of the mitotic spindle is responsible for this stimulus. The initial experiments

performed on sea urchin embryos originally suggested that the microtubules emanating from

the asters of the mitotic spindle specify the position of the cleavage furrow (Rappaport,

196l). In this system, the positioning of two polar asters from different spindles within the

same cell was sufficient to induce furrowing. It was therefore proposed that a signal,

originating at the asters, would travel along the astral microtubules to the cell cortex where it

would stimulate constriction of the cleavage furrow (Devore et a\.,19S9). However, more

recent experiments using cultured cells have suggested that it is the central spindle that

determines the position of the cleavage furrow (Cao and Wang, 1996; V/heatley and 'Wang,

1996; Eckley et aL.,1997; Wheatley et a\.,1998). The central spindle is made up of cross-

linked bundles of antiparallel non-kinetochore spindle rnicrotubules. In one study, tubulin

was fluorescently labelled to monitor the organisation of these microtubules. An ectopic

furrow was observed to form only when microtubule bundles formed between the asters,

suggesting that the asters themselves were insufÍicient to induce furrow formation ('Wheatley

and Wang, 1996), The differences between the sea urchin and the mammalian tissue culture

system possibly reflect inherent differences in the structures of these cells. However, it is also

possible that in the original sea urchin experiments, a central spindle structure was able to

form between the two asters, and it was this structure that acted as the source of the signal.

More recent studies using Drosophila have lent further support to the theory that it is

the central spindle that provides the source of the signal. In asterless mutants, both

spermatocytes and neuroblasts form a normal central spindle that has the ability to initiate

cytokinesis (Bonaccorsi et a|.,1998; Giansanti et a\.,2001). In addition to this, Drosophila

female meiosis is normally anastral (Theurkauf and Hawley,1992). During male meiosis, a

strong correlation between the presence of a central spindle and the formation of a contractile
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ring has also been demonstrated in a variety of different mutant backgrounds (Giansanti e/

at.,1998). Thus it seems that a wealth of data in both Drosophila and mammalian cells points

to the central spindle as the source of the signal that initiates cytokinesis.

1:6 Formation and function of the contractile rine

Once sister chromatid segregation has been initiated, the structure known as the

contractile ring forms between the segregating chromosomes. This consists of filamentous

actin arranged in a circumferential ring around the equator of the dividing cell. Non muscle

myosin II is arranged into minifîlaments which interdigitate these actin filaments. ATP

hydrolysis by myosin leads to constriction of the actin bundles via a mechanism, similar to

that which drives muscle contraction. This constriction of the ring applies tension to the

attached plasma membrane, generating the cleavage furrow that divides the cell in two. In

addition to the actin filaments that run parallel to the cell cortex, several analyses have

indicated that in the equatorial regions of the contractile ring, many actin filaments also run

perpendicular to the length of the mitotic spindle (Opas and SoÇtyÑska, 1978; Fishkind and

Wang, Igg3). Thus the organisation of actin within the contractile ring is quite complex

(Glotzer, 1997a).It is also known that actin is recruited to this region from a cytoplasmic

pool (Cao and Wang, 1990). Thus the formation and function of the contractile ring requires

significant changes in the actin cytoskeleton'

A host of other proteins also localise to the cleavage furrow and are involved in the

formation and activity of the contractile ring. A few of these are described briefly below'

1:6.1 The role of actin binding proteins

Profilin (encoded by chickadee in Drosophila) and cofîlin (twinstar in Drosophila)

are actin binding proteins required for cytokinesis, which are thought play a role in the

regulation of actin assembly. While Profilin binds actin monomers and is involved in

filament formation (Verheyen and Cooley , 1994; Giansanti et aL.,1998), cof,rlin promotes the

disassembly of actin filaments (Gunsalus et al., 1995; Bamburg, 1999). Thus both the

assembly and disassembly of actin filaments are required for the function of the contractile

7
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Another actin binding protein, anillin, colocalises with myosin II in the cleavage

furrow and has been shown to bundle actin filaments in vitro. As such, it may play a role in

stabilising the contractile ring by bundling cortical actin (Field and Alberts, 1995).

Thus it appears that the opposing effects of Profilin and cofilin, together with the

'-- .-='-:' --actin.-bundling-aetivity-oËanillin;are -required= forthe cytoskeletal reoryanisa-ti-on -Vè-t=s - -
necessary for the formation and function of the contractile ring.

1:6.2 The role of septins

The septins are a conserved family of proteins that are required for cytokinesis in a
wide range of organisms. They contain a characteristic GTP binding domain near the N-
terminus, and a coiled-coil domain near the C-terminus (reviewed in Longtine et al., 1996).

They colocalise with actin and myosin to the cleavage furrow and in Drosophila are capable

of forming filaments in vitro Q.teufeld and Rubin , 1994; Field et at., 1996). They are also

capable of forming complexes and are thought to function as a scaffold on which other

proteins assemble (Longtine et al., 199S). In Drosophita 5 septins have been identif,red,

PEANUT (PNUT), and SEP1, sEP2, sEP4 and sEp5 (Adam et a1.,2000). A 340 kD

complex of PNUT, SEP1 and SEP2 has been shown to be responsible for the hlament-

forming activity (Field et a\.,1996).In vertebrate cells, septins have been shown to associate

with actin-containing structures, including the contractile ring (Kinoshita et al., 1997).In

addition to their ability to bind actin, they are also capable of binding microtubules in

Xenopus. This dual ability may be part of a link between the cell cortex and the central

spindle that promotes furrow ingression (Glotzer, I997b).

1:6.3 The role of Formin Homology proteins

Formin Homology (FH) proteins are known to be required for cytokinesis in a variety

of species and to localise to contractile ring structures (Chang et a\.,1997; Hanis et al.,1997;

Imamura et al., 1997).In Drosophila, the FH protein Diaphanous localises to the contractile

ring and is required for cytokinesis in the male germline and embryonic divisions (Castrillon

and Wasserman, 1994; Afshar et al.,2000). Mutations inthe nematode FH gene cyk-1 also

lead to cytokinetic defects (Swan et al., 199S).

Formin Homology proteins contain a number of characteristic FH domains that arc

responsible for their function in the reorganisation of the actin cytoskeleton. The FHI domain

is a polyproline rich region that has been demonstrated in both budding and fission yeast to
8



bind the actin polymerising protein Profilin (Chang et al., 1997; Imamura et al., 1997),

suggesting that FH proteins are upstream regulators of actin reorganisation. In addition to this

actin regulatory ability, FH proteins are also capable of binding Rho GTPases through an

amino terminal domain (Evangelista et al.,l99l; Imamura et al., 1997;'Watanabe et al.,

lggT). Among many cellular roles, Rho GTPases regulate the reorganisation of the actin

cytoskeleton during cytokinesis. Thus FH proteins may form a crucial link between these

GTPases and actin.

1:7 The imDortance of the central snindle and midbodv

During cytokinesis, the ingression of the cleavage furrow continues until the cell

membrane has been pulled in towards the microtubules forming the central spindle region

(shown in green in Figl.lb and c). Once the furrow ingresses completely, an intercellular

bridge structure linking the two daughter cells remains. This structure is referred to as the

midbody and consists of an aggregate of overlapping microtubules from the spindle (shown

in Fig 1.1d). The function of the midbody is not yet entirely understood, but a variety of

proteins that localise to both the central spindle region and the midbody have been shown to

be required for cytokinesis. These are briefly discussed below.

1:7.1 The role of chromosomal passenger proteins

Chromosomal passenger proteins are proteins with a dynamic pattern of localisation.

They are observed to initially concentrate at the centromeric regions of chromosomes before

relocating to the microtubules of the central spindle and the region of the cell cortex where

the cytokinetic furrow will form. Their localisation to the future furrow site occurs before any

other evidence of furrowing, suggesting that these proteins may be involved in the earliest

stages of furrow formation (Earnshaw and Cooke , l99l; Eckley et al., 1997). However, the

observation that cytokinesis can occur in the absence of chromosomes in grasshopper

spermatocytes, suggests that, at least in these cells, passenger proteins are either not essential

for cytokinesis or can be delivered to the central spindle via a separate mechanism (Zhang

andNicklas, 1996).
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lz7.2The role of kinesin-like motor proteins

Numerous kinesin motor proteins have also been implicated in the processes of
mitosis and cytokinesis (Moore and Endow, 1996).In Drosophila the Kinesin-like protein

KLP3A exhibits defects in cytokinesis during the meiotic divisions of spermatogenesis. It is
observed to concentrate at the midbody during anaphase and telophase and is thought to be

involved in the bundling of microtubules at the midzone to form the central spindle

(V/illiams et al., 1995). These observations provide further evidence that it is the central

spindle that is the source of the signal that initiates the cleavage furrow.

Pavarotti is a mitotic kinesin-like protein in Drosophila that has also been shown to

be required for cytokinesis during embryonic divisions. It is observed to localise to the

centrosomes early in mitosis and to the miorotubules of the midbody during late anaphase

and telophase. Pavarotti associates with Polo kinase, and together they show an overlapping

pattern of subcellular mitotic localisation. This distribution is disrupted in pavarotli mutants,

and Pavarotti has also been shown to be required for the correct localisation of the septin

Peanut, actin, and the actin-associated protein Anillin. Cells of pavarotti mutant embryos

develop an abnormal telophase spindle and fail to initiate cytokinesis (Adams et a\.,199S).

Thus this kinesin-like protein is required for both spindle and contractile ring formation and
+^ *^L.:l:^^ ^¿L^.. --^^--l^L^,--- ,-,--L-t,[u rrluuulstr uutçr rggutatury ptutçllls,

1:7.3 The role of Serine/Threonine protein kinases

In addition to their earlier roles in mitosis, the serine/threonine kinases Polo and

Aurora localise to the midbody and play a role in the regulation of cytokinesis. polo

hypomorphic mutant spermatocytes in Drosophila fail to form correct midzone and midbody

structures at telophase. Interestingly, polo mutant cells also fail to correctly localise the

kinesin-like protein Pavarotti, and actin and the septin Peanut are not incorporated into the

contractile ring. Thus it appears that Polo and Pavarotti are mutually dependent for their

correct localisation, and are both essential for cytokinesis (Carmena et a\.,1998).

The first Aurora kinase identified in Drosophila was initially found to be required for

the centrosomes to separate and form a bipolar spindle (Glover et a1,,1995). A second

Aurora-like kinase, Aurora B, was subsequently found to be involved in cytokinesis in

addition to its mitotic role in chromosome condensation and segregation. (Giet and Glover,

2001).In support of this hnding, an Aurora B kinase in C. elegans, AIR-2, was also found to

play a role in cytokinesis and chromosome condensation (Schumacher et a1.,1998;Kaitna et
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a\.,2000; Severson et a\.,2000). Interestingly AIR-2 was found to act as a passenger protein,

associating with chromosomes early in mitosis before being transferred to the midbody

microtubules, where it is required for correct organisation of the spindle and localisation of

the Pavarotti kinesin-like protein orthologue ZEN-4 (Schumacher et a|.,1998; Kaitna et ø1.,

2000; Severson et a\.,2000). Thus it seems that a complex interplay between a multitude of

proteins, including Polo and Aurora kinases, is required for the precise regulation of mitosis

and cytokinesis.

1:8 Cell senùration

After the furrow has ingressed to completion and the midbody is the only remaining

structure linking the two cells, the final process of cell separation must begin. This involves

the resolution of the midbody, and the insertion of new membrane to form two now separate

daughter cells.

1:8.1 The insertion of new membrane

In animal cell divisions, new membrane is thought to be inserted just behind the

leading edge of the ingressing furrow (Bluemink and delaat,1973; Drechsel et al., 1997).

Although very little is known about the mechanics and regulation of this process, it is thought

to occur by targeted vesicle insertion, similar to the process of cell separation in plants. In

plant cells, vesicles are transported via microtubules to the region between the separated

sister chromatids. These vesicles then fuse into a tubulo-vesicular network that ultimately

matures into a continuous membranous structure, dividing the cell in two. The syntaxin

protein KNOLLE and the dynamin-like protein phragmoplastin have been identified as

playing essential roles in this process (reviewed in Gu and Verma,1996; Lukowitz et al.,

1996; Glotzer,lggib). Syntaxins are known to be involved in membrane fusion events, while

dynamin has been implicated in endocytosis in a wide range of organisms (Bennett et al.,

1993; Hinshaw and Schmid, 1995). Interestingly, syntaxins have more recently been

identified as playing cytokinetic roles in animal cells, suggesting that plants and animals may

use similar mechanisms to incorporate new membrane during cytokinesis (reviewed in

Bowerman and Severson, 1999). Studies in C. elega¡¿s have identified the syntaxin protein
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Syn-4 as playing a role in cytokinesis, possibly in membrane addition at the cleavage furrow
(Jantsch-Plunger and Glotzer,1999).In further support of the role of membrane addition, the

inactivation by RNA interference of rab-l1inC. elegans results in a similar cytokinetic

defect to that caused by inactivation of syn-4. rab-l I encodes a member of the Rab family of

(reviewed by Bowerman and Severson, 1999).

ln Drosophila, inhibition of syntaxin activity inhibited the process of cellularisation

(Burgess et a\.,1997). Cellularisation is aprocess related to cytokinesis, which occurs very

early in the development of Drosophila beforc any cytokinetic division, and involves the

growth of membranes from the periphery of the embryo to encapsulate the syncitial nuclei

within it (Campos-Ortega and Hartenstein, 1985). Therefore the possible role of this protein

in cytokinesis itself has not yet been determined. Similarly, mutants in lavalamp also show

an inhibition of cellularisation. lavalamp encodes a golgi-associated protein that facilitates

membrane insertion required for the formation of furrows during cellularisation (Sisson ef

aL.,2000). Further studies are required to determine whether these proteins also function in
the analogous process of cytokinesis in Drosophila.

1:8.2 The role of centrosomes in final separation

The use of centrin-GFP to follow the localisation of the centrosomes in live cells

during cytokinesis, provided surprising evidence that the centrosomes could also be invoived

in the final stages of cytokinesis (Piel et a\.,200I). Each centrosome consists of a mother and

a newly synthesised daughter centriole, which is produced with each cell division. Real time

imaging revealed that final separation of the two daughter cells coincided with the movement

of one or other of the mother centrioles toward the vicinity of the midbody region. Analysis

of fixed cells had also suggested a similar movement of the centrosome (Mack and Rattner,

1993). However, there remains some controversy as to the importance of the centrosome in

the final separation of the daughter cells. Cells in which the centrosome has been laser

ablated are observed to complete cytokinesis, albeit with an increased frequency of
cytokinetic defects (Khodjakov and Rieder, 2001). Also, flies with a mutation in the

centrosomin gene that lack functional centrosomes, survive to adulthood, suggesting that

centrosomes are not essential for cytokinesis (Megraw et a\.,2001) (reviewed by Glotzer,

2001).
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In conclusion, a range of proteins, possibly related to those involved in plant

membrane addition, are involved in the insertion of new membrane behind the leading edge

of the ingressing furrow. The movement of the centrosomes toward the midbody region may

signal the final separation of the cells, leading to the creation of two separate daughter cells'

1:9 Rh fam GTPase

Members of the Ras superfamily of small G proteins (GTPases) have been shown to

be essential for a wide range of intracellular signalling pathways involved in multiple cellular

functions. One subclass of this superfamily, the Ras Homology (Rho) family of small

GTPases, has been shown to regulate many essential cellular processes including acto-

myosin dynamics, cell adhesion, gene transcription and cell cycle progression. This

discussion however, will focus on their roles in cytokinesis.

1:9.1 Rho GTPases: molecular switches with important regulatory roles

Multiple members of the Rho GTPase family have been identifred, but the most

extensively characterised of these are Rho, Rac and Cdc42.In common with all members of

the Ras superfamily, each of these GTPases acts as a molecular switch, cycling between an

active GTP bound form and an inactive GDP bound form (Figure 1.2). In their active state

they localise to plasma membranes and are capable of interacting with downstream effector

molecules to bring about changes in acto-myosin structures (reviewed by Bishop and Hall,

2000). Most of the initial work on these Rho family members was carried out in mammalian

tissue culture cells where active Rho was found to induce the bundling of actin to form stress

fibres, Rac was found to induce the accumulation of actin filaments to form membrane

ruffles and lamellopodia, while Cdc42 induced the formation of filopodia (Ridley and Hall,

1992; Ridley et al., 1992; Nobes and Hall, 1995). Once they have initiated a downstream

response, their intrinsic GTPase activity returns these G proteins to the GDP-bound inactive

state to terminate fuither signal transduction.
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1:9.2 The regulation of Rho GTPases: GEFs and GAps

The ratio of the GTP bound active form, and the GDP bound inactive form of Rho

proteins in a cell is largely controlled by the opposing effects of GEFs, GAPs and GDIs

(Figure f .2). GTP Exchange Factors (GEFs) catalyse the exchange of GDP for GTP and thus

SC a tandem

arrangement of Dbl-homology (DH) and pleckstrin homology (PH) domains. The DH

domain is responsible for the catalytic activity of the GEF, promoting the uptake of GTp in

exchange for GDP (Hart et a\.,1994; Cherfils and Chardin,1999). The PH domain is thought

to enable the localisation of the protein to the plasma membrane through lipid binding

(Zheng et aL.,1996; Rameh et aL.,1997). However, the PH domain is also thought to directly

affect the activity of the DH domain. For example, in the GEF Trio which contains two

DH/PH modules, the DH/PH domains together have a 1OO-fold higher GEF activity than the

DH domain alone (Liu et al.,l99S).

GTPase Activating Proteins (GAPs) increase the intrinsic GTPase activity of G
proteins, thus promoting the inactive GDP bound form (Lamarche and Hall, 1994). A third

class of Rho family interactors, Guanine nucleotide Dissociation Inhibitors (GDIs), bind to

RhoGDP in the cytosol, sequestering it in this inactive form (Olofsson, 1999). Thus the

combined effects of GEFs, GAPs and GDIs act to regulate the activity of Rho fanrily

members.
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Figure 1.2 The regulation of Rho G protein activity by GEFs, GAPs, and GDIs.

Rho G proteins cycle between an active GTP bound form, and an inactive GDP

bound form. The ratio of these two forms in the cell is controlled by the opposing

effects of GEFs, GAPs, and GDIs. GTP Exchange Factors (GEFs) promote the

uptake of GTP in exchange for GDP and therefore promote the active form.

GTPase Activating Proteins (GAPs) catalyse the intrinsic GTPase activity of G

proteins, thus promoting the GDP bound inactive form. Guanine nucleotide

Dissociation Inhibitors (GDIs) bind to RhoGDP, maintining it in an inactive form.

GTP bound active Rho localises to the plasma membrane and interacts with
downstream effector molecules to bring about changes in acto-myosin structures.



1:10 Rho GTPases and their role in cytokinesis

The major role that has been identified for Rho GTPases is to regulate the

organisation and assembly of the actin cytoskeleton. Therefore it is not at all surprising that

they have been found to play important roles in cytokinesis. A role for Rho in cytokinesis

was first demonstrated using the botulinum C3 toxin, which specihcally inactivates Rho, and

by microinjecting constitutively active and dominant negative versions of Rho family

members in cultured cells.

Rho itself was found to be required for cytokinesis in Xenopus (Kishi et al., 1993;

Drechsel etal.,1997) andseaurchinembryos(Mabuchi etal., 1993), aswellasinhuman

cultured cells (O'Connelle/ aL.,1999).Injection of the C3 toxin and of modified forms of

Rho in this range of organisms was found to inhibit furrow ingression through a failure of

proper actin reorganisation to form a functional contractile ring. Interestingly, newly inserted

cleavage membranes were observed to form aberrantly on the outer surface of the modified

Xenopus embryos, suggesting that furrow ingression and membrane insertion are not

necessarily linked (Drechsel et a|.,1997).

Rho has also been shown to be required for cytokinesis in D. melanogaster and C.

elegans.ln Drosophila, mutations in RhoA or expression of a dominant negative form of

RhoA disrupt cytokinesis (Prokopenko et al., 1999), while in C. elegans, RNA interference

revealed a requirement for RhoA in cytokinesis (Jantsch-Plunger et a|.,2000).

Other Rho family members have also been demonstrated to play essential roles during

cytokinesis in a variety of organisms. Expression of modified forms of Cdc42 has been

shown to inhibit cytokinesis in both human cultured cells and Xenopus (Dutartre et a|.,1996;

Drechsel et al., 1997). Similarly, expression of constitutively active or dominant negative

forms of Rac1A, RaclB and RaclC inhibited cytokinesis demonstrating their involvement in

this process in the amoeba Dictyostelium discoidium (Dumontier et aL.,2000; Palmieri et al.,

2000). RacE was isolated in a molecular genetic screen in Dictyostelium to identify genes

required for cytokinesis (Larochelle et a\.,1996). This gene was subsequently shown to be

involved in the regulation of cortical tension and actin organisation at the cell cortex

(Larochelle et al., 2000).

Therefore Rho, Rac and Cdc42 all play important roles in cytokinesis in different

systems. However, their involvement seems to differ depending on the organism. For

example, although RhoA was shown to be required for cytokinesis in C. elegans, Racl and
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Cdc42 were shown not to be required in this system (Jantsch-Plunger et aL.,2000). Multiple

Rac proteins have been shown to be required for cytokinesis in Dictyostelium discoidium,

however Rho and Cdc42 have not been found in this system (Larochelle et al., 1996;

Dumontier et aL.,2000; Palmieri et a|.,2000). InDrosophila,mutants were not, until very

reoently;available for-Racor'ede42;Although ectopie expression¡fmodiftcd-forms of these

proteins demonstrated an affect on actin cytoskeletal structures, no specific role in

cytokinesis was identified for these proteins (Luo et a|.,1994; Harden et al.,1995; Murphy

and Montell, 1996). Subsequently, lethal mutations in cdc42 were isolated by a reverse

genetic screen (Fehon et al., 1997). Further analysis demonstrated a role for Cdc42 in actin

filament assembly, epithelial cell morphogenesis and cell signalling during Drosophila

development. However, no role in cytokinesis was identified. (Genova et aL.,2000). Thus it

appears that there are either organism or cell type specifìc requirements for particular Rho

family members during cytokinesis.

1:11 Downstream effectors of Rho GTPases mediate

cvtokinetic functions

Rho family members are obviously highly important in cytokinesis, but what is the

exact nature of their roles? A clue came with the identification of a range of proteins that act

downstream of the Rho family. Yeast 2 hybrid experiments and a variety of biochemical

approaches have led to the identification of more than 30 potential effectors for Rho, Rac and

Cdc42, which interact specifically with the GTP bound active form of these GTPases

(reviewed in Bishop and Hall, 2000). These downstream effector proteins fall into 3 distinct

classes: Ser/Thr kinases, lipid kinases and scaffold proteins, and mediate a wide variety of

cellular processes. This discussion, however, will focus on 3 recently identif,red downstream

effectors of RhoA that have been implicated in cytokinesis; Rho-associated kinase, citron

kinase and Formin Homology proteins.
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1:11.1 The role of Rho-associated kinase

Rho-associated kinase (also known as Rho-kinase, ROK or ROCK) is a Ser/Thr

kinase that is activated by binding specifically to Rho-GTP. Once activated by Rho, Rho-

kinase strongly concentrates at the cleavage furrow during cytokinesis (Kosako et aL.,1999).

Several of the identified Rho-kinase substrates have been identified as playing roles in

cytokinesis, suggesting that Rho-kinase may play an important regulatory role. A clue to its

potential functional role in cytokinesis came with the observation that Rho-kinase can

phosphorylate and activate myosin regulatory light chain (RLC) in vitro (Amano et al.,

I996).In support of this, pharmacological inhibition of Rho-kin ase in vivo has been shown to

reduce the amount of phosphorylated myosin RLC (Kosako et al., 2000). Phosphorylation of

myosin RLC stimulates the ATPase activity of myosin II and promotes the assembly of acto-

myosin filaments that, as discussed previously, are essential for the formation and function of

the contractile ring (Figure 1.3). In further support of this, phosphorylation of myosin RLC

was also shown to be important for cytokinesis by the injection of non-phosphorylatable RLC

into mammalian cells (Komatsu et a\.,2000). Also, mutational analysis has shown that the

phosphorylation sites of the Drosophila myosin RLC, encoded by the spaghetti squash (sqh)

gene, are essential for cytokinesis (Jordan and Karess,1997).

In addition to its ability to phosphorylate myosin RLC, Rho-kinase can also indirectly

regulate myosin activity by phosphorylation and inhibition of the myosin binding subunit of

myosin phosphatase. Myosin phosphatase negatively regulates myosin RLC by

dephosphorylating it. Thus inhibition of myosin phosphatase by Rho-kinase also results in an

increase in the amount of active phosphorylated myosin RLC (Kimura et al., 1996) (Figure

1.3).

A third Rho-kinase substrate, LIM kinase, may also contribute to assembly of the

contractile ring through the stabilisation of filamentous actin. Cofilin destabilises fltlamentous

actin, and the downregulation of cofilin is required for cytokinesis (Abe et o1.,1996)' Rho-

kinase has been shown to phosphorylate and activate LIM kinase (Maekawa et a|.,1999),

which in turn phosphorylates and inactivates cofilin (Moriyama et al., 1996; Sumi et al.,

lggg), providing another mechanism by which Rho-kinase can regulate the formation and

function of the contractile ring (Figure 1.3).

Other substrates of Rho-kinase that could play a role in the regulation of intermediate

filament organisation during cytokinesis have also been characterised. Intermediate

filaments, along with actin filaments and microtubules form the three most abundant

components of the vertebrate cytoskeleton (reviewed by Goto et al., 2000). During
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,. cytokinesis, the intermediate filaments vimentin and glial fibrillary acidic protein (GFAp) are

specifìcally phosphorylated by Rho-kinase at the cleavage furrow causing filament

disassembly and allowing the daughter cells to separate for the completion of cytokinesis

(Kosako et al,, 1997; Goto et al., 1998; Yasui et al., 199S) (Figure 1.3).

.r ' -= '| ==: - -: +hus=there exists-substantial:evideneefo't=the=involvénieñTõf'ttlio=kl-nas-in bblh the

regulation of the acto-myosin contractile ring and intermediate filaments. Despite this,

cytokinesis. Although a dominant negative form of Rho-kinase inhibited cleavage furrow

formation in Xenopus embryos and cytokinesis in mammalian cells (Yasui et al., 1998),

surprisingly, Rho-kinase in Drosophila (Drok), is not essential for cytokinesis. Homozygous
' mutant clones in the eye \ /ere found to be capable of proliferation (Winter et a1.,2001).

Cytokinesis is also not affected in mutant embryos homozygous for the C. elegans Rho-

kinase let-502 (V/issmann et al., 1997).It is possible however, that other Rho-associated

kinases also play important roles in cytokinesis.

lzll.2 The role of citron kinase

Another kinase that has been shown to be activated by RhoA and is implicated in

cytokinesis is Citron kinase. Once activated, Rho binds to Citron kinase and translocates to

the cell cortex, where the complex becomes concentrated at the cleavage furrow (Edaet al.,

2001). Citron kinase has been shown to be required for cytokinesis in mammalian tissue

culture cells through the overexpression of Citron kinase deletion mutants (Madaule et al.,

1998). Citron kinase knockout mice display a high incidence of multinucleate cells in the

cerebellum, suggesting a defect in cytokinesis. Surprisingly, this phenotype is not observed in

most other tissues, suggesting a degree of tissue specificity (Di Cunto et a\.,2000) (Figure

1.3). The exact nature of the biochemical role of Citron kinase in cytokinesis remains

unknown, although it has been suggested that it could be involved in the contraction of the

acto-myosin ring. Citron kinase is structurally similar to Rho-kinase, suggesting a similarity

in function. In cells in which mutant forms of Citron kinase were expïessed, contractile ring

defects were observed (Madau\e et a\.,199S). Thus citron kinase, like Rho kinase, could be

involved in the regulation of the contraction of the acto-myosin ring.
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1:11.3 The role of Formin Homology proteins

A class of RhoA effector molecules that may promote actin polymerisation for

cytokinesis is the Formin Homology family. As discussed previously, Formin Homology

proteins (FH) are known to localise to the contractile ring and are required for cytokinesis in

a variety of species (Chang et al., 1997; Harris et al., 1997; Imamura et al., 1997). FH

proteins bind Rho through an amino terminal domain (Evangelista et aL.,1997;Imamura et

a\.,1997; 'Watanabe et al.,1997), and also bind the actin polymerising protein profilin via

their FHl domain (Chang et al., 1997; Imamura et al., 1997). As discussed previously,

prof,rlin is an actin binding protein that promotes F-actin polymerisation and is required for

cytokinesis (Verheyen and Cooley, 1994; Giansanti et al., 1998). Thus, through its

interaction with Formin Homology proteins, which bind to and regulate profilin, Rho can

ultimately stimulate the polymerisation of F-actin required for the formation and function of

the contractile ring (Figure 1.3).

Therefore, through avariety of different biochemical pathways, Rho can regulate both

the formation and function of the acto-myosin contractile ring, as well as the disassembly of

intermediate hlaments to ensure efhcient cell separation. A summary of these RhoA

dependent pathways involved in cytokinesis is shown in Figure 1.3.
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Figure 1.3 Summary of the RhoA dependent pathways in cytokinesis.

'- - : GA?s::RhoGEFsaromote th€:GTP-boùltrl tctiv-e fo:nñ-, whllc-RhoGAPs þ-tÍm=ole the GDp- =

bound inactive form. Once activated, Rho-GTP can initiate a downstream signalling cascade

th at canregulate cytokinesis.

The activation of citron kinase by Rho-GTP is thought to stimulate contraction of the

contractile ring, although this pathway is yet to be defined. The activation of Rho-kinase by

Rho-GTP initiates several different pathways that could lead to the activation of cytokinesis.

The intermediate filaments vimentin and glial fibrillary acidic protein (GFAP) are

specifically phosphorylated by Rho-kinase at the cleavage furrow causing fîlament

disassembly and allowing the daughter cells to separate for the completion of cytokinesis.

Rho-kinase can also phosphorylate and activate myosin regulatory light chain (RLC).

Phosphorylation of myosin RLC stimulates the ATPase activity of myosin II and promotes

the assembly of acto-myosin filaments, which is essential for the formation and function of
the contractile ring. Rho-kinase can also indirectly regulate myosin activity by

phosphorylation and inhibition of the myosin binding subunit of myosin phosphatase.

Myosin phosphatase negatively regulates myosin RLC by dephosphorylating it. Thus,

inhibition of myosin phosphatase by Rho-kinase also results in an increase in the amount of
active phosphorylated myosin RLC. Rho-kinase has also been shown to phosphorylate and

activate LIM kinase, which in turn phosphorylates and inactivates cofilin. Cofilin destabilises

filamentous actin, and the downregulation of cofilin is required for cytokinesis. Formin

Homology proteins bind Rho-GTP through an amino terminal domain and also bind the actin

i polymerising protein prohlin via their FHl domain. Prof,rlin is an actin binding protein that

promotes F-actin polymerisation and is required for the formation and function of the

contractile ring. Thus through a variety of different biochemical pathways, Rho-GTP can

regulate cytokinesis.
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Izl2 Rho GTPases and their resulators in D onhilu

Six Rho-family GTPases have so far been identified in the Drosophila genome; Racl,

Rac2, Mtl, RhoA, RhoL and Cdc42 (Dickson, 2001). As discussed previously, mutants were

originally not available in Drosophila for Racl, Rac2, RhoL or Cdc42. Although ectopic

expression of modif,red forms of these proteins demonstrated an affect on actin cytoskeletal

structures, no specific role in cytokinesis was identified forthese proteins (Luo et aL.,1994;

Harden et a\.,1995; Murphy and Montell, 1996). Subsequently, lethal mutations incdc42

were isolated by a reverse genetic screen (Fehon et al.,1997). Further analysis demonstrated

a role for Cdc42 in actin filament assembly, epithelial cell morphogenesis and cell signalling

during Drosophila development. However, no role in cytokinesis was identified. (Genova e/

a\.,2000). Similarly, the three Drosophilø Rac proteins Racl, Rac2, and Mtl have very

recently been shown, through the use of newly identified loss-of-function mutations, to play

overlapping roles in the control of epithelial morphogenesis, myoblast fusion, axon growth,

and axon guidance, processes which involve changes to the actin cytoskeleton. However, like

Cdc42, no role in cytokinesis has been observed forthese proteins (Hakeda-Suzuki et al.,

2002;Ng e/ aL.,2002).

RhoA on the other hand, has been clearly implicated in cytokinesis. RhoA null mutant

clones fail to proliferate (Strutt et al., 1997), RhoA homozygous mutant embryos contain

multinucleate cells, and overexpression of a dominant negative form of RhoA leads to a

complete block of cytokinesis (Prokopenko et al.,1999). Thus RhoA appears to be the major

Rho family member involved in cytokinesis in Drosophila.

In addition to its cytokinetic role, Rho also plays many other roles in Drosophila

development. These include early developmental roles in cellularization (Crawford et al.,

1998), gastrulation (Barrett et a\.,1997; Hacker and Perrimon, 1998), segmentation (Magie er

a\.,1999), and dorsal closure (Harden et a\.,1999), as well as later roles in the regulation of

tissue polarity (Strutt et a\.,1997) and dendritic morphogenesis (Lee, T. et aL.,2000b). Given

this large diversity of functions for Rho, one would assume that there exists a eomplex

hierarchy of regulatory molecules controlling its activity. One possible mechanism for the

regulation of Rho function could be the tissue, stage or cell cycle-specific expression of

regulatory molecules such as GAPs and GEFs. Those that have been identified as playing

such roles in Drosophila are discussed below.
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l:12.1Rho GEFs in Drosophila

Genome sequence analysis has revealed that there are at least 23 GEFs specific for

Rho family GTPases in Drosophila. Further characterisation has begun on a few of these,

including Pebble (PBL), DRhoGEFl, DRhoGEF2, DrhoGEF3, Still Life, Trio, dpIX, and
:GEF64C.:PBL=iíaCEF 

thátãppearS to targeî RhõA- and is thè subþ--olttris theiii. As

such, it will be discussed in detail in a following section. DRhoGEFI is expressed throughout

oogenesis and embryogenesis, and is most abundant in regions of the embryo where cell

shape change is occurring and the cytoskeleton is reorganising (Werner and Manse au, 1997).

DRhoGEF2 was originally identified in a screen for Rho signalling pathway components as a

suppressor of the rough eye phenotype caused by ectopic expression of Rhol. Embryos

lacking DRhoGEF2 were found to fail to gastrulate owing to a defect in the cell shape

changes required for tissue invagination (Barrett et al., 1997). DRhoGEF2 was also

subsequently isolated as a maternal effect mutation that affected cell shape changes during

gastrulation. A lack of maternal DRhoGEF2 product was found to result in the failure of
mesodermal and endodermal primordia to invaginate (Hacker and Perrimon, 1998).

DrhoGEF3 was found to have a dynamic expression pattern, being found in a segmented

pattern during gastrulation and germ band extension, and at later developmental stages, being

^.,--^^^^l 
j- +L^ -,:^^^--^l ,-- ^-- i -,-,-- L ,1 ., I r ,,cxpresseû in ine visceial illesoderln. ai ihe sries oi muscie attachment and in groups of sub-

epidermal cells (Hicks et a|.,200I). Still Life localises to the plasma membrane of synaptic

terminals, and the expression of a truncated form of this protein resulted in defects in

neuronal morphology (Sone et al., 1997). Trio is unusual in that it contains two GEF

domains, one of which has been shown in Drosophila to regulate axon guidance through its

interaction with Rac (Newsome et a1.,2000). dPIX is another Rho family GEF in Drosophila

which is required for the regulation of the postsynaptic structure of neuromuscular junctions

(Parnas et a1.,2001). Finally, the Rho GEF, GEF64C,has been found to promote axon

attraction to the central nervous system midline in the Drosophila embryo (Bashaw et al.,

2001).

l:12.2 Rho GAPs in Drosophila

Three Rho-family GAPs have also been characterised in Drosophila. DRacGAP

negatively regulates both Racl and Cdc42 and has been shown to inhibit EGFR/Ras

signalling in the imaginal wing disc (Sotillos and Campuzano,2000). The function of another

RacGAP, Rotund RacGAP, has been shown to be critical to both spermatid and retinal

22



differentiation (Bergerct et a\.,200I). Finally, pl90 RhoGAP has been shown to regulate

axon branch stability (Billuart et o1.,2001).

1:13 PBL is a Rho GEF required for cvtokinesis in

Drosonh ilu

1:13.1 Embryonic development and the pbl mutant phenotype

The pbl gene was initially identified in a screen for zygotic embryonic lethal

mutations affecting the pattern of the cuticle in the Drosophila larva (Jurgens et al., 1984).

Subsequent analysis of this gene revealed that homozygous pbl mutant embryos fail to

undergo cytokinesis during cycle 14 (Hime and Saint, 1992; Lehner, 1992). During

Drosophila development, the first 13 cell division cycles are rapid nuclear divisions that are

near synchronous and occur in a common cytoplasm in the absence of cytokinesis. These

nuclear cycles alternate between S phase and mitosis without any intervening gap phases.

The first 8 of these nuclear divisions occur in the interior of the embryo before the majority

of the nuclei migrate to the embryo cortex during cycles 8, 9 and 10. After 13 of these

mitoses, which are known to rely on maternally provided products, a process called

cellularisation occurs which involves the growth of membranes from the periphery of the

embryo to encapsulate the nuclei, resulting in the formation of the cellular blastoderm.

Subsequent division cycles include cytokinesis, and occur in a complex spatial pattern of

mitotic domains, each domain comprised of cells that will ultimately differentiate into the

same tissue type (Foe, 1989). The zygotic transcription of the mitotic activator string (srg) is

known to regulate the timing and spatial occurrence of these mitoses (Edgar and O'Farrell,

1990). Once the process of cellularisation is complete, the embryo begins gastrulation.

The l4thdivision cycle is therefore the first Drosophila embryonic cycle to include

cytokinesis. In homozygous pbl mutant embryos, the contractile ring fails in its attempt to

divide the cytoplasm and its contents into two daughter cells. Despite the failure of

cytokinesis, the nuclear events of mitosis continue, resulting in the formation of large,

multinucleate cells after several rounds of failed cytoplasmic division (Hime and Saint, 1992;

Lehner, 1992; Prokopenko et a\.,1999) (Figure 1.4). Interestingly, although the products of

many genes are required for cytokinesit, 
*, 

is the only gene that must be zygotically
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expressed at cycle 14 for cytokinesis to proceed. All of the other products required for

cytokinesis must be maternally deposited in sufhcient quantities to drive cytokinesis in the

earliest cellular divisions. Perhaps PBL needs to be absent during cellularisation and so is

specifically degraded before being re-expressed in time for the cytokinesis of cycle 14.

generate germline mutant clones (O'Keefe and Saint, unpublished observations)

lzl3,2 Characterisation of thepbl gene: pblencodes a Rho GEF'

The identification of P element mutations affecting PNS development in the

Drosophila embryo enabled the cloning of the pebble gene (Salzberg et al., 1997;

Prokopenko et al., 1999). Subsequent sequence analysis revealed that PBL contains Dbl

Homology (DH) and Pleckstrin Homology (PH) domains which, as discussed previously, are

characteristic of Rho GEFs (Figure 1.5). In accordance with this predicted role as an

activator of Rho family G proteins, yeast 2-hybrid and genetic interactions confirmed that

PBL specifically interacts with RhoA (Prokopenko et al., 1999). Thus PBL appears to be a

GEF specific for RhoA, which is known to be essential for the formation and function of the

contractile ring during cytokinesis. Such a role would explain why pbl mutant embryos fail to

undergo cytokinesis.

As discussed previously, given the wide diversity of functions for Rho, its individual

roles are thought to be controlled by the specific spatial or temporal expression of its
regulators. The Rho GEF activity of PBL could therefore be involved in the specific

regulation of Rho activity during cytokinesis. Support for this comes from the localisation of
PBL during the cell cycle. In late anaphase, PBL initially localises to the cell cortex at the

time that the reorganisation of cortical actin begins (Figure 1.6a), before concentrating at the

cleavage furrow (Figure 1.6b) (Prokopenko et al., 1999). PBL is therefore thought to

specifically activate Rho at the cleavage furrow, initiating the downstream signalling cascade

required for the correct formation and constriction of the contractile ring. However, although

the contractile ring was originally reported to fail to form in pbl mutant fixed tissue

(Prokopenko et al., 1999), subsequent real-time video microscopy revealed that the

contractile ring partially forms, but collapses, resulting in the failure of cytokinesis (O'Keefe,

pers comm). Thus the activation of Rho by PBL could be required at a later stage in

cytokinesis than originally thought, and may be essential for the complete formation and

continued stability of the contractile ring structure. However, it is also possible that there
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Figure 1.4 pbl mutant embryonic phenotype.

pbl mutant Drosophila embryos were f,txed and stained with a- spectrin

highlighting the cell membrane (shown in red), and a-lamin highlighting the

nuclear envelope (shown in green). Images were taken at l00x magnification.

A. ct- spectrin stain shows cells are large and inegular inpbl mutant embryos.

B. The same embryo stained with o-lamin. pbl mutant cells are multinucleate.

C. Merge of the two stains shown in A and B.Inpbl mutant embryos,

cytokinesis fails but nuclear division proceeds, resulting in the formation of
multinucleate cells.
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Figure 1.5 PBL encodes a Rho GEF with BRCT domains'

A schematic diagram of the structure of the PBL protein. The RadECl

region is boxed in black and is so called because of the similarity between

this region and regions of the proteins RAD4-like andF;CT2 @\D4-like
F;Clr2like region). The two consensus BRCA1 C-terminal domains

(BRCT) are boxed in red, the consensus bipartite nuclear localisation

signal (NLs) in blue, the PEST protein degradation sequence in orange,

the Dbl homology domain (DH) in purple, and the Pleckstrin homology

domain (PH) inyellow.
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Figure 1.6 The mitotic localisation of PBL.

Wild type Drosophila embryos were fixed and stained with cr-PBL (shown in

red), cr-lamin highlighting the nuclear envelope (shown in green) and

cr-spectrin highlighting the cell membrane (shown in blue). In A, where the

pBL stain is weak, dashed white lines have been used to highlight the cortical

stain. The arrows in B and C indicate the concentration of PBL at the cleavage

furrow. Figure was adapted from (Prokopenko et a1.,1999).

A. During late anaphase, PBL is observed to localise to the cellular cortex.

B. In early telophase, PBL concentrates at the cleavage furrow, consistent with

its activation of Rho and stimulation of cytokinesis.

C. By mid telophase and throughout interphase, PBL is observed to strongly

relocalise to the nucleus.



may be some maternally deposited PBL present that is sufficient to initiate the formation of

the contractile ring. Although this possibility remains to be resolved, it is clear that PBL

functions as a Rho GEF that is essential for cytokinesis in Drosophila.

PBL also contains a predicted PEST sequence that could regulate its stability and thus

the activity of Rho, at specific points in the cell cycle (Figure 1.5) (Rechsteiner and Rogers,

re96).

IzI4 PBL is a Rho GEF that also contains nuclCAr BRCT

domains

In addition to the DH and PH domains responsible for its Rho GEF activity, PBL is

highly unusual in that it also contains a nuclear localisation signal, and two BRCA1 C-

terminal (BRCT) domains (Prokopenko et a1.,1999) (Figure 1.5). The presence of a nuclear

localisation signal within PBL could provide a means of regulating cytoplasmic Rho GEF

activity. However, the presence of BRCT domains within a Rho GEF is unexpected and

unique for Rho family GEFs. These domains were first identified in the breast cancer tumour

suppressor protein BRCAI (Koonin et a1.,1996), and have since been found in a multitude of

other proteins, their unifying feature being an involvement in DNA damage sensing and

repair (Bork et al., 1997; Callebaut and Mornon, 1997). The presence of such domains in a

Rho GEF poses an interesting and perplexing question for the function of PBL. While the

DH and PH domains regulate Rho in the cytoplasm, BRCT domains have been implicated in

the process of DNA repair, which is a nuclear event. In addition, all other known BRCT

domains lie within nuclear proteins. So what are nuclear BRCT domains doing in a

cytoplasmic Rho GEF protein? In addition to two BRCT domains, PBL also contains a third,

as yet uncharacterised region, here named the RadECl region (Figure 1.5). This region lies

immediately N-terminal to the first BRCT domain and contains several, but not all of the

characteristic residues of a BRCT domain (Figure l,7a). Sequence analysis showed that it

shares a greater similarity with the proteins RAD4-like andECT2 across this region (Figure

1.7b) and was thus named "RadECl" (for RAD4-like ECT2like region). It seems to be

conserved as a unit with an adjacent BRCT domain, and may have evolved from a BRCT
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domain itself (R. Saint, pers comm). The possible role of this domain will be discussed in

more detail in a following section.

Support for a nuclear role for PBL, other than the fact that it contains several known

nuclear domains, comes from the subcellular localisation of PBL. As discussed previously,

concentrating at the cleavage furrow (Figure 1.6b), presumably to activate Rho and stimulate

cytokinesis. By late telophase however, PBL is observed to strongly localise to the nucleus

where it remains throughout interphase until the following prophase/metaphase when the

nuclear envelope breaks down (Figure 1.6c).

Therefore there are three possible reasons why PBL localises to the nucleus. Firstly,

nuclear localisation may simply be a sequestering mechanism to remove PBL Rho GEF

activity from the cytoplasm once its role in cytokinesis has been completed. Secondly, PBL

may perform a completely separate Rho-independent nuclear function. Thirdly, PBL may

perform a novel Rho-mediated nuclear function. This thesis aims to examine these

possibilities, and analyse the potential nuclear role that PBL may play.

1: 15 Dbl is ortholosous to the nroto-oncosene ect2

Initial database searches also revealed that pbl is orthologous to the mouse proto-

oncogene ect2.Murine ect2 was originally identified by the ability of an N-terminally

truncated form of the encoded protein to transform NIH3T3 cells (Miki et a\.,1993). Like

PBL, ECT2 contains two BRCT domains and a DH and PH domain indicative of Rho GEF

activity. Interestingly, the truncated oncogenic form was missing the BRCT domains,

suggesting that these domains are important for the regulation of ECT2 activity.

Human ECT2 was subsequently shown to act as a GEF for Rho, Rac and Cdc42 in

vitro. A phosphorylated form of ECT2 was detected in vivo and shown to be required for its

exchange activity in vitro (Tatsumoto et al., 1999). Inhibition of human ECT2 by the

expression of a dominant negative mutant, or by the injection of anti-ECT2 antibodies, was

also found to block the completion of cytokinesis. Examination of the localisation of ECT2

throughout the cell cycle revealed that it is cytoplasmic in pro-metaphase, before

concentrating at the midbody during cytokinesis, Like PBL, ECT2then relocalises to the

nucleus during interphase (Tatsumoto et a1.,1999).ECT2 was also shownto be critical for
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the accumulation of GTP-bound RhoA during cytokinesis (Kimura et a|.,2000). Thus, like

PBL, ECT2 Rho GEF function is also required during cytokinesis. Interestingly, the PBL/

ECT2 group of orthologues is the only Rho GEF sub-family to contain BRCT domains.

1:16 BRCT domains are involved in DNA damase sensins

and repair

The BRCT domain was first defined within the human breast cancer tumour

suppressor protein BRCA1 (Koonin et a1.,1996).Inherited mutations in BRCAI predispose

patients to breast and ovarian cancer. In particular, patients inheriting a mutation at the C-

terminal end of BRCA1 were shown to develop very early-onset breast cancer (Friedman er

at.,1994). Subsequently, truncations of the BRCA1 C-terminal region were shown to prevent

the ability of BRCA1 to inhibit breast cancer cell growth (Holt et a\.,1996). Sequence

analysis of the C-terminal region of BRCA1 revealed a domain, which was named BRCT

(BRCAI C-terminus), which showed similarities to the yeast DNA repair protein RAD9 and

a p53 binding protein 53BPl (Koonin et al., 1996). Subsequent hydrophobic cluster and

sequence analysis revealed that this BRCT domain is found within numerous nuclear

proteins, their unifying feature being their involvement in cell cycle checkpoint functions

responsive to DNA damage. This BRCT domain superfamily includes over 40

nonorthologous proteins from a range of organisms, including PBL/ECT2, the human DNA

repair protein XRCCI, the yeast replication checkpoint protein RAD4, and DNA-ligases III

and IV (Bork et al., 1997; Callebaut and Mornon, 1997). A summary of some of these

proteins and their identified functions is shown in table 1.1.
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Table 1.1 A summary of some of the characterised BRCT domain-containing proteins and

their predicted functions.

A small selection of the over 40 identified proteins containing BRCT domains is shown,

'' , functions. Their unifring feature is their involvement in DNA damage response and repair

.. , ,rpe processes. However, a specific role in DNA damage response or repair is yet to be

, demonstrated for PBt and its human and mouse homologue ECT2.
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BRCT domain

conta nrotein

Species Identified function

BRCAl human,
mouse

Tumour suppressor- regulates multiple nuclear processes

including DNA repair and transcription (Zhang et al.,
1998b; Scully and Livingston, 2000; Kerr and Ashworth,
2001) e.g. interacts with and is phosphorylated by
protein kinases involved in damage checkpoint control,
including ATM and ATR (Cortez et a1.,1999; Tibbetts el
a\.,2000), activates Chkl kinase that regulates DNA
damage-induced G2lM arrest (Yarden et a|.,2002), binds

to CtIP/CIBP to mediate transcriptional regulation of p2l
in response to DNA damage (Li et a|.,1999)

538P1 human Binds to tumour suppressor p53 and enhances p53

mediated transcriptional activation (Iwabuchi et al.,
1998). Is hyperphosphorylated in response to DNA
damage and localises to sites of DNA strand breaks
(Rappold et a|.,2001).

RAD9 yeast
(5. cerevisiae)

Checkpoint protein required for cell cycle arrest and

transcriptional induction of DNA repair genes in
response to DNA damage (Elledge, 1996).

RAD4/CUT5 yeast
(5. pombe)

Required for DNA damage and replication checkpoints-

prevents damaged or incompletely replicated
chromosomes from being segregated (Saka and

Yanagida, 1993; Saka et al., 1994; McFarlane et al.,
1997; Verkade and O'Connell, 1998).

CRB2 yeast
(5. pombe)

Damage and replication checkpoint protein- interacts
with CUT5 and CHKI kinase (Saka et aL.,1997).

DNA ligase III and IV human Involved in DNA repair- DNA ligase III interacts with
DNA repair protein XRCCI (Taylor et al., 1998; Dulic
et a1.,2001), DNA ligase IV interacts with DNA repair
orotein XRCC4 (Critchlow et aL..1997).

ECT2 human,
mouse

Oncogenic form lacks the BRCT domains- they are

important for regulation of ECT2 activity (Miki et al.,

1993). A Rho GEF in cytokinesis (Tatsumoto et al.,

1999).

PBL Drosophila Functions as a Rho GEF in cytokinesis (Prokopenko et

al., 1999). Nuclear role?

Mus 101 Drosophila Links DNA repair, replication and condensation of
heterochromatin in mitosis (Yamamoto et aL.,2000).

TopBPl human Involved in DNA replication and DNA damage response

- interacts with DNA pol e and hRad9 (Makiriemi et ol.,

2001).

DPB1 l yeast
(5. cerevisiae)

Required for DNA replication, replication checkpoint'
and interacts with pol s complex (Araki et aL.,1995).

XRCCl human,
mouse

Has 2 BRCT domains which interact independently with
DNA ligase III and poly (ADP-ribose) polymerase to
repair DNA (Cappelli et ql., 1997; Nash el al., 1997;
Masson et al., 1998; Taylor et a\.,1998).
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The BRCT domain itself is approximately 95 amino acids long and is made up of 5

conserved regions, or motifs, designated A-E.Motif D is the most highly conserved of these,

and is organised around a conserved aromatic residue (tryptophan, phenylalanine or

tyrosine). The residue following it is always hydrophobic, and the fourth and fifth residues

are

cysteine or a serine.

Motif B is the second most highly conserved region. It is made up of two consecutive

glycines which are preceded in positions -4 and -8 by hydrophobic residues. Motif C

contains a continuous stretch of three or four hydrophobic residues, or the sequence

THOO where Õ is a hydrophobic amino acid. BRCT domains can be found as tandem

repeats at either end of the protein concerned, but are also found as a single copy. The

number of residues between the motifs can also vary, and the domain appears to tolerate

insertions of considerable length, particularly between motifs A and B and B and C (Bork et

a|., 1997 ; Callebaut and Mornon, 7997).

X-ray crystallography has been used to determine the three-dimensional structure and

fold of the BRCT domain within the human DNA repair protein XRCCI. The BRCT domain

was found to consist of a four-stranded parallel B-sheet surrounded by three cx-helices, which

together form an autonomously folded domain (Zhang et a\.,1998c).

1:16.1 BRCAI, the founding member of the BRCT domain family

The founding member of the BRCT domain superfamily, BRCAI, has been

implicated in an array of biological processes. BRCAl contains a highly conserved ring

finger motif (RING) at the N-terminus, and two BRCT domains at the extreme C-terminus.

Most of the disease-associated mutations of BRCAI are frameshift or nonsense mutations that

are predicted to cause large truncations of the protein. However, 5-10% of the cancer

predisposing mutations cause single amino acid substitutions. Many of these substitutions are

located within the RING or BRCT domains, highlighting the importance of these two

domains to normal BRCAI function in tumour suppression (Couch and Weber, 1996). In

support of these findings in humans, mice carrying a BRCAI mutation that eliminates the C-

terminal half of the protein survive, but exhibit a high level of tumours (Ludwig et al., 2001).

The results of numerous other studies have highlighted the importance of BRCAl to tumour

suppression. The fact that overexpression of BRCAl leads to growth retardation of tumour

cells in nude mice (HoIt et al.,1996), that transfection of wild type human BRCAI into breast
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and ovarian cancer cells results in tumour suppression (Shao et al., 1996) and that the

inhibition of BRCAI expression confers tumourigenic properties to NIH3T3 cells (Rao et al.,

1996), all support the theory that BRCAl acts as a tumour-suppressor protein. However the

exact molecular mechanism of the BRCA1 tumour-suppressor is not yet known. Numerous

studies have pointed to an extremely complex role for BRCAI in aspects of DNA repair, the

regulation of transcription and chromatin remodelling (Ken and Ashworth, 2001).

lz16.2 A role for BRCA1 in the response to and repair of DNA damage

A role for BRCA1 in DNA repair processes is indicated by the fact that BRCAI

dehcient cells contain spontaneous chromosomal abnormalities and are hypersensitive to

ionising radiation due to defects in both double-strand break-induced homologous

recombination, and transcription-coupled repair of oxidative DNA damage (Gowen et al.,

1998; Abbott et al., 1999; Moynahan et al., 1999; Scully et al., 1999;Xu,et al., 1999).

BRCA| has been shown to physically associate with numerous proteins involved in repair

and recombination, including RAD5l (Scully et al., 1997c), BACH1 (Cantor et a|.,2001)

and the DNA repair complex RAD50/MREll/f{BSl (Zhong et al.,1999; Wang et a1.,2000).

BRCA| and RAD5l have been shown to colocalise to nuclear foci induced by ionising

radiation, some of which are sites of DNA synthesis (Scully et al., 1997b). RAD5l is also

known to catalyse strand exchange during homology-directed repair of DNA double strand

breaks (reviewed in Kerr and Ashworth, 2001). BACH1 is a DNA helicase that interacts with

the BRCT domains of BRCA1 and is also thought to contribute to its DNA repair function

(Cantor et al., 2001). BRCA1 has also been shown to directly associate with the

RADjQ/MREIl/f{BS1 complex which is responsible for end-processing of double-strand

breaks during DNA repair (Tsubouchi and Ogawa,1998;Zhong et o1.,1999)'

BRCAI has also been shown to associate with other large protein complexes known

to be involved in DNA repair and chromatin remodelling. The BRCAl-associated genome

surveillance complex, or BASC, contains at least 15 subunits including BRCAl, the ataxia

telangiectasia mutated gene product (ATM), as well as 4 subcomplexes implicated in DNA

repair; the RAD5O/MREIl/f{BS1 complex discussed previously, the MSH2/MSH6

heterodimer, the MLH1/PMS2 heterodimer and DNA replication factor C (V/ang et al.,

2000). Many of the proteins that constitute BASC can bind to abnormal DNA structures such

as double strand breaks. As such, it has been suggested that the complex may act as a DNA

structure surveillance unit, consisting of both DNA damage sensor proteins and proteins suoh
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as ATM, which is known to signal DNA damage (reviewed in Kerr and Ashworth, 2001). In

support of this, BRCA1 itself is also known to be phosphorylated, in response to DNA
damage, by ATM and other protein kinases that play important roles in DNA damage

' checkpoint control including ATR and CHK2 (Cortez et a1.,I999;Lee et a1.,2000a; Tibbetts

nt dl;2000).-Arsuc-h-Jheah:osph-orylation ofBRCAl-bylh-ese proteins is thought ttbe
important for the function of BRCAI in both double stranded break repair and cell cycle

checkpoint control (Cortez et al. , 1999; Tibbetts et al. , 2000; Xu et at. , 2001). A direct role

for BRCA1 in checkpoint control has also recently been identified. BRCAI was shown to be

essential for activating the CHKI kinase that regulates DNA damage-induced G2l}y'^ arrest

(Yarden et aL.,2002). Thus through its interaction with a multitude of different proteins,

BRCA1 is directly involved in the response to and repair of DNA damage.

1:16.3 A role for BRCA1 in transcription regulation

BRCAI has also been implicated in the regulation of transcription. The C-terminal

region of BRCA1 containing the BRCT domains was initially found to act as a trans-

activation domain when tethered to a transcriptional promoter via a heterologous DNA

binding domain (Chapman and Verma,1996; Monteiro et al., 1996). The same region of
BRCA1 was subsequently shown to remodel chromatin when tethered to chromosomal DNA

(Hu et al., 1999). Consistent with a role in the regulation of transcription, BRCAI was found

to associate with the fu\A polymerase II holoenzyme via an interaction of its BRCT domains

with RNA helicase A (Scully et al.,I997a; Anderson et a1.,1998; Neish et a\.,199s).

In addition to this, BRCA1 has been shown to interact with and regulate the function

of a number of different transcription factors. p53 is a tumour suppressor protein that is

involved in a variety of different human cancers, and BRCAI has been shown to enhance

p53-dependent gene expression (ouchi et al., 1998; zhanget al., 1998a). BRCA| also

interacts with the signal transduction and activator of transcription protein STATl. BRCAl

binds to the STATIa transcriptional activation domain which leads to the induction of a

family of interferon-gamma regulated genes. Interferons are important regulators of cell

growth and apoptosis (Ouchi et a\.,2000), and thus the interaction of BRCA1 with STATl

could be important in tumour suppression (reviewed in Kerr and Ashworth, 2001). BRCAI

has also been shown to transactivate the expression of p2l and inhibit cell cycle progression

from Gl to S phase in human cells (Somasundaram et a\.,1997). p21 is a known target for

p53 transcriptional activation, and more recently, the binding of the BRCT domains of
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BRCAI to another protein CIIP, has been shown to be critical in mediating the transcriptional

regulation of p2l in response to DNA damage (Li et al., 1999). Thus through seemingly

complex interactions, BRCA1 is also capable of regulating the transcription and activity of a

wide variety of important cellular regulators'

Given the fact that BRCA1 seems to have many varied functions, it was suggested

that the protein may employ a common mechanism in these different functions, such as

chromatin remodelling. BRCA1 was shown to induce large-scale chromatin decondensation,

an activity that was conferred independently by three subdomains within BRCAI, the

activation domain and the two BRCT domains. A novel cofactor of BRCA1 was identified

(COBRAI), and was found to be recruited to the chromosome by the hrst BRCT domain, and

was itself sufficient to induce chromatin unfolding (Ye et aL.,2001).

It remains to be seen whether chromatin remodelling is widely used by BRCAI to

control the multitude of genes it regulates, however it has been shown that chromatin

remodelling is not a common feature of all BRCT domain-containing proteins. (Miyake er

aL.,2000).

l:16.4 BRCT domain-containing proteins and their roles in DNA damage signalling

l:16.4.1 538P1

p53 binding protein 1 (53BP1) is another BRCT domain-containing protein which has

been implicated in the response to DNA damage. 538P1 is a transcriptional coactivator of the

tumour suppressor p53, binding to the DNA binding domain of p53 and enhancing p53-

mediated transcriptional activation (Iwabuchi et al., 1994; Iwabuchi et al., 1998). Similar to

BRCA|, human 538P1 and its Xenopus homologue are hyperphosphorylated in response to

ionising radiation and localise to the sites of DNA strand breaks, forming distinct nuclear foci

(Schultz et a1.,2000; Anderson et a1.,2001; Rappold et a1.,200I;Xia et aL.,2001)' Several

observations also suggest that, like BRCAl, ATM is responsible for this phosphorylation. In

the case of human 53BP1, ATM deficient cells show no 538P1 hyperphosphorylation and

reduced 538P1 focus formation in response to irradiation. Treatment of cells with

wortmannin, a potent inhibitor of ATM, was also found to strongly inhibit both the radiation

induced hyperphosphorylation and focus formation of 538P1. Thirdly, ATM was

demonstrated to phosphorylate 53BPl in vitro (Rappold et a|.,2001). In the case of the

Xenopus 538P1 (XL53BPI), inhibition of ATM was also found to reduce focus formation

and the phosphorylation of XL53BP1 in response to irradiation (Anderson ¿/ al., 2001).
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XL53BPl and human 538P1 were also shown to act both in vitro and in vivo, as substrates

for the ATM kinase (Xia et a\.,200I). Thus collectively these results indicate that the BRCT

domain containing 538P1 protein plays an important role in the response to DNA damage,

probably in collaboration with ATM, and also possibly involving the signalling of damage to

l:16.4.2 RAD9

The yeast checkpoint protein RAD9 is another BRCT domain-containing protein with
well defined roles in the response to DNA damage. The results of numerous studies have

indicated that RADS is required for both cell cycle arrest and the transcriptional induction of
DNA repair genes in response to DNA damage (reviewed in Elledge,1996). However, a

more recent study has indicated that it is the BRCT domain that is important for this function.

Yeast strains expressing mutant RAD9 lacking the BRCT domain or carrying mutations in its

highly conserved residues, were found to be equivalent to radg null cells in terms of rates of
survival and checkpoint induced delay after irradiation. RAD9 hyperphosphorylation in

response to DNA damage, and the RADg-dependent phosphorylation of RAD53 were also

both absent in the BRCT domain mutants, proving that the BRCT domain is essential for the

function of RAD9. Yeast 2 hybrid analysis also indicated that the BRCT domain of RADS is

required for the interaction of RADS with itself. This interaction was found to be eliminated

by the sarne BRCT domain mutations that caused the nuli phenotypes described above,

suggesting that RAD9 oligomerization is important for its function in the response to DNA

damage (Soulier and Lowndes, 1999).

1:16.4.3 XRCCI and PARP

The human DNA repair protein XRCC1 provides yet another striking example of
BRCT domains acting as protein-protein interaction modules to signal the response to DNA

damage. Poly(ADP-ribose) polymerase, or PARP, is a BRCT domain-containing DNA

binding protein that detects and signals DNA strand breaks. At the site of breakage, PARP

catalyses the poly(ADP-ribosylation) of nuclear proteins involved in chromatin structure and

DNA metabolism, which converts the damage into an intracellular signalling cascade that can

activate DNA repair (Althaus and Richter,1987; De Murcia and Menissier-De Murcia, 1994;

Oei et al., 1997). The DNA repair protein XRCCl, which itself contains 2 BRCT domains,

was found to interact with PARP, and this interaction occurs via BRCT domain I of XRCCI
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and the BRCT domain and N-terminal zinc finger domain of PARP (Masson et a1.,1998). In

addition to its interaction with PARP, XRCC1 has also been shown to interact with DNA

ligase III through its second BRCT domain (Caldecott et al., 1994; Caldecott et al., 1995:.

Nash et a\.,1997; Taylor et a\.,1998). The C-terminal BRCT domain of DNA ligase III was

responsible for this interaction (Nash et al., 1997). Thus XRCC1 interacts with PARP via a

BRCT-BRCT domain-mediated interaction, as well as DNA ligase III through a second

BRCT-BRCT domain-mediated interaction. XRCCl also interacts via a third separate

domain with DNA polymerase B (Kubota et ql., 1996; Marintchev et al., 2000). While

XRCC1 itself has no known enzymatic activity (Thompson et al., 1990), it is thought to

function as a scaffold protein in the base excision repair pathway, bringing together DNA

polymerase P, DNA ligase III, and PARP to form a DNA repair complex (Caldecott et al.,

1996; Kubota et al., 1996; Cappelli et a|.,1997; Masson et aL.,1998).

1:16.4.4 TopBPl

Topoisomerase IIp-binding protein (TopBPl), a human protein with 8 BRCT

domains, has also been implicated in the response to DNA damage. TopBPl interacts with

DNA polymerase e and is required for DNA replication. Inhibition of DNA synthesis has

been shown to cause the relocalisation of TopBPl together with BRCA1 to replication forks,

suggesting that both of these may be involved in the rescue of stalled forks. In addition to

this, DNA damage causes the formation of distinct TopBPl nuclear foci that have been

shown to colocalise with BRCA1 in S phase, suggestive of a role in the DNA damage

response pathway. In support of this, TopBPl was also shown to interact with human RAD9,

a known DNA damage checkpoint protein. The interaction of TopBPl with RAD9 was

shown to occur via 2 of its BRCT domains, providing yet another example of a BRCT

domain mediating a potentially important interaction in the DNA damage response pathway

(Makiniemi et a\.,2001). A clue to this potential role could lie in the fact that the BRCT

domains of TopBPl and BRCA1 have also been shown to bind DNA strand breaks and

termini of DNA (Yamane and Tsuruo, 1999). Thus the fact that TopBPl can interact with

hRADg and DNA polymerase e and is also able to bind DNA strand breaks, suggests that it

may act as a DNA damage sensor (Makiniemi et al., 2001).

The BRCT domains of TopBPl have recently been implicated in the regulation of

TopBPl levels in response to DNA damage. A yeast 2 hybrid screen showed that TopBPl

interacts with hHYD, a HECT domain ubiquitin ligase known to be involved in protein
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ubiquitination and subsequent degradation. This interaction, which is mediated by the 5th and

6th BRCT domains of TopBPl, leads to the ubiquitination and degradation of TopBPl.

However, x-irradiation was observed to diminish the ubiquitination of TopBPl, resulting in

the localisation of stabilised TopBPl to nuclear foci corresponding to DNA breaks (Honda e/

Vãaied

protein-protein interactions responsible for the recognition of and response to DNA damage.

I:16.4.5 Mus 101

Mus 101, the apparent Drosophila homologue of TopBPl, was first identified more

than25 years ago due to the larval hypersensitivity of mutants in this gene to DNA damaging

agents (Boyd et a|.,1976; Makiniemi et a|.,2001). Mus101 contains 7 BRCT domains and

has been shown to be involved in DNA synthesis (Boyd and Setlow,1976; Calvi and

Spradling, 1999), DNA repair (Boyd and setlow, 1976: Brown and Boyd, 1981) and

chromosome condensation at mitosis (Gatti et aL.,1983; Smith et a\.,1985; Yamamoto et al.,

2000). The nature of the roles of the BRCT domains has yet to be defined for this protein.

However, the relatively recent cloning of the musl0I gene (Yamamoto et a\.,2000) will
enable the precise function of each of its 7 BRCT domains to be determined.

In conclusion, the BRCT domain is present in a wide range of proteins from a variety

of organisms, its unif,ring feature being its involvement in the detection and repair of DNA

damage. The founding member of this superfamily, BRCAI, interacts with numerous DNA

repair proteins, is phosphorylated by checkpoint kinases, and has itself been shown to

activate an essential DNA damage checkpoint kinase. It plays a role in the regulation of
transcription of many important cellular regulators, and has the ability to remodel chromatin.

The BRCT domain-containing RAD9 is required for cell cycle arrest and the transcriptional

induction of DNA repair genes in response to DNA damage, while the BRCT protein 53BPl

is phosphorylated in response to DNA damage and localises to DNA strand breaks. XRCCI

interacts with both PARP and DNA ligase III through its two BRCT domains, and TopBPl

uses its BRCT domains to interact with hRAD9. The ability of TopBPl to also bind DNA

strand breaks through its BRCT domains and interact with DNA polymerase e suggests that it

may play a role in the sensing of DNA damage. Thus the roles of BRCT domains in the DNA

damage response pathway are well established.
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tzIT The RadECl resion: a novel nuclear domain?

As discussed previously, PBL also contains a third, as yet uncharacterised region

immediately N-terminal to the first BRCT domain (Figure 1.5). This region contains several,

but not all of the characteristic residues of a BRCT domain (Figure l.7a). However,

sequence analysis revealed that it shares greater similarity with the proteins RAD4-like and

ECT2, and hence was named the "RadECl" region in this study (Figure 1.7b). As can be

seen from the sequence analysis shown in Figure |.7b, it seems to be conserved as a unit with

an adjacent BRCT domain and, as it contains several of the characteristic residues of a BRCT

domain, it may have evolved from a BRCT domain itself. It is therefore likely that the

RadECl region may function in tandem with the BRCT domain with which it is associated.

Although its precise function, if any, remains unknown, the identified role for RAD4-like

suggests a potentially nuclear role for this region. Human RAD4-like, is also known as

Topoisomerase IlB-Binding Protein (TopBPl) (Nagase et al., 1996; Yamane et al., 1997).

As discussed in the previous section, TopBPl is a protein with 8 BRCT domains which has

been implicated in the response to DNA damage. It has been shown to interact with both

hRADg and DNA polymerase e and is also able to bind DNA strand breaks, suggesting that it

might act as a DNA damage sensor (Yamane and Tsuruo,1999; Makiniemi et ø1.,2001). The

Drosophila homologue of this gene, mus l0l, contains 7 BRCT domains and has been shown

to be involved in DNA synthesis (Boyd and Setlow,1976; Calvi and Spradling, 1999), DNA

repair (Boyd and Setlow,l976; Brown and Boyd, 1981) and chromosome condensation at

mitosis (Gatti et a1.,1983; Smith et al., 1985; Yamamoto et al., 2000). Given the well

defined nuclear roles for both RAD4-like and Mus 101, and the nuclear localisation of PBL

andECT2, the RadECl region may be important for some as yet undefined nuclear role of

PBL.
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Figure 1.7 RadECl and BRCT domain sequence alignment of pBL.

A. The N-terminal sequence of PBL including part of the RadECl region (top) is aligned

with the two identified BRCT domains of PBL (below- BRCT domain 1 is on top of

are S

terminal RadECl region of PBL contains some, but not all of, the characteristic conserved

residues of a BRCT domain. These conserved residues are coloured as follows; motif A
conserved residues are in red, motif B residues are in green, motif C residues are in blue,

motif D residues are in purple, and motif E residues are in pink (Callebaut and Mornon,

teeT).

B. The N-terminal protein sequences of Drosophila melanogaster PBL (accession #

NP-523965), Mus musculus ECT2 (accession # AAH 25565), Homo sapiens ECT2

(accession # Q9H 8V3), Drosophila melanogaster }y'rus 101 (accession # NP_524909),

and Homo sapiens RAD4-like (accession # BAA 13389) were obtained using an NCBI

blast search, and aligned using the CLUSTAL W program (Thompson et a\.,1994). The

GeneDoc program was used to present the alignment (Nicholas et al.,1997). The residues

boxed in red represent I00% conservation between the 5 sequences, the residues in green

represent 80olo conservation, and the residues in blue represent 600á conservation. The

"RadECl" region (MD4-like, ECT2 like region) is a region of extended homology

immediately N-terminal to the fîrst BRCT domain of each of these proteins. This

"RadECl" region is highlighted by the black bar above the sequence alignment. The

BRCT domain sequence is underlined and is highlighted by the yellow bar above the

alignment. Human RAD4-like is also known as TopBPl, and Mus 101 is the Drosophila

homologue of this gene (Nagase et al., 1996; Yamane et al., 1997; Yamamoto et al.,

2000).
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1:18 The mvsterv of PBL nuclear localisation

As discussed previously, the presence of the RadECI/BRCT domains in PBL poses an

interesting yet perplexing question for the function of PBL. While the DH and PH domains

have been shown to regulate Rho in the cytoplasm (Prokopenko et al.,1999), BRCT domains

have been implicated in the process of DNA damage sensing and repair, which is a nuclear

event (Bork et a\.,1997; Callebaut and Mornon,1997).In addition, all other known BRCT

domains are within nuclear proteins. V/hat are nuclear BRCT domains doing in a cytoplasmic

Rho GEF protein and why does PBL localise to the nucleus?

1:18.1 Cdc24p is a GEF which is regulated by nuclear sequestration

Cdc24p is a GEF for Cdc42p in yeast that shows a very similar pattern of localisation

to PBL. Cdc24p localises to the plasma membrane at sites of polarised growth, to mother bud

necks during cytokinesis, and to the nucleus during Gl (Toenjes et aL.,1999). Cdc24p is

actively sequestered in the nucleus through its binding to the cyclin dependent kinase

inhibitor Farlp. Nuclear export is triggered either by entry into mitosis, which causes the

degradation of Farlp, or by exposure to mating pheromone, which stimulates the export of

the whole Farlp/Cdc24p complex (Nern and Arkowitz,2000; O'Shea and Herskowitz,2000;

Shimada et a\.,2000). Thus in the case of Cdc24p, nuclear-cytoplasmic localisation appears

to be important in the regulation of its function.

l:18.2 Netl is a Rho GEF that is regulated by nuclear sequestration

Netl is a mammalian Rho GEF which also appears to be regulated by nuclear

sequestration. Like ECT2, the murine homologue of PBL (Miki et al., 1993), oncogenic

activation of Netl occurs by truncation of the N-terminal part of the protein. Unlike ECT2

however, Netl does not have BRCT domains at its N-terminal end. The nuclear import of

Netl is mediated by two nuclear localisation signals in its N-terminus, and thus the

oncogenic form lacking these domains localises to the cytoplasm where it can activate Rho.

Interestingly, in addition to its GEF-associated function, the pleckstrin homology domain of

Netl acts as a nuclear export signal, suggesting that this domain could also play such a role

in PBL. However, the exit of PBL and of ECT} from the nucleus corresponds with the
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breakdown of the nuclear envelope in prophase/metaphase (Prokopenko et al., 1999;

Tatsumoto et al., 1999; Kimura et a|.,2000), suggesting that this is unlikely to be an active

process. Netl has also been shown to shuttle into and out of the nucleus, and thus it has been

suggested that activation of Rho by Netl is controlled by changes in its subcellular

Izl9 Thesis aims

Could the Rho GEF activity of PBL also be regulated by nuclear sequestration like

both yeast Cdc24p and mammalian Netl? Does PBL move into the nucleus to remove Rho

GEF function from the cytoplasm at the appropriate time, or does PBL have a separate

nuclear role? Unlike Netl and Cdc24p, PBL also contains BRCT domains, domains that have

been proven to play important nuclear roles. Thus it is possible that PBL moves into the

nucleus to carry out a separate nuclear function. Perhaps PBL localises to the nucleus for

both reasons, to temove Rho GEF function from the cytoplasm, and to perform a separate

nuclear role. Perhaps these two processes are intricately linked, and PBL performs some Rho

dependent nuclear role, which would be completely novel. Perhaps PBL is capable, through

its BRCT domains, of sensing and responding to DNA damage. It is possible that such an

interaction with damage sensor or repair proteins prevents PBL from activating cytokinesis,

providing an extra level of control where cell division is put on hold while DNA damage is

repaired. Such an ability would not only contribute to the maintenance of genomic integrity,

but would constitute an elegant mechanism of cell cycle control.

This thesis therefore aims to examine these possibilities and answer some of the

questions that remain concerning the function of the PBL protein. Through the use of a

variety of techniques including in vitro mutagenesis, transgenic analysis, genetic screening,

and larval hypersensitivity assays, the nuclear role of PBL is examined, and the functions of
its RadECI/BRCT domains are explored.
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Chap ter 2: Materials and Methods

2zl Ãbbreviations

4600: absorbance at 600nm

APS: ammonium persulfate

blotto: skim milk powder

bp: base pairs

BSA: bovine serum albumin

DNA: deoxyribonucleic acid

dNTP: deoxyribonucleoside triphosphate

EDTA: ethylene diamine tetraacetic acid

kb: kilobase pairs

kD: kilodalton

l: litre
PAGE: polyacrylamide gel electrophoresis

PBS: Phosphate buffered saline

PBT: Phosphate buffered saline + O.lYo Tween 20

RNA: ribonucleic acid

RNase A: ribonuclease A

r.p.m: revolutions per minute

SDS: sodium dodecyl sulphate

TEMED : N,N,N',N-tetrametþlenediamine

UV: ultraviolet light

v: volts
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222 Materials

2 :2.1 Chemical reagents

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

222.2 Enzymes

Restriction endonucleases were obtained from a variety of sources including Boehringer

Mannheim, New England Biolabs (NEB), and Pharmacia.

Other enzymes were obtained from the following sources:

T4 DNA ligase: Boehringer Mannheim, NEB.

Calf Intestinal Phosphatase (CIP): Boehringer Mannheim.

RNase A and Lysozyme: Sigma.

Pfu Turbo DNA polymerase : Stratagene.

2:2.3Kits

QlAquick gel extraction kit: Qiagen.

QIAprep spin miniprep kit: Qiagen.

Enhanced Chemiluminescence (ECL) kit: Amersham.

BRESAspin plasmid mini kit: Geneworks.

Western blot recycling kit: Alpha Diagnostics.

222.4 Antibiotics

Ampicillin: Sigma.

2:2.5 Molecular weight markers

DNA

¡,DNA was digested with BstEII and SalI to produce fragments of the following sizes (in kb)

14.14, 8.45,7.24, 5.70, 4.92, 4.32,3.69,3.13,2.74,2.32, I.93, 1.37, 1.26, 0.70, 0.50,0.22

and0.l2.

Protein

Prestained molecular weight markers (NEB) sizes (in kD) 175, 83, 62, 47.5,32.5,25, 16.5

and 6.5.
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2 :2,6 Oligonucleotides

Oligonucleotides designed for in vitro mutagenesis were obtained from Geneworks. The

primers for mutating the NLS and deleting the RadECyBRCT domains were purchased as a

40nmole crude fraction and purified by SDS polyacrylamide gel electrophoresis. The primers

for the addition of a FLAG tag were purified by high performance liquid chromatography.

NLSl: 5' gcg ttg cga aaa acg gtt gtt gtt cct ttt gtt aaa gct aat ggg3'

NLS2: 5' ccc atÍ" agc ttt aac aaa agg aac aac aac cgt ttt tcg caa cgc 3'

Primers for deleting the RadECl region and BRCT domains

ABRCTs1: 5' cgt aat gct atc caa ata gtc aaf ggt ctc cat ttc c 3'

ABRCTs 2: 5' g gaa atg gag acc att gac tat ttg gat agc att acg3'

Primers for FLAG tagging PBL constructs

FLAG 1: 5' ggt ctc cat ttc ctt gtc atc gtc gtc ctt gta gtc cat ggatct tct gc 3'

FLAG 2'. 5' gc aga aga tcc atg gac tac aag gac gac gat gac aag gaa atg gag acc 3'

2:2.7 Antibodies

All secondary and tertiary antibodies were reconstituted according to the manufacturer's

instructions.

Primary antibodies:

Alpha-tubulin: mouse monoclonal (Sigma), used at 1:1,000 on embryos and 1:10,000 on

western blots.

Armadillo (N2741): mouse monoclonal (Developmental Studies Hybridoma Bank), used at

1:1 on tissues.

FLAG: mouse M2 monoclonal (Amrad), used at 1:300 on cells.

PBL: rat polyclonal, crude sera (S. Prokopenko), used at 1:500 on tissues.

PBL: rat polyclonal, IgG purified sera, used at 1:200 on tissues and 1:2,000 on western blots.

Phalloidin-FlTc (Sigma): used at I:200 on tissues.

Spectrin (349): rabbit polyclonal (D. Branton), used at 1:50 on tissues.

Lamin: mouse monoclonal (Y. Gruenbaum), used at 1 :10 on tissues.
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Myc (9E10): mouse monoclonal (Developmental Studies Hybridoma Bank, purified by the

Institute of Medical and Veterinary Science (IMVS), Adelaide, SA.), used at I:250 on

tissues.

Phosphorylated histone H3: rabbit polyclonal (Upstate Biotechnology), used at 1:300 on

Phosphorylated H2AX (y-H2AX): rabbit polyclonal (Upstate Biotechnology), used at 1 :1,000

on western blots.

ELAV (7E8410): rat polyclonal (Developmental Studies Hybridoma Bank), used at 1:500 on

tissues.

Secondary antibodies

ct-mouse-biotin (Jackson Laboratories): used at 1:200 on tissues.

a-rat-biotin (Jackson Laboratories): used at I:200 on tissues.

o-rabbit-biotin (Jackson Laboratories): used at l:200 on tissues.

cr-rabbit-Cy5, (Jackson Laboratories): used at l:200 on tissues.

cx-mouse-HRP (Jackson Laboratories): used at 1:3,000 on western blots.

cx-rat-HRP (Jackson Laboratories): used at l:3,000 on western blots.

o- rabbit-HRP (Jackson Laboratories): used at 1:3,000 on western blots.

cr-mouse-Alexa 594 (Molecular Probes): used at a final concentration of 5-2}¡tglml on cells.

Tertiary complexes:

Strepavidin-Alexa 488 (Molecular Probes): used aL l:200 on tissues.

Strepavidin-Cy5 (Jackson Laboratories): used at 1:200 on tissues.

2:2.8 DNA stains

10mg/ml Hoechst 33258 (Sigma) was used at 1:1,000 on tissues for 5 mins.

lmg/ml propidium iodide (Sigma) stain was performed on RNase treated tissues at 1 :100 for

2 hours.
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2:2.9 Media, Buffers and Solutions

2:2.9 .l Dr o s ophil a media

Fofüfied (.Fl) Drosophila medium l% (wlv) agar, 18.75% compressed yeast, IIYo treacle,

10% polenta, l.5Yo acid mix (47% propionic acid, 4.7%o orthophosphoric acid), 2.5yo

te go sept (l 0% para-hydroxybenzoate in ethano l).

Grape juice agar plates : 0.3Yo agar,25o/o grape juice, 0.3olo sucrose, 0.030á tegosept mix.

2:2.9 .2 Bacterial media

All media were 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.

L-Broth: l% (wlv) amine A,0.5yo yeast extract, lYo NaCl, pH 7.0.

Plates: L-Broth with 1 .5% (wlv) bactoagar supplemented with ampicillin

(5Omg/ml) where appropriate.

2:2.9.3 Buffers and solutions

Agarose gel loading buffer:

Blotto solution:

1.5x Brower's solution:

Embryo injecting buffer (1x):

10X HEN buffer:

Homo genisation buffer:

PBS:

1 X PBT:

Protein gel transfer buffer:

3 X sample buffer:

50% (w/v) glycerol, 50 mM EDTA, 0.1% (wlv)

bromophenol blue.

5% (wlv) skim milk powder in lx PBT.

0.15M PIPES, 3mM MgSOa, 1.5mM EGTA, 1.5%

NP-40 pH6.9.

5mM KCl, 0.lmM NaPO+ pH 6.8.

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

sterilised.

lM Tris pH7.5,lM MgClz.

7.5mM NazHPO+, 2.5 mM NaHzPO+, 145mM

NaCl.

1 x PBS, 0.1% Tween 20 or Triton X-100.

48mM Tris-base, 39mM Glycine, 0.037% (w/v)

SDS,20% methanol.

I\Yo glycerol, 2%o SDS, 5% p-mercaptoethanol,

0.05% bromophenol blue, 125% 0.5M Tris-HCl

pH6.8.

1.5% Tris-base,7.2Yo Glycine, 0.5% SDS.
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STET:

TAE:

50mM Tris-HCl pH8.0, 50mM EDTA, SYowlv sucrose and

0.05% Triton X-100.

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

8.2.

222.10 Plasmids

pBluescript KS+ (Statagene).

pUAST - UAS promoter (obtained from H. Richardson).

pACT- chicken p-actin promoter (obtained from L. MacMillan)

PCS2- MYC tag vector (obtained from S. Prokopenko).

2:2.11 Bacterial strains

E. coli DHSa: F' f80 lacZLMI5 recAl endAl gyr{96 thi-l hsdRlT (rK- mK+) supE44

relAl deoR A(lacZYA-argF) Ul69.

2:2.12 D rosophìla strains

2:2.12.1Wlld-Wpe

w|11t *as used as the wild-type strain in immunohistological staiirs and for the gerreration of
transgenic lines.

2:2.12.2 pbl mutants

pbl2 and,pbl3 alleles (originally referred to aspblsD andpblTo respectively in Jurgens et al.,

1984) correspond to nonsense mutations that result in truncated protein products of 37 and

185 amino acids respectively (Prokopenko et a\.,1999).

pbln3 is an EMS induced allele with a point mutation in the PH domain obtained from J.

Skeath.

2:2.12.3 GAL4/UAS stocks

GMR-GAL4, prd-GAL4 and UAS-GFP were obtained from the Bloomington Stock centre.

elav -GAL4 and GUT/SAV 109.88-GAL4 were obtained from H. Richardson.

7lB-GAL4 was obtained from M. Fictz.

2:2.12.4 Cell cycle and apoptosis stocks

RBF|4 null allele, GMR-p35 and, Df(3)H99 were obtained from H. Richardson.
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2:2.12.5 Rho family members

RhoAT2R and RhoAT2o null alleles were obtained from M. Mlodzik. Cdc423 lethal allele was

obtained from R. Fehon. The deficiency stock Df(3L)Ar14-8 was used as an allele of Racl'

The deficiency stock Dfl(3L)RMS-2 was used as an allele of Rqc2. Since this stock also

removes pbl, arecombinant chromosome was generated with the cos34 transposon, one copy

of which is sufhcientto rescue pblmutant embryos to adulthood (J. V/ong and R. Saint,

unpublished observations). AMtl is a deletion generated by imprecise excision of a P-element

that removes the entire Mtl openreading frame and was obtained from B. Dickson (Hakeda-

Suzuki et a1.,2002).

dia2 was provided by S.'Wasserman. chic22twas provided by L. Jones, and acuE63ó was

provided by J. Treismann.

2:2. 1 2.7 Checkpoint genes

grpt mafernal-effect lethal mutation was obtained from W. Sullivan (Fogarty et al.,1994)'

222.13 X-irradiation source

A Biointernational t3tcs *-ray machine (activity 3400 CÐ was used to irradiate all samples'

2:3 Methods

Standard molecular genetic techniques were performed as described in (Sambrooket al',

1989) or (Ausubel et aL.,1994).

2:3.1 Restriction endonuclease digestion of DNA

All restriction digestions were performed using the buffers recommended by the

manufacturer at lx concentration. For complete digestion,3-5 units of enzyme were added

per pg of DNA and incubated at 37"Cfot 2 hours.

To end fill restriction digestions samples were firstly phenol/chloroform extracted and

ethanol precipitated. The resultant pellets were then resuspended in 34 pl of Milli Q water

(MQ H2O) before the addition of 5 ¡rl of 2.5mM dNTPs, 10 pl of 5x T4 buffer, and 1 pl of

2
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T4 DNA polymerase to make the volume up to 50 ¡ll. The tubes were then incub ated at37.C

for 30 mins.

2:3.2 Agarose gel electrophoresis

, Molten 1%o agarosc in TAE was f'oured:ontoa glass slicle-usinga=plastic-comb to=form=the:
. well slots. The gel was then placed in an electrophoresis tank and submerged in TAE. The

DNA samples containing a suitable amount of loading buffer were then loaded into the gel

slots and 40-80V were applied to the tank until the bromophenol blue dye had migrated the

required distance. The DNA was then stained with ethidium bromide in order to be visualised

by illumination with long wave UV light.

2:3.3 PhenoUchloroform extraction of DNA

Sterile water was firstly added to the sample to make the volume up to 200¡tl.200pl of
phenol/ chloroform/ isoamylalcohol was added and the tube was vortexed briefly and spun

down for 5 minutes at 14000 rpm in a microcentrifuge. The top layer was then removed to a

clean tube and the process of making the volume up to 200¡tl with water, adding phenol/

chloroform/ isoamylalcohol, vortexing and spinning down was repeated. The sample was

then ethanol precipitated as described below.

2:3.4Ethanol precipitation of DNA

2¡tl of glycogen, l/10th the volume of 3M NaAc þHa.6) and 2ll2 volumes of chilled

absolute ethanol were added and the tube was incubated at-20oC for at least 30 mins. The

tube was then spun down in a microcentrifuge at 14000 rpm for 10 mins and the resultant

pellet was washe d in 7 }Yo ethanol before being vacuum dried in a speedivac and resuspended

in an appropriate volume of sterile water.

2:3.5 Generation of recombinant plasmids

Dephosphorylation of vector DNA

After the vector DNA was linearizedby restriction enzyme digestion, 1-2 units (U) of CIp

was added to the reaction and incubated at37"C for t hour.

Purification of DNA from agarose gels

QlAquick gel extraction kit was used to purify DNA bands from agarose gels, using the

manufacturer's protocol.
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Ligation

DNA fragments to be ligated were placed in a mix (total volume 20¡.tl) containing lU of T4

DNA ligase, and 1x ligation buffer and incubated at 18oC overnight.15% PEG was included

in the ligation mix when DNA fragments to be ligated had blunt ends. For transformation by

electroporation, the ligation was phenol/chloroform extracted and ethanol precipitated prior

to resuspension in l0pl MQ H2O.

2:3.6 Transformation of bacteria

500m1 of L-broth was inoculated with 5ml of an overnight culture of E. coli DH5a cells and

grown to an ODaooo of 0.5-0.6. The culture was then chilled on ice for l5 to 30 minutes and

the cells harvested by centrifugation at 40009 for 15 minutes. The cells were then

resuspended in 500m1 of ice-cold MQ H2O, pelleted at 50009, resuspended in 250m1 of ice-

cold MQ H2O, pelleted at 40009, resuspended in 1Oml of ice-cold l\Yo glycerol, re-pelleted

at 30009 and finally resuspended in lml of ice-cold l0% glycerol. The competent cells were

then snap frozen in liquid nitrogen and stored as 42¡tl aliquots at -80oC.

For transformation, 40pl of cells were thawed on ice and then transferred to an ice-cold 2mm

electroporation cuvette. The DNA to be transformed was added to the cells and

electroporated in a Bio-Rad Gene Pulser set to 2500V, 25 pFD capacitance and Capacitance

Extender set to 500 ¡lFD. The cuvette was immediately washed out with 960¡.ll of L-Broth,

and the suspension incubated at37oC for t hour. Cells were then pelleted for 8 seconds at 14

000rpm, then 800p1 of the supernatant was removed, and the cells gently resuspended in the

remaining L-Broth. The cell suspension was plated onto L-agar plates supplemented with

5Opg/ml ampicillin and incubated at 37"C overnight.

2:3.7Isolation of plasmid DNA

Small scale preparation- Rapid boiling lysis method:

A 2ml culture supplemented with the appropriate antibiotics, was incubated overnight at

37"C, with shaking. Cells were harvested by centrifugation at 14,000 rpm in a

microcentrifuge for 15 seconds. The bacterial pellet was resuspended in 200p1 of STET,

followed by addition of lOpl of lysozyme (1Omg/ml). The suspension was heated at 100oC

for 45 seconds and centrifuged at 14,000 rpm for 15 min. The pellet was removed with a

toothpick. Plasmid DNA was then precipitated with 240¡t"l of isopropanol, centrifuged, and

washed withT}Yo ethanol. The pellet was then dried and resuspended in 20pl MQ H2O.
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Large scale preparation:

Alkaline lysis midi-preps were prepared from 10 ml cultures following standard protocols

(Sambrook et al., 1989).

High quality plasmid DNA, for microinjection of Drosophila embryos and for automated

of ln

columns according to manufacturer's instructions

223.8 In vitro 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 a20¡i volume. To each reaction the following \ /as added

2pJ of 10x reaction buffer

50ng of dsDNA template (pBS-pbllA)

l25ng of the forward primer

I25ng of the reverse primer

1pl of 10mM dNTP mix (2.5mM each dNTP)

Sterile MQ HrO to a final volume of 19prl

l¡il of Pfu Turbo DNA polymerase (2.5U1,p,1) was added last

The reaction was cycled according to the manufacturers instructions in a MJ Research, PTC-

200 peltier, thermal cycler. The reaction was transferred to a new microfuge tube, 1pl of
DpnI (10u/pl)addedtothereaction,mixedandallowedtoincubateat37oC for I hourto

digest the parental (nonmutated) dsDNA. The reaction was phenol/CHcl3 extracted, ethanol

precipitated and resuspended in 1Opl of MQ HzO. 5pl were then transformed into DH5a

using electroporation. Restriction analysis was used to identify mutated clones where

possible but all mutations were confirmed by sequence analysis before use in subsequent

experiments.

2:3.9 Automated sequencing

DNA was sequenced using the ABI PrismrM Dye Terminator Cycle Sequencing Ready

Reaction Kit (Perkin-Elmer), essentially as described in the manufacturer's protocol with the

modification of using half thc dcscribcd amount of reaction mix. Double-stranded DNA was

used as a template and, in general, primers were de-salted. Reactions were performed on a

Corbett Research FTS-1S Capillary Thermal Sequencer, with the following conditions: 25
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cycles of 96oC for 10 seconds, 50"C for 5 seconds and 60'C for 4 minutes with a temperature

ramp settingof 2.

Running and analysis of Dye Terminator gels was conducted by the Sequencing Centre at the

IMVS.

223.10 SDS polyacrylamide gel electrophoresis

All protein samples were run on a I0%o separating gel with a 4Yo stacking gel using the Mini-

PROTEAN II Duel Slab Cell (Bio-Rad) according to the manufacturers instructions. The gels

were prepared as follows:

r0% 4%

Hzo

1.5M Tris-HCl pH 8.8

0.5M Tris-HCl pH 6.8

10% SDS

30Yo Acrylamide/Bis

TEMED

4.02m1

2.5m1

100pI

3.33m1

1Opl

3ml

l.25ml

50pl

0.67mL

1Opl

1Oml 5ml

The separating gel mixture was poured into the gel mould and a layer of water was

added before the gel was allowed to set. The water was then removed and the

stacking gel was poured. A plastic comb was inserted to create the wells and the gel

was allowed to polymerise. The vertical gel running apparatus was then set up and 1 x

protein gel running buffer added before the protein samples were loaded and the gel

was run at 150 volts for 1-1.5 hours.

2z3.ll \ilestern blotting

Western blotting of proteins onto nitrocellulose membrane was performed using a Bio-Rad

Transblot Semi-dri transfer cell according to manufacturer's guidelines. In general, a current

of 3 mA per cm' of gel was applied for 30 min. Nitrocellulose blots were washed thoroughly

with 1 X PBT and then blocked for t hour in 5%o Blotto. Primary antibody incubations were

carried out overnight at 4oC and secondary antibody incubations for 2hr at RT, with the
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appropriate dilutions of antibody in Blotto. The secondary antibodies were HRP conjugated

and detected by ECL.

2:3.12 P-element mediated transformation of Drosophíla

-:Mis:o=injection:-DNAJor-injection:was +repar:ed:using:the-Qìagen:or Bresaspin:kit

according to the supplier's protocol. An injection mix was prepared to a concentration of

0.5-1pg/pl transformation vector plasmid DNA and O.3¡rgl¡tl of pn25.7wc (L2-3 transposase)

plasmid in lx Embryo injecting buffer. The injection needle was back filled using a drawn

out capillary containing2¡t"l of the injection mix that had been centrifuged briefly to remove

any particulate matter. w"'t embryos to be injected were collected from 30min lays on

grape juice agar plates at 25"C, dechorionated in 50Yo bleach for 3 min, and rinsed

thoroughly in MQ Hz0. Embryos were then aligned along a strip of non-toxic rubber glue

such that their posterior ends would face the needle. A drop of liquid parafin was placed

over the embryos and the slide placed on the stage of an inverted microscope. A

micromanipulator was used to position the needle, with injection carried out by moving the

microscope stage to bring the embryos to the needle, such that a very small amount of DNA

was injected into the posterior cytoplasm.

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 18oC to allow the embryos to hatch. Larvae were collected after 2 days

using strips of Whatman paper and placed in a fly food vial where they developed into adult

flies. The flies were then crosse d to wltt8 flies to identifu transformants on the basis of the

miniwhite* eye pigmentation phenotype. Numerous independent transformants were mapped

to determine the chromosome of insertion, using the dominantly-marked balancer

chromosomes CyO and TM6B in the stocks w ; Sco / CyO and w ; Df(3R)roXB3 / TM6B Hu.

Homozygous lines were then generated using these balancers.
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223.13 Clones and stocks generated

UAS-NttLSpbl

UAS-ANLSp\| was generated by site-directed mutagenesis using NLS primer 1 and 2 with

pbllA as the template, then subcloned into pUAST and used to generate multiple UAS-

ANLSpbl transgenic lines.

UAS-ABRCTpbl

UAS-ABRCTp\| was generated by site-directed mutagenesis using BRCTs primer I and 2

wrthpbllA as the template, then subcloned into pUAST and used to generate multiple U/S-

ABRCTpUI transgenic lines.

UAS-m:¡c-ABRCTpbl

To generate a MYC tagged ABRCT PBL, ¿BRCTpbl in pBluescript was digested with NcoI

and end-hlled prior to ligation with 6 myc epitope tag as a Dral-Xhol end-filled fragment

from pCS2. The myc-ABRCTpbl construct was then subcloned into pUAST and used to

generate multiple UAS-myc - AB RCTpbl transgenic lines.

UAS-ANLSABRCTpbI

UAS-ANLSABRCTp\I was generated by site-directed mutagenesis using NLS primer I and2

with ABRCTpbI in pBluescript as the template, then subcloned into pUAST and used to

generate multiple UAS- ANLS AB RCTpbl transgenic lines.

UAS-rytc-ANLSABRCTpbI

To generate a MYC tagged 
^NLSABRCT 

PBL, N,{LSABRCTp\I inpBluescript was digested

with NcoI and end-filled prior to ligation with 6 myc epitope tag as a DraI-Xhol end-hlled

fragment from pCS2. The myc-A ILSABRCTpUI construct was then subcloned into pUAST

and used to generate multiple UAS-myc-ANLSABRCTpbl transgenic lines.

GMR> ANLSpbl

A recombinant was generated between GMR-GAL4 andthe UAS-ANLSp\| transgenicline 14-

1 on the second chromosome. This was then balanced with CyO, generating the

GMR>ANLSp\L/CyO stock. This stock was semi-lethal at 25oC and was therefore maintained

at 18oC.
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GMR> ABRCTp\I

A recombinant was generated between GMR-GAL4 andrhe UAS-ABRCTp\| transgenic line

M2 on the second chromosome. This was then balanced with CyO, generating the

GMR> ABRCTp\I/CyO stock. This was semi-lethal at 25oC and was therefore maintained at

GMR> ANLSABRCTpUI

A recombinant was generated between GMR-GAL4 andthe UAS-ANLSABRCTp\I transgenic

line MI0 on the second chromosome. This was then balanced with CyO, generating the

GMR>ANLSABRCTpUUCyO stock. This stock was lethal at 25"C and was therefore

maintained at 18oC.

GMR>pbl

The cloning of the pbllA cDNA into pUAST and subsequent generation of three UAS-pbl

transgenic lines was performed by L. Prior. UAS-pbl3.2 was the only one of these lines that

resulted in a rough eye phenotype when expressed with GMR-GAL4. A recombinant

chromosome was generated between UAS-pbl3.2 and GMR-GAL4 and balanced with CyO,

thus generating the GMR>pbUCyO stock.

GMR>ADH pbl

The GMR>ADH pbl/Cyo stock \¡/as generated by A. Brumby. The pbllA oDNA was

digested with ScaI and SpeL The SpeI site was end-filled and re-ligated with Scal which

resulted in a 53 amino acid deletion in the catalytic portion of translated product of the pbllA

oDNA. This mutant form of PBL (ADH PBL) would be unable to catalyse the exchange of

GDP for GTP. This was cloned into pUAST and used to generate multiple UAS-ADH pbl

transgenic lines. A recombinant chromosome v/as generated between two of these lines

resulting in the UAS-ADHpUL5B,UAS-ADHpU|6A/CyO stock A triple recombinant was then

generated between GMR-GAL4 and these two copies of UAS-ADHpbl resulting in a stock

referred to as GMR>ADH pbl /CyO. This stock resulted in a temperature dependent rough

eye phenotype that was visible at25oC but not at 18oC.
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UAS-pbt.RhoA720

A recombinant was generated between the null RhoA720 mutant allele and the UAS-pbl3.2

transgenic line on the second chromosome. This was balanced with CyO, generating the

stock UA S -pb l, Rho A7 
2 o / Cy O .

UAS-ANLSpbt,RhoAT2o

A recombinant was generated between the null RhoA720 mutant allele and the UAS-N{LSpbl

transgenic line I4-l on the second chromosome. This was balanced with CyO, generating the

stock U,4S- AN LSpb t, RhoAT 
20 /Cy O.

UAS-ABRCTpbt,RhoAT2o

A recombinant was generated between the null RhoA720 mutant allele and the UAS-

ABRCTp\I transgenic line M2 on the second chromosome. This was balanced with CyO,

generating the stock UAS- AB RCTpbl, RhoAT 
20 

/Cy O.

UAS- AN LS AB RCTp b l, Rho A7 
2 o

A recombinant was generated between the null RhoA720 mutant allele and the UAS-

N{LSABRCTp\I transgenic line Ml} on the second chromosome. This was balanced with

Cy O, generating the stock U,4S- AN LS AB RCTpbl, RhoAT 
2 0 

/Cy O .

Stocks generated for rescue assays

A recombinant chromosome was generated by L. O'Keefe between prd-GAL4 and pbl2 and

balanced with TM3Sî. This prd-GAL4,pbl2/TM3Så stock was used in all rescue experiments.

Recombinant chromosomes were also generated between pbl3 and various (IAS-pbl lines on

the third chromosome and balanced with TM3SU. The stocks generated are;

- UAS-pbt3. 2,pbt3 /TM3,Só (L. o'Keefe)

- UAS- N{Lspbl,pbl3 /TM 3 Sb

- UAS-AB RcTpbt,pbf /TM3 Sb

- UAS-my c - AB RCTpbt, pbl3 /TM 3 Sb

- UAS- AN LS AB RCTpb t, pb t3 /T M 3 Sb

- UAS-my c - AN LS AB RCfpb t, pb 13 /T M 3 Sb .
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2:3.14 Growth conditions

Fly stocks were maintained on standard media at 18oC wirhT}Yo humidity. Experimental fly

crosses were performed at 25oC,18oC and 13oC depending on the transgenic construct and

GAL4 driver used. All GMR>ANL,lpål crosses were performed at 25 and 18"C. All

GMR>ABRCTpU| crosses were performed at 25 and 18"C. All GMR>ANLSABRCTp\I

crosses were performed at 18 and 13"C. All crosses with other GAL4 drivers were performed

at 25oC unless otherwise indicated in the text. Egg lays were performed at 25oC on grape

juice agar plates.

223.15 D ros op Iülø protein extracts

For western analysis of protein expression levels in Drosophilalarval tissues, extracts were

prepared. Tissues were dissected in 1xPBS, this solution was removed and 10pl of

homogenisation bufferplus 10¡rl of 3x sample buffer was added. Samples were spun for 5

seconds at 14,000 rpm and stored at -80oC. To prepare the samples for western analysis they

were boiled at 100oC for 10 mins and spun at 14,000 rpm for 10 mins at room temperature

before being loaded onto a SDS-polyacrylamide gel and subsequently analysed by western

blot.

223.16 Collection and fixation of Drosophila embryos

Embryos were collected on grapejuice agar plates smeared with yeast, harvested and washed

thoroughiy in a basket using O.7%NaCl,O3YoTriton X-100. The embryos were then

dechorionated by soaking for 2.5 mins in 50% commercially available bleach (2% sodium

hypochlorite) before again being washed thoroughly in O.7%NaCl,O.3YoTriton X-100. They

were then transferred to a glass scintillation vial containing a two-phase mixture of 4 ml of

4%o formaldehyde in I x HEN and 4 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 25 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 de-vitellinise the embryos. De-vitellinised embryos sink from

the interface and were collected from the bottom methanol phase. Embryos were rinsed

thoroughly in methanol and then several times in ethanol before being stored under ethanol at

-20oC until required.
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2:3.17 \ilhole mount immunostaining of Drosophilø embryos

Embryos stored under ethanol were firstly rinsed in methanol and then re-hydrated by rinsing

ín50Yo methanol/5}% lX PBT, several times in 1 x PBT, and then a single wash for 30

minutes in lx PBT. The embryos were then 'blocked' in 200p1 of I x PBT containing 0.1%

bovine serum albumin (BSA) and 5Yo normal goat serum (NGS) for at least t hour at room

temperature with gentle agitation. The blocking solution was removed and primary antibody

diluted in fresh blocking solution was added (usually 50-200¡.rl). The embryos were routinely

incubated in primary antibody with gentle rocking at 4oC overnight. The next day, the

antibody solution was removed and the embryos were washed extensively in 1 x PBT over

the course of at least an hour. The embryos were then re-blocked in PBT containing 0.1%

BSA for at least 30 mins before being incubated with secondary antibody diluted in PBT for

2 hours at room temperature with gentle rocking. Following a period of washing, the

embryos were incubated with a tertiary complex for two hours and then washed extensively

in 1 x PBT. Embryos were then stained for 5 mins with Hoechst 33258 and washed in 1 x

PBT on the nutator overnight. The embryos were mounted in PBS/80% glycerol onto a slide

under a coverslip supported by two pieces of double-sided tape and coverslips were sealed to

the glass using commercially available clear nail varnish.

2 : 3. 1 8 Immunostainin g of D ro s op h ila law al tissues

Larval tissues were dissected in I x PBS and fixed in a mixture of 3 parts 1.5 x Brower's

solution, 0.5 part 16%oFormaldehyde and 0.5 parts water for 30 minutes on ice. Tissues were

washed in I x PBT-BSA (1 x PBS, 0.3%o triton-Xl00, lmg/ml BSA) and blocked with a

solution of I x PBS, 0.1% Tween-2O and 5mg/ml BSA for at least t hour on ice. The primary

antibody diluted in blocking solution was incubated at 4oC overnight with gentle rocking.

The next day, the tissues were washed extensively in 1 x PBT before being re-blocked for 30

mins in IxPBT-BSA. The secondary antibody conjugated to biotin was diluted in 1 x PBT

and incubated for 2 hours at room temperature with gentle rocking. After several washes in

lx PBT, the tertiary complex was added and incubated for 2 hours at room temperature on

the nutator. After further washes, the tissues were then stained for 5 mins with Hoechst

33258 and washed in 1 x PBT on the nutator overnight at 4oC. For microscopy the tissue

samples were dissected in 80% glycerol, flattened and mounted directly on the slide with a

coverslip carefully placed on top.
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2 :3.19 Immunostainin g of D ro s op h/ø pupal retinas

White pre-pupae were picked and aged to the appropriate stage. Retinas were dissected in I x
PBS and fixed in 4o/o lormaldehyde in 1 x HEN for 30 mins at room temp. All hxation and

washing steps were performed in a cut off eppendorf lid, using a drawn out pasteur pipette

w st a g microscope. Retinas were washed in 1 x PBS + 0.1%

Saponin and blocked for thr with 5o/o normal goat serum. Incubations with primary

antibodies were performed overnight at 4oC, while secondary antibodies and tertiary

complexes were incubated for 2hr atroom temp.

2:3.20 Acridine orange staining of larval discs

Larval discs were dissected in 1 x PBS and stained for 5 mins in a drop of 1.6 x 10-6 M

acridine orange in I x PBS (1.6 x 10-3 M stock of AO was made up in ethanol and stored at -

20oC for convenience). The discs were mounted directly in this drop of AO by flattening out

the sample and carefully lowering a coverslip. Each sample was analysed, within 5 mins of

staining, by fluorescence microscopy.

2:3.21Dissociation of eye disc cells

Eye discs were dissected in I x PBS and incubated in 200p1 of PBTH (55pI 10 x PBS, 100¡rl

2.5%o ftypsin, 0.5¡rl Hoechst, 395p1 MQ H2O) for 3 hr at room temp with gentle rocking.

Approx 3Opl of this solution was mounted directly onto a slide for fluorescent microscopic

analysis.

2:3.22 Transverse sections

Adult eyes were incubated in periodate/lysine/paraformaldehyde for 30 mins, fixed in 2.5o/o

gluteraldehyde/0.1M sodium phosphate (pH7.2) overnight, post-fixed in 2%o osmium

tetroxide, washed in water, and dehydrated in acetone. Specimens were mounted in epoxy

resin, sectioned at2¡tm, and stained with methylene blue.

223.23 Tissue culture and heterokaryon formation

All heterokaryon experiments were performed in collaboration with L. MacMillan.

Tissue culture

HEK 293T and NIH-3T3 cells were maintained in Dulbecco's modified Eagle's medium

(DMEM, CSL) supplemented with 10% foetal calf serum and IYo penicillin-streptomycin

(CSL) in a37oC,5Yo COz incubator. HEK 293T cells were seeded at 6x l0s-106 cells/6cm
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dish. At subconfluence HEK 293T cells were transfected following the standard Ca

phosphate protocol using 1Opg DNA/6cm dish. After 5 hours incubation, medium containing

the DNA precipitate was replaced with fresh medium and the cells were left to recover

overnight.

Heterokaryon formation

At 24 hours post transfection HEK 293T cells were trypsinized and seeded in equal number

with trypsinizedNlH-3T3 cells in a culture tube with addition of the required medium. Cells

were well mixed and the cell suspension (4x 104 cells/chamber) was placed into fibronectin

(Boehringer Mannheim) treated chamber slides (50 pglml fibronectin, 200p1/well for 45 mins

at room temp). Co-cultures were incubated for 3.5 hours to allow the cells to attach to the

slides.

Cycloheximide (Calbiochem) was added at a concentration of 1O0¡rg/ml and the cultures

were then incubated for another 30 mins to inhibit further protein synthesis.

At 4 hours, the medium was removed from the cells and 5 drops of 50Yo PEG solution (in

0.1M HEPES pH 7-7.4 with 10% DMSO) was added to the wells for l-2 mins with gentle

rocking. 300¡rl of complete medium was then added to dilute the PEG solution, before the

wells were drained and another 300p1 of complete medium was added to wash the cells. This

washing step was repeated twice before 250¡tl of complete medium with 10Opg/ml of

cycloheximide was added to the wells. The cells were then incubated at 37"C in a 5o/o COz

incubator for 4 hours. The medium was finally removed and the cells were washed with PBS

before fixation.

Fixation and

A -20'C fixation solution (47 .5% methanol: 47 5% acetone: 5% formaldehyde) was used to

fix the cells for 1 min on ice. The fixative was removed and the cells were washed with ice

cold PBS+ 1% BSA. The primary antibody (anti-FLAG) was diluted 1/300 in PBS+ 1% BSA

and incubated for t hour at 4"C on ice. The cells were then washed twice with PBS+ 1%

BSA before the secondary antibody (anti-mouse Alexa 594) was added at a ftnal

concentration of 5-20 ¡tglml together with Hoechst 33258 at aftnal concentration of 1¡rg/ml

for 45 mins at 4oC on ice. After staining the cells were washed twice with PBS+ 1% BSA

before mounting in glycerol+ 2%o propylgalate.
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223.24 Light and fluorescence microscopy

Light microscopy was performed on a Zeiss Axiophot light microscope with DIC optics.

Images were collected digitally with Photograb and Adobe Photoshop 6.0 was used for image

preparation. Fluorescence microscopy was performed on an Olympus 4X70. Digital images

were wl aco camera shop 6.0 was used for image

preparation. Confocal images were obtained with a BioRad MRC1000 scanhead confocal

microscope equipped with a krypton/argon laser and images were collected and analysed

using Confocal Assistant. Images of adult eyes were obtained using an Olympus SZHl0

microscope and Polaroid digital camera.

2:3.25 Regulatory considerations

All manipulations involving recombinant DNA were carried out in accordance with the

regulations and approval of the Genetic Manipulation Advisory Committee and the

University Council of Adelaide University.

All manipulations involving animals were carried out in accordance with the regulations and

approval of the Animal Ethics Committee and the University Council of Adelaide University.
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Chanter 3: The imnortance of seo uesterins PBL to

the nucleus

3: 1 Introduction

As discussed in chapter 1, the pbl gene is required for cytokinesis in Drosophila.In

pbl mutant embryos, the contractile ring partially forms but ultimately fails in its attempt to

divide the cytoplasm and its contents into two daughter cells. Despite the failure of

cytokinesis, the nuclear events of mitosis continue, resulting in the formation of large,

multinucleate cells after several rounds of failed cytoplasmic division (Hime and Saint, 1992;

Lehner, 1992; Prokopenko et a|.,1999) (see chapter 1, Figure 1.4).

The initial clue to the role of PBL in cytokinesis came with the determination of its

protein sequence. The PBL protein contains Dbl Homology (DH) and Pleckstrin Homology

(PH) domains, characteristic of the GTP exchange factors (GEFs) that activate the Rho

family of small GTPases (chapter 1, Figure 1.5). In their active form, these Rho family

GTPases mediate reorganisation of the actin cytoskeleton, which is an essential event during

cytokinesis. PBL, through its DH/PH domains is therefore responsible for the activation of

Rho and stimulation of cytokinesis (Prokopenko et al., 1999). In addition to these

cytoplasmic domains, PBL also contains a consensus bipartite nuclear localisation signal

(NLS), two characteristic BRCT domains, and a third as yet uncharacterised region, here

termed the RadECl region (chapter 1, Figure 1.5). This region contains several, but not all of

the characteristic residues of a BRCT domain and was found to share a greater similarity with

the proteins RAD4-like and ECT2 (chapter 1, Figure 1.7). As discussed in the introduction,

this RadECl region seems to be conserved as a unit with an adjacent BRCT domain, and may

have evolved from a BRCT domain itself. It was therefore proposed that the RadECl region

may function in tandem with the BRCT domain with which it is associated.

BRCT domains were originally identified in the BRCA1 breast cancer tumour

suppressor protein (Koonin et al., 1996), and have since been found in a multitude of other

proteins, their unifuing feature being their involvement in maintaining the integrity of the

genome (Bork et aL.,1997; Callebaut and Mornon,1997). The presence of such domains in a

Rho GEF poses an interesting and perplexing question for the function of PBL. While the
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DH and PH domains regulate Rho in the cytoplasm, BRCT domains have been implicated in

the process of DNA repair, which is a nuclear event. In addition, all other known BRCT

domains are within nuclear proteins. Evidence for a nuclear role for PBL, other than the fact

that it contains several known nuclear domains, can be obtained from examining the

c

the cell cortex (chapter 1, X'igure 1.6a) before concentrating at the cleavage furrow (Figure

1.6b), presumably to activate Rho and stimulate cytokinesis. By late telophase, PBL is

observed to strongly localise to the nucleus where it remains throughout interphase until the

following prophase/metaphase when the nuclear envelope breaks down (Figure 1.6c).

There are three possible reasons why PBL localises to the nucleus. Firstly, nuclear

localisation may simply be a means to remove PBL Rho GEF activity from the cytoplasm

once its role in cytokinesis has been completed. Secondly, PBL may perform a completely

separate Rho-independent nuclear function. Thirdly, PBL may perform a Rho-dependent

nuclear function, which would be completely novel.

In an attempt to differentiate between these possibilities, the importance of

sequestering the protein to the nucleus was first examined. Site-directed mutagenesis was

used to mutate the consensus bipartite NLS of PBL, and the mutant protein was then

expressed in various tissues to answer the following questions:

1) Does the consensus bipartite NLS act as the nuclear targeting signal for PBL?

2) 'What are the phenotypic consequences of expression of a cytoplasmic form of PBL in

different tissues?

3) Is nuclear sequestration important for PBL function in cytokinesis?
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3:2 Site directed mutation of the consensus bipartite

nuclear localisation sisnal

Bipartite nuclear localisation signals are defined by two basic residues, followed by a

spacer of 10 non-specific residues, before a second basic cluster containing at least 3 out of5

basic residues (Robbins et al., 1991). The program PSORT (Prediction of Protein

Localisation Sites) was used to scan for a PBL sequence matching this description. A match

was found, with an estimate of 97%o certainty that this would function as an NLS (Figure

3.1a).

Site directed mutagenesis was used to test the importance of this sequence to the

nuclear localisation of PBL. Robbins et al. (1991) had shown that mutation of three lysine

residues to asparagines in the bipartite NLS of nucleoplasmin completely abolishes nuclear

localisation of the protein. Therefore the codons for the equivalent lysine/arginine/lysine

residues at position 318-320 of PBL were specifically mutated to asparagine codons. This

was accomplished by designing two complementary primers containing the mutated bases

(4t+o+ -> C, Cr405 -) A, Gtoou -> A, Gr410 -+ C) flanked on either side by 15 and 23 bp of

non-mutated sequence (Figure 3.1b). In vitro site directed mutagenesis was then performed

with these primers on the pbllA oDNA sequence using the Stratagene in vitro mutagenesis

kit. Sequences of the resulting potential mutant clones were then determined to ensure they

had the specific NLS mutation (refened to hereafter as ANLS), but no other mutations.

A 
^NLS 

mutantpbl cDNA sequence was then cloned into the multiple cloning site of

the pUAST vector using the enzymes XhoI/XbaI. This vector places the gene of interest

under the direct control of a S. cerevisiae GAL4 upstream activator sequence (UAS). Upon

introduction into the germline of Drosophila by genetic transformation, expression of the

gene can be induced by the presence of the yeast GAL4 protein (Brand and Perrimon, 1993).

The pUAST vector carries P-element inverted repeats which allow insertion of the construct

into the Drosophila germline in the presence of P transposase (Rubin and Spradling, 1982;

Spradling and Rubin, 1982). The ANZSpál cDNA pUAST construct was therefore injected

into the pole cells of Drosophila embryos and after subsequent crosses, 8 separate transgenic

lines were established. The position of the insert in these lines was then determined by

genetic mapping. One line mapped to the X chromosome, two mapped to the second
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chromosome, and five mapped to the third chromosome. All except one of these inserts were

homozygous viable.

3:3 Exnression of 
^NLS 

PBL in the Drosophila eye disc

causes a severe rough eYe

To determine whether mutation of the NLS sequence generated a cytoplasmic form of
PBL, and to analyse the effect of such subcellular mislocalisation, the eye specific enhancer

construct GMR-GAL4 was used to drive expression of GAL4, and hence the ANLS mutant

PBL protein, in the developing eye disc. The glass minimal promoter region (GMR) drives

the expression of GAL4 in all cells posterior to the morphogenetic furrow of the eye disc

during larval development (Ellis et al., 1993). When this system was used to drive the

expression of full-length wild type PBL, the protein was observed to be nuclear in all cells,

apart from those undergoing mitosis (Figure 3.2a). Upon nuclear envelope breakdown

during prophase/metaphase, PBL becomes redistributed throughout the cytoplasm (Figure

3.2a'). However, when ANLS PBL is expressed in the eye disc using GMR, the mutant

protein was found to be cytoplasmic throughout the cell cyele (Figure 3.2b). Thus the

consensus bipartite NLS identified in this study functions as the PBL nuclear localisation

signal.

GMR-driven expression of full-length wild type PBL results in a mild rough eye

phenotype (Figure 3.3b). The eye maintains its pigment, but has an increased number of

bristle cells (Prokopenko et aL.,1999). Expression of ANLS PBL on the other hand resulted

in extreme roughening of the eye. Of the 7 transgenic lines t-ested, 2 were lethal when

expressed under the control of the GMRpromoter at 25"C. As the eye is a non essential organ

for flies raised in laboratory conditions, the lethality was presumably due to the leaky

expression of this driver in other tissues. 4 lines gave extreme eye phenotypes, and one gave

a mcdium rough eye phenotype. The GMR>ANLSpbl eyes were characteristically smaller

than those of GMR>pbi flies, had lost most of their pigment, and had a severely blistered

appearance. Large areas of necrosis were also often observed (Figure 3.3c). Sections of these

eyes confirmed the extreme nature of the phenotype, revealing a severe disruption of the eye
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Figure 3.1 Site directed mutagenesis of the consensus bipartite nuclear

localisation signal of PBL.

A. A schematic diagram of the structure of the PBL protein, with the RadECl

region boxed in black, the 2 consensus BRCT domains in red, the Dbl

homology domain (DH) in purple, and the Pleckstrin homology domain (PH)

in yellow. The consensus bipartite nuclear localisation signal is boxed in blue.

Underneath is the PBL amino acid sequence in this region with the consensus

bipartite nuclear localisation signal boxed. The critical basic residues of this

signal are underlined, and the lysine (K) and arginine (R) residues, which were

targeted for mutation, are shown in red highlighted by a green box'

B. The DNA sequence from this region is shown. The primers designed to

mutate 4 base pairs of the sequence are shown in blue, with the 4 mutant base

pairs shown in red. Beneath is the amino acid sequence of the mutated nuclear

localisation signal. The lysine largininellysine (K/R/K) residues were changed

to asparagine residues (N) and are shown in green, highlighted by a
black box.
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Figure 3.2 ANLS PBL is cytoplasmic throughout the cell cycle.

GMR GAL4::UAS pbl and Nt{LSpbl eye discs were dissected, fixed and stained

with anti-PBL antibody (shown in green), anti-phosphorylated histone H3 which

stains mitotic figures, and propidium iodide which stains the DNA (both shown

in red, as indicated).

^. 
GMR GAL4::UAS pbl eye disc stained with PBL (green) and propidium iodide

(red). Wild type PBL is observed to localise to the nucleus in interphase cells, and

is cytoplasmic in cells undergoing mitosis (white arrows). The mitotic f,tgures are

shown in A'where anti-phosphorylated histone H3 is in red and PBL is in green.

B. GMR GAL4::UAS N,{LSpbl eye disc stained with PBL (green) and propidium

iodide (red). PBL is completely cytoplasmic. The PBL stain alone is shown in B'.



Figure 3.3 Rough eye phenotypes caused by overexpression of PBL'

A. A wild type Drosophila adult eye.

B. AGMR GAL4::UAS pbl adult eye. Amild rough eye phenotype is caused by

the overexpression of PBL posterior to the morphogenetic furrow in the

developing eye disc at 25 degrees C.

c. A GMR GAL4::UAS LNLSpbl adult eye. An extreme rough eye phenotype is

caused by the overexpression of ANLS PBL posterior to the morphogenetic

furrow in the developing eye disc at 25 degrees C.

D - I. Tangential sections through adult eyes of the following genotypes. All
sections were stained with metþlene blue to visualise the structure.

D. Awild type adult eye.

E. A GMR GAL4::UAS pbl adult eye at 25 degrees C.

ß. A GMR GAL4;:UAS LNLSpbl adult eye at25 degrees c. The structure

of the eye is destroyed.
G-1. GMR GAL4::(/AS LNLSpbl adult eyes at 18 degrees C.

G. An apical section.
H. A section through the middle of the eye.

I. Abasal section.



structure (Figure 3.3f -i). In GMR>ANLSp\\ adult eyes raised at25"C, the disruption was so

severe, that it was impossible to identify any cell types (Figure 3.3Ð. At 18oC, the expression

of GMR is not as strong, resulting in a milder phenotype. Sections of these eyes were still

severely disrupted, making it diff,rcult to identify the exact nature of the disruption (Figure

3.3g-i).

To discount the possibility that the severity of the ANLSpbl phenotype is simply due

to this construct being expressed at a much higher level than the UAS pbl construct, western

analysis was performed. Wild type, GMR>pbl and GMR>ANLSpbl eye discs were dissected,

boiled and run on a l0% SDS polyacrylamide gel, which was then transferred to

nitrocellulose and probed with an anti-PBL antibody. As can be seen from Figure 3.4, wild

type PBL was present at higher levels than ANLS PBL, despite the phenotypic effect being

much milder, showing that the ANLSpbl phenotype was not due to increased expression

levels. Thus nuclear localisation is important for normal PBL function.

3:4 Characterisation of the 
^Ì{LS 

PBL nhenotvne in the

eYe

As can be seen from the adult eye and the sections through the adult eye, expression

of an NLS mutant form of PBL causes a severe disruption of eye structure. But at what stage

of development do things start to go wrong? As a first step in the characterisation of the

mutant phenotype, larval eye disc cells were examined. Due to the compact columnar

epithelial structure of the larval eye disc, it was decided to dissociate the cells in order to

examine individual cells. GMR> ANLSpbl flies were crossed to a UAS-GFP line, so that those

cells overexpressing 
^NLS 

PBL would also be expressing GFP, allowing identification of the

cells without fixation and antibody staining. GFP also enables visualisation of the individual

cells, and when combined with Hoechst stain for the DNA, the basic cellular phenotype can

be determined. GMR>ANLSpî\ eye disc cells were found to show a range of basic

phenotypes. Some cells were multinucleate, and some anucleate, suggesting a disruption of

cytokinesis (Figure 3.5a and b). In addition, some cells were also observed to have a

disrupted shape (Figure 3.5b). This is in direct contrast to the GMR>pbl eye disc phenotype,

65



where no obvious effect was observed (Figure 3.5d and e). Interestingly, the

GMR>ANLSp\| phenotype in eye disc cells was similar to that found in GMR>ADHpbl eye

disc cells. The ADH mutant form of PBL, where a portion of the DH domain responsible for

GEF activity had been deleted, was previously shown to be acting as a dominant negative

were AS

well as a similar disruption of cell shape (Figure 3.5g).

Expression of ANLS PBL was therefore shown to disrupt both cytokinesis and cell

shape in the larval eye disc. However, what effect does this disruption have on the further

development of the eye disc? To answer this question and to gain further insight into the

basis of the severe adult eye phenotype, pupal eye discs were examined. The structure and

composition of the pupal eye disc of Drosophilahas been extensively characterised, with the

types of cells, their number and fate having been completely mapped out (Wolff and Ready,

1993). To examine the pupal phenotype, GMR>ANLSpbl pupal discs were dissected out,

fixed and stained for the epithelial cell contact marker Armadillo. Hoechst 33258 stain was

used to visualise the DNA. V/hen raised at 25oC, the pupal discs were severely necrotic,

making it impossible to analyse their phenotype. At 18oC, the expression of GMR is not as

strong, resulting in a milder phenotype that is easier to analyse.

As can be seen flom Figure 3.6c, GMR>ANLSp\| pupal eye discs at 18'C have too

many bristle cells, too many interommatidial cells, and some ommatidia have too few cone

cells. This is similar to, but more severe than the GMR>pbl pupal disc phenotype at 25"C, in

which there are too many bristle and interommatidial cells (Fig 3.6b). The occasional

ommatidium has too few cone cells (Fig 3.6b').

Given the effect on the patterning of the pupal disc cells, the next question was at

what stage does the patterning process begin to fail. To answer this question, GMR>ANLSpbl

larval eye discs were fixed and stained with anti-ELAV. ELAV is expressed specifically in

those cells of the eye disc that have adopted a neural fate (Campos et a\.,1987; Robinow and

White, 1988). Analysis of the pattern of ELAV in the larval eye disc therefore reveals

whether this initial patterning event is disrupted. While the pattern of ELAV expression was

only mildly disrupted in GMR>pbl eye discs (Figure 3.7d-f), GMR>ANLSpbl eye discs were

found to have a massive reduction in the number of ELAV expressing cells (Figure 3.7g-i).

The furrow still progresses (Fig 3.7i), but the adoption of a neural cell fate seems to be

delayed. Despite the smaller number of ELAV expressing cells, their organisation into

clusters remains.
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Figure 3.4 Westem analysis of GMR GAL4 expression levels in the eye.

wI I 1 8, GMR GAL4 : : UAS pbl, aîd GMR GAL4 : : UAS ANLSpbl eye discs

were dissected at 25"C or 18 "C as indicated, boiled and run on a 10% SDS

polyacrylamide gel, which was then transferred to a nitrocellulose filter.
The filter was then probed with an anti-PBL antibody, producing a band of
approximately 120 kD in size in each lane.

The filter was then stripped and reprobed with an alpha-tubulin antibody,

which served as a loading control. This produced a band of approximately

50 kD in size.
As can be seen from the filter, 

^NLS 
PBL is expressed at a slightly lower

level in the eye than full length PBL.
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Figure 3.5 Dissociation of eye disc cells and visualisation by epifluorescence.

GMR GAL4::UAS pbl, N,{LSpbl and LDHpbl eye discs were dissociated and

stained with hoechst to visualise the DNA (shown in red). UAS GFP was

co-expressed to enable visualisation of the cells overexpressing the pbl
constructs (shown in green).

^. 
GMR GAL4::UAS LNLSpbl dissociated eye disc cells (100x mag)'Some

cells are multinucleate, as indicated by the white affows.
B. GMR GAL4::UAS N,{LSpbl dissociated eye disc cells (100x mag)' Some

cells have disrupted shape (white arrow), and some appear to be anucleate

(yellow arrow).
C. Close up view of a multinucleate GMR GAL4::UAS N,{LSpbl eye disc cell.

There are at least two large nuclei, surrounded by multiple micronuclei.

D. GMR GAL4::UASpöl dissociated eye disc cells (100x mag). Cells are

mononucleate.
E. Close up view of a normal GMR GAL4::UAS pbl eye disc cell.

F. GUn GAL4::UAS LDHpbl dissociated eye disc cells (100x mag). Some

of these cells are multinucleate as indicated by the white affows.

G. GMR GAL4::UAS LDHpbl dissociated eye disc cells (100x mag). Some

cells have disrupted shape (white arrow).



Figure 3.6 Disruption of pupal eye disc structure in GMR GAL4::UAS Nt{LSpbl

eye discs.
All pupal discs were stained with antibodies against the cell contact

marker Armadillo.
A. Wild type pupal eye disc at42hr APF at 25 degrees C (100x mag).The white

affow indicates an interommatidial cell, the yellow affo\ry a bristle cell, and the

red arrow points to a group of cone cells. A'. Close up view of a wt pupal

ommatidium.
B. GMR GAL4::UAS pbl eye disc 42 hr APF at25 degrees C (100x mag).

The pupal disc has more interommatidial cells than wild type (white arow),
more bristle cells (yellow arrow), and the occasional ommatidium has too few
cone cells (red arrow). B'. Close up view of a GMR>pól ommatidium.

C. GMR GAL4::UAS LNLSpbl eye disc at 84 hr APF at 18 degrees C (100x mag).

The pupal disc has more interommatidial cells than wild type (white arrows),

more bristle cells (yellow arrows), and some ommatidia have too few cone

cells (red arrows). C'. Close up view of a GMR>tNLSpbl ommatidium.



Figure 3.7 Adoption of neural cell fate is delayed in
GMR GAL4::UAS Nt{LSpbl eye discs.

Third larval instar eye discs were stained with the neural specific
antibody ELAV. ELAV is normally expressed in all cells posterior to the
morphogenetic furrow which have adopted a neural fate.

A - C. V/ild type eye disc stained with o-ELAV in green (A), and hoechst

33258 DNA stain in red (B). The merge of these two images is shown in C

D - F. GMR GAL4::UAS pbl eye disc stained with o¿-ELAV in green (D), and

hoechst 33258 DNA stain in red (E). The pattern of ELAV staining cells is mildly
disrupted. The merge of these two images is shown in (F), with the position of the

morphogenetic furrow indicated by a white arrow.

G - I. GMR GAL4::UAS tNLSpbl eye disc stained with ct-ELAV in green (G),

and hoechst33258 DNA stain in red (H). A large reduction in the number of
ElAV-staining cells is observed posterior to the morphogenetic furrow. However
the clustered organisation of the ElAV-expressing cells remains. The merge of
these two images is shown in L The furrow still progresses (white arrow), but only
those cells furthest from the furrow are expressing ELAV.



3:5 The ct of AÌ',{LS PBL expres sion in the wins disc

As previously discussed, expression of ANLS PBL in the proliferating and

differentiating cells of the eye disc using the enhancer GMR was shown to cause disruptions

in cytokinesis, cell shape, and the resultant patterning of the eye disc. Does expression of this

construct affect other proliferating tissues? To answer this question, the N'{LSpbl construct

was expressed in the developing wing disc using the driver TIB.Whenthe UAS pbl construct

is expressed, PBL is observed to localise to the nucleus (Figure 3.8a). Surprisingly however,

there seems to be no effect of overexpressing PBL on wing development. Adult wings of

normal size are produced, with normal venation (Figure 3.8c). Expression of NtlLSpbl on the

other hand resulted in blistered wings which frequently lacked the two cross veins (Figure

3.Sd). Ectopic vein tissue was also observed, suggestive of a patterning defect (Figure 3.8e-

f). The ANLS PBL protein was completely cytoplasmic as expected (Figure 3.8b).

3:6 The effect of 
^I{LS 

PBL expression in differentiatine

cells of the eve disc

As described in the previous section, ANLSpbl causes a severe phenotype when

expressed in both the proliferating cells of the eye disc using GMR and the proliferating cells

of the wing disc using the driver 7lB.To investigate whether the effect of ANLSpblwas

restricted to proliferating cells, the ANLS mutant form of the protein was expressed under the

control of the elav GAL4 driver, specific for differentiating cells of the eye (Campos et al.,

1987; Robinow and V/hite, 1988). When wild type PBL was expressed under the control of

elqv GAL4, no disruption to eye development was observed (Figure 3.9a). However, when

^NLS 
PBL was expressed using this driver, a severe rough eye phenotype was observed

(Figure 3.9b). Eyes were characteristically small and glassy in appearance, with a ring of

necrosis in the middle of the eye. As ELAV is expressed in cells that have adopted a neural

fate, this indicates that the 
^NLS 

PBL protein can affect cells that are differentiating, and not

just those that are proliferating. These flies were also approximately half the size of their wild

type siblings, presumably due to the expression of this driver in other neural tissues.

67



3:7 The effect of ÂNLS PBL exn ression in salivarv slands

The effect of ANLS PBL on non-proliferating tissues was examined further using the

- -- salivary glandJhe-salivary-gland oÈa-wiId-type Ðrosephila -is-initia-lly-{ormed-from a

primordium during embryogenesis, in G2 phase of cell cycle 15. Following the 15th division,
' multiple rounds of endoreplication follow in the absence of mitosis, resulting in the

production of large, highly polyploid cells (Figure 3.10a). These cells have characteristic

regular hexagonal and pentagonal shapes and are conducive to microscopic analysis owing to

their large size. To analyse the effect of ANLS PBL expression in this tissue, the gut and

salivary gland specific driver 109.88 GAL4 (referred to hereafter as sav GAL4) was used.

The sav GAL4 construct drives expression in these cells after formation of the primordium,

following the terminal cytokinesis of mitosis 15. Endogenous PBL is expressed in this tissue

and is found to localise to the nucleus (Figure 3.10b). When the full lengthpbl construct is

' expressed in these cells, the resulting glands are much smaller than wild type, and their cells

are signihcantly rounded (Figure 3.10c). PBL retains its nuclear localisation. When ANLSpbl

is expressed, a similar but more severe phenotype is obtained. The glands are even smaller

still. and the eells are severelv rou-nded. The ÂNLS PBL is cvtonlasmic as exnected ltr'io¡¡re'-^--J - \\ ¡bq¡v

3.10d). Therefore 
^NLS 

PBL, despite being completely cytoplasmic, gives a similar, but

more severe phenotype than full length PBL, which is nuclear when expressed in the salivary

gland. To compare the expression levels of these two constructs, western analysis was

performed using wild type, sav>pbl and sav>ÁNZ Spbl salivary gland samples. As can be

seen from Figure 3.10e, UAS pbl is expressed at a much higher level than UAS ANLSpbl.

Therefore, the severity of the ANLSpbl phenotype is due to the presence of PBL in the

cytoplasm, and not simply an increased expression level.
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Figure 3.8 
^NLS 

PBL disrupts wing development.

A and B. 718 GAL4::UAS pbl and N'{LSpbl third larval instar wing discs were

dissected, fixed and stained with anti-PBL antibody (shown in green) and

propidium iodide which stains the DNA (shown in red). Confocal images are

shown taken with a 40x water lens with 3x zoom. Wild type PBL is observed

to localise to the nucleus (A), while ANLS PBL is completely cytoplasmic (B)

C. 7lB GAL4::(IAS pbl adultwing (5x mag). Overexpressing PBL has no

effect on wing development. Adult wings of normal size are produced, with

normal venation.
D. 718 GAL4::UAS N,{LSpbl adult wing (5x mag). Overexpression of ANLS

PBL disrupts wing development, producing blistered wings which frequently

lack the two cross veins. Ectopic vein tissue is also observed.

E. Close up view of the wing in (D) showing ectopic vein tissue.

F. Close up view of another 7lB GAL4::UAS [NLSpbl wing. The venation

pattern is disrupted, with cross vein number 2lailingto traverse the distance

between L4 and L5 (highlighted by the black arrow). Ectopic veins are

also observed.
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Figure 3.9 Expression of ÂNLS PBL in differentiating cells of the

developing larval eYe disc.

A. An elav GAL4::UAS pbl adult eye at25 degtees C (5x mag).

Expression of PBL in differentiating neural cells of the developing

larval eye disc has no effect on the development of the adult eye.

B. An elav GAL4::UAS N'{LSpbl adult eye at25 degrees C (5x mag)

Expression of AI.{LS PBL in differentiating neural cells of the

developing larval eye disc causes a severe disruption to eye

development. Eyes are reduced in size, and are glassy in appearance

with a characteristic ring of necrosis in the middle of the eye. Adult
flies are also approximately half the size of their wild type siblings.



V/hile the severity of the ANLS PBL phenotype is consistent with that seen in other

tissues, the severity of the full-length wild type PBL salivary phenotype is surprising. As

discussed in the previous sections, expression of full length PBL causes relatively mild

disruptions compared to that of ANLS PBL when it is expressed in the eye and wing disc.

These observations supported the notion that nuclear localisation is simply a sequestering

mechanism to remove Rho GEF action from the cytoplasm. However, the effect of nuclear

PBL on the cytoskeleton in the salivary gland challenged this notion and warranted further

investigation.
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X'igure 3.10 ANLS PBL affects cell shape when overexpressed in salivary glands.

A- D. UAS pbl and UAS N{LSpbl flies were crossed to the gut and salivary gland specific

drrver, sav GAL4. Sallvary glands were then drssected, fixed and stained with phalloidin

which binds to filamentous actin (shown in red), and a-PBL (shown in green) unless

otherwise indicated.

A. Wild type salivary gland stained with phalloidin in red and cx-PBL shown in green. The

cells of a wild type gland are a regular hexagonal or pentagonal shape (40x

magnification).

B. Wild type salivary gland showing PBL in green and DNA in red. PBL localises to the

nucleus (40x magnification).

C. sav GAL4::UAS pbl salivary gland stained with phalloidin (red) and PBL (green). PBL is

nuclear and cells are rounded (40x magnification).

D. sav GAL4::UAS ANLSpbl salivary gland stained with phalloidin (red) and PBL (green).

PBL is weakly cytoplasmic and cells are rounded (40x magnihcation). Endogenous PBL

is observed to localise to the nucleus.

E. 'Western 
analysis of expression levels.

wt 
1 ]t , sav GAL4 ; : UAS pbt and sav GAL4 : ; UAS ANLSpbl salivary glands were dissected

at25"C, boiled and run on a lïYo SDS polyacrylamide gel which was then transferred to

a nitrocellulose filter. The filter was then probed with an anti-PBL antibody which

produced a band of approximately 120 kD in size in each lane. The filter was then

stripped and re-probed with an anti-alpha tubulin antibody which served as a loading

control. This produced a band of approximately 50 kD in size.

As can be seen from the gel, ÂNLS PBL is expressed at a lower level than full length

PBL in the salivary gland.
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3:8 Genetic analvsis of the eve nhenotvne - the 
^ll{LS 

PBL

eve pheno e is sunnressed bv a Rho mutation

Expression of ANLS PBL in a variety of tissues causes extreme phenotypes,

regardless of whether expression is driven in proliferating or differentiating tissues. Initial

analyses of these phenotypes indicated several defects. In the larval eye disc, both cytokinesis

and cell shape was disrupted, a phenotype similar to that caused by the overexpression of a

dominant negative form of PBL in the eye. In the pupal eye disc, disruption to the patterning

of cells was observed. This disruption was similar to, but more severe than, that caused by

the overexpression of full length PBL. In the salivary gland, a severe rounding of the cells

was observed, a phenotype that was also similar to that caused by the overexpression of full

length PBL. Given this complicated range of phenotypes, it was decided to utilise genetic

analysis to further dissect the basis of these phenotypes. The adult eye of Drosophila

provides an excellent system in which to look for genetic interactions. The rough eye

phenotypes caused by overexpression of the various mutant forms of PBL can be used to

screen for mutations in other genes that dominantly modify these phenotypes.

Characterisation of the genes that are found to interact may provide insight into both PBL

function and the basis of the phenotypes generated in the eye.

Two rough eye phenotypes caused by the GMR-driven overexpression of PBL and of

the dominant negative form of PBL which lacks a portion of the DH domain essential for

GTP/GDP exchange (ADH PBL), were previously used to screen for dominant modifiers. All

of the known members of the Rho family of small GTPases in Drosophila were tested in this

genetic assay in an attempt to define which member the PBL Rho GEF acts through. RhoA

was the only member found to modify these phenotypes, showing a medium suppression of

the GMR>pbl phenotype and a strong enhancement of the GMR>ADHpbl dominant negative

phenotype (Prokopenko et al., 1999). This indicated that RhoA is the target of PBL activity

and that when overexpressed, PBL still acts through a Rho-mediated pathway. Yeast-2-

hybrid experiments supported this result, showing that PBL specifically interacts with RhoA,

and not other Rho family members, including Racl and Cdc42 (Prokopenko et a1.,1999).
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To test whether the cytoplasmic NLS mutant form of PBL had maintained its

specificity for RhoA, a RhoA720 mutant allele was introduced into the GMR>ANLSpbl

background. Reducing the amount of Rho in this way was shown to strongly suppress the

, provlng a comp

cytoplasmic form of the protein is capable of interacting with Rho (Figure 3.11a-d).

The reduction in the level of Rho also completely suppressed the semi-lethality

associated with the GMR>ANLSp\| phenotype at 18"C. When males of the genotype

GMR>ANLSpbl I CyO were crossed to RhoA720 I CyO virgins to test for suppression, equal

numbers of the genotypes GMR>aNLSpbt I cyo, RhoA'2] I cyo and, GMR>aNLSpbt I

RhoA720 were expected (CyO/ CyO is embryonic lethal). However, at 18oC GMR>ANLSp\\ I

CyO flies made up only l5Yo of the total progeny, while 46Vo of the progeny were

GMR>ANLSp\\ I RhoA720, and,39o/owere RhoA"0 I CyO. The suppression of GMR>ANLSp\\

semi-lethality was strong, but not complete at25"C. 'While only l% of the total progeny were

GMR> ANLSpbl I CyO at 25"C, 18% were GMR> ANLSpbt I RhoA720 , and, 8l%o were RhoA720

I CyO.

The GMR> ANLSpbl rough eye phenotype was then tested for genetic interactions

with mutant alleles or deficiencies covering other characterised members of the Rho family

of small GTPases, including Rac I and2, Mtl and Cdc42.In all cases,loss of one copy of the

gene did not result in suppression of the GMR> ANLSpbl rough eye phenotype, indicating

that the ANLS PBL maintained its specihcity for RhoA (Table 3.1).

As previously discussed, the ADH mutant form of the PBL protein, where a portion of

the DH domain responsible for GEF activity had been deleted, was shown to act as a

dominant negative. While deletion of this domain resulted in a comparatively moderate

phenotype in the eye, reduction of the amount of PBL through the introduction of a pbl null

mutant allele, was shown to strongly enhance this GMR>ADHpbl rough eye phenotype (L.

O'Keefe, pers comm; Prokopenko et a1.,1999). To test whether the ANLS mutant form of the

protein was acting as a dominant negative, two pbl null mutant alleles were tested for their

ability to dominantly enhance this phenotype. Both were found to have no effect on the

GMR>ANLSpbl rotgh eye phenotype. 'I'hus the completely cytoplasmic ANLS PBL is not

interfering with normal PBL function to cause the severe phenotypes observed, but is still

functioning through its GEF domains to activate RhoA (Table 3.1).
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Figure 3.11 Suppression of the GMR GAL4::UAS [NLSpbl rough

eye phenotype by RhoA.

A. AGMR GAL4::UAS N'{LSpbl adult eye at 18 degrees C. Eye

development is disrupted by the overexpression of ANLS PBL

posterior to the morphogenetic furrow of the developing larval

eye disc.
B. Suppression of the GMR GAL4::UAS [NLSpbl rough eye

phenotype in p¡oa720 heterozygotes at 18 degrees C. The rough

eye phenotype caused by the overexpression of ANLS PBL
posterior to the morphogenetic furrow is strongly suppressed when

a RhoA mutant allele is introduced into the genetic background

of these flies.
C. AGMR GAL4::UAS LNLSpbl adult eye at25 degtees C. A severe

rough eye phenotype is produced by the overexpression of ANLS

PBL posterior to the morphogenetic furrow.
D. Suppression of the GMR GAL4::UAS LNLSpbl rough eye

phenotype in RhoA720 heterozygotes at25 degrees C. The rough

eye phenotype caused by the overexpression of ANLS PBL
posterior to the morphogenetic furrow is strongly suppressed when

a RhoA mutant allele is introduced into the genetic background

of these flies.
E. Suppression of the GMR GAL4::UAS INLSpbl rough eye

phenotype by GMR>p35. The rough eye phenotype can be

suppressed at 18 degrees C by the overexpression ofthe cell death

inhibitor,p35 (compare to A).
F. Acridine orange stain of a GMR GAL4::UAS pbl larval eye disc.

G. Acridine orange stain of a GMR GAL4::UAS Nt{LSpbl larval eye

disc. There is a slight increase in the number of staining cells.

E
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This finding that ANLS PBL is not acting as a dominant negative form of the protein

is quite perplexing, given the similar nature of the ANLS PBL and ADH PBL phenotypes in

larval eye disc cells. As shown previously , GMR>ANLSp\| and GMR> ADHpbl gave very

similar phenotypes in these cells, with a disruption in cytokinesis leading to multinucleate

cells, in addition to a disruption in cell shape. Therefore, although these two constructs give

similar phenotypes at the larval stage of development, it appears to be for different reasons.

These reasons most likely explain the very different adult eye phenotypes that result from the

overexpression of these two constructs.

The GMR>ANLSpbl rough eye phenotype was then tested against mutant alleles of

numerous other genes including genes involved in cytokinesis, cell death, and DNA damage

checkpoints (Table 3.1). The only gene found to have an effect on the eye phenotype, other

than RhoA,was p35. P35 is an apoptosis inhibitor and GMR>p35 results in the

overexpression of this cell death inhibitor in the eye disc (Hay et a\.,1994). This was found

to suppress the GMR>N{LSpbl rough eye phenotype (Figure 3.11e)'

In contrast to this, GMR>p35 has previously been shown to enhance the GMR>pbl

rough eye phenotype. The GMR>pbl rough eye phenotype was shown to be due to an

inhibition of some of the normal programmed cell death events in the pupal eye disc.

Inhibiting this process further with the overexpression of P35 resulted in an enhancement of

this phenotype in the eye (L. O'Keefe, pers comm). The opposite seems to be true for the

GMR>ANLSpbl rough eye phenotype, implying that some of the phenotype results from

programmed cell death. However, induction of cell death may be a secondary effect of

disrupting cells in the eye disc and not an indication of a direct involvement of PBL in

programmed cell death. Vy'hatever damaging effect the expression of the ÀNLS mutant form

of the protein has on the eye disc cells, apoptosis may be signalled to remove these damaged

cells. Therefore inhibiting cell death in the eye may suppress the phenotype simply because

damaged cells which would normally be removed by programmed cell death are being kept

alive. Acridine orange staining for cell death in larval eye discs indicated that the levels of

cell death are only slightly increased in GMR>ANLSpî\ eye discs compared to that of

GMR>pbl (Figure 3.11f-g). It is therefore likely that cell death is occurring later in

development to remove cells damaged by the expression of the ANLS mutant form of PBL.

This possibility was not examined here, as it would not necessarily shed any further light on

PBL function, but could be confirmed by a detailed analysis of apoptosis during the later

development of the eye discs.
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Table 3.1 Screening for enhancement or suppression of the GMR GAL4::UASANLSp\I

rough eye phenotype

Flies of the genotype GMR GAL4::UASANLSp\I were crossed to produce flies heterozygous

genes ln ta

RhoA, Racl, Rac2, cdc42, and Mtl are all Rho family members. RhoA720 is a null allele

(Strutt et al.,1997). cdc423 is a lethal allele (Fehon et al.,Ig97) and, AMtl is a deletion which

removes the entire Mtl open reading frame (Hakeda-Suzuki et aL,,2002). There were no

specific mutations available in RacI and Rac2 and so deficiency stocks were used. The

deficiency Df(3L)Arla-8 removes Racl. Dfl(3L)RM5-2 is alarge deficiency which deletes the

pbl gene as well as Rac2. This stock was tested alone, as well as with a cosmid (cos34),

which carries the entire pbl gene, recombined onto the same chromosome. This cosmid is

known to completely rescue PBL function (J. Wong and R. Saint, unpublished observations).

pbl2 and pbl3 are both null alleles of pbt (Prokopenko et al., lggg). Dia2has a specific

mutation in Diaphanous) a Drosophilø formin protein required for actin re-organisation and

cytokinesis (Castrillon and 'Wasserman, 1994). chic22t has a mutation in chickadee which

encodes profilin and acts downstream of Diaphanozs during actin re-organisation (Verheyen

and Cooley, 1994). acuu63uhas a specific mutation in act-up which controls actin

polymerisation and acts in the opposite direction to chickadee (P,enlali et at., 2000).

Diaphanous,chickadee and act-up are all Rho effectors. Dfl(3R)H99 is a deficiency which

takes out the cell death genes Hid, Grim, and Reaper. GMR>p35 overexpresses the apoptosis

inhibitor p35 (Hay et al., 1994). grptis a maternal-effect lethal mutation in the checkpoint

geîe grapes (Fogarty et a\.,1994). RBF|4 is a null allele of the Drosophilaretinoblastoma

family protein (Du et aL.,1996; Du and Dyson, 1999).

orSS
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Gene screened

IUxoA720

cdc 423

AMtl

Dia2

Effect on phenotype of
GMR GAL4::UASN,{LSph|

acuE636

GMR> 5

KBF]4

rI4-8
RMs-2 and
RMs-2 cos34

9

S

No effect
No effect
N effect
No effect
No effect
No
No effect
No effect

o effect

No effect
Medium s

No effect
No effect
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3:9 Genetic analvsis of the salivarv sland nhenotvne -

ANLS PBL does not interact with Rho

In the eye system, expression of both PBL and 
^NLS 

PBL were shown to act

predominantly through RhoA. To test if this action of PBL was also true in the salivary

gland, the RhoA720 null mutant allele was recombined onto both the UAS pól chromosome

and the UAS ANLSp,b/ chromosome, and each stock \ilas crossed to the sav GAL4 driver.

Reduction of RhoA in the sav GAL4;UAS pbl salivary gland leads to a strong suppression of

the phenotype (Figure 3.12b). The resultant glands are much larger, and the cells are less

round and more wild type in shape. Reduction of RhoA in the sav GAL4:UAS ANLSpbl

salivary glands on the other hand, does not appear to be able to suppress this phenotype

(F'igure 3.12d). Given the possibility that this phenotype is just too severe to be rescued

merely by reducing the amount of Rho by half, the cross was repeated at 18'C. At this lower

temperature, sav GAL4 is not as highly expressed, leading to a less severe effect on salivary

gland structure (Figure 3.12e). However, reducing the amount of RhoA still cannot rescue

the ANLSpål salivary gland phenotype (Figure 3,12f). Therefore, while RhoA can suppress

the severe 
^NLS 

PBL phenotype in the eye, it appears to be unable to do so in the salivary

gland. This difference indicates either differing roles for PBL in these tissues, or differing

modes of regulation.
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Figure 3.12 Removal of one copy of Rhol does not suppress the ANLS PBL salivary gland

phenotype.

UAS pbl and UAS ANLSpbl flies were crossed to the gut and salivary gland specific driver

SAV:: were and

stained with phalloidin which binds to filamentous actin (shown uncoloured and in red), and

o-PBL (shown in green).

A- B. A sav GAL4: :UAS pbl salivary gland (A) and a sav GAL4; :UAS pbl salivary gland

heterozygous for a null RhoA mutant allele (B) at 25"C. Phalloidin staining is shown

uncoloured in (A) and (B) and false coloured red along with PBL staining in green in

(A') and (B'). Removal of one copy of RhoA suppresses the salivary gland phenotype

(10x mag).

C- D. A sav GAL4::UAS NttLSpbl salivary gland (C) and asav GAL4::UAS ANLSpbl

salivary gland heterozygous for a null RhoA mutant allele (D) at 25oC. Phalloidin staining

is shown uncoloured in (C) and (D) and false coloured red along with PBL staining in

green in (C') and (D'). Removal of one copy of RåoA does not suppress the phenotype at

25'C (10x mag).

E- F. A sav GAL4::UAS ANLSpbl salivary gland (E) and a sav GAL4; :UAS ANLSpbl

salivary gland heterozygous for a null RhoA mutant allele (F) at l8oC. Phalloidin staining

is shown uncoloured in (E) and (F) and false coloured red along with PBL staining in

green in (E') and (F'). Removal of one copy of RftoA does not suppress the phenotype at

18"C (10x mag).
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3:10 
^NLS 

PBL can still activate cvtokinesis

As discussed in the previous sections, expression of 
^NLS 

PBL causes extreme

phenotypes in both proliferating and differentiating tissues. Localisation of the protein to the

nucleus is therefore highly important for the maintenance of normal cellular processes.

However, is localisation of PBL to the nucleus essential for its role in cytokinesis? To answer

this question, ANLS PBL was expressed in a pbl mutant background using the embryonic

driver prd GAL4 (Yoffe et a\.,1995). When full length PBL is expressed in stripes along the

pbl mutant embryo using this driver, the cytokinetic defect of the pbl mutant is completely

rescued within those stripes (Figure 3.13a-c). This provides an excellent system in which to

test the importance of the individual domains of the protein for cytokinesis. As prd GAL4

expresses in alternate segments along the embryo, the intervening segments where no protein

is expressed also provides an internal negative control. V/hen 
^NLS 

PBL was expressed in a

pbl mutant background in alternate segments using this driver, the cytokinetic defect was

completely rescued within those stripes (Figure 3.13d-Ð. Thus localisation of the protein to

the nucleus is not essential for the process of cytokinesis. ÂNLS PBL was observed to be

completely cytoplasmic as expected (Figure 3.13g).

3:11 Discussion

The pebbte (pbl) gene is required for cytokinesis in Drosophila. The PBL protein

contains Dbl Homology (DH), and Pleckstrin Homology (PH) domains, characteristic of

GTP exchange factors that activate the Rho family of small GTPases (RhoGEFs). In their

active form, these Rho family GTPases mediate reorganisation of the actin cytoskeleton,

which is an essential event during cytokinesis. PBL also contains BRCT (BRCAI C-

Terminal) domains, which are found in a number of proteins involved in DNA repair. The

presence of domains within a Rho GEF that normally function in the nucleus is both unique

and intriguing. In accordance with a potential nuclear role for PBL, PBL contains a

consensus bipartite nuclear localisation signal (NLS) and is observed to localise to the

nucleus after its transient cortical and cleavage furrow localisation late in mitosis.
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Nuclear localisation of PBL could simply be a means of removing the PBL Rho GEF

activity from the cytoplasm during interphase, or could be indicative of a separate nuclear

function. In an attempt to examine the importance of nuclear sequestration, the consensus

bipartite NLS was specifically mutated and the altered protein was expressed in a variety of

comp

nuclear localisation of the protein, proving that the predicted bipartite NLS functions as a

nuclear localisation signal in vivo.

The ÄNLS cytoplasmic form of the protein was then found to cause a range of severe

phenotypes when overexpressed in a variety of different tissues. Compared to full length

PBL, which causes a mild roughening of the eye when overexpressed in the developing larval

eye disc, 
^NLS 

PBL causes a severe roughening of the eye. The GMR>ANLSp\| adult eye is

significantly smaller and blistered in appearance, with large areas of necrosis. Initial analysis

of this phenotype indicated that cytokinesis is disrupted in the Iarval eye disc cells, resulting

in both multinucleate and anucleate cells, a phenotype which is similar to that caused by the

overexpression of a dominant negative form of the PBL protein. However, owing to the

compact structure of the eye disc itself, it is diffrcult to determine the precise behaviour of

cells in this tissue.

Later in development, the patterning of the pupai disc is aiso affecteci. Even the

weaker expression of ANLSpbl at l8"C caused a disruption in the number of bristle,

interommatidial and cone cells. This phenotype was similar to, but more severe than, that

observed when the full-length PBL protein is expressed in the developing eye. Defects in

pattering occurred early in the development of eye cells, with the number of ELAV-

expressing neural cells severely reduced posterior to the morphogenetic furrow of the

developing larval eye disc. As the morphogenetic furrow progresses, the differentiation of
neural cells posterior to the furrow seems to be delayed, but not prevented, by expression of
ANLS PBL, as some neural cell clusters are observed. Indeed, later in the development of the

adult eye, neural cell types are still observed.

The ANLSpól construct was also shown to affect the proliferating cells of the wing

disc, the differentiating cells of the eye disc when driven by the elav GAL4 promoter, and the

non-cytokinetic cells of the salivary gland. Thus expression of ANLS PBL in a variety of

tissues causes extreme phenotypes, regardless of whether expression is driven in proliferating

tissues or tissues that have ceased proliferation and are differentiating.

The phenotype generated by expression of the ANLSpbl construct in the eye was

strongly suppressed by reducing the amount of RhoA, but not of other Rho family G proteins,
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Figure 3.13 ANLS PBL can rescue cytokinesis in a pbl mutant background.

A- C. Aprd GAL4, pbt2/UAS pbt, pbl3 embryo expressing wild type PBL in a
pbl mutantbackground. The embryo was fïxed and stained with anti-lamin which
highlights the nuclear envelope, shown in green in (A), and anti-spectrin which
stains the cell cortex, shown in red in (B). The merge of these two images is

shown in (C). Expression of wild type PBL in alternate stripes along the embryo

usingprd GAL4, completely rescued the cytokinetic defect of the pbl mutant

within those stripes. The rescue stripe is indicated by the white alrows.

D- F. Aprd GAL4, pbt2/UAS LNLSpbl, pbl3 embryo expressing ÂNLS PBL
in a pbt mutant background. The embryo was fixed and stained with lamin

(D) and spectrin (E). The merge of these two images is shown in (F). Expression

of ANLS PBL in stripes along the embryo usingprd GAL4, completely rescued

the cytokinetic defect of the pbl mutant within those stripes (white arrows).

G. Aprd GAL4, pbt2/UAS LNLSpbl, pbl3 embryo expressing ÂNLS PBL

inapbl mutant background. The embryo was fixed and stained with anti-PBL
(shown in green) and propidium iodide which stains the DNA (shown in red).

PBL is completely cytoplasmic.



indicating that this cytoplasmic form of PBL continues to act through RhoA. However, in the

case of Rac, the redundancy between the three Drosophila Rac proteins Racl, Rac2 and Mtl

(Hakeda-Suzuki et al., 2002) poses a problem in that unless all three are removed at the same

time, it cannot be concluded that PBL does not act through Rac. Also the fact that the only

available Rac alleles were deficiencies that take out large regions of the chromosome,

introduces the possibility that other genetic interactions may mask any potential interaction

with Rac. In particular, Rac2 lies within a deficiency that also removes pbl. To counteract

this, a cosmid carrying the entire pbl gene and known to rescue pbl function (V/ong and

Saint, unpublished observations) was recombined onto the Rac2, pbl deficiency chromosome.

This was also found to have no effect on the GMR>pbl or GMR>N{LSpóI rough eye

phenotypes.

Reducing the amount of PBL through the introduction of a pbl null mutant allele had

no effect on the GMR>ANLSp\| phenotype. This suggested that ANLS PBL is not acting as a

dominant negative form of the PBL protein, despite the similarities in its larval eye

phenotype to that of the ADH dominant negative form of the protein. The different action of

these two forms is consistent with clear differences in the resultant adult eye phenotypes.

Overexpression of the cell death inhibitor P35 was found to moderately suppress the

GMR>N{LSpbl rough eye phenotype. This was in contrast to the observed enhancement of

tbe GMR>pbl phenotype by GMR>p35. No dramatic differences in larval eye disc apoptosis

were observed, indicating that the suppression by GMR>p35 is likely to be due to blocking a

secondary apoptotic effect induced by the extreme disruption to cell function in

G M R> AN LSpbl expr essing cells.

Expression of the 
^NLS 

construct in the salivary gland was shown to cause a similar

but more severe effect than the expression of full length PBL. Even though full length PBL is

nuclear when expressed in the salivary gland, a surprisingly strong effect on the cytoskeleton

was observed with a decrease in cell size and a rounding of the cell shape. When ANLS PBL

was expressed, the cells were smaller still and showed extreme rounding. The dramatic effect

of full length PBL in this tissue was surprising given its nuclear localisation. The similarity in

the phenotypes between the nuclear PBL and the cytoplasmic ANLS PBL challenges the

concept that the localisation of the wild type protein to the nucleus is simply a sequestering

mechanism to remove Rho GEF action from the cytoplasm. Reduction of RhoA was then

shown to suppress the PBL phenotype in the salivary gland. However, reducing Rho was

unable to suppress the ANLS PBL phenotype. V/hether the cytoplasmic form is acting

through another pathway in this tissue, or whether the phenotype is just too severe to be
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suppressed by reducing RhoA remains to be seen. One possibility is that expression driven by

sav GAL4 in the salivary gland is higher than that of GMR GAL4 in the eye, allowing other G

proteins to be activated in this tissue. Analysis of the ability of other Rho family members to

suppress these phenotypes would resolve this question. A second possibility is that the effect

The primary conclusion from this work arises from the range of severe phenotypes

caused by the cytoplasmic form of PBL. It is clear that the sequestration of the protein to the

nucleus is essential for the maintenance of normal cellular processes during development.

This finding supports the proposal that the purpose of nuclear localisation at the end of
cytokinesis is removal of PBL Rho GEF activity from the cytoplasm following completion of
cytokinesis. The phenotypes observed with ANLS PBL could be caused by unregulated Rho

GEF activity in the cytoplasm. However, nuclear localisation is not the only possible way of

removing PBL function from the cytoplasm at the appropriate time. Post translational

modifications such as phosphorylation or degradation could be used to regulate PBL function

in the cytoplasm, while nuclear localisation could be associated with a completely separate

nuclear function. In support of this, and in contrast to previous results, was the severe effect

on the actin structure caused by the overexpression of nuclear wild type PBL. The ability of a
-----^l^^-.- 1-.. ..-,-- -1tl- - ,-.,-r-? t l'^ ,1 ' I lIruçrçar rulrrr ut rfrc pforcln ro fllourry tne sytosKeteton ln sucn a way suggesled tnat, at least

in this tissue, nuclear sequestration is not sufficient.

In addition to this, the ability of the completely cytoplasmic form of PBL to activate

cytokinesis showed that nuclear localisation is not essential for the role of the protein in

cytokinesis. In the case of the yeast Cdc24p GEF, its correct localisation and function at the

bud site requires its association with another factor in the nucleus (Toenjes et al., 1999; Nern

and Arkowitz,2000; O'Shea and Herskowitz,2000; Shimada et a\.,2000). Therefore in the

case of PBL, either a nuclear co-factor is not needed, or it is able to interact with a co-factor

in the cytoplasm.

So why does PBL localise to the nucleus? The results discussed so far cannot

discount the possibility of a separate nuclear role, and the presence of nuclear acting BRCT

domains within the protein also add further weight to this possibility. V/hy would highly

conserved BRCT domains be present in a protein whose only action is in the cytoplasm? Do

they play a separate nuclear function, or is their role to anchor the PBL protein in the nucleus

during interphase? These questions are addressed in the next chapter, where in vitro

mutagenesis was used to delete the potential nuclear functional domains of the protein, and

the effect was analysed in transgenic flies.
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Chapter 4: Ana lvsis of a separate nuclear role for

PBL

4:1 Introduction

As previously discussed, pbl encodes a Rho GEF protein whose predicted action in

cytokinesis is to activate Rho in the cytoplasm, enabling both the correct formation and

function of the contractile ring (Prokopenko et a1.,1999). However, in additionto the DH

and PH domains deemed responsible for this action, PBL also notably contains several

domains known to have nuclear functions. PBL contains a consensus bipartite nuclear

localisation signal, and is observed to localise to the nucleus after its transient cortical and

cleavage furrow localisation late in mitosis (Prokopenko et a|.,1999). As discussed in the

previous chapter, mutation of this nuclear localisation signal results in a completely

cytoplasmic form of the protein. Expression of this form in a variety of tissues causes arange

of severe phenotypes, suggesting that the sequestration of the protein to the nucleus is highly

important. The question that now remains is whether nuclear localisation is simply a

sequestering mechanism, removing PBL Rho GEF activity from the cytoplasm once its role

in cytokinesis has been completed, or whether PBL has a separate nuclear function.

In support of a separate nuclear function for PBL, the protein contains two consensus

BRCT domains, domains that are known to be associated with the nuclear process of DNA

repair (Bork et al., 1991; Callebaut and Mornory 1997). BRCT domains were initially

identified in the human BRCA1 breast cancer tumour suppressor protein (Koonin et al.,

1996), and have since been found in numerous other proteins from yeast to man. Included

within these is the human XRCCl DNA repair protein. XRCCl contains two BRCT domains

which interact independently with DNA ligase III and poly (ADP-ribose) polymerase to

repair DNA single-strand breaks (Cappelti et al., 1997; Nash et al., 1997; Masson et al.,

1998; Taylor et al., 1998). A similar story is observed with many other BRCT domain-

containing proteins, whose unifuing feature seems to be their involvement in maintaining the

integrity of the genome. Table 1.1 in the introduction shows a summary of some of the

characterised BRCT domain-containing proteins and their predicted functions.
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The presence of such domains within PBL, a Rho GEF, poses an interesting, yet

perplexing question for the function of the PBL protein. If the only role for PBL is in the

cytoplasm to activate Rho, and movement into the nucleus is a means of regulating its action

in the cytoplasm, then why does it contain two highly conserved nuclear acting domains? In

a AS

termed the RadECl region. The RadECl region is a region of extended homology

immediately N-terminal to the first BRCT domain, which shares a high level of similarity

with the proteins RAD4-like andECT2 (chapter 1, Figure 1.7). RAD4-like, also known as

Topoisomerase Ilp-Binding Protein (TopBPl) is a human protein with 8 BRCT domains

which has been implicated in the response to DNA damage. It has been shown to interact

with both hRAD9 and DNA polymerase e and is also able to bind DNA strand breaks,

suggesting that it might act as a DNA damage sensor (Yamane and Tsuruo,L999;Makiniemi

et a|.,2001). ECT2 is the murine homologue of pbl which, like PBL, localises to the nucleus

during interphase, and contains two BRCT domains (Miki et al., 1993; Tatsumoto et al.,

1999). Therefore, considering the presence of known nuclear domains, and the nuclear

localisation of the protein, a separate nuclear function for PBL, unrelated to Rho, is a distinct

possibility. In addition to this, a third possibility is that PBL plays a separate Rho-dependent

rruclear function, which would be completeiy novei. Considering the irndings of the previous

chapter, another possibility is that the RadECIiBRCT domains anchor PBL in the nucleus to

keep it out of the cytoplasm during interphase.

In an attempt to differentiate between these possibilities, and to begin to understand

the role PBL may play in the nucleus, a second in vitro mutagenesis construct was made.

This construct was designed to delete the three possible nuclear acting domains of the

protein; the RadECl region, and the two BRCT domains. Flies transgenic for this construct

were obtained, and the mutant protein was expressed in a variety of tissues to answer the

following questions:

1) Has the localisation of the protein been altered by this deletion?

2) 'What effect does this deletion have when expressed in different tissues?

3) Are these domains required for cytokinesis?

4) Or are these domains responsible for a separate nuclear function for PBL?
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4:2 Site directed deletion of the notential nuclear

functional domains of PBL

In an attempt to determine the role, if any, of the nuclear domains of PBL, in vitro

mutagenesis was used to delete the sequence that encodes them from the pbllA zDNA

sequence. 858 base pairs were specifically deleted from the pbllA oDNA sequence which,

when translated, removes 286 amino acids (amino acids 7 through to 292). This deletion

removes the two consensus BRCT domains as well as the majority of the RadECl region

(Figure 4.la). This deletion was obtained by designing a set of complementary primers that

lack the sequence of the region to be deleted, but bind to either side of the region (Figure

4.1b). Upon binding to their complementary sequences, the primers cause the intervening

sequence to loop out. After PCR amplification, the newly synthesised product will

specifically lack the sequence between the two primer binding sites. Potential mutant clones

were initially screened on the basis of their smaller size, before their sequence was

determined to ensure that they lacked the specific base pairs desired, and that the sequence

either side of the deletion was normal. This deletion construct, which removes the RadECl

region and two BRCT domains, will hereafter be referred to as the 
^BRCT 

construct,

although it should be noted that it removes the RadECl region as well.

A ABRCT mutant pbl cDNA sequence was then cloned into the multiple cloning site

of the pUAST P element-mediated transformation vector using the enzymes XhoI and XbaI.

As previously discussed, this vector places the gene of interest under the direct control of a S.

cerevisiae GAL4 upstream activator sequence (UAS), whose expression can be induced by

the presence of the yeast GAL4 protein (Brand and Perrimon, 1993). The ABRCþóI cDNA

pUAST construct was transformed into Drosophila by microinjection, and after subsequent

crosses, 10 separate transgenic lines were established. The position of the insert in these lines

was then determined by genetic mapping. Two lines mapped to the X chromosome, three

mapped to the second chromosome, and five mapped to the third chromosome. All but two of

these inserts were homozygous viable.
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4:3 Expression of ÂBRCT PBL in rhe Drosophilu eye disc

causes a severe rough eve

To determine whether deletion of the potential nuclear functioning domains had

altered the localisation of the protein, and to analyse the effect of this deletion, the eye

specific enhancer GMR was used, as before, to drive the expression of the ABRCT mutant

protein in the developing eye disc. As shown previously, when this system was used to drive

the expression of full length PBL, the protein was observed to localise to the nucleus (Figure

4.2a). Upon nuclear envelope breakdown during prophase/metaphase, GMR-driven PBL

becomes redistributed throughout the cytoplasm (Figure 4.2b). When UAS ABRCTp\I was

expressed using this driver, the mutant protein retained its nuclear localisation. ABRCT PBL

was nuclear in all cells (Figure 4.2c) apart from those undergoing mitosis where it was

observed in the cytoplasm (Figure 4.2d).

GMR-driven expression of ÅBRCT PBL results in a much more severe adult eye

phenotype than that of full-length wild type PBL, despite maintaining its nuclear localisation

(Figure 4.3b). Of the seven lines tested, two were lethal when expressed under the control of
the GMR promoter at25"C. As discussed previously, the eye is a non essential organ for flies

raised under laboratory conditions, and the lethality of this construct is presumably due to the

leaky expression of the driver in other tissues. Two lines gave extremely rough eye

phenotypes, and three gave very rough eye phenotypes. All of the transgenic lines tested gave

much more severe phenotypes than GMR>pbl. The eyes were characteristically much smaller

than GMR>pbl,but, unlike the GMR>ANLSpbl rough eye phenotype, they maintained most

of their pigment. The GMR>ABRCTpbl eyes were characteristically small and glassy in

appearance, a very different phenotype to that of GMR>pbl and GMR> ANLSpbl flies.

Sections of the GMR>ABRCTpbl eyes confirmed the extreme nature of the phenotype,

revealing a severe disruption of the eye structure (Figure 4.3d-Ð. GMR> ABRCTp\I adult

eyes raised at25"C were so disrupted that it was deemed pointless to attempt to section them.

Two separate ABRCTpbI transgenic lines, one which gave a relatively mild rough eye

phenotype, and one which gave a medium rough eye phenotype when expressed under the

control of GMR, were therefore sectioned at 18"C. Despite the comparatively milder

phenotypes of these flies, the resultant sections were so severely disrupted that it was difficult

to make any conclusions on the basis of the phenotype (Figure 4.3d-Ð.
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ABRCT PBL

c

B

3' CCTTTACCTCTGGTAA
7

5'ATG GAAATGGAGACCATT GAA GAG CAA TCG
3'TACCTT TACCTC TGGTAACTT CTC GTT AGC

CTGATAAACCTATCG 5'
292

TAT CTG TTT C'C'C GAC TAT T"TG GAT AGC ATT 3'
ATA GAC A,Aú{ CCG CTG ATAAAC CTA TCG TAA 5'

RadECU BRCTI/ BRCT2
5' GGAAATGGAGACCATT GACTATTTGGATAGC 3'

Figure 4.1 Site directed deletion of the potential nuclear domains of PBL

A. A schematic diagram of the structure of the PBL protein, with theRadECl
region boxed in black, the 2 consensus BRCT domains in red, the consensus

bipartite nuclear localisation signal in blue, theDbl homology domain (DH)
in purple, and the Pleckstrin homology domain (PH) in yellow. Underneath is

the ABRCT construct which specifically removes both the BRCT domains and

the RadECl region, but contains the NLS and the DI{/PH domains.

B. The DNA sequence covering this deletion is shown. Highlighted in red is the

sequence of the RadECl region and BRCT domains which were specifically
deleted using the primers shown above and below the sequence in blue. These

primers specifically remove 286 amino acids, from amino acid 7 through to
amino acid292. The initiating ATG is underlined in black.
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Figure 4.3 Rough eye phenotypes caused by overexpression of PBL and

ABRCT PBL.

A. A GMR GAL4::UAS pbl adult eye. A mild rough eye phenotype is caused by
the overexpression of PBL posterior to the morphogenetic furrow in the

developing eye disc at 25 degrees C.
B. A GMR GAL4::UAS LBRCTp\I adult eye. An extreme rough eye phenotype is

caused by the overexpression of ÂBRCT PBL posterior to the morphogenetic

furrow in the developing eye disc at 25 degrees C.

C- F. Tangential sections through adult eyes of the following genotypes. All
sections were stained with metþlene blue to visualise the structure.

C. A GMR GAL4::UAS pbl adult eye at 25 degrees C.

D. A GMR GAL4::UAS A,BRCTpbl medium rough adult eye at 18 degrees C.

The structure of the eye is destroyed.
E-F. GUn GAL4::UAS A,BRCTpbl mildrough adult eyes at 18 degrees C.

E. An apical section.
F. A basal section.



To discount the possibility that the severity of the ABRCTp\I phenotype is simply due

to expression at a much higher level than the full length pbl construct, western analysis was

performed. V/ild type, GMR>pbl, GMR> ANLSpbl and GMR>ABRCTpbl eye discs were

dissected at 25"C, boiled, and run on a I\Yo SDS polyacrylamide gel, which was then

transferred to nitrocellulose and probed with an anti-PBL antibody. As can be seen from

Figure 4.4, ABRCTpbI is expressed at a level similar to that of full-length pbl. For the

GMR>ABRCTpbl sample two bands were observed, one representing the wild type protein,

and the smaller band representing the truncated ABRCT form of PBL. The stronger single

band in the GMR>pål sample represents both the wild type background and overexpressed

forms of the protein. The alpha-tubulin load control shows that a similar amount of protein

was loaded for each of the samples. Therefore the more severe ABRCTpUI phenotype must be

due to the absence of the RadECI/BRCT domains and not simply a higher expression level.

424 Characterisation of the 
^BRCT 

PBL nhenotvne in the

eYe

Expression of the ABRCT mutant form of PBL caused a severe disruption of adult

eye structure, a disruption which appeared quite different to that caused by the expression of

either full length wild type PBL or 
^NLS 

mutant PBL. As a first step in the characterisation

of this mutant phenotype ,Iarval eye disc cells were examined. As discussed in the previous

chapter, the larval eye disc has a compact columnar epithelial structure, making dissociation

necessary for the examination of individual cells. GMR>ABRCTpbl flies were crossed to a

UAS-GFP line so that those cells overexpressing ABRCT PBL would also be expressing

GFP, allowing identification and visualisation of the cells without fixation and antibody

staining.

The most striking feature of the ABRCTpbl phenotype was the effect on nuclear

morphology. Severe disruptions to both nuclear and cellular morphology were observed

(Figure 4.5a), with the apparent failure to complete sister chromatid separation in several

cells (Figure 4.5b-d), suggesting a block in mid-anaphase. As described in the previous

chapter, no obvious phenotype was observed in GMR>pbl eye disc cells (Figure 3.5d-e). To

determine whether the ABRCT cells are trapped in mitosis as they appear, western analysis
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was performed on these eye discs using an antibody against the mitosis specific marker,

phosphorylated-histone H3 (Hendzel et al., 1997). wild type, GMR>pbl, GMR>aNLSpbt,

and GMR>ABRCTpU| eye discs were dissected, boiled and run on a l0% SDS

polyacrylamide gel. The separated proteins were then transferred to nitrocellulose and probed

with the anti-phosphorylated histone H3 antibody. As can be seen from Figure 4.6, there is

no difference in the level of mitosis between any of the samples, suggesting that the fused

sister chromatid phenotype observed in the GMR>ABRCTp\\ cells is not a result of a block

in mitosis. Therefore it seems that ABRCT PBL affects nuclear integrity, and not the process

of mitosis itself. The ability of the nuclear ABRCT form of the protein to also affect cellular

morphology suggests two possibilities. Either there is cross talk between the nucleus and the

cytoplasm, or it may be that the ABRCT form is disrupting the cytoskeleton when it is
redistributed throughout the cytoplasm upon the nuclear envelope breakdown of
prophase/metaphase.

To analyse the effect of expression of this construct on the further development of the

eye disc, pupal eye discs were examined. GMR>ABRCTp\I pupal discs were dissected, fixed

and stained for the epithelial cell contact marker Armadillo. Hoechst 33258 stain was used to

visualise the DNA. As was the case with the GMR>ANLSp\\ pupal discs at 25"C, the

GMR>ABRCTpbl pupal discs were severely necrotic, making phenotypic analysis

impossible. At 18'C, the expression of GMR is not as strong, resulting in a milder phenotype

that is easier to analyse. As can be seen from Figure 4.7, GMR>ABRCTp\I pupal eye discs at

18oC have too many interommatidial cells (Figure 4.7c) and occasionally too many bristle

cells (Figure 4.7e). The cone cells appear quite disrupted, and the occasional ommatidium

has too few cone cells (Figure 4.7d). Despite their very different phenotypic appearance,

GMR>ABRCTpbl and GMR>ANLSpbl have surprisingly similar pupal disc phenotypes

(Figure a.7Èg). However the increase in interommatidial cells, and the disruption of cone

cells is far more obvious inGMR>ABRCTp\\ pupal discs. These differences, along with later

developmental defects must explain the very different phenotypic appearances of these two

adult eyes.

To determine when the patterning process of the eye disc begins to fail,

GMR>ABRCTpbl larval eye discs were fixed and stained with anti-ELAV. ELAV is

expressed in those cells of the eye disc that have adopted a neural fate (Campos et a\.,1987;

Robinow and V/hite, 1988). As discussed previously, while the pattern of ELAV expression

was only mildly disrupted in GMR>pbl eye discs (Figure 4.8d and f), GMR>ANLSpbl eye
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Figure 4.4 Westem analysis of GMR GAL4 expression levels in the eye.

wl 1 18 
, GMR GAL4 : : UAS pbl, GMR GAL4 : : UAS ANLSpbl and

GMRGAL4::UAS ABRCTp\I eye discs were dissected at25"C,boiled and

run on a l0o/o SDS polyacrylamide gel, which was then transferred to a
nitrocellulose filter.
The filter was then probed with an anti-PBL antibody, which produced a

band of approximately 120 kD in size in each lane. The ÀBRCT form of
PBL removes 286 amino acids, and is approximately 88 kD in size.

The filter was then stripped and reprobed with an alpha-tubulin antibody,
which served as a loading control. This produced a band of approximately
50 kD in size.
As can be seen from the filter, ABRCT PBL is expressed at a lower level

than full length PBL in the eye.



Figure 4.5 Dissociation of eye disc cells and visualisation by epifluorescence.

GMR GAL4::UAS pbl, andGMR GAL4::UAS LBRCTpuI eye discs were

dissociated and stained with hoechst to visualise the DNA (shown in red)'

UAS GFP was co-expressed to enable visualisation of the cells overexpressing

the pbl constructs (shown in green).

A. GMR GAL4::UAS LBRCTpóI dissociated eye disc cells (100x mag). some

cells have disrupted nuclear morphology, as indicated by the white afrorü'

and some cells have a disrupted shape (yellow arrow)'

B- D. GMR GAL4::UAS LBRCTpbt dissociated eye disc cells (100x mag),

The sister chromatids in some nuclei appear to have failed to segregate

completely (white arrows).

E. Close up view of a GMR GAL4::UAS pbl eye disc cell. This cell

contains one nucleus.

F. Close up view of two GMR GAL4::UAS A,BRCTpbl eye disc cells. Both

of these show incomplete sister chromatid separation'
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Figure 4.6 Overexpression of PBL in the eye disc does not block cells

in mrtosrs.

w 1 ] ] 8, GMR GAL4 : : UAS pbl, GMR GAL4 : : UAS ANLSP\I, ANd

GMRGAL4::UAS ABRCTpbI eye discs were dissected at25"c,boiled
and run ona l0%o SDS polyacrylamide gel, which was then transferred

to a nitrocellulose filter.
The filter was then probed with an antibody specific for mitotic cells

(PH3: anti-phosphorylated histone H3) which produced a band of
approximately 40 kD in size in each lane.

The filter was then stripped and reprobed with an alpha-tubulin

antibody, which served as a loading control. This produced a band of
approximately 50 kD in size.

As can be seen from the filter, overexpression of the various forms of
PBL in the eye disc does not increase the number of cells in mitosis,

as judged by the level of phosphorylated histone H3.



Figure 4.7 Disruption of pupal eye disc structure in GMR GAL4::UAS L'BRCTpbl

eye discs.

All pupal discs were stained with an antibody against the cell contact

marker Armadillo.
A. V/ild type pupal eye disc at 42hr APF at 25 degrees C (100x mag)'

B. Close up view of a wild type pupal ommatidium.

c- E. GMR GAL4::UAS LBRCTp,I eye discs at 84 hr APF at l8 degrees c
(100x mag).

C. The pupal disc has an excessive number of interommatidial cells, as

indicated by the white affows'
D. The occasional ommatidium has too few cone cells (red arrow).

E. Extra bristle cells are occasionally observed (yellow arrows).

F. GMR GAL4::UAS LNLSpbl eye disc at 84 hr APF at 18 degrees C (100x mag).

The pupal disc has more interommatidial cells than wild type (white arrows),

more bristle cells (yellow arrows), and some ommatidia have too few cone

cells (red arrows).
G. Closeupview of aGMR>tNLSpbl ommatidium.
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Figure 4.8 The clustered organisation of ELAV expressing cells is disrupted in

GMR GAL4::UAS L'BRCTPhI eYe discs.

Third larval instar eye discs were stained with the neural specific antibody ELAV.

ELAV is normally expressed in all cells posterior to the morphogenetic furrow

which have adopted a neural fate.

A- C. Wild type eye disc stained with cr-ELAV in green (A), and hoechst 33258

DNA stain in red (B). The merge of these two images is shown in C.

D- F. GMR GAL4::UAS pbl eye disc stained with cr-ELAV in green (D), and

hoechst 33258 DNA stain in red (E). The pattern of ELAV staining cells is mildly

disrupted. The merge of these two images is shown in (F), with the position of the

morphogenetic furrow indicated by a white arro\ry.

G-1. GMR GAL4::UAS LNLSpbl eye disc stained with g-ELAV in green (G),

and hoechst33258DNA stain in red (H). A large reduction in the number of
ElAV-staining cells is observed posterior to the morphogenetic furrow. However

the clustered organisation of the ElAV-expressing cells remains. The merge of
these two images is shown in L The furrow still progresses (white arrow), but

only those cells furthest from the furrow are expressing ELAV.

J-L. GMR GAL4::UAS LBRCTp\I eye disc stained with cr-ELAV in green (J),

and hoechst33258 DNA stain in red (K). Cells continue to express ELAV but the

clustered organisation of these cells is completely lost. The merge of these two

images is shown in L.



discs had a massive reduction in the number of ELAV expressing cell clusters (Figure 4.8g

and i). In contrast , GMR> ABRCTpbt eye discs had numerous cells staining posterior to the

morphogenetic furrow, but these had completely lost their organisation into clusters (Figure

4.8j and l).

4:5 The effect of 
^BRC

T expression in the wins disc

As previously discussed, expression of ABRCT PBL in the proliferating and

differentiating cells of the eye disc using the enhanc er GMR was shown to cause disruptions

in nuclear morphology, cellular morphology, and the resultant patterning of the eye disc. In

an attempt to address the question of whether expression of this construct can affect other

proliferating tissues, ABRCTpbl was also expressed in the developing wing disc using the

driver 7 I B. 'Nhen the UAS pbl construct was expressed, PBL was observed to localise to the

nucleus without affecting wing development (Figure 4.9a and c). When ABRCTpUI was

expressed, PBL was observed to retain its nuclear localisation (Figure 4.9b). However, the

development of the wing was severely disrupted. Adult wings were produced which were

crumpled, blistered and fluid hlled (Figure 4.9d). V/ings also lacked the cross veins (Figure

4.gÐ, and ectopic vein tissue was also frequently observed (Figure 4.9e). Thus, expression of

the ABRCT mutant form of PBL in the proliferating cells of both the eye and wing disc

severely disrupted the development of these tissues.
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4:6 The of ÂBRCT PBI-¡ €XDressron rn di tiatinç

cells of the eve disc

To investigate whether the effect of ABRCT PBL was restricted to proliferating cells,

this construct was then expressed under the control of the elav GAL4 driver, specific for

differentiating cells of the eye. As discussed in the previous chapter, when full-length wild
type PBL was expressed under the control of elav GAL4, no disruption to eye development

was observed (Figure 4.10a). When ABRCT PBL was expressed under the control of this

driver, a severe rough eye phenotype was observed (Figure 4.10b). This phenotype was

almost identical to that produced when 
^NLS 

PBL was expressed (Figure 4.10c). The eyes

were small and glassy in appearance, with a ring of necrosis in the middle of the eye. As

ELAV is expressed in cells that have adopted a neural fate, this indicates that the ABRCT

protein can also affect cells that are differentiating, and not just those that are proliferating.

4:7 The effect of 
^BRCT 

PBL exn ression in salivary

slands

The effect of ÀBRCT PBL on the non-proliferating tissues of the larva was examined

further using the salivary gland. As discussed before, the salivary gland provides a set of
large, regular shaped cells that have ceased cytokinesis, and are conducive to microscopic

analysis owing to their large size. The sav GAL4 construct drives expression in these cells

after the terminal cytokinesis of mitosis 15 in embryogenesis. As described in the preceding

chapter, when wild type PBL was expressed in these cells it was observed to localise to the

nucleus (Figure 4.11b). Despite its nuclear localisation, it was observed to have a significant

effect on both cell size and shape. The resultant glands were much smaller than wild type,

and their cells were significantly rounded (Figure 4.11b). When ABRCTpbt was expressed,

the resultant glands were also reduced in size, and cells were significantly rounded. However,

in addition to this, a severe disruption of the actin cytoskeleton was observed (Figure 4.11c).

The cortical actin structure was disturbed, and sheets of filamentous actin formed in the
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Figure 4.9 
^BRCT 

PBL disrupts wing development.

A and B. 7tB GAL4::UAS pbl and ABRCTpå/ third larval instar wing discs

were dissected, fixed and stained with anti-PBL antibody (shown in green) and

propidium iodide which stains the DNA (shown in red). Confocal images are

shown taken with a 40x water lens with 3x zoom. Both wild type PBL (A) and

^BRCT 
PBL (B) localise to the nucleus.

C. 7IB GAL4::UAS pbl adultwing (5x mag). Overexpressing PBL has no

effect on wing development. Adult wings of normal size are produced, with
normal venation.
D. 7lB GAL4::UAS LBRCTp\I adultwing (5x mag). overexpression of aBRCT

PBL disrupts wing development, producing crumpled, blistered wings which

frequently lack the two cross veins. Ectopic vein tissue is also observed.

E. Close up view of the wing in (D) showing ectopic vein tissue.

F. 7lB GAL4::UAS LBRCTp\I adullwing with a weaker phenotype.

Although non-blistered, the wing is smaller than wild type, and lacks both

cross veins.

F
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Figure 4.10 Expression of aBRCT PBL in differentiating cells of the

developing larval eYe disc.

A. An etav GAL4::UAS pbt adult eye at25 degtees C (5x mag)'

Expression of PBL in differentiating neural cells of the developing

larval eye disc has no effect on the development of the adult eye.

A normal adult eye is produced.

B. An elav GAL4::UAS L,BRCTpbl adult eye at25 degtees C (5x mag)

Expression of aBRCT PBL in differentiating neural cells of the

developing larval eye disc causes a severe disruption to eye

development. Eyes are small and glassy with a characteristic ring of
necrosis in the middle of the eYe.

C. An elav GAL4::UAS N'tLSpbl adult eye at25 degrees C (5x mag)'

Expression of ÂNLS PBL in differentiating neural cells of the larval

eye disc produces a very similar phenotype to that of aBRCT PBL.



Figure 4.11 Expression of ABRCT PBL in salivary glands disrupts actin

structure.

UAS pbt and UAS LBRCTp\I flies were crossed to the gut and salivary gland

specific driver sav::GAL4. Salivary glands were then dissected from third

instar larvae, and fixed and stained with phalloidin which binds to filamentous

actin (shown in red), and cr-PBL (shown in green) unless otherwise indicated.

All images were taken at4}xmagnification.

A. Wild type salivary gland stained with phalloidin in red, and cr-PBL shown

in green. The cells of a wild type gland are a regular hexagonal or pentagonal

shape.

B. sav GAL4::UAS pbl salivary gland stained with phalloidin (red) and PBL

(green). PBL is nuclear and cells are rounded.

C. sav GAL4::UAS L,BRCTpbl salivary gland stained with phalloidin (red)

and PBL (green). PBL is nuclear, cells are rounded, and actin structure is

disrupted.

D. The same sav GAL4::UAS L,BRCTpbl salivary gland as in (c), but PBL is

in green and propidium iodide stain for the DNA is shown in red. PBL is

nuclear and partially colocalises with DNA.



cytoplasm. Despite the severe effect on actin structure, ABRCT PBL retained its nuclear

localisation (Figure 4.11d).

To discount the possibility that the severity of the ABRCTp\I phenotype is simply due

to a higher expression level than that of UAS pbl, western analysis was performed. V/ild type,

sav>pbl and sav>/BRCTpbl salivary glands were dissected, boiled and run on a 10% SDS

polyacrylamide gel, which was then transferred to nitrocellulose and probed with an anti-

PBL antibody. As can be seen from Figure 4.12, UAS pól is expressed at a similar or higher

level than UAS ABRCTpbl. Therefore the severity of the UAS ABRCTp,I phenotype

compared to that of UAS pbl must be due to the absence of these nuclear domains.

The ability of wild type and 
^BRCT 

PBL to have such a severe effect on the actin

structure in the cytoplasm is quite surprising, considering that PBL antibody stains on fixed

salivary gland tissue show both of these constructs to localise to the nucleus. As discussed

previously, this observation challenges the notion that nuclear localisation is simply a

sequestering mechanism, removing Rho GEF action from the cytoplasm at the appropriate

time. A possible explanation for this dichotomy may be that the PBL protein shuttles between

the nucleus and the cytoplasm. It is possible that the "in rate" is much higher than the "exit

rate" from the nucleus, making the protein appear solely nuclear in fixed tissues. In support

of this, a low level of fluorescence is observed in the cytoplasm of wild type, UAS pbl and

UAS ABRCZ salivary glands when they are fixed and stained with the PBL antibody'

However, it is difficult to discriminate between cytoplasmic staining and autofluorescence of

this tissue. The increase in severity of the ABRCTpóI construct compared to wild type PBL

could be explained if the BRCT domains were required for anchoring the protein in the

nucleus, making the "exit rate" of this mutant form into the cytoplasm higher than that of full

length PBL. However, this cannot be the sole explanation for this phenotype, otherwise the

ANLSpbt construct would give a similar, but more severe effect on cytoplasmic filamentous

actin than the ABRCTpóI construct. A function for the BRCT domains in the cytoplasm could

explain these observations. This possibility is explored in a following chapter.
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4:8 Genetic analvsis of the EYE Dhenotype- the ÂRRCT

PBL nhenotvne is sunn ressed bv a Rho mutation

, expression of ABRCT PBL in a variety of tissues causes extreme

phenotypes, regardless of the tissue type or its cell cycle profìle. Initial analyses of these

different phenotypes indicated several defects. In the larval eye disc, nuclear and cellular

morphology was disrupted. In the pupal eye disc, disruption to the patterning of cells was

observed. This disruption was similar to that caused by the overexpression of both wild type

PBL and ANLS PBL. In the salivary gland, in addition to an effect on cell shape, actin

structure in the cytoplasm was severely disrupted. It was possible that these phenotypes were

caused by loss of specificity of the mutated forms for the Rho G protein. RhoA was the only

Drosophila Rho family member found to dominantly modify both the GMR>pbt and,

GMR>ANLSpbl rough eye phenotypes. This indicated that RhoA is the targef of PBL

activity, even when PBL is completely cytoplasmic. To test whether the ABRCT mutant form

of the PBL protein had maintained its specificity for RhoA, a RhoA720 mutant allele was

introduced into the GMR> ABRCTp\I background . The GMR> ABRCTpbl recombinant stock

which was used to screen for modifiers was lethal at 25"C. Reducing the amount of Rho

throughthe introduction of aRhoA720 mutant allele at25oC was not able to suppress this

lethality. However, reducing the amount of Rho in this way at 18oC was shown to strongly

suppress both the lethality and the GMR>ABRCTp\\ rough eye phenotype (Figure 4.13b).

When virgin females of the genotype GMR>ABRCTpbl I CyO were crossedto RhoA"0 I CyO

males to test for suppression, equal numbers of the genotypes GMR>ABRCTpbt I CyO,

GMR>ABRCTp\\ lRhoA720 and. RhoATto lCyO were expected (CyO/ CyO is embryonic

lethal). While GMR>ABRCTpbl I CyO flies made up only Il% ofthe total progeny at 18oC,

49Yoof the progeny were GMR>aBRCTpbl lRhoA720, compared to 40yo RhoA720 lcyo.
Therefore even though the protein lacks 286 of its 853 amino acids, it is still capable of
interacting with Rho.

The GMR>ABRCTpbl rough eye phenotype was then tested for genetic interactions

with mutant alleles or deficiencies covering other characterised members of the Rho family

of small GTPases, including Rac 1 and2, Mtl and Cdc42.In all cases, as with the GMR>pbt

andGMR>ANLSpbl rough eye phenotypes, loss of one copy of the gene did not result in

suppression of the GMR> ABRCTp\I rough eye phenotype. Thus the ABRCT form of PBL
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Figure 4.12 Western analysis of sav>GAZ4 expression levels in the salivary
gland.

w 1 I 1 8, sav GAL4 : : \JAS pbl, sav GAL4 : : UAS Al{LSpb I and

sav GAL4::UAS ABRCTp\I salivary glands were dissected at 25"c,boiled

and run onal}Vo SDS polyacrylamide gel, which was then transferred to a

nitrocellulose filter.
The filter was then probed with an anti-PBL antibody, which produced a

band of approximately 120 kD in size in each lane. The 
^BRCT 

form of PBL

removes 286 amino acids, and is approximately 88 kD in size.

The filter was then stripped and reprobed with an alpha-tubulin antibody,

which served as a loading control. This produced a band of approximately

50 kD in size.
As can be seen from the filter, ABRCT PBL is expressed at

a similar or lower level in the salivary gland than full length PBL.
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Figure 4.13 Suppression of the GMR GAL4::UAS LBRCTp\I rough

eye phenotYPebY RhoA.

^. 
AGMR GAL4::UAS LBRCTp\I adult eye at 18 degrees C' Eye

development is disrupted by the overexpression of ABRCT PBL

posterior to the morphogenetic furrow of the developing larval

eye disc.

B. Suppression of the GMR GAL4::UAS LBRCTphI rough eye

phenotype inp¡o1720 heterozygotes at 18 degrees C' The rough

eye phenotype caused by the overexpression of ABRCT PBL

posterior to the morphogenetic furrow is strongly suppressed when

a RhoA mutant allele is introduced into the genetic background

of these flies.

C. Suppression of the GMR GAL4::UAS A'BRCTpbl rough eye

phenotype by GMR>p.35. The rough eye phenotype can be

suppressed at 18 degrees C by the overexpression ofthe cell death

inhibitor P35 (compare to A)'

D. Acridine orange stain of a GMR GAL4::UAS pbllawal eye disc.

E. Acridine orange stain of a GMR GAL4::UAS A,BRCTpbl larval eye

disc. There is a slight increase in the number of staining cells.



maintained its specificity for RhoA (Table 4.1).

To ascertain whether the ABRCT mutant form of the protein was acting as a dominant

negative, two pbl null mutant alleles were tested for their ability to dominantly enhance this

phenotype. Again, as with the ANLS form of the protein, both were found to have no effect

on the GMR>ABRCTpbt rough eye phenotype. Therefore ABRCT PBL is not interfering with

normal PBL function to cause the severe phenotypes observed, but is functioning through its

GEF domains to activate RhoA (Table 4.1).

The GMR>ABRCTpbl rough eye phenotype was then screened against mutant alleles

of numerous other genes, including genes involved in cell death, cytokinesis and DNA

damage checkpoints (Table 4.1). The only gene found to dominantly modiff the phenotype,

other than RhoA, was p35. As with the GMR>ANLSp\| rough eye phenotype, GMR>p3S was

found to suppress the GMR>ABRCTp\| phenotype at 18"C (Figure 4.13c). This was in direct

contrast to the GMR>pbl phenotype which was enhanced by GMR>p35 (O'Keefe, pers

comm). As discussed in the previous chapter, the suppression by this gene may be secondary

to a disruption of eye disc cells. Cells which may normally be removed by programmed cell

death, contributing to the rough eye phenotype, may be kept alive by the expression of this

apoptosis inhibitor. Acridine orange staining for cell death in larval eye discs indicated that

the levels of cell death are slightly increased in GMR>ABRCTpbl eye discs compared to that

of GMR>pól (Figure 4.13d-e). It is therefore likely that cell death is occurring later in

development to remove cells damaged by the expression of the ABRCT mutant form of PBL.
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Table 4.1 Screening for enhancement or suppression of the GMR GAL4:;UASABRCTp\\

rough eye phenotype.

Flies of the genotype GMR GAL4;:UASABRCTpbI werc crossed to produce flies

or covenng genes in the table

RhoA, Rqcl, Rac2, cdc42, and Mtl are all Rho family members. RhoA720 is a null allele

(Strutt et a\.,1997). cdc423 is a lethal allele (Fehon et al.,l9g7) and, AMtl is a deletion which

removes the entire Mtl open reading frame (Hakeda-Suzukiet a1.,2002). There were no

specific mutations available in RacI and Rac2 and so deficiency stocks were used. The

deficiency Df(3L)Arla-8 removes RacL Dfl(3L)RMS-2 is alarge deficiency which deletes the

pbl gene as well as Rac2. This stock was tested alone, as well as with a cosmid (cos34),

which carries the entire pbl gene, recombined onto the same chromosome. This cosmid is

known to completely rescue PBL function (J. 'Wong 
and R. Saint, unpublished observations).

pbl2 and pbl3 are both null alleles of pbt (Prokopenko et at,, 1999). Dia2 has a specific

mutation in Diaphanous, a Drosophila formin protein required for actin re-organisation and

cytokinesis (Castrillon and Wasserman, 1994). chic221 has a mutation in chickadee which

encodes prohlin and acts downstream of Diaphanozs during actin re-organisation (Verheyen

and Cooley, i994). acuu63uhas a specific mutation in act-up which controls actin

polymerisation and acts in the opposite direction to chickadee (Benlali et at.,2000).

Diaphanous, chickadee and act-up are all Rho effectors. Df(3R)H99 is a deficiency which

takes out the cell death genes Hid, Grim, and Reaper. GMR>p35 overexpresses the apoptosis

inhibitor p35 (Hay et al., 1994). grptis a maternal-effect lethal mutation in the checkpoint

gene grapes (Fogarty et a\.,1994). RBFt4 is a null allele of the Drosophilaretinoblastoma

family protein (Du et a\.,1996; Du and Dyson, 1999).
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Gene screened

RhoA720

cdc 423

AMtl

Dia2

ocî18636

GMR> 5
I

RBF]4

14-8
RMS-2 2 and

-2 cos34

H99

Effect on phenotype of
GMR GAL4::UASABRCTphI

S

No effect
No effect
No effect
No effect
No effect
No effect
No
No effect

No effect
No effect
Medium s

No effect
No effect

s10n

ron



4:9 Genetic analvsis of the salivarv sland nhenotvne-

ABRCT PBL does not interact with Rho

In the eye, PBL, 
^NLS 

PBL and ABRCT PBL were shown to act predominantly

through RhoA. And as demonstrated in the previous chapter, while the UAS pbl phenotype

was suppressible by RhoA in the salivary gland, UAS ANLSpbl was unable to genetically

interact with RhoA in this tissue. To test whether the UAS ABRCTpUI phenotype was

suppressible by Rho, the RhoA720 null allele was recombined onto the UAS ABRCTp\I

chromosome, which was then crossed to the sav GAL4 driver. Reduction of Rho in this way

was unable to suppress the UAS ABRCTp\I phenotype at 25"C (Figure 4.14 a-b). Given the

severity of the phenotype at this temperature, the experiment was repeated at 18'C. At this

lower temperature, sav GAL4 is not as highly expressed, leading to a less severe effect on

salivary gland structure. However, as was the case with the ANLSpbl phenotype, reducing the

amount of RhoA still could not rescue the ABRCTphI salivary gland phenotype (Figure 4.14

c-d). Therefore while ABRCT PBL was shown to act through RhoA in the eye, it does not

appear to act through RhoA in the salivary gland. As discussed previously, this is most likely

due to either a differing role of PBL in this tissue, or a differing mode of regulation.
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Figure 4.14 Removal of one copy of RåoA does not suppress the ABRCT PBL salivary

gland phenotype.

UAS ABRCTp\I and UAS ABRCTpbl, RhoA720 flieswere crossed to the gut and salivary gland

spectttc dnver sav GAL4. Salivary glands fiom third instar larvae were then dissected, fixed

and stained with phalloidin, which binds to filamentous actin (shown in red), and a-PBL

(shown in green).

A. sav GAL4::UASABRCTp\I salivary gland at25"C stained with phalloidin (lOx mag).

This same gland is shown in (A') stained with phalloidin (red) and PBL (green). ABRCT

PBL localises to the nucleus. The cells are rounded, and actin structure is disrupted.

B. sav GAL4::UAS ABRCTpbl, RhoA720 salivary gland at25"C stained with phalloidin (10x

mag).Removal of one copy of RftoA does not suppress the disruption of actin structure or

cell shape. This same gland is shown in (B') stained with phalloidin (red) and PBL

(green).

C. sav GAL4: :UASABRCTpbI salivary gland at l SoC stained with phalloidin (l0x mag). At

this lower temperature there is a less severe effect on actin structure, but cells are still

rounded. This same gland is shown in (C') stained with phalloidin (red) and PBL (green).

D. sav GAL4 ; : UAS ABRCTpbt, RhoA720 salivary gland at 1 8 
oC stained with phalloidin ( I 0x

mag). Removal of one copy of RhoA at this lower temperature does not suppress the

disruption of actin structure or cell shape. This same gland is shown in (D') stained with

phalloidin (red) and PBL (green).
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4:10 The RadECl resion and BRCT domains re reouired
^

for kinesis

As discussed in the previous sections, deletion of the RadECl region and BRCT

domains causes extreme phenotypes in a variety of tissues. Despite maintaining the

localisation of the full-length wild type protein, the phenotypes generated were far more

severe, indicating the importance of these domains for the maintenance of normal cellular

processes during development. Howevet, are these domains required for the role of PBL in

cytokinesis? To answer this question, ABRCT PBL was expressed in a pbl mutant embryonic

background using the prd GAL4 driver. As discussed in the previous chapter, expression of

wild type PBL using this driver has been shown to completely rescue the cytokinetic defect

of pbt mutants (Figure 4.15a-c). Expression of ABRCT PBL on the other hand was unable to

rescue the cytokinetic defect of pbl mutants (Figure 4.15d-Ð. Thus the RadECl region and

BRCT domains are required for cytokinesis.

4:ll l)iscussron

While evidence strongly suggests that PBL functions as a Rho GEF in the cytoplasm,

playing an essential role in cytokinesis, the presence of nuclear BRCT domains also suggests

a potentially separate nuclear role. When the nuclear localisation signal was mutated and the

protein was completely cytoplasmic a range of severe phenotypes were observed. The

severity of these phenotypes may simply reflect the importance of sequestering the protein in

the nucleus to remove the Rho GEF activity from the cytoplasm at the appropriate time in the

cell cycle. However, as shown previously, expression of full length, nuclear PBL in the

salivary gland also disrupted the structure of the cytoskeleton, challenging the concept that

nuclear localisation is simply a sequestering mechanism.

In an attempt to address whether there is a separate nuclear role for PBL, the

conserved N-terminal sequences encoding the potential nuclear functional domains of the

protein were removed by in vitro mutagenesis, and the effect of this deletion was examined

in transgenic flies. While deletion of the RadECl region and two BRCT domains did not
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appear to change the nuclear localisation of the protein when it was overexpressed in a

variety of tissues, a range of severe phenotypes were observed. Compared to full-length wild
type PBL, which caused a mild roughening of the eye when overexpressed in the developing

larval eye disc, ABRCT PBL caused an extreme effect on eye development. The

appearance.

analysis of this phenotype indicated a disruption in the morphology of larval eye disc cells

and nuclei. Although some nuclei appeared to be blocked in mid-mitosis, western analysis

using a mitosis specific antibody showed this not to be the case, suggesting that nuclear

morphology, rather than the process of mitosis itself, is affected. However, this phenotype in

the eye may be due to unregulated activity of PBL, and if so, the effect of ectopic activity

cannot be interpreted as indicating normal PBL function. In support of this, reducing the

amount of PBL in the GMR>ABRCTpbl flies, through the introduction of a pbl null mutant

allele, had no effect on the rough eye phenotype. This indicated that ABRCT PBL is not

acting as a dominant negative form of the protein, and is not interfering with normal PBL

function to produce the severe phenotype observed, consistent with an ectopic activity.

The patterning of the eye was also affected, with the neural clusters of ELAV
expressing cells completely destroyed. However, unlike the ANLSpbl phenotype where a

reduction in the number of ELAV expressing cells was observed, cells of the

GMR>ABRCTpbl larval eye disc were still observed to express ELAV, despite their lack of
organisation into clusters. This disruption of patterning early in development was also

observed later in development, with a disruption to the patterning of the pupal eye disc.

While expression of ABRCTpbI at 25'C caused a severely necrotic disc, the weaker

expression at 18'C caused a disruption in the number of interommatidial and cone cells, with

an occasional bristle defect. This phenotype was surprisingly similar to that of full length

PBL and ANLS PBL, despite their very different final phenotypic appearances, indicating

differences in the later effects of the mutant proteins on eye cell morphogenesis.

The ABRCTp\I construct was also shown to affect the proliferating cells of the wing

disc, the differentiating cells of the eye disc when driven by the elav GAL4 promoter and the

non-cytokinetic cells of the salivary gland. Expression of the ABRCT form of PBL can

therefore affcct a variety of tissues, regardless of whethel they are proliferating or have

ceas ed pro liferation and are differenti ating.

The rough eye phenotype caused by the overexpression of the ABRCTpóI construct

was strongly suppressed by reducing the amount of RhoA but not other Rho family G
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Figure 4.15 
^BRCT 

PBL cannot rescue cytokinesis inapbl mutant background.

A- C. Aprd GAL4, pbl2/UAS pbt, pbt3 embryo expressing wild type PBLinapbl
mutant background. The embryo was fixed and stained with anti-lamin which

highlights the nuclear envelope, shown in green in (A), and anti-spectrin which

stains the cell cortex, shown in red in (B). The merge of these two images is

shown in (C). Expression of wild type PBL in alternate stripes along the embryo

usingprd GAL4, completely rescued the cytokinetic defect of the pbl mutant

within those stripes. The rescue stripe is indicated by the white arows.

D- F. Aprd GAL4, pbt2/(lAs L,BRCTpbl, pbl3 embryo expressing ABRCT PBL in

apbl mÍarfibackground. The embryo was fixed and stained with lamin (D) and

spectrin (E). The merge of these two images is shown in (F). Expression of

^BRCT 
PBL in alternate stripes along the embryo usingprd GAL4, could not

rescue the cytokinetic defect of the pbl mutant within those stripes. Three

adjacent mutant stripes are shown.



proteins, indicating that despite lacking these nuclear domains, the protein continues to act

through Rho. However, as discussed in the previous chapter, the redundancy between Racl,

Rac2 and Mtl (Hakeda-Suzuki et al., 2002) poses a problem in that unless all three are

removed at the same time, it cannot be concluded that ABRCT PBL does not act through

Rac. Also, the fact that the only available Rac alleles were deficiencies that take out large

regions of the chromosome, introduces the possibility that other genetic interactions may

mask any potential interaction with Rac.

Overexpression of the cell death inhibitor P35, as with the GMR> ANLSpbl eye

phenotype, was found to moderately suppressthe GMR>ABRCTpbI rough eye phenotype. No

dramatic differences in larval eye disc apoptosis were observed, indicating that the

suppressionby GMR>p35 is likely to be due to blocking a secondary apoptotic effect

induced by the extreme disruption to cell function caused by the expression of ABRCTpbl.

In the salivary gland, expression of the ABRCTp\I construct, like the expression of

full length PBL, was found to cause a severe rounding of cells. However in the ABRCTphI

salivary glands, actin structure also appeared to be completely disrupted, with sheets of actin

filaments forming in the cytoplasm. Interestingly, this phenotype resembles the actin stress

fibre phenotype induced in tissue culture cells by the overexpression of activated Rho'

Expression of activated Rho in the Drosophila salivary gland using the sav GAL4 driver

would therefore show whether this salivary gland phenotype is also due to inappropriate Rho

activation. However, while the phenotype caused by the overexpression of full length PBL

could be suppressed in this tissue by reducing the amount of RhoA, the reduction of Rho had

no effect on the ABRCTpbt severe phenotype. Whether this phenotype is just too severe to be

suppressed by reducing Rho activity, or whether the ABRCT form is acting through another

pathway in this tissue remains to be seen. Another possibility is that expression driven by sav

GAL4 in the salivary gland is higher than that of GMR GAL4 in the eye, allowing other G

proteins to be activated in this tissue. Analysis of the ability of other Rho family members to

suppress these phenotypes would therefore resolve this question.

The ability of both the wild type and ABRCT nuclear forms of the protein to have

such a strong effect on the cytoskeleton was highly surprising, challenging the notion that

nuclear localisation is a simply a sequestering mechanism. This effect could be explained by

nuclear-cytoplasmic shuttling of the proteins, with the BRCT domains being required for

anchoring the protein in the nucleus. However, this cannot be the sole explanation for this

phenotype, as the completely cytoplasmic form of the protein containing the BRCT domains
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was not observed to have such a severe effect on cytoplasmic actin. Lack of some unknown

BRCT domain function in the cytoplasm would also be required to explain this disruption.

In accordance with a potentially cytoplasmic role, the RadECl region and BRCT

domains were shown to be required for cytokinesis. This is a completely novel finding, and

checkpoint type processes. However, the question that remains concerns whether these

domains are required in the nucleus or cytoplasm for cytokinesis to occur.

In conclusion, the range of severe phenotypes observed when the RadECl and BRCT

domains of PBL were deleted indicate that these nuclear domains are highly important for the

maintenance of normal cellular processes during development. However, the ability of the

nuclear protein lacking these domains to affect the cytoskeleton and cell morphology, even in

non-dividing cells, suggests one of two possibilities. Either there is a novel Rho-dependent

nuclear function for PBL, or the PBL protein is capable of shuttling between the nucleus and

the cytoplasm, with the BRCT domains being required for some unknown cytoplasmic

process. In support of a potential cytoplasmic role, the RadECl and BRCT domains were

found to be required for cytokinesis. A cytoplasmic role for these domains is therefore

examined in more detail in the next chapter, where in vitro mutagenesis was used to remove

RedtrCl qnd FtÞftT rlnmoin firnnfin- frnm +l"o nr,+n-l^.*¡ srrvtrvrr I ¡ ullr t¡¡w wJ tvy¡4ùtlr,
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Chanter 5 : Analvsis of a cvtoplasmic role for the

RadECl resion and BRCT domains

5:1 Introduction

As discussed in the previous chapters, PBL plays an essential role in cytokinesis.

Through its DH and PH domains, PBL is thought to activate Rho, leading to the correct

formation and function of the contractile ring which divides the cytoplasm in two

(Prokopenko et al., 1999). In addition to these cytoplasmic domains, PBL contains a

consensus bipartite nuclear localisation signal, a potentially nuclear RadECl region, and two

BRCT domains. In chapter 3, the importance of sequestering PBL to the nucleus was

examined through the mutation of the nuclear localisation signal. While nuclear localisation

of PBL was found not to be essential for its role in cytokinesis, the range of severe

phenotypes caused by the cytoplasmic form of the protein indicated the importance of

sequestering the protein to the nucleus for the maintenance of normal cellular processes. This

finding suggested that nuclear localisation could simply be a sequestering mechanism.

However, the ability of the apparently nuclear wild type form of the protein to modify the

cytoskeleton when expressed in the salivary gland suggested that, at least in this tissue,

nuclear sequestration is not sufficient to prevent PBL activity. Nuclear localisation is also not

the only known method of regulating the cytoplasmic action of a protein. Post translational

modihcations such as phosphorylation or degradation could be used to regulate PBL function

in the cytoplasm. Therefore it remained a possibility that nuclear localisation could be

associated with a completely separate nuclear role.

In the previous chapter, we saw that deletion of the RadECI/BRCT domains did not

disrupt the nuclear localisation of the wild type protein. However, this ÀBRCT form caused a

range of severe phenotypes when expressed in a variety of tissues and failed to rescue

cytokinesis. The question that remains concerns whether these domains are required in the

nucleus or the cytoplasm for this role. To test this, in vitro mutagenesis was used to combine

the ANLS and ABRCT mutations to remove RadECl and BRCT domain function from the

cytoplasmic form of the protein.
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5 :2 Site directed mutation of the nu localisation

sisnal within the ABRCT PBL construct

To com both the 
^NLS 

and ÅBRCT mutations, site directed invitro mutagenesis

was again employed. Using the two complementary primers described in chapter 3, the

nuclear localisation signal was specifically mutated on the ABRCT PBL construct by using

the ABRCþóI cDNA as a template (F'igure S.la). Sequences of the resulting potential

mutant clones were then determined to ensure that they carried both the specific NLS

mutation and the ABRCT deletion, but no other mutations (X'igure 5.1b).

A 
^NLS^BRCT 

mutant pól oDNA sequence was then cloned into the multiple

cloning site of the pUAST vector, described previously, using the enzymes XhoI/XbaI. The

pUAST-ÁNZSABRCTpUI cDNA construct was transformed into Drosophila by

microinjection and after subsequent crosses, 15 separate transgenic lines were established.

The chromosome into which the construct was inserted was then determined by genetic

mapping. One line mapped to the X chromosome, eight lines mapped to the second

chromosome, and six mapped to the third chromosome. All but three of these inserts were

homozygous viable.

5:3 Bxn ression of 
^I{LS^BRCT 

PBL in the hila eve

disc causes a r e

To analyse the effect of removing the RadECl region and BRCT domains from the

cytoplasmic form of the protein, the eye specific enhancer GMRwas used, as before, to drive

the expression of the ANLSÀBRCT mutant protein in the developing eye disc. GMR-driven

expression of ANLSABRCT PBL resulted in the most severe of the eye phenotypes generated

in this stucly. All 15 transgenic lines were larval lethal at25"C when crossed to GMR GAL4.

As previously discussed, lethality is presumably due to leaky GAL4 expression in other

tissues. At the lower temperature of 18oC, 12 out of 15 were larval or pupal lethal. The other

3lines gave an extremely rough eye phenotype at 18"C. Eyes were almost completely
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A
5' CGT CGG GAT TCA TTG CCC ATT AGC TTT AAC ÀAA AGG AAA CGC AAG

3' GCA GCC CTA AGT AAC GGG TAA TCG AAA TTG TTT TCC TTI GCG T'TC

CGT TTT TCG CAA CGC 3'
cCA AAÀ AGC GTT C¡CG 5'

3' GGG TAA TCG AAA TTG TTT TCC TTG TTG TTG GCA AAA AGC GTT GCG 5'

5' CCc ATT AC'C TTT AAC AAA AGG AAC AAC AAC CGT TTT TCG CAA CGC3'

c

B

N

BRCT NLS DH PH

PBL

NLS DH PH

N

ANLSABRCT PBL

Figure 5.1 Site directed mutagenesis of the consensus bipartite nuclear

localisation signal of 
^BRCT 

PBL.

A. The DNA sequence of the nuclear localisation signal of PBL is shown in

black, with the primers designed to mutate 4 base pairs of this sequence shown in

blue. The 4 mutant base pairs are shollvn in red. Beneath is the amino acid

sequence of the mutated nuclear localisation signal. The critical basic residues of
this signal are underlined, and the lysine/arginine/lysine (K/R/K) residues which

were changed to asparagine residues (N) are shown in green, highlighted by a

black box. The ABRCTpbt construct was used as the template in this in vitro

mutagenesis reaction to combine the ÁNZS and ABRCÎmutations in one construct.

B. A schematic diagram of the structure of the PBL protein, with the RadECl

region boxed in black, the 2 consensus BRCT domains in red, the consensus

bipartite nuclear localisation signal in blue, theDbl homology domain (DH) in

purple, and the Pleckstrin homology domain (PH) in yellow. Underneath is the

ÀN1. S¡gnCT construct which specifically removes both the BRCT domains and

the RadECl region, has a mutated NLS (indicated by a yellow *), but contains the

DIVPH domains.

c
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ablated, with a blister remaining where the eye once was (Figure 5.2c). As such, they were

phenotypically quite different to both GMR>N'{LþóI (Figure 5.2a) and GMR>ABRCTp\|

(Figure 5.2b) eyes raised at the same temperature. Given the extreme nature of the

phenotype, it was deemed pointless to attempt to section them.

In order to conf,rrm the expected cytoplasmic localisation of the ANLSABRCT PBL

protein, GMR>ANLSABRCTp\I larvae were grown at 18oC to enable their survival to the

third instar, so that eye discs could be dissected and fixed. At this lower temperature, GMR is

comparatively weakly expressed and, as a result, a very low level of expression was

observed. However, the ANLSABRCT PBL protein was observed to be completely

cytoplasmic as expected (Figure 5.2d).

To discount the possibility that the severity of the ANLSABRCTpUI phenotype is

simply due to expression at a much higher level than that of the other constructs, western

analysis was performed. Wild type, GMR>pbl, GMR> ANLSpbl, GMR> ABRCTpbl, and

GMR>ANLSABRCTp\I eye discs were dissected at 18 and 25"C, boiled, and run on a l0%

SDS polyacrylamide gel, which was then transferred to nitrocellulose and probed with an

anti-PBL antibody. As can be seen from Figure 5.3, while pbl and ANLSpbl are expressed at

a lower level at 18oC compared to 25"C, no band was observed for the ABRCTpói sample at

18oC, presumably because expression was too low to detect on the western. For the

ANLSABRCTpbI construct at 18oC, one sample had a very faint band, and the other had no

band at all. However, the alphatubulin load control shows that a large amount of protein has

been loaded for both of these samples. Thus it seems that the faint or absent band for the

ANLSABRCTpî\ samples is due to a very low level of the protein, Furthermore, the

N{LSABRCTpbt construct appears to be expressed at a substantially lower level than

ANLSpbl. Thus the increased severity of the ANLSABRCTp\I construct must be due to the

absence of RadECI/BRCT domain function in the cytoplasm. In support of this is the fact that

all 15 ANLSABRCTp\I lines were lethal with GMR at25"C.It is highly improbable that all

15 lines would be expresse d at a higher level than all of the ANLSpbl or ABRCTpóI lines.
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5:4 Characterisation of the 
^I{LS^BRCT 

PBLnhenotype

in the eye

a severe disruption to the development of
the adult eye. This phenotype was far more severe than that of ANIS PBt, suggesting that

the RadECyBRCT domains play some unknown but important role in the cytoplasm. As a

first step towards characterising this phenotype in the eye, larval eye disc cells were

dissociated and examined. As discussed in the previous two chapters, the larval eye disc has a

compact columnar epithelial structure, making dissociation necessary for the examination of
individual cells. GMR>ANLSABRCTp\I flies were crossed to a UAS-GFP line so that those

cells overexpressing ANLSABRCT PBL would also be expressing GFP, allowing

identification and visualisation of these cells without fixation and antibody staining. The

crosses were performed at 18oC, because of the lethality of this construct at25"C.

Like the GMR> ANLSpbl phenotype at 25oC, GMR> ANLSABRCTp\I eye discs at

lSoC were found to contain both multinucleate and anucleate cells (Figure 5.4a-b).

However, quite surprisingly, considering the severe nature of the GMR> ANLSABRCTp\\

adult eye phenotype at 18oC, most of the dissociated cells appeared normal (Figure 5.4c).

There were also no examples of the fused sister chromatids which were characteristic of the

GMR>ABRCTp\| phenotype (refer to Figure 4.5b-d). Given the relatively mild phenotype

observed in the ANLSABRCTp\I eye disc cells at the larval stage, it seemed likely that later

developmental defects must be responsible for the severe adult phenotype observed. To

examine the further development of the €yê, pupal eye discs were examined.

GMR>ANLSABRCTp\I pupal discs raised at 18oC were dissected, fixed and stained for the

epithelial cell contact marker Armadillo. Hoechst 33258 stain was used to visualise the DNA.

Like both the GMR> ANLSpbl and GMR> ABRCTp\I phenotypes , GMR> ANLSABRCTp\\

pupal discs had too many interommatidial and bristle cells (Figure 5.5c-d). However, in

contrast to both the ANLSpbl and ABRCTp\I phenotypes, which had too few cone cells,

ANLSABRCTphI pupal eye discs occasionally had too many cone cells (Figure 5.5c). Given

the fact that a difference in cone cell number alone is unlikely to explain the almost complete

ablation of the ANLSABRCTp\I adult eyes, later developmental defects must be responsible.

To determine when the patterning process of the eye begins to fail,

GMR>ANLSABRCTp\I larval eye discs were fixed and stained with anti-ELAV. As
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Figure 5.2 Expression of ANLSABRCT PBL in the eye disc causes an extremely

rough eye.

A. AGMR GAL4::UAS N,{LSpbl adult eye. A severe rough eye phenotype is

caused by the overexpression of ÂÌ.{LS PBL posterior to the morphogenetic furrow

in the developing eye disc at l8 degrees C.

B. AGMR GAL4::UAS A,BRCTpbl adulteye. A severe, but phenotypically

distinct, rough eye phenotype is caused by the ovefexpression of ABRCT PBL

posterior to the morphogenetic furrow in the developing eye disc at l8 degrees C.

C. 
^GMR 

GAL4::UAS^N¿S B.RCTpbl adult eye. An extreme rough eye

phenotype is caused by the overexpression of A}{LSABRCT PBL posterior to the

morphogenetic furrow in the developing eye disc at l8 degrees C. This phenotype

is different to both GMR>LNLSp\| and GMR>LBRCTph| eyes raised at the same

temperature.
D. 

^GMR 
GAL4::UAS 

^N¿SABRCTp\I 
third instar larval eye disc at 18 degrees

fixed and stained with anti-PBL antibody (shown in green) and hoechst33258

DNA stain (shown in red). 
^NLSABRCT 

PBL is observed to localise to the

cytoplasm. The anti-PBL stain alone is shown in D''



w
I1

18

G
M

R
>

pb
l 

25
oC

G
M

R
>

A
M

S
pb

l2
5o

C

G
M

R
>

A
B

R
C

T
ph

Lz
S

oC

G
M

R
>

pb
l 

18
oC

G
M

R
>

N
{L

S
pb

l 
lS

oC

G
M

R
>

A
B

R
C

T
ph

L 
lS

oC

G
M

R
>

A
M

S
A

B
R

C
T

ph
I1

8o
C

G
 M

 R
>

 N
,{

 LS
 A

B
 R

C
 T

pb
l 1

 8
oC

I I I I I t r I Å I t

I

I I

äÉ
 ?

äi
åq

ää
$Ë

iF
È

 e
åä

åä
tä

;'E
É

Ë
åF

È
 :

så
E

r 
iri

äi
Ë

$$
F

 ä
çt

ä*
 å

Ê
äË

+
+

as
s 

å

ää
äE

åE
å[

F
ä*

*s
F

ää
gã

ie
Ë

E
Ë

ää
È

Ë
å

.Ë
*å

åå
*ä

Ë
$Ð

$å
lt æ

ii
æ

 
b,

J

E
=

\J
Ê ãE

É
âr

r
Ë

-- Å
a E
e

F 2,



Figure 5.4 Dissociation of eye disc cells and visualisation by epifluorescence.

GMR GAL4::UAS N{LSLBRCTp\L, andGMR GAL4::UAS pbl eye discs were

dissociated and stained with hoechst to visualise the DNA (shown in red).

UAS GFP was co-expressed to enable visualisation of the cells overexpressing

the pbl constructs (shown in green). All images were taken at 100x

magnification.

^. 
GMR GAL4::UAS AN¿S BRCTpbl dissociated eye disc cells. some cells

are multinucleate, as indicated by the white alrow. The DNA stain alone

is shown in A'.

B. GMR GAL4::UAS AN¿S BA CTpbl dissociated eye disc cells. Some cells

appear to be anucleate (yellow arrow). The DNA stain alone is shown in B'

C. GMR GAL4::UAS 
^N¿,SABRCTpbl 

dissociated eye disc cells. Some cells

appear to be quite normal, like the GMR>pbl eye disc cells shown in D.

D. GMR GAL4::UASpól dissociated eye disc cells. Cells are mononucleate.



Figure 5.5 Disruption of pupal eye disc structure in
GMR GAL4 : :UAS N{LSLBRCþåI eYe discs

All pupal discs were stained with antibodies against the cell contact marker

Armadillo. Images were taken at 100x magnification'
A. Wild type pupal eye disc at42hr APF at 25 degrees C. The white affow

indicates an interommatidial cell, the yellow arrow a bristle cell, and the red arrow

points to a group of cone cells. A'. Close up view of a wt pupal ommatidium.

B. GMR GAL4::UAS LNLSpbl eye disc at 84 hr APF at l8 degrees c. The pupal

disc has more interommatidial cells than wild type (white arrows), more bristle

cells (yellow arrows), and some ommatidia have too few cone cells (red arrows).

B'. Close up view of aGMR>NtlLSpbl ommatidium.
c. GMR GAL4::UA^S 

^N¿S 
BR CTpbl eye disc at 84 hr APF at 18 degrees C. The

pupal disc has too many interommatidial cells (white arrows), and the occasional

ommatidium has too many cone cells (red arrow).
D. GMR GAL4: :UAS 

^N¿S^BR 
CTpbl eye disc at 84 hr APF at I 8 degrees c. This

pupal disc has a more severely disrupted structure with too many interommatidial

cells and too many bristle cells (yellow arrows).



discussed previously, ELAV is expressed only in those cells of the eye disc that have adopted

a neural fate (Campos et a1.,1987; Robinow and V/hite, 1988). GMR>N,{LSABRCTpUI eye

discs were observed to have a reduction in the number of ElAV-expressing cell clusters

(Figure 5.69-l), a phenotype that was identical to that of GMR>Nr{LSpbl eye discs (Figure

5.6d-Ð. The morphogenetic furrow still progresses in these discs, but the adoption of neural

cell fate seems to be delayed. Thus, early patterning events are disrupted in the

GMR> ANLS ABRCTpbl eye discs.

5:5 The effect of 
^I'{LS^BRCT 

expression in the wins disc

As described above, expression of the cytoplasmic ANLSÂBRCT PBL in the

proliferating and differentiating cells of the eye using the enhancer GMR was found to cause

disruptions to both cytokinesis and the patterning of the eye disc. To examine whether

expression of this construct can affect other proliferating tissues, ANLSABRCT PBL was

expressed in the developing wing disc using the driver 7 I B. While the expression of wild

type PBL was previously shown to have no effect on the development of the adult wing

(Figure 5.7a), expression of both ANLSpbl and ABRCTpUI was found to result in blistered

and crumpled wings which frequently lacked the two cross veins. Expression of

^NLS^BRCT 
PBL produced a very similar phenotype. V/ings were small, blistered, and

fluid filled (Figure 5.7b-c), and also lacked the two cross veins (Figure 5.7d). Thus

expression of the 
^NLSABRCT 

mutant form of PBL in the proliferating cells of both the eye

and wing disc, causes severe disturbances to the development of both of these tissues.
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5:6 The effect of ÂII{LSÂBRCT e
ao

xDressron rn

differentiatins cells of the eve disc

To analyse the effect on differentiating tissues, ANLSABRCT PBL was expressed

under the control of the elav GAL4 driver, specific for the differentiating neural cells of the

eye. As discussed in the previous chapters, when wild type PBL was expressed under the

control of elav GAL4, no discernible disruption to eye development was observed (Figure

4.10a). When ANLS PBL and ABRCT PBL were expressed at25oC, almost identical severe

rough eye phenotypes were observed. Eyes for both of these constructs were small and glassy

in appearance, with a characteristic ring of necrosis in the middle of the eye (Figure 4.10b

and c), indicating that expression of these constructs can affect post mitotic cells. When

^NLS^BRCT 
PBL was expressed under the control of this driver at25"C, the effect was

embryonic lethal. The cross failed to take numerous times, and dead embryos with necrotic

nervous systems were observed. This was presumably due to the fact that elav GAL4 is

expressed in a range of neural tissues throughout development. Reducing the temperature to

18oC or even 13"C did not prevent the embryonic lethality, indicating that ANLSABRCT

PBL has a severely toxic effect on differentiating neural cells. The increased severity of this

construct compared to both 
^NLS 

PBL and 
^BRCT 

PBL was consistent with that observed

With thc GMR GAL4 dtiVEr. ThUS IiKE ANLS PBL ANd ABRCT PBL, thE ANLSABRCT PBL

construct can also affect cells that have ceased dividing.

5:7 The effect of 
^NLS^BRCT 

PBL exnression in salivarv

glands

The effect of ANLSABRCT PBL on the non-proliferating tissues of the larva was

examined further using the salivary glancl. As cliscussecl in the previous chapters, the sav

GAL4 construct drives expression in a set of cells that have ceased cytokinesis. V/hen full

length PBL was expressed in these cells, it was observed to be nuclear and to have a

significant effect on both cell size and cell shape, with a rounding of the cell cortex. The

^NLS 
cytoplasmic form was found to have a similar, but more severe effect, with the glands
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Figure 5.6 Adoption of neural cell fate is disrupted in

GMR GAL4::UAS A¡/¿,S B,RCTpbl eye discs

Third larval instar eye discs were stained with the neural specific antibody ELAV

and hoechst33258 stain for the DNA at25 degrees C (unless otherwise indicated).

ELAV is normally expressed in all cells posterior to the morphogenetic furrow

which have adopted a neural fate.

A - C. Wild type eye disc stained with cr-ELAV in green (A), and DNA stain in

red (B). The merge of these two images is shown in C.

D - F. GMR GAL4::UAS N,tLSpbl eye disc stained with cr-ELAV in green (D),

and DNA stain in red (E). A large reduction in the number of ElAV-staining cells

is observed posterior to the morphogenetic furrow' However the clustered

organisation of the ElAV-expressing cells remains. The merge of these two

images is shown in F. The furrow still progresses (white arrow), but only those

cells furthest from the furrow are expressing ELAV.

G - I. GMR GAL4::UAS LNLSLBRCTphI eye disc stained with ø-ELAV in green

(G), and DNA stain in red (H) at 18 degrees C. A similar phenotype to that of
GMR>N,{LSpbl eye discs at 25 degrees is observed. There is a reduction in the

number of ElAV-expressing clusters posterior to the morphogenetic furrow (white

arrow). The merge of these images is shown in I'
J-L. GMR GAL4::UAS A¡{¿^SABACTpbI eye disc stained with cr-ELAV in green

(J), and DNA stain in red (K) at l8 degrees C. This disc has a more severe reduction

in the number of ElAV-expressing clusters. The merge is shown in L.



A

D

Figure 5.7 ANLS^BRCT PBL disrupts wing development'

A. 7IB GAL4::UAS pbt adultwing (5x mag). Overexpressing PBL has no effect

on wing development. Adult wings of normal size are produced, with normal

venation.

8.718 GAL4::(IASAN¿S BACTpbl adultwing (5x mag). Overexpression of
ANLSABRCT PBL disrupts wing development, producing blistered, fluid filled

wings.

C. Close up view of the wing shown in B.

D. 718 GAL4::UAS 
^N¿SAB.R 

CTpbt adult wing (5x mag). This wing is not as

disrupted, but clearly shows the lack of the two cross veins.

B



being signifîcantly smaller, and their cells severely rounded. When 
^BRCT 

PBL was

expressed, in addition to a reduction in gland size, and a significant rounding of the cells, a

severe disruption of the actin cytoskeleton was observed. What was surprising was the ability

of the apparently nuclear PBL and 
^BRCT 

PBL to have such a strong effect on the actin

cytoskeleton. ANLSABRCT PBL was therefore expressed and its phenotype compared to that

of the other constructs.

In line with that observed in other tissues, the ANLSABRCTp\I construct gave the

most severe of the salivary gland phenotypes observed. Glands were dramatically reduced in

size, and a severe disruption of the actin cytoskeleton was observed (Figure 5.8c), a

phenotype which was very similar to that caused by expression of the ABRCT PBL construct

(Figure 5.8b). Sheets of filamentous actin were observed in the cytoplasm and, as expected,

anti-PBL stains showed ANLSABRCT PBL to localise to the cytoplasm (Figure 5.8c').

In an attempt to examine the expression level of this construct, western analysis was

performed. Wild type, sav>pbl, sav>ANLSpbl, sav>ABRCTpbl and sav>ANLSABRCTpbI

salivary glands were dissected, boiled and run on a l0o/o SDS polyacrylamide gel, which was

then transferred to nitrocellulose and probed with an anti-PBL antibody. As can be seen from

Figure 5.9, 
^NLS^BRCT 

PBL is present at a much lower level than the other constructs.

Thus the severe phenotype of these salivary glands is due to the absence of RadECI/BRCT

domain function in the cytoplasm.

One explanation for the similarity of the ANLSABRCT PBL salivary gland phenotype

to that produced by expression of the ABRCT PBL construct, is that ABRCT PBL shuttles

out into the cytoplasm, and it is the absence of some unknown RadECl or BRCT domain

function in the cytoplasm which causes the severe disruption of the actin cytoskeleton

observed. Assuming that shuttling of PBL occurs, the 
^BRCT 

form of PBL would only

shuttle into the cytoplasm from the nucleus, while the ANLSABRCT form would be

continuously in the cytoplasm, explaining the increased severity caused by expression of this

construct. This nuclear-cytoplasmic shuttling theory would explain how the 
^BRCT 

PBL

protein could have such an effect on the actin cytoskeleton, and is examined in the following

section. Here the shuttling of both PBL and 
^BRCT 

PBL between the nucleus and the

cytoplasm is specifically tested using a heterokaryon model system.
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5:8 The heterokaryon model svs tem to examine the

nuclear-cytoplasmic shuttlins of PBL

a ue us to uttling of a protein

between the nucleus and cytoplasm (Pinol-Roma and Dreyfuss, 1992; Michael et al.,1995:

Michael et al., 1997; Fan and Steitz, l99S). First the nuclear localised, tagged protein is

expressed using a constitutive chicken p-actin promoter in human cells. After a set amount of
time, cycloheximide treatment is used to inhibit further protein expression, ensuring that the

tagged protein is restricted to the human nuclei. The human cell population is then fused to a

mouse cell line to form heterokaryon cells, consisting of both mouse and human nuclei. The

cells are then fixed, and stained with an antibody against the tag (in this case anti-FLAG) and

with hoechst 33258 to stain the nuclei. Human and mouse nuclei are phenotypically distinct,

and hoechst staining allows the two to be differentiated via microscopy. If FLAG tagged

protein is observed in the mouse nuclei of heterokaryons, then the protein must be capable of
shuttling from the human nuclei to the cytoplasm and then it must enter the mouse nuclei via

nuclear import. This technique was therefore used to examine whether the apparently nuclear

iocaiiseci PBL and 
^BRCT 

PBL are capabie of shuttiing between the nucieus and the

cytoplasm.

Site directed mutagenesis was used to add a FLAG tag to the 5' end, immediately 3'

of the initiating ATG, of both the pbl and ABRCþåI cDNA constructs contained within the

pBLUESCRIPT vector. This was accomplished by designing two complementary primers

containing the FLAG tag sequence (5' GAC TAC AAG GAC GAC GAT GAC AAG 3'),

flanked on either side by 14 and 12 bp of non-mutated sequence. In vitro site directed

mutagenesis was performed on both the pblIA and ABRCþóI cDNA sequences using the

Stratagene invitro mutagenesis kit. As both pbl 1A and ABRCTpblhave the same sequence

around their 5' ends, the same primer set was used on both constructs. Sequences of the

resulting potential mutant clones were then determined to ensure they had the FLAG

sequence inserted directly after the initiating ATG, but no other mutations.

A FLAG taggedpbl and ABRCTphI ;DNA sequence were then both cloned separately

into the pACT vector using the enzymes NcoI/XbaI. This vector places the gene of interest

under the direct control of a constitutively active chicken B-actin promoter, for expression in

human cells. As a positive control, a FLAG tagged pl60 construct was obtained. p160 is a
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Figure 5.8 Expression of ÂNLS^BRCT PBL in salivary glands disrupts actin

structure.

UAS pbl, UAS LBRCTp\I and UAS LNLSLBRCTphI flies were crossed to the gut

and salivary gland specific driver sav::GAL4. Salivary glands were then dissected

from third instar larvae, fixed and stained with phalloidin which binds to

filamentous actin (shown in green in A-C), cr-PBL (shown in green in A'-C') and

hoechst 33258 stain for the DNA (shown in red in A'-c'). All images were taken

at l0x magnification.

A. sav GAL4;:UAS pbl salivary gland stained with phalloidin showing the

rounding of the cells that is observed when PBL is expressed. The same gland is

shown in A' stained with cr-PBL (green) and DNA (red). PBL localises to the

nucleus.

B. sav GAL4::UAS LBRCTp\I salivary gland stained with phalloidin showing the

disruption to both gland size and actin structure that is observed when 
^BRCTpBL is expressed. The same gland is shown in B' stained with cr-PBL (green) and

DNA (red). PBL maintains its nuclear localisation.

C. sav GAL4::UA,S 
^N¿S 

BR CTpbl salivary gland stained with phalloidin

showing a more severe disruption to both gland size and actin structure. The same

gland is shown in C' stained with o(-PBL (green) and DNA (red). PBL localises

to the cytoplasm as exPected.
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Figure 5.9 Western analysis of sav>GAZ4 expression levels in the salivary
gland.

wI 1 1 8, sav GAL4 : : UAS pb l, sav GAL4 : : UAS ANLSpb l,
sav GAL4::UAS ABRCTp\I and sav GAL4::UAS ¿¡/¿S^BRCTpbl salivary

glands were dissected at 25"C, boiled and run on a l\yo SDS polyacrylamide

gel, which was then transferred to a nitrocellulose filter.
The filter was then probed with an anti-PBL antibody, which produced a

band of approximately 120 kD in size in each lane. The ÀBRCT form of PBL

removes 286 amino acids, and is approximately 88 kD in size.

The filter was then stripped and reprobed with an alpha-tubulin antibody,

which served as a loading control. This produced a band of approximately

50 kD in size.
As can be seen from the filter, 

^NLS^BRCT 
PBL is expressed at avery low

level compared to all of the other constructs. Thus the extreme phenotype

of these salivary glands is due to the absence of RadECl and BRCT domain

function.



nucleolar localised protein which has been previously shown to be capable of shuttling using

this method (L. McMillan, pers comm).

FLAG tagged p160, PBL and 
^BRCT 

PBL were expressed separately in human HEK

293T cells. The cells were cycloheximide treated to stop further protein expression, and then

fused to the mouse cell line NIH-3T3. After a recovery period, the cells were fixed, and

stained with hoechst and an anti-FLAG antibody. For each sample the following controls

were included: HEK 293T human cells alone, mouse NIH-3T3 cells alone, and HEK 2937

human cells transfected with the FLAG tagged construct pACT vector to ensure that the

construct was being expressed.

Microscopic analysis of the resulting heterokaryon cells showed that both PBL and

^BRCT 
PBL are capable of shuttling from the nucleus to the cytoplasm and back again. pl60

was observed within the nucleoli of the mouse nuclei as expected (Figure 5.10a), while both

PBL and 
^BRCT 

PBL were observed in the mouse nuclei of heterokaryon cells (Figure

5.10b-c). Therefore both PBL and ABRCT PBL are capable of shuttling from the nucleus to

the cytoplasm.
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Figure 5.10a The nucleolar protein pl60 is capable of shuttling between the nucleus and the

cytoplasm.

The nucleolarproteinpl60 was used as apositive control for shuttling betweenthe nucleus

vector driving constitutive expression of FLAG tagged p160 under the control of the chicken

B-actin promoter. 24 hours post transfection cycloheximide treatment was used to prevent

further protein expression and the cells were fused with mouse NIH-3T3 cells to create

heterokaryon cells. These were then fixed and stained with anti-FLAG (false coloured in

green) and hoechst33258 to stain the DNA (false coloured red).

A-C. Mouse cells alone stained with hoechst (A) and anti-FLAG (B). The merge of these two

images is shown in (C).

D-F. Human cells alone stained with hoechst (D) and anti-FLAG (E). The merge of these two

images is shown in (F).

G-I. Human cells transfected with FLAG tagged p160, stained with hoechst (G) and anti-

FLAG (H). The merge of these images is shown in (I). pl60 is observed to localise to the

nucleoli of expressing cells.

I I LI"*^- ^^ll. +*^--f^^+^J .,,i+L DT 
^ 

¡/: +^^^^Å -1 a^ ^-Å f..^^J --,:+L ^^lt^ Tr-^ ^^1r-u-!. rrurrr4r¡ evrrù Lrqlrù¡vvLvu wllll I'L¡1,\-t r4ËBrvLr pr\JU <rrrLt IuùçLl wltll llluusç \,glls. I rlç uglls

were stained with hoechst (J) and anti-FLAG (K). The merge of these two images is shown in

(L). pl60 is observed to shuttle from the human nucleus, into the mouse nucleus, indicated

by the white affows.

M-O. Another example of a human/mouse heterokaryon, showing the shuttling of pl60 from

the human nucleus into the mouse nucleus. The cells were stained with hoechst (M) and anti-

FLAG Q',1). The merge of these images is shown in (O) and the heterokaryon cell is indicated

by the white arrows.
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Figure 5.10b PBL is capable of shuttling between the nucleus and the cytoplasm.

Human HEK 293T cells were transfected with the pACT expression vector driving

promoter. 24 hours post transfection cycloheximide treatment was used to prevent further

protein expression and the cells were fused with mouse NIH-3T3 cells to create heterokaryon

cells. These were then fixed and stained with anti-FLAG (false coloured in green) and

hoechst 33258 to stain the DNA (false coloured red).

A-C. Mouse cells alone stained with hoechst (A) and anti-FLAG (B). The merge of these two

images is shown in (C).

D-F. Human cells alone stained with hoechst (D) and anti-FLAG (E). The merge of these two

images is shown in (F).

G-I. Human cells transfected with FLAG tagged PBL, stained with hoechst (G) and anti-

FLAG (H). The merge of these images is shown in (I). PBL is observed to localise to the

nucleus of expressing cells.

J-L. Human cells transfected with FLAG tagged PBL and fused with mouse cells. The cells

"'^*^ -+^:-^'l ,,,ì+L L^^^L-+ /T\ ^-l ^.^+: Df A 
^ 

/r,.\ 'I'L^ -^^--^ ^.f ¿1^^-^ L---^ :,^^ ^--- :- ,r- - :vvwrw rt4rtrvu vvtrlr rluurellùL \J/ 4rru 4rrtt-I IJ.f1rJ \I\,r. Irrç rrrgtBç uI urgsç twu IrrraBçJ rs slluwll ln

(L). PBL is observed to shuttle from the human nucleus, into the mouse nucleus.

M-O. Another example of a human/mouse heterokaryon, showing the shuttling of PBL from

the human nucleus into the mouse nucleus. The cells were stained with hoechst (M) and anti-

FLAG Qtl). The merge of these images is shown in (O). PBL is absent from the mouse nuclei

ofseparate cells.

P-R. A third example of a human/mouse heterokaryon, showing the shuttling of PBL from

the human nucleus into the mouse nucleus. The cells were stained with hoechst (P) and anti-

FLAG (Q). The merge of these two images is shown in (R). In this case there is also an

example where PBL apparently fails to shuttle (yellow arrows). However in such cases it is

difficult to ascertain whether failure to shuttle is simply because the two nuclei are in

separate cells.
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Figure 5.10c ABRCT PBL is capable of shuttling between the nucleus and the cytoplasm.

Human HEK 293T cells were transfected with the pACT expression vector driving

ve expresslon o

B-actin promoter. 24 hours post transfection cycloheximide treatment was used to prevent

further protein expression and the cells were fused with mouse NIH-3T3 cells to create

heterokaryon cells. These were then fixed and stained with anti-FLAG (false coloured in

green) and hoechst33258 to stain the DNA (false coloured red).

A-C. Mouse cells alone stained with hoechst (A) and anti-FLAG (B). The merge of these two

images is shown in (C).

D-F. Human cells alone stained with hoechst (D) and anti-FLAG (E). The merge of these two

images is shown in (F).

G-I. Human cells transfected with FLAG tagged ABRCT PBL, stained with hoechst (G) and

anti-FLAG (H). The merge of these images is shown in (I). ABRCT PBL is observed to

localise to the nucleus of expressing cells.

J-L. Human cells transfected with FLAG tagged ABRCT PBL and fused with mouse cells.

The cells were stained with hoechst (J) and anti-FLAG (K). The merge of these two images is

shown in (L). 
^BRCT 

PBL is observed to shuttle from the human nucleus, into the mouse

nucleus. ABRCT PBL is absent from the mouse nuclei of separate cells

M-O. A human/mouse heterokaryon containing multiple nuclei. ABRCT PBL is present in

several of the human nuclei, and has shuttled into the mouse nucleus indicated by the white

arrow. The cells were stained with hoechst (M) and anti-FLAG (N). The merge of these

images is shown in (O).

P-R. A third example of a human/mouse heterokaryon, showing the shuttling of ABRCT

PBL from the human nucleus into the mouse nucleus. The cells were stained with hoechst (P)

and anti-FLAG (Q). The merge of these two images is shown in (R). ABRCT PBL is absent

from the nuclei of separate cells.
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5 :9 Genetic analvsis of the eve and salivarv sland

nhenotvnes- 
^I{LS^RR

CT PBL interacts with Rho in the

çyç rrul rrrur. rrr f,rrç Ð4rrvarr Y Ë.r¿rlltl

While 
^NLS 

and ABRCT PBL were both shown to maintain their specifìcity for

RhoA in the eye, both mutant forms were unable to genetically interact with Rho in the

salivary gland. In order to test the ANLSABRCT form for its ability to genetically interact

with Rho in the eye, a RhoA720 mutant allele was introduced into the GMR>ANLSABRCTp\\

background. The GMR>ANLSABRCTpóI stock was lethal at25"C. The reduction of Rho

through the introduction of a RhoA720 mutant allele was unable to suppress this lethality.

However, reducing the amount of Rho at 18oC was found to mildly suppress the

GMR>ANLSABRCTpUI rough eye phenotype (Figure 5.11b). When the temperature was

further decreased to 13oC, reducing the amount of Rho was found to quite strongly suppress

the GMR>ANLSABRCTpUI rough eye phenotype (Figure 5.11d). Therefore, when the

protein iacks both a functional NLS, anii its RacÍECi region anci two BRCT ciomains, it is stiii

capable of interacting with Rho. To test whether it had maintained its specificity for RhoA

over the other Rho family members, the GMR>ANLSABRCTpUI stock was then tested for

genetic interactions with mutant alleles or deficiencies covering other characterised members

of the Rho family of small GTPases, including Racl and 2, }i4tl and Cdc42. In all cases, as

with the other constructs generated in this study, loss of one copy of any of these genes did

not result in suppression of the GMR>ANLSABRCTpbI rough eye phenotype. Therefore it

seems that the presence of DH and PH domains alone is enough to target the protein

specifically to RhoA.
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Figure 5.11 Suppression of the GMR GAL4::UAS N,{LSLBRCTphI rough eye

phenotyPe bY RhoA.

^. 
AGMR GAL4::UAS 

^N¿S 
BRCTpbl adult eye at 18 degrees C' Eye

development is severely disrupted by the overexpression of ANLSABRCT

PBL posterior to the morphogenetic furrow of the developing larval eye disc.

B. Suppression of the GMR GAL4::UAS AN¿SABRCTphIrougheye

phenotype inp¡o1720 heterozygotes at 18 degrees. The rough eye

phenotype caused by the overexpression of ÂNLSABRCT PBL posterior to

the morphogenetic furrow is mildly suppressed when a RhoA mutant allele

is introduced into the genetic background of these flies'

C. AGMR GAL4::UAS AN¿S BRCTpbl adult eye at 13 degrees C' A
significantly rough eye is produced by the overexpression of ANLS^BRCT

PBL posterior to the morphogenetic furrow at this temperature.

D. Suppression of the GMR GAL4::UAS AN¿SABRCTph|rougheye
phenotype in p¡o1720 heterozygotes at 13 degrees. The rough eye

phenotype caused by the overexpression of ANLSABRCT PBL posterior to

the morphogenetic furrow is strongly suppressed when a RhoA mutant allele

is introduced into the genetic background of these flies.



To test whether the ANLSABRCT phenotype in the salivary gland was suppressible

by Rho, the RhoA720 null allele \¡/as recombined onto the UAS N{LSABRCTp\\ chromosome,

which was then crossed to the sav GAL4 driver. Reduction of Rho in this way was unable to

suppress the sav>ÁNZSABRCTpbl phenotype at25"C (Figure 5.12a-b). Given the severity of

the phenotype at this temperature, the experiment was then repeated at 18oC. At this lower

temperature, sav GAL4 is not as highly expressed, leading to a less severe effect on salivary

gland structure. Reducing the amount of RhoA still could not suppress the N{LSABRCTphI

salivary gland phenotype (Figure 5.12c-d). Therefore, as was the case with both ANLS and

^BRCT 
PBL, while ANLSABRCT PBL acts specifically through RhoA in the eye, it does

not appear to act through Rho in the salivary gland. As discussed previously, this may reflect

the fact that the phenotype is too severe to be suppressed by merely removing one copy of

RhoA, or may be indicative of a different mode of regulation in this tissue.
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Figure 5.12 Removal of one copy of Rhol does not suppress the ÀNLSABRCT PBL

salivary gland phenotype.

UAS ANLSABRCTpb\ and UAS ANLSABRCTp\I, RhoA720 flies were crossed to the gut and

salivary gland specihc driver sav GAL4. Salivary glands from third instar larvae were then

dissected, fixed and stained with phalloidin, which binds to filamentous actin (shown in red),

and o-PBL (shown in green). All images were taken at 10x magnification.

A. sav GAL4::UAS ANLSABRCTpUI salivary gland at25oC stained with phalloidin. This

same gland is shown in (A') stained with phalloidin (red) and PBL (green). 
^NLS^BRCT

PBL localises to the cytoplasm. The cells are rounded, and F-actin structure is severely

disrupted.

B. sav GAL4::UAS ANLSABRCTp\I, RhoA720 salivary gland at25"C stained with phalloidin.

Removal of one copy of RhoA does not suppress the disruption of F-actin structure or cell

shape. This same gland is shown in (B') stained with phalloidin (red) and PBL (green).

C. sav GAL4::UAS ANLSABRCTp\I salivary gland at 18oC stained with phalloidin. At this

lower temperature there is a slightly less severe effect on F-actin structure and cell size, but

cells are still rounded. This same gland is shown in (C') stained with phalloidin (red) and

PBL (green). 
^NLSABRCT 

PBL still localises to the cytoplasm.

D. sav GAL4::UAS ANLSABRCTp\I, RhoA720 salivary gland at 18'C stained with phalloidin.

Removal of one copy of RhoA at this lower temperature does not suppress the disruption of

F-actin structure or cell shape. This same gland is shown in (D') stained with phalloidin (red)

and PBL (green).
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5:10 The RadBCl reeion and BRCT domains are required

in the cytoplasm for cytokinesis

As shown in the previous chapter, the potentially nuclear-functioning RadECl and

BRCT domains are essential for PBL cytokinetic function. V/hen these domains were

removed from the PBL protein, the resultant 
^BRCT 

mutant form was unable to rescue the

cytokinetic defect of the pbl mutant when it was expressed in stripes along the anterior-

posterior axis of the mutant embryo using the driver prd GAL4. However, nuclear

localisation of the protein was shown to be non-essential for cytokinesis. The ANLS

cytoplasmic form was found to completely rescue the cytokinetic defect of the pbl mrfiant

embryo when expressed in the same way. These two observations imply that the RadECl

region and BRCT domains must be playing a cytoplasmic role in cytokinesis. To confirm

this, the 
^NLSABRCT 

mutant form was expressed in the mutant embryo using the prd GAL4

driver.

prd GAL4-driven embryonic expression of ANLSABRCT PBL was unable to rescue

the cytokinetic defect of the pbl mutant (Figure 5.13g-i). Therefore while the cytoplasmic

form of the protein containing the RadECl and BRCT domains can activate cytokinesis

(Figure 5.13 d-Ð, the cytoplasmic form lacking these domains cannot. Thus the RadECl

region and BRCT domains are required in the cytoplasm for cytokinesis.
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X'igure 5.13 ANLS^BRCT PBL cannot rescue cytokinesis inapbl mutant background.

A- C. A prd GAL4, pbt2/tl,lS pbl, pbl3 embryo expressing witd type PBL in a pbl mutant

background. The embryo was fixed and stained with anti-lamin which highlights the nuclear

envelope, shown in green in (A), and anti-spectrin which stains the cell cortex, shown in red

in (B). The merge of these two images is shown in (C). Expression of wild type PBL in

alternate stripes along the embryo using prd GAL4, completely rescues the cytokinetic defect

of the pbl mutant within those stripes. The rescue stripe is indicated by the white arrows.

D- F. A prd GAL4, pbl2/tlAs ANLSpbt, pbl3 embryo expressing ÄNLS PBL in a pbl mutant

background. The embryo was hxed and stained with lamin (D) and spectrin (E). The merge

of these two images is shown in (F). Expression of ANLS PBL in stripes along the embryo

using prd GAL4, completely rescues the cytokinetic defect of the pbl mutant within those

stripes (white arrows).

G-1. A prd GAL4, ptt2/tl.,lS ANLSABRCTp\I, pbl3 embryo expressing ANLSABRCT PBL in

apbl mutantbackground. The embryo was fixed and stained with lamin (G) and spectrin (H).

The merge of these two images is shown in (I). Expression of ANLSABRCT PBL in stripes

along the embryo using prd GAL4, cannot rescue the cytokinetic defect of the pbl mutant

within those stripes. Two adjacent mutant stripes are shown.

J- K. A prd GAL4, pbt2/tl,l.S ANLSABRCTp\I, pbl3 embryo expressing myc-tagged

ANLSABRCT PBL in a pbl mutant background. The embryo was fixed and stained with anti-

myc, shown in green, and hoechst 33258 stain for the DNA, shown in red. A 10x

magnifrcation picture of the embryo in (J) shows the prd GAL4 driven stripes of

^NLSABRCT 
PBL expression. A 100x magnification view of one stripe is shown in (K).

ANLSABRCT PBL is clearly cytoplasmic.
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5:L1 Discussion

As discussed in previous chapters, nuclear localisation is not essential for the

cytokinetic function of PBL, however it is essential for the maintenance of normal cellular

processes, given the extreme phenotypes caused by the expression of the ANLS cytoplasmic

form. This finding suggested that the localisation of PBL to the nucleus during interphase

could be a means of sequestering PBL function once it has activated Rho and stimulated

cytokinesis. However, the observation that apparently nuclear localised PBL could affect the

cytoskeleton of the salivary gland suggested that, at least in this tissue, nuclear localisation is

not enough. It was therefore possible that nuclear localisation could be associated with a

separate nuclear role and the presence of the potentially nuclear RadECl region and BRCT

domains added further weight to this possibility. Deletion of these potential nuclear domains

was found to cause a range of severe phenotypes when the mutant form was expressed in a

variety of tissues, highlighting their important role in normal cellular processes. In addition to

this, the severe disruption to cytoplasmic actin that was observed when the ABRCT construct

was expressed in salivary glands, suggested the possibility that the PBL protein may shuttle

between the nucleus and the cytoplasm, with the RadECI/BRCT domains playing some

unknown cytoplasmic role. The RadECVBRCT domains were then shown to be required for

cytokinesis. This observation, combined with the fact that nuclear localisation itself is not

required for cytokinesis, provided further support for a cytoplasmic role for these domains.

To investigate this further, the ANLS and ABRCT mutations were combined to

examine the effect of removing RadECI/BRCT domain function from a purely cytoplasmic

form of PBL. The ANLSABRCT construct was found to cause the most severe of the GMR-

driven eye phenotypes generated in this study. Similar to the GMR> ANL,!þbi phenotype,

GMR>ANLSABRCTp\I \awal eye discs were found to have both multinucleate and anucleate

cells, suggesting a disruption in cytokinesis. Given the similarity to the ANLSpbl phenotype,

this disruption is most likely due to the inappropriate action of the DH/PH domains. Unlike

the GMR>ABRCTpbl phenotype, no examples of fused sister telophase nuclei were observed,

suggesting that this phenotype is due to the absence of some RadECI/BRCT domain function

in the nucleus. Given that this fused sister telophase phenotype has not been observed in pbl

mutant embryos, it must be due to a dominant effect of overexpressing the ABRCT construct.
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A similar disruption to tissue patterning in the pupal disc was observed with the

^NLSABRCT 
construct to that observed with both the ANLS and ABRCT constructs. This

suggested that later developmental defects must explain the massive increase in the

disruption to the eye structure observed with the GMR-driven expression of ANLSABRCT

on ear v eye was usmg

antibody, which is specihc for those cells that have adopted a neural fate. The ANLSABRCT

construct was found to cause an identical effect on the differentiating neural cells of the eye

disc to that of the ANLS construct, reducing the number of ELAV expressing clusters. This

suggested that this phenotype is most likely due to deregulated cytoplasmic DH/PH domain

function rather than a lack of RadECI/BRCT domain function in the cytoplasm. The

destruction of organisation of the ELAV expressing clusters observed with the 
^BRCT

construct, on the other hand, is possibly due to absence of some unknown RadECI/BRCT

domain function in the nucleus.

In contrast to the eye or salivary gland where differences in the resultant phenotypes

were observed, the ANLS, ABRCT, and ANLSABRCT constructs all gave very similar

phenotypes when expressed in developing wing tissue. Blistering and a disruption to the two

cross veins were observed with all three constructs, suggesting either that PBL plays a

different role in the wing compared to the eye or salivary gland, or that different modes of

regulation are present in this tissue. It remains to be seen whether the wing phenotypes

generated by all three of these constructs are suppressible by reducing the amount of Rho.

In line with the more severe phenotype observed in the eye, the ANLS^BRCT

construct was also found to cause a far more severe phenotype when expressed in neural

tissues under the control of the elav GAL4 driver. While expression of ANLS and ABRCT

PBL both caused a similar rough eye phenotype, expression of ANLS^BRCT PBL was found

to be embryonic lethal. An apparently necrotic nervous system was observed, suggesting that

expression of ANLSABRCT PBL is far more toxic to the neural cells than either ANLS or

ABRCT PBL alone.

In line with the general increase in phenotype severity observed with expression of

the ANLSABRCT construct, the sav>/l/ZSABRCTpbl phenotype was found to be the most

severe of the salivary phenotypes generated. The salivary glands were extremely small, with

a severe disruption of filamentous actin, forming sheets of actin in the cytoplasm. This

phenotype was like a severe version of the sav>ABRCTpbl phenotype. Given that ABRCT

PBL is apparently nuclear and has a similar effect on the actin cytoskeleton as the
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cytoplasmic ANLSABRCT form, this suggests that 
^BRCT 

PBL shuttles out into the

cytoplasm, so that trapping the protein in the cytoplasm with the 
^NLS 

mutation enhances

this effect.

A heterokaryon model system showed that both PBL and ABRCT PBL do indeed

shuttle, with FLAG tagged versions of the protein migrating from human nuclei into mouse

nuclei. It remains to be shown whether the murine homologue of PBL, ECT2, also shuttles in

this system. The fact that both PBL and ABRCT PBL appear solely nuclear in fixed

Drosophila tissues can be explained by the nuclear exit rate being substantially lower than

the entrance rate. This finding also provided an explanation as to how these apparently

nuclear proteins can affect the cytoskeleton. The increased severity caused by the 
^BRCT

deletion is therefore most likely due to the absence of some unknown RadECI/BRCT domain

function in the cytoplasm. In accordance with that observed for the ANLS and ABRCT

salivary phenotypes, the sav>/y'y'I SABRCTpbl phenotype \ryas not suppressible by genetically

reducing the amount of Rho. Again it remains to be seen whether the mutant forms of PBL

target other Rho family members in this tissue, or whether the phenotypes generated by their

expression are just too severe to be suppressed by removing one copy of RhoA.

One of the most significant findings of this study was the fact that the ANLSABRCT

construct could not rescue the cytokinetic defect of the pbl mutant embryo when expressed

under the control of the prd GAL4 driver. This indicated that the RadECVBRCT domains are

required in the cytoplasm for the cytokinetic function of PBL. This is a novel finding for

these normally nuclear domains, and extends the range of functions attributed to them

beyond DNA damage sensing and repair processes to include cytokinesis. The ability of such

domains to control cytokinesis could, in theory, provide a link between DNA damage sensing

and the cell cycle, and should be investigated further.

In conclusion, the phenotypes caused by the expression of the ANLSABRCT

construct, when compared to that caused by the expression of ANLS and ABRCT PBL, has

enabled the identification of novel cytoplasmic roles for the RadECl and BRCT domains and

raised the possibility that PBL also plays novel nuclear roles. A cytoplasmic role for these

domains in cytokinesis has been identified, but the exact nature of the nuclear role, or roles,

for these domains remains undefined. In an attempt to determine whether the BRCT domains

of PBL play a role in DNA damage sensing and repair, as they do in other proteins, an x-ray

sensitivity assay was performed. This involved comparing the sensitivity of pbl hypomorphic

mutant larvae to that of wild type, and is described in the following chapter.
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Chanter 6: Investisation of a notential role for PBL

in DNA renair

6: 1 Introduction

In the previous chapter, a cytoplasmic role for the RadECI/BRCT domains in

cytokinesis was identif,red. This was a completely novel and surprising finding, given that

these domains have only previously been implicated in nuclear processes. BRCT domains in

particular, have previously been identified in many proteins that have roles in DNA damage

response and repair pathways (Bork et al., 1997; Callebaut and Mornon, 1997). A role for

these domains in cytokinesis is therefore a very exciting finding, possibly providing a link

between DNA damage and cell cycle control.

A cytoplasmic role for these domains was revealed by the severe effect on the

cytoskeleton of a cytoplasmic form of the PBL protein that lacked these domains. Added to

this was the discovery that wild type PBL protein shuttles between the nucleus and the

cytoplasm, movement that would enable the RadECI/BRCT domains to have a direct

cytoplasmic effect during interphase. It is therefore possible that the activity of PBL is

regulated in part by its shuttling, as well as by its interaction, possibly through its

RadECI/BRCT domains, with other proteins at specific points in the cell cycle. In support of

this, the RadECI/BRCT domains have recently been shown to interact with the Drosophila

RacGAP (DRacGAP) protein (Somers and Saint, manuscript in preparation). CYK-4 and

MgcRacGAP, the nematode and murine homologues of DRacGAP, have both been shown to

be required for cytokinesis (Jantsch-Plunger et a\.,2000; Hirose et aL.,2001). The interaction

of the RadECI/BRCT domains with such a protein, therefore sheds some light on the possible

mechanism behind their role in cytokinesis.

However, in addition to any cytoplasmic process that the PBL BRCT domains may be

involved in, the question remains as to whether they play a role in a DNA damage response

or repair pathway. To answer this, an x-ray sensitivity assay was performed. Mutants in DNA

damage response pathways are known to be hypersensitive to DNA damaging agents. Lawal

hypersensitivity assays have therefore been used in Drosophila as a means of identifuing

multiple components of DNA damage response and repair pathways (Boyd et al., 1987;
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Henderson et al., 1987; Dusenbery and Smith, 1996; Sekelsky et al., 1998; Henderson,

1999). pbl mutant larvae were therefore irradiated and their survival to adulthood was

compared to that of wild type larvae.

622 nhlqs hVDomorDhic larvae are hvt)ersensitive to x-

irradiation

pbf s is a homozygous viable, hypomorphic mutant allele, based on its trans-

heterozygous lethality when combined withapbl null allele. It is an EMS-induced allele with

a point mutation in the PH domain, however the exact effect of this mutation onpbl function

is unknown. Given the viability of these flies as homozygotes, this stock was used in an x-ray

sensitivity assay. pbf: mutant larvae were collected, bathed and irradiated at a variety of
doses, and their survival to adulthood was compared to that of wild type. Non-irradiated

controls were always included. This experiment was initially performed using 20 and 25 Gy

of irradiation. As can be seen from Figure 6.1, although the pblp3 non-irradiated control

larvae survived to adulthood in similar numbers to wild type, pblp3 Iarvae were

hypersensitive to both 20 and 25 Gy of irradiation, The experiment was then repeated using

25 Gy and 30 Gy of irradiation. Almost identical survival percentages \¡/ere obtained as

before for the 25 Gy dose, while at 30 Gy, pblp3 werc againhypersensitive compared to wild

type. These data sets were then combined and used to create the graph shown in Figure 6.1.

To discount the possibility that the hypersensitivity may be due to some other

mutation in this stock, a cosmid carrying the pbl gene was introduced into the pblp3 mutant

background. This cosmid, known as cos34, has previously been shown to rescue viability of
pbl nr:Jl alleles (J. 'Wong and R. Saint, pers comm). It was therefore introduced into the pblp3

mutant background to create a stock that was homozygous for cos34 on the second

chromosome, and homozygous for pblp3 on the third. Larvae of this genotype were then

irradiated, and their survival to adulthood compared to that of pblp3 homozygotes and wild

type individuals.

As can be seen from Figure 6.1, introduction of the cosmid completely rescued the

hypersensitivity of the pblp3 mutant stock. This hypersensitivity is therefore due to a lack of
PBL function, and not some other mutation within the stock. Surprisingly, not only did the
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Figure 6.1 Initial data indicatedthatpbln3 mutant larvae are hypersensitive

to x-irradiation.

,tI18,pblP3 and cos34;pblp3 tl'ndinstar larvae were collected, bathed in water

and irradiated in petri dishes at the doses indicated. The larvae were then
transferred into vials containing food and the number of adults to hatch out of
the vials were scored as a percentage of the number of larvae placed into the

vials. The data are presented in both graphical and tabular form. As can be

seen from the graph and the table, pbln3 larvae appear to be hypersensitive to
irradiation. Introduction of the cosmid known to rescuepó/ function (cos34)

resulted in complete rescue of this sensitivity. cos34;pbln3 flies are not at all
sensitive to 20 or 25 Gy of irradiation.

oGv 20 Gy 25Gy 30 Gy

v,J118 390/464: 84.wo 7141t40:8r.4%o 1731273:63.4V" 621159: 39.0Vo

pbv3 3891491: 79.2Vo 2031350: s8.0% 1301348:37.4Vo 321159: 20.lvo

cos34;pblo3 3551420: 84.s%o 1491760:93.1o/o 253/298:84.9yo t45f240:60.4Vo



presence of the cosmid completely rescue the hypersensitivity of pblp3,but the cos34; pblp3

flies survived better than wild type at every dose tested and were apparently immune to both

20 and25 Gy of irradiation (Figure 6.1). This suggested that PBL might play a protective

role against the damage associated with x-irradiation.

The irradiation experiments were then repeated several times with varying success.

The doses 20 Gy and 30 Gy were used in an attempt to duplicate the previous data. In both of

these instances, the non-irradiated controls performed more poorly than expected, and the

survival data for larvae post irradiation was variable. Despite this, pblp3 larvae were

consistently more sensitive to irradiation than wild type, being hypersensitive to 20 Gy of

irradiation and sensitive to 30 Gy. cos34; pblp3 lawae consistently out-performed both wild

type andpblp3 at all doses given, and were still apparently immune to 20 Gy. This additional

irradiation data were therefore pooled with previous data to produce the graph shown in

Figure 6.2.

Using 25 and 30 Gy of inadiation, the survival experiments were againrepeated on a

series of successive days, and these data were combined to generate the graph shown in

Figure 6.3. Although cos34; pblp3 larvae consistently out-performed pblp3 after irradiation,

wild type larvae were quite variable in their survival and were observed to occasionally have

a lower survival value than expected. The values for cos34; pblp3 andpblp3 larvae also varied.

As a result of this variation, when these data were combined it had the effect of making wild

type appear more sensitive to 30 Gy of irradiationthanpbipi (Figure 6.3). However, cos34;

pblp3 larvae were still apparently immune to 25 Gy of irradiation. It was not possible to track

down the source of variability in these assays in the time available for this work.

Despite variability in these experiment s, pblp3 larvae appear to be hypersensitive to

both 20 and 25 Gy of irradiation. They are sensitive to 30 Gy, but not significantly more so

than wild type. Introduction of the cosmid rescues the sensitivity observed at all doses tested,

and, cos34; pblp3 flies are not at all sensitive to 20 or 25 Gy. Therefore, despite the significant

variability observed in these experiments, the results suggest that pbl is involved in some sort

of DNA damage response or repair type pathway, playing a protective role against the

damage associated with ionizing radiation. In further support to this was the observation that

the pblp3 adult flies that did survive irradiation tended to die and not reproduce, while

irradiated wild type and, cos34; pbf3 flies seemed to live longer and were observed to

successfully reproduce. Taken together, these observations strongly suggest a role for PBL in

DNA repair, and are justification for further investigation.
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3Istheh erse of bYs enhan removrn

o acts through Rho, the RhoA

null allele was introduced in the pblp3 mutant background with the purpose of examining the

sensitivity of this stock to irradiation and comparing it to that of pblp3. pbfs however was

found to be homozygous lethal when in a RhoA heterozygous mutant background. Although

this finding is consistent with other work on the targets of PBL (Prokopenko et al., l99g), it
prevented this analysis from being performed. The only way to analyse the effect of Rho is

therefore to repeat the experiments using pbfs heterozygotes instead of homozygotes and

compare their sensitivity to that of RhoA"o, OUrot heterozygotes. However, flies heterozygous

for pblp3 are unlikely to show any hypersensitivity as their level of PBL function would

probably approach that of wild type. Considering the difficulties in picking trans

heterozygous larvae and the fact that these experiments were unlikely to provide clean cut

results, it was deemed pointless to attempt them.
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Figure 6.2 Pooled data indicatingthatpblp3 mutant larvae are hypersensitive
to 20 and25 Gy of x-irradiation.

,tt18,pblP3 and cos34;pblp3 thirdinstar larvae were collected, bathed in water
and irradiated in petri dishes at the doses indicated. The larvae were then
transferred into vials containing food and the number of adults to hatch out of
the vials were scored as a percentage of the number of larvae placed into the
vials. The data are presented in both graphical and tabular form. As can be

seen from the graph and the table,pblrs larvae appear to be hypersensitive to
irradiation at both 20 and,25 Gy. They are sensitive to 30 Gy. Introduction of
the cosmid known to rescuepó/ function (cos34) resulted in complete rescue

of the sensitivity observed at all doses. cos34;pbln3 flies are not at all sensitive
to 20 or 25 Gy of irradiation.

I
I

oGv 20 Gy 25Gy 30 Gy

wÍ118 3901464: 84.lvo 200/259=77.2V" 1731273:63.4Vo 1001278: 36.0vo

PblP3 3891491: 79.2Vo 353/609:58.0% 1301348:37.40Â 1291439: 29.4Vo

cos34;pblo3 3551420: 84.50 393/468= 84.0Vo 2531298:84.9vo 213ß69: 57.1Vo
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Figure 6.3 A third x-ray sensitivity test shows that both wild type andpblr3
mutant larvae are sensitive to 25 and 30 Gy of x-inadiation.

wt118, pblP3 and cos34;pblp3 third instar larvae were collected, bathed in water
and irradiated in petri dishes at the doses indicated. The larvae were then
transferred into vials containing food and the number of adults to hatch out of
the vials were scored as a percentage of the number of larvae placed into the
vials. The data are presented in both graphical and tabular form. As can be

seen from the graph and the table, both wild type andpblps lawae appear to
be sensitive to irradiation at both 25 and 30 Gy. Introduction of the cosmid
known to rescuepá/ function (cosj4) resulted in complete rescue of the
sensitivity of pblrs . These cos j4;pblni flies are not at all sensitive to 25 Gy
of inadiation.



6:4 Characterisation of the Itbf3 hvnersensitivitv

pheno /3 cells still arrest in response to DNA

damase

In eukaryotic cells, DNA damage induces a block in the cell cycle. This cell cycle

arrest enables the cell to repair any damage before the mutation is passed on to the next

generation through DNA replication and cellular division (Weinert and Hartwell, 1988;

Hartwell and Weinert, 1989; 'Weinert and Hartwell, 1989; Elledge, 1996; Walworth,2000).

In Drosophila cellularised embryos and larval tissues, it has been shown that DNA damage

induces the cells to arrest in G2 (Brodsky et al., 2000; Sn et aL.,2000). Repair mechanisms

are then activated and the damage is repaired before the cells continue into mitosis. The

mitosis specific antibody anti-phosphorylated histone H3 (anti-PH3) can be used to examine

this cell cycle arrest in irradiated tissues. The arrest of cells in G2 can be seen as a dramatic

decrease in the number of cells in mitosis. Several Drosophila checkpoint genes including

mei-41 and mus304 have been shown, using this antibody, to fail to undergo cell cycle arrest

in response to DNA damage caused by x-irradiation. The larval wing and eye discs of

mutants in these genes were observed to have just as many mitotic figures after irradiation as

before, while wild type cells sense that damage has occurred and arrest the cell cycle

(Brodsky et a1.,2000). Therefore, as a first step in understanding why pblp3 mutants are

hypersensitive, their ability to recognise DNA damage and arrest the cell cycle was

examined. V/ild type, pblp3 and cos34; pblp3 mutant larvae were irradiated at 40 Gy and, after

t hour recovery at 25"C, eye and wing discs were dissected, fixed and stained with the anti-

PH3 antibody. As can be seen from F'igure 6.4,pblp3 mutants, like wild type and cos34;

pbl'3, arrested the cell cycle.
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Figure 6.4 pblp3 mutant larvae detect DNA damage and arrest inG2.

Wild type, pblp3 and, cos34;pblpi third instar larvae were irradiated at 40 Gy and t hour post

irradiation at 25"C, eye and wing discs were dissected, fixed and stained with the mitosis

v were

each genotype. All images were taken at 10x magnification.

A. V/ild type eye disc. Many cells are in mitosis.

B. Wild type eye disc thour post inadiation, showing a massive reduction in the number of

cells in mitosis.

C. pbln3 eye disc. There are just as many cells in mitosis as wild type.

D. pblp3 eye disc I hour post inadiation. The same reduction in the number of mitotic cells

was observed.

E. cos34; pblP3 eye disc.

ß. cos34; pblp3 eye disc t hour post irradiation, showing the reduction in the number of

mitotic cells.

G. V/ild type wing disc. Many cells are in mitosis.

H. V/ild type wing disc t hour post in'adiation, showing few mitotic cells.

l. pbf3 wing disc. There are just as many cells in mitosis as wild type.

J. pblp3 wing disc t hour post irradiation also showing a dramatic reduction in the number

of mitoses.

K. cos34; pblq3 wingdisc.

L, cos34; pblp3 wingdisc t hour post inadiation. Most cells are non-mitotic as expected.
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625 nbYj mutants annear to renair their DNA damase

The next question concerned whether pblp3 mttants were capable of repairing DNA

damage. If they were able to detect damage but unable to repair it, then this failure would

explain their hypersensitivity to x-irradiation. To look at DNA damage directly, the anti-

y-H2AX antibody was used. Double stranded DNA breaks induced by ionizing radiation

result in the phosphorylation of histone H2AX yielding a modified form known as y-H2AX'

Staining with a human antibody against this specific modified form has been shown to be a

direct measure of the amount of DNA damage. Nuclear foci appear within one minute after

irradiation, and the number of these foci has been shown to be directly comparable to the

number of induced DNA double strand breaks. On westerns this human antibody has also

been shown to cross react with Drosophila (Rogakou et al., 1999). This antibody was

therefore used in this study to quantify the amount of DNA damage induced, and to examine

the repair process. If this antibody is in fact a direct measure of the amount of damage, then

the level of staining should decrease with time after irradiation, as the repair process

gradually resolves all of the DNA double strand breaks. A failure to repair would therefore

be seen as a continuation of a high level of staining with this antibody.

As initial attempts to get this antibody to work on f,rxed Drosophila tissues failed, it

was decided to utilise western analysis to show that this antibody could be used to follow the

repair process in Drosophila. Wild type third instar larvae were irradiated at 40 Gy, and at 1

hour and 4 hours post irradiation, eye and wing discs were dissected for western analysis.

The I hour time point was chosen as it was previously shown that tissues should have

arrested the cell cycle by this stage. The 4 hour time point was chosen as previous studies on

Drosophila larval tissues had shown that wild type cells given 40 Gy of irradiation should

have re-entered the cell cycle by this time (Brodsky e/ aL.,2000). Non-irradiated controls

were also included. As can be seen from Figure 6.5, 40 Gy induced a significant y-H2AX

band at I hour post irradiation in both eye and wing discs of wild type larvae. By 4 hours,

this band decreased in intensity back to that of non-irradiated controls, indicating that the

repair process can be followed in this way. The presence of a weak band in the non-irradiated

control may be due to a low level of spontaneous DNA damage, but this possibility was not

explored further. Thus staining with the human y-H2AX antibody can be used to examine

the process of irradiation-induced repair \n Drosophilø tissues'
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If pblp3 mutants are capable of repair, then do they repair inefhciently? To answer this

question, the time course of repair was examined and compared to that of cos34; pblPs larvae,

which are not hypersensitive to inadiation. pblp3 and, cos34; pblp3 larvae were inadiated at 40

Gy, and eye and wing discs were dissected at I hour, 2 hours, 3 hours and 4 hours post

irradiation. Western analysis indicated that the repair time course was altered in pblt3

compared to cos34; pblp3 larvae. However, while pblp3 wingdisc cells appeared to be delayed

in repairing their damage by t hour compared to cos34; pblp3, pblp3 eye disc cells appeared to

repair their damage I hour before that of cos34; pblps larvae (Figure 6.7). Given these

contradictory findings, the significance of the observations is uncertain.

pblp3 mutant larvae were therefore irradiated at 40 Gy, and eye and wing discs were

dissected at t hour and 4 hours post irradiation for western analysis using the y-H2AX

antibody. As is evident from Figure 6.6, pblp3 mutants also appeared to repair their DNA

damage. A signihcant band is induced I hour post irradiation, but this was observed to

a o non-
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Figure 6.5 The y-H2AX human antibody can be used to examine the DNA repalr

process in Drosophila lawal tissues.

wIl18larvae \l/ere irradiated at 40 Gy. t hour and4 hours post irradiation at 25"C,

eye and wing discs were dissected, boiled and run onal}Vo SDS polyacrylamide

gel, which was then transferred to a nitrocellulose filter. Non-irradiated controls

were also included.
The flrlter was then probed with an antibody specific for human y-H2AX, which

produced a band just above 50 kD in size in each lane.

The filter was then stripped and reprobed with an alpha-tubulin antibody, which
served as a loading control. This also produced a band of approximately 50 kD
in size.
As can be seen from the filter, inadiation of larval eye and wing discs

produced a strong y-H2AX signal I hour post irradiation. By 4 hours this signal

decreased in intensity back to that of non-inadiated controls, indicating that the

repair process can be followed in this way.
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Figure 6.6 pbln3 lawal cells appear to repair their DNA damage.

pblps larvae were irradi ated at 40 Gy. t hour aîd 4 hours post irradiation at 25"C,

eye and wing discs were dissected, boiled and run oî a 70yo SDS polyacrylamide

gel, which was then transferred to a nitrocellulose filter, Non-irradiated controls

were also included.
The filter was then probed with an antibody specific for y-H2AX, which produced

a band just above 50 kD in size in each lane.

The fîlter was then stripped and reprobed with an alpha-tubulin antibody, which

served as a loading control. This also produced a band of approximately 50 kD in

size.

As can be seen from the filter, irradiation of pblts larval eye and wing discs

produced a strong y-H2{Xsignal I hour post inadiation. By 4 hours this signal

decreased in intensity back to that of non-inadiated controls, indicating thatpblts
larval cells are capable of repairing irradiation induced DNA damage.
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626 nb|r mutants are not delaved in re-enterin the ceg il

cvcle after irradiation induced arrest

As discussed in the previous sections, although hypersensitive to x-irradiatio n, pblp3

larvae sense that damage has occurred, arrest the cell cycle appropriately, and appear to

repair their DNA. But do they then re-enter the cell cycle at the appropriate time? If, for

example, they were capable of repair, but were deficient in a pathway that sensed that repair

had occurred, then the cells would fail to re-enter the cell cycle. Such a failure could lead to a

massive increase in apoptosis, which would explain the hypersensitivity. Wild type, pblpi and

cos34; pblp3 larvae were therefore inadiated at 40 Gy, and eye and wing discs were fixed and

stained with the anti-PH3 antibody at various times post irradiation.

According to published data using these same Drosophila tissues, cells of wild type

larvae are supposed to re-enter the cell cycle 4 hours after 40 Gy of x-irradiation at 25"C

(Brodsky et a\.,2000). Indeed, as is evident in Figures 6.5 and,6.6, both wild type and pblp3

eye and wing disc cells have repaired their irradiation induced damage by this time.

However, the wild type cells used in this study did not re-enter the cell cycle until 6 hours

post irradiation (Figure 6.8c and t). At this time, pblp3 larval eye and wing discs had a few

more cells in mitosis than wild type or cos34; pblo3, but this was variable and the difference

was not dramatic (Figure 6.8f and o). However, when this 40 Gy dose of irradiation was

used to examine the survival of larvae to adulthood, wild type larvae were found not to

survive such a high level of irradiation (data not shown). It was therefore decided to repeat

this analysis at a lower dose where pblp3 larvae are clearly more sensitive to irradiation. At 25

Gy, most cells had re-entered the cell cycle by I hour post inadiation and wild type,pbl!3 and

cos34; pblp3 all appeared to have a similar level of cells in mitosis (Figure 6.9). Therefore,

pblp3 larval eye and wing disc cells do not appear to be delayed in re-entering the cell cycle

after the irradiation-induced block.
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Figure 6.8 pbtps eye and wing discs re-enter the cell cycle after irradiation-induced arrest at

the same time as wild type.

T7ild type, pblp3 and, cos34;pblpr third instar larvae were irradiated at 40 Gy. I hour and 6

hours post rrradration, eye wmg S WETE the SIS

specihc antibody, anti-phosphorylated histone H3. Non-inadiated controls were included for

each genotype. All images were taken at 10x magnification.

A. Wild type eye disc. Many cells are in mitosis.

B. V/ild type eye disc thour post inadiation. Most cells have arrested, resulting in a massive

decrease in the number of cells in mitosis.

C. Wild type eye disc 6 hours post irradiation. Cells have begun to re-enter mitosis after the

irradiation-induced arrest.

D. pblp3 eye disc. There are just as many cells in mitosis as wild type.

E. pblpi eye disc t hour post inadiation. Most cells have arrested like wild type.

F. pblp3 eye disc 6 hours post irradiation. More cells have re-entered mitosis than wild type

at the same time point. However, this is variable and not significant.

G. cos34; pblq3 eye disc.

H. cos34; pblp3 eye disc t hour post irradiation. Most cells have arrested.

I. cos34; pblp3 eye disc 6 hours post irradiation. More cells have re-entered mitosis than

wild type at this time point. However, the level of mitosis is similar to that of pblp3.

J. Wild type wing disc. Many cells are in mitosis.

K. Wild type wing disc t hour post irradiation. Most cells have arrested.

L. Wild type wing disc 6 hours post irradiation. Cells have begun to re-enter mitosis.

M. pblp3 wing disc. There are just as many cells in mitosis as wild type.

N. pblp3 wing disc I hour post irradiation. Most cells have arrested.

O. pblp3 wing disc 6 hours post irradiation. Like wild type, cells have begun to re-enter

mitosis.

P. cos34; pblP3 wing disc.

Q, cos34; pblp3 wingdisc I hour post inadiation. Most cells have arrested.

R. cos34; pblp3 wingdisc 6 hours post irradiation. Many cells have re-entered mitosis by this

stage.
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Figure 6.9 After 25 Gy of inadiation, pblp3 eye and wing discs re-enter the cell cycle at

the same time as wild type.

V/ild type and pblp3 third instar larvae were iradiated at 25 Gy and t hour post inadiation

phosphorylated histone H3. All images were taken at 10x magnification.

A. Wild type eye disc. Many cells are in mitosis.

B. Wild type eye disc thour post irradiation. Many cells have re-entered the cell cycle.

C. pblp3 eye disc. There are just as many cells in mitosis as wild type.

D. pblp3 eye disc t hour post irradiation. Just as many cells have re-entered mitosis as wild
type.

E. Wild type wing disc. Many cells are in mitosis.

X'. Wild type wing disc I hour post irradiation. Many cells have re-entered mitosis.

G. pbtp3 wing disc. There are just as many cells in mitosis as wild type.

H. pbtp3 wing disc I hour post irradiation. Just as many cells have re-entered mitosis as wild

type wing discs at the same stage.
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627 nbYj mutan ts do not have an excess e level of cell

death after irradiation

To examine the level of cell death in response to inadiation, acridine orange staining

was used. Acridine orange is a stain that can only penetrate cells whose membranes are

breaking down. As a result, it can be used as a marker for both apoptosis and necrosis. If the

repair within pblpr larval tissues is incomplete, or the tissues repair but fail to recognise that

they have done so, then the tissues should have increased levels of acridine orange staining

compared to wild type. Wild type, pblp3 and cos34; pbYs larvae were therefore irradiated at

25 Gy, and eye and wing discs were dissected and stained at 7 hours post irradiation.

By 7 hours post 25 Gy of irradiation, a massive level of cell death was induced in

wild type, pblp3 and cos34; pblp3 lawal eye and wing discs (Figure 6.f0). The level of cell

death was similar in all three samples. pblp3 and cos34; pblot larval discs were then also

examined at 8-9 hours and 9-10 hours post irradiation. By these later stages the level of cell

death appeared to slightly increase, although the level of cells staining was similar between

the two samples (Figure 6.11 and 6.12). Considering the high level of staining induced in

both of the samples at this dose of irradiation, it was possible that any minor difference

between them would go undetected. pblp3 and cos34; pblp3 larvae were therefore irradiated at

10 Gy and 2 Gy of irradiation, and the eye and wing discs were dissected and stained at 7 -8

hours post irradiation (Figure 6.13 and 6.14). After 10 Gy of irradiation, a slightly lower

level of cell death was induced compared to 25 Gy. However, the levels induced in pblp3 and

cos34; pblp3 larval discs were not significantly different (Figure 6.f3). After 2 Gy of

irradiation a substantially lower level of cell death was induced. However, there was still no

significant difference in the level of cell death between pbf s and cos34; pblp3 samples

(Figure 6.14).
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Figure 6.10 pbtp3 eye and wing discs have a similar level of cell death as wild type at 7

hours post 25 Gy of irradiation.

Wild type, pblp3 and cos34;pblpi third instar larvae were irradiated at 25 Gy and,7 hours post

acridine orange. Non-irradiated controls were included for each genotype. All images were

taken at 10x magnification unless otherwise indicated.

A. Wild type eye disc. There are very few cells undergoing cell death.

B. V/ild type eye disc 7 hours post irradiation. A massive increase in the level of cell death

is observed. B' is a close up view of the same disc taken at2lxmagnification.

C. pbln3 eye disc. Very few cells are undergoing cell death like wild type.

D, pblp3 eye disc 7 hours post irradiation. A massive increase in cell death is observed, but

this is not significantly greater than the increase observed in wild type. D' is a close up of

the same disc taken at2}xmagnification.

E. cos34; pblp3 eye disc. Very few cells are undergoing cell death.

F. cos34; pblp3 eye disc 7 hours post irradiation. A massive increase in cell death is

observed, similar to that of pblps and wild type eye discs. F' is a close up of the same disc

taken at 20x magnification.

G. Tvild type wing disc. Very few cells are undergoing cell death.

H. Wild type wing disc 7 hours post inadiation. A massive increase in cell death is observed.

H' is a close up of the same disc taken at2}xmagnification.

I. pblp3 wingdisc. Very few cells are undergoing cell death like wild type.

J. pblp3 wing disc 7 hours post inadiation. A massive increase in cell death is observed, to a

level similar to that of wild type wing discs. J' is a close up of the same disc taken at20x

magnification.

K, cos34; pblp3 wingdisc. Very few cells are undergoing cell death.

L. cos34; pbfs wing disc 7 hours post irradiation. A massive increase in cell death is

observed, similar to that of pbf3 and wild type eye discs. L' is a close up view of the

same disc taken at20x magnification.
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Figure 6,ll pbtp3 eye and wing discs have a similar level of cell death as cos34; pblp3 discs

at 8-9 hours post 25 Gy of inadiation.

pblp3 and cos34;pblpi third instar larvae were irradiated at 25 Gy and 8-9 hours post

acridine orange. All images were taken at 10x magnification unless otherwise indicated.

A. cos34; pblp3 eye disc. Very few cells are undergoing cell death.

B. cos34; pblp3 eye disc 8-9 hours post irradiation. A massive increase in cell death is

observed. B' is a close up of the same disc taken at20x magnification.

C. pbf3 eye disc. Very few cells are undergoing cell death.

D. pblp3 eye disc 8-9 hours post irradiation. A massive increase in cell death is observed, but

this is similar to the increase observed in cos34; pbYs. D' is a close up of the same disc

taken at 20x magnification.

E, cos34; pblp3 wingdisc. Very few cells are undergoing cell death.

F. cos34; pblp3 wing disc 8-9 hours post irradiation. A massive increase in cell death is

observed. F' is a close up view of the same disc taken at20x magnihcation.

G. pbf3 wing disc. Very few cells are undergoing cell death.

H. pbf3 wing disc 8-9 hours post irradiation. A massive increase in cell death is observed, to

a level similar to that of cosj4; pblp3 wingdiscs. H' is a close up of the same disc taken at

20x magnification.
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Figure 6,12 pblp3 eye and wing discs have a similar level of cell death as cos34; pblp3 discs

at 9-10 hours post 25 Gy of inadiation

pblp3 and. cos34;pblpr third instar larvae were irradiated at 25 Gy and 9-10 hours post

-iat-ron 

eye antl wiñg -liscs were drsSectetl anã stãined w h the cell death specifrc rnarker

acridine orange. All images were taken at 10x magnification unless otherwise indicated.

A. cos34; pblp3 eye disc. Very few cells are undergoing cell death.

B. cos34; pblp3 eye disc 9-10 hours post irradiation. A massive increase in cell death is

observed. B' is a close up of the same disc taken at2}xmagnification.

C. pbln3 eye disc. Very few cells are undergoing cell death.

D. pbtp3 eye disc 9-10 hours post inadiation. A massive increase in cell death is observed,

but this is similar to the increase observed in cos34; pblps. D' is a close up of the same

disc taken at 20x magnification.

E. cos34; pblp3 wingdisc. Very few cells are undergoing cell death.

F. cos34; pblp3 wingdisc 9-10 hours post irradiation. A massive increase in cell death is

observed. F' is a close up view of the same disc taken at2}xmagnification.

G. pbln3 wing disc. Very few cells are undergoing cell death.

H. pblp3 wing disc 9-10 hours post inadiation. A massive increase in cell death is observed,

to a level similar to that of cos34; pblp3 wingdiscs. H' is a close up of the same disc taken

at20x magnification.
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Figure 6.13 pbtp3 eye and wing discs have a similar level of cell death as cos34; pblp3 discs

at7-8 hours post 10 Gy of inadiation.

pblp3 and cos34;pblpr third instar larvae were irradiated at 10 Gy and 7-8 hours post

acridine orange. All images were taken at 10x magnification unless otherwise indicated.

A.. cos34; pblp3 eye disc. Very few cells are undergoing cell death.

B. cos34; pblp3 eye disc 7-8 hours post irradiation. A large increase in cell death is observed.

B' is a close up of the same disc taken at2lxmagnification.

C, pbf3 eye disc. Very few cells are undergoing cell death.

D. pblp3 eye disc 7-8 hours post irradiation. A large increase in cell death is observed, but

this is similar to the increase observed in cos34; pbfs. D' is a close up of the same disc

taken at 20x magnification.

E, cos34; pblp3 wingdisc. Very few cells are undergoing cell death.

F. cos34; pblp3 wing disc 7-8 hours post irradiation. A large increase in cell death is

observed. F' is a close up view of the same disc taken at2}xmagnification.

G. pblp3 wing disc. Very few cells are undergoing cell death.

H. pbf3 wing disc 7-8 hours post irradiation. A large increase in cell death is observed, to a

level similar to that of cos34;pblp3 wingdiscs. H' is a close up of the same disc taken at

20x magnification.
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Figure 6.14 pblp3 eye and wing discs have a similar level of cell death as cos34; pblp3 discs

at7-8 hours post 2 Gy of inadiation.

pblp3 and, cos34,:pblpi third instar larvae were irradiated at 2 Gy and,7-8 hours post irradiation

w1

orange. All images were taken at 10x magnification unless otherwise indicated

A. cos34; pblp3 eye disc. Very few cells are undergoing cell death.

B. cos34; pblp3 eye disc 7-8 hours post inadiation. A small increase in cell death is observed

compared to higher doses of irradiation. B' is a close up of the same disc taken at 20x

magnification.

C. pbtp3 eye disc. Very few cells are undergoing cell death.

D. pbf3 eye disc 7-8 hours post irradiation. A small increase in cell death is observed, but

this is similar to the increase observed in cos34; pblp:. D' is a close up of the same disc

taken at 20x magnif,rcation.

E. cos34; pblp3 wingdisc. Very few cells are undergoing cell death.

F. cos34;pblp3 wing disc 7-8 hours post irradiation. A small increase in cell death is

observed compared to higher doses of irradiation. F' is a close up view of the same disc

taken at 20x magnification.

G. pblp3 wing disc. Very few cells are undergoing cell death.

H. pblp3 wing disc 7-8 hours post irradiation. A similar small increase in cell death is

observed. H' is a close up of the same disc taken at21xmagnif,rcation.
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628 nbP3 hvne rSensitivitv is not due to a defect in

cvtokinesis

Although hypersensitive to x-irradiation, irradiate d pbtp3 larval cells were found to

arrest the cell cycle and apparently repair the damage, as they re-entered the cell cycle at the

same time as wild type cells. They also showed no signihcant increase in the level of cell

death. It remained a possibility that pblp3 mutants were hypersensitive not because of a lack

of a DNA repair process, but because of a failure in cytokinesis in the post-damage

proliferative phase. After the massive level of cell death that is induced in response to the

doses given in this study, a significant level of cell division would be needed to replenish

those cells .lf pblp3 larvae were unable to replace those cells lost to apoptosis due to a mild

cytokinetic defect, then this would explain their hypersensitivity to irradiation. pblp3 and

cos34; pblp3 larvae were therefore irradiated al25 Gy, and their subsequent development was

analysed.

Although some larvae for both pblp3 and cos34; pblp3 samples were observed to not

survive past the third larval instar after irradiation, numerous larvae were observed to

continue to develop. Both pblps and cos34; pblp3 pupae formed, and many of these were

observed to fully develop to stages just prior to eclosion (data not shown). pblp3 pupae were

found to contain apparently normal adult structures, but a high proportion were found to die

within the pupal case without eclosing (data not shown). As development to this stage

requires the proliferation of a multitude of different cell types, a defect in cytokinesis is an

unlikely explanation for their hypersensitivity.
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629 Discussion

Although widely reputed to play a role in DNA repair and other nuclear processes, the

RadECIIBRCT domains \l¿cre shown in the previous chapter to play an essential cytoplasmie

role in cytokinesis. Despite its unique nature, this hnding enabled the explanation of some of
the phenotypes observed when the PBL constructs were expressed. In accordance with a

cytoplasmic role for these domains, the PBL protein was also shown to shuttle between the

nucleus and the cytoplasm. It was therefore proposed that the shuttling of the protein,

combined with its interaction with other proteins via the RadECI/BRCT domains, could be a

major factor in its regulation. In support of this, the RadECyBRCT domains were recently

shown to interact with a Drosophila RacGAP protein, a protein whose homologues in mice

and nematodes have been shown to be essential for cytokinesis. These findings point to an

important cytokinetic function for these domains in the cytoplasm. However, although known

to be protein/protein interaction domains, the fact remains that BRCT domains have been

identihed in many proteins that have roles in DNA repair. Given the nuclear localisation of
the PBL protein, and the presence of two of these highly conserved BRCT domains, it
remained a possibility that PBL could also play a role in DNA repair. Not only would this

point to a novel DNA repair mechanism, it could also provide a possible link between the

response to DNA damage and control of the cell cycle.

In an attenipt io investigate a potential role for PBL in the DNa damage response

pathway, a larval X-ray sensitivity assay was perform ed. pblp3 hypomorphic mutant larvae

were x-irradiated, and their survival to adulthood was compared to that of wild type. pblp3

larvae were found to be hypersensitive to both 20 and25 Gy, suggesting that PBL does play

a role in a DNA damage response or repair type pathway. The ability to completely rescue

this hypersensitivity through the introduction of a cosmid carrying the pbt gene, proved that

the sensitivity of the pblp3 stock was in fact due to a lack of PBL function. In addition to

rescuing the hypersensitivity, the presence of the cosmid enabled the flies to perform better

than wild type in the sensitivity assay. Not only did a higher percentag e of cos34; pbfs larvae

survive to adulthood, but they were apparently immune to 20 and 25 Gy of irradiation. This

provided further evidence that PBL may play a protective role against the damage induced by

x-irradiation. However, it must be said that these experiments were highly variable. The

significant degree of variation that was observed was most likely due to difficulties in

controlling the experiments. An example of this was the occasional bacterial infection of the
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fly food into which the larvae were placed. Such infections were generally observed in vials

from which a lower than expected number of adult flies emerged. In addition to this, it was

difficutt to decide whether a fly had actually survived to adulthood. Many of the survivors,

particularly in the pblp3 samples, appeared to be severely unwell and died within a day of

eclosing. For this reason it is likely that the survival values for pblp3 samples presented here

are overestimates, and that the hypersensitivity of pbY3 is substantially more significant. It is

therefore suggested that future studies examining larval sensitivity look not only at the

number of adults which eclose, but also score the length of time that adult flies survive, and

the percentage of developmental abnormalities. A detailed analysis of the reproductive abilþ

of surviving flies is also suggested, as most pblp3 surviving flies appeared to be sterile.

Therefore, although the results presented in this thesis represent a preliminary investigation

into the possible role of pbl in DNA damage sensing and repair, the consistent poor survival

of pblp3 and the apparent immunity of cos34; pblp3 flies to two doses of inadiation, strongly

implicatepbl ínaDNA damage response pathway.

In an attempt to determine the cellular basis behind the apparent hypersensitivity of

pblot, a variety of molecular techniques \ryere employed. pblp3 mutant larvae were found to

detect the DNA damage and arrest the cell cycle like wild type, presumably in G2 phase.

They were found to repair their DNA as judged by measuring the levels of y-H2AX. They

were also found to re-enter the cell cycle after repair at the appropriate time. They were not

found to have a significantly higher level of cell death than wild type after irradiation, and

were deemed to be capable of replenishing cells lost to apoptosis on the basis of their

completion of development to late pupal stages. So exactly why are they hypersensitive to x-

irradiation? There are two possibilities; either they have a defect that is too small to detect

using the current methods available, or the sensitivity is due to a specific tissue not tested in

this study. It is indeed feasible that even a small difference in repair ability could lead to the

hypersensitivity observed, the detection of which, in the context of the whole organism,

would be impossible. Especially if, for some reason, this difference was limited to a

particular tissue type. To overcome these problems, it may be better to utilise the relatively

simpler cell culture system. It has recently been shown that, through the use of dsRNA

targeted to the pbl transcript, PBL function can be specifically destroyed, resulting in the

formation of multinucleate cells (C. McCleod, pers comm). Therefore, not only is cell culture

a simpler system, but PBL function can be completely abolished through the use of double

stranded RNA. This is an impossibility in the context of a whole organism, as the animal

would not survive past embryogenesis without pil function. Cells treated with pbl dsRNA
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could therefore be irradiated, and their ability to repair DNA damage examined using the

anti-y-H2AX antibody.

Another possible future direction in the attempt to understand the molecular basis

behind the hypersensitivity of pbf3 larvae, is the use of genetic analysis. The pbtp3 mutation

response and repairc

pathways, and the sensitivity of these double mutants analysed. The use of genetic analysis in

this way could point to the exact molecular pathway that PBL could be part of in the response

to DNA damagc.

In conclusion, although pbf3 larvae were found consistently to be hypersensitive to

irradiation, the exact cellular mechanism behind this sensitivity remains unresolved. It
appears as thoughpbl may play aprotective role against the damage caused by x-inadiation.

However, the difference between pblp3 lawae and wild type is either too small to be detected

with the current methods available, or for some unknown reason the sensitivity is due to a

specihc tissue not tested in this study. Considering that the processes of DNA damage

response and repair are general cellular mechanisms, it seems unlikely that pbl would only

play a role in one particular cell type. It is therefore more likely that the difference between

pblp3 larvae and wild type is small and has remained undetected in this study. It is indeed

entirely feasible that even a small difference in the ability to repair damage could explain the

increase in sensitivity observed. Considering the general large scale of the responses studied

here, it is likely that any small difference would go unnoticed. The relatively simpler cell

culture system should therefore be pursued in future experiments as a means to define the

molecular role that PBL plays in the DNA damage response and repair pathway.

mu ln
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Chan ter 7: Final Discussion

7:1 PBL is a Rho GEF that also contains BRCT dom atns

The PBL protein is required for cytokinesis in Drosophila. Through its DH and PH

domains, PBL is known to activate Rho, leading to both the formation and correct function of

the contractile ring (Prokopenko et a\.,1999). However, in addition to these cytoplasmic Rho

GEF domains, PBL also contains two highly conserved nuclear BRCT domains, and a third

conserved region, named the RadECl region, found otherwise in nuclear proteins. The

presence of such domains within a Rho GEF protein is both unique and intriguing in that it

could enable PBL to play a dual role in both cytokinesis and DNA repair, perhaps providing

a novel mechanism by which the sensing of DNA damage and cell cycle control are linked'

For this reason, a potential nuclear role for PBL was examined in this thesis.

7:2 The imDO ânce of seouesterin s PBL to the nucleusrt

In an attempt to determine the importance of nuclear localisation, the consensus

bipartite nuclear localisation signal of PBL was specifîcally mutated with the aim of

rendering it functionless. This 
^NLS 

mutant form of the protein was then expressed in a

variety of tissues to examine the consequences of trapping PBL in the cytoplasm, and to

determine whether nuclear localisation is important for its role in cytokinesis. The results

detailed in this study indicate that nuclear localisation itself is not required for cytokinesis.

However, the severe phenotypes that resulted from cytoplasmic expression indicate that

sequestering the protein to the nucleus at the appropriate time is highly important for the

maintenance of normal cellular processes. These observations supported the idea that nuclear

localisation is simply a sequestering mechanism, removing PBL Rho GEF function from the

cytoplasm at the appropriate time.
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7:3 Is there a seD arate nuclear role for PBL?

Although the phenotypes caused by the cytoplasmic ÂNLS mutant form of PBL could

bqcauscd by deregulatcd Rho GEE activity in the cytoplasn, nuclear looalisation is not{he

only known way of removing PBL function from the cytoplasm at the appropriate time. Post

translational modifications such as degradation or phosphorylation could be used to regulate

PBL function in the cytoplasm, while nuclear localisation could be associated with a

completely separate nuclear role. Indeed, although wild type PBL expressed in the salivary

gland was localised to the nucleus, it was still capable of affecting the cytoplasm, suggesting

that in this non-cytokinetic tissue, nuclear localisation is not enough to suppress its activity.

The presence of two BRCT domains also lent support to a separate nuclear role. V/hy would

a protein whose only function is in the cytoplasm contain two conserved nuclear domains?

7:4 The role of the RadECt/BRCT domains

In an attempt to determine the importance of the RadECI/BRCT domains in the

function of PBL, in vitro mutagenesis was used to specifically delete these domains from the

PBL protein. While removal of these domains did not change the nuclear localisation of the

protein, deletion of these domains caused significantly more severe phenotypes than the

expression of wild type PBL, highlighting their importance to normal PBL function. In the

salivary gland, although apparently nuclear, ABRCT PBL was found to severely disrupt the

cytoskeleton, with sheets of filamentous actin forming in the cytoplasm. This observation

suggested that either 
^BRCT 

PBL shuttles into the cytoplasm to have this cytoplasmic effect,

or it is capable of affecting the cytoskeleton from the nucleus.

Through the use of the heterokaryon model system, both PBL and ABRCT PBL were

then shown to be capable of shuttling from the nucleus to the cytoplasm. Although this

observation enables an explanation as to how nuclear PBL can have a cytoplasmic effect, it

does not resolve whether the nuclear localisation of PBL is used as a sequestering

mechanism. Could a protein that shuttles between the nucleus and the cytoplasm use nuclear

localisation as a sequestering mechanism? This would indeed be a possibility if the shuttling

of wild type PBL were specifically regulated. Rather than just cycling back and forth from
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the nucleus to the cytoplasm, the movement of PBL would need to be regulated at specific

points in the cell cycle, presumably through its interaction with other proteins.

7:5 A cvtonlasmic role for the RadECUBR CT domains in

cvtokinesis

The phenotypes observed when the ÀBRCT form of PBL was overexpressed, strongly

suggested that these domains play a cytoplasmic role. To examine this possibility, their

function was specifically removed from the cytoplasm by combining the ÂNLS mutation

with the ABRCT deletion. In line with a potential cytoplasmic role for these domains,

trapping this deleted form of PBL in the cytoplasm was found to cause the most severe of all

of the phenotypes generated in this study. V/hile the cytoplasmic ÀNLS form of PBL was

shown to be able to completely rescue cytokinesis in a pbl mutant background, the

ANLSABRCT form lacking RadECI/BRCT domain function in the cytoplasm was unable to

activate cytokinesis. This experiment proved that these domains are required in the cytoplasm

for cytokinesis, extending the range of functions attributed to these domains. An important

experiment that remains to be performed, however, is to remove the RadECl region and two

BRCT domains individually to determine if any one domain in particular, or all three, are

required for cytokinesis.

While the ANLS cytoplasmic form of the protein was only observed to round the cells

of the non-cytokinetic salivary gland, the cytoplasmic form lacking the RadECI/BRCT

domains was observed to severely disrupt cytoplasmic actin, stimulating the formation of

sheets of filamentous actin, a phenotype that was similar to the well documented actin stress

fibre phenotype in tissue culture cells. The differences between the ANLS and ANLSABRCT

phenotypes and between the wild type PBL and ÂBRCT phenotypes, together with the

demonstration that nuclear PBL shuttles through the cytoplasm, suggests that the

RadECI/BRCT domains could play an unknown cytoplasmic role in interphase. Given the

severe disruption to the actin structure that was observed, it is possible that this role involves

maintaining the cytoskeletal structure itself. A direct role in cytoskeletal organisation for a

nuclear Rho GEF that shuttles through the cytoplasm is a distinct possibility. It should be

noted that a role for PBL in the nucleus, such as in transcriptional regulation, which has
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secondary consequences on cytoplasmic cytoskeletal structures, cannot be ruled out.

However, the weight of evidence favours a cytoplasmic interphase function via nuclear-

cytoplasmic shuttling.

7:6PBL may also nlaY a role in a DNA damage resDonse

pathwav

Irrespective of the demonstration that the RadECI/BRCT domains are required for
cytokinesis, the possibility remained that PBL could also play a role in DNA repair. The

apparent hypersensitivity of pbln3 larvae to x-irradiation supports this possibility. Not only

wete pblp3 larvae hypersensitive to 20 and,25 Gy of inadiation, but the introduction of the

cosmid carrying the entire pbl gene completely rescued this sensitivity. Surprisingly, these

rescued flies performed even better than wild type, and were apparently immune to both 20

and 25 Gy of irradiation. Although these experiments cannot be considered conclusive,

owing to the variability in the survival assay itself, they strongly implicate pBL in a DNA
damage response or repair pathway. However, initial attempts to characterise the cellular

basis of this sensitivity were not successful. Perhaps the sensitivity is due to a small
J:.CC-,--,--- | , f ,1citlrerence rn some aspect oi the ciamage response pathway, or perhaps the sensitivity is
limited to a specific tissue that was not examined in this study. Rather than test every single

tissue type in the Drosophila larva, it is suggested that the relatively simpler cell culture

system be used in future experiments to track down the molecular role. Through the use of
dsRNA targeted to the pbl transcript, PBL function can be completely abolished in this

system. The sensitivity of pbtpr mutant larvae to other mutagens should also be analysed. Not

only may pblp3 mutants show an even greater sensitivity to these, but enhanced sensitivity to

one particular mutagen type might help define which repair pathway, if any, PBL is involved

in' It is also suggested that new pbl mutant alleles be generated for these analyses. Rather

than using the pblp3 hypomorphic mutant stock with a mutation within the PH domain of
unknown effect, specific regions within the BRCT domains could be targeted through the use

of homologous recombination mediated mutation of the genomic pbl locus (Rong and Golic,

2000). Such mutations may also enhance the sensitivity of pbl to irradiation and enable the

specific regions of the protein responsible for this sensitivity to be further characterised.
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The ability of PBL to play a role in both cytokinesis and the response to DNA

damage suggests the possibility that PBL could provide a link between the DNA damage

response pathway and the cell cycle. In response to DNA damage, the BRCT domains may

associate with DNA repair type proteins, preventing their association with proteins such as

the RacGAP, thus preventing cytokinesis until the DNA damage is resolved. PBL could

therefore provide an extra control mechanism, preventing cell division before DNA repair is

complete. This possibility should therefore be examined further.

7 z7 Future directions

The results of this thesis have indicated many new roles for the RadECI/BRCT

domains. Not only do they have an as yet undefined role in the cytoplasm and/or nucleus

during interphase, they are also essential for cytokinesis. So far, however, we have no clear

picture of the molecular nature of these roles. It has been shown that the RadECI/BRCT

domains are required for cytokinesis, but it is not known exactly what they do. The

generation of more specific deletions within these domains will enable the precise

determination of which regions are important for cytokinesis. However, in order to

understand the molecular role that they play, a range of different genetic and biochemical

techniques should be employed.

The yeast 2-hybrid system using the RadECI/BRCT domains as bait has already

identilred a Drosophila RacGAP as an interactor with these domains, shedding some light on

their possible molecular role in cytokinesis (Somers and Saint, in preparation). The murine

and nematode homologues of Drosophila RacGAP have been shown to be required for

cytokinesis (Jantsch-Plunger et al. , 2000; Hirose et al., 2001). Despite the fact that the Rac

proteins of Drosophila have not been shown to be required for cytokinesis (Harden et al.,

1995; Hakeda-Suzuki et a\.,2002; Ng e/ a1.,2002), this does not rule out the possibility that

Rac needs to be downregulated for cytokinesis to proceed normally. Thus it is entirely

feasible that the interaction of PBL with this RacGAP enables precise control of the down

regulation of Rac with the simultaneous up regulation of Rho, leading to correct formation

and function of the contractile ring which divides the cell in two. This possibility is currently

being examined.
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Considering the potentially highly significant nature of the yeast 2-hybrid interactor

already analysed, this technique should be employed to chase down other proteins that

interact with PBL as a means of understanding its complicated roles. Co-

immunoprecipitation experiments could also be used in conjunction with a yeast 2-hybrid

aSsay to tesT thê sp-õific iegioñs of thE PBL þrotein responsible for any 1n

addition to testing known cytokinetic proteins for their interaction. Both yeast 2-hybrid and

co-immunoprecipitation assays could also prove useful in tracking down the molecular role

that PBL may play in DNA repair, through the isolation of known DNA damage response or

repair proteins as interactors. It is also entirely possible that PBL may only interact with

components of DNA damage repair pathways in response to DNA damage itself. It is
therefore also suggested that co-immunoprecipitation experiments be performed using

extracts from inadiated tissues as well as those prepared from non-irradiated samples.

In addition to in vitro and in vivo biochemical techniques, further genetic analysis

could prove highly useful. The rough eye phenotypes generated by the expression of the

mutant constructs generated in this study could be used as the basis for further, saturating

genetic screens as a means of identifying more interactors. Indeed, with the release of the

complete Drosophila genome sequence, such an analysis should prove highly productive,

enhancing our understanding of PBL function. In addition to dominant modifier screens,

genetic analysis could be used in the x-ray sensitivity assay. Known mutants in the various

pathways used in the detection and repair of DNA damage could be introduced into the pblp3

or another pbl mutant allele background. By manipulating the genetic background of the pbt

mutants in this way, and analysing their sensitivity to irradiation, PBL may be shown to be

involved in one particular DNA damage response or repair pathway.
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7:8 FinaI conclusions

The results of this thesis have indicated that PBL is a Rho GEF protein that shuttles

between the nucleus and the cytoplasm, explaining how nuclear PBL can influence

cytoplasmic structure. While the nuclear localisation of PBL was shown to be non-essential

for cytokinesis, sequestering the protein to the nucleus at the appropriate time was found to

be highly important for the maintenance of normal cellular processes. The PBL

RadECI/BRCT domains were also found to be required in the cytoplasm for cytokinesis. This

was a novel and exciting finding, extending the range of functions attributed to these domains

beyond DNA damage response to include cytokinesis.

In addition to its role in cytokinesis, the phenotypes observed when PBL and its

mutant forms were expressed in non-cytokinetic tissues suggested a novel cytoplasmic and/or

nuclear role for PBL in interphase. In line with the documented role for BRCT domains,

preliminary evidence also suggested that PBL may play a role in the DNA damage response

pathway. Thus, rather than being a simple Rho GEF that activates Rho in the cytoplasm

through its DH/PH domains, PBL appears to be a multifunctional protein that utilises

different conserved domains for its diverse cellular roles.
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