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ABSTRACT

The pebble gene has previously been shown to be required for cytokinesis in

Drosophila melanogaster. Theprocess of cytokinesis is poorly understood and isolation

of the pbl gene is expected to contribute significantly to our understanding of the cell

division process. This study entailed work towards the isolation of the pbl gene and

preliminary char actenzation o f a candidate pbl transcript'

To identiff the pbl locus, a P element mutagenesis was undertaken to generate

new pbl alleles. The P element in the line P587 was found to map very close to the pbl

locus and was used to generate P element alleles which failed to complement the existing

pbtE¡,r4S alleles. Genetic and molecular characterization of the pbl P element alleles

indicated that inactiv atíon of pbl was due to an internal deletion or re¿Ilrangement of the

p element, rather than the insertion of the P element into a new site. A number of

chromosomal deletions which failed to complementthe pbl EMS alleles were also

generated by imprecise excision of the P587 insertion. These deletions further suggested

the importance of the region srurounding the P element insertion site fot pbl function.

Genomic DNA adjacent to the P587 insertion was used to identify two novel

candidatepå/ cDNAs, 2Al and 4815. Whole mount in situ hybridization revealed that

2A1 transcript was specifically localized in the neuroblasts of the central nervous system

(CNS), while the 4815 transcript was ubiquitously distributed throughout

embryogenesis. Thep bl geneis expected to be expressed in all proliferating tissues, and

therefore the distribution of the 2Al transcript did not fit clearly with that expected for

the pbttranscript. The ubiquitous distribution of the 4815 transcript was not considered

inconsistent with that expected for the pbl transcript, since it is possible that pbl is post-

transcriptionally regulated or that pbl may play a role in processes other than cytokinesis'

The 4815 gDNA mapped closest to the P587 insertion site and the 4815 cDNA was

therefore considered the most likely candidatepb/ oDNA'

During the course of this study two P element alleles, which failed to complement

the existing pblEwSalleles, were identified in the laboratory of Hugo Bellen' Plasmid

rescue of the genomic DNA flanking the inserted P elements led to the isolation of a

third candi date pblcDNA, the 1A oDNA. The two P elements were found to be inserted

in the 5, uTR and intronic sequences of the 1A oDNA and reversion of these alleles

could be achieved by mobilization of the P elements' Together, these data strongly

suggest that the 1A oDNA is encoded by the pbl gene. A collaborative project was



established with the Bellen laboratory to confirm that the 1A cDNA corresponds to the

pbl transcnpt and to charactenze the function of the presumptive pbl gene product.

The 1A gDNA was predicted to encode a 853 amino acid protein with high

similarity to the mouse proto-onco gene ect2. LikeEct2,the predicted 1A protein

contained a Dbl homology domain, indicating that the Pbl protein may function as a

nucleotide exchange factor (GEF) for a member of the Rho family of proteins. Members

of the Rho family have previously been shown to be involved in the regulation of

cytokineòis. Whole mount in situhybridization analysis revealed that the 1A transcript

was localized in all proliferating tissues during embryogenesis, consistent with the

expression pattem expected for the pbl gene. The 1A transcript was also detected in

muscle and gut tissues, the cells of which are not proliferating, but are undergoing

changes in cell shape. This indicates that the 1A product may have an additional role in

processes involving cell shape change'

To confirm the identity of the 1A cDNA asthe pbl cDNA, rescue of the

embryonic lethality of the pbl EMs alleles was attempted by ubiquitous expression of the

lA oDNA, but was not successful. Overexpression of the 1A gene product in the

developing eye resulted in abnormal photoreceptor shape and number within the

ommatidia, while overexpression of the 1A oDNA in the developing wing resulted in

changes in wing size and shape. Although the precise reasons for these developmental

defects are not known, it once againsuggests that the presumptive Pbl protein has a

function in cell shape change in addition to its role in cytokinesis.

The 1A gDNA was found not to be contained within the genomic walk derived

from the p element insertion point in the line P587, although this region contained

sequences indicated to be importarfi for pbl expression. Enhancer trap staining using the

p5gT line detected an enhancer which drove expression in the basophilic cells, which are

implicated in the constriction of the midgut during development' Given the likely

additional role of pbl in mediating cell shape changes, an enhancet ditecting pbl

expression in the basophilic cells may be located in the region of the P587 insertion' In

this regard, the 1A transcript was found in some of the cells of the midgut constrictions'

Conf,rrmation of the lA gDNA asthe pbl transcript will enable the investigation

of the Pbl protein. It is expected that elucidation of the function of Pbl will greatly

enhance the understanding of the process of cytokinesis in l)rosophila melanogaster'
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CHAPTER 1: INTRODUCTION

1.1 The eukaryotic cell cYcle

The growth and development of a multicellula¡ organism is dependent on a

regulated cell division program which ensures the faithful replication of ifs genetic

material and the segregation of its cellular components. This division program must also

be coordinated with those processes undertaken in the development of the organism. The

basis of the cell division program is the cell cycle, the series of defined events which

culminate in the production of daughter cells. The eukaryotic cell cycle can be

considered as a series of phases; S (synthesis) phase in which DNA replication occurs, M

(mitosis) phase in which the chromosomes are separated, and two intervening (Gap)

phases, Gl, which is a period between mitosis and the onset of DNA replication, and G2,

which separates S and M phases. Cytokinesis, the division of the cell into two daughter

cells, which begins near the completion of mitosis, is the subject of this study.

Much is now understood about the mechanisms by which progression through the

cell cycle is controlled (for reviews see Sherr, 1996; King et a|.,1996). Essentially,

progression through the eukaryotic cell cycle requires the activity of cyclin dependent

kinases (Cdks) in association with cyclins, which are required for kinase activity and

substrate specificity. Cyclins are so called due to their periodic accumulation during the

cell cycle, which results from their active degradation and re-synthesis. In general terms,

in cultured mammalian cells, progression through G1 is regulated by complexes of Cdk4

and Cdk6 with D-type cyclins, while entry into S phase is under the regulation of Cdk2

in association with cyclin E. Progression through S phase is controlled by Cdk2

complexed with cyclin A, while entry into M phase is regulated by Cdkl in association

with cyclins A and B, the mitotic cyclins (King et a1.,1996). However, little is known

about the mechanisms controlling the timing of cytokinetic events, nor how these events

are coordinated with the other stages of mitosis. The analysis of the phenotypes of

different cell cycle mutants demonstrate that progtession into cytokinesis requires the

onset, but not the completion, of nuclear division (Nurse et al.,1976; Minet et al',1979)

and it may therefore be expected that factors regulating the transition into mitosis may
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also signal events that result in cytokinesis, although there is no evidence to date for this

proposal.

1.2 Cytokinesis

During mitosis in most cells, the separation of the chromosomes (termed

karyokinesis) is followed by the process of cytokinesis, in which the cytoplasm of a

mother cell is separated to give rise to the two daughter cells. In animal cells cytokinesis

is first visible in late anaphase when the cell cortex begins to constrict inwards at the

position of the mitotic spindle equator (Figure 1.1). The invaginating furrow, termed the

cleavage furrow, continues to constrict the cell during telophase and eventually the cell is

separated into two. While an increasing number of the structural components involved in

cytokinesis have been identified, very little is understood about the factors that regulate

the timing and mechanics of this process.

Factors that play a role in cytokinesis have generally been identified either on the

basis of their mutant phenotype disrupting the process and/or by their localization to the

cleavage furrow. Despite differences in the timing and morphology of cell division, it

has become apparent that an increasing number of the key components involved in

cytokinesis have been conserved between different organisms. Thus, while this study

addresses cytokinesis in Drosophila melanogaster, much of what is understood about

this process has been gained from studies in a variety of organisms including the budding

yeast, Saccharomyces cerevisiae, the fission yeast, Schizosaccharomyces pombe and a

number of higher eukaryotes (e.g' Xenoprrs' mouse and human).

1.2.1 The contractile ring and the role of actin and myosin in cytokinesis

The precise mechanism by which the process of cytokinesis is achieved is not

understood. The favoured model of cytokinesis is based on the formation of a transient

structure, the contractile ring, which forms at the cell cortex in the plane between the two

daughter nuclei. The contractile ring is proposed to contain a bipolar aray of actin

filaments with their barbed (fast growing) ends attached to the plasma membrane at sites

around the equator of the dividing cell (Figure 1.2). It is envisaged that ATP hydrolysis

by non muscle myosin (referred to as myosin II), a barbed end directed motor, leads to

constriction of the actin bundles via a slide-filament mechanism, similar to that which



Figure 1.1 An outline of the process of cytokinesis Ín animal cells.

(from Glotzer, 1997).

Late in anaphase the cleavage furrow is seen to form in the plasma membrane at a point

midway between the two daughter nuclei. The furrow continues to invaginate until the

mother cell is divided into two daughter cells.
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Figure 1.2 The structure of the contractile ring'

(from Satterwhite and Pollard, 1992)

The contractile ring is proposed to comprise a ring of actin filaments attached to the

plasma membrane at particular points. Myosin II filaments interdigitate the actin

filaments and provide the energy for the contraction of the ring'
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drives muscle contraction (Schroeder, 1990). Contraction of the ring would apply

tension to the attached plasnla membrane, mediating its constriction, thereby generating

the cleavage frurow which divides the cell into two'

Consistent with the contractile ring model of cytokinesis, electron microscopy

and fluorescent antibody staining have shown that the cleavage furrows of animal cells

are rich in non muscle isoforms of both actin and myosin (Fujiwara and Pollard, 1976;

Mabuchi et a1.,1988; Sanger et a1.,1989). Electron microscopic (EM) studies of animal

cells have shown that filamentous actin is arranged in a circumferential ring at the

equator of the cell in late anaphase, immediately prior to the formation of the cleavage

furrow (Sanger et a1.,1989). In a comparison of the contractile ring formed in a range of

cell types Schroeder (1990) describes a 'typical' contractile ring to be extremely thin,

estimated to be 0.1-0 .2 pmthick, and to be typically present for only approximately 10

minutes. In accordance with its proposed role in mediating contraction, EM studies

indicate that myosin is arranged into minifilaments which interdigitate the actin filaments

in the contractile ring (Schro ed,et 1973; Sanger and Sanger, 1980). Consistent with their

role in the formation and action of the contractile ring, actin and myosin form a

coincident ring which has been shown to decrease in size during cytokinesis (Alfa and

Hyams, 1990). The finding that ATP, which is hydrolyzed by myosin to generate the

energy for the movement of actin filaments, is required for cytokinesis also supports the

contractile ring model (Cande et a|.,1981).

The essential role of actin in cytokinesis has been demonstrated by the

observation that upon treatment with c¡ochalasin, which depolymerizes F-actin, the

contractile ring is destroyed, resulting in reversion of furrow formation (Schroeder'

1990). Evidence that the actin filaments in the cleavage furrow are dynamic comes from

the finding that cytokinesis is inhibited by the actin filament stabilizer phalloidin

(Hamaguchi and Mabuchi, 1982).

The role of myosin II in contractile ring firnction has been demonstrated by the

microinjection of anti-myosin antibodies into the blastomeres of developing starfish

embryos (Mabuchi and Okuno ,1977;Kiehart et a\.,1982). This results in the inhibition

of cleavage. Myosin II, hereafter referred to as myosin, is a hexamer composed of two

identical heavy chains (MHCs), two essential light chains (EMLCs) and two regulatory
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light chains (RMLCs). The use of antisense RNA to eliminate MHC (Knecht and

Loomis, 1987) and mutation of the MHC gene in the slime mold Dictyostelium (De

Lozarneand spudich, 1987) also result in the failure of cytokinesis. FurtheÍnore'

disruption of the gene spaghettii-squash (sqh),which encodes the RMLC in Drosophila,

has been shown by Karess et at. (1991) to cause a failure of cytokinesis in proliferating

cells of imaginal tissue. Although the mechanisms by which myosin and actin are

localized to the contractile ring are not known, the addition of anti-myosin antibodies

was found not to detectably disrupt the formation of the F-actin ring, suggesting that

myosin is localized to the contractile ring independently of actin (Zttrek et a|.,1990)'

In the latter stages of cytokinesis the furrowing of the plasma membrane does not

go to completion. This results in the two emerging daughter cells remaining attached by

a connection approximately 0.5 ¡rm in diameter. This connection, known as a transient

intercellular bridge or midbody (Mullins and Biesele,1977; Sanger et a1.,1985), may

persist for hours and in some speci alized cases is stabilized to form a peÍnanent structure

(Robinson and CooleY, 1996)'

Little is known about how the final stages of cytokinesis are achieved in animal

cells. The contractile ring of actin filaments is not visible following the completion of

furrowing, suggesting that it does not function in the final division of the two daughter

cells (Schroeder, lg72). It has been suggested that the completion of cytokinesis in

animal cells may involve the microtubule rich midbody which persists between the

emerging daughter cells.

1..2.2 Members of the Septin family play a role in cytokinesis

A family of proteins known as septins play an essential, but as yet undefined, role

in cytokinesis. septins have been identified in a wide range of organisms including yeast

(Di Domen ico et al., 1994), Xenopus (Field et al., 1996), Drosophila (Neufeld and

Rubin, 1994;Fares et a1.,1995), mouse (Nottenbur g et a1.,1990; Kato et al',7991) and

humans (Nakatsuru et al.,lgg4),suggesting that they may be widely employed in cell

division. The colocal izationof septins with actin and myosin in the cleavage furrows of

animal and s. pombecells suggests they may be involved in the formation or activity of

the contractile ring (Longtine et al.,1996)' The persistence of the septins in the
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intercellular bridges that remain between daughter cells suggests that they may also be

involved in maintenance of the midbody and perhaps the final stages of cytokinesis

(Longtine et al., 1996).

s. cerevisiae undergoes cell division by a process known as budding, in which the

site of bud formation is equivalent to the site of cytokinesis. During budding the future

mother and daughter cells are never joined by a connection larger than 0.5 FIm across'

Thus, furrow formation does not appear to be required during budding in s. cerevisiae

and this probably explains why no structure resembling a contractile ring has been

observed in this yeast (Byers and Goetsch, 1976; Mulholland et a1.,1994)' Mutation in

any one ofthe S. cerevisiae septin encoding genes (cdc3, cdcl0, cdcl I and cdcl2)leads

to the absence of cytokinesis and the accumulation of large, multinucleate and multiply

budded cells (Hartwell, 1971). Indirect immunofluorescence has demonstrated that in 
'S'

cerevisiaethe septins localízeto the mother-bud neck which, by electron microscopy, has

been shown to contain a cytoskeletal structure resembling a ring made up of filaments

approximately 10 nm in diameter. The septins are thought to be the constituents of the,S'

cerevisiaemother-bud neck ring structure, as the 10 nm filaments are lacking in cells

mutant in any of the four septin genes (Byers and Goetsch,I976)'

S. cerevisiae septin mutants have abnormally elongated buds, which is attributed

to hyperpo laizationof the actin cytoskeleton (Adams and Pringle, 1984)' Both actin and

myosin are also localized to the mother-bud neck of S' cerevisiae and are required for

completion of cell cleavage (Novick et a1.,1985; Conti et al',1991). It has been

proposed that the failure of cytokinesis in 
^S. 

cerevisiae septin mutants is also due to a

defect in actirvmyosin organízatíon. However, any interaction between the septins and

the organization of the actin cytoskeleton in budding yeast or in other organisms remains

to be charactenzed.

Three Drosophila septins, Peanut, sepl and Sep2 have been isolated' The

requirement of the Drosophilaseptin Peanut for cytokinesis is demonstrated by the fact

that mutations in the peanut @nut) gene result in the formation of large, multinucleate

cells due to a failure in cytokinesis (Neufeld and Rubin, 1994)' Peanut and Sepl have

been shown to colocalize in the cleavage furrow during anaphase and at the leading edge

of the constricting furrow. Both Sepl and Peanut persist in the intercellular bridges that
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are present before the completion of division (Neufeld and Rubin, 1994; Fa¡es et al',

1995). Similarly, the S. pombe septin Spnl localizes to the future septation site during

anaphase and persists after the apparent completion of furrowing until cell separation is

complete (Longtine et a1.,1996). The mouse septins Diff6 and Nedd5 have also been

localized to the cleavage furrows and midbodies of dividing mammalian iells (Longtine

et al.,1996;Kinoshita et a1.,1997). The role of Nedd5 in cytokinesis has been

demonsttated by the fact that injection of o-Nedd5 antibodies disrupts cytokinesis in

HeLa cells (Kinoshita et a1.,1997).

Assembly of the septins in the bud neck ring structure in S. cerevisiae appears to

be interdependent, since mutation in any of the septin genes results in the loss of

localization of all four gene products (Longtine et a1.,1996). Similarly, in Drosophila

Sepl fails to accumulate normally in the developing nervous system (the only tissue

examined to date) of pnut mutant embryos (Fares et a1.,1995). Pnut and Sepl have also

been found to co-localize inall situations examined to date and are able to be co-

immunoprecipitated and co-sedimented (Fares et aL,l995). The data therefore suggest

that the septins are associated in a complex and, in support of this, Fíeld et al. (1996)

have used an immuno-afninity approach to puriff a Drosophila septin complex

containing Peanut, Sepl and Sep2. It is unclear whether during cytokinesis in

Drosophilathe septins form a 10 nm filament ring between the dividing cells, similar to

that seen at the mother-bud neck of S. cerevisiae'

The factors regulating the recruitment of the septins to the site of cytokinesis and

how this recruitment is coordinated with the cell cycle is not understood. The three

Drosophila septins have been purified and their ability to bind and hydrolyse GTP, as

well as their ability to heteropolymenze to form a7 t:frrl structure in vitro, have been

demonstrated (Field et al.,1996). GTP hydrolysis has also been implicated to be'

required for the mouse septin Nedd5 to assemble into fibrous structures (Kinoshita et al',

1997)and is known to regulate the assembly of other protein polymers eg' tubulin and

FtsZ (reviewed in Erickson, 1gg7). GTP hydrolysis may therefore regulate the

association of septins with each other and/or with other proteins. Electron microscopy

and immuno-fluorescence studies in a variety of organisms including S' cerevisiae, S'

pombe and, Drosophila, suggest that the septin-containing structures are closely
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associated with the plasma membrane (Byers and Goetsch,I976;Neufeld and Rubin,

1994;Fares et a1.,1995). However, septins do not contain any recognizable motif

acco'nting for membrane association and therefore membrane association is expected to

be mediated by another protein. Other proteins may also be expected to promote

nucleotide exchange and possibly regulate hydrolysis activity and thus regulate the

location and function of the septins in viyo. The identification of factors both upstream

and dowistream of septin function will be of great importance in determining their role

in cytokinesis.

1.2.3 Proteins regulating actin assembly

Successful cytokinesis relies on the function of the actin-myosin contractile ring

and is therefore dependent on the factors which act to organize the assembly of actin and

its associated components into this structure. Cellular actin exists in a

monomeric/globular (G-actin) or polymeric/filamentous (F-actin) form and the formation

of F-actin structures involves both actin polymerization and crosslinking (Sohn et al.,

1994). Cofilin, profilin and coronin are actin binding proteins thought to regulate

cytokinesis through their ability to modulate the polymerization of actin. However, the

precise function of each of these proteins in cytokinesis is not yet understood. Profilin

can actto either depolymerize or polyrnenze actindepending on conditions (Manseau e/

a1.,1996). S. pombe and Dictyostelium cells lacking profilin fail to undergo cytokinesis,

suggesting that profilin plays an essential role in this process (Balasubramanian et al',

I994;Haugwitz et al.,I9g4). Additionally, mutations in the Drosophila profilin gene

chickadeeresult in defects consistent with an effect on cytokinesis during both oogenesis

and spermatogenesis (Verheyen and cooley,l9g4). Tetrahymena profilin localizes to

the cytokinetic cleavage furrow (Edamatsu et al',1992)'

Cofilin is an actin severing/depolymerizing factor which is found to concentrate

in the cleavage fuirow of dividing mammalian cells and is required for budding in s'

cerevisiae (Moon et a1.,I993;Nagaoka et a1.,1995). Mutations in the Drosophila

cofilin-encoding gene twinstar result in morphologically abnormal contractile rings that

reportedly fail to disassemble during cleavage, thus causing failure of cytokinesis

(Gunsalus et a1.,1995). coronin is an actin binding protein that has been found to be
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required for formation of the cleavage furrow inDictyostelium (de Hostos et al',1993).

In attempting to determine the role of coronin in Dictyostelium cytol<tnesis, it has been

shown not to be essential for actin assembly or localization of actin filaments in the

cleavage furrow (de Hostos et a1.,1993).

The Drosophila proteinDiaphanous, and Diaphanous-related proteins found in

other organisms, are implicated in the process of cytokinesis (Castrillon and Wasserman,

I9g4). The role of Diaphanous and related proteins in cytokinesis has not yet been

determined, but recent evidence suggests that these proteins may function in the

organization of the actin cytoskeleton through the actin modulating protein profilin'

proteins having sequence similarity to Diaphanous, and which are also implicated as

having a role in cytokinesis, include s. cerevisiae Bnil (Zahner et al-,1996) and s.

pombe CdcI2 (Chang et a1.,1996). A mammalian homologue of Diaphanous,

p14gmDia, has been identified which concentrates as a ring-like structure in the cleavage

furrow of mitotic cells (Watan abe et at.,1997). In a significant finding, pl40mDia and

Bnil have been shown to bind profilin (v/atanabe et al.,1997; Imamura et al.,1997)'

This has led to the suggestion that the role of Diaphanous related proteins in cytokinesis

may be carried out through the regulation of the actin modulating protein profilin'

Another actin binding protein implicated in having a role in cytokinesis is the

Drosophilaprotein anillin. This protein colocalizes with myosin in the cleavage fuirows

of dividing cells and persists at the region of membrane furrowing after contraction has

finished and myosin II has been released from the cortex. In vitro data indicate that

anillin can bundle actin filaments (Field and Alberts,1995). From these observations,

anillin has been proposed to play a role in stabilizing the membrane invagination, by

bundling cortical actin, after myosin Il-mediated force production ceases. The actin-

binding protein tropomyosin has also been implicated in cytokinesis' Mutations in the 's'

pombetropomyosin-encoding gene cdcS resultin the failure of cytokinesis due to the

formation of a defective actin ring' This indicates a role for tropomyosin in the

organization of the contractile ring and, consistent with this proposal, tropomyosin

localizes to the contractile ring (Balasubramanian et al.,1992). Finally, actin

crosslinking proteins, such as cr-actinin and filamin (Sanger et aI',Lg87),localize to
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cleavage furrows, suggesting that they may play a role in cytokinesis, although, the roles

of these proteins are yet to be determined.

The identification of novel (unconventional) myosins has raised the possibility

that they function in the process of cytokinesis. The Drosophila unconventional myosin

known as 95F myosin has been shown to be required for both vesicle transport and

metaphase funow formation (Mermall et al.,1994;Mermall and Miller, 1995). It has

been proposed that such transport may be important for the localization of components to

the invaginating furrows (Mermall and Miller, 1995)'

1.2.4 Attachment of the actin cytoskeleton to the plasma membrane: the ERMS

An understanding of cytokinesis also requires the identification of proteins that

mediate interactions between the components of the plasma membrane and the

cytokinetic machinery. Electron microscopy of intact mammalian cells and isolated

cytokinetic furrows has revealed that the actin filaments of the contractile ring of

mammalian cells are attached to the plasma membrane at many well separated electron

dense sites (Maupin and Pollard, 1986; Mabuchi et a\.,1988). Three closely related

proteins ezin,radixin and moesin (the ERMs) are enriched in the cytokinetic furrow of

mammalian cells and are concentrated at the cytoplasmic surface of the plasma

membrane (Sato e/ al.,l99l). This has led to speculation that the granular material to

which the actin filaments are attached at the plasma membrane corresponds to the ERM

proteins.

Several lines of evidence have strengthened the proposed role of ERMs in

attaching the plasma membrane to the cytoskeleton. Studies by Martin et al. (1995) and

Henry et al. (1995) suggest that the ERM proteins associate with actin filaments and

plasma membranes using their carboxy and amino terminal halves respectively'

Overexpression of the carboxy half of radixin in cultured fibroblasts disrupts the actin

cytoskeleton and results in the formation of multinucleate cells (Henry et a1.,1995)'

Similarly, overexpression of the carboxy half of a Drosophila moesin homologue in 
'S'

pombeproduces irregularly shaped cells which also fail to undergo cytokinesis and are

multinucleate (Edwar ds et al.,lgg4). Such an effect is consistent with the proposal that
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the carboxy terminal half of the ERM protein is involved in organization of the actin

cytoskeleton at the site of cleavage'

1.2.5 Reorganization of the actin cytoskeleton is critical for cytokinesis

Using microinjection of labelled actin, Cao and V/ang (1990) have shown that

pre-existing actin filaments are used preferentially for the formation of the contractile

ring. Following anaphase onset, cortical actin filaments are seen to realign along the

spindle axis in subequatorial regions and in the equatorial contractile ring' Electron

microscopic studies of cleavage furrows isolated from newt eggs have also shown that

the actin bundles at the cleavage furrow are otgar:¡ized from pre-existing cortical actin

filaments (Mabuchi et a1.,198S). This raises the question of what mechanisms mediate

the reorganizationof the cytoskeleton during the cell cycle, such that the actin filaments

are recruited to the cleavage furrow in time for cytokinesis to occur'

There is some evidence that spindle microtubules contribute to the movement of

cortical components into the cleavage furrow of dividing tissue culture cells. Treatment

of the cells shortly after anaphase onset with nocodazole, an agent known to

depolymerize microtubules (De Brabander et aI., I976), revealed a failure of actin

filaments to align along the spindle axis (Fishkind et al',1996)' Furthermore' treatment

with taxol, which stabilizes microtubul es in vitro (Schiff er al., 1979; 
'Wilson et al.,

-19g5) caused severe disruption to the reorganization of actin filaments to the contractile

ring (Fishkind and Wang, 1996). The role of microtubules in cytokinesis in Drosophila

and other organisms is still being clarified'

1.3 Temporal regulation of cytokinesis

Very little is understood about the factors that regulate the recruitment and

organization of the contractile machinery, how the contractile ring is maintained and

what triggers its contraction during cytokinesis. The coordination of cytokinesis with

other stages of the cell cycle is also poorly understood. It is clear that ín s' pombe and

higher eukaryotes, the initiation of cytokinesis is dependent on the prior initiation of

mitosis, though not on its successful completion. No cytokinesis or septum formation is

seen in s. pombe cdc2 ot cdc25 mutants, which do not initiate mitosis (Nurse et al''
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1976; Minet et al.,lg1g). S. pombe cdc2 mutant cells arested in G2 phase have been

shown to maintain interphase distribution of actin at the cell ends and do not form an

actin ring (Snell and Nurse, 1994)'

1.3.1 The role of PhosPhorylation

Satterwhite et al. (1992) demonstrated that in lysates of Xenopus eggs the cell

cycle dependent p34cdc2kinase was able to phosphorylate the negative regulatory sites

of the myosin regulatory light chain. This suggested a link between the regulation of

myosin activity and the timing of the cell cycle. From these studies it has been

postulated that myosin filament assembly and activity might be suppressed during

metaphase, when p34cdc2 activity is high, and then reactivated upon the onset of

anaphase with the decrease inp34cdc2 activities. This idea has been supported by

yamakita et al. (1994) who showed that the extent and sites of MRLC phosphorylation

undergo a dramatic change during mitosis in dividing tissue culture cells. The sites of

phosphorylation \ilere seen to change from the negative regulatory sites early in cell

division to a known stimulatory site later in cytokinesis, suggesting RMLC

phosphorylation might regulate cytokinesis. However, Karess et al' (1993) have

demonstrated that alanine (not able to be phosphorylated) replacements of the putative

p3¡cdc2phosphorylation sites of the Drosophila RMLC had no detectable effect on

cytokinesis. In addition, the phenotype of Dictyostelium RMLC null cells is rescued by

expression of mutant regulatory light chain constructs carrying an alanine at the p34cdc2

target phopshorylation site (Ostrow et al',1994)' These results indicate that

phosphorylation at the p34cdc2target sites of the MRLC is not essential for myosin-

dependent functions in cytokinesis.

The potential importance of the regulation of the activity of the myosin heavy

chain (MHC) during cell cleavage has also been addressed. Larochelle and Epel (1993)

have shown that MHC phosphorylation decreases during the first cleavage of sea urchin

embryos and that a significant amount of dephosphorylated MHC is present in isolated

cleavage furrows. Egelhoff et al. (1993) mutated the three threonine residues at

phosphorylation sites in the carboxy terminal 'assembly region' of Dictyostelium MHC

to either alanine residues or to aspartic acid residues (which mimic phosphorylated
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threonine). In transfected cells the alanine mutants were capable of cell division, even in

the presence of an over abundance of assembled myosin, whereas the negatively charged

aspartic acid mutants failed to divide. These studies suggest that the dephosphorylation

of MHCs may play an important role in the assembly of myosin filaments in the cleavage

fuirow.

A number of other studies have also implicated the phosphorylation of key

proteins in the regulation of contractile ring formation. After the onset of mitosis, the 
'S'

pombeprotein Cdcl5 colocalizes with the contractile ring, and cells lacking this protein

are unable to form a normal actin ring (Frankhaus er et a1.,1995)' Cdcl5 is a

phosphoprotein and formation of the contractile ring correlates with the appearance of

hypophoshorylated cdc15, suggesting a role for dephosphorylated cdcl5 in the initiation

of cytokinesis in.S. pombe (Frankhauser et a1.,1995). Proteins similar to Cdcl5 are

found in S. cerevisiae,tapeworm and mouse but the roles of these proteins are yet to be

determined. Additionally, alterations in the s. pombe protein kinase cdcT prevent

formation of the division septum and thus cytokinesis (Frankhauser and Simanis, 1994)'

Overexpression of the Plo1 protein can induce septation inG2 and Gl arrested S'

pombecells, and thus can overcome the prior requirement of the initiation of mitosis for

septum formation (ohkura et a1.,1995) This has led to speculation that Plol may be the

rate limiting factor of septum formation in s. pombe. Plo1 has homology with

DrosophilaPolo, Cdc5 in s. cerevisiae andthe mammalian family of polo-like kinases

(reviewed by Lane and Nigg, lgg7). Mutations in these genes have mitotic defects

which are still being charactenzed and it remains to be determined whether these genes

are specifically involved in cytokinesis. However, Plol has been shown to be required

for formation of the actin ring and the deposition of septal material tn s' pombe (ohkura

et aL,1995).

1.3.2 Other potential signals involved in the temporal regulation of cytokinesis

The Drosophila actinbinding protein anillin is found to be nuclear localized

during interphase and associated with the cell.cortex during mitosis (Field and Alberts'

1995) This cyclic localization of anillin between the nucleus and the cytoskeleton has

led to the suggestion that anillin may serve as a link between the mitotically active
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nucleus and the actin cortex which must mediate cytokinesis in concert with mitosis

(Field and Alberts, 1995). To date anillin has not been identified in any other organism.

Reports of high free calcium (ca*) within the advancing cleavage furrows of

medakafish eggs (Fluck et a\.,1991) and Xenopus eggs (Milter et al',1993) is

suggestive of a role of ca** in cytokinesis. Experiments by Miller et al. (tr'993) using

injection of calcium buffer into Xenopas eggs once the cleavage furrow had formed'

showed that the injection stopped the cleavage furrow from progressing and caused it to

regress. Injection ofthe buffer before cleavage had begun delayed cleavage for hours'

suggesting that ca** may be required for the initiation and lengthening of the cleavage

furrows. Genetic evidence implicating a role of Ca* in cytokinesis includes the

observation that mutation in two putative Ca* binding sites in the S- cerevisiae Cdc24

protein, which is required for cytokinesis, leads to cells that are sensitive to high ca**

levels (Miyamoto et a1.,1991).

1.4 Spatial regulation of cytokinesis

There is evidence that the mitotic apparatus not only determines the timing of the

formation of the cytokinetic furrow, but also the position of the furrow. Removal of the

mitotic spindle apparatus by physical means (Hiramoto, 1956) or with microtubule

destabilizing drugs (Mullins and Snyder, 1981) prevents cytokinesis, but only if done

prior to a point of commitment in anaphase. However, once furrowing is established, the

spindle can be destroyed without inhibiting cleavage (Mullins and Synder, 1981),

indicating that the integrity of the spindle is only required transiently for the induction of

cytokinesis. Both the spindle pole and the spindle midzone have been implicated as

being necessary for speciffing the timing and position of the cleavage furrow' In a

classic experiment, Rappaport (1961) used micromanipulation to show that cleavage in

embryos of the echinoderm sand dollar was able to occur between appropriately

positioned asters which were not connected by a spindle or chromosomes' similarly,

Hiramoto (lg7l)used micromanipulation to remove different parts of the mitotic spindle

fiom sea urchin eggs and showed that the asters were the most critical component

required for formation of the cleavage furrow'
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1.4.1 The midbody

Electron microscopy of many cell types has shown that dwing late anaphase and

telophase the antiparallel interdigitating microtubules of the spindle midzone are

surrounded by an amorphous electron dense matrix material known as "the midbody"

(Mclntosh and Landis ,l97l). Evidence that the spindle midzone specifies the site of

cleavage comes from the finding that upon rotation or translocation of the spindle in

metaphase or early anaphase, the plane of division is co-incident with the midzone of the

repositioned spindle (Rappaport, 1986). Furthermore, when the position of the cleavage

furrow is altered inXenopus oocytes in response to injection of calcium buffer, the

position of the cleavage furrow is found to be determined by the position of the spindle

midzone rather than the spindle poles (Miller et a1.,1993). In accordance with these

observations, Wheatley and Wang (1996) have shown that cleavage activity is correlated

with the distribution of midzone microtubule bundles'

Most of the known midbody components associate with chromosomes,

particularly at the centromere kinetochore, early in mitosis and then dissociate from

chromosomes in anaphase and accumulate at the spindle midzone prior to the onset of

cytokinesis (Eamshaw and Mackay,1994). These proteins, known as chromosomal

passengers, include the kinesin like motor proteins Mklpl (Nislow et al',7992) and

Cenp-E (Yen et al.,1992). It has been suggested that these proteins are carried by the

chromosomes to the spindle midzone as part of a signaling mechanism to determine the

site of cleavage.

The Drosophilakinesin-like protein Klp3A is required for the establishment of a

stable central spindle and is localized during late anaphase and telophase to the midbody

(williams et a\.,1995). Mutations inktp3Aresult in a lack of a spindle midbody and

failure of the formation of a cleavage furrow and thus cytokinesis in male meiosis' This

finding therefore supports a role of the spindle midzone or midbody in cleavage furrow

formation in cytokinesis. However, while Klp3A is nuclear localized during meiotic

prophase, it does not associate with the chromosomes prior to their alignment at the

spindle midzone and is therefore not expected to act as a chromosome-carried signal'
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1.4.2 Thc telophase disc

A structure known as the telophase disc has been proposed to contribute to the

formation of the midbody and act in signaling the plane of cleavage to the cell cortex.

The telophase disc was identified by the staining pattern of a chromosomal passenger

molecule, Human antigen TD-60 (Andreassen et a1.,1991). This antigenis mitosis

specific and associates with the chromosomes early in mitosis. In anaphase the

distribution of TD-60 spans the entire equator of the cell, extending to the cell cortex in a

position which corresponds to the future cleavage site. A similar distribution has been

characterized for an antigen in the nematode Parascaris using a Drosophilø monoclonal

antibody (Bx63) generated against centrosomal proteins (Jimenez and Goday, 1993).

This suggests that a structure resembling the telophase disc may be found in a variety of

organisms.

The telophase disc is thought to represent an organelle, since its integrity, as

visualized by TD-60 staining, is not disturbed by the disassembly of midzone

microtubules or cell lysis (Andreassen et a1.,1991). In support of having a role in

cytokinesis, the presence of the telophase disc has been shown to correlate with the

ability to initiate cleavage in HeLa cells (Martineau et a1.,1995). Remnants of the

telophase disc and spindle microtubule remnants are thought to constitute the midbody

that links the two daughter cells together after furrowing is complete'

A model has thus emerged in which alignment of the chromosomes at the cell

equator at metaphase transports the chromosomal passenger proteins to the spindle

midzone. During anaphase the proteins dissociate from the chromosomes, facilitating the

formation of the telophase disc which in some way signals the cleavage site to the cell

cortex. However, in disagreement with this model it has been shown in grasshopper

spermatocytes that cytokinesis, including the correct positioning of the cleavage furrow'

is able to occur after the removal of ch¡omosomes at the time of formation of the mitotic

spindle (zbangand Nicklas, 1996). This suggests that the signals leading to cytokinesis

and determination of the cleavage plane in these cells do not reside in the chromosomes'

This conflicting observation could be explained by the possibilify that these cells employ

a different signaling system or that the components of the telophase disc can be localized

to the celi equator by alternative mechanisms'
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1.5 The role of Ras family G proteins in cytokinesis

It has become evident that guanosine triphosphate (GTP) binding proteins, known

as G proteins, function in an extremely wide variety of cellular processes including

cytokinesis (reviewed by Ridley, 1995; Tapon and Hall, 1997). G proteins cycle

between a guanosine diphosphate (GDP)-bound inactive and a GTP-bound active state.

The activity of G proteins is regulated by guanine nucleotide exchange factors (GEFs),

which promote the GTP bound state, and GTPase activating proteins (GAPs), which

promote the intrinsic GTP hydrolysis (GTPase) activity of G proteins, and thus yield the

GDp bound inactive form. Members of the ras superfamily of G protein genes were

identified as sites of somatic mutations in human cancers, suggesting a role for these

genes in cell proliferation. The ras superfamily comprises more than fifty closely related

proteins (having 30-55%amino acid identity) which fall into six subgroups: Ras, Rho,

Rab, Ran, Rad and Arf. The activity of the Rho and Rab families of G proteins are

regulated by an additional class of proteins termed guanine nucleotide dissociation

inhibitors (GDIs), which associate with G proteins to maintain the existing active GTP

bound state.

The role of G proteins in cell division was first characterized by the unveiling of

the roie of a complex network of Ras family G proteins, in particular the Rho subfamily

members and their regulators, in budding in S. cerevisiae (reviewed by Chant and

Stowers, 1995). The Rho protein Cdc42 is involved in actin polanzation, selection of the

bud site, bud growth and septin ring formation (Johnson and Pringle, 1990). Consistent

with its role in bud formatíon, Cdc42 is localized to the plasma membrane at the site of

bud emergence and on the growing bud (Ziman et a1.,1993). Cdc24 has been

demonstrated to act as a GEF for Cdc42 (Zheng et al,I994a). S. cerevisiøe Rho1, and its

probable non essential homologue Rho2 (Ozaki et aL,1996), have been implicated in

organization of the actin cytoskeleton, bud formation and cell wall synthesis (Yamochi e/

al., 1994). Double mutants in S. cerevisiaeRho3 and Rho4 die as enlarged cells with

small buds and have a random actin distribution, indicating that these proteins are

required for bud growth and for maintaining polarized cell growth following bud

emergence (Matsui et al',1992;Imai et al.,1996)'
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The involvement of Rho family proteins in the process of cytokinesis has also

been observed in a number of other organisms. The inhibition of Rho activity via ADP

ribosylation by C. botulinum C3 transferase results in the lack of formation and

maintenance of the actin-myosin contractile ring in both sand dollar (Mabuchi et al.,

1993) andXenopr.rs oocytes (Kishi et a1.,1993). InDictyostelium, RacE (aRho family

member) has been shown to be required for cytokinesis (Larochelle et al-,1996). The

involvement of human RhoA andCdc42 in cytokinesis is suggested by the finding that

injection of constitutively active or negative mutant forms of these proteins blocks

cytokinesis ínXenopus embryos (Drechsel et a1.,1996)' Additionally, expression of

constitutively active human Cdc42in Hela-derived cells leads to the appearance of

enlarged multinucleate cells in which F-actin and myosin distribution are disrupted

(Dutarte et al.,1996). Similar multinucleate phenotypes have also been described upon

transformation by the human oncogenes Vav, Dbl and Tiam-l (Katzav et a1.,1989; Ron

et a1.,1991; Habets et al.,lgg4). The multinucleate phenotype of Dbl transformants has

been shown by time lapse cinematography to be due to several rounds of nuclear division

in the absence of cytokinesis (Ron et a1.,1991). Dbl, Vav and Tiam-1 each act as a GEF

for human Cdcy¿,thus suggesting that activation of Cdc42 interferes with cytokinesis'

The involvement of human Cdc42 in cytokinesis may be correlated with the role of ,S.

cerevisiae Cdcl}in budding (Adams et a1.,1990). However, in each case the role

played by Cdc42 is not understood.

1.6 Effectors of the Rho family proteins and potential links to cytokinesis

The identification and characterization of molecules which interact with Rho

family members has provided candidates for downstream effectors of Rho proteins'

Given the effects of altered Rho expression on the actin cytoskeleton, some mediators of

Rho dependent signaling are expected to regulate cytoskeletal organization'

Accumulating evidence suggests that RhoA may inhibit myosin phosphatase' through the

action of Rho kinase, leading to an increase in phosphorylated MLC ,which in tum

promotes the interaction between myosin and actin (Matsui et al',1996; Kimura et al''

1996). A potential link has also emerged between the activities of RhoA and profilin,

which have each been separately implicated as regulators of the cytoskeleton and
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cytokinesis. V/atanab e et al. (1997) have shown that the mammalian homologue of the

Drosophila gene Diaphanous, which is required for cytokinesis, binds both to active

RhoA and to profilin. Consistent with this finding, S. cerevisiae Bnil and Bnrl, which

are also Diaphanous related proteins involved in cytokinesis, have also been shown to

bind to both Rho family members and to profilin (Kohno et al.,1996; Imamura et al.,

lggT). Further investigation is required to reveal the relationship between Rho family

members with Diaphanous related proteins and profilin, and how these interactions are

involved in the process of cytokinesis.

potential candidates for downstream regulators of Rho proteins include factors

involved in phosphoinositide (PI) metabolism such as the PI3 and PI5 kinases' Both

GTp-bound (active) Rac and Cdc4}bind to the regulatory subunit of PI3 kinase (Zheng

et al.,lgg4b). The GTP bound form of RhoA has also been reported to stimulate PI3

kinase inplatelets (Zhanget a1.,1993). Rho (Chonget a1.,1994) andRac (Hareviget

a1.,I995)were shown to stimulate the synthesis of phosphatidylinositol 4,5-biphosphate

(4,5-plp2) and stimulated PI4,5 kinase activity, the enzyme responsible fot 4,5-PIP2

production (Chong et a\.,1994). 4,5-PW2 has also been implicated as a regulator of the

cytoskeleton based on its ability to influence actin severing, capping and bundling

proteins, including gelsolin and profilin, in vitro (Janmey, 1994)'

A number of studies have revealed an association between Rho and the

membrane attachments proteins, the ERMs (Section 1.2.4). Takaishi et al. (1995) have

shown that in transfected animal MDCK cells, myc-tagged RhoA localizes with the ERM

proteins. The association between Rho proteins and the ERMs requires further

investigation to elucidate its biological significance. Interestingly, the interaction of

ERMs with the cell surface molecule CD44 is greatly enhanced by phosphoinositides,

especially 4,5-PIP2 (Hirao et a1.,1996)' This may be indicative of a role of

phosphoinositides in regulating membrane attachment of the ERM proteins'

The identification of putative downstream targets of Cdc42 in S' cerevisiaehas

given some insight into how this Rho family protein may regulate septin ring formation

in this organism The functionally redundant protein kinases Cla4 and Ste20 have each

been demonstrated to bind CilI Z-GTP both in vitro and in vivo, suggesting that Cdc42

may act through these two protein kinases (Cvrckova et al',1995;Peter et al'' 1996)'
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cla4 and ste20 appearto play a role in cytokinesis, since s' cerevisiae ste20 and cla4

double mutant cells fail to undergo this process (Cwckov a et al ', I 995)' The role of Cla4

and Ste20 in cytokinesis is still being characteized, but a clue comes from the finding

that in cla4, ste20 double mutant cells, the septin cdcl1 (the only septin examined to

date) appears to assemble normally at the presumptive bud site but then shows aberrant

localization. Thedisruptionof CdcII localizationinthe cla4,ste20 doublemutantcells

coincides with elongated cell shape and lethality due to a failure to complete cytokinesis

(Cvrckova et a\.,1995). Thus, Cdc42may regulate septin assembly through the protein

kinases Ste20 and C1a4'

Rho family members have been found to be capable of activating a number of

different signaling cascades. Racl and Cdc42 in their GTP-bound (active) states can

bind and activate members of the p21 associated kinase (PAK) family of serine/threonine

kinases and,Cdc42has been shown to activate the pheromone signaling mitogen

activated protein (MAP) kinase cascade. Constitutively activated human RacllRac2 and

human cdc42 are efficient and specific activators of the Jun amino terminal kinase (JNK)

cascade, leading to increased c-Jun transcriptional activity. However, the biological

significance of the involvement of Rho proteins within these signaling pathways is not

yet understood.

1.7 Development of the Drosophila embryo

cytokinesis is developmentally regulated during Dros ophil a embryogenesis'

Processes regarded as modified cytokineses also function in the development of the

Drosophilaembryo. The cell division cycles which occur during Drosophila

embryogenesis are discussed briefly below, followed by a summary of the role of the

modified cytokinetic events in embryogenesis'

Following fertilization , the Drosophila embryo undergoes thirteen rapid' near

synchronous, nuclear divisions in the absence of cytokinesis and thus occur in a

syncytium (ie. in a coÍlmon cytoplasm). These syncytial nuclear cycles altemate

between S and M phases without any detectable intervening gap phases, each cycle

taking approximately ten minutes. The first eight of these nuclear divisions occur in the

interior of the embryo. During nuclear cycles 8, 9 and 10 the majority of the nuclei
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migrate to the embryo cortex and by the end of interphase of cycle 10 have formed a

cortical monolayer underlying the plasma membrane at the surface of the embryo, giving

rise to the syncytial blastoderm (Foe and Alberts, 1983). At the embryo cortex the nuclei

undergo four parasynchronous divisions, known as the cortical nuclear divisions. A

group of nuclei which fail to migrate to the embryo cortex, known as yolk nuclei' remain

in the interior of the embryo and become polyploid'

During nuclear cycle 9 a few nuclei reach the posterior cortex ahead of the main

body of nuclei. During telophase of cycle 10 these nuclei are sulrounded by plasma

membranes to form the germ line progenitors which are known as the pole cells (Wam et

at.,1985). Once cellulanzed,the pole cells lose mitotic synchrony with the blastoderm

nuclei.

The first thirteen nuclear divisions are able to occur in the presence of the RNA

synthesis inhibitor a-amanitin (Gutzeit, 1980; Edgar et a1.,1986), indicating that

maternally provided products are sufficient for the progression of the cleavage divisions'

The completion of mitosis 13 sees the cessation of the rapid nuclear divisions and the

divisions that follow are no longer synchronous. cycle 14 has an extended interphase

due to the inclusion of the first G2 phase. During this time zygotic transcription, first

detectable in cycle 10, increases dramatically'

During interphase of cycle 14, cellularizatíonof the Drosophila embryo occufs'

The syncytial nuclei become encapsulated by the plasma membrane, giving rise to the

cellular blastoderm (Foe and Alberts, 19S3). Following cellularization, the embryo

undergoes gastrulation and other major movements of the embryonic tissues. During

these events the cells of the cellular blastoderm undergo cell cycles 14,15 and 16 which

include cytokinesis. The regulators of the Gl to S phase transition are still expressed

constitutively during these divisions and they therefore lack Gl, but include G2 phases

(Edgar and O'Farrell, 1990; Sauer et a1.,1995). The postblastoderm divisions are seen to

occur in a complex spatial pattern of mitotic domains comprising cells which will

ultimately differentiate into the same tissue (Foe, 1989)' Cells within the domains enter

mitosis in close synchrony with each other but temporally distinct from cells in other

domains. Initiation of the postblastoderm mitoses is thought to occur by String
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dephosphorylating Cdkl, leading to activation of CyclinA-Cdkl and CyclinB-Cdkl, and

thus permitting entry into mitosis (Edgar and o'Farell, 1990)'

After mitosis of cycle 16 the cells do not immediately progress into S phase , but

arrest for the first time in Gl phase. This a:rest requires the inactivation of Cyclin E-

Cdk2 (Knoblich et at.,1994) and Cylin A (Thomas et al.,1994). For most cells this Gl

period marks the end of embryonic proliferation. After mitosis 16 a number of cell types

switch to endoreplication cycles in which repeated S phases occur without intervening

mitoses, resulting in polytenization(Smith and On-Weaver' 1991)' This switch is

attributed to the loss of the mitotic Cyclins A and B while periodic expression of the S-

phase promoter Cyclin E continues (Sauer et al',1995)'

Several cell lineages continue to undergo cell division after mitosis 16' These

include the neuroblasts of the central nervous system (cNs), which arise in cycle 14 by

segregation (in a process known as delamination) from the ventral ectoderm, and are

capable of undergoing up to 9 asymmetric divisions. A few cells in the brain, the

mushroom body neuroblasts, continue dividing throughout embryogenesis and after

larval hatching (Truman and Bate, 1988; Ito and Hotta, 1992)' Peripheral nervous

system (PNS) cells, derived from precursor cells which separate from the ectoderm after

cycle 15, undergo up to 3 rounds of proliferation (Bodmet et a\.,19S9)' A subset of

dorsal epidermal cells in thoracic segments I and2 undergo cycle 17 to form part of the

trachael system (Knoblich et al.,lgg4). Additionally, cells continue to divide in the

Malpighian tubules until the end of stage 13 (Skaer and Arias, 1992). The pole cells

follow their own pro$am of proliferation. After budding off from the posterior pole in

cycle 10, the pole cells divide a maximum of two times before they are intemalized by

gastrulation (Technau and campos-ortega, 1986), after which they remain quiescent

until incorporated into the presumptive gonads. Late in embryogenesis, at the time of

stage 16, the pole cells divide a further one or two times (Sonnenblick, 1950)'

1.7 .l Drosophila embryonic development includes modified cytokineses

Cytokinesis is developmentally regulated dwing Drosophila embryogenesis' It is

omitted during the first thirteen nuclear division cycles and first occurs in somatic cells

in mitosis 14, aftercellularization of the embryo in interphase of cycle 14' However, the
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cortical nuclear divisions, the formation of the pole cells, and the process of

cellularization can be considered to employ modified forms of cytokinesis (reviewed by

Miller and Kiehart, 1995). Like conventional cytokinesis each of these processes

involves invagination of the plasma membrane and is dependent on the prior

redistribution of the actin cytoskeleton. The invaginating frrrow in the modified

cytokineses is rich in both actin and myosin suggesting that actin-myosin contractile

activitymediates theses processes. (Sullivan et a1.,1993;Younget a|.,1991; Schejter

and Wieschaus, 1993a).

The colocalizationof the septins and anillin to the leading edge of the cleavage

furrows and their persistence in the final stages of furrowing in the modified cytokinetic

events (Field and Alberts, 1995; Fares et a1.,1995) suggests that these proteins function

in the invagination and stabilization of the fuirows. A number of actin modulating

proteins have also been localizedto the membrane invaginations during the modified

cytokinesis, indicating that they may play a role in these processes. For example, cofilin

encoded by the twinstar gene is localizedin the metaphase and cellularizing furrows

(Miller and Kiehart, 1995) in a similar position to spectrin which trails the furrow tip

(Thomas and Kiehart,Igg4). Profilin has also been found to be localizedto the leading

edge of the invaginating membrane during cellularization (Verheyen and Cooley, 1994).

However, as in the case of conventional cytokinesis the precise role of these proteins

remains to be determined.

While the process of membrane invagination in conventional cytokinesis,

metaphase furrow formation, cellularization and pole cell formation appear to involve

coÍtmon factors, some components are unique to particular events. For example, a

number of matemal effect genes including daughterless abo like (dat) and sponge are

specifically involved in arranging the cytoskeleton during the syncytial divisions

(Sullivan et a1.,1990; Postner et a1.,1992)' Furthermore, the zygotically expressed

genes nullo and serendipity-d, are specifically required for cellularization. These two

proteins localize to the hexagonal array of actin and myosin, and mutant analysis has

shown that they are involved in stabilizing the actin hexagonal network (Simpson and

Wieschaus 1990; Schweisguth et a1.,1990).
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1.8 The Drosophila pebble gene is required for cytokinesis

As discussed previously, a number of genes have been identified in Drosophila

melanogaster which are involved in cytokinesis. One of these genes, pebble (pbl),was

identified in an ethyl methanesulphonate (EMS) mutagenesis screen of the third

chromosome of Drosophila melanogaster for zygotic loci affecting the morphology of

the larval cuticle (Jurgens et a1.,19S4). Forty five different complementation goups

were identified including five alleles of the pbl locus þål/ , pbf , pbt3 , pb/ and pbls)'

pebble mutant embryos contain fewer and larger cells than a wild type embryo, but no

apparent disruption of either the first thirteen rapid syncytial divisions or of

cellularization occurs (Hime and Saint, 1992). Abnormal nuclei first appear dwing the

fourteenth mitosis, the first mitosis after cellulanzatíonof the nuclei. After this mitosis,

pbl mutant cells are much larger in size and more variable in shape than wild type cells,

as well as being multinucleate (Figure 1.3).

The possibility that the multinucleate cells of pbl mutant embryos were the

product of cell fusion was deemed unlikely as embryos from double mutants of pbl2 and

string4B stained with anti-tubulin antibody and propidium iodide exhibited no

multinucleate cells (Hime, 1993). string is a mitotic initiator required for entry into

mitosis and the double mutant embryos were seen to exhibit only the string mutant

phenotype (ie. mononucleate interphase cells). Mitosis is therefore required îor the pbl

mutant phenotype to be exhibited, supporting the conclusion that the mutant phenotlpe is

due to a lack of cytokinesis and not due to cell fusion. Lehner (1992) observed no

evidence of contractile ring function inpbl mutant embryos. These observations led to

the conclusion that the pbl gene is required for cytokinesis.

Entry into the next division cycle (mitosis 15) occurs inpbl mutant embryos

despite the failure of cytokinesis in mitosis 14. Duplicate mitotic figures are seen within

single pbl mutant cells at the time of the cycle 15 mitoses. This suggests that the

multinucleate phenotyp e of pil mutant embryos is due to continued nuclear division in

the absence of cytokinesis. All the nuclear aspects of mitosis including nuclear envelope

breakdown, chromosome condensation and spindle assembly proceed normally inpbl

mutant embryos (Hime and Saint, 1992;Lehner, 1992). While cytokinesis fails to occur

in pbt mutant embryos, other processes such as mesoderm invagination and the



tr'igure 1.3 Multinucleate phenotype of 5-7 hour AED pebble embryos.

(from Hime, 1993)

Confocal micrographs of a wild type and, apebbte (pbl3)homozygote embryo. To

visualize cell membranes the embryos were treated with an antibody directed to

spectrin, which is distributed on the inner surface of plasma membranes. Propidium

iodide was used to stain the DNA and allow visualization of the nuclei. Cell

membranes appear red and the nuclei yellow-green.

A. wild type embryo.

pb 13 homozy gote embryo showing multinucleate cellsB
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morphogenic movements of germ band extension and retraction continue to occur (Hime

and Saint, 1992).

In attempting to determine the stage in cytokinesis at which the pbl EMS mutants

were defective, Lehner (1992) analysed late mitotic stages using the DNA stain Hoescht

33258, anti-lamin antibodies to highlight the nuclear envelope and anti-phosphotyrosine

antibodies to visualize the cell membrane. No signs of contractile ring function was

observed during telophase in the cells of pbl3 arñ pbl5 mutants. The pbtl allele may

represent the least severe of the pblEMS alleles (Lehner, lg92), since in pbll

homozygous embryos contraction of the contractile ring was seen to occur to a

considerable degree, but cytokinesis still failed. The pbl multinucleate phenotype was

also observed in the early pole cell divisions, but with very low penetrance (Lehner,

1992). This finding is consistent with the proposal that the early pole cell divisions are

dependent on maternally derived pil function.

An intriguing feature of the pbl gene is the requirement for it to be zygotically

expressed prior to cytokinesis at the fourteenth mitosis. The products of the majority of

genes required for progression through the 16 embryonic mitoses are sufficiently

provided as maternal products (Gatti and Baker, 1989). This raises questions as to why

there is a requirem ent for pebble to be expressed by the zygote at mitosis 14. It remains

to be determined whether cycle 14 is the first time that there is a requirement fot pbl

function, or whether any maternally provid ed pbl function has been depleted by cycle 14,

or whether there is a requirem ent for pbl function in cycle 14 which is different to that of

any maternally provid ed pbl. Thus, it is of interest to determine when the pbl gene is

expressed during embryogenesis and what factors regulate its expression.

1.8.1 Localization oT th.e pbl gene

Further investigation into the role oî pbl in the process of cytokinesis and the

regulation of pbl gene expression requires the cloning of the pbl locus. To this end,

segmental aneuploidy generated by Y chromosome to autosome translocations was used

to localize the pebble locus to the Drosophila salivary polytene interval 664-C on the

left arm of chromosome 3 (Jurgens et a|.,19S4). Two X-ray induced deficiencies,
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Df(3epbf 1, 
spanning 65F3-6689 , and Df(3L)pófA, which deletes the band 66Bl-2,

failed to complem ent any pbl EMS allele (Hime and Saint, 1992), thus fuither localizing

the pebblelocus to the region 66BI-2. An additional X-ray induced deficiency, Df(3L)

pbftt,which does not visibly delete any polytene bands, and is thus a smaller

deficiency, also fails to complem entany pblEMS allele (Hime, 1993)' Embryos from

each of the three deficiencies Df(3Dpbft , Df(3L)pblNR ttd Df(3Qpbf25 *t" analyzed'

by imm'nohistochemistry and found to have an identical mutant phenotlpe to that of the

pól EMS alleles (Hime, 1993).

Hime (1993) isolated a number of overlapping genomic clones which spanned

one end of the deficiency Df(3L) pbftt . This chromosome walk did not span the entire

deficiency. One oDNA contained within this walk was identified, encoding a putative

secreted ribonuclease, but this cDNA was deemed unlikely to encode the pbl gene

product (Hime et a1.,1995).

1.9 Thesis aims

The isolation and characteization of zygotic mutants affecting embryonic cell

divisions has given an insight into the regulation of cell division in Drosophila and its

relationship to developmental processes. Initial characterization of the mutant phenotype

olthe pbl gene has revealed that this gene is required for cytokinesis in the

postblastoderm cell divisions, and the expectation is that identification of thepbl gene

will provide insight into how cytokinesis in Drosophilø occurs.

The primary aim of this study was to identify the pbl locus in order to allow

charactenzation of the gene. This thesis describes the approach of employing P element

mutagenesis to generate new alleles of the pbt locus' The generation of P element alleles

allows the isolation of genomic DNA flanking the P element and therefore the isolation

of cDNAs in the vicinity of the P element. such cDNAs can then be assessed as

potential candidates for the pbl cDNA'

ThePelementdenvedpblallelesgeneratedinthisstudywereutilizedtoisolate

genomic DNA flanking the inserted P element. Two candidate cDNAs of thepål gene

were isolated in the vicinity of the P element disrupting the pbl locus' During

characteization of the two candid a1e pbl cDNAs, an independent P element mutagenesis
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performed by other researchers identified two additionalpbl P element alleles. A cDNA

isolated by this group is the most likely to correspond to thepál transcript. Initial

charactenzation of this cDNA is also described in this work.
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CHAPTER TWO: MATERIALS A¡ID METHODS

amino acids

absorbance at 600 nm

after egg deposition

alkaline phosPhatase

ammonium PersulPhate

5 -bromo -4-chloro-3 -inodyl- p -D-galactopyrano side

5 -bromo-4-chloro- 3 -inodyl-pho sphate

N,N'-methylene-bis acrylamide

base pairs

skim milk powder

bovine serum albumin (Fraction V)

alkaline calf intestinal phosphatase

Dalton

diaminobenzidine

digoxigenin

dimethyl formamide

dimetþl sulPhoxide

deoxyribonucleic acid

deoxyribonuclease

deoxyrib onucleo side trþho sphate

dithioerythritol

dithiothreitol

etþlene diamine tetraacetic acid

etþleneglycol-bis-(B-aminoethylether)N,N,N''N'-tetraaceticacid

ethyl methanesulPhonate

isopropyl- B -D-thio gal actopyrano side

kilobase pairs

Klenow fragment of E'coli DNA polymerase I

2.1 Abbreviations

aa

Aooo

AED

AP

APS

BCIG

BCIP

bisacrylamide

bp

blotto

BSA

CIP

Da

DAB

DIG

DMF

DMSO

DNA

DNase

dNTP

DTE

DTT

EDTA

EGTA

EMS

IPTG

kb

Klenow



NBT

nt

NTP

ORF

PBS

PCR

PEG

ptu

PSB

rATP

RNA

RNase A

r.p.m.

SDS

TEMED

UV

V

vlv

wlv
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4-nitro blue tetrazolium chloride

nucleotide

rib onucleoside triPho sPhate

open reading frame

phosphate buffered saline

polymerase chain reaction

polyethylene glycol

plaque forming units

phage storage buffer

adeno sine triphosPhate

ribonucleic acid

ribonuclease A

revolutions per minute

sodium dodecyl sulPhate

N,N,N',N' -tetrametþletþlenediamine

ultraviolet light

volts

volume per volume

weight per volume

2.2 Materials

2.2.1 Chemicals and reagents

All chemicals were of analytical reagent grade, or the highest available purity' chemicals

and materials were obtained from a range of suppliers, the major source of the more

important chemicals and reagents are listed below'

Ajax chemicals: glycerol, Triton X-100

BDH Ltd: chloroform, DMF, DMSO, ethanol, heptane, isopropanol, methanol, xylene

Boehringer Marurheim: NTps, dNTPs, BCIG, BCIP, DTT, glycogen, NBT, digoxigenin-

1 1 -dUTP, digoxigenin-l 1 -UTP

FMC Bioproducts: Agarose (Seakem)



29

Merck : p araformaldehyde

Pharmacia: sepharose CL-6B

Schleicher and Schuell: nitrocellulose @485), nytran

Sigma: ampicillin, formamide, Tween 20

Wako Pure Chemical Industries Ltd: Phenol

2.2.2 EnVymes

Restriction endonucleases rwere obtained from a variety of sources including: Pharmacia,

New England Biolabs and Boehringer Mannheim

Other enymes were obtained from the following sources:

Alkaline calf intestinal phosphatase Boehringer Mannheim

DNase Sigma

Klenow Boehringer Mannheim

Lysoz¡rme Sigma

Pfu polymerase Stratagene

Proteinase K Boehringer Mannheim

Ribonuclease A Sigma

Ribonuclease inhibitor Boehringer Mannheim

Taq polymerase Perkin Elmer

T4 DNA ligase Boehringer Mannheim

T4 polynucleotide kinase Bresatec

T3 RNA polymerase Boehringer Mannheim

T7 RNA polymerase Boehringer Mannheim

T7 DNA polymerase (Sequenase) USB

SP6 RNA polymerase Boehringer Mannheim

2.2.3 Radio-labelled comPounds

a-32P-dAtP and dCTP (3000 Cilmmole, 5 mCi/ml) : Bresatec

cr-35s-detP (1500 Cilmmole, l2'5 mCilml) : Bresatec
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2.2.4 Nucteic acid molecular weights

phage lambda DNA restricted with BstE'II and S¿1I was used as a molecular weight

standard. Band sizes were (inkb): 14.14,7.24,4.82,4.32,3'68,3'13,2'74,2'32,1'93,1'37,

1.26, 0.70, 0.45, 0.22 and 0.1 I'

2.2.5 Oligonu cleotides

(i) Synthesis and processing of oligonucleotides

Oligonucleotides were synthesized on a Beckman oligo-synthesizer machine' Cleavage

and deprotection were performed as described by the manufacturer. The deprotected

oligonucleotides were then extracted with 10 volumes of butan-1-ol by vigorous vortexing,

and the oligonucleotides pelleted by centrifugation for 2 minutes at 14000 r'p'm' in a

microcentrifuge. The supernatant was removed, the DNA dried in a vacuum dessicator and

the DNA resusPended in HrO.

(ii) Sequencing Primers

T7 sequencing primer: 5' -TAATACGACTCACTATAGGG-3'

T3sequencingprimer.5'-ATTAACCCTCACTAAT{GGGA-3'

SP6sequencingprimer:5'-GATTTAGGTGACACTATAG-3'

reverse sequencing primer: 5' -AACAGCTATGACCCATG-3'

(iiÐ PCR amPlification Primers

primerecr2a5',3N-11: 5' -GTTGGGCCCGCCACCATGCTGGCT

CAGCTCTCCAGGGAGACTGAC-3'

primer ect2-3': 5'-CAGGGGCCCGTTTCATATCAAGTG

AGTTGTAGATCG-3'

2.2.6 Cloning vectors and clones

(i) Cloning vectors

pBluescript KS+ and sK+ (stratagene) were obtained from B. Kalionis'

pCaSpeR-hs was obtained from R' Saint'

pUAST was obtained from A' Brand'

pNEB193 (New England Biolabs)'

plitmus28 and 38 (New England Biolabs)'
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pRc/CMV (Invitrogen) was obtained from J' Dibbens'

pMAL-c2 (New England Biolabs)'

pGEX-1 (Pharmacia; Smith and Johnson, 1988)'

(ii) Cloned DNA sequences

pn25.7wc(M-3): expresses transposase and was obtained from G' Rubin'

pKB448: contains the2.7 kb aI tubulin promoter cloned into

sacllKpnlsites of pBluescriptll SK+ and was obtained from K.

Basler.

pstg¡.7t contains a 0.7 kb PstIJHindIII fragment comprising 520bp string

genomic DNA and 180 bp of DNA from the 3' end of the

P element P-lacw cloned into pBluescript KS+ (Prior, 1991).

5' Pelement end: a 500 bp HindIIIlEco-RI fragment from the P element PZ (Mlodzik

and Hiromi,lgg2), obtained from R'D' Kortschak'

pSKIA: contains the 3.1 kb lA cDNA cloned into the EcoRI site of

pBluescript SK+ and was obtained from S' Prokopenko'

pSKIC: contains the 1.8 kb lC cDNA cloned into the EcoRI site of

pBluescript SK+ and was obtained from S' Prokopenko'

pBD1010: contains the 700 bp green fluorescent protein (GFP) cDNA and

was obtained from B. Dickson.

pKSpå/N325: contains a 1.6kb HindIIIlNoil fragment (generated by PCR

amplification using Pfu polymerase) encoding a 324 amino-

terminal amino acid truncated form of Pbl (1A cDNA) cloned

into the HindIIIlNorI site of pBluescript KS+ and was obtained

from T.BrumbY.

(iii) Clones generated in this work

pFtg.,HindIII: obtained by plasmid rescue o1 P587 genomic DNA restricted

withHindIlI.

pRl.gctaI; obtainedbyplasmidrescue ofP5STgenomicDNArestricted

with Clal.

pRl.6SaII: obtained by plasmid rescue or P587 genomic DNA restricted

with Salt.
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psK2Al

p4BI4

p4815:

pKS4B15:

pL38-4815:

pL28-4815:

phs4B15

pUAS4B15:

p19341:

pcrl-4815:

pu1-GFP:

generated by cloning the 2 kb EcoRI2Al CDNA into the EcoRl

site of pBluescriPt SK+.

generated by cloning the 2 kb 4814 cDNA into the EcoRI site of

pBluescriPt KS+.

obtained from a library screen and contains the 2.7 kb

HindIII/NotI 4815 cDNA in the plasmid pNB40'

generated by cloning the2.7 kb HindIIIlEcoRI4BI5 cDNA from

p4815 into the same sites of pBluescript KS+'

generated by cloning the2.7 kb HindIIUNolI fragment

containing the 4815 cDNA from p4B15 into the same sites in

plitmus 38.

generated by excising the2.7 kb HindIIIlEco,RI4Bl5 cDNA from

pL38-4815 and cloning it into the HindIIIlEcoRI sites of plitmus

28.

generated by excising the2.7 kb 4815 oDNA from pL28-4B15 by

A¿TIIJSnaBI digestion and cloning it into AvrlUstulrestricted

pCaSpeR-hs.

generated by excising the 4815 cDNA from phs4B15 by

EcoRIJBamlfl digestion and cloning it into EcoRUBgnI digested

pUAST.

generated by excising the2.7 kb SacUKpnI fragment,

containing the a1 tubulin promoter, from pKB448 and cloning it

into the same sites in PNEB193.

constructed by cloning the 2.7 kb KpnIlBamHI4Bl5 oDNA from

pKS4B15 into the same sites of p193ct1' This construct

contained the 4815 cDNA expressed from the cr1 tubulin

promoter.

generated by cloning the 700 bp KpnItXbaI GFP cDNA from

pBD1010 into the same sites of p193cr1'



p4B15ORF(E):

pGEX4B15:

pMAL4Bl5:

pUAST-pó/:

pUAST-apó/;

phspbl:

phsupbl:

pKSEct2-3N-11:
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generated by PcR amplification (using Pfupolymerase) of the

l.g kb 4815 OPJI from p4815 and subcloning into the E'coRI site

of plitmus2S.

constructed by cloning the 1.8 kb EcoRI4Bl5 ORF from

p4B15ORF(E) into the EcoRI site of pGEX-1, such that the 4815

ORF was in frame with the GST tag.'

generated by cloning the 1.8 kb EcoRI ORF from p BI5ORF(E)

into the EcoRlsite of pMAL-c2, such that the 4815 ORF was in

frame with the malE gene.

generated by cloning the 3.1 kb EcoRf 1A cDNA from pSKIA

into the EcoRIsite of puAST, placing the 1A oDNA under the

control of the yeast UAS element'

generated by cloning the 3.1 kb EcoRI lA cDNA from pSKIA

into the EcoRI site of pUAST (in the opposite orientation to

pUAST-pól).

generated by cloning the 3.1 kb EcoRI lA cDNA from pSKIA

into the EcoRlsite of pCaSpeR-hs, placing the 1A oDNA under the

control of the hsP70 Promoter.

generated by cloning the 3.1 kb EcoRI lA cDNA from pSKIA

into the EcoRI site of pCaSpeR-hs (in the opposite orientation to

phspbl).

generated by PCR amplification (using Taq polymerase) from

reverse transcribed BALB/C 3T3 total RNA using the primers

primer ect2À5'3N-11 and ect2-3'to generate al'6kb Apal

fragment and cloning into the Apal site of pBluescript KS+'

This construct contains an amino-terminal 211 amino acid

deletion ofBct2.

generated by cloning the 1'6 kb ApaI fragment from

pKSEct2-3N-11 into the ApaI site of pRc/cMV. This placed the

Ect2 deletion construct under the control of the human

cytomegalovirus promoter and enhancer'

pCMVEct2-3N-11:
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pCMVpå/4N325: generated by cloning the 1.6 kb HindIIUNolI ORF from

pKSpå/N325 into the same sites in pRc/cMV. This placed the Pbl

deletion construct under the control of the human cytomegalovirus

promoter and enhancer.

2.2.7 Bacterial strains, bacteriophage and clone libraries used in this study

(i) Bacterial strains

The following E.coli strains were used in this study:

DH5cr ! F-, (þ80, lacZLMIS), recA!, endAl, gyrA96' thi-7' hsdRIT'

(r*-, m*+), sup444, relAl, deoR, L(lacIZYA-argF)U169

(Hanahan, 1983)

Y1090r ': FL(lac)Ul69,Ion-100, araDl39, rspL (Stt')' supF' mcrA

trPC22 : : Tn1 0 þMC9; Tet' AmP)

E.colistrains were maintained on L-agar and grown either in L-broth or T-broth liquid

media. Ampicillin was used at a concentration of 100 pglml for selection of plasmids'

(ii) BacterioPhage

),gtl0 '. ¡'srIil", b527 , srI)3" , imm434, (sr¡434+), sr¡lu1" 
' 
srI)'5"

(Huynh et a1.,1985)

l.gtl1 : ?rlac| LshndIIllu}-3 srlî,3o clts857 srll'4o nin5 srIÌ"S" Samljj

(Young and Davis, 1983)

(iii) Clone libraries

¡.EMBL-3 SP6/T7 Canton-S genomic library (Clontech)'

NotBamNot-CoSpeR¡so-lcosmidlibrary(fromJ.Tamkun).

},gt103-IzhlAEDembryoniccDNAlibrary(fromL.Kauvar).

pNB40 0-4 hI AED embryonic cDNA library (from N. Brown; Brown and Kafatos, 1988)

xgf 11 0-18hr AED Canton -s embryonic cDNA library (clontech).
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2.2.8 D ro s op hita meløno gasf¿r Strains

The listed Drosophila strains were used as described in the text or for the generation of

stocks.

The following Drosophila sttainswere obtained from R' Saint:

ru pbll h A3o8.IF3/TM3, Sb

(A30S.IF3 is aP[LArB] insertion;Bellen et al',1989)

(N. B. This allele was formerþ classified as pblsB¡

w; ru pbl2 h th st cu sr d ca/TM3, Sb

(N. B. This allete was formerly classified as pblsD¡

w; ru pbl3 h th st/TM3, Sb

(N. B. This allele was formerly classified as pblTo¡

ru pbl5 h th st cu sr ë ca/TM3, Sb

(N. B. This allele was formerly classifie d as pblttD¡

Df(3Dpbf25 ca/TM3, Sb

Df(3L)pbft ca/TM6B

Df(3QpbfR ca/TM3, Sb

w; rusteca

rustec0
I118

w

Canton-S

w; Dr/TMS Sb P{ry+ A2-3} ggB

w; TM3, Sh/TM6B

ry Pr ro/TM3 ry Sb

w; CyO/+; XB3/TM6B

w; vg-GAL 

Balancer chromosomes:

TM3, Sb - In(3LR)TM3, y+ ri pP sep t(3)89Ao 6*34e 56 
"

TM6B - In(jLR)TM6B, Hu ca e
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The following Drosophila sttainswere obtained from the Bloomington stock centre'

Indiana:

P 5 8 7 : P {ry[+]-lArB \ 99, rYl506l

P 1 4 I 5 :w[1 1 1 8]; P {wl+lJacW\ Yl27 6, rvl506l

P 4 6 3 : Is(3)Prt065DB, rY[506]

The line'1/ 2-50/CyO was a kind gift of the Jan laboratory'

The line yw; en-GAL4 eibE was akind gift from A' Brand'

2.2.9Mledia and Buffers

(i) Media

All buffers and media were prepared with distilled and deionised water and

sterilized by autoclaving, except heat labile reagents, which were filter sterilized:

L-broth 1% amine A

0.5% yeast extract

1% NaCl, pH 7.0

T-Broth; 0.5% NaCl

1% tryptone

SOC 2YobactottYPtone

0.5% yeast extract

10 mM NaCl

2.5 mM KCI

10 mM MgCl'

10 mM MgSOo

20 mM glucose

L-broth

I .5o/o bacto-agar

L-agar plates:



T-agar plates: T-broth

1.5%obacto-agat

(ii) Buffers

Commonly used buffers were :

37

7.5 mM Na2HPOo

2.5 mM NaII2PO4

145 mM NaCl

10 mM Tris-HCl PIJ7.4

10 mM NaCl

10 mM MgCl'

150 mM NaCl

15 mM sodium citrate

50 mM Tris-HCI PH 8.0

50 mM EDTA

8%o sucrose

5% Triton X-l00

40 mM Tris-acetate PH 8.2

1 mM EDTA

10 mM Tris-HCl PH7.4

1 mM EDTA

25 mMTris-HCl PH 8.0

1 mM EDTA

25o/o sucrose

PBS:

PSB

SSC

STET

TAE:

TE

TES:



10x agarose gel

load buffer :

5 x CL6B

stop buffer:

1 x embryo

injection buffer:
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50% (wlv) glYcerol

100 mM Tris-HCl PH7.4

10 mM EDTA

0.2% (wlv) bromoPhenol blue

50% glycerol

0.lM EDTA PH7.0

0.02% sDs

0.01% (w/v) bromoPhenol blue

5 mM KCI

0.1 mM NaPO4 PH 6.8

2.2.10 D r o s op híla m elano gaster media

Fortified Drosophilamedium contained lYo agar (w/v), 20Yo compressed yeast (w/v),10o/o

treacle (v/v), 10% commeal þolenta;'t¡¡/Ð, 2.5o/otegosept (v/v) *at's"l"propionic acid

(v/v).

2.2.11 D r o s op h il a m el an o g øst er embry o c ollection plates

plates were poured from grape juice agar which contained 250 ml of grape juice, 30 grams

of sucrose and 30 ml of tegosept, added to 30 grams of agar dissolved in 1 litre of HtO'

2.2.12 Antibodies

anti-B-galactosidase antibody (rabbit polyclonal) was obtained from B' Patterson'

anti-rabbit IgG-biotin antibody (donkey polyclonal) was obtained from Jackson

ImmunoResea¡ch labs Inc.

anti-DlG-alkaline phosphatase (sheep Fab fragments) was obtained from Boehringer

Mannheim
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2.3 Methods

2.3.1 Isolation of plasmid DNA

(i) Colony "cracking"

For quick estimation of the size of high copy number plasmids, a rapid lyiis and

electrophoresis technique was employed. A bacterial colony was touched with a sterile

pipette tþ and dotted onto a master plate. The tip was then swirled in an eppendorf tube

containing 15 pl of lysis buffer (50 mM NaOH, 0.5% SDS, 5 mM EDTA, 10olo glycerol,

O1l%(w/v) bromophenol blue) and the tube/tip incubated at 65oC for 10 minutes' The

entire 15 ¡rl was then dry loaded into an agarose gel and electrophoresed into the gel at 20

V until the dye had run into the gel. The sample then underwent routine agarose gel

electrophoresis (S ectio n 2.3 .2).

(ii) small scale ("mini") isolation

A single colony was used to inoculate2mlof L-broth supplemented \t/ith 100 ¡rglml

ampicillin and incubated for 4-16 hours at37"C with shaking. Cells (1'5 ml) were

harvested by centrifugation at 6500 r.p.m. in a microcentrifuge for 5 minutes. The bacterial

pellet was then resuspended in 200 pl of STET buffer, followed by the addition of 10 ¡r1 of

10 mg/ml lysozyme. The suspension was heated at l00oC for 45 seconds and centrifuged

at 14000 r.p.m. in a microcentrifuge for l5 minutes. The DNA was then precipitated from

the supernatant with an equal volume of isopropanol, followed by washinginT}o/o ethanol

and resuspension in 20 Prl HrO.

(iii) intermediate scale isolation

For preparation of 50-200 pg of plasmid DNA, a Qiagen plasmid "midi" kit was used

according to the manufacturers' instructions'

2.3.2 Restriction endonuclease digestion and analysis of DNA

(i) Restriction endonuclease digestion

All restriction endonuclease digestions were performed at 37oC in the buffer recommended

by the manufacturers. Gener ally,2-5 units were added per pg DNA and the reaction

incubated at the appropriate temperature for 1-3 hours. Agarose load buffer was then added

to the reaction and the reaction products analysed by agarose gel electrophoresis'
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(ii) Agarose gel electroPhoresis

0.8-3%(w/v) molten agarose in lx TAE was poured onto a glass slide, with a plastic comb

used to form wells. The slide was then submerged in TAE in an electrophoresis tank and

the DNA samples loaded into the wells. Gels were electrophoresed at 1-5 V/cm until the

bromophenol blue had migrated the required distance and the DNA visualised under IJV

light after staining the gel with 10 ug/ml ethidium bromide.

Typical agarose percentages used to separate DNA fragments were:

Agarose o/o

0.8

t-r.2

2-3

DNA size (kb)

10-50

0.4-15

0.1-0.5

2.3.3.Determination of DNA concentration

The concentration of DNA samples was either estimated by comparison of fluorescence to

bands of known concentration on an agarose gel by ethidium bromide staining, or by

determining the uv absorbance at260 nm (using the following estimations per absorbance

unit: double stranded DNA 50 pglml; RNA 40 ¡t"glml; oligonucleotides 33 pglml)'

2.3.4. Amplification of target sequences

(i) Polymerase chain reaction amplification from plasmid templates

pcR amplification was performed in a 20-50 ¡rl volume containing 50-100 ng template

plasmid DNA, 100 ng each primet,Zo} ¡rM dNTPs,lx Pfu buffer (Stratagene, includes 1'5

mM MgClr) and 0.5 unit Pfupolymerase. Reactions were performed under paraffin oil in a

FTS-320 Thermal Sequencer machine using the following reaction conditions cycles:

1.94"C,2 minutes.

2.94oC,1 minute.

3. Tm-50c, I minute (using the calculated Tm of the oligonucleotide with the lower Tm)

4.72oC,2 minutes/kb of expected product size'

5. reiterate steps 2-4, 30-35 times'

6.72"C,7 minutes'
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(ii) Reverse transcription polymerase chain reaction from mammalian RNA

First strand synthesis (oilgo-dr primed) of total RNA isolated from mouse BALB/c 3T3

fibroblasts was obtained from J' Dibbens'

Reactions were performed in a 50 ¡rl volume containing approximately 500 ng first strand

reverse transcribed DNA template, 200 ngeach primer ,200 pm dNTPs , 1.5 mM MgClt

and 1.25 vtits Taqpolymerase. Reactions were performed under parafin oil in a FTS-320

Thermal Sequencer machine. Second strand synthesis of the DNA was achieved by

incubation at94"Cfor 2 minutes, 55oC for 2 minutes and 72"C for 40 minutes'

Amplification was achieved by 35 cycles of 94'C for 40 seconds, 55"C for 1 minute and

72oC for 3 minutes, followed by a final extension of 72'C for 7 minutes'

2.3.5 Subcloning of DNA restriction fragments into plasmid vectors

(i) Isolation of DNA from agarose gels

DNA was isolated from agarose gel slices using the Bio-101 "Geneclean" kit according to

the manufacturers' instructions.

(ii) Preparation of vector DNA

Vector DNA was digested with the appropriate restriction enzymes and terminal 5'

phosphates removed by incubation with I unit of alkaline calf intestinal phosphatase for 20

minutes at 370C. Phenovchloroform (1:1) extraction was used to remove the enzymes and

the vector DNA was precipitated with 1/10th volume 3 M NaAc pH 5.2 and2'5 volumes of

ethanol. The DNA was washed with 70Yo ethanol. The DNA was briefly dried and

resuspended in TE'

(iii) Ligation into plasmid vectors

Ligation reactions were generally performed with a three-fold molar excess of insert over

vector (20-50 ng) in a20 ¡tlvolume containing 50 mM Tris-HCl pH7 '5' 10 mM MgClt' 10

mM DTT, 1 mM ATP and 1 unit of T4 DNA ligase at 18oC lor 4-16 hours, or at37"C for 2

hours when ligating sticky-ended molecules'
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2.3.6 Transformation of recombinant molecules

(i) CaCl, method

An overnight culture of the appropriate E. coli strain (generally DH5o) was diluted 100

fold into 50 ml of L-broth and incubated with shaking at37"C until the culture had reached

an 4600 :0.6. The culture was then chilled on ice for 30 minutes and pelleted by

centrifugation at 5000 r.p.m. for 5 minutes (JA-20 or SS-34 rotor)' The pellet was

resuspende drr i;lml of ice-cold 0.1 M MgClr, re-centrifuged and resuspended in 2'5 ml of

ice-cold 0.1 M CaClr. After standing on ice for at least t hour, 200 pl of the competent cell

suspension was mixed with 5-10 pl of the ligation reaction and left on ice for 30 minutes'

The mixture was heat shock ed, at 42"C for 2 minutes, 800 ¡^rl of L-broth added and the

bacteria allowed to recover by incubation at 37oC for 30 minutes. An aliquot of the cells

was then plated onto L-agar plates supplemented with 100 pglml ampicillin' If screening

for B-galactosidase activity was required, 15 ¡r1 of 10% IPTG and 15 pl of 10% BCIG (in

DMF) were added to the mix immediately prior to plating. Plates were then incubated

overnight at37"C.

(ii) ElectroPoration method

For high efficiency transformation of cells, electroporation was used. Cells were harvested

as described above and then resuspended in 1 volume of ice-cold HrO, pelleted,

resuspende d in ll2volume of ice-cold HrO, pelleted again and lastly resuspended in 1/25th

volume of ice-cold l0%o glycerol. The competent cells were then snap ftozen and stored as

45 ¡ll aliquots at -80oC. For transformation, cells were thawed at room temperature, 5 pl of

ligation reaction added and incubated on ice. cells were then transferred to an ice-cold

electroporation cuvette and electroporated in a Bio-Rad "Gene Pulser" at2000Y1200W25

mF. The cuvette was then washed out with 1 ml0f SOC medium and the cells allowed to

recover by incubation at 37"c for 30 minutes. The cells were then plated as described

above.

2.3.7 Radiolabelling of DNA fragments

DNA fragments were labelled with cr-32p-dAtP or ¿CTP using random priming with an

Amersham "Megaprime" kit according to the manufacturers' instructions' Radio-labelled

DNA was separated from unincorporated nucleotides by spin-column chromatography' To
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prepare chromatography columns a 0.5 ml microfuge tube with a pierced bottom (21 gauge

needle) was placed inside a 1.5 ml microfuge tube and a drop of acid-washed glass beads,

suspended in TE, was added to the 0.5 ml microfuge tube. A slurry of Sepharose CL6B in

TE (400 pl) was added and the tubes centrifuged at 1800 f.p.m. for 3 minutes in a benchtop

centrifuge. The reaction mix was prepared for centrifugation by additionbf CL6B stop

buffer and incubation at 65oC for 5 minutes before loading onto the column and

centrifuging as described above. The eluate was used for hybridization'

2.3.8 Isolation of genomic DNA from adult Drosophila flies

Twenty adult female flies were collected, placed on ice and macerated in 100 pl of ice-cold

0.1 M Tris-HCl pH 9.0, 0.1 M EDTA in a microtuge tube. After the addition of 100 ¡rl of

2% SDS, the mixture was incubated at 65oc for 30 minutes. After cooling to room

temperatur e, 42 ¡r;.of 5 M potassium acetate, pH 5.2, was added and the mixture was

incubated on ice for 30 minutes. Cell debris was pelleted by centrifugation at 14000 r.p'm'

for 10 minutes in a microcentrifuge and the mixture then placed on ice for a further 10

minutes and the centrifugation repeated. DNA was precipitated from the supernatant by

addition o1120 ¡-rl of isopropanol and centrifugation at 14000 r'p.m. for 10 minutes in a

microcentrifuge. The DNA pellet was washed with 70Yo ethanol, dried and resuspended in

20 pl H'O.

2.3.9 Plasmid rescue of P element DNA and flanking genomic DNA

Approximately 5 ¡.rg of genomic DNA þrepared as described in Section 2'3'8 ) was

digested in 50 ¡,rl with 10 units of the appropriate restriction enzyme for 2 hours at37"C'

The digest was then extracted with phenov chloroform (1:1) to remove the enzyme and the

DNA was precipitated by the addition of li 10th volume of 3M NaAc pH 4'6,2'5 volumes

of 9lo/oethanol and 1 pl grycogen. The DNA was then ligated in 500 pl containing 50 mM

Tris-Hcl pH7.5,10 mM MgC12, 10 mM DTT, I mM ATP and 10 units of T4 DNA ligase'

The ligation was incubated overnight at 18oC. The DNA was ethanol precipitated' washed

withTlYoethanol, dried, resuspended in 10 ¡rl HrO and 3 pl used to electroporate cells'
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2.3.10 Southern HYbridization

(i) Transfer of DNA to membrane

After agarose gel electrophoresis (Section}'3'2.),the gel was soaked twice in 0'25 M HCI

for 5 minutes to partially depurinate the DNA, rinsed in HrO, and soaked twice in 1'5 M

NaCl, 0.5 M NaOH for 5 minutes to denature the duplex DNA' After rinsing in Hro' the

gel was neutralized in 1.5 M NaCl, 1.0 M Tris-Hcl pH7 .4 (2 x 15 minutes)'

The transfer apparatus system consisted of a sheet of 3MM paper soaked in 20x SSC placed

on a glass plate with the ends submerged in 20x SSC to create a wick system' A sheet of

plastic film was placed over the paper with a window removed around the gel' A sheet of

nitrocellulose (Schleicher and schuell, BA 85) or nytran (schleicher and Schuell)' washed

in Hro, was placed in direct contact with the gel and then covered with 3 sheets of 3MM

paper and 5 cm of paper towels placed over the filter' A glass plate was used to provide

limited pressure to the paper towels fot 2-I6hours. The filter was then rinsed in 2x SSC

and DNA crosslinked to the filter by inadiation with 1'2 x 105 mJlcmz of UV light using a

Stratagene " Stratalinker"'

(ii) Hybridization of radio-labelled probe to filters

Filters were pre-hyb ndizedfor at least 2 hours at 42oC ín 50% formamide' 5x SSC' 0'5%

blotto (skim milk powder), 0.1 mglml salmon spefm DNA (autoclaved)' Denatured

(boiled) radio_labelled probe was then added to the firter/hybridization mix and incubated

at }"Cfor4-16hours. Filtersweiethenwashedin2xSSC/O'1%SDSfor5minutesat

room temperature and 2 x3O minutes in 0.1x ssc/0.1% SDS at 65'C before

autoradiography. If nylon filters were utilized, the hybridization solution was

supplemented with 1% sDs. The filter was then autoradiographed at -80oc with an

intensifying screen, or used to expose a Molecular Dynamics phosphorimaging screen for

the approPriate time'

2.3.llAutoradiography, phosphorimaging and quantitation

Hybridization of radio-labelled DNA to DNA immobilised on membranes was detected

either by autoradiography or by exposure to a Molecular Dynamics phosphorimaging

screen.
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For autoradiography a sheet of X-ray film was placed over the membrane or gel enclosed in

an Ilford autoradiogtaphy cassette and exposed at room temperature for the required

amount of time. For detection of low levels of radioactivity, autoradiography was

performed in a cassette with a calcium tungstate intensifying screen at -80oC' After

exposure, the X-ray film was developed, fixed, washed and dried automatically'

For detection of radioactive signals by phosphorimager analysis, the membrane was used to

expose a Molecular Dynamics phosphorimaging screen for the appropriate time' and the

results viewed and analysed by the associated lmageQuant software. Hybridizing bands

were quantitated by use of the ImageQuant software analysis package.

2.3.12 Plating 1. bacterioPhage

Phage were harvested either by flooding a plate containing confluent lysis with 3 ml of

pSB, or by placing ar:agarplug into 1 ml of PSB, and then allowing the phage to elute for

2 hours at 4oC.

To plate À phage for subsequent screening or for determination of phage titre' 10 ml of

y1090r - cerls rwere grown to A669:0.6-0.g in T-broth supplemented with 0.2olo maltose

and 10 mM MgClr. The indicator bacteria were then kept on ice until ready to be used'

Phage and dilutions of the phage in PsB (100 pl) were then mixed with 0'2 ml of the

indicator bacteria and allowed to adsorb at room temperature ror 20 minutes' The culture

was then added to 3 ml of molten 0.7o/o agar (42'C) supplemented with 10 mM MgCl, and

poured onto an 85 mm T-broth agar plate. Plates were incubated at 37oc ror 8-16 hours'

2.3.13 Screening recombinant 1' bacteriophage libraries

For screening 1, bacteriophage libraries, 140 mm T-broth agar plates (usually 5-10 plates)

were plated at a density of 45000 pfrr/plate. Phage were lifted from the plaques by

overlaying the plate with a nitrocellulose (BA 85, Schleicher and Schuell) or nylon (nytran'

schleicher and schuell) filter. Duplicate filters were soaked in 1'5 M NaCl, 0'5 M NaoH

for 2 minutes and r.5 M NaCl, 1.0 M Tris-HCl pH1.4 for 2 minutes before rinsing in 2x

SSC and crosslinking as in Section 2.3.10. Filters were hybri dized in plastic petri dishes

using the appropriate radio-labelled probe as described in Section2'3'10'
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z.g.l4lsolation of l. bacteriophage DNA

An overnight culture of Yl090r - cells was grown in T-broth supplemented viith 0'2%

maltose, 10 mMlvlgcL at37oc. A 50 ml culture of the cells was then grown in T broth

supplemented with 10 mM MgCl, at37oC with shaking to an Aooo : 0'5-0'7' The cells

were infected with 10e-10r0 phage and incubat ed at37"C with shaking' Once lysis of the

culture rilas apparent (usually 3-4 hours), 2.5 mlof chlorofoÍn rtras added to lyse the

remaining cells. RNase A (10 pdml) and DNase I (10 ¡rglml) were added followed by

further incubation at3loCwith shaking for 30 minutes. cell debris and DNA were

collected by centrifugation at 18000 r.p.m. for 15 minutes (Beckman IA20 or Sorvall SS-

34 rotor), followed by the addition or2 ml or3}%polyethylene glycol 8000, 3M NaCl per

10 ml of supematant. The mixture was then incubated on ice ror 2-16 hours to allow the

phage particles to precipitate. Phage particles were collected by centrifugation at 10000

r.p.m. for 10 minutes and resuspended in 500 pl PSB, followed by the addition of 20 ¡rl 0'5

M EDTA, 10 ¡.rl 10% sDs and 2.5 ¡úproteinase K (10 mg/ml) and incubation at 65'C for

30 minutes. Debris was removed by two phenovchloroform (1:1) extractions and the l'

phage DNA was ethanol precipitated" The DNA pellet was washedinT}% ethanol, briefly

dried and resuspended in 50-100 ¡rl HrO'

2.3.15 Screening of plasmid/cosmid libraries

Plasmid or cosmid libraries were plated at a density of 10000-15000 colonies per 140 mm

plate. Master filters were lifted from the plates by placing a nylon filter over the plate for

approximately three minutes. The master filters were then placed colony side up on fresh

L-broth supplemented with 50 ¡rglml ampicillin plates and grown at37"C for 4 hours'

Replica filters were produced by firmly pressing the master filter onto a nylon filter' Both

f,rlters were grown for a further 4 hours and the procedure repeated to produce duplicate

replicas. The master filters were placed colony side up on L-broth plates supplemented

with 50 pglmlampicillin and l}o/oglycerol and after allowing the glycerol to penetrate the

filter, were stored at -20oC. The colonies on the replica filters were lysed by placing them

on sheets of 3MM papef soaked in l0l1{o SDS for 10 minutes, the DNA denatured by

placement on 3MM soaked in 1.5 M NaCVO.5 M NaOH for 10 minutes and the filters

neutralized on 3MM soaked in 1.5 M NaCVI M Tris-HClpHT .4. After IJV crosslinking
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(section 2.3.Iì),the filters were washed in 2x ssc and bacterial debris scraped off with a

glass spreader. Hybridization of radio-labelled probe was as described in Section 2'3'10'

2.3.l6lsolation of cosmid DNA

cosmid DNA was isolated using the following procedure: A single colony was used to

inocurate 25 mrof L-broth suppremented with 50 ¡rg/ml ampicillin and incubated for 16

hours at'3l"Cwith shaking. Cells were collected by centrifugation at 5000 r.p.m' for 5

minutes (Beckman JA-20 or Sorvall SS-34 rotors) and the bacterial pellet resuspendedinz

ml of TES buffer. cells were lysed by the addition of 4 ml of freshly prepared 0'2 M

NaOIVI% SDS and incubation at room temperature for 5 minutes after gentle mixing'

Bacterial debris was precipitated by the addition of 3 ml of ice-cold KAcF (2a'9 g

potassium acetate, 5 ml9}%formic acid in 100 ml HrO) and incubation on ice for 5

minutes followed by centrifugation at 15000 r.p.m. for 10 minutes (Beckman JA-20 rotor

or Sorvall SS-34). RNA and protein was removed by addition of 5 ¡'rl of 10 mg/ml RNase

A and 2 p,l of 2omg/ml Proteinase K to the supernatant, and incubation at 37"C for 30

minutes. This was followed by extraction with an equal volume of phenovchloroform

(1:1). The aqueous phase was separated by centrifugation at 8000 r'p'm' for 10 minutes'

DNA was precipitated from the supernatant by addition of 1/1Oth volume of 3 M NaAc pH

4.6 and2.5 volumes of ethanol. After washing in70% ethanol, the DNA pellet was air

dried and resusPended in 100 PI HrO'

2.3,17 Dideoxynucleotide sequencing

(i) Sequencing reactions

DNA was sequenced by the dideoxy method (Sanger et al',1977) using ct-35s-dAtP and a

usB double stranded sequencing kit, according to the manufactufers' instructions'

(ii) Etectrophoresis of reactions

The products of sequencing reactions using o-35S-dAtP and the double stranded

sequencing technique were resolved on 0'4 mm 6% (wlv) acrylamide (20:l acrylamide:bis-

acrylamide), 8 M urea, lx TBE gels at 1500 v. Gels were then washed in 10% acetic

acidllIYoethanol before being transferred to'Whatmann 3MM chromatogtaphy paper'

dried on a vacuum gel drier and autoradiographed for 16 hours'
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(iii)automated sequencing

Sequencing of the 4815 gDNA was performed in the W.M. Keck facility at Yale

University in which a combination of automated sequencing and oligonucleotide synthesis

were employed. The DNA was sequenced using Taq FS DNA polymerase and fluorescent-

dideoxy terminators in a cycle sequencing method and the resultant DNA-fragments were

electrophoresed and analyzedusing an automated Applied Biosystems 3734 Stretch DNA

sequencer.

2.3.18 Maintenance of. Drosophíla stocks

Stocks were routinely culture d at25"C in vials or plastic bottles containing Drosophila

culture medium. Stocks needed for collections of large numbers of eggs were maintained

in a population cage.

2.3.19 Drosophila crosses

virgin females were collected within 8 hours of eclosion at25"C or 16 hours at 18oC'

crosses were maintained at25"C and recombination percentages were calculated as the

percentage of recombinant progeny out of total progeny'

2.3.20 Micro-injection of Drosophila embryos

(i) Preparation of DNA for injection

DNA to be injected was purified using a Qiagen midi preparation as described in Section

2.3.I. An injection mix containing 7 ¡rg of transformant plasmid and 3 ¡rg of A2-3

plasmid (as a source of transposase) in lx injection buffer in a volume of 10 ¡rl was

prepared. The injection needle was back-filled using a drawn out capillary containing a 2

¡rl aliquot of injection mix.

(ii) Embryo collection

Flies were allowed to lay embryos on grape juice agar plates at 25"C for 30 minutes prior

to collection.

(iii) Dechorionation of embrYos

Dechorionation of embryos was carried out manually under a dissecting microscope in a

humidified room. Embryos were transfered to a glass microscope slide and individually
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dechorionated by gently rolling on a piece of double sided sticþ tape' The

dechorionated embryos wefe then aligned along a strip of non-toxic rubber glue (Earth

rubber cement; Maruni Industry co. Ltd.) with their posterior end facing towards the

injection needle. Parafnin oil was placed over the embryos to prevent dehydration'

(iv) Micro-injection

Injection was ca:ried out utilizing a micromanipulator and an inverted microscope' The

slide of embryos was placed on the microscope stage and the micromanipulator was used

to position the needle. Injection was carried out by moving the microscope stage and

pushing the posterior end of the embryo into the needle. After penetration of the embryo'

the needle was withdrawn as far back as possible without leaving the embryo and a small

amount of DNA was injected into the most posterior embryonic cytoplasm'

(v) Post-injection care

The slide of micro-injected embryos under oil was placed in a petri dish containing moist

tissue and kept at 18"C to allow the larvae to develop' A small amount of yeast was

placed on each slide around the oil to allow the larvae to feed upon hatching' Larvae

were then collected with thin strips of filter paper and placed in a fly food vial where

they develoPed into adult flies.

(vi) Screening for rv* transformants and chromosome mapping

Surviving adults were individually crossed to *11I8 flies' Transformed flies were

identified in the progeny by the presence of the w* eye colour ma¡ker' Independent

transformant flies were crossed to w,' CyOl+; XB3ITM6B flies, doubly balanced for the

2nd and 3rd chromosomes. CyO is a2nd.chromosome balancer with a dominant Cy

mutation (curly wings) and.TM6B is a 3rd chromosome balancer with a dominant F/ø

mutation (extra bristles on the humeral patches). In the next generation, male

transformant flies heterozygous for the CyO and TM6B balancer chromosomes were

back-cross 
"d 

to .l I I8 virgin females. The progeny from this cross v/ere scored to

determine whether the w* transformant was Segregating from either the X chromosome

(by the absence of w* male flies), the second chromosome (by the absence or w* ' cy

flies), or the third chromosome (by the absence of w*, Hu flies) indicating transformant

insertion on the X,Zndor 3rd chromosome respectively. once the transformant had been
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mapped to one of these chromosomes, stable lines were generated by self crossing

heterozygous transformant flies to obtain a homozygous stock.

z.3.zlWhole mount RNA ín situ hybridization to Drosophíla embryos'

(i) Collection oL Drosophila embryos and fixation

Embryos were collected on grape juice agar plates smeared with yeast' Embryos were

harvested and thoroughly washed using a0.7YoNaCV0'03% Triton X-100 solution'

Embryos were then soaked h a 2o/o sodium hypochlorite solution for 2-3 minutes to

dechorionate the embryos and were subsequently thoroughly washed in0'7Yo NaCV0'3%

Triton x-100. The embryos were then transferred to a glass scintillation vial containing a

two phase mix of 5 mI of 4%opara-formaldehyde in lx PBS (made fresh by dissolving solid

para-formaldehyde in heated lx PBS) and 5 ml of heptane' To fix the embryos' the vial

was shaken on an orbiting platform such that the interface between the liquid phases was

disrupted and the embryos were bathing in an emulsion for between 15 and 20 minutes'

The bottom aqueous phase was drawn off and replaced with 5 ml of methanol and the vial

shaken vigorously for 1 minute to remove the vitelline membrane from the embryos' The

de-vitellinized embryos sink from the interface and can be collected from the bottom

methanol phase. Embryos were then rinsed several times in methanol and then several

times in 100% ethanol and stored at -2)"cunder ethanol until use' If embryos were to be

used immediately, the ethanol rinsing step was omitted, and embryos were rinsed several

more times in methanol before being used for whole mount RNA in situ hybridization'

(ii) Preparation of digoxigenin labelled probes

Digoxigenin-DNA probes were generated by the following protocol: 200-400 ng of

restricted plasmid template DNA was digested with a mixture of several restriction

enzymes with 4 bp recognition sequences. Random hexamers (10 ¡rl of 10 mg/ml) were

added to the DNA in a volume of 15 ¡^t1, boiled for 5 minutes and snap chilled on ice' 2 pl

offreshVogel,ssolution.175¡l:-1MPipespH6.6,25p'irLMMgCl,,3.6plB-

mercaptoethanol), 4 ¡rl 5x dNTPIDIG-11-dUTP labelling mix (containing 1 mM dATP' 1

mMdCTP,lmMdGTP,0'65mMdTTPand0.35mMDigoxigenin.l1-dUTP(Boehringer

Mannheim)) and 5 units Klenow fragment were added and the reaction incubated at 18oc

ror l2-l6hours. A further 5 units of Klenow were added and the reaction incubated for a
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further 4 hours at room temperature. The reaction was stopped by the addition of 21 ¡'rl 0'1

M EDTA pH 8.0 and incubation at 65oC for 10 minutes' The DNA was precipitated by the

addition of 82 pl H2o, 1 p,120 mglml glycogen, 11 pl 4 M LiCl and 300 pl ethanol

followed by centrifugation in a microcentrifuge. The DNA was fesuspended in 30 ¡r1

prehybridization solution.

Digoxigenin RNA probes were generated from linearized plasmids that contained the gene

of interest. RNA probes were synthesized by in vitro transcription using digoxigenin- 1 I -

urp and a DIG RNA labelling kit (Boehringer Mannheim) according to the manufacturers'

instructions.

(iii) Preparation of embryos for hybridization

Embryos fixed as described above were rinsed several times in ethanol, then once with 50%

ethanoV5Q% xylene and soaked in xylene for 1.5-2 hours' Embryos were rinsed once in

50o/o ethartollilI%oxylene and then several times in ethanol, once in methanol and once in

50% methan ollS}%PBT (PBS plus 0.1% Tween 20), before being fixed in PBS plus 5%

paraformaldehyde for 20 minutes on a rocking platform. Embryos were then rinsed 3 times

in PBT before digestion with either 4 ¡t{mlproteinase K for 3 minutes when using RNA

DIG probes or 50 ug/ml proteinase K for 7 minutes when using DNA DIG labelled probes'

Proteinase K treatment was stopped by rinsing the embryos 3 times with 2 mg/ml glycine

and then twice with PBT. The embryos were then post-fixed for 20 minutes in PBT plus

5o/oparaformaldehyde on a rocking platform. The embryos were then washed 5 times with

PBT for 5 minutes each on a rocking platform

(iv) Ilybridization to embryos

Following preparation of the embryos for fixation, the embryos were washed in 50%

PBT:sI%prehybridi zationsolution. The embryos were washed once in 100%

prehybridization solution (50% formamide, 5x SSC, 50 pglml heparin, 0'1% Tween 20 and

100 ¡rg/ml denatured herring spefm DNA) before being prehybridized for 2 hours to

overnight at either 48oc, if a DIG tabelled DNA probe was to be used' or at 55oC if a DIG

labelled RNA probe was to be used. DNA DIG probes ( in prehybridization mix) and RNA

DIG probes were denatured by incubation at gO.c for 15 minutes followed by snap cooling

on ice for 5 minutes. The probe was added to the embryos by gently pipetting the embryos

up and down with a 1000 ¡rl tip that had the end cut off. Hybridizationwas carried out for
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at least 16 hours at 4goc (DNA DIG probes) or 55'C (RNA DIG probes) in a waterbath or

bio-oven.

Each of the washes that followed were carried out at 48"C (for DNA DIG probes) or 55oC

(for RNA DIG probes) for 20 minutes each: one wash with prehybridization solution' one

wash with 50% prehybridization solution/S0%PBT and 5 washes with PBT' Anti-DIG

antibody was then added at a 1:2000 dilution and incubated with the embryos on a rocking

platform.for t hour at25"C. The embryos were then washed 4 times in PBT lot 20 minutes

on a rocking platform followed by 3 washes in 100 mM NaCl, 50 mM MgClr, 100 mM

Tris pH 9.5, 1 mM levamisol and 0.1% Tween 20. 4.5 ¡rl nitrobenzyl (100 mg/ml in70%

(v/v) DMF) and 3.5 pl BCIP solution (50 mglml in DMF) were added to the final wash and

the colour reaction was allowed to proceed with rocking. The colour reaction was stopped

by rinsing the embryos several times in PBT/20 mM EDTA, prior to mounting in 80%

glycerol in PBS/20 mM EDTA.

2.3.22ln sítu hybridization of RNA DIG labetled probes to ovaries

The ovaries from healtþ young females were dissected in 1x EBR buffer comprising 130

mMNaCl,5mMKCl,2mMCaClr,l0mMHepespH6.gandtheovariolesteasedapart'

The ovarioles were then fixed in  o/oparaformaldehyde in 2 mM MgSOo' 0'1 M Hepes pH

6.g,lmM EGTA for 25 minutes at room temperature while rocking on a platform.

Dehydration of the ovarioles was achieved with oneZminute wash in methanol and two 2

minute washes in ethanol after which the ovarioles were treated with 50% ethanov5O%

xylene for 30 minutes at room temperature with rocking. The ovarioles were then washed

5 times in ethanol, twice in methanol and three times in PBT, each wash being for 5

minutes. The ovarioles were post fixed in  o/opara-formaldehyde in PBT rot 25 minutes at

room temperature on a rocking platform followed by five 10 minute washes in PBT with

rocking. The ovarioles were digested with 50 ug/ml proteinase K for 8 minutes at room

temperature while rocking and washed four times for 5 minutes in PBT with rocking' The

ovarioles were refixe din  %opara-formaldehyde fot 25 minutes at room temperature on the

rocking platform and then washed 5 times for 10 minutes in PBT with rocking'

The ovarioles were washed in S}%PBTl5}%hybridization buffer for 5 minutes before

being placed into hybrid izatíonbuffer which contained 50% formamide' 5x SSC' 100
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ug/ml herring spenn DNA, 100 ug/ml heparin, lx Denhardts solution, 0'1% Tween-20'

The ovarioles were further dissected in the hybridization buffer and then pre-hybridized in

the hybridi zationmix at 55oC for at least 5 hours. The probe, diluted in hybridization mix,

was heated at go"c for 15 minutes, snap cooled on ice for 5 minutes, added to the ovarioles

and incubated at 55oc for at reast 16 hours. The washing, incubation of anti-DIG antibody

(Boehringer Mannheim) and colour detection procedures that followed were the same as

those ernployed after the hybridization of RNA DIG probes to embryos as described in

Section 2.3.21

2.3.23 Anti- p- galactosidase antib ody stainings of embryos

Embryos stored under ethanol were rinsed in methanol and then rehydrated by rinsing in

50% methan ollS}L/oPBT, followed by 2 fiveminute washes in PBT and a 30 minute wash

in pBT. The embryos were then blocked in PBT plus 5% blotto for two hours at room

temperature. The primary antibody, anti-B-galactosidase (rabbit polyclonal) antibody, was

added at I1400 in PBT plus 5% blotto for 2 hours at room temperature' The embryos were

then washed 3 x 5 minutes in pBT followed by 4 x 30 minutes in PBT. The embryos were

then blocked again by incubation with PBT plus 5% blotto for 2 hours at room temperature'

The secondary antibody, donkey anti-rabbit IgG-conjugated to biotin, was added at 11200

in pBT, 5% blotto and incubated for at least 2 hours at room temperature, or overnight at

4.C. The embryos were then washed 3 x 5 minutes in PBT followed by 4 x 30 minutes in

pBT. A tertiary solution comprising a 1/100 dilution of solution A (avidin, vectastain

ABC kit, vector Laboratories) and a 1/100 dilution of Solution B (biotinylated horseradish

peroxidase) was mixed in PBT and incubated with the embryos for one hour at room

temperature. The embryos were then washed 4 x 5 minutes in PBT followed by 4 x 30

minute washes in pBT. Colour detection of the anti-p-galactosidase antibody localization

was obtained by the addition of 0.5 mg/ml DAB and 0'045%HZOZ $lus 0'64 ug/ml NiClZ

for Nickel enhancement). The colour reaction was stopped by washing the embryos several

times in PBT, 2% (wlv)Na Acetate solution. The embryos were rinsed several times in

PBT before being mounted in 80% glycerol in PBS'
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2.3.24 Sectioning of adult Drosophìla eyes

Adult eyes rwere obtained from the fly by severing the head and halving it using a scalpel

(no.11). Eyes were fixed for 16 hours at 4"C in}.So/o glutaraldehyde (EM grade) in 0'l M

NaPO4 pH7.3, Fixative was removed by three 15 minutes washes with 0.1 M NaPOo pH

7.3 andthe eyes were stored in this buffer until further processed. The eyes were post fixed

in}Yoaqueous osmium tetroxide at room temperature, washed three times for 5 minutes in

HrO and'sequentially dehydrated with acetone (50Yo,7}o/o,90o/o,95o/o,100yo) by treatment

for 5 minutes at each concentration. This was followed by four l5 minutes changes of

IxI%acetone. The tissue was then infiltrated with epoxy resin (Pro Sci Tech) which was

diluted 50%o inacetone for 30 minutes, followed by two 60 minute treatments with 100%

resin. Following infiltration with fresh resin for 16 hours, the eyes were flat embedded in

silicone moulds and cured at 60"C for 16 hours'

1 micron sections were cut with glass knives on a Riechart ultracut ultramicrotome and

transferted to clean, uncoated glass slides in a droplet of H2O. Following evaporation to

dryness on a hot plate (approx 90'c) the sections were stained with aqueous 1% methylene

blue (colour index #52OI5,FW 319.86) containing 1% sodium tetraborate on a hot plate'

Excess staining was removed by washing with Hro, and after drying, sections were

mounted with cytoseal 60 (Pro sci Tech) mounting medium.

2.3.25 Dissection of adult wings

V/ings were severed from the body of the fly using a scaþel (no'11), treated in xylene for 1

hour and mounted in Canada Balsam'

2.3.26Microscopy, microphotography and scanning electron microscopy

Brightfreld microscopy was performed on a Zeiss Axiophot microscope equipped with

Normaski optics. Microphotographic images were recorded on Kodak Ektachrome 160

Tungsten balanced slide film. slides were digitised using a Kodak RFS 2035 Film Scanner

and image files were manipulated using Adobe Photoshop 4'0. Photographic colour prints

were obtained using a Kodak xLTTTzODigital continuous Tone printer'

Scanning electron microscopy was performed on whole flies which had been dehydrated by

sequential treatment with acetone at increasing concentr ation (25o/o, 50o/o' 7 5%o' I00Yo) fot

'a
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at least 2 hours. The flies were then mounted on stubbs and air dried. The flies were

viewed on a Philips XL30 field emission scanning electron microscope'

2.3.27 Stabte transfection of NIH3T3 fibroblasts by calcium phosphate precipitation

Stable transfection of NIH3T3 fibroblasts was kindly performed by J. Dibbens (Hanson

Centre for Cancer Research) using calcium phosphate precipitation of linearized templates

and polyÒlonal selection in 400 pglmlc4lg for 12-14 days. colony forming assays rù/ere

performed in soft agarÆIDMEM medium in 35 mm petri dishes using duplicate samples of

2xl0a and 5x103 cells per dish, and were also performed by J. Dibbens'

2.3.28 Containment facilities

All manipulations involving recombinant DNA were performed with the approval of, and

in accordance with, the regulations of the GMAC and the University Council of the

University of Adelaide.



56

CHAPTER 3: GENERATION OF PbI ALLELES BY P ELEMENT

MUTAGENESIS

3.1 Introduction

Three X-ray-induced deficiencies, Df(3L)pbfi , Df(3L)pbflA an¿ Df(3Qpbf25,

which failed to complem ent the pbl EMS allele s pblt , pbf , pbl3 and pbls were generated

by Hime (1993). The deficiency Df(3L)påflft was found to delete the polytene

chromosomal bands 66BI-2, thus localizingthe pbl locus to the cytological position

66Bl-2 on the third chromosome (Hime, 1993). In an attempt to isolate the pbl gene,

Hime (1993) found that the Dembki gene (W. McGinnis, pers. comm.) resided within the

smallest deficiency, Df(3L)pbf25, md used this gene to isolate an overlapping set of

cosmids spanning approximately 110 kb. This cosmid walk was then used to define the

proximal breakpoint (with respect to the centromere) of DfQL)pbf25,but the distal

breakpoint remained undefined as the cosmid walk did not span the entire deficiency

(Hime, 1993).

With the knowledge that the cosmid walk did not entirely spanDf(3L)pbf25,

Hime (1993) used the two cosmids closest to the proximal end of the deficiency to begin

screening for cDNAs which resided within the deficiency. A single oDNA, 7d1, was

obtained from this screen and sequence analysis of this clone revealed that the clone was

not full length (Hime, 1993). As part of the initial work carried out in this study, a full

length gDNA clone (5Al) was isolated after screening approximately 200,000 colonies

of a 0-4 hr after egg deposition (AED) cDNA plasmid library with the 7d1 cDNA. DNA

sequence analysis of this clone revealed that it was approximately 200-300 bp longer

than 7dl at its 5' end and the sequence contained a predicted open reading frame (ORF)

encoding a novel protein of 325 amino acids, with homology to a family of secreted

ribonucleases (Hime et a\.,1995). For this reason it was considered unlikely that the

541 oDNA encoding RNase 668 corresponded to the pbl oDNA'

The set of cosmids isolated by Hime (1993) did not span the entire Df(3Qpbf25

deficiency. Further, it was also possible that the deficiency may have only deleted a

distal pbl enhancer element, rather thanthe pbl gene itself. It was therefore decided to
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pursue an approach of creatin g new pbl alleles by P element mutagenesis. P elements

tend to insert near or 5' to the transcriptional start regions of genes (Tsubota et al., 1985,

Chia et al., 1986). The creation of pbl alleles in such a way would facilitate the isolation

of the gene, by allowing the rescue of genomic DNA flanking the P element and hence

isolation of cDNAs flanking the P element insertion. This approach has been used

successfully to identify a large number of genes in Drosophila.

Results

3.2 Characterization of P element lines for phl mutagenesis

To generate P element alleles of the pbl gene it was first necessary to identify a P

element insertion appropriate for this purpose. Based on the observation that P elements

demonstrate a preference for inserting close (within about 100 kb) to their original

insertion site (Tower et a1.,1993;Zhang and Spradling,lgg2), it was preferable to utilize

a line carrying a single P element insertion in the vicinity of 66Bl-2. Three such P

element lines were available: wp IEal f[5]; P{w[+J]30, known as P[1066C, which had

been locali zed. to the region 66C (Bloomington stock centre listing), w [ ] I I 8l ; P{w [+J -

lacl4rlYl276, ry[506J, known as P]415,localized to the region 66 (S. Wasserman, pers.

comm.) and,P{ry[+J-tArB]99, ry[506J,known as P5ST,localized to 66Bl-2 (E. Hafen,

pers. comm.)

Recombination between each P element and the pbl locus was used to determine

which of the three lines carried a P element insertion that mapped genetically closest to

the pbllocus. To do this, the ,ory* (ty*) *¿ whirc+ (w+) marker genes ca:ried by the P

elements were used. The lines Pw066C and P587 ca¡ried a P element containing the

,ory* (ry+) marker gene, so in order to detect recombinant chromosomes, arosy (ry)

allele (rytou)was recombined onto the chromosome carryingthe pbl EMS allele (data

not shown). As an example of the crosses caried out, Figure 3'1 shows the crosses

undertaken to determine the recombination frequency between the P element in the line

p58T andthe pbllocus, using the pbls allele. The recombination frequency between the

p element in the line Pl4r066C(ry*) andthe pbl5 allele was performed using the same

strategy as employe d for P587. The pbl EMS alleles were available in awhite (w)



Figure 3.1 Outtine of the genetic cross undertaken to determine the recombination

frequency between the PIArB(ry+) insertion in the line P587 and the pbl locus, using

the pbf ailele.

The rosys\ó allele was first recombined onto the pbls and pbtl chromosomes to yield

ry pbf andry pbll .

progeny were scored according to their eye colour and bristle phenotype' The number of

flies having rosy eyes and non-^Stubblebistles (indicated in bold) were used to determine

the recombination frequency between the P element PIArB(ry*) and the pbts allele.

recombination frequency: r = number of ry. non-Sb recombinants x 3
total number of ProgenY

In determining the recombination frequency (r), the number of ry, non-,Så flies scored

was multiplied by three as this class of progeny represented one third of the total number

of recombinant pro genY.
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background which enabled recombination events between the P element PI4I5, which

carried w* , andthe pbf EMS allele to be detected. In this case, w; pbls /P1415 females,

in which recombination occurred, were crossed to w; pbl3/TM3, Så males and

recombinant progeny which werewhite eye, non-^S/zbblebristle were scored. Table 3.1

shows the recombination frequencies obtained between the pbls allele and each of the P

elements

a

number of

recombinants

total o/o recombination
b

markers

pbls v PW066C(ry*) 9 2099 1'3

pbls v P1415(w.) 16 1969 2'4

pbls v P587(ry*) 2 14202 0'04

a. Drosophila strains used and recombinants scored as described in Figure 3'1.

b. Recombination frequencies were determined as described in Figure 3'1'

As can be seen from Table 3.1, the P element contained within the line P587 was

found to map closest to the pbl locus with a recombination frequency of 0.04yo,

suggesting that the P element was located very close to the pbl gene. A recombination

frequency of this order indicated that the P587 element could map as close as l0 kb to

the pbllocus (R. Tearle, pers. comm.), although the relationship between recombination

distance and physical distance is quite variable'

It was also necessary to determine whether the P element insertion in the line

P587 was capable of mobili zatíon,thus rendering it suitable for an insertional

mutagenesis. To determine whether the P element in the line P587 was capable of

excising,loss of the ,ory* (ry\ genewas monitored. P587 iry*¡ females were crossed

to males carrying the elementPlry* A2-3X998), hereafter abbreviated Lz-3,which
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produces transposase (required for mobilization of the P element) but is not itself mobile

(Robertson et a1.,1988). P587/Á2-3 females obtained from this cross twere then crosssed

to rytou males. Of the 249 resulting progeny, 31 were found to have rosy (ry) eyes,

giving a reversion frequency of 12.5%o for the P element present in P587. The line P587,

therefore, contained a P element which was capable of excising and which mapped very

close to the pbl gene. This P element line was therefore chosen to generate pblP element

alleles.

3.3 P element mutagenesis

The P element present in the line P587 was chosen to be mobilized in females,

since it has been reported that local P element transposition occurs more frequently in the

female germline (Zhang and Spradling,1992). The P element present in P587 was

mobilized by crossing it to the A2-3 source of transposase encoded on the balancer

chromosome TMS A2-3, Sb. Figure. 3.2 outlines the crosses undertaken in the P element

mutagenesis. To outcross the transposase-carrying chromosome, P587|TMS A2-3, Sb

females were crossedto rusteca males. One thousand two hundred and frfty five (1255)

individual P5|7/rusteca males were screened for lethality of the P element-carrying

chromosome over the Df(3L)pbf2s cfuomosome. Five lines were found to carry a

chromosome which failed to complement the deficiency. Each of these five lines was

also found to be unable to complement the EMS allele s pbl2 and pbls . Hence, five P

element pbl alleles were generated from the P element mutagenesis and these alleles

were design ated, pbfA, pbfB , pbf', pbfo and pbfM. Each allele was maintained over

the TM3, Så balancer chromosome (Fig. 3.2).

3.4 Reversion of the P element alleles

To assist in determining whether disruption of the pbl locus in each of the pblP

element alleles was due to either an inserted P element or a P element-mediated

deficiency, each of the alleles was crossed to the ry506 alleleto test for the presence of

the p elem ent ry* marker. Each of the P elementpó/ alleles was found to carry the ry+

marker, indicating that at least the ry* g"n"of the P element was present in each of the



Figure 3.2 Outline of the crosses undertaken in the P element mutagenesis to

generate P elementPáJ alleles.

ln cross 1, the P element line P587,was crossed to introduce the A2-3 source of

transposase required for mobilization of the P element. Female progeny having Stubble

bristles and,non-Drop (Dr) eyes were collected. Mobilizationof the P element

occurred in these females.

In cross Z,the Z587/TMSA2-3, Sb females were outcrossed to rusteca males to allow

for later selection of the P587-deived chromosome'

Male progeny from cross 2 which were non-Sr¿r bble were individually crossed, as

outlined in cross 3, to determine whether they carried a P587-derived chromosome

which failed to complement the deficiency Df(3Dpbf25, which deletes the pbl locus.

The progeny from each cross were examined for a lack of non-,Søåble'non-ebony (e)

flies with wild type coloured eyes. A lack of this class of progeny indicated that the

P5;7-deived chromosome failed to complement the deficiency Df(3Qpbf25 '

The claret (ca) alleleon the Of(3L)pbP5 chromosome, in conjunction with the scarlet

(s/) allele on the rusteca chromosome, resulted in flies with orange coloured eyes'
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alleles. To determine whether the P element ends, which are required for mobilization of

the P element, were present in each of the alleles, reversion of the P element alleles was

attempted. Each of the pblP element alleles \ryas crossed to the TMS A2-3, Sb

chromosome to mobilize the P element. The reversion to viability over the pbl EMS

allele (ie. fromp bl to pbl+)was tested by crossing to the EMS allele pnf Aahnced over

TM3, ry,,Så and screening for non-^S/øbblebnstle flies, as outlined in Figure 3.3. Stocks

of pbl+ rÞvertants were established and maintained over the balancer TM3 ry, 
^Só 

(Fig.

3.3). To test the ability of each of the pbl P element alleles to revert to ry, each allele

was crossed to the TMS A2-3,,Så chromosome to mobilize the P element. As outlined in

Figure 3.4, females in which the P element was mobilized were collected and crossed to

ry Pr ro/TM3 ry, Sb males and the progeny screened for rosy,non-Stubble flies. Stocks

of ry revertant lines were established and maintained over the balancer TM3 ry, Sb. The

reversion frequencies obtained for reversio n of the pbl P element alleles to pbl+ and ry

are shown in Tables 3.2 and 3.3 respectively.

Table 3.2 Reversion frequenciesa of P element alleles topÉr+

P element allele no. of

revertants

total o% reversion to

pbfA A 424 6.6

pbfB n 4ss 5.3

pbfc 16 439 7.3

pbfD r 612 6.s

pbfM n s66 6.0

a. Reversion frequencies were calculated as described in Figure 3.3

+
pbl



Figure 3.3 Crosses undertaken to test the ability of the pbl P element alleles to

revert to viability over thepáJ EMS alleles'

Ã. The pbl p element alleles (shown here for pbfn¡ *"t"crossed to introduce the Â2-3

sonrce of transposase and r(oî-Drop (Dr) femares with stubbte bristles were collected.

These females, in which the P element was mobilized, were crossed to thepbl EMS

arere pbl2 . The presence of progeny having non-stubbre bristles indicated that a line

had reverted to viability over the pbf allele (ie. had reverte dto pbt+). The frequency of

the reversio n of a pblP element allele to viability ovet the pbl2 nMS allele was

determined by counting the number of progeny which were non-s/ubble' The number

of non-,Sføb ble pro genyrepresented half the total numb et of pbl+ revertants' and thus

was multiplied by two to gain the total numb et olof pbl+ revertants' The frequency of

reversion to pbl+wascalculated as the proportion of pbl+revertants to the total n*mber

ofprogenY counted'

Stocks olthe pbl+ revertant lines were established'

B. To test if thep bl+ revertantlines had also reverted from ry* to ry,thelines were

crossed to a line homozygous for rosy. Non-Prickly (Pr) flies (which had stubble

bristles) were examined to see if they hadrosyeyes. Stocks of pbl+ (ry+) revertant

lines were established.
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Figure 3.4 Crosses undertaken to test the ability of the pbl P element alleles to

revert to ry.

Ã. The pbl P elerÌrent alleles were crossed to introduce the A2-3 source of transposase

and non-Drop females which had Stubble bristles were collected. These females, in

which the P element had been mobilized, were crossed to a homozygovs rosy line. The

pressnce of rosy eyed flies in the resultant progeny indicated reversion of the ry+

marker gene of the P element. The frequency of the reversion of apbl P element allele

fromry* to ry was calculated by determining the proportion of ry progeny to the total

number of progeny counted.

Stocks of ry revertant lines were established.

B. To test if the ry revertarfilines had also reverte d,to pbl+ ,they were crossed to the

pbl2 allele. The presence of non-,Srubble progeny indicated a line had reverted to

viability over the pbl EMS allele. Stocks o1ry @bl+) revertant lines were established.
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Table 3.3 Reversion frequenciesa of P element alleles from t?+ to t?

P element allele no. of total 0/o reversion to

revertants ry

pbfA 28 l4o 20

pbfB o 108 o

pbfc 13 ß4 7 'e

pbfD o r2r o

pbfM o 116 o

a. Reversion frequencies were calculated as described in Figure 3'4.

The ability of all fivepål P element alleles to revert to pbl+ (Table 3.2) indicated

thatthe pbl lesions were due to an inserted P element, and not P element-mediated

deficiencies. The ability of each allele to revert to pbl+ also indicated that the ends of the

p element in all hve P element alleles were intact, allowing the P element to excise' The

relatively high reversion frequen cies of pbfA and pbfc to ry* (Table 3 '3) suggested

that these alleles may carryonly one P element. The inabili ty of pbfB , pbfo andpbfM

to revert to ry, despite their ability to revert to pbl+ , suggested that these lines may

contain more than one P element.

As described above, stocks of a numbe t of ry and pbl+ revertant lines' generated

fromthe pbl p erement aleres pbfA andpbfc, were established and maintained over the

balancers TM3 ry, Sb. The pbl+ revertant stocks were tested for co-reversion from ry* to

ry. Reversion to ry wastested by crossing to ry Pr ro/TM3 ry, Sb and screening for

stubble(as distinct rrom Prickly) bristle, rosy flies (Fig. 3.3). The ry revertant stocks

were tested for co-reversion to viability over the pbl EMS alleles' Figure 3'4 outlines the

crosses in which ry revertantstocks were tested for viability over the pbt2 allele, which

was determined by the presence of progeny having non-stubble bristles' The number of
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revertant lines tested and the results of the reversion tests are shown in Table 3'4. Stocks

of lines which had reverte dto pbl+ aîdry 69. pbl+PA'"' ry) were established and

maintained over the balancer TMj ry, Sb

Table 3.4 Phenotl¡pes of the revertants of the P elementPó/ allelesa

P element

allele

no. ofpbl

revertant lines

tested

reversion to ry

allry

r
allry'

allry
I

all ry'
I

alI ry'

no. ofry

revertant lines

tested

J

reversion to
I

pbl'

pbfA

. .PBpbf" 7

.PCpbf" 6

..PDpbf" 5

..PMpbr "' 4

N/A: not applicable

J
!

2 pbl'

I pbl

N/A

9 allpbl+

N/A

N/A

a. Reversion was as described in Figure 3.4'

The co-reversion of alpbfA andpbfc pbl+ revertantsto ry was consistent with

these two alleles containing a single P element insertion. In the same way' the lack of

reversion to ry of all tested pbf B 
, pbfo and puf M pbl + 

revertarfis was consistent with

these alleles containing more than one P element. The single Pbf 
pl"u 

ry revertant

which failed to complem entthe pbl2 allele was considered likely to contain a deficiency,

created by misrepair of the P element excision site. The reversion data obtained thus far

was consistent,with the reason for the inability of the five P element alleles obtained to

complement pbl2 or pbt' b"irrg due to a P element insertion disrupting the pbl locus'
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3.5 Molecular characterization of the P elementpå/ alleles

Since the five pbl alleles were likely to be due to insertional inactivation of the

pbllocIls,it was next necessary to further charactenze the alleles by Southern analysis'

A genomic Southern containing c/al digested DNA from the progenitor line P587 and

each of the fwe pblP element alleles was probed with a 0.7 kb fragment containing DNA

from the 3, end of the P element, obtained from the clone pstg0.T (Prior, 1991)' This

fragment comprises 520 bp stringDNA and 180 bp 3' P element DNA' C/¿I should

restrict the P element 3 kb from the 3' end and should produce a fragment containing 3

kb of P element and flanking genomic DNA up to the nexl clal site. The 0.7 kb

fragment was found to hybridize to a band of approximately 3'9 kb in each of the clal

digested DNA fromP5B7, pbfA andpbfc Gig. 3.5), indicating that a C/¿I site was

located 0.9 kb from the 3' end of the P element in the genomic DNA' No hybridizing

bands were detected for the lanes containing DNA from pbfB and pbfD ' A band of 1'9

kb was seen to be detected in the line pbfM. This band is smaller than that expected

upon digestion at the ctalsite 3 kb from the 3'P element end, indicating that a

reaffangement in the 3' region of the P element had occurred in this line' The bands due

to hybridization of the stringsequence served as a loading control and were present in

each lane at approxim ately 7.}kb and 0.7 kb. A band sized at approximately 5'2 kb was

also detected in the line p5B7 (marked with an asterisk in Fig. 3'5)' This band is thought

to result from hybridization of the 3' P element DNA to sequences within the PIArB P

element of P587,since the band is not present in the P5î7-óenved P element revertant

lines (as shown later in Fig. 3.7). This band may not have been detected in the alleles

pbfn arÂpblPc if the hybri dizingsequences within the P element were deleted in the

formation of these alleles (as discussed in Section 3'6)'

It was necessary to check that a band hybridizing to the 3' P element end in the

Clalrcstncted genomic DNA from the alleles pbfB andpbf 
D 

was not visible due to it

overlappin g a string-containing band. Thus, Southern analysis or the pbl P element

alleles was repeated using the restriction enzyme HindIlland the DNA was again probed

with the 0.7 kb fragment from psrgo.T which contains DNA from the 3' P element end'

A band of approxim ately 4.2kb was present in each track due to string hybridization

(Fig. 3.6). In addition, aband of approximately 72kb was detected in the lines P587'



Figure 3.5 Genomic Southern analysis of the pbl P element alleles.

Southern blot of ClaI digested genomic DNA of the progenitor line P587, each of the

pblP element alleles (balanced over TM3, Så) and a control strain, rusteca,which does

not carry a P element insertion. The blot was probed with a 0.7 kb PstUHíndIII

fragment from psrg0.7, containingputof the string gene and 3' P element DNA- The

probe is seen to detect a 3.9 kb bandinpbfA,pUfc andP587. No hybridizationof the

3,p elementDNAwas seen forthepbfB and,pbfD ünes. Theprobehybridizedto a

1.9 kb bmdinpbfM, índícating that the 3' end of the P element in this line had

undergone a reaffangement or deletion. Hybridization of the string sequence served as

a loading control, and in each lane bands of 7.0 kb and 0.7 kb were detected'

The slight differences in the mobilities observed are due to salt effects in the loaded

sample.

The asterisk marks the position of a second band of approximately 5.2kb detected due

to hybridization of the 3' P element DNA. This band is thought to be due to

hybridization to sequences within the PIArB P element'
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Figure 3.6 Genomic Southern analysis of thepbl P element alleles'

Southern blot of HindIII digested genomic DNA of the progenitor line P587, each of

the pblP element alleles (balanced over TM3, Så) and a control strain, rusteca, which

does not c^rry aP element insertion. The blot was probed with a 0.7 kb PstIlHindIII

fragment from psrgo.7, containing part of the string gene and 3' P element DNA' The

probe is seen to detect a12kbbandinpbfA, pufc pbfM and P587. No hybridization

of the 3, p element DNA was seen for the pbfB andpbfD ünes. Hybridization of the

stringsequence served as a loading control, and in each lane a band of 4'2 kb was

detected.

The slight differences in the mobilities observed are due to salt effects in the loaded

sample.

The asterisk marks the position of a second band of approximately 8 kb detected due to

hybridization of the 3' P element DNA. This band is thought to be due to hybridization

to sequences within the PIArB P element'
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pbfA andpbfc,a band of approximately l5 kb was detected inpbfM and, as found

previously, no hybrid ízationof the 3' P element end was detecte din pbfB arrd pbfD .

This result demonstrated that the inability to detect a band hybridizing to the 3' end of

the P elem entinpbfB artd pbfD was not likely to be due to an overlap with a string'

containing band.

The absence of hybrid izationof the 3' P element probe to pbf B 
and, pbf D

genomic DNA was unexpected, since both these alleles had been shown to revert to pbl+,

and mobilizationof the P element has been shown to require both the 5' and 3' P element

ends(Engels, 1989). Itwasconsideredpossiblethatdigestionof pbfB and,pbfDwith

both ClaI and HindIII may have resulted in large 3' P element-containing fragments

which may have transferred inefficiently to the nitrocellulose filter, however a

depurination step was included in the Southern blot procedure to alleviate this problem.

The lack of reversionto ry of these particular alleles suggested the presence of more than

one P element which should have been detected with the 3' P element probe. Lack of

digestion of the genomic DNA of the lines pbfB andpbfD was unlikely as string

hybridization was detected.

The detection of a similar 3.9 kb CtaI fragment in both the pb f A 
and pbft ün.,

and the progenitor line P587 (Fig. 3.5) was unexpected, as it suggested that no significant

mobilization of the P element had occurred in the generation of the pbl alleles. Further,

the detection of a common band of approximately lzkb in P587, pbfA and pblPt (fig'

3.6) once againstrongly suggested that no significant mobilization of the P element had

occured, although a small displacement of the P element could not be ruled out.

Since the P element insertion site in pbfA arrd, pbfc did not appear to be

significantly different from that in P587,the revertant lines were tested to determine

whether the p element-containing band present in pbfA , pbfc and P587 was no longer

present. Genomic DNA from two independent revertant lines of pbfA and, pbfc which

had co-reverted to bothpbl+ andry @g. pbt*PA'"' ry(l))were analysed. The revertant

lines were digested with either HindIII or Claland probed with the 0.7 kb fragrnent from

pstgo.T containing the 3' end of the P element. Figure 3.7 shows that the 12 kb band

present in the Hindllldigested P587, pbf A 
and. pbfc genomic DNA was not present in



Figure 3.7 Genomic Southern analysis of the P element revertant lines.

Lines generated by the reversion of pbfA and pbfc to pbl+ which had co-rev ertedlo ry

(designated pbl*PA'"'ry and.pbl*Pc'"'ry) andthe line P587 were digested with either

HindIII or ClaI. The blot was probed with a 0.7 kb Pst\lHindIII fragment from ps/90.7

containing 3' P element and string sequences. In the case of the HindIII digested DNA,

the 3' P element DNA was seen to detect a band sized at approximately 12kb in P587,

which was not detected in the revertant lines. In the ClaI digested DNA, a 3.9 kb band

detected in P587 is not detected in the revertant lines. This indicated that the lethality

of the pbfA and.pbfc lines over the pbtEMS alleles was due to the presence of the P

element.

Hybridization of string sequence served as a loading control and resulted in the

detection of a 4.2 kb band in the Hindlllrestricted DNA and a 7 kb band inthe ClaI

digested DNA. The 0.7 kb band normally detected due to hybridization of string

sequences was run off the gel.

The asterisk marks the position of band sized at approximately 8 kb detected by the 3'

p element sequence in the Hindllldigested DNA and a 5.zkb in the C/aI restricted

DNA. These bands are thought to be due to hybridization to sequences within the

plArB P element, as they are not detected in the P element revertant lines.

The signal of stringhybridization in the lanes contai ning pbl*PA'"u ry g"no ic DNA

indicates that less genomic DNA is contained in these tracks compared to the other

tracks.
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each of the revertant lines. Consistent with this finding, the 3.9 kb band present in the

ClaI digested p5g1, pbfA nd pbfc genomic DNA was also shown to be absent in each

of the revertant lines (Fig. 3.7). Hybridization of the pstgp.T fragment to string

sequences in each sample was used as a DNA loading control and resulted in a 4'2kb

fragment in the Hindlllgenomic DNA and a 7.0 kb band in the Clalrcstncted genomic

DNA (the 0.7 kb fragment having run off the gel). This result gave further support to the

conclusion that the failure of pbfA and pbfc to complem ent the pbl EMS alleles was

due to the presence of a P element insertion. However, the data strongly suggested that

either (1) mobilization of the P element over only a very small distance resulted in

inactivatio n of the pbl locus or (2) that an intemal rearrangement within the P element,

that did not affect the P element ends, had occurred in the generation of the alleles.

3.6 Inactivation ofpál in the alleles pbfA anA ptfc appears to be due to an

alteration in the 5' end of the P element

To further investigate the nature of the P element alleles pbfA arrdpbfc,the

integrity of the 5' region of the P element in each of the alleles was examined. A

genomic Southern containing C/aI digested genomic DNA from P587, pbfn and pbfc

was probed with a 0.5 kb HindIlIlEcoRI fragment containing DNA from the 5' end of the

P element (obtained from the P element PllacZ, ry*1, k to*" asPZ;Mlodzik and Hiromi'

lgg2). Figure 3.8 shows that the genomic fragment containing the 5' P element end was

of a different size in each of the three lines. A2.5 kb fragment containing the 5' P

element was detected in the line P587,whereas a 3.1 kb and a 1.9 kb band containing the

5, p element end were found in pbfA and pbfc respectively. Bands of different size

were also obtained upon hybridization of the 5' P element probe to ^Sal[ 
digested

genomic DNA rrom P587, pbfA anapufc ç4.5 kb îor P587,16 kb fot pbfA and 7 kb

nr pbfc; data not shown). These results demonstrated that an alteration (deletion or

rearrangement) near the 5' end of the P element was present inthe pbl P element alleles

pbfA and pbfc . It was considered highly likely that this alteration resulted in the

disruption of the pbl locus in some manner'



Figure 3.8 Genomic Southern analysis of the 5' ends of the P element insertion in

thepbl P element alleles.

Southem blot containing Claldigested genomic DNA fromthe pbl P element alleles

and the line P587. The blot was probed with DNA from the 5' P element end (0.5 kb

HindIIIlEcoRI 5' P element end from the P elementPZ). A band sized at

approximat ely 2.5kb was detected inP587,a 3.1 kb band was detected inpbfA and a

1.9 kb band was seen to hybridize inpbfc. No hybridizatíonof the 5' P element probe

was detected in the alleles pbfB o, pbfD. The pbfM allele was not analysed due to the

demonstration of a change in the 3' end of the P element in this allele (Fig. 3.5)'

The detection of bands of different sizes in the lines P587, pbfA and pbfc indicated

that a rearrarrgement had occurred in the region of the 5' P element end in the two

alleles pbfA andpbfc '

The 0.7 kb pstIlHindIII ftagment from pstg}.7 was also used to probe the blot and the

detection of the 0.7 kb string fragment served as a loading control.



b.
)

a U
I -,\ 5 I

ru
st

ec
ø

P
58

7

þF
n

P
bl

P
c

P
hI

P
A

11 Þ
r 

(,
aa \o

-
--,\ 

,\
úú

-¡ O 5 E 3n F
T l. \ { a



66

It was considered unlikely that the alteration which had occurred in the generation

of the pblp element alleles pbfA arrdpbfc was within the genomic DNA flanking the

5, p element end, given that reversion of the alleles pbfA and pbfc still occuned. The

ability of the alleles to revert also demonstrated that the P element 5' end must have

remained intact. The data therefore indicated thatthe pbl P element alleles contained an

internal P element deletion or re¿urangement near the 5' end of the P element' It was

considered possible that a promoter element within the P element, for example the rosy

promoter, may have been brought closer to the pbl locus and in some way disrupted pbl

function. The recombination frequency of approximately 0.04o/o obtained for

recombination between p5B7 and,the pbl locus (Section 3.2) indicated that P587 was

indeed inserted very close to the pbl locus. Thus it appeared that an intemal P587

deletion or reaffangement influenced the function of the pbl locus. A precedent for an

internal p element deletion leading to disruption of a neighbouring gene is the DmcycCP

allele, which contains an insertion of a P element approximately 15 kb upstream of the

cyclinE gene of Drosophila melanogaster. DmcycdP was derived from an existing P

element insertion, l4-11G, situated 5' to the DmcycE zygotic transcription unit. The P

element insertion in the line 14-11G results in an extremely mild phenotype' Genomic

Southern analysis has shown that the hypomorphic D*"ycdP allele differs from the

near-norïn aI l4-l1G insertion by virtue of an internal P sequence deletion of

approximately 4 kb (Jones, 1997).

3.7 Plasmid rescue of genomic DNA flanking the P element

The data obtained from the P element reversion experiments and genomic

Southern analysis orthe pblp element alleles pbfA and pbfc led to the conclusion that

these two alleles contained single P element insertions that disruptedthepbl locus'

Further, it was likely that the site of the P element insertion in the progenitor line P587

,was very close to the pbl gene, or at least close to a pbl teg]Jatory element, as the P

element mutagenesis indicated that no significant mobilization was required to inactivate

the pbl gene. The P element present in the line P587,P1AfB (Wilson et a\.,1989)'

enabled plasmid rescue of flanking genomic DNA because it carries the ftlactamase
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gene, which confers resistance to ampicillin, and an origin of replication from

pBluescript. The p element contains a number of unique restriction enzyme sites for the

rescue of adjacent genomic DNA, including HindIII, ClaI and Søl[. Plasmid rescue

using either of these sites should allow recovery of a plasmid containing 3 kb of 3' P

element DNA and the flanking genomic sequence. The isolation of genomic DNA

adjacent to the site of P element insertion then allows the isolation of cosmids and

cDNAs overlapping the region of insertion of the P element'

The expected sizes of the plasmid rescue clones, determined from Southern

analysis of the lines P587, pbfA andpbfc as described in Section 3'5, were

approximately 3.9 kb for CtaI digested DNA and approximately 12 kb for HindIIl

digested DNA. plasmid rescue was performed using DNA from the alleles pbfA and

pbfc and also from the progenitor line P587. Plasmid rescue using C/aI digestion of the

líne p5B1yielded 47 colonies, while 36 and 27 colonies were obtained fromp bfA and

pbfc, respectively. Analysis of the rescued plasmids showed the recovery of a common

3.g kb plasmid from all three lines, in accordance with the 3.9 kb clalband observed in

each line by Southern analysis (Fig. 3.5). Plasmid rescue of the three lines P587,pbfA

and pbfc with HindIII resulted in 35 colonies for P587, 54 ror pbfA and 43 ror pbfc .

The plasmids obtained from each line were 12 kb in size, which was also in accordance

with the 12kb p element-containing band obtained by Southern analysis of HindIII

digested p587, pbfn andpbfc genomic DNA (Fig. 3.6). Plasmid rescue of the three

lines was also performed using SaIL A 4.6 kb plasmid was obtained from each of the

three lines, which was consistent with a4.6kb genomic Sallfragment seen to hybridize

with the 3' P element probe in each of the three lines (data not shown)'

The size of the flanking genomic DNA present in each plasmid rescue clone was

confirmed by the use of a Notlsite adjacent to the 3' P element end (Wilson et al',1989)'

Digestion with NorI and either claI, HindIII or,S¿lt releases a DNA fragment containing

a small amount of the 3'P element end and the adjoining rescued genomic fragment'

HindIIIJ Nofl digestion of the HindI]I-rescued clone s from pbf A 
, pbf C 

and P 5 87

revealed that each clone contained a genomic fragment of approximately 9.0 kb in length

(Fig. 3.9(a)). ClaIlNofI digestion of the C/al-rescued plasmids revealed a genomic

fragment of 0.9 kb (data not shown), while sall/NotI digestion of the sall-rescued



Figure 3.9 Analysis
pbfc using Híndlll

of the plasmid rescue clones obtained from P587, ptfA anl
and ^S¿lI.

A. plasmid rescue clones obtained from P587, pbfA and pbfc were digested with

HindIIIlNofl to release the genomic fragment and analysed by agarose gel

electrophoresis. The 3 kb band is due to 3' P element sequence which contains the

rescue plasmid sequence, while the flanking 9 kb genomic fragment is released'

Tracks 1-4 contain HindlIIJNoil restricted DNA from 4 different plasmid rescue clones

obtained fromP587 using HindIII.

Tracks 5-7 contain HindIIllNorI restricted DNA from 3 different plasmid rescue clones

obtained trompbfA using HindIII.

Tracks g and 9 contain HindIIIlNoil restricted DNA from2 different plasmid rescue

clones obtained frompbfc using HindIII'

Track M contains Ìu BstEII/SaI[ molecular weight DNA markers'

B. An agarose gel in which plasmid rescue clones obtained from P587, pbfn andpbfc

using HindIII and Sa]I,were restricted with HindIIIlNolI and SaNNotI to release the

genomic fragments.

Track 1 contains DNA from a clone known to contain the 3' P element end which served

as a control for the Southern blot shown in (C) below'

Track M contains ?, BstEIIlSal[ molecular weight DNA markers.

Track 2 contains HindIIIlNofI restricted DNA from a plasmid rescue clone obtained from

pbfA using HindIII. The 9 kb genomic fragment and the 3 kb plasmid fragment are

visible.
Track3 contains HindIIIlNofl restricted DNA from a plasmid rescue clone obtained from

pbfc using HindIII. The 9 kb genomic fragment and the 3 kb plasmid fragment are

visible.

Track 4 is emPtY'

Track 5 contains SauNotlrestricted DNA from a plasmid rescue clone obtained from

P587 using S¿II. The 1.6 kb genomic fragment and the 3 kb plasmid fragment are

visible.
Tracks 6 and 7 contain savNotlrestricted DNA from two different plasmid rescue

clones obtained from pbfA using Salt. The 1.6 kb genomic fragment and the 3 kb

plasmid fragment are visible.

Tracks 8 and 9 contain sallJNotlrestricted DNA from two different plasmid rescue

clones obtained rrom pbfc using s¿ll The 1'6 kb genomic fragment and the 3 kb

plasmid fragment are visible.

c. southern blot of the agffose gel shown in (B), above, which was hybridized with the

0.7 kb PstIlHindIII fragment from psrgo.T containing the 3' P element end' The 9 kb

fragment and 1.6 kb genomic fragments were found to contain the 3' P element end in

the Hindflland ^salt derived plasmid rescue clones, respectively.
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plasmids obtained frompbfA,pbfc andP587 released a 1.6 kb genomic fragment (Fig.

3.9(b)). The resultant plasmids from the rescue of P587 with the different restriction

erzymes were designated pR0.9 ClaI, pRg.1HindIII and pRl.6SalI, based on the size of

the genomic DNA contained in each.

To confirm that the recovered plasmids contained DNA flanking the P element, it

twas necessary to confirm that the rescued clones contained DNA from the 3' end of the P

element. The 0.7 kb PstIlHindIII fragment from psrg0.T was used to probe a Southern

containing HindIIIJNorI digested plasmid clones obtained from P587, pbfA aú, pbfc

and was found to hybridize to the 9.0 kb genomic band of each clone (Fig.3.9(c)). This

finding was consistent with the 9.0 kb HindIII rescued genomic fragment being directly

adjacent to the terminal 3'P element sequences in each of the P element lines. It was also

confirmed by Southem analysis that the genomic DNA fragments rescued from P587

using ClaI and SølI hybridizedto one another (data not shown).

To confirm that the 12kb band detected upon hybridization of the 3' P element

DNA to Hindlllrestricted P587 genomic DNA was specific to P587, the 9.0 kb band

from pRg.0,Flindlllwas isolated by HindIUNorI digestion and used to probe Hindlfl

restricted genomic DNA from the lines rusteca and P587. Indeed, a new band sized at

9.9 kb was detect ed. in rusteca (Fig.3.10(a). This 9.9 kb band was also found in a pbl+

revertant line derived from the pbfA allele (Fig. 3.10(a)), further demonstrating that the

polymorphism of this DNA in rusteca versus the line P587 was due to the presence of

the P element in P587.

To investigate the possibility that the P element in P587 had only moved a very

short distance in the generation of the pbfA arrd pbf c alleles, the HindIII and ClaI

rescued plasmids from pbfA , pbfc and, P587 were restricted with enzymes that have

four base pair recognition sequences and the resultant restriction patterns were compared.

It was found that the plasmids rescued from each of the P element carrying lines using

either HindIII or Clalwere indistinguishable (data not shown). It was concluded that the

molecular change associated with thepól alleles was due to an internal rearrangement or

deletion associated with the 5' end of the P element and that there was no evidence for

any significant mobilization of the original P element insertion.



Figure 3.10 Genomic Southern analysis using the Hín[lll genomic rescued

fragment from the line P587.

A. Southern blot'containing Hindlllrestricted DNA rtom P587, rusteca and a

pbl*PA'"uryrevertant. The blot was probed with the 9 kb genomic rescued fragment

from p5 g7. A lzkb band was detecte d in PíY7,while the probe was seen to hybridize

to a band of approxim arely 9.9 kb in rusteca, which does not contain a P element, and

to a band of similar size in the pbr+PA'"vry revertant The larger size of the band in

P587 is consistent with the presence of the P element in this line, and its size of 12 kb

corresponds to the size of the Hindlllrescued plasmid obtained from this line'

B. Genomic Southern blot containing HindIII restricted DNA from the three

deficiencie s, Df(3L)pbf' , n1¡Sr¡p¿fR and Df(3Qpbf25, which delete the pbl locus,

rhe pblEMs allele s and,rusteca. Theblot was hybridized with the 9kb NotIlHindIIl

genomic fragment rescued from the line P587,yielding a 9'9 kb band' Densitometric

quantitation of the deficiencies v/as performed, and the relative hybridization

determined by using hybridizati onto string sequences (using pstgc'7 as a probe) as a

loading control. Hybridization to rusteca,which ca:ries two copies of the rescued

fragment, was used for normalization. The ratio of hybridization for each line, relative

to that found fot rusteca (1.0)' is shown'



(D êÞ (D
.|s

E
þ

gP
r

*9 N
È

r
g)

l
a+

 
H

.

E
oq

H
r

Â
)l

ht ö'
*

I Þ 9 o\ 5 b 5 9 \o b tr b

E
É

P
58

7

ru
st

ec
a

P
bI

+
P

'q
'*

ry

l'.
) O ,f d I 1 \o b 7f d

pn
f n

a1
 s

n

pb
4/

ru
st

ec
a

ru
st

ec
ø

\o b 7f d I ffi æ w # * *

D
f(

3L
)p

bF
l/r

us
te

cø

D
f(

3L
)p

b{
R

/r
us

te
ca

D
f(

3D
pb

P
S

/r
us

te
ca

pb
tl/

T
M

3,
 s

b

pb
ts

/T
M

3,
 s

b

pn
4n

a1
 s

n



69

Finally, confirmation that the genomic fragment obtained from plasmid rescue of

ps¡Tresided in the deficiencie s Df(3L)pbft , n¡¡st¡p¿flÀ and Df(3Dpbf2t *u.

performed. The 12kb Hindlllplasmid rescued from P587, which was indistinguishable

from that rescued from pbfA and pbfc ,was restricted with Hindl\IlNofl and the 9 kb

genomic fragment was isolated. The 9 kb genomic fragment from pR9.jHindIII was

used to probe a genomic Southern containing Hindlllrestricted DNA isolated from the

three deficiencies Df(3Dpbft , Df(3L)pbln and Df(3Qpbf2'€ig. 3'10(b)), which had

been outcrossed to rustecato eliminate any differences obtained from different balancer

chromosomes. Densitometric quantitation demonstrated that the hybridizing9.9kb

genomic fragment lay within the two deficiencie s Df(3L)pbfl afld Df(3L)pbfR' but did

not appear to lie within the smallest deficien cy Df(3L)pb{25 . Hybridization of string

sequence from psfgp .7 to a4.2kb string fragment, which lies outside of these

deficiencies, ,was used for normalization (Fig. 3.10). This result indicated that although

the p element in the line P587 was very close to the pbl locus, and contained within two

pbl deficíencies, another part of the p bl gene must also be located within the

Df( 3 Q p b f 25 
deficiencY.

3.8 Enhancer traP staining o1P587

The p element present in the line P587 is capable of detecting transcriptional

regulatory elements in the Drosophila genome. The P element contains the E coli ft

galactosidase gene (lacQunder the control of the weak P-transposase promoter' which is

able to respond to neighbouring transcriptional regulatory elements (O'Kane and

Gehring, 1987). Thus, the lacZ gene can act as a reporter for genomic transcriptional

enhancer-like elements that lie sufficiently close to the element to affect this promoter'

This enables the element to act as an 'enhancer trap' (O'Kane and Gehring,1987; Bellen

et al.,l9S9). Since the data attained thus far have shown that the P587 insertion lies

within the vicinity orthe pbl locus, antibodies toLacZwere used to determine if a

specific pattern of laczexpression was able to be detected in an overnight collection of

p587 embryos. specific staining was indeed obtained in the basophilic cells (Fig' 3'11)'

which are thought to be involved in mediating the constrictions of the midgut (skaer,



Figure 3.11 B-gatactosidase protein distribution in P5 87 embryos.

The line p5B7 caries an enhancer-trap element that is expressed in the basophilic cells

of the embryo. The basophilic cells are thought to be involved in mediating the

constrictions of the midgut.

p-galactosidase protein distribution tilas determined by detection with an anti-p-

galactosidase antibodY.

A. stage 13 embryo from the hne P587,in which the p-galactosidase protein is

detected in the basoPhilic cells

B. stage 14 embryo from the Line P587, showing staining of the basophilic cells'
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1993). Given the role of pil in cytokinesis, the failure to detect a proliferative expression

pattem did not initially appear to support the possibility that P587 was inserted into or

near apbl enhancer (as discussed in Chapter 5). However, it is possiblethatpbl plays a

role in processes other than cytokinesis, for example, in mediating the constriction of

tissues by causing cell shape changes which, like cytokinesis, are also dependent on the

activity of actin and myosin. Thus, while theLacZ staining pattern did not show a

pattern predicted for that of the pbl gene, it was considered possible that the lacZ gene

was under the influence of an enhancer of pbt which is responsible for driving expression

of pbl in the basophilic cells. Alternatively, since enhancers can act at long distances, it

was also possible that the lacZ expression pattern was stimulated by an enhancer

belonging to another gene.

3.9 Discussion

In order to localize the pbl gene, a P element mutagenesis was performed to

generate insertional alleles of pil. Based on recombination frequencies, the homozygous

viable P element insertion P587 was found to map 0.04yo, or in the order of 10 kb, from

the pbl locus and was found to revert, thus rendering it suitable for a local insertional

mutagenesis approach. P elements tend to insert near or 5' to the transcriptional start

regions of genes (Tsubota et a\.,1985, Chia et al.,1986), therefore it was hoped that a P

element mutant of pbl may be obtained that inactivatedthe pbl gene by inserting in or

very near to the pbl gene.

Mobilization of the P element in the line P587 generated five alleles , pbfn,

pbft, pbfc, pbfD arrd.pbfM,which failed to complementthe pbl EMS alleles' Each

of the alleles was also shown to revert from pbl to pbl+ , suggesting that each allele

contained a p element insertion that contained the intact P element ends. Transposition

requires the integrity of the inverted terminal 31 bp repeats of the P element end and the

internal 1lbp repeats (Engels, 19S9). The pbtalleles were also found lobe ry+ ,

demonstrating the presence of the rosy gerLe in the P element. However, only the P

element alleles pblPA and, pbfc were found to revert from ry* to ry, suggesting that the

alleles pbfB , pbfo and pbfM may contain more than one P element. Unexpectedly, no
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hybridization to P element DNA was found for the alleles pbfB arrdpbfD. This was

considered unlikely to have been due to the inefficient transfer of large genomic

fragments, as no hybridization was detected with a number of restriction enzymes used,

and the genomic DNA had been depurinated by acid treatment prior to transfer. The

failure to detect any hybridization of P element sequences to the genomic DNA of pbfB

and pbfD is inexplicable, but as the purpose of this study was to isolate the pbl gene and

not the study of p element mutagenesis per se, these lines were not further investigated.

The pbfM allele appeared to contain an internal deletion at the 3' end of the P element

and was also not used further in this study. The P element alleles pbfA and pbfc wete

chosen to be utilized in order to isolate the pbl gene'

Charactenzation of the alleles pbfA anapufc indicated that the site of insertion

of the alleles v/as very similar, or identical, to the progenitor P element line P587'

Indeed, Southern analysis indicated that the inactivation of pbl was most likely due to an

internal P element deletion or realrangement near the 5' end of the original P587

insertion. It would appear likely that this re¿urangement and"/or deletion affects

transcriptional regulat ion of pbl. This could conceivably occuf either by bringing a

promoter within the P element into an altered context, or by a change in the status of the

chromatin in a region important for pbl expression. The P element contains a number of

internal promoters , including the rosy promoter, which could affect external elements'

Intemal p element deletions are known to occur at high frequency in the presence of

transposase (Engels, 1989) and an internal deletion of a P element in the allele DmcycdP

has been shown to be responsible for aberrant expression of the cyclin E gene (Jones'

l99:.). The evidence that the P element in P587 was rearranged or deleted in the lines

pbfA and pbfc ,and that these lines co-reverted to pbl+ aîd ry in the presence of L2-3

transposase with coincident loss of the P element, demonstrated that the modihed P587

insertion was the cause of the pbl mutation'

Plasmid rescue permitted isolation of the genomic DNA flanking the P element in

the progenitor line P587 andthe pbl alleles pbfA andpbfc. As expected from the

Southem anaþsis, plasmids of identical sizes were obtained by rescue of the P587line

and the two alleles pbfn andpblPc. The genomic DNA flanking the P element insertion

site was found by deficiency mapping to be contained within the two deficiencies
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Df(3QpbfI and, Df(3L)pb{R ,but not within the smallest deficiency Df(3L)pbf2r' Thit

indicated that another essential part of the p bl gene lay within the boundaries of the

Df(3Qpbf2t d.fi.irt.y.

Enhancer trap staining of embryos of the progenitor line P587 showed specific

staining in the basophilic cells, which are implicated in the constriction of the midgut.

These cells form a band several cells deep around the midgut as it closes late in stage 14

of development (Skaer, 1993). Following this, they spread out over the midgut to

become more generally distributed in the epithelium. The pattern of pbl expression is

anticipated to be proliferative (other possible expression patterns are discussed more

fully in Chapter 4). However, the detection of an expression pattem specific for the

basophilic cells was still considered possible for a pbl enhancer, as it is possible that pbl

could have a role in processes other than cytokinesis. Íir particular, it can be envisaged

that pblmay function in other actin-myosin mediated processes, such as those that occur

during cell shape change. Thus, the enhancer trap may have detected a subset of the

overall expression pattern of the pbl gene' Thepål regulatory region may contain tissue

specific promoters as in the case of the Drosophila genes yellow (Geyer and corces'

Ig87), engrailed(Kassis, 1990) and decapentaplegic (Jackson and Hoffinan, 1994)'

Altematively, it is possible that the Lacz staining was due to the P element responding to

the enhancer of a gene neighbouring fhe pbl locus'

The isolation of genomic DNA flanking the P element provides a means to

identifying cDNAs in the vicinity of the site of insertion. The isolation of candidate pbl

cDNAs in this way is described in the next chapter'
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CHAPTER 4: ISOLATION OF COSMIDS AI\D cDNAS IN THEpó/ REGION

4.1 Introduction

Genetic and molecular characte nzation of the pbt P element alleles pbf A 
and

pbfc indicated that inactivation of the pbl gene occurred via an internal deletion or

rearangement within the original P element insertion in P587, rather than by the

insertion of the P element into a new locus. Since this rearangement of the P element

was able to inactivat e the pbl gene, it indicated that the original P element in the line

p5BT was located very close to the pbl gene. P elements generally affect the expression

of transcripts within their proximity. Indeed, P elements tend to insert near or 5' to the

transcriptional start regions of genes and often disrupt promoter or enhancer elements

(Tsubota et a1.,1985; Chia et al.,1986). The P element in the original line P587 allowed

rescue of genomic DNA flanking the site of insertion. This chapter describes the use of

the genomic DNA flanking the inserted P element to screen for cDNAs which were

present in the vicinity of the inserted P element'

Results

4.2 Isolation of cosmid DNA spanning the P element insertion point

The l2kb plasmid pR9.\HindIII, isolated by plasmid rescue from HindIlI

restricted and ligated DNA isolated from the P587line, contains approximately 9 kb of

genomic DNA flanking the 3' end of the P element (Section 3.7). As a first step in

identifying candidatepb/ cDNAs, the 9 kb Hind\lIlNofl rescued genomic fragment from

pRg.¡HindIII was radiolabelled and used to screen approximately 300 000 plaques of a

0-lghr (AED) tr gtl lçDNA library. However, no positive clones were identified using

this approach. The same fragment was also used to screen approximately 90 000 clones

of a 0-4hr (AED) cDNA library in pNB40 (Brown and Kafatos, 1988), but again no

positive clones were detected. This suggested that no cDNAs were wholly or partially

encoded by the 9 kb rescued genomic fragment'

The absence of any cDNAs residing in the 9 kb rescued genomic fragment was

consistent with the absence of any signal in whole mount in situ hybridization

experiments. RNA DIG probes from both strands of pR9.O,F/indlllwete prepared by
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restriction wíth HindIil, and BamHI (shown not to cleave the rescued fragment) and use

of T7 and T3 RNA polymerases, respectively. RNA DIG probes were also synthesized

from the rescue plasmid pRl.6SalI (Section 3.1)by linearizing the plasmid with S¿lI and

BamHI and using T7 and T3 RNA polymerases, respectively. Each of the probes was

then used to detect mRNA localization via whole mount in situ hybridization to embryos

from an overnight collect of Canton S embryos. No specific expression patterns were

obtained with either strzurd from either plasmid, suggesting that no cDNAs were directly

encoded by the rescued fragment. However, the length of the RNA probes prepared by

the in vitro transcription ¡eaction are characteristically less than 3 kb (G. Goodall, pers.

comm.), so it was likely that the entire 9 kb rescue fragment from pR9.0Hind[Iwas not

represented on the probe.

As no cDNAs were isolated using the 9 kb genomic rescue fragment, it was

decided to isolate genomic cosmid DNA clones spanning the site of the P element

insertion and then use these cosmid clones to isolate candidate cDNAs. The 9 kb

HindfrJNorl genomic fragment from the plasmid rescue clone pR9.Ol1indltr was

radiolabelled and used to screen a cosmid library constructed from a partial Sau3AI

digest of iso-1 DNA, a strain isogenic for all four chromosomes (J. Tamkun, pers.

comm.). Twenty six first round and thirteen second round positives were obtained.

Three third round positives, 3A3,4AI and 6A2 were obtained which were shown by

Southern analysis to contain inserts which hybridized to the 9.0 kb fragment from

pR9.OHindß, (data not shown).

The cosmids 343, 441 and 6A2werc mapped by restriction analysis and were

found to overlap (Fig. 4.1). The site of the P element insertion was found to map to a2

kb S¿iI fragment in each of the cosmids 3A3, 4Al and 6A2 by Southern analysis of

various restriction digests of cosmid DNA (Fig. 4.2(a) and shown diagrammatically in

Fig. 4.1). This placed the site of the insertion of the P element at the righrhand end of

the cosmids (Fig. 4.1). The genomic HindIlI site which allowed the isolation of the

plasmid pFi9.)HindIII mapped 0.2 kb to the right of the genomic DNA represented on the

642 cosmid. Although the isolated cosmids did not extend the genomic sequence further

to the right of the 3' end of the P element P587 than that obtained with the rescued

fragment pP<9.OHindIII, they provided approximately 25 kb of genomic DNA to the left



Figure 4.1 Restriction map of the genomic DNA from cosmid clones isolated by

hybridization to the 9 kb rescued fragment from plasmid pR9.oIltndIII.

Distances shown are in kb.

The restriction map was constructed by a combination of restriction digest mapping of

the cosmids, by generating dropout clones in which the ends of the cosmid inserts were

cloned, by subcloning and mapping individual fragments, and by Southern analysis'

The extent of the cosmids (343, 4Al and 642) with respect to genomic DNA is shown

below the map. The site of the insertion of the PIAIB element in the line P587 and the

pblP element alleles is also shown. The NorI sites at the end of the cosmid DNA

fragments represent the NotI sites in the cosmid vector. The HindIII site at the extreme

right end of the map was determined from the size of rescue plasmid pF(9.jHindIIl'



5'

Hindlll PstI EcoRl HindlIIPstIEcoRIPstI PstlCta| EcoRl HindIlI Ecotl Hindlll
Hin

0,4 0,2

2,2 0.6 0.8 2.6 0

Hindlll EcoRI Ps,l HindIII

PIArB
3'

Psrl Sall

0.8 0,5 .4 1,5 0, 2,t

Clal all Sall

SalI

HindIII

02

t.9 0.6 1,6 2.0 1,4 1,3 0,7 2.t 2,0 t.1

Bssll

5,1

Psfl

0
343

4^l

Noflx

1,9

SalI

Sall

Noll*

1,6

N otl* EcoRI N ot[*
HindIll

6^2
,4

N otl*

5.1

HindIII pR9.0I/izdIII

N otI*

I

Hindlll

a



Figure 4.2 Determination of the P element insertion site within the cosmid walk by

Southern analysis.

A dropout clone (343E3) was generated by digestion of cosmid clone 343 with EcoRI

and religation. Southern analysis was performed on 343E3 DNA resticted with the

indicated enzymes. The Southern blot was hybridized with the 1.6 kb NotUSaII fragment

from the P597-denved rescue plasmid pRl.6^SølI (Section 3.7). In cosmid 343, a vector

HindIII site is present adjacent to the vector NorI site at the right hand end of the cosmid

insert (see Fig. 4.1).



b.
) ,\ 5 +

U
l \

¡
È

-¡
F

F ã+ +
+

H
in

dI
IIl

E
co

R
I

H
ín

dI
IIl

E
co

R
U

N
ot

I

E
co

R
IlC

la
I

E
co

R
U

C
la

U
N

ot
I

E
co

R
U

P
st

I

E
co

R
A

P
st

A
N

oi
l

H
in

dI
IIl

C
la

I
H

in
df

rJ
C

la
U

N
ot

I

E
co

R
U

S
al

I

E
co

R
U

S
aN

N
ot

I



75

of the 5' end of the P element (see Fig. 4.1). Mapping of the cosmids also demonstrated

that the ClaI site,which mapped 0.9 kb to the right of the 3'end of the P element, as

shown by the rescue plasmid pR0.9ClaI (Section 3.7), was polymorphic. The ClaI site

was present in the line P587,but not in the iso-l DNA used to generate the cosmid

library.

4.3 Screèning for cDNAs using the 6A2 cosmid spanning the P element insertion

point

Since the overlap of the three cosmids 343,441 and 642 was very high, the

cosmid 642 was chosen for screening for cDNAs. It was decided to use the entire

cosmid 6.\2 for screening, rather than individual fragments mapping at or near the P

element insertion point, in order to increase the probability of detecting candidate cDNAs

in the general region of the P element insertion. This was done on the basis that the P

element may have inserted some distance from the region coding fot the pbl gene.

To facilitate random priming of cosmid 6L2,the cosmid was digested with

HindI1Ibefore being radiolabelled, and then used to screen approximately 300 000

duplicate plaques of a 0-18hr (AED) l"gtl lcDNA library. Four duplicate positives were

obtained in the first round and two positives were taken through to a third round screen

in which the plaques were purified. Phage DNA was prepared from the two purified

plaques, lÃ2 and2Al, and restricted with EcoRlwhich releases the cDNA insert. The

EcoRldigests were Southern blotted and found to hybridize to the labelled cosmid 642

DNA probe used to isolate them from the library (data not shown). The phage clones

lA2 and 2AI eachcontained EcoRlinserts of approximately 2 kb, which were then

subsequently subcloned into pBluescript, generating the plasmids p1A2 and p2A1'

Initial restriction mapping of plA2 and p2A1 using single HindIII, EcoRI, BamIII and

psrl digests showed an identical banding pattern for the two clones. Comparison of the

restriction patterns of p1A2 and p2A1 generated by enzymes with 4 base pair recognition

sequences (AluI, HaeIII, RsaI, SauIIIA and HhaI) showed that the two cDNA clones

were indistinguishable (data not shown).

The 241 cDNA was positioned within the cosmid walk by hybridization of the

oDNA to various Southem blots containing restricted cosmid DNA, an example of which
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is shown in Figure 4.3 (and data not shown). The 2A1 cDNA was found to map

approximately 8 kb from the P element insertion site and its position in the cosmid walk

is shown in Figure 4.4.

As the 241 cDNA was a candidate for the pbl cDNA, Southern analysis was used

to determine whether any lesions in the genomic DNA encoding the2Al cDNA could be

detected in either the pbl EMS or P element alleles. A Southern blot containing HindIII

restricted DNA from each of the pbl EMS alleles and thepål P element alleles (each

balanced over TM3, Så) was probed with the zkb 2Al oDNA. A 7 kb band was detected

in each lane with no lesions detectable (Fig, a.5). This findingmay not be surprising, as

EMS alleles are often point mutations"

4.4 Characterization of the 241 cDNA

The cytokinetic phenotype of homozygous pbl mutant embryos is first exhibited

during the first cytokinetic event which occurs in mitosis 14 of embryogenesis (Hime,

1993). The failure in mitosis 14 could be due to the fact that this is the first time at

which the pbl product is required, or it could be due to this being the first time that there

is a requirement for the activity of zygotically express ed pbl. It is not known whether

there is a maternal complement of pbl. However, the results of Lehner (1992), who

noted a low penetrance of the cytokinetic phenotype in the pole cells of pil mutants,

suggest that there is a requirement for maternally provided Pbl function in the divisions

of the pole cells. However, the failure of cytokinesis during mitosis 14 indicates that any

maternally providedpå/ function is not sufficient for cytokinesis to occur. It remains to

be determined whether a maternalpbl complement is depleted by the time of the first

cytokinetic event or whether a maternal complement plays a different role to zygotically

expressedpå/.

Given the role of pbl in cytokinesis, it may be envisaged that the distribution of

the pbl mRNA may be restricted to proliferative tissues during embyrogenesis.

Alternatively, it is possible thatpbl is expressed ubiquitously and its role in the cell cycle

is controlled by post{ranscriptional regulation. It is also possible that, as well as its role

in cytokinesis, thepål gene may be required for other processes and therefore its



Figure 4.3 Determination of the position of the 241 cDNA in the cosmid walk by

Southern analysis.

Southern blot containin g HindIII or HindIIlNorI resticted DNA of the cosmids 343,

4A1 and 642. The blot was hybridized with the 241 cDNA and led to the detection of

a7 kb band in each cosmid.
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Figure 4.4 Position of the 241 and 4815 cDNAs within the cosmid walk generated

from pR9.;Híndllland summary of the mapping of thePÍ97-derived deficiencies.

Distances shown are in kb.

The position of the 2A1 and 4815 cDNAs with respect to the cosmid walk are shown.

The position of the cDNAs was determined by Southern analysis with different probes

to various restriction digests of the cosmids'

The site of the plÆB insertion site in the line P587 is shown. The ClaI site marked

with the asterisk was found to be contained in the line P587,but not in the iso-1 DNA

used to generate the cosmid library.

The results of the quantitation analysis of the fragments used to partially map the

PsS7(ry) deficiencies (see section 4.9) ate also shown. Four probes were used in the

mapping of the P587(ry) deficiencies:

1) the 1.9 kb EcoRIlHindIII ftagment in the cosmid walk'

2) the 0.5 kb HindIIIlEcoRI5',P element fragment from the P element PZ'

3) the 0.7 kb PstIlHindIII3'P element fragment from ps/g0'7'

4) the 3.1kb Sailfragment from cosmid 343'

+ indicates the presence of a fragment.

- indicates the absence of a fragment.

"altered" indicates a change in the size of the fragment was detected'

Two of the p5ST(ry) deficiency lines (shown by an asterisk) contained deletions of less

than 5.7 kb
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Figure 4.5 Analysis of thepá, EMS alleles usÍng the 2Al cDNA.

Genomic Southem blot containng HindIII restricted DNA from thepál EMS alleles and

pbt deficiencies (outcrossed to ntsteca). The blot was hybridized with the 241 cDNA

resulting in the detection of a7 kb band. No lesions in the genomic DNA encoding the

2Al oDNA were detectable.
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expression pattern may not be restricted to proliferating tissues, and may even be

ubiquitous.

To aid in determining whether the 2Al cDNA was likely to correspond to thepól

oDNA, the distribution pattern of the 2A1 transcript was determined throughout

embryonic development. A DNA-digoxigenin labelled probe was prepared from the 2 kb

EcoRl insert DNA from plasmid p2Al and hybridized to an overnight collection of

Canton-S embryos. The 241 transcript was found to be specifically localized in the

neuroblasts of the central nervous system (Fig. a.Q. A very low level of distribution of

the 241 transcript was also detected throughout the embryo, however, it is not known if

this staining is specific. The neuroblasts of the central nervous system are dividing cells,

which is consistent with an expected proliferative pattern of pH mRNA localization'

However, there are other tissues in the developing embryo, including the cells within the

mitotic domains which undergo cell division cycles 14,15 and 16, the neuroblasts of the

peripheral nervous system and brain lobe neural cells. No specific localization of the

2A1 transcript was detected in these other proliferating tissues. The distribution of the

2Al 
'RNA 

therefore did not clearly fit with that expected for a candidatepå/ cDNA'

Using primers hybridizing to the polylinker of the Bluescript plasmid, the DNA

sequence of both ends of the 241 cDNA was obtained. Searches using the BLAST and

FASTA programs failed to find any sequences in the data base which were significantly

similar to the end sequences of the 241 cDNA, indicating that the 241 cDNA may be

novel. However, the pattern of localization of the 2A1 hanscript indicated that it was

unlikely to represent that of the p bl gene product and for this reason the full DNA

sequence of the 2Al 9DNA and further characteization were not pursued'

4.5 Screening for other cDNAs within the cosmid walk

To screen for further cDNAs, the cosmids 6A2 and 441 were individually

digested with HindIII and radiolabelled by random priming. A mixture of the two

labelling reactions was used to probe a second plating of approximately 300 000

duplicate plaques of a 0-18hr (AED) Àgtl1oDNA library. Twenty four first round

duplicate positives were obtained, and after three rounds of screening, eight positives

were purified to single plaques (1410, 2AI2,4Bll,491'44813, 4814,5812 and



Figure 4.6 The transcription pattern of the 241 cDNA during embryogenesis'

whole mount canton-S (wild type) embryos were hybridized with 241 digoxigenin

labelled DNA probe (prepared from p241, as described in Section2'3'21)'

Hybridization was detected using an alkaline phosphatase coupled secondary antibody

detection system (Section 2.3.21). Each embryo is oriented with the anterior to the left

and ventral side down.

A. syncytial stage embryo in which ubiquitous distribution of the 241 mRNA is

detected.

B. an embryo at cellular blastoderm with ubiquitous distribution of the 241 transcript

c. stage 7 embryo in which there is highest distribution of the 2Al transcript in the

neuroblasts of the developing cNs. Low level ubiquitous distribution of the

transcript is seen throughout the embryo, ho\Mever, it is not known if this is specific'

D. stage 7 embryo showing a ventral view of the localization of the 2Al transcript in

the neuroblasts.



A

C



78

5813). phage DNA was isolated from the eight purified plaques and digested with

EcoRIto release the inserts. The EcoRlphage digested DNA was then Southem blotted

and probed with the 241 oDNA. Each of the phage inserts failed to hybridize with the

2Al çDNA, although hybridizationto EcoRI restricted DNA from plasmid p2A1

occurred as expected (data not shown). The absence of hybridizatíon of the 241 cDNA

to the isolated clones indicated that the cDNAs were either different to the 241 cDNA or

were all non-overlapping clones of the 241 cDNA.

To characteizethe candidate cDNAs further, the 1.6 kb EcoRl insert of phage

clone 1410 was radiolabelled and used to probe a Southern blot containing HindlII

digested cosmids 343, 441 and6A2. The 1410 cDNA was found to hybridize to a 7 kb

HindIIIand a 3.9 kb HindILlfragment in each of the cosmids (Fig. a.7(a)) and its

position within the cosmid walk was further defined by additional Southern analysis

@ig. a.7@) and data not shown). To determine if any of the remaining phage cDNA

inserts overlapped the 1410 oDNA, the 1.6 kb EcoRIcDNA fragment was used to probe

Southern blots containing EcoRI digests of the other seven phage clones. The 1410

oDNA hybridized with the inserts of 2A12,4811, 4813 and 4814, while no

hybridization rwas detected to the phage clones 4812,5812 and 5813 (data not shown).

The 4814 cDNA was the longest (2.0 kb) of the class of cDNA which hybridized

to the 1Al0 oDNA. To determine the extent of the 4Bl4 cDNA within the cosmid walk,

Southern analysis was used to broadly determine the position of the 5' and 3' ends of the

4Bt4cDNA within the cosmid walk (Fig. 4.7(b). To turther identify the position of the

4814 gDNA on the cosmid walk, the cDNA was hybridized to a number of cosmid

Southem blots (data not shown) and the cDNA was mapped with several restriction

enzymes to locate restriction sites near the 5' and 3' ends of the cDNA. A PsrI site

mapped 0.7 kb from the 3'end of the oDNA, was used to isolate a 0'7 kb PstllÐcoR[

fragment from p4814. This fragment was radiolabelled and used to probe a number of

Southem blots containing restricted DNA of cosmids 343, 441 and61-2 and was found

to hybridize to a terminal 0.5 kb PstLlNotI fragment of cosmid 343 (shown

diagrammatically in Fig. 4.2). The2A1 cDNA mapped to a presumptive intronic region

of the gene encoding the 4815 cDNA. The 2Al and 4815 cDNAs did not cross-



Figure 4.7 Mapping the position of the 1410 and 4814 cDNAs on the cosmid walk

by Southern analysis.

A. and B. Southern blots containing restricted DNA of the cosmids 343, 4Al and 6AO.

The blots were hybridizedwith the 1Al0 cDNA. The size of the various fragments in

the cosmids which hybridize to the 1Al0 oDNA are shown.

C. Southern blot containing restricted DNA of the clone 343E3 (described in Fig. 4.2)

which contains the cosmid vector (NotBamNot-CoSpeR) and the terminal EcoRI

fragments of cosmid 343.

The blot was hybridized with the 4Bl4 cDNA.

D. Southern blot containing restricted DNA of the clone 343E3 which was hybridized

with a 0.2 kb EcoRUBssHII fragment containing the 5' end of the 4Bl4 oDNA.
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hybridize, suggesting that they are not related, however, the 2Al cDNA is possibly not

full length, so this can not be ruled out.

A,Bssl{II site, mapped 0.2 kb from the 5' end of the 4814cDNA, was used to

isolate a0.2kb EcoRIJBssHII fragment which was found to hybridize to a 1.9 kb

EcoRUHindIII site within the walk (Fig.a.7(d)). The.Bss.IlII site present 0.2 kb from the

5' end of the 4B14cDNA was further mapped to approximately 0.2 kb to the left of the

HindIII site of the 1.9 kb EcoRIJHindIII fragment (data not shown, shown

diagramatically in Fig. a.Ð. This placed the 5' end of the 4Bl4 oDNA very close to the

HindIII site, approximately 2kb to the left from the site of the P element insertion in the

P587line and the tvro pbl allelels pbfA artd, pbf' gig. +.+¡.

To further charactenze the class of cDNAs not hybridizingto the 1410 cDNA

(ie.4812,5B12 and 5Bl3), the 1.5 kb EcoRI insert from the 5812 cDNA insert was used

to probe a Southern blot of the seven phage clones digested with EcoRl. The inserts

from 4812 and 5813 were found to hybridize to the 5812 insert. Interestingly, when

hybridizationto HindIIUNotI digested DNA from the cosmids 343, 4Al and 642 was

performed with the 5812 oDNA insert, it was found that the 5Bl2 cDNA hybridized to

the 4.7 kb HindIIUNofl fragment of each cosmid vector (data not shown). This fragment

contains a copy of the mini-white gene, w[+mc], and it was therefore considered possible

that white cDNA transcripts had been recovered in the library screen. Indeed, Southem

analysis using awhite gene probe generated from the vector hsCaSpeR, which carries a

copy of the miní-white gene, confirmed that the 4Bl2,5Bl2 and 5Bl3 cDNAs were

from the mini-white gene (data not shown). The transcript from the white gene is

probably poorly represented in the library, as its abundance has been estimated to be less

than 0.001% of the poly(A)+ RNA in 0-20 hr AED embryos (Pinotta and Brockl, 1984).

Thus, the ability to isolate such a low abundance cDNA was taken as an indication of the

level of sensitivity of the library screen.

4.6 Distribution analysis of 4Bl4 transcript

Of the five phage EcoRÍinserts which hybridized to the 1410 cDNA (clones

1410, 2A12,4811, 4B13 and 4Bl4),4814 was the longest isolated oDNA (2.0 kb). The

4BI4 gDNA was subcloned into the EcoRI site of pBluescript and this clone was used to
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study the distribution of the corresponding mRNA. RNA probes labelled with

digoxigenin were synthesised from both strands of the 4Bl4 oDNA by linearization of

the plasmid with restriction enzymes which were found not to cleave the cDNA insert

and use of the appropriate RNA polymerase (HindIlI andTT RNA polymerase for one

strand, BamHI and T3 RNA polymerase for the opposite strand). A cyclinî digoxigenin

labelled RNA probe, which has previously been shown in the laboratory to give a

specific mRNA distribution pattern (Richardson et a|.,1993), was used as a positive

control. Despite the fact that the cyclinî probe gave the appropriate specific pattern of

localization (data not shown), the T3 polymerised 4Bl4 DlG-labelled RNA probe was

found to give a ubiquitous distribution pattern throughout embryogenesis (Fig. 4.8). The

T7 synthesised 4814 RNA DIG probe gave no specific staining pattern (data not shown),

indicating that synthesis from the T3 promoter produced the sense strand of the 4Bl4

cDNA. As discussed previously, the expression pattern of the pbl mRNA gene product

was likely to be either restricted to proliferating tissues or to be ubiquitous throughout

development. The 4BI4 cDNA was the closest cDNA found to the site of insertion of

the P587 element and it showed a ubiquitous pattern of mRNA expression throughout

embryogenesis. The 4Bl4 transcript was therefore considered a good candidate for the

pbl transcnpt.

Southern analysis was used to determine whether any lesions in the genomic

DNA encoding the 4BI4 cDNA could be detected in either tbe pbl EMS or P element

alleles. A Southern blot containing HindIII restricted DNA from each of thepól EMS

alleles and the pbl P element alleles (each balanced over TM3,,Så) was probed with the 2

kb 4Bl4 cDNA. A band sized at 7 kb and a doublet of bands of 4.2 kb and 3.9 kb were

detected, with no lesions detectable (Fig. a.9). Again, this finding may not be surprising,

as EMS alleles are often point mutations which a¡e not usually detectable by Southern

analysis.

4.7 Isolation of a full length cDNA clone of 4Bl4

End sequencing of the 2kb 4BI4 cDNA (using T3 and T7 primers) did not reveal

the presence of a poly A tail. Further, a large open reading frame found on the cDNA

continued up to the cloning site, indicating that the entire 3' coding region was not



Figure 4.8 Transcription pattern of the 4F.l4 cDNA during embryogenesis'

Whole mor.¡nt Canton-S (wild type) embryos were hybridizedwith the 4Bl4

digoxigenin RNA probe (synthesized from p4B14by restriction with BamfII and use of

T3 RNA polymeràse). Hybridization was detected using an alkaline phosphatase

coupled antibody detection system (Section 2.3.21). Each embryo is orientated with

anterior to the left and ventral side down'

ubiquitous distribution of the 4815 transcript was detected in:

A. syncytial stage embryo.

B. the cellular blastoderm.

C.stage6embryoundergoinggastrulationandgermbandextension'

D. stage 11 embryo in early stage of germ band retraction'

E. stage 14 embryo.

F. stage 14 embryo form a ventral view'
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Figure 4.9 Analysis of thepå, EMS alleles using the 4Bl4 cDNA.

A. Southern blot'of genomic DNA restricted withHindIII from the pbl EMS alleles,

the pbldeficiencie s (Df(3L)pbftt , O¡¡St¡pb{R and Df(3QpbfI) and thepól P element

allelespbfA and,pbfc (eachbalanced overTM3,^Så). AbandofTkbandadoubletof

bands of 4.2 kb and 3.9 kb were detected. Thepål EMS alleles, each derived from the

ntcuca chromosome, were seen to contain a polymorphism in comparison to the P587

derived chromosome, yielding a slightly smaller band. An alteration appeared to have

been detected in the EMS allele pbl2,however, further analysis of this allele (shown in

B below) revealed that it did not contain a lesion.

B. A genomic Southern blot contairung HindIII restricted DNA from thepål EMS

alleles pbf and pbt5 (over TM3, Så) and rusteca. No lesions were detected between the

alleles pbl2 and pbls and rusteca.
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contained in the 4Bl4 cDNA. To isolate a full length cDNA, approximately 90 000

colonies of an oligo dT primed 0-4hr AED oDNA library (kindly provided by N. Brown;

Brown and Kafatos, 1988) were screened using the 3' terminal0.T kb PstUEcoRI

fragment of the 4BI4 cDNA. Five duplicate positives were obtained in the first round,

four in the second round and two positives, 4815 and 4816, were obtained in the third

round screen. DNA was obtained from these two hybridizing colonies and digested with

HindIIIlNofl to release the cDNA insert from the pNB40 vector used to construct the

library. The oDNA insert size of each of the clones was found to be approximately 2.7

kb. End sequencing of the two clones with the T7 primer revealed that each contained an

oligo-A region, indicative of the poly A tail.

4.8 The sequence of the 4815 cDNA

Automated sequencing (Section 2.3.17) was utilized to obtain the entire sequence

of the 4B15 cDNA. The cDNA was found tobe2775 bp in length and to encode an open

reading frame of 1.87 kb (622 amino acids) flanked by 550 bp of 5' untranslated region

(uTR) and 355 bp of 3' UTR (Fig. 4.10). searches using the BLAST and FASTA

programs failed to find any sequences in the Genbank, Swissprot and Embl data bases

which were significantly similar to any portion of 4B15 cDNA sequence, demonstrating

that the cDNA was novel.

4.9 The generation of P element mediated deficiencies

The data obtained thus far indicated that the P element insertion in the line P587

was positioned in or very near to the pbl locus. The pbl candidate 4815 cDNA mapped

approximat ely 2 kb from the site of the P element insertion. It was therefore of interest

to generate small genomic deficiencies from the P element insertion site by utilizing the

tendency of P elements to excise imprecisely (Engels, 1989). Such deficiencies should

further define the limits of the pbl locus.

To generate P element mediated deficiencies, homozygous P58Z females were

crossed to Dr/TMS A2-3, Sb males in group crosses (Fig. 4.11). Of the resultant progeny,

females were collected which were of the genotlpe P587|TMS Á2-3, Sb, which carried

both the P element and the Â2-3 source of transposase. These females were crossed in



Figure 4.10 DNA sequence and predicted amino acid sequence of the 4815 cDNA'

The DNA sequence and the predicted amino acid sequence of the 4815 oDNA are

shown. The DNA seclrence was determined by automated DNA sequenco analysis and

concurrent primer synthesis. The 4815 oDNA was found to have an open reading

frame (oRF) of 1869 bp, encodi ng a 622 amino acid protein' The oRF is flanked by

550 bp of 5, untranslated DNA and 355 bp of 3' untranslated DNA'

The putative initiation codon, polyadenylation sequence and the poly(A) tail are bolded'



GCAGTTAGGTTTCCÀCCTCGGCCGGGA.AA.A.GTCGCGTGAÄTTACGAGA.A,GCAGCÂÀ.ACTGTTGTÃÀ.AGTTGÄÃÀÄACAAGCTATTTÄTTA
1 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 90

GTAGÀACATTATTCTTGÄÄCATTTAÀTAACAACAGTTCGCACTA.AÀÀTTCAAÀCCCAACÀACATTTCÂÀCGAATCAATATTTCCCAÄTTT
91 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 180

TTCTGGATTTTAGTACAGTÀÀ.A.A.CTCATCAÀ,TTCGGGCGCAÃÄ,CGAAÄÀCTAGCTGCGGCTTTATGAÀTTTTGTTTGTGTTATGCGCGCG
181 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 27O

CGAÄTAÄ.ATCGCAGAAATTGATTTCCATTGAÀTTTCTATTÂAÀTTGTATTGGAAAÀÃATCGTTCGAGTGTCAA.AÀACTAÂTTGATTTGTG
2'1L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 360

CGTGAGTGTGTGÄÀ.AGTGAACTTATGGGTGCGTGAÀÀÀÀAÎGCÀÀTAÀTCCÄÀÀGGGÄÃÀTACCGCTÀÀÄGAGGÀ.AAACATCAÄCAATGC
361 ---------+---------+---------+---------+---------+---------+---------+---------r---------+ 450

CAÄTTTA.AÀÀGAGACCAÀCAÄ.AÀÄAAÀTAGCAGÀGAÀÀGAGGCAGCACAÄGGGA.A.A.ATTCÄ.A.ATATATAÀ¡,TÀÂAGÀÀÀTCCCGTTTTAG
45L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 540

Â,CÄÀACGAGGCCÀ.AÀCTGCÀ-ACÀACAGCAGCAGCTGGAGA.ATCAGGAATCGCTAGAGÀGAGACAGCGÀ.ACAGGATTCCCCCTGTGCCACC
727 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 810

TNEAKL Q O 0 O Q L EN 0 E S l, E RD S E Q D S P C AT

CCGCCCCCCGCTCTGCCAGCACGACGTCACACCGCCÀÄCATGATACACTTTGGCGCCTCTA.ATCAGCTGCTCACCGCCCAGCCGCCCCAT
811 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 900

P P PALPÀRRHTANMIHFGASNQLLTAQP PH

CCCCCTCAGCATCCACÄACCACCGGCACAÀTCCGCCAGGÃÀTCTCAÀTCTCGTCTGGCCÄÃTGC.A.ACCGACACATCAGCCÃ.ACACÀGCAG
901 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 990

P PQ H PO P PAQ SARNLNLVWPMQ PTH Q P T Q O

CÀGGATGCCAACATCTTGGCCGCACCCAGCCACCACATCCAGAGCCACATTTÀTGACTTGCCACAGCAÀ.ATGCAGCCACATCAGCACCAC
99L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1080

QDAN I LAAPSHH T QSHIYDLPQOMQ PHQHH

CACCATCACCACCACCAGCAGCAGCAÀCA.A.CAACCACAACAÀCCACAÄCAÄCÃACA.ACAGCAGCAGCAGCAGCA.ACAÄCÄÀC.AÄCAÀCTA
1081 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1170

HHHHHOAOOOQPOOPQOOAOQOAQOOOOQL

AÀ,TGTCGAGGCTGTCATATTGCAGAÀTCAGGTGGATACATTGCATTGGCÄÀTTGÀÃACAGACCGAÄÀCCA.A.TTGCGAGATGTÄ.CCGAGCG
ItTL ---------+---------+---------+---------+---------+---------+---------+---------+---------+ L260

NVEAV T I, Q N QVD T LHWQ LKQ T E TN C EMY RA

TATTTTGCGCGTTCGCTTTCGCTCAÀCAÀCAACAÀCAÀCÃÀCAÃCAÄCÄACÃACÄå.CÄACA.ATGCCTTGACATTGCCCÃAGAAGCCGCCA
631 ---------+---------+---------+---------+---------+---------+---------+---------+---------+'120

Y FÀ, R S L S L NNNNNNNNNNNNNA L T L P K K P P

GTGATGGAGGAGGTGGCCCGCTTCTTTGAGCGCTACCAGTTGCAGCAÄCA.ACTCCAGCAGACCCÀÀCGCAÀTGGÀGAGCAGATTGCCCGC
L26L ---------+---------+---------+---------+---------+---------+---------+---------+---------+

VM E EVAR F F E RY Q I, O O O L O O T Q RNG E O I AR

CCAAT-AGÀ.AÀTCCACAÄAÄCCACAACÀÀÃCATGCAGCAGACAÄCGGATCTTGACTTTGATTTCCAGATGCCGTGTCGCTATTTCÀ.AÄAGT
54L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 630

MH KT T TNM O O T T D I, DF D F QM P C RYF K S

1350

TCCAÄGÄGTCTGCATCATGTCCACGGAGTGGGCÀ.ACACCTCCCTGCAGAGCGATGCACGGGATGATGACGCCTCCAGCGGCGGATCAGCT
1351 ---------+---------+---------+---------+---------+---------+---------+---------+---------+

S K S I,HHVH GVGNT S L Q S DARDDDA S S GG SÀ
r440

CCAGCTGGAAGCTATAATGCCTTCA.AGGATTTTACATGGCGTCGATCCCCGAÀGA.AATCTGGAGGCAGTGGCGGTTGCAÄGTCACGTCTA
1-531 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1620

PAGSYNAFKDFTWRRS PKKSGGSGGCKSRL

153 0

TCGGCTCCTGAGGCAGCCGAGGAÄÀAGCTGA.ATCAGGAGGCCTTTCGTTTGGCCAGÀACCATAÀGGAÄTCTTTTGCACACCTCGGA.ACAG
f62f ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 171-0

S Ä P E AA E E K I, N Q E AF R L A R T I RN L IJ H T S E A

TCATATCTACGCGCCCGGAGCAGCACCAATTTGATGTTGAÀTAÄÀTCAÀTGCATGCCATGGACGAGGAGCACAATTACGAGACGATTGCA
l44L ---------+---------+---------+---------+---------+---------+---------+---------+---------+

S YLRARS S TNLMLNK SMHAMDEEHNYET I A

CÃ.ACCAGATCTCACGCAGCCGCGCCACTCGCTCGCTTCCATTTCATCGCTGCCCTCGGGÄ.AÀTCACCGTCTGTGCÃÀGGGGAAÂ.ACCAGT
L7LL ---------+---------+---------+---------r---------+---------+---------+---------+---------+ 1800

Q PD I, T Q P RH S ],4 S I S S L P S GNH R L C KG KT S

TCGGTGATGACACTACTGACGCCACCATTGCACAATTCCACCAGTATCATGAGTGCCACACTGGAGACTCCÀTCACCGGGCGGGAÂATCA
l-801- ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1890

S VM T L L T P P L HN S T S T M SAT IJ E T P S P GG K S

AATGCGGAÀCTCATCTTTCTGCGGGCCÄ.ATÂACATGCGCGACTCGAGGCTÀTCGTTGCGTAGCTCCACCGACAGTTCCGTGCATTCCACC
1891 ---------+---------+---------+---------+---------+---------+---------+---------+---------+

NAEL ] F L RANNMRDS RL S LR S S TD S SVH S T
1980



ATCTCGTCGACGGCATCCTCCTCCTCGAÄÄGTGGAAACGGATGAGGAGACGCAGACACAGACCACCGCCAGCA.ACACAGCCATCAGCAÄT
L981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2O'10

I S STASS S SKVETDEETOTQTTÀSNTAI SN

Ä,GCAå,TÀÀCAÀÀCCCACCAGCAÂTAÀGCÀGAGCGGTTCCAGTACCGAGGATGAGAGTGGCTTCAGTTCGATTÃ,GCTCCTTTCACGATGTC
2O7f ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2]-60

SNNKPTSNKOSGS STEDESGFS S ] S SFHDV

GGCTTGCCCCAGAGTTCCACCTTGATGAATGGAAATCAGCGACGCCTGTCCATGTCCTCGGACAGCAGGAACTCCACACTÃÀÄGTCCGGA
21-67 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2250

G IJ P Q S S T I,MNGNORRL S M S S D S RN S T L K S G

TTAAATATGGTGGGGCTGCCCATGCÀÄÀATCAGACTCAAGTTCAÀGTACAGATTCAÀGCTCAGATATCCACCGCTCCATCGCCCTCGÀAÀ
225f ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2340

LNMVGLPMQNOTQVQVQ I OAQ I STÀPS PSK

ACCTACCGCAÀTGCGAATCGCTACCAGCGCTTCTCCACTTTGTCCÄACGAGGATGCAGCCGCTGTTTTATGGGTCTAGACGGGTGGATGA
234L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2430

TYRNANRYQRFS TL SNEDAAAVLWV *

TTCAÄÀÀCCAGCCTTGAGATAATTTÀTTAÀCGTATTTCTAÃAAÄÄTTTGAGAÀ.TCTTTTCÄÀATÂ,TGGTTACGAAAACCGTGTTTTTTTT
243L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2520

TATTTTGÄ.ACACCCCGTAGCTGTTTCGATTTGTTTTCTCTAGTGCCTCCGCTTAGTGTTTAATTGACCATTGGAATAGAGTGCATACÀTT
2521 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 26tO

TTCATTTTGTATGTTÀTTATTTTTTTTTA.AGGACCAÀGCGCGCATTTCTATGTTAÄCAÀTATGTÀ.4ÀTTGATTTGTCTTAAGTTTTGCAG
261,L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2100



Figure 4.11 Outline of the crosses undertaken to generate P element-mediated

deficiencies from the P element insertion site in P587.

In cross I, P587(ry+) females were crossed to the Å2-3 source of transposase and

female progeny which had non-Drop eyes and Stubble bristles were collected.

In cross 2,the females in which the P element had been mobilized were crossed to a

homozygou, rys06 line, to allow the detection oî P587 chromosomes which had

reverted fromry* to ry. Mrale progeny having rosy eyes aîd Stubbl¿ bristles were

collected.

In cross 3, individual males collected from cross 2were crossed to the deficiency

Df(3epbf|, to screen for ry revertant chromosomes which failed to complement this

deficiency. Crosses which did not produce any non-,S/zbble,non-Humeral progeny

were indicated to contain a reversion event which was lethal over the deficiency.

Stocks of the P5S7(ry) revertant lines were established.
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groups to ry Pr rolTM3 ry Sb males such that the resultant progeny which had lost the

ry* marker carried on the P element, and therefore had rosy eyes, were able to be selected

and were balanced over TM3 ry Sb. These progeny had the genotype P587(ry)/TM3 ry,

.tó.

The P587(ry) revertants were then screened for those which carried an alteration

which was lethal over the deficiency Df(3L)pbf|, which deletes the pbt locus. This was

achieved by crossing 354 individuaIrylTM3 ry, Sbmale revertants to Df(3l)pb{t ffM6B

females and screening for lines which lacked progeny of the genotype

Df(3QpbftP5S7(ry) which were non-S/ubble andnon-Humeral. Thirty six lines were

obtained which failed to complem ent Df(3L)påfl. Stocks of these lines were generated

from progeny which were P587(ry)/TM6B. Each of the revertant lines obtained from this

screen was tested for its ability to complement either the pbt2 or pbls EMS allele. Each

of the thirty six lines failed to complementthe pbl EMS alleles. Thus it was concluded

that thirty six lines containing alterations which inactivated the pbl locus had been

generated. Of the thirty six lines, twenty two were known to be independent lines,

indicating that at least twenty two separate deletion events had been isolated.

To charactet'lze the nature of the alterations which had occurred in the

presumptive P element mediated deficiencies, Southern analysis of the genomic DNA

from these pbl ry revertants was performed. Clalrestricted genomic DNA from each of

the revertants balanced over TM6B was probed with 1) a 1.9 kb EcoRlJHindIII genomic

fragment 5' to the site of the P element insertion in P587 2) the 3.1 kb ,Sal[ fragment 3'

to the P element insertion site and 3) DNA from the 3'and 5' ends of the P element (from

pstg}.7 andPZ DNA respectively). Figures 4.12 and 4.13 show a number of the

genomic Southerns used to map the P587-denved deficiencies. The results of the

densitometric analysis of these fragments are summa¡izedinFigure 4.4. Some of the

deletions were found to delete from both ends of the P element, while others deleted

from only one end of the P element. It has been observed that in the presence of

transposase, deletions extending into flanking chromosomal DNA from one end of a

starting P element are found to arise in approximately 0.7o/o of progeny (Tsubota and

Schedl, 1986; Salz et a\.,1987). Interestingly, two deficiencies rù/ere created that

maintained the 5' and 3' flanking genomic fragments, while deleting the 5' and 3' ends



Figure 4.12 Mapping of the P element-mediated deficiencies generated from the

line P587 bY Southern analYsis'

A genomic southern blot contai níng clal'restricted DNA from a number of the P587-

mediated deficiencies (over rM6B)was hybridized with four different fragments:1) a

1.9 kb EcoRIJHindIlLfragment from the cosmid walk 2) DNA from the 5' end of the P

element, 3) DNA from the 3' end of the P element and 4) a 3'1 kb søll fragment from

cosmid 343 (refer to Fig. 4.4). The results of the hybridization with each of the

fragments are shown in the four panels:

A. Hybridi zationwith the 1.9 kb EcoRIJHindIII fragment from the cosmid walk' A4'2

kb band was detecte d' ín P587,due to the presence of a polymorphic CIa| site, as

opposedtothel0.5kbbandexpected(seewíthTM6B).Thispolymo¡phicClalsite

allowed detection of the presence or absence of the 1'9 kb EcoRIlHindIII fragment in

each of the P5ï7-deived deficiency lines'

B. Hybridi zationwith the DNA from the 5' end of the P element (obtained from the P

element PZ) ledto the detection of a2.5 kb band ín P587 ' The 2'5 kb band was seen to

beabsentinanumberofdeficiencies,whilehybridizationtotwodeficienciesdetected

bands of differing sizes. This indicated these two deficiencies contained alterations in

the band to which the 5' P element end hybridized'

c. Hybridi zationof the 3' end of the P element (obtained from ps/g0'7) led to the

detection of a 3.9 kb fragmen t in p 5 gT which was absent in each of the p 5 gT -denved

deficiencies. The s.zkbfragment also detectedinP5ST (markedwith an asterisk) is

thought to be due to hybridization within the P element P1fuB (see Fig' 3'7)' A7 kb

band due to hybridization to stringsequences was also detected' The 0'7 kb string

fragment was not detected, due to having run off the gel' 
r

D. Hybridization of the 3.1 kb,Salt fragment from cosmid 343 led to the detection of a

bandsizedat8kbfragmentineachline,whichappearedtobeunaltered.
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Figure 4.13 Mapping of the P element-mediated deficiencies generated from the

line P587 bY Southern analYsis.

A Genomic southern blot contaiúrrg clalrestricted DNA from a number of the P587-

mediated deficiencies (over TM6B)was hybridized with four different fragments:1) a

1.9 kb EcoRIJHindIIlftagment from the cosmid walk 2) DNA from the 5' end of the P

element, 3) DNA from the 3' end of the P element and 4) a 3'1 kb sall fragment from

cosmid 343 (refer to Fig. 4.4). The results of the hybridization with each of the

fragments are shown in the foru panels:

A. Hybridi zationwith the 1.9 kb EcoRIJHindIII fragment from the cosmid walk' As

described in the legend to Fig. 4.l2,theline P587 contains a polymorphic c/al site

with respect to the TM,Bbalanòer chromosome. A4'2kb band is detected in

p5glwhtlea 10.5 kb band is detected in TM6B. This polymorphic clal site allowed

detection of the presence or absence of the 1.9 kb EcoRIJHindIII fragment in each of

the P 5 I 7 -derived deficiency lines'

B. Hybridi zatíonwith the DNA from the 5' end of the P element (obtained from the P

element PZ)ledto the detection of a2.5 kb band inP587' The2'5 kb band was seen to

be absent in a number of deficiencies, while hybridization to two deficiencies detected

bands of differing sizes. This indicated these two deficiencies contained alterations in

the band to which the 5' P element end hybridized'

C. Hybridi zationof the 3' end of the P element (obtained from pstgo'7) led to the

detection of a3.9kb fragmentin P587 which was absent in a number of the P587-

derived deficiencies, but present in two deficiencies. The 5'2kb fragment also detected

ín P587 (marked with an asterisk) is thought to be due to hybridization within the P

element PlfuB (see Fig. 3.7). A7 kb band due to hybridizationto string sequences

was also detected. The 0.7 kb string-containing band was not detected as it had run off

the gel.

D. Hybridization of the 3.1 kb sanfragment from cosmid 343 led to the detection of a

bandsizedat8kbfragmentineachline,whichappearedtobeunaltered.
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of the P element. This suggested that in these particular revertants, small deletions (less

than 5.7 kb) had occurred which inactivated the pbl gene. These considerations gave

further support to the notion thatthe pbl genewas located in or very near to the site of

insertion of the P element present in the líne P587.

4.10 Generation of 4815 transformant lines for rescue of thepbl phenotype

V/ith the aim of determining whether the 4B 1 5 cDNA correspond ed to the pbl

transcript, expression constructs were generated to test whether the 4Bl5 cDNA could

either rescue the lethality of the pbl EMS alleles or at least partially overcome the block

in cytokinesis in cycles 14, 15 or 16. To express the 4Bl5 cDNA, a construct driven

from the hsp70 heat shock promoter was generated by cloning the full length 4815

gDNA into the vector pCaSpeR-hs, as described in Section2.2.6. The resultant clone

was termed phs4B15. A second rescue construct was generated in which the full length

4815 gDNA was cloned into the vector pUAST (Section 2.2.6). This plasmid contains a

tandem array of five optimized GAL4 binding sites, enabling expression of the cDNA

where the yeast activator GAL4 is expressed (Brand and Perrimon, 1993). The resulting

plasmid was termed PUAS4B15'

To generate transformed flies carrying insertions of phs4B15 and pUAS4B15,

each construct was coinjected with the A2-3 source of transposase into wt 
118 

embryos

prior to celh;irairzation (as described in Section 2.3.20). Three hundred and fifteen

embryos were injected with phs4B15 from which 27 flies were obtained, finally yielding

5 transformed lines. One thousand and twenty three embryos (1023) were injected with

pUAS4B15, from which 158 flies were obtained and 17 transformed lines were obtained.

The chromosome of insertion of each of the phs4B15 transformants and a number of the

pUAS4Bl5 transformed lines was determined'

At the time of further characterizing the 4815 oDNA, with the aim of

determining if it corresponded to thepål transcript, information was obtained from

another research group that two additional P element lines had been generated which

failed to complement the EMS allele pbls. Analysis of the two newpbl P element lines

led to the isolation of an additional candidatepb/ cDNA which is described in Chapter 5'
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4.11 Discussion

The analysis of the på I alleles pbfÀ and pUfC generated by P element

mutagenesis indicated that an intemal deletion or reaffangement in the P element in the

psg1 line resulted in inactivation of the pbl gene. This indicated that the site of insertion

of the progenitor P element líne, P587,was close to a region involved in the control of

pbl expression. For this reason, the genomic DNA flanking the P element was isolated

and used'to screen for candidatepó/ cDNAs'

Initial investigations indicated that the 3' genomic DNA flanking the P element

insertion in P587 did not encode any cDNAs. Therefore cosmid genomic clones

overlapping the site of the P element insertion h P587 were isolated and used to screen a

'DNA 
library. These screens resulted in the isolation of two candidate cDNAs, 241 and

4B 1 5 . The distribution of th e 2Al transcript was highest in the neuroblasts of the central

nervous system (cNS), with a very low level of distribution throughout the remainder of

the embryo. Given the role of pbl in cytokinesis it was predicted that the gene would be

expressed in proliferating tissues, and we know from the time that the pbl mutant

phenotype is first exhibited, that there is a requirement forpål function during embryonic

cycle 14. The neuroblasts of the cNS begin to segregate from the ectoderm around the

time of the 14ü cell division and undergo up to 9 rounds of proliferation (Hartenstein ef

al.,1987). However, most cells in the embryo undergo division cycles 14,15 and 16

before arresting in Gl phase of the 17ú cell cycle. Some cells, including those in the

cNS and peripheral nervous system (PNS) continue to divide beyond cycle 16' The 241

'RNA 
was not found to be specifically localized in dividing cells other than those of the

neuroblasts in the cNS at around the time of cycles 14 and 15. The distribution of the

2Al transcript therefore did not clearly fit with that expected for the pattem of expression

of the pbl gene.

The 4815 transcript was found to be ubiquitously distributed throughout

embryonic development. It is possible that pbl has roles in processes other than

cytokinesis, and that the detectio n of the pbl mutant phenotype during cytokinesis of

mitosis 14 maybe due to this being the first time that there is a requirement for

zygotically expressedp bl. Itis also possible that pbl is post-transcriptionally regulated'

Therefore, expression olthe pbl gene may not be limited to proliferating tissues and may
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be ubiquitous . The ubiquitous dishibution of the 4815 mRNA throughout

embryogenesis was therefore not considered inconsistent with that expected for the pbl

transcript. The ubiquitous distribution of the 4815 mRNA, together with the finding that

the 4815 oDNA mapped approximately 2kb from the P element insertion site in the line

P587,made the 4815 cDNA a good candidate lor the pbl oDNA. Determination of the

DNA sequence of the 4815 cDNA revealed an ORF with no significant homologies to

other known genes, indicating that the cDNA is novel.

The tendency of P elements to excise imprecisely, resulting in the deletion of

flanking genomic DNA (Engels, 1989), was used to generate small deficiencies of the

pói locus. The P587line was exposed to transposase and lines which had lost the ry*

marker present on the P element PIArB were obtained. These ry lines were screened for

the inability to complem entthe pbl EMS allele s pbl2 and pbls . Twenty two independent

lines were obtained which presumably carried deletions which extended into the pbl

locus. Deletion analysis of these ry revertant lines showed that they did indeed carry

deletions of the genomic DNA flanking the P element insertion site in the line P587.

The small size of a number of the deficiencies once again suggested that an element

required lor pbl function is indeed located in the vicinity of the P element insertion in

P587. It is also significant to note that all of the P5Î7-denved deficiencies which were

lethal over the deficiency Df(3L)pbft, \ryere also lethal over thepól EMS alleles. This

finding was consistent withpblbeing the closest essential gene to the P element insertion

in P587.

Since the 48 15 oDNA was a candidate for the pbl cDNA, it was used to construct

a number of transformed fly lines expressing the cDNA. These lines would express the

4B15 cDNA ubiquitously either upon activation by heatshock or by crossing to a

ubiquitous GAt4 producing line. Complete or partial rescue of pbl function can be

investigated using these lines. Further, lines expressing GAL4 in restricted tissues (such

as the eye and the wing, as discussed in Chapter 5) are available which allow

investigation of the effects of expressing the cDNA in specific tissues.

To determine if transient rescue of the 4815 cDNA was able to rescue the block

in cytokinesis of cycles 14, 15 or 16, the 4815 cDNA was also cloned behind the crl-

tubulin promoter which drives ubiquitous transcription (O'Donnell and Wensink, 1994)'
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The generation of the resulting construct, pal-4815, is described in Section2.2.6. A

control construct was also generated which contained the al-tubulin promoter upstream

of the green fluorescent protein (GFP) (Section 2.2.6). These plasmids were to be

directly injected into embryos to attempt t'ô transiently rescue the pbl mutant phenotype

in a similar way in which the bottlenecfr phenotype u/as transiently rescued by expression

of bottleneck froma plasmid construct (Schejter and V/ieschaus, 1993b).

At the time of establishing the crosses required to test the ability of the lines ås-

4BI5 and UAS-4BI5 to rescue the phenotyp e of the pbl EMS alleles, information was

obtained from another research group that two P element lines had been generated which

failed to complement the EMS allele pbls. theinvestigation of these P element alleles is

discussed in the following chapter.
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CHAPTER 5: CHARACTERIZATION OF A SECOND CANDIDATE pbl cDNA

5.1 Introduction

The P element mutagenesis undertaken in this work resulted in the isolation of a

candidatepå/ gDNA, 4815 (Chapter 4). However, during the course of thes" studies a P

element screen performed by Salzber g et al. (1997) resulted in the isolation of a second

candidatepå/ çDNA. In this screen a collection of 2460 strains carrying lethal or semi-

lethal P element insertions on the third chromosome v/ere screened for defects in the

embryonic peripheral nervous system (PNS). The general anatomy of the PNS was

visualized using a monoclonal antibody (mAb 22C10) which labels all the cell bodies,

dendrites, and axons of the PNS (Hartenstein, 1988). This P element screen identified

both novel and previously characteizedgenes required for the development of the

embryonic peripheral nervous system (PNS).

Dwing the course of this screen two P element alleles, 83/20 and 542/3,wete

found which failed to complement the EMS allele pUt5 . tS/20 and 542/3 homozygous

embryos exhibit a loss of neurons, with a parallel increase in the size of the remaining

neurons, consistent with a lack of cytokinesis due to disruption of the pbl locus. The

542/3 chromosome was shown to carry a P element insertion at cytological position

66A8 (Salzberg et al.,lgg7),consistent with the localization of the pbl locus to 66Bl-2

(Hime and Saint, lg92) and failed to complement the 83/20 mutation. As described in

the next section, plasmid rescue using these two P element insertions resulted in the

isolation of a second candidatepb/ cDNA, 14. A collaborative project with the

laboratory of professor Hugo Bellen at the Howard Hughes Medical Institute, Houston,

Texas, was established to fuither characterize this secondpbl carrdidate oDNA. This

chapter describes the characterization of the 1A cDNA'

5.1.1 Isolation of an additional candidztepbl cDNA'

As described above, the P element screen undertaken by Salzberg et al' (1997)

resulted in the isolation of a number of lethal or semi-lethal P element insertions which

affected development of the PNS. Further work carried out by the Bellen laboratory
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showed that two of these alleles, 83/20 and 542/3, failed to complement the EMS allele

pbls . Both 83/20 and 542/3 were found to carry revertible insertions of the P element

Placw (Bier et a1.,7989). l3/2}homozygous embryos exhibited a loss of neurons' with

a parallel increase in the size of the remaining neurons' consistent with a lack of

cytokinesis due to disruption of the pbl locus. Additionally, the embryos displayed gross

defects in the axonal trajectories in the peripheral nervous system. The 542/3 allele gave

a phenotype similar to 83/20,except that the defects in neuron loss were milder and the

phenotype was not fully penetrant. Approximately 10% of embryos collected from 542/3

exhibit mild pathfinding defects as visualized by staining with mAb 22C10'

plasmid rescue of the DNA flanking the P element resulted in the isolation of 0.8

kb of genomic DNA adjacent to the 3'end of the P element h 542/3 (using EcoRI) and

the isoration of 2.g kb adjacent to the 3' end of the p erement in83/20 (using BamIIl) (s.

Prokopenko and H. Be]len, pefs. comm.)' The genomic rescue fragments were mapped

by hybridization to polytene chromosomes and found to reside in the polytene interval

6648. The sequence of the genomic DNA adjacent to the 3' end of the P element

demonstrated that the two p elements v/ere approximately 350 bp apart and inserted in

the same orientation (S. Prokopenko and H. Bellen, pers. comm.).

The0.8kbEcoRIand2'SkbBamÍIlgenomicrescuefragmentsfrom542/3and

g3/20,respectively, were used to screen an embryonicg-l}hr cDNA library (S'

Prokopenko and H. Bellen, pers. comm.). Two cDNAs, 1A (3'1 kb) and lc (1'8 kb)'

were isolated and shown by southem analysis to hybridize to each other, and to the 2'8

kb BamHlrescue fragment ftom 83/20. Both the 1A and lc cDNAs were shown by

hybridization to polytene chromosomes to map to the interval 6648, consistent with the

localization olthe pbt locus to 6687-2 (Hime and Saint, |992).

ThesitesofinsertionofthetwoPelementsS3/20and542/3weredetermined

with respect to the 1A oDNA. By comparison of the 1A cDNA sequence with the

genomic plasmid rescue sequences' the Bellen laboratory found that the 542/3 P element

was inserted 149 bp upstream of the predicted initiation codon of the 1A open reading

frame (oRF). Sequence immediately adjacent to the 3' end of the P element in 83/20 did

not align with the 1A oDNA, but sequences further away aligned with the first 36 bp of
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the 1A ORF sequence and continued into the sequence of the 5'UTR. This alignment

suggested that the 83/20 P element inserted into intronic sequence downstream of the

initiation codon. The insertion of the two P elements in 83/20 and 542/3 into the 5'UTR

and intronic sequences of the 1A oDNA strongly suggests that the two P elements disrupt

the activity of the gene encoding the 1A transcript'

The failure of the two P element lines 83/20 and 542/3 to complem entthe pbls

EMS allele indicates that they contain a disruption of thepål locus. The ability of the

two alleles to revert to pbl+ indicates the lethality of the alleles 83/20 and 542/3 over the

pål EMS allele is due to the P element insertion. The finding that both of the P element

inserts are within the lA transcript, and that one is actually within an intron, strongly

suggests that the P elements are disrupting the function of the 1A gene product'

Together, the data strongly suggests that the 1A transcipt corresponds to thepål

transcript. However, rescue of the lethality of the pbl EMS alleles by the expression of

the 1A transcript is yet to be achieved'

5.1.2 The candidatepá/ CDNA shows similarity to the murine proto-oncogene ect2'

The DNA sequence of the 1A oDNA was determined by the Bellen laboratory

and found to contain a2562bp ORF flanked by 449 bp of 5' andl32 bp of 3'

untranslated DNA. The predicted 853 amino acid protein encoded by the 1A oDNA (Fig'

5.1) was found tobe 4lo/oidentical to the protein encoded by the mouse proto-oncogene

ect2, although the pb1 protein contains an extra 113 amino acids at its amino-terminal

end in comparison to the Ect2 protein. The most conserved regions contained homology

to a Dbl domain (DH), comprised of approximately 180 amino acids, and a pleckstrin

homology (PH) domain spanning approximately 100 amino acids (Fig' 5'2)'

The DH domain has been shown to be responsible for the guanine nucleotide

exchange (GEF) activity of a number of proteins (cerione andzheng,1996)' including

Rho family members which have been found to be involved in cytokinesis (Section 1'5)'

The identifrcation of a DH domain suggests that the putative Pbl protein, encoded by the

1A CDNA, may function as a GEF for a Rho protein' The PH domain has been

implicated in the localization of proteins to the plasma membrane (zheng et al'' 1996:'



Figure 5.1 Nucleotide and predicted amino acid sequence of the 1A cDNA'

The nucleotide sequence and predicted amino acid sequence of the putativepå/ (lA)

cDNA are shown.' The cDNA contains an open reading frame of 2562 base pairs'

encoding a predicted protein of 853 amino acids'

A number of the key features of the putative Pbl protein sequence have been

highlighted:

The putative initiation codon is bolded'

The two BRCT domains are underlined'

A putative nuclear localization signal, which conforms to the consensus sequence (2

basic residues, followed by a 10 residue spacer, followed by at least three basic residues

out of 5) described by Robbins et al' (1991), is boxed'

The Dbl Homology (DH) domain is indicated in bold'

The Pleckstrin Homology (PH) domain is double underlined.
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27L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 360

CGTTTTATTGTGTTTCGAGTTCTGTTGGTGTGTGTTTTTGTGTATGTTCCACGAGTTGTTCGCATTA.AÀÀAATTAÃCTGCAGAÄ'GATCCÀ
361 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 450

M

TGGA.AÀTGGAGACCATTGAAGAGCAÂTCGÀÄGTGCGAGATGTCCATAÄCAACGCTGCCCACGCGCATCTGCCTGGTGGGAGGCGTTGGCC
45I ---------+---------+-- ----- --+- -- ------+---------+---------+---------+---------+---------+ 540

EMET IEEQ SKCEMS T TTLPTRT CLVGGVGQ

AGGATGCGGACACGCTGCAGGCAGCCGAÄTCCTTTGGCCTGCCCATCGTTACGTCGGACACGGGTCTGGACATCCTCGGGGAGTCGTCGG
54I ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 630

DADTLOAAESFGL PTVTSDTGLD T LGES SD

ACTGGCGGACATTCTACGTGCTGGATGACTTCGAGGGTGCCAGCTTCGAGGCGATACACAAGCAÀÀ.AGGAÄTGCATTCTGGGACCGCCGG
631 ---------+---------+---------+---------+---------+---------+---------+---------+---------+'120

bTRT F YV L D D F E GA S F EA I H K Q KE C I I'G P PA

CTTTGAAGTACGCGGCCGAGATGAÀACAGACACTGGGCCAGAACTCGCGGCCCATTTACÀÀTTACGCGÀTGCGCGGCGTGGTCACTTGCT
72f ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 810

L KYAÀEMKQ TLGONS R P I YNYAMRGVVT CF

+ 900+- +- +- +811 +- + -+ +-
TGIR KKDEI,TKLVN LTHSMGGCIKK DLNTK

AGACCACGCATTTGATTTGCÀACCÀCAGTGGCGGCGAÄÀAGTACCAGTACGCCAAÂACCTTTCGGTTGACCGTGGTTCGTCClGCTTGGG
901 ---------+---------+----. ----+---------+---------+---------+---------+---------+---------+ 990

TTH LTCNHSGGEKYO YAKTFRLTVVRPAWV

TATTTGCCGCTTGGGCGGATCGTAATTCGCTGGAGTTCGATGCTACGCAÄGAGÃÀTTTCACCÀAGACGCATCGCCTGAAGGCÀTTCGAGG
991 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1080

FÀ AWADRNSLE FDATOENFTKTHRLKAFEG

HMVDVLLENGGVCAEL

GTCAÀAÀGATTTGCTTCTTTGGATTCCCTGTGGAGGAGCATCAGCATATGGTGGATGTACTTTTAGA.AÄ.ACGGAGGCGTTTGCGCCGAGC
l-081 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1170

OK ICFFGFPVEEHQ

TCGÃ.TGATCCGGAGTGCTCGCATGTCGTGGTTGACGAGCACACGACTTTGACGAÀGCCGGAGCCGÀAGAÀTAÂTCACACGCATATCCTGA
IrTI ---------+---------+---------+---------+---------+---------+---------+---------+---------+ L260

DPECSH DEHTTLTK KNNHTHIL

+- + +- 1350+726r -+ -t -+ -+ +

SDWF!.ù YTTONGYANEM DYLFGDYI,DSITNT

RRDSIJPISFNKRKRKR
-+ + -+

FSQRIQIJEGT
7440l-3s1 +

PNTD

CTCCGTTGGGTTCTGGAÄÀACGACGCTCCTCCGTTTCGGATGCCGGTCTATTGTCCGTATCAÄ.ATAGTTTATTCGATTGTACCACCAGTC
!44:_ -. -------+---------+---------+---------t---------+---------+---------+---------+---------+ 1530

P IJ G S GKRR S SV S DAG L L SV S N S IT FD C T T S P

CGGATÄÀÀCTGGAGTCGGATA.AGCTGTTGCATGCCGAGCCGGAGGCGAGCGATGCCACTCCAGCCAÀGAAATCGATGCGCTTTÀÀTCACT
1531 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ L620

D K I, E S D K ], L H A E P E A S D A T P A K K S M R F N H F

TTATGGACTTTTATACCACAGAGTCCAÄCTÀCGTGGGCATATTGGACACCATACTGAÀTCTTTTTAÄ.AÀACAÄGTTGGÀÂGAGTTGGCCG
162:- --- ------+---------+---------+---------+---------+---------+---------+---------+---------+

14 D F Y T f E g N Y V G I IJ D T I IJ N IJ F K N K T¿ E E IJ À E
1710

ÄÃ.ACCÃÀTGATCCGCTGCTTÀÄ.TAAGTCGGAGATCAÄGACGATCTTTGGCÀÄCTTCCTGCCTATCCACGAGGîACACCAÄAGCATGCTGG
!'7IL ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1800

T N D P IJ IJ N K S E I K T I F G N F f' P I H E VH Q S M I' E

AGCATCTGCGGAAGTTGCACGCTÄÄCTGGCGGGÀGGATTGTCTTATTGGAGACATTATCATTCAÄ.CÀTCGCGACGÀGTTGATAÄAGGCGT
1801 ---------+---------+---------+---------+---------+---------+---------+---------r---------+ 1890

H IJ R K IJ H À N VI R E D C IJ I G D I I I O H R D E I¡ I K À Y

ATCCACCATÀCGTCÄACTTCTTCGAGCAGATGÀÀGGAGCÀÀCTGCAGTACTGCGATCGGGAATATCCGCGTTTCCACGCCTTTCTGÄÀGÀ
1891 ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 1980

P P YVNF F E O MK E Q IJ O YC DRE Y P R F HÀF I' X I



TTAÂTCÄÀACGÃAÀCCGGAGTGCGGACGCCAAGGTCTACÀÄGATCTGATGATCCGTCCGGTTCAGCGÄTTGCCCAGTATCAGTCTGCTGC
l-981 ---------+---------+---------+---------+---------+---------+---------+---------+---------+

N Q T K P E C C R O G IJ Q D L M I R P V Q R L P S I S IJ L IJ

TAÀATGATÃTATTGÀ.AACACACGACTAGTGGCAÀTGCGGACCACGGACGTTTGGÄGGAGGCCCTGAÀGGCCATCA'AGCAGGTGACACTGC
2O7l ---------+---------+- -. -- --- -+---------+---------+---------+---------+---------+---------+

NDIIJKHTTSGNÀDHGRIJEEÀT,KÀIKQVfI,H

ACÀTCÄÀCGAGGATAÀÄAGGCGGACCGAÀTCGCGCÀTGGCCATCTTCGATATATTCAÀCGATATCGÀÀGGATGTCCGGCGCATTTAGTGA
2:.6L ---------+---------+---------+---------+---------+---------+---------+---------+---------+

I NE DKR RT E S RMÀ I F D I F N D I E G C P Ã H IJl¡ S

GTTCCAÄCCGCAGCTTTATTTTÄÀAGTGTGAGGTAAÄCGAGCTCTCCGATTCGCTGAGCGGTCGTGGTGATAGCCTGGTCCTGTACCTGT
225L ---------+---------+---------+---------+---------+---------+---------+---------+---------+

S N R S F I IJ K C E VN E IJ S D S I' S G R G D S I' V IJ Y L F

TCTCCGATTCCATTGAGCTGTGCAA.GCGGCGTTCTAAAGGATTCAÀCACTGCAÄÀATCGCCAAGCACGGCCAÀGÀCGCATAÀGCATCTCA

20't o

2t60

2250

2340

2430234L +- +- +- -+ + + + +- +

KRRSKGFNTAKSPSTAKTHKHLKSDSIELC

AGCTGATATCTTTGÀ.ATACGATCCGGCTAGTGATTG.A.CATCTCGGATAGTCCAÀGAGCTTTTGGTTTGCTCTTGCGGGGCGATÄ'A'GGAGA
243L ---------+---------+---------+---------+---------+---------+---------+---------+---------+ 2520

L I SLNT IRLVIDI SDSPRAFGLLLRGDKEK

+ + +- +- + -+ -+ + -+
YTF T T S DE ETDK SVYVKKLCNQ I AAHTCR

26tO
252L

L

GTACTGATGCGGACÄÄÀCTTTTGATTTGTCGCACCTCCCAGGAÄCTGGAGGTGGACATÄÀGTGATGTG-AÀTGTCAGCÀCGCTCAGCÀÃAG
26LL ---------+---------+---------+---------+-. --- ----+---------+---------+---------+---------+ 2'7OO

T D AD K I, TJ T C R T S Q E f' EV D I S D VNV S T L S KA

CCTTTAÄÄCTGGCGGCÄÀÀAACGCGACTCAAGGTGGGTCGTGCTTTCTCCTTTAÀCAÄAÀCGCCCAÀCÀÃÀCTGAÀÄ'CGGGCCGTATCCA
---------+---------+---------+------_--+---------+---------+---------+-----_---+---------+

F K 1, AAK T R L KVG RA F S F N K T P N K T' K RAV S T

CGATGATGÀCTTCGCCATTTGGCAGCACCA.ACTCTCTAÄCACCTGCCTCTC.A¡,TTGGCCCAGATGCGTTTGGCCAGCTGCACGÄÄT'A'TÀÀ
----------+---------+------ --'+---------+---------+---------+---------+---------+---------+

MMTS PFGSTNSLTPASQLAQMRLASCTNTN

ÀTGAGGTTGATGATGAGGACTGTGCAAGCATGCGAÀGCAGTTCGCCGTCAÄCACAATCCGAGATGCTAGTGGTACCGCCACTTTCGGTGC
------..--+------_--+---------+-'-----'-+---------+-----'---+-'-------+---------+---------+

E VDD E D C A S MR S S S P S T Q S EMT'VV P P ]' SVQ

AÀCCCÀCGCGGA.AAAACAÄGGCCGTTGTGGGCCGCAîTTAGAGCTGATGATGATGATGACTCCACAGTCAÀTTTGTGTATTCCATTTTGG
---------+---------+---------+---------+---------+---------¡--_------+---------+---------+

PTRKNKAVVGRT*

ÄAGTCTCTTTTTGGAGAGACTCGCTTGCAGTGCTATTÀCTTGGGCATTGGTCGCCCATGTCCGAGTGCATATACAÄGCTTC
---------+---------i---------+---------+---------+---------+---------+---------+- 3141
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Figure 5.2 Alignment between the murine Ect2 protein and the putative Pbl protein

Alignment of the murine Ect2 protein and the putative Pbl protein. Amino acid numbers

are shown. Aligninent was obtained using the GAP comparison progr¿lm (Australian

National Genomic Information Service using GCG software). The Ect2 and putative Pbl

proteins arc 4lYoidentical at the amino acid level. As can be seen, the putative Pbl

protein contains an additional 113 amino acids at its amino-terminus in comparison to

Ect2. Highest homology between the two proteins is in the DH domain (Pbl aa 388-614)

and the PH domain @bl aa 621-716) (Figure 5.1).

Identical amino acids are indicated by a vertical line between the sequences. Highly

similar amino acids are indicated by two dots, while a single dot indicates broadly

similar amino acids.
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Lemmon et al.,lgg7). Curiously, the amino terminal end of the putative Pbl protein was

found to contain two BRCT domains (Fig. 5.1), found predominantly in proteins

involved or implicated in DNA repair mechanisms (Callebaut and Mornon,1997; Bork ef

al., 1997). The 1A gene product is the ftst Drosophila protein reported to contain both a

BRCT domain and a GEF domain.

Results

5.2 The 1A cDNA is not related to the 2A.1 or 4815 cDNAs

The lA and lC cDNAs were supplied as EcoRI subclones in the vector

pBluescript (pSK1A and pSKIC) and each cDNA was tested by Southern analysis for

cross hybridization to either of the candidatepå/ cDNAs 241 and 4815, described earlier

(Sections 4.3 and 4.7). No cross hybri dzationwas observed (data not shown),

demonstrating that the cDNAs wefe non-overlapping. The 1A and lC cDNAs were also

tested for hybridi zationto the cosmid genomic walk generated from the 9 kb HindIII

rescue from the P element line P587 (Section 4.2),butneither cDNA was found to be

contained within this walk. It was concluded that the 4815 and 241 cDNAs were not

related to the presumptivepå/ cDNA and that the inactivation of thepól locus by the

re¿uïangement of the p element in the P587line was tikely to be due to insertion of the P

element into a distal regulatory region involved inpbl expression (i.e. an enhancer)'

There are several precedents for inactivation of enhancer elements by P element

insertion. Southem analysis was used to determine whether any lesions in the genomic

DNA encoding the 1A cDNA could be detected in the P587(ry) deficiency lines which

failed to complem entthe pbl EMS alletes (Section 4.9). The 1A cDNA was used to

probe Hindlllrestricted genomic DNA from the P5S7(ry) lines, but no lesions were

visible (data not shown). This again suggests that the deficiency lines are disrupting a

pbl enhancer rather than the coding region of the gene'

The 1A ancl I C cDNAs were found to hybridize to the most distal cosmid of the

walk initiated from ft'e Dembki clone (Him e, 1993). Southern analysis showed that the

1A CDNA hybridized to the 3.9 kb and 2.8 kb HindLLIfragments of cosmid 34 (shown
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diagrammatically in Fig. 5.3). The 5' end of the 1A oDNA was found to map within the

2.8 kb HindIII fragment of cosmid 34.

Despite the fact that the P elements in the lines 83/20 and 542/3 had inserted into

the 5'UTR/intronic region of the pbl gene, when each of the 1A and 1C cDNAs was used

to probe a genomic Southern blot containing HindIII genomic DNA from thepål EMS

alleles, no lesions in the any of the alleles could be detected (Fig. 5.a and data not

shown). As described earlier, this may not be surprising as EMS often induces point

mutations which are not usually detectable by Southern analysis. The Southern analysis

led to the detection of bands sized 3.9 kb and 2.8 kb, consistent with the sizes of the

bands detected upon hybridization of the 1A cDNA to the HindIII genomic walk

generated from Dembki.

5.3 Distribution of the LA transcript

5.3.1 Pattern of localization of the 1A transcript during embryogenesis

The plasmid clone pSKIA was used to determine the distribution pattern of the

1A 6RNA during embryogenesis. End sequencing of the clone was performed to

determine the orientation of the cDNA insert and the plasmid was then restricted to allow

run-off transcription with DIG-UTP to be performed. Sense and antisense probes were

generated from the plasmid clone using the appropriate phage RNA polymerase. The

antisense probe was prepared by restriction of pSKIA with S¿lI and the use of T3

polymerase, while the sense probe was prepared by restriction of pSKIA with BamÍII

and the use of T7 RNA PolYmerase.

The 1A RNA DIG probes corresponding to both the sense and antisense strands

of the oDNA were hybri dized,to an ovemight collect of Canton-S embryos . A cyclin E

antisense RNA DIG probe was used as a positive control and gave the well charactenzed

specific cyclin E pattemof transcription (Richardson e/ al., L993; data not shown).

Hybridization with the antisense 1A probe showed specific localization throughout

embryogenesis (Fig. 5.5), while the 1A sense probe did not detect a specific pattern of

transcription (data not shown). The 1A transcript was found to be at high concentration

in the posterior pole plasm of the embryo during the syncytial blastoderm stage, prior to



Figure 5.3 The 1A cDNA resides in the genomic walk generated from the Dembkí

clone.

The Hindlllrestriction maps of the two most distal cosmids in the walk generated from

the Dembkiclone (Hime, 1993). Southem analysis showed that the 1A cDNA

hybridized to the 2.8 kb and 3.9 kb HindIÍIfragments of cosmid 34 (datanot shown)'

The order of the 0.8, 3.9 and 4.7 kb fragments of cosmid 34 (shown in brackets) has not

been determined.
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Figure 5.4 Analysis of thepá' EMS alleles using the 1A cDNA'

Southem blot contai ntng HindIII restricted genomic DNA from thepbl EMS alleles' the

pbl deficiencies (Df(3L)pb{25 , Df(3Qpb{R nd Df(3L)pUft) *athe pblP element

alleles, pbfA andpbfc . The blot was hybridized with the 1A çDNA which led to the

detection of bands of 3.9 kb and 2.8 kb. No lesions in any of the lines anaþsed were

detected.
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Figure 5.5 Pattern of localization of the 1A transcript during embryogenesis'

Whole mount wI 
I I I 

embryos were hybridized with the 1A digoxigenin RNA probe,

prepared by restriction of pSKIA with SalI and use of T3 RNA polymerase'

Hybridization was detected using an alkaline phosphatase coupled secondary antibody

system (Section 2.3.2t). Each embryo is oriented with anterior to the left and ventral

side down. The sense probe (psKlA restricted wíth BamHI and use of T7 RNA

polymerase) gave.no specific staining (data not shown)'

A. syncytial stage embryo in which there is staining throughout the embryo, with the

1A transcript concentrated at the posterior pole'

B. higher magnification of a stage 3-4 embryo showing the concentrated localization

of the lA mRNA to the Pole cells'

c. an embryo at cellular blastoderm stage with uniform staining throughout the

embryo apart from concentration of the 1A mRNA in the pole cells.

D. stage 6 embryo showing the 1A transcript throughout the embryo, but with highest

concentration in a broad band in the centre of the embryo' The apparent

concentration of the transcript in the mesoderm and the cephalic furrow is due

to tissue folding.

E. stageT embryo showing general distribution of the 1A transcript, with

concentration in the neuroblasts of the cNS, the cephalic furrow and the

develoPing gut.

F. stage 72-13 embryo showing general 1A transcript distribution with higher

concentrations in the CNS, PNS and the gut'

G. stage 14 embryo showing the 1A hanscript localized throughout the embryo' with

higher concentrations in the ventral nerve cord as well as in the gut and head

regions.

H. dorsal view of a stage 14 embryo showing localization of the 1A transcript in the

brain lobes, Malpighian tubules and hindgut'

I. stage 15 cmbryo in which the 1A transcript is seen throughout the embryo with

higher concentrations in the constrictions of the gut, the head region and in visceral

muscle'
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the formation of the pole cells. Since no zygotic transcription occurs at this stage of

embryogenesis, the localization of the lA transcript to the posterior pole plasm is due

presumably to the specific localization of the matemal mRNA to this region. In embryos

which have just cellularized, the 1A transcript is seen to be localized to the pole cells. In

both syncytial embryos and recently cellularized embryos, there appeared to be a low

level of the lA transcript distributed throughout the embryo. In stage 7 embryos, the 1A

transcript was observed throughout the embryo, with concentration in a broad band in the

centre of the embryo. Following this, the lA transcript was seen to coincide with those

tissues which are proliferating in the embryo, including cells in the central nervous

system (CNS), the peripheral nervous system (PNS), the brain lobes and the Malpighian

tubules.

Interestingly, the 1A transcript was also observed in embryonic tissues at a time

when they are not proliferating, namely the gut, including the constrictions of the gut and

the hindgut, and in visceral muscle. These tissues are not dividing, but are urdergoing

morphogenic movements. The gut constrictions are thought to result from contractile

activity mediated by actin and myosin (Costa et al.,1993).

The distribution of the 1A transcript in proliferating tissues was therefore

consistent with the expected pattem for the pbl transcript. The localization of the

transcript to additional, non-proliferating tissues suggests that pbl may function in

processes other than cytokinesis. Specifically, the localization of the 1A mRNA in

tissues which are undergoing morphogenic movements suggests the 1A product (the

presumptive Pbl protein) may play a role in mediating cell shape changes which in turn

mediate morphogenic movements (Costa et aL,1993). Cell shape changes a¡e mediated

by the actin cytoskeleton, so given the role of pbl in cytokinesis, which is also mediated

by the cytoskeleton, it would not be surprising for pbl to play a role both in mediating

cytokinesis and cell shape changes. The Rho family member Drosophila Dracl is also

expressed in tissues undergoing morphogenesis, including the mesoderm, the ventral

nerve cord and the gut (Luo et at.,1994). Expression in the mesoderm, cephalic furrow,

ventral nerve cord and the gut has also been detected for the Drosophila gene rho-type

guanine exchangefactor (DrtGEF), suggesting that it may play a role in morphogenic

movements at gastrulation (Werner and Manseau, 1997).
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5.3.2 Pattern of localization of the 1A transcript during oogenesis

Drosophila egg chambers contain a cluster of sixteen germline cells which a¡e

derived from a single germline stem cell by four rounds of cell division (Mahajan-Miklos

and Cooley,lg94). The sixteen sibling cells, comprising fifteen pollploid nurse cells

and one oocyte, remain connected due to incomplete cytokinesis dwing these cell

divisions. To address whether the 1A gene product is likely to play a role in oogenesis,

the distribution of the 1A transcript in developing egg chambers was analysed' In stages

of development prior to stage 10B, the 1A transcript was detected in the cytoplasm of the

nurse cells and the oocyte (Fig. 5.6). Later in development, after stage 108, the

distribution of the 1A transcript in the oocyte was seen to increase. At stage 10B a

process known as 'dumping' occurs in which the contents of the nurse cells are rapidly

transported into the oocyte (Mahajan-Miklos and Cooley, 1994). It appears that the 1A

transcript is 'dumped' into the oocyte by this process. During the very later stages of

oogenesis, a morphologically distinct pole plasm forms at the posterior pole and persists

during the early stages of embryogenesis (Ephrussi et a1.,1991)' At the syncytial

blastoderm stage of embryogenesis, nuclei that migrate into the pole plasm become

cellularized in advance of all other nuclei. These cells subsequently adopt a germ cell

fate. The localization of the 1A transcript to the pole plasm (as described in the previous

section) may reflect a role for pbt in the budding of the pole cells and/or in the early pole

cell divisions, or the product may be used later as in the case ol cyclin B (Dalby and

Glover, 1993).

5.4 Rescue orthepbtphenotype by expression of the 1A cDNA

5.4.1 Generation of uAS-pbl transgenic lines for rescue or pil EMS alleles

To show that the 1A oDNA coded for lhe pbl gene product, rescue of two of the

pblEwsalleles was attempted. Rescue of function provides definitive confirmation of

gene identity, although a large number of genes cannot be rescued because of their large

size or because their required levels or timing of expression cannot be achieved' The

pblt and pbl2 alleleswere chosen for rescu e. The pbtl allele may represent the least



Figure 5.6 Pattern of the 1A mRNA distribution during oogenesis'

Ovarioles were hybridized with the 1A digoxigenin labelled RNA probe, described in

the legend to Figùe 5.5. Hybridization was detected using an alkaline phosphatase

coupled secondary antibody detection system (section 2.3.21). Each egg chamber is

orientated with the anterior to the left.

In the egg chambers shown in A- c, the 1A transcript is observed in the cytoplasm of

the nurse cells and the oocYte.

A. stage 2 egg chamber.

B. stage 4 eggchamber.

C. stage 5 egg chamber.

D. stage 10b egg charrber showing the 1A transcript being transported into the oocyte'
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severe of the pblEMS alleles, while the pbl2 allele appears to be phenotypically stronger

and comparable to the otherpål alleles (Lehner, 1992).

To generate a transgenic fly line expressing the presumptive pbl (l/t) gene

product, a 3.1 kb EcoRI fragment containing the entire 1A coding region and flanking

449bp of 5'UTR andl32 bp of 3'UTR was isolated from plasmid pSKIA and cloned

into the EcoRI site of the pUAST vector (Brand and Perrimon, 1993), yielding the

plasmid pUAST-på/ (see Section2.2.6). This placed the 1A cDNA behind a tandem

array of five optimized GAI4 binding sites, allowing expression of the lA cDNA only

within cells where the yeast activator GAL4 is expressed. The pUAST-på/ plasmid was

co-injected with the À2-3 helper plasmid (Karess and Rubin, 1984) into rll t8 
embryos.

Of the five transformant lines obtained, 2 lines (UAS-pbl2.2 and UAS-pbl2.lO) were

shown by genetic mapping to be carrying an insertion on the second chromosome, one

Iine (UAS-pblLI) contained an insertion on the X chromosome, while the lines UIS-

pbl3.l and UAS-pbl3.3 carned an insertion on the third chromosome.

5.4.2 The rescue crosses

A series of crosses were undertaken to attempt to rescue the EMS alleles pblt and,

pbl2 utilizing the GAL4ruAS system (Fig.s.7) The line chosen to drive expression of the

1A product was the line I l2-50, which drives ubiquitous GAL4 expression in the

embryo (Jones, 1997). The crosses generated flies carrying UAS-pbl on the second

chromosome, over a second chromosome balancer, ardthe pbl EMS allele on the third

chromosome over a balancer carrying a lacZ reporter contsruct. The IacZ construct

allowed for identification of the balancer chromosomebyLacZ staining. The crosses

were maintained in a whitebackground so that the w+ insertions of the UAS-pbl and I I 2-

50 lines were detectable. The final cross introduced both the I 12-50 and UAS-pbl

carrying chromosomes into individual flies which were homozygous for apål EMS

allele.

If successful rescue occurred, progeny which were non-,S/zbble wouldbe

obtained. However, the progeny of each cross lacked flies which were non-Stubble.

This indicated that the homozygous lethality of the EMS allele s pblt and pbl2 had not



Figure 5.7 Outline of the crosses undertaken to rescue the EMS alleles pól and pbf

using the UAS/GAL4 system.

The strategy to rescue the pbll allele is shown. The same strategy was employed to

rescue the pbf allele. The lines UAS-pbl2.2 and UAS-pb12.10 were used to express the

1A oDNA. In cross l,the pblEMS allele and the uAS-pbl chromosome were introduced

into the same fly. In cross Z,the pblEMS allele and the ubiquitous GAL4 expressing

chromosom e, 112-50,were introduced into the same fly' In cross 3' flies carrying the

GAL4 expressing chromosom e I I2-50 and the UAS-pbt chromosome' both inapbl

mutant backgfound, were crossed to eachother' The presence of non-^Sfzáble progeny

would have indicated rescue of pbl lethality'

The genotypes of the flies in the final crosses were;

w; (JAS-pbt2.2/CyO; pu/ /rus (JbxlacZ,Så X w; 112-50/CvO; pbll /Ttt'ts UbxlacZ' Sb

w; UAS-pbI2.ty/CyO; pbl2/fUS (JbxlacZ,,Só X w; 112-50/CyO; pbl2/fM3 UbxlacZ' Sb

w; (JAS-pbt2.2/CyO; pø/ /ruS (JbxlacZ,Sb X w; 112-5}/CvO; pb/ /fws (JbxlacZ' Sb

w; UAS-pbt2.iry/CyO; pUI2/rurS (JbxIacZ,Sb X w; 112-50/CyO; pbf /rpts UbxlacZ' Sb
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been rescued by the expression of the 1A cDNA using the ubiquitous GAL4 driver of

I l2-50. This may have been due to the inability of the promoter to drive the appropriate

level and/or timing of pbl expression and the requirement of Pbl expression to permit cell

cycles 14,lS and l6 in order to gain viable progeny. It was concluded that ubiquitous

expression of the lA cDNA using the GAL4 driver of 112-50 was not able to rescue the

homozygouslethality ofthepblEMSallelespbll and,pbf . Reasonsforthefailureto

rescue are discussed in the final section of the chapter'

5.5 Overexpression of the 1A product in defined target tissues

The UAS/GAL4 system was also utilized to overexpress the lA transcript in

specifically chosen tissues, using the puAST-på/ construct described in section 5'4'1'

Two target tissues for the effect of pbl overexpression were chosen: the developing eye

and the develoPing wing.

5.5.1 Overexpression of the LA product in the developing Drosophíla eye

Given the role of the putative Pbl product in cell division and a potential role in

cytoskeletal movements, the effect of overexpressing the 1A product in the Drosophila

developing eye was determined. Cells that comprise the developing eye undergo many

rounds of division and morphological changes. The eye is not essential for viability and

the effects of overexpression of genes of interest are readily observed and interpretable,

since eye development is relatively well understood'

Around the beginning of the third instar of larval development, a coordinated

series of cell shape changes, known as the morphogenetic furrow, begins to sweep across

the eye disc from posterior to anterior. Posterior to the fuirow, ommatidia are assembled

by a process of sequential cell recruitment. Glass is a transcription factor required for the

development of the photoreceptor cells of the eye (Ellis et aI',1993)' Glass expression is

initially restricted to all cells of the eye imaginal disc that are located posterior to the

morphogenetic furrow (Ellis et al',I993)' Glass expression is then found in the pupal

photoreceptorcellsaswellasinthelight-insulatingpigmentcells.
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The two lines UAS-pbl2.2 and UAS-pbl2.I0 (Section 5.4.1) were crossed to the

GMR-GAL4line. This line ca¡ries five tandem repeats of the Glass binding site (from

the rhodopsin Rhl promoter) upstream of the yeast activator GAL4, thus driving GAL4

expression in cells in which Glass is expressed. The resulting GMR-GAL4/UAS-pU|

heterozygotes from each cross were found to display a severe roughened éye phenotype,

with the eye having an altered oblong shape and a glassy appearance (Fig' 5'8)' The

phenot¡ie was obvious when flies were gro\ryn at either 25"C or l8oC, although the

phenotype was less severe when the flies were grorv¡/n at 18oC, consistent with the lower

activity of GAL4 at that temperature'

Scanning electron microscopy of the adult eyes from GMR-GAL4/UAS-pu|

heterozygotes revealed that the eye surface was extensively undulating, with some

ommatidia having bristle duplications and others missing bristles (Fig. 5.8). To

charactenze the cellular abnormalities in the rough eyes, retinas from the GMR-

GAL4/UAS-pblheterozygotes were sectioned and examined microscopically. The flies

were found to carry a retinal phenotype chanctenzed by a dramatic disruption of

ommatidial architecture (Fig. 5.8). The shape of the rhabdomeres was severely altered

and the ommatidia consisted of a varying number of photoreceptor cells, ranging from

five to nine, compared with the eight photoreceptor cells found in wild type eyes' The

photoreceptor cells were also found to have an altered shape and appeared larger in size

than in wild tyPe eYes.

The precise explanation for the eye phenotype due to overexpression of the 1A

product has not been determined. However, it is unlikely to be explained simply by the

disruption of cell division. As stated above, Glass expression is restricted to cells

posterior to the morphogenetic furrow. In the region posterior to the furrow' five

photoreceptor cells have already been recruited to the cell cluster which will ultimately

develop into an ommatidium containing eight photoreceptor cells (reviewed by Klambt,

Ig97).If the division of the pool of cells in the "second mitotic wave" was disrupted' it

may be expected that three photoreceptor cells in each ommatidium may be aberrant in

size. However, many ommatidia were seen to contain more than three (up to six in some

cases) enlarged, mishaped photoreceptor cells. It appeared that some ommatidia

contained an increased number of pigment cells, which may reflect an alteration in



Figure 5.8 Eye phenotype due to overexpression of the 1A cDNA in the developing

eye.

Expression of the 1A gDNA was induced using the UAS/GAL4 system. Specifically,

the GMR-GAL4 andthe UAS-pbl2.2lineswere used to drive expression of the 1A

'DNA. 
The UAS-pbt2.10line was also analysed but gave less severe roughening cif the

eyes (data not shown).

A. scanning electron micrograph of a GMR-GAL4/CyO adult eye. The eye is near

wild type in architecture, although there is very mild disorder, attributed to GAL4

expression.

B. scanning electron micrograph of a GMR-GAL4/UAS-p\L2'2 adult eye' The

shape of the eye is severely disrupted with dramatic roughening of the eye

' surface.

C. scanning electron micrograph of a GMR-GAL4/CyO adult eye. The ommatidia are

regular in shape and each ommatidium has one bristle. The orientation of the

bristle is in some cases disrupted, attributed to GAL4 expression.

D. scanning electron micrograph of a GMR-GAL4/UAS-p\|2'2 adult eye' The

shape of the ommatidia are disrupted, there is loss and, in some cases duplications

of bristles, and the surface of the eye is seen to be undulating.

E. a one micron section of a GMR-GAL4/CyO adult eye stained with methylene blue

showing the near wild type array of the rhabdomeres, pigment cells and the seven

photoreceptor cells visible in this section'

a one micron section of a GMR-GAL4/UAS-p\\2'2 adult eye stained with

methylene blue showing the severely disrupted organization of the rhabdomeres'

pigment cells and photoreceptor cells' Some rhabdomeres are seen to contain

more or less than eight photoreceptor cells. The pigment cells in this section are

more intensely stained than those in the section shown in (E) above. This is

thought to be due to the flies in this section having two copies of a the mini-white

1r*¡-g"n. ,on insertion elements, including the uAS-pbl2'2(w+)insertion which

gave rise to significantly pigmented eyes. The flies sectioned in (E) above only

contained rhe G MR- GAL 4 (w+ ) insertion'

F
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Given the dramatic alteration in cell shape, it is also possible that pbl may be

involved in arrangement of the cytoskeleton during morphogenetic events such as retina

thickening that occur during eye development. Hariharan et aL. (1995) found that

overexpression of a Rho I transgene resulted in severe roughening of the eye.

Examination of this phenotype using phalloidin staining to visualize filamentous actin

revealed that the cytoskeleton was severely disorganized. Further characterization, for

instance by phalloidin staining, is required to determine whether the cytoskeleton is

disorganized in the mishaped photoreceptor cells in which the presumptive pbl product

has been overexpressed. Eye development is a complex process which includes cell type

specif,rcation being mediated by cell-cell interactions (reviewed by Klambt, 1997) and the

elimination of cells by programmed cell death (Wolff and Ready, 1991). Eye

development starts during la¡val stages from an epithelial monolayer, the eye imaginal

disc. Therefore, analysis of the phenotype caused by overexpression of the 1A product

earlier in eye development, ie. in the larval eye discs, may reveal more insight into the

cellular defects which result in the dramatic disruption in the architecture of the adult

eye.

5.5.2 Overexpression of the 1A cDNA in the developing wing

The effect of overexpression of the 1A product in the wing was also chosen for

analysis as this appendage is not essential for viability and any induced effects can be

easily visualized. The engrailed (en) promoter is known to drive expression in the

posterior compartment in the developing wing (Kornberg et a\.,1985). Flies expressing

GAL4 under the control of the engrailed promoter (en-GAIA) were crossed to two lines

of UAS-pbl, UAS-pbl2.2 and UAS-pb12.10 It was found that at 25"C en-GAIAlUAS-pbl

heterozygotes were approximately 50Vo viable. Of the surviving heterozygotes,60To of

these flies exhibited a wing phenotype. The wing phenotype was variable, ranging from

mild effects such as the loss of, or malformed, cross veins to severely affected wings

which were crumpled (unfolded) and dramatically reduced in their size (Fig. 5.9).

Although the reason for the loss of viability has not been explored, it may due to the

engrailed promoter driving expression in the developing embryo. engrailed is expressed



Figure 5.9 Wing phenotype due to overexpression of the 1A cDNA in the

developing wing.

Expression of the'14 cDNA using the uAS/GAL4 system in which the en-GAL  line

was used to drive lA cDNA expression from UAS-pbl2.2 inthe developing wing. The

uAS-pbl2.I0 line gave essentially the same phenotype as the UAS-pbl2.2line (data not

shown).

A. wild type wing

B. wing from auAS-pbl2.2len-GAL4 heterozygote showing disruption of the shape of

the wing. Note that disruption is specific to the posterior compartment and

includes the loss of longitudinal vein 5 and the cross veins.

c. wing from a uAS-pbt2.2len-GAL4 heterozygote showing more severe disruption of

the wing shape and architecture.

D. wing from a uAS-pbl2.2/en-GAL4 heterozygote showing very severe disruption of

wing shape and a¡chitecture.
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during embryogenesis in stripes of cells posterior to the cephalic furrow, which is a deep

groove of cells which divides the embryo into an anterior third and a posterior two thirds

(Kornberg et a1.,1985). Later, during larval development engrailed is expressed in the

posterior compartment of the wing imaginal disc, which gives rise to the posterior

portion of the adult wing. Consistent with the pattern of engrailed expression , wings

mitdly affected by overexpression of the 1A product showed disruption in the posterior

portion of the wing, including loss of longitudinal vein 5 and the cross veins. During

wing development the future cells of the wing vein undergo constriction in the apical

area, which is indicated to be mediated by contraction of circumapical actin filaments

(Fristrom et a1.,1994). Given the proposed role of pbl in mediating cell shape changes

by influencing the actin cytoskeleton, the absence of the wing veins upon overexpression

of the putative Pbl protein may be due to a disruption in this process. In other wings, the

shape and architecture of the whole wing appeared to have been disrupted. It was

concluded that expression of the 1A cDNA in the developing wing had severe deleterious

effects on this tissue. The DrosophilaRho family members DRacl and DCdc4Zhave

been shown to be required for the correct formation of wing hairs and bristles (Eaton et

al.,1995), and that in wing hairs, this is due to their regulation of the actin cytoskeleton

(Eaton et a1.,1997). However, no specific defects in wing hairs or bristles were observed

in wings in which the 1A product was overexpressed.

The cause of the wing defects caused by overexpression of the 1A product is not

known and it remains to be determined whether the defects are due to the disruption of

cell proliferation in the developing wing or in the cell shape changes that occur in the

development of the wing. Again, analysis of the phenotype earlier in wing development,

ie. in the wing imaginal disc, may provide more insight into the cellular defects caused

by overexpression of the 1A product.
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5.6 Expression ofpól in NIH3T3 cells does not lead to cell transformation

AsdiscussedinSection5.3,thepredictedPblproteinsha¡es41%aminoacid

identity with the mouse Ect2 protein. The Ect2 protein was first identified by the ability

of a truncated form of the protein (p3N-11) to transform NIH3T3 fibroblasts (Miki et al''

1993), thereby implicating it as a possible murine oncogene' The function of Ect2 has

not been determined, but since it contains a DH domain it probably acts as a guanine

nucleotide exchange factor (GEF) for a Rho family member (Cerione andZhetg,1996)'

The full length Ect2 protein does not have transforming ability, but truncated forms

containing deletions of 78 to 265 amino acids at the amino terminus were found to be

capable of transforming NIH3T3 fibroblasts (Miki et al',1993)' In these studies

transformation was assessed by the ability of the cells to lose their normal contact-

inhibition of growth, the ability to form colonies in soft agar medium and the ability to

induce tumour growth in nude mice (Miki et a1.,1993). The presumptíve pbl gene

product shows extensive homology to the Ect2 protein, except thatthe pbl product

contains an additional 113 amino acids at the amino terminal end (section 5'3)' It was

therefore of interest to investigate whether an amino-terminal deletion variant of the pbl

gene product, equivalent to the transforming Ect2 deletion, also had transforming ability'

lf the pblvariant was also able to transform, it would indicate a functional similarity

between the two Proteins.

To investigate the transforming ability of a truncated 1A product equivalent to

p3N-11, an expression construct lacking the first 324 arrino terminal codons of the 1A

ORF (pbiAN325) was transfected into NIH3T3 fibroblasts and stable (neot) polyclonal

lines established (Section 2.3.27). This construct (pCMVpb/^N325) contained the

presumptiv e pbl vaiantcloned into the vector pRcCMV, placing thepól4N325 insertion

under the expression of the constitutive cytomegalovirus (CMV) promoter. Two control

polyclonal lines were also established: one derived from transfection of the pRcCMV

vector alone and the other with a clone equivalent to an ect2 transforming variant (p3N-

11,Mikietal.,1993)clonedintothepRccMVpromoter(çtclvlYect2-3N-17)'Theect2'

3N-11 clone was obtained by RT-PCR from total RNA from mouse BALB/c3T3

fibroblasts (Section 2'3'4)'
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Upon transfection and selection for stable G418 resistant cells, no obvious

phenotype (such as multinucleate or enlarged cells) was observed with either the

pbl¡N325 or Ect2-3N-l l hansfectants. Further, neither theBct2-3N-l1 expressing

cells nor thepólÀN325 expressing cells were able to transform NIH3T3 cells, ie' to form

colonies by plating in soft agar medium (efficiency of colony formation for pRccMV,

pcyyect2-3N-11 and pcMVpå/aN325 a[ < 5 xl0-5) (section 2.3.28). The inability of

the positive control pcMYect2-3N-l1 construct to transform the NIH3T3 cells used in

this assay allowed no conclusion to be drawn about the functional similarity between the

product of the lA cDNA and the Ect2 protein. Possible reasons for the inability of the

Ect2AN2l1 expression construct to transform the NIH3T3 cells used in this assay are

discussed below

5.7 Discussion

During the course of the work described in this thesis, two P element alleles

which failed to complem entthe pbls PMS allele were isolated (Salzberg et a1.,1997)'

Fufher investigation determined that the P element alleles were due to the insertion of

the p elements into the 5' UTR and intronic regions of a cDNA, 1A (S' Prokopenko and

H. Bellen, unpublished observations). This strongly suggests that the 1A oDNA is

derived fromthe pbl gene. The 853 amino acid protein encoded by the 1A cDNA

contains a region showing homology to the Dbl homology domain, indicating that this

presumptive protein may function as a nucleotide exchange factor for a member of the

Rho family of proteins. Members of the Rho family have previously been shown to

regulate the arrangement of the actin cytoskeleton and to be involved in the regulation of

cytokinesis (Section 1.5).

A collaborative project was established to further investigate the candidate pbl 1A

cDNA isolated by the Bellen laboratory. The 1A cDNA was found to be unrelated to the

4815 cand idate pbIcDNA isolated during the course of this study' Indeed, the pbl

cDNA was not represented on the cosmids overlappingthe P587 P element (which upon

rearangement inactiv ates pb[),strongly suggesting that the P element in P587 is in the

proximity of a pblenhancer, rather than being inserted within the transcription unit' The
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1A 6DNA did, however, map to the most distal cosmid in the genomic walk initiated

from the Dembki gene.

Whole mount in situhybridization analysis of the pattern of distribution of the 1A

*RNA during embryogenesis indicated that the presumptíve pbl transcript is associated

with cell proliferation. Interestingly, 1A transcripts were also detected in'embryonic

tissues including the gut, the constrictions of the gut, the hindgut and visceral muscle, all

of which.are not undergoing proliferation. The morphogenic movements in these tissues

are thought to be mediated by actin-myosin mediated changes in cell shape, suggesting

that pbl could have a role in mediating change in cell shape' This proposal is supported

by the observed disruption in the cell shape of the photoreceptor cells which was

obtained upon overexpression of the 1A product in the developing eye' It appears that

Pbl, like other Rho family proteins, may be involved in a number of the developmental

processes involving changes in cell shape. However, the cell shape changes

accompanying gastrulation and germband extension, which are also mediated by myosin-

dependent constriction of actin filament networks, are seen to still occur in pbl mutant

embryos (Hime and Saint, 1992; Lehner, 1992)'

The 1A transcript was also found to be localized in the cytoplasm of the nurse

cells and the oocyte, in early developing egg chambers' In egg chambers at stages later

than stage 108, the 1A mRNA was seen to be deposited into the oocyte. It remains to be

determined whether the localization of the 1A transcript in the developing egg chambers

reflects a role for the encoded product in the establishment or maintenance of the ring

canals, which form due to incomplete cytokinesis, and which connect the nurse cells to

each other and to the oocyte (Matrajan-Miklos and Cooley, 1994)' Such a role may be

comparable to the role played by pbl in the function of the contractile ring in cytokinesis'

The deposition of the 1A transcript in later staged egg chambers is consistent with the

pfesence of maternally provided 1A mRNA in early embryos, as described above'

The localization of the maternally provided putative pbl mRNA to the pole cells'

and the known role of pbl in cytokinesis, suggests that pbl may have a role in the

formation of the pole cells (which resembles cytokinesis), the early pole cell divisions or

that the gene product may be utilized in later pole cell divisions. Interestingly' Lehner

(lggz)observed that in pbl homozygote embryos there is a low penetrance of the failure
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in cytokinesis in the pole cell divisions. Additionally, experiments using the

transcriptional inhibitor d-amanitin have shown that the early pole cell divisions are not

dependent on zygotic gene expression (Lehnet,1992). Together, these observations

suggest that maternally provid ed pbl may have a role in the early pole cell divisions'

It was found that ubiquitous expression of the 1A mRNA during ernbryogenesis

was not able to rescue the lethal phenotype of the pblEMS allele s pbll mdpbf . the

inabilityto rescue the homozygous lethality of thepól EMS alleles using the UAS/GAL4

targeted gene expression system may have been due to the inappropriate levels and/or

timing of pbl expression. This is quite likely since the embryonic lethality obtained in

the Pbl overexpression studies using the engrailed promoter (section 5.5.2) suggest that

cells are sensitive to inappropirate pbl expression. Confirmation of the identify of the 1A

cDNA by rescue of the pbl EMS alleles may thus require the use of different promoters

as drivers of pbl expression. In this regard, the 3.1 kb cDNA fragment from pSKIA has

also been cloned into the pCaSpeR-hs vector in both orientations, generating the

plasmids phspbt and phsapb/, containing the 1A oDNA in the sense and antisense

directions respectively (section 2,2.6). The plasmids phspó/ and phsapb/ are currently

being co-injected with the A2-3 helper plasmid into rt t ts 
embryos in order to generate

transformant lines. If rescue is not achieved because of overexpression oî pbl resulting

in lethality, careful cell biological analyses may reveal whether expression of the 1A

cDNA allows afiy rescue of cytokinesis during division cycles 74, 15 and 16 in pbl

mutant embryos.

The LIAS-påi transformant lines enabled the expression of the 1A product to be

investigated in two tatgettissues, the developing eyes and wings' Expression of 1A in

the eye led to a severe disruption in the organization of the rhabdomeres, which were

seen to be of abnormal shape and size. Expression in the wing led to some wings being

reduced in size and abnormal in shape. Further investigation is required to determine

which cellular processes are disrupted due to the expression of the presumptive pbl gene

in these tissues.

It will be of interest to further character1zethe severe rough eye phenotype caused

by overexpression of the putative Pbl in the developing eye' Given the evidence that

Rho proteins play a role in regulating cell morphology, Hariharan et al' (1995)
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investigated the effect of overexpressing a RhoI transgene specifically in the Drosophila

developing eye, using the transcription factor Glass to drive Rhol expression. A

dramatic rough eye phenotype resulted. Since Rho proteins have been implicated in the

regulation of the cytoskeleton, the state of the actin organization in the developing retinas

was analysed. Visualizationof filamentous actin by phalloidin staining revealed that,

until 30 hours after pupariation, retinal development appeared to proceed normally.

However, by 40 hows after pupariation the cytoskeleton was seen to be extremely

disorganized in all the ommatidia. Given the likelihood that Pbl is a regulator of a Rho-

class protein, it will be of particular interest to investigate the anangement of the

cytoskeleton in the developing retina of eyes in which 1A (Pbl) has been overexpressed.

However, it is important to note that the effect of expression of the 1A oDNA in the

developing eye and wing could be due to the protein perturbing a function with which it

is not normally associated.

The predicted Pbl protein has extensive homology to the product of the mouse

proto-onco gene ect2. The pbl protein has 4|o/o amino acid identity with Ect2, although it

possesses an additional 113 amino acids at the amino terminus. Deletion variants of Ect2

have transforming ability (Miki et a1.,1993). To investigate any functional similarity

between Ect2 andPbl, a deletion variant of Pbl, equivalent to a transforming variant of

Ect2, was created. However, it was found that neither theBct} variant nor the Pbl

variant was able to transform NIH3T3 cells. The inability of the ect2-3N-11 construct to

transform was surprising and indicated that the NIH3T3 cells used in the transformation

assay did not respond to transformation by the Ect2-3N-11 protein. Transformation is

known to be a complex cell process dependent on the cell acquiring a number of

mutations. The studies showing transformation by Ect2-3N-11 (Miki et al',1993) may

have employed an extensively propagated NIH3T3 cell line which had acquired

mutations to allow it to be more readily transformed. However, analysis of the

expression levels of the ect2-3N-ll andpól4N325 constructs (by'Western analysis of

expressed protein or Northern analysis of expressed mRNA) is yet to be made' It cannot

be ruled out that stable selection of cells with these particular constructs may have also

selected for cells expressing low levels of the proteins, if expression was in some way

deleterious to cell proliferation'
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CHAPTER 6: FINAL DISCUSSION

6.1 Summary

The pebbte gene has previously been shown to be required for cytokinesis in

Drosophila melanogaster (Hímeand Saint, 1992;Lehner, 1992)' The process of cytokinesis

is very poorly understood and the isolation of the pbl gene is expected to contribute

significantly to our understanding of the cell division process. This study entailed work

towards the isolationof the pbl gene.

As a first step towards identiffin gthe pbt gene' a P element mutagenesis approach

was used to generate new pbl alleles. The P element in the P587line was found to map very

close to the pbt gene and was used to generate P element alleles which failed to complement

the pblEMS alleles. Genetic and molecular charactenzatíonof these alleles indicated that

inactivation of pbtwas due to an intemal rearrangement of the P element'

The isolation of the genomic DNA adjacent to the site of P element insertion was

used to identify two novel candidatepå/ cDNAs, 241 and 4815' The 241 mRNA was

found to be specifically localized in the neuroblasts of the central nervous system (CNS)'

Given the role or pblin cytokinesis, it was anticipated that the expression orthe pbl gene

would correlate with cells undergoing proliferation. The neuroblasts of the cNS are

undergoing proliferation, however, there are other tissues in the embryo undergoing

proliferation, including the mitotic domains, cells of the PNS and brain lobes' in which

specific localization of the 2A1 transcript was not detected. Thus, the distribution of the

241 transcript did not clearly fit with that expected for the pbt transcript' The 4815 mRNA

was found to be ubiquitously distributed throughout embryogenesis' This pattern of

localization was not considered inconsistent with that expected for the pbl transcript, as it is

possible that pblhas a role in processes other than cytokinesis, or that pbl function is

controlled post-transcriptionally. The 4815 cDNA was therefore considered a possible

candidate for the Pbl transcriPt'

The 4815 cDNA was found to reside approximately 2'0 kb from the 5' end of the P

element in the p5g7line. A number of chromosomal deretions were generated by imprecise
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excision of the p5g7 insertion. These deletions failed to complementthe pbl EMS alleles

and were found to delete genomic DNA surrounding the P element insertion site. Two of

these deletions were found to be less than 5.7 kb in size, further indicating the importance of

this region for pbl expression. To determine whether the 4815 cDNA correspondedto apbl

transcript, transgenic fly lines expressing the 4815 
'DNA 

were created. These lines were to

be used to test whether expression of 48l5 could rescue the lethality of the pbl EMS alleles.

During the course of this study, two P element alleles (542/3 and 83/20) wete

identified in the laboratory of Hugo Bellen which failed to complem entthe pbl5 EMS allele.

These two alleles display a loss of neurons, with a concomitant increase in the size of the

remaining neurons cells, in the embryonic peripheral nervous system (PNS)' This

phenotype is consistent with the enlarged cell phenotype found in homozygous pbl mutant

embryos. Plasmid rescue of the flanking genomic DNA from these P element alleles by the

Bellen laboratory led to the isolation of a third candi date pbl cDNA, 1A' The first P element

insertion, 542/3,was shown to be positioned 149 bp upstream of the initiation codon of the

putative lA ORF. The second P element insertion, 83/20,was found to reside in intronic

sequence of the putative 1A ORF. The pattern of localization of the 4B15 transcript and the

proximity of the 4815 oDNA to the p element in the P587line were consistent with it being

a candidatepå/ oDNA. However, the insertion of the 542/3 and 83/20 P elements in the 5'

urR and intronic sequences of the 1A .DNA, and the fact that the alleles reverted to wild

type on loss of the P element, made the 1A oDNA a much more likely candidate pbl

transcript. A collaborative project was established with the Bellen laboratory to confirm that

the 1A cDNA correspond s to the pbl transcript and to chatactenze the function of the

presumptive Pbl gene Product'

The 1A oDNA was predicted to encode an 853 amino acid protein which showed

extensive homology to the mouse proto-onco gene ect2. Like Ect2, the predicted Pbl protein

contained a Dbl homology domain, indicating that the Pbl protein may function as a

nucleotide exchange factor (GEF) for a member of the Rho family of proteins' Members of

the Rho family have previously been shown to be involved in the regulation of cytokinesis'

Analysis of the distribution pattem of the lA transcript during embryogenesis indicated that
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the presumptive Pbl protein is associated with cells undergoing proliferation. The 1A

transcript was also detected in some non-proliferative tissues, including the constrictions of

the gut and in the hindgut. In these tissues changes in cell shape are occurring, indicating

that Pbl may have a role in processes involving cell shape change.

Rescue of the embryonic lethatity of the pbt EMS alleles by ubiquitous expression of

the 1A 
'DNA 

product was not successful and possible reasons for this are discussed later.

Confirmàtion of the 1A çDNA as being apbl transcript remains to be demonstrated, as

discussed in Section 6.2.3. However, the lines generated for the rescue of thepbl EMS

alleles (uAS-pbllines) also allowed examination of the effect of over or ectopic expression

of the 1A gene product in the developing eye and wing. Expression of 1A in the developing

eye resulted in abnormal rhabdomere architecture, including alteration in the size, shape and

number of photoreceptor cells within the rhabdomere. Expression of 1A in the developing

wing resulted in changes in size and shape of the adult wing' The reasons for these

developmental defects are not known, however, they are not likely to be explained solely by

causing a defect in cytokinesis, and suggest that Pbl has a function in mediating cell shape

change in addition to its role in cytokinesis. Given the role of pbl in cytokinesis, the

possibility that pblplays a role in regulating changes in cell shape may not be surprising'

since both processes are mediated by the actin cytoskeleton. Thus, it can be envisaged that

pbl couldregulate both cytokinesis and cell shape changes by regulating the arrangement of

the actin cYtoskeleton.

The 1A cDNA was found not to be contained within the genomic DNA isolated

using the p element in the line psBT,although the data obtained in this study suggest that the

region surroundin gthe P587 insertion is important for pbl function. It is possible that the P

element in the li¡e p5gT is positioned close to a distal regulatory element or pbl. staining of

the p5g7 enhancer trap line revealed expression in the basophilic cells of the embryo which

are implicated in mediating the constrictions of the midgut during embryonic development'

whole mount in situhybridization analysis revealed the 1A transcript was generally

distributed in the gut, with highest concentration in the gut constrictions. Due to the general

distribution of the 1A transcript in the gut, specific staining of the basophilic cells was not
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able to be distinguished. Given the likely additional role of pbl in mediating cell shape

changes, an enhancer directingpá/ expression in the basophilic cells may be located in the

region of the P587 insertion.

6.2 Conclusions and Future Work

6.2.1Characterization of the 241 and 4815 cDNAs

This study identified two novel cDNAs, 2Al and4B15, which map in the genomic

region 66Bl-2. Preliminary charactenzation has shown that the 241 mRNA is specifically

localizedin the neuroblasts of the central nervous system of the developing embryo' The

complete sequence of the 241 cDNA has not yet been obtained' Determination of the

complete sequence may provide insight into the function of the product encoded by this

cDNA. Determination of the role of the 241 product dwing Drosophila embryogenesis

obviously requires further charactenzation, including its protein localization and mutational

analysis. Mobilization of one of the P elements mapped in the vicinity of the gene (i'e' P587

or pw066Qcould be used to create insertional mutants, allowing the phenotype of

homozygous alleles to be examined'

The 4815 transcript was found to be ubiquitously distributed throughout embryonic

development. The amino acid sequence of the putative 4B15 gene product showed no

significant homology with any previously identified protein or gene product' and the

sequence gave no indication of its possible function' Once again, the creation of a P element

allele of this gene by mobilization of a nearby P element may provide some insight into its

role during development. Antibodies to the 4815 protein will allow determination of its

pattern of expression throughout development, and these studies may give further

information on its function. In this regard, a number of constructs have been generated in

this study in preparation for antibody production against the 4815 protein' These constructs

are described in Secti on2.2.6. These include expression of the protein using the glutathione

S-transferase (GST) and maltose binding protein (MBP) fusion-protein expression systems'

Both of these constructs þGEX4B15 and pMAL4Bl5) have been shown to produce fusion
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proteins of the expected molecular weights upon induction (95 kDa for the GST-4815

fusion, 112 kDa for the MBP-4815 fusion).

A number of transgenic fly lines were also created for rescue experiments with the

4B15 .DNA. These lines express the 4815 cDNA under Gal4 or heat shock (hsp70) control.

The Gal4 lines can be used to determine the effect of ubiquitous expressión or the effect of

expression in particular tissues, while the hsp17lines can be used to investigate the effect on

development of a pulse of expression of the 48 1 5 cDNA at particular stages of development'

6.2.2TheP element insertion site in line P587

Genetic and molecular charactenzation.of the pbl P element alleles indicated that the

p587 insertion is in, or very near to, a regulatory element orthe pbl locus. This conclusion

was supported by the generation of small P element mediated deficiencies which deleted

DNA sunounding the p element insertion site and which failed to complement thepól EMS

alleles. However, deficiency mapping indicated that the region around the site of the P

element insertion was not contained within the Df(3L)pbf2s d"ft"r.ency, although it was

contained within the larger deficiencie s Df(3L)pbf,R and Df(3L)pbf 
I . The pbl (14) cDNA

was found not to reside within the vicinity of the P element in the line P587. The simplest

interpretation for these findings is that the site of insertion of the P587 P element was very

close to apbl enhancer, and that an internal reaffangement of the P element could affect the

function of this enhancer.

Southern analysis showed that the 1A transcript hybridizes to the distal end (with

respect to the centromere) of the genomic walk generated from Dembki. Determination of

the position of the lA (pbD gene with respect to the putative enhancer site near the P

element in the P5s7line requires the isolation of genomic DNA linking the cosmid walk

generated from the P587 insertion to the walk generated from the Dembki gene' work

towards this end is currently being carried out'

It remains to be determined whether the basophilic cell expression detected by the

enhancer trapLacZstaining from the P587 insertion is due to apbl enhancer' This is

considered possible, as the basophilic cells are implicated in mediating the consttictions of
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the midgut during embryogenesis (skaer,lgg3) and the 1A mRNA has been shown to be

concentrated in the embryonic gut constrictions. Specific localization of the lA transcript in

the basophilic cells was not obsenred, but this may be due to the general localization of the

1A 
'RNA 

in the gut. Given the possible role of pbl in mediating cell shape changes, it is

possible that the enhancer directingpó/ expression in the basophilic cells is that which is

affected by alterations in the PsS1insertion ínthe pbl alleles pbfA and'pbfc ' It would

therefore be interesting to analyse the level orLacz staining inthe pbl P element alleles'

Alteration of the level of Lac z stainingin the basophilic cells would be consistent with the

inserted P elements affecting a pbl erhancer. Alternatively, no change in lacz expression

would indicate that the basophilic enhancer detected is unlikely to be associated withpó/

expression.

The issue remains as to why only alleles with an internal reanangement of the P

element in the psgT line were found in the mutagenesis screen, as opposed to new

insertional mutants oîthe pbl gene. In the presence of transposase, internal P element

deletions are known to occur at higher frequency than precise excision (Engels, 1989)'

Given that the original P587 P element is indicated to be positioned close to a regulatory

element ínthe pbtlocus, it may not be surprising that alleles of this nature were obtained'

6.2.3 Confirmation of the 1A cDNA as being apål transcript

The ability of a DNA segment to rescue the mutant phenotype caused by a mutation

is compelling evidence that the DNA encodes the gene defined by the mutant allele' An

attempt to rescue the lethality of the pblEMS allele s pbll andpbl2 with a line carrying the

1A .DNA was unsuccessful. Expression of the 1A protein (the presumptive Pbl protein) in

the developing eye and wing indicated that cells may be very sensitive to the level or timing

of expression of the protein, and for these reasons the ubiquitous expression of the 1A

product may have been lethal. The failure of the P element alleles 542/3 and 83/20 to

complement the pblEMS alleles, and the fact that the lethality of the alleles is revertible'

indicates that the 542/3 and g3/20p element insertions disrupt the pbl locus. The position of

the P element insertio ns 542/3 and 83/20 in the 5' UTR and intronic sequences
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(respectively) of the 1A gene is strong evidence that the lA cDNA corresponds to the pbl

transcript. However, identification of the 1A cDNA asthe pbl transcript remains to be

confirmed. It remains to be determined whether the pbl cytokinetic phenotype is able to be

rescued by the lA oDNA using thehspbl and UAS7å/ constructs generated in this study.

Experiments to address this issue are currently being performed. Even if iescue of lethality

cannot be achieved, it may be possible to transiently rescue the cytokinetic defect seen in

cycle 14;by providing a heat-shock induced pulse ofpål transcription at the time of the

cycle 14 mitoses.

To avoid the problem of lethality due to inappropriate expression of Pbl, it may be

necessary to generate lines carrying a genomic fragment, containingthe pbl gene and its

transcriptional regulatory elements, for rescue. This requires determining the genomic

structure of the pbl loius. Alternatively, determining the sequence of the gene encoding the

1A oDNA inthe pbl EMS alleles may reveal a mutation which identifies the 1A mRNA as

that corresponding to the pbt transcript. The pbl EMS alleles were generated from the

rucucd chromosome. To exclude the possibilify of any missense mutations found inthe pbl

EMS alleles being due to a polymorphism in the 1A ORF isolated from the cDNA library, it

will be necessary to confirm the sequence of the 1A ORF on the rucuca chromosome.

Recently, sequence analysis of the 1A ORF of the pbl? EMS allele was performed and found

to contain a mutation which created a premature stop codon (T. Brumby and R. Saint, pers'

comm.). Together with the data previously obtained, this provides very strong evidence that

the 1A cDNA corresponds to the pbl transcript.

Identification of thepál transcript will allow questions regarding the control of pbl

gene expression during embryogenesis to be addressed. It will be interesting to determine

how long the maternally providedpbl mRNA persists (by in situ analysis of pbl deficiency

embryos) and whether this product has the same function as zygotically expressed pbl. It

will also be of interest to identify whether the pbl gene does include a number of tissue

specific enhancers as discussed in Section 3.9 and to identify the molecules which act to

r egulate p b/ expres sion.
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6.2.4Pblmay function as a GEF for a Rho family protein involved in cytokinesis

Analysis of the distribution pattern of the presumptive pbl (lA) mRNA during

embryogenesis indicated that the Pbl protein is not only expressed in cells undergoing

proliferation, but is also expressed in some tissues in which changes in cell shape are

occurring. Determination of the precise role of pbl in cytokinesis and in cell shape changes

will require investigation of the distribution of the protein during development, its

localization within the cell, and the identification of proteins with which it interacts

(discussed below). Towards these ends, the production of antibodies to the Pbl protein is

currently being undertaken (S. Prokopenko, pers. comm.). It may also be possible to

determine the effect of expression of antisense pbl mRNA. Constructs expressing antisense

pbl (1A) driven by GAL4 expression or from the hsp70 promoter have been created (Section

2.2.6), and these could be used to examine the effect of expression of pbl antisense: either

ubiquitously throughout development (by GAL4 expression from an ubiquitous promoter),

or at a particular time during development (by heat shock of the hsp70 construct), or in a

particular tissue.

Excitingly, the primary amino acid sequence of the putative Pbl protein contains a

number of recognizable domains which give clues to the function of the protein. The

putative Pbl protein contains a Dbl-homology (DH) domain, a pleckstrin-homology (PH)

domain and a BRCT (BRCAI C-lerminus) domain. The 1A Qtbl) transcript has extensive

homology to the mouse proto-oncogene ect2 mRNA. Ect2 and Pbl each contain a DH

domain, a PH domain and BRCT domains (Fig. 5.2). As discussed below, the presence of

the DH and BRCT domains suggests that Pbl acts as a regulatory molecule in cytokinesis.

The function of Ect2 has not yet been determined, and thus the similarity between the 1A

product and,Ect2 does not provide clues to the precise role played by Pbl in cytokinesis and

its implicated role in mediating cell shape changes.

The DH domain has shown to be the effector domain of guanine nucleotide exchange

factors (GEFs) for GTP-binding proteins (Ijrart ü aL,1993), and therefore suggests that Pbl

is likely to function as a GEF. A proposed model for the function of Pbl is shown in Figure

6.I. Ect¡has been shown to bind to the Rho family members RhoA, RhoC and Racl,



Figure 6.1 A proposed model for the function of Pebble'

The presence of aDbl homology @H) domain in the presumptive Pbl protein suggests

it acts as a guanine nucleotide exchange factor (GEF) for a Rtro family protein' The

model proposes that the role of Pbl in cytokinesis and mediating cell shape changes will

be caried out via the activation of its substrate Rho family protein'
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although no observable GEF activity has been demonstrated (Miki et aI" 1993)' The PH

domain has been implicated in targeting proteins to the plasma membrane' while the BRCT

domain is found predominantly in proteins involved in cell cycle checkpoints responsive to

DNAdamage(Borketal.,Ig97).BRCT-domaincontainingproteinstypicallycontainother

domains which mediate activity in transcription, DNA repair or replication (Bork et aL'

lg97). This has led to speculation that the BRCT domain is involved in signal transduction'

providing a link between components of the cell cycle checkpoint machinery' The presence

of the BRCT and pH domains in the putative pbl protein suggests that the protein may cycle

between the nucleus and the plasma membrane. Interestingly, motif searching algorithms

(usingthePSORTnetworkServer;NakaiandKanehisa,lgg2)alsopredictthePblproteinas

being nuclear rocalized, due to the presence of a nucrear rocalization signal in the protein.

This poses the exciting possibility that pblmay provide a link between cell cycle checkpoints

in the nucleus and mediating changes at the plasma membrane which result in cytokinesis'

whether these predictions are indicative of shuttling of the Pbl protein between the nucleus

and plasma membrane awaits determination of the sites of localization of the protein

throughoutthecellcycleusingspecificanti-Pblantibodies.

Studies of homozy gous pbIEMS mutant embryos have shownthat pbl has a role in

cytokinesis (Hime and Saint, I992;Lehner, lg92). These studies have not' however'

revealed at which point in the process of cytokine sis pbl mutant embryos fail' although there

is no evidence of contractile ring function (Hime and Saint, 1992; T. Brumby and R' Saint

unpublishedobservations).Itisthereforenotknownatwhichpointduringcytokinesispbl

function is required eg. pblmay be required for assembly of the contractile ring' stabilizing

the contractile ring or for triggering or mediating its contraction' The presence of the PH

and DH domains in the putative Pbl protein, and the demonstration that a number of Rho

family members regulate the actin cytoskeleton, leads one to speculate on the role of pbl in

cytokinesis. It can be envisaged that pbl moves from the nucleus and locarizes at the plasma

membrane, at a time in the cell cycle prior to the commencement of cytokinesis' Once

localized at the plasma membrane Pbl may act to otganize the actin cytoskeleton such that

cytokinesisisabletooccur'Thiscytoskeletalorganizationmayinvolvetherecruitmentor
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afrangement of actin or myosin to the contractile ring, the stabilization of the ring, or it may

be that pblis involved in triggering or mediating the sliding of the actin filaments in the

contraction of the ring. Alternatively, pbl may be involved in mediating the attachment of

the actin filaments to the plasma membrane, and in this regard it is interesting to note that a

number of studies have revealed an association between Rho proteins and the ERMs

(Section 1.6), which are proposed to attach the contractile ring to the plasma membrane'

The presence of the BRcr domains and the identification of a nuclear localization signal

(NLS) in the putative Pbl protein raises the possibility that Pbl communicates events

between the nucleus and the plasma membrane, presumably ensuring the correct cell cycle

timing of the commencement of cytokinesis'

6.2.5IdentifÏcationofproteinsinteractingwithPblandinvestigationofwhetherPbl

acts as a GEF for these Proteins'

If the role of pbl is that of a nucleotide exchange factor, then the question of the

identity of its target(s) remains. candidate proteins include the Drosophilahomologues of

human Cdc4|or RhoA (substrates for the Dbl GEF) and the murine RhoA' RhoC and Racl

proteins (interactors with the mouse Ect2 protein)' There is as yet no evidence that the

Drosophilahomolgues of cdcLl,RhoA and Racl (DCdc4Z,DRhoA and DRacl' DRac2)

are involved in cytokinesis. Perhaps other homologues of the these proteins or other Rho

familyproteinswillbeidentifiedforwhichPblmayactastheGEF.

IdentificationoftheproteinsinteractingwiththePbtproteinmaybeachievedbya

number of different means: 1) The generation of alleles which are able to functionally

suppress the lethality of the pbtEwsalleles. 2) The use of an in vivo screen for protein-

protein interactions, such as the yeast two-hybrid system. 3) Co-immunoprecipitation of

proteins interacting with the Pbl protein, by using antibodies against Pbl' 4) The isolation of

other Rho family proteins by library screening, or by PCR amplification with primers

specific for the Rho family of proteins, and subsequent determination of the ability of Pbl to

interact with the candidate proterns
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Investigation of the GEF activity of the Pbl protein will require the identification of

candidate substrates as described above. In vitro analysis of the ability of Pbl to promote the

GTp bound state of candidate proteins can then be performed, as has been described for

other GEF Proteins.

6.2.6 Possible involvement of Pbl in regulation of cell shape change

The localization of the 1A transcript during embryogenesis, together with the

analysis of the overexpression of the 1A proiluct in the developing eye and wing' suggest

that.pblmayhaveanadditionalroleinmediatingchangesincellshapeorarchitecture.It

can be envisaged that pbtmediates the changes in cell shape by regulating the arrangement

or activity of the actin cytoskeleton. Mutational analyses have shown that a number of

putative GEF proteins and G proteins in Drosophila appear to have roles in mediating

changes in cell shape or architecture associated with tissue morphogenesis' These include

DrosophiløDCdcV2,DRaclandDRhoA,proteinswhichmaybecandidatesubstratesfor

pbl (discussed in section 6.2.5). DCdcl}appears to be involved in more genelal aspects of

neuronal and muscle morphogenesis (Luo et al,1'994) and has also been shown to be

involved in the regulation of polarized cell shape changes during several stages of wing disc

development (Eaton et a1.,1995). Dracl has been shown to have a role in specifîc aspects of

of neuronal and muscle morphogenesis, as well as in another morphogenic process known as

dorsar closure, in which the epithelial cells on the two laterar sides of the embryo extend and

migrate dorsally to cover the amnioserosa and eventually meet at the dorsal midline (Luo et

al,1994;Harden et a1.,1995). Further, the Drosopåila RhoA protein is involved in

generation of polarity in the developing eye (Strutt et al',l9g7) and DrosophilaP{hot' when

overexpressed in the developing eye, causes defects in cell shape (Hariharan et al'' 1995)'

Finally, the expression of a number of predicted GEF proteins (containing a DH

domain) is associated with tissue morphogenesis' The Drosophila still liþ (srfl gene

encodes a putative Rho GEF which is specifically involved in morphogenic events during

neurogenesis(Soneetal.,lggl).ArecentlyidentifiedpredictedRhoGEF'DrtGEF'is

highly expressed in morphogenic tissues (werner and Manse au' 1997)' Unlike GEFs which
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generally appeaf to have restricted patterns of localization, Rho proteins generally have been

found to be ubiquitously localized (zheng et aI., t996). This suggests that there may be as

yet undiscovered GEFs for the Rho proteins in other tissues, or that the Rho proteins are

activated bY other mechanisms'

6.2.7 Conclusion

Thedatadescribedinthisstudyprovidesstrongevidencethatthepblgenehasbeen

isolated. Tbe pblgene product most likely filnctions as a GEF for an unidentified Rho

protein. Given the likely role of Pbl as a regulator of cytokinesis, the characterization of the

function of the pbl protein and the proteins with which it interacts is expected to provide

valuable insight into the mechanisms controlling the process of cell division'
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