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ABSTRACT 

The polo-like kinases are a family of highly conserved serine/threonine 

protein kinases with multiple mitotic functions. Polo-like kinases are 

recognisable by the presence of two conserved domains: a catalytic, kinase 

domain at the amino terminus of the protein and at the carboxy terminus, a non-

catalytic domain. In the fission yeast, Schizosaccharomyces pombe, there is one 

member of this family, Plo 1. The aim of this study was to define the function of 

the non-catalytic domain of the protein and to identify unknown mitotic roles for 

Plo 1. 

Site directed mutagenesis of Plo 1 illustrated the roles of the two conserved 

domains in different aspects of the Plot function. Localisation, regulation of 

kinase activity and in vivo function of mutant proteins were analysed. 

Two hybrid analysis was carried out to identify interacting proteins. This 

was successful in revealing previously uncharacterised functions for Plol such as 

an interaction with the anaphase promoting complex subunit, Cut23. Reverse two 

hybrid screening combined with random mutagenesis was carried out to 

determine the in vivo consequences of eliminating specific interactions. 

The non-catalytic domain of Plo 1 is required for localisation of the protein 

and to mediate interactions with other proteins. This function is essential for the 

in vivo function of polo-like kinase in fission yeast. 
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NOMENCLATURE 

Nomenclature used throughout this thesis is based on the published system 

for Schizosaccharoinyces pombe (Kohl i, 1987). 

In brief, S. pombe gene names are given in lower case italics, e.g., plol, 

while proteins are not italicised, e.g., Plo!. 

Where a gene is commonly referred to by more than one name, both of these 

names will be used, e.g., drnf1/midI (or Dmfl/Midl for the protein). 

Gene disruptions are denoted as follows: p1o1::his3 (i.e., disruption of 

gene by integration of the functional his3 gene). 

For brevity, deletions are also referred to within text with a delta symbol, e.g., 

Truncations are denoted thus: pioi.1-433, indicating that the residues 

coded for are 1 to 433 inclusive. 

Mutations are referred to as, for example, Plo IDHK625AAA, indicating 

that residues D, H and K starting from D625 , have been mutated to A. 

Saccharoniyces cerevisiae gene names are given in upper case italics, e.g., 

CDC5, for wild type genes, and in lower case for mutant alleles, e.g., cdc5-I, 

cdc5-ad. Proteins are referred to in non-italicised font e.g., Cdc5p. 
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CHAPTER 1: 	INTRODUCTION 

1.1 	THE EUKARYOTIC CELL CYCLE 

Normal cell division is central to eukaryotic growth and development. 

Many cell cycle processes and regulatory mechanisms are highly conserved from 

yeast to human. 

The cell cycle is the process by which cells divide and may be split into 

four distinct phases, Figure 1.1. There are two critical phases: S phase, during 

which chromosomal DNA is replicated and M phase, when the replicated genome 

is separated into two daughter cells. Two gap phases, GI and G2 separate these 

periods of replication and segregation. The order and integrity of cell cycle events 

must be maintained to ensure the production of viable progeny. This is achieved 

by a combination of interdependency relationships between cell cycle events and 

checkpoint mechanisms (reviewed in DUrso and Nurse, 1995; Fantes, 1989; 

Hartwell and Weinert, 1989; MacNeill and Nurse, 1997). 

The driving force for entry of a cell into mitosis is the cyclin dependent 

kinase (cdk) and as such, is also the target of most of the regulatory mechanisms 

in eukaryotes. The cyclin dependent kinase, Cdc2 in fission yeast, must be in 

complex with a cyclin in order to be active. In fission yeast, there is one mitotic 

cyclin, Cdcl3, which binds to Cdc2 in late S-phase. The activity of the complex 

is inhibited until the cell is competent to undergo mitosis by phosphorylation in 

the ATP binding domain of Cdc2 by Weel kinase. This inhibition is relieved at 

the G2IM transition by the action of the Cdc25 phosphatase which removes the 

inhibitory phosphate, and the phosphorylation of a threonine residue in the 

activation loop of the kinase domain (Morgan, 1995). In the event of DNA 

damage or incomplete replication, checkpoints are activated (through chkP and 

cds1 respectively in fission yeast) which act through Cdc25 to restrain cdk 

activation until the checkpoint signal has been removed (Rhind & Russell, 2000). 

These proteins and mechanisms are mostly conserved throughout eukaryotes. 



FIGURE 1.1: The Eukaryotic Cell Cycle 

S PHASE " 
Gi 	 Replication of geno 

Gap phase 

Ch 	

M PHASE 
(Mitosis) 	 G2 

Chromosome condensation 	Gap p1 
Mitotic spindle formation 

DNA separated to daughter cells 
followed by cytokjjjis 

Schematic of the mitotic cell cycle in eukaryotes. 
The length of the four phases varies dependent on organism and conditions. 
Cells may exit the division cycle from the two gap phases to enter stationary 
phase or a sexual cycle. Progression through the cycle is regulated by a 
series of control and checkpoint mechanisms to ensure that integrity of the 
genome is maintained. 
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Two major control points in the cell cycle exist: one in late GI, before 

entry into S phase; and the other late in G2, prior to entry into mitosis. These 

ensure that entry into either S or M phase cannot occur until preceding cell cycle 

events have been carried out successfully. 

At a point in late GI, called "START" in yeast and the restriction point in 

animal cells (Hartwell, 1974; Pardee et al., 1978), cells commit to one of three 

fates: progression through the mitotic cell cycle; progression through the sexual 

cycle or arrest and entry into GO, or stationary phase. The fate of the cell depends 

on external signals such as nutrient levels or pheromones. Cells cannot progress 

through START unless a critical size has been reached. In fission yeast, cells are 

born at a size greater than this and passage through START is usually only rate-

limiting to cell cycle progression in situations where cells are unusually small, 

e.g., during spore germination (reviewed in D'Urso and Nurse, 1995; Fantes, 

1989 and MacNeill and Nurse, 1997). 

A size control mechanism also acts late in G2 to control entry into mitosis. 

This was demonstrated in fission yeast by the identification mutants of wee]'  

which enter mitosis at half wild type size (Nurse, 1975). 

In order to enter mitosis, cells must not only have reached a critical size, 

but they must also have completed the preceding S phase successfully and no 

DNA damage must be present. 

If DNA replication or repair has not been carried out satisfactorily, one of 

two checkpoints are activated which arrest the cell cycle allowing the problem to 

be rectified. This prevents a loss of viability due to accumulation of errors in the 

genome. Various checkpoints act throughout the cell cycle, e.g., the DNA 

replication and repair checkpoints are the major ones acting at G2/M in fission 

yeast, and the spindle assembly checkpoint monitors kinetochore attachment to 

the spindle microtubules to prevent progression through anaphase until all of the 

chromosomes are attached (Rudner and Murray, 1996; Russell, 1998). 

Cdk activation also requires phosphorylation of a conserved threonine 

residue in the activation loop of the Cdc2 kinase domain. Mutation of this residue 

in fission yeast to non-phosphorylatable alanine, Cdc2Thrl67A, results in an 

3 



inactive enzyme (Gould et al., 1991) and the equivalent residue in many protein 

kinases must be phosphorylated for their activation (Johnson et al., 1996; 

Marshall, 1994; Morgan, 1995). 

At the end of mitosis, cdk is inactivated by anaphase promoting complex / 

cyclosome (APC/C) mediated proteolysis of the mitotic cyclin. Thus, direction is 

maintained in the cell cycle and mitosis cannot occur again until the cell has 

progressed successfully through another cell cycle. 

In summary, the eukaryotic cell cycle is highly regulated to ensure that no 

event takes place until preceding events have been executed correctly. Many of 

the control mechanisms act through regulation of cdk activity and may be at the 

level of transcription, post-translational modifications such as phosphorylation 

(e.g., the balance between inhibitory phosphorylation and activatory 

dephosphorylation of Cdc2 at the G2/M transition) and proteolysis (e.g., mitotic 

cyclins are degraded at the end of mitosis). 

1.2 	FISSION YEAST AS A MODEL ORGANISM 

The fission yeast, Schizosaccharoinyces pombe, is a unicellular fungus 

with rod shaped cells which grow by apical extension. S. pombe diverged from 

the ascomycetes (e.g., Saccharomyces cerevisiae) approximately 1144 million 

years ago and has been classed as an archaeascomycete (Heckman et al., 2001). S. 

pombe is known as fission yeast, reflecting the fact that cell division occurs by 

medial fission. It is amenable to both classical and molecular genetic analysis as 

well as biochemical techniques. 

Schizosaccharomyces pombe was isolated from African millet beer and 

first described by Lindner in 1893. Fission yeast genetics were first dissected by 

Leupold in the early 1950's while it also became a model organism for study of 

cell growth and division by Mitchison around the same time due to it's particular 

growth and division pattern (Mitchison, 1957). The next major step in the use of 

fission yeast as a model organism for cell cycle study came almost twenty years 

later, when fission yeast as a genetic system was used to study the cell cycle 
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(Nurse, 1975). For reviews see Fantes, 1989; Munz et a! 1989 and Mitchison, 

1989. 

Many of the cell cycle regulatory mechanisms first identified in fission 

yeast have been shown to be conserved throughout higher eukaryotes. Cell 

division in fission yeast is more similar to that of higher eukaryotes than it is to 

that of budding yeast. In fact, in evolutionary terms, both yeasts are closer to 

higher eukaryotes than they are to each other (Forsburg, 1999). 

S. pombe is usually haploid and grows readily under laboratory conditions. 

With a doubling time of 2.5 hours for wild type strains in rich medium at 30°C, it 

is extremely convenient to work with. There are two mating types, h and h, and 

resultant diploid cells may be induced to sporulate for genetic analyses. The 

fission yeast genome is small, approximately 14Mb, and is arranged in three 

chromosomes. The genome has been completely sequenced and is publicly 

available at http://www.sanger.ac.uk. 

The fact that S. pombe cells grow by increasing in length and dividing in 

the middle makes the yeast particularly amenable to cell cycle analysis. Cell 

division cycle (cdc) mutants could be readily identified by the fact that a block in 

cell division typically results in elongated cells, as cell growth continues under 

these conditions (Nurse et al., 1976). The exception to this is mutants blocked in 

mitosis, which do not continue to grow and have mostly been identified by 

different screening methods. 

Taken together, the features listed above make S. pombe an ideal organism 

for the study of the eukaryotic cell cycle. 

1.21 THE FISSION YEAST LIFE CYCLE 

The fission yeast life cycle consists of both haploid and diploid phases, 

with conjugation and meiosis, and sporulation processes linking the two, Figure 

1.2.1. 
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FIGURE 1.2.1: Fission yeast life cycle 
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Fission yeast is usually haploid and under conditions of abundant 

nutrients, cells progress through the haploid mitotic cell cycle. This is a typical 

eukaryotic cell cycle in that it consists of distinct phases: Gl, S, G2 and M phase. 

If nutrients are in short supply, cells will either exit the mitotic cycle and enter 

stationary phase or, if cells of the opposite mating type are present, conjugation 

will occur. If nutrients are re-introduced, the resulting diploids will enter a 

diploid mitotic cycle, similar to the haploid cycle. If nutrients are not available, 

meiosis and sporulation occur, the resulting ascospores are highly resistant to 

external stresses and remain dormant until optimal conditions return, when they 

will germinate and enter the haploid mitotic cell cycle. 

1.2.2 THE FISSION YEAST CELL CYCLE 

The fission yeast cell cycle is typically eukaryotic, with four distinct 

phases: Gi; S; G2 and M. The mode of growth of S. pombe allows the cell cycle 

position of a cell to be estimated by a simple length measurement: haploids are 

—14Rm long at division, giving rise to daughter cells —7jim long. This feature 

made S. poinbe an attractive choice for early cell cycle studies (Mitchison, 1957). 

In fission yeast, a very short GI, usually complete by the time cell 

separation is complete, is followed by S phase which takes approximately 10% of 

the cell cycle. The majority of the cell cycle is taken up with G2, accounting for 

approximately 75% of the cell cycle and is followed by mitosis and cytokinesis. 

In an asynchronous culture of wild type fission yeast cells, the majority of cells 

will be in G2, with fully replicated DNA (reviewed in Fantes, 1989 and MacNeill 

and Nurse, 1997). 

Entry into mitosis is marked by chromosome condensation (Robinow, 

1977) and a rapid microtubule rearrangement, whereby the cytoplasmic 

microtubule array disappears and a short spindle is formed (Hagan and Hyams, 

1988). In contrast to higher eukaryotes, the nuclear envelope remains intact 

during mitosis, duplicated spindle pole bodies (SPBs) become embedded in it in 

7 



prophase and remain there until the end of mitosis (Ding et al., 1997). After 

mitosis, the cell is divided by a primary septum which forms across its centre, 

secondary septa are formed either side of this and separation occurs when the 

central septum is dissolved (Robinow and Hyams, 1989). 

The G 1 and G2 phases of the cell cycle are major control points concerned 

with regulating the onset of S phase and mitosis. In rapidly growing cells, G2 is 

rate limiting for progress through the cell cycle, ensuring that mitosis and cell 

division occur only when the cell has reached a critical size (Fantes, 1989). The 

G2/M transition also requires completion of DNA replication, which was 

demonstrated by blocking DNA replication with hydroxyurea and finding that 

cells would not enter mitosis. This dependency is mediated through Cdc25 since 

cdc2-3w mutants, which are insensitive to Cdc25 controls, enter a lethal mitosis 

after treatment with hydroxyurea (Enoch and Nurse, 1990). 

Cell cycle controls also exist in GI but the size threshold only becomes 

apparent under slow growth conditions or in cell size mutants (Nasmyth, 1979). 

An important GI control prevents entry into M phase from GI, i.e., before S 

phase has been completed. Inhibition of the Cdc2/Cdcl3 complex in GI is 

carried out by the product of the rum1 gene; cells lacking functional rum] enter 

mitosis from GI without replicating their DNA (Moreno and Nurse, 1994). 

The regulation of cyclin dependent kinase (cdk) activity, Cdc2 in fission 

yeast, is key to controlling entry into M phase. Regulation of cdk activity 

depends upon the opposing action of Weel and Mikl kinases, and Cdc25 

phosphatase. Antagonism between wee]' and cdc25 activities was demonstrated 

genetically when it was shown that inactivation of wee] could suppress mutants 

of cdc25 (Fantes, 1979). In addition, overexpression of cdc25 induces mitosis, 

even in wee]-  cells (Russell, 1986). 

The fact that regulation occurs by control of cdc2 activity was shown by 

the characterisation of two alleles of cdc2, cdc2-1w and cdc2-3w, which are 

unable to respond to regulation by either wee1 or cdc25 respectively (Russell 

and Nurse, 1987). 

Cdc2 forms a complex with the mitotic cyclin, Cdcl3, in S phase. The 

activity of the enzyme is inhibited by phosphorylation of Tyr15 in the ATP 
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binding site of Cdc2 by Weel kinase, preventing entry into mitosis until after 

completion of S phase and G2 (Berry and Gould, 1996; Gould and Nurse, 1989). 

Activation of the cdk takes place with dephosphorylation of Tyrl5 by Cdc25 

phosphatase (Millar et al., 1991). 

Activation of the cdk also requires phopshorylation of a conserved 

threonine in the activation loop of the kinase domain. In fission yeast, mutation 

of this residue (Thr167) to non-phosphorylatable alanine, resulted in an inactive 

enzyme (Gould et al., 199!). 

Checkpoints monitor various events in the cell cycle to ensure that 

mistakes are not maintained through subsequent generations of cells. These 

include DNA replication, DNA damage, spindle assembly and even a spindle 

orientation checkpoint in the G2 and M phases of the fission yeast cell cycle 

(Gachet et al., 2001; Murray, 1995; Rhind and Russell, 2000; Rudner and Murray, 

1996; Russell, 1998). The first two checkpoints act through regulation of cdk 

activity, while the target of the spindle assembly checkpoint is the APC/C 

regulator, Cdc20 (SIP'  in S. pombe) which serves to restrain the metaphase to 

anaphase transition until chromosome attachment to the spindle apparatus is 

complete (Kim et al., 1998; Rhind and Russell, 2000; Rudner and Murray, 1996). 

In summary, the cell cycle of fission yeast is typically eukaryotic, and as 

such has conserved regulatory mechanisms acting throughout. These consist of 

dependency between distinct events on the completion of preceding ones, and a 

number of checkpoint pathways which monitor for mistakes and trigger an arrest 

in the cell cycle to allow the cell to rectify them. 

1.3 	POLO-LIKE KINASES 

The founding member of the polo-like kinase family is the Drosophila 

inelanogaster gene polo. The original polo mutations result in abnormal spindle 

and centrosome function, with many metaphase cells having chromosomes 

arranged in a circle (Llamazares et al., 1991; Sunkel and Glover, 1988). These 

mutants exhibit poor male fertility and a maternal effect leading to embryonic 



lethality (Sunkel and Glover, 1988). Other phenotypes of this mutant include 

chromosomal non-disjunction and failure of cytokinesis in spermatogenesis 

(Carmena et al., 1998; Herrmann et al., 1998). 

polo was shown to encode a protein kinase (Llamazares et al., 1991). The 

phenotype of polo' mutants is due not to a decrease in the levels of Polo protein, 

but to a lack of kinase activity (Tavares et al., 1996). 

The identification of hornologues of polo in eukaryotes ranging from yeast 

to man led to the characterisation of a family of conserved protein kinases. In 

Drosophila, Saccharo,nyces and Schizosaccharom'ces there is one p o 1 o 

homologue (Adams et al., 2000; Goffeau et al, 1996 and at 

http://www.sanger.ac.uk/Projects/S_pombe/). In contrast, the murine and human 

genomes contain a number of polo homologues, p1k] in both cases is the most 

closely related gene, although there are also related genes, snk and fink in mouse 

(hSnk and Prk respectively in human) (Clay et al., 1993; Hamanaka et al., 1994; 

Lake and Jelinek, 1993; Li et al., 1996). 

The signature domain of a polo-like kinase lies at the carboxyl terminus of 

the protein and is called the polo box domain. Conservation lies mainly in three 

blocks of homology, see Figure 1.3. The function of this domain has not been 

clearly defined, although it has been shown to be required for localisation of the 

protein to the spindle pole bodies (SPBs) of budding yeast in mitosis (Lee et al., 

1998; Song et al., 2000). 

The protein kinase domain lies at the amino terminus of the protein. Parts of the 

protein which are not conserved lie in between the kinase and polo box domains, 

and at the extreme amino terminus. These non-conserved regions vary in length 

between organisms and may contain motifs not present in other polo-like kinases, 

e.g., a destruction box at amino terminus of Cdc5p, the budding yeast Polo 

homologue, which targets it for destruction by the anaphase promoting 

complex/cyclosome (Charles et al., 1998; Cheng et al., 1998). 

Following intensive study of this family of mitotic kinases, it is becoming 

clear that they play a key role in regulating multiple mitotic events in eukaryotes 

(for reviews see: Glover et al., 1998; Glover et al., 1996; Lane and Nigg, 1997). 
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FIGURE 1.3: Schematic diagram showing polo-like kinase domains 
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1.3.1 CELL CYCLE LOCALISATION OF POLO-LIKE KINASES 

Polo-like kinases share a dynamic localisation pattern to the mitotic 

apparatus. Localisation to the centrosome/SPB is common to all members of the 

family (Bahier et al., 1998; Golsteyn et al., 1995; Logarinho and Sunkel, 1998; 

Moutinho-Santos et al., 1999; Mulvihill et al., 1999; Shirayama et al., 1998; Song 

et al., 2000). Murine Plkl localises to acentriolar centrosomes in mouse oocytes 

demonstrating that this localisation is conserved regardless of the nature of the 

centrosomal structure (Wianny et al., 1998). Localisation to centrosomes/SPB 

occurs early in mitosis, at a time when catalytic activity of polo-like kinases is 

low (Cheng et al., 1998; Fenton and Glover, 1993; Golsteyn et al., 1995; 

Mulvihill et al., 1999; Tanaka et al., 2001). 

In fission yeast, localisation of Plol at the SPB requires MPF activity, 

demonstrated by the fact that it was not detected at the SPBs in cdc2-33 or cdc25-

22 mutants in immunofluorescence studies (Mulvihill et al., 1999). Plol is also 

recruited to the SPB early in a stf/-I mutant, a mutation bypassing the 

requirement for cdc25 in cdk activation (Mulvihill et al., 1999). SPB localisation 

of Plol is not required for the septation function of the protein, shown by 

immunofluorescence studies of Plol in a cdcl6-116 mutant. This mutant 

undergoes repeated rounds of septation without cytokinesis and Plol was 

observed at the SPB only for the first round of septation induced in this mutant 

(Mulvihill et al., 1999). 

As cells progress through mitosis, polo-like kinases move from the 

centrosomes/SPBs to other parts of the mitotic apparatus. This re-localisation is 

to the spindle midzone in Drosophila and human cells (Arnaud et al., 1998; 

Golsteyn et al., 1995; Logarinho and Sunkel, 1998; Moutinho-Santos et al., 1999). 

In Drosophila, this re-localisation requires the microtubule motor protein, PAV-

KLP which is a kinesin-like protein related to MKLP-1 (Adams et al., 1998). In 

fission and budding yeast, polo-like kinases leave the SPBs late in anaphase and 

re-localise at the medial ring, which corresponds to the future site of septation 

(Bahler et al., 1998; Song et al., 2000). This re-localisation from the 
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centrosomes/SPB to the site of cell cleavage is common to all polo-like kinases 

studied. 

In both Drosophila and human cells, polo-like kinase localisation to the 

centromeres has been seen throughout most of mitosis (Arnaud et al., 1998; 

Logarinho and Sunkel, 1998). This was shown not to be microtubule dependent 

because localisation of GFP-tagged Polo to the centromeres was retained in 

colchicine treated cells (Moutinho-Santos et al., 1999). It is possible that 

localisation of polo-like kinases to centromeres in the yeasts has not been detected 

because of their comparatively small chromosomes. Polo-like kinases also 

associate with spindle microtubules in a variety of organisms (Bahier et al., 1998; 

Logarinho and Sunkel, 1998; Moutinho-Santos et al., 1999; Mulvihill et al., 

1999). 

A common feature of polo-like kinases is a regulated localisation pattern 

which changes throughout mitosis. This is characterised by localisation to the 

centrosome/SPB early in mitosis, and to regions of the mitotic apparatus and at 

times in mitosis that are suggestive of a role in determining the site of cell 

cleavage, i.e., the spindle midzone in higher eukaryotes and the medial ring in 

fission yeast. 

1.3.2 	REGULATION OF POLO-LIKE KINASES 

The cell cycle activity of polo-like kinases is tightly controlled, peaking in 

mitosis (Charles et al., 1998; Cheng et al., 1998; Fenton and Glover, 1993; 

Goisteyn et al., 1995; Hamanaka et al., 1995; Lee et al., 1995; Tanaka et al., 

2001). Regulatory mechanisms differ between species, and take the form of a 

combination of transcriptional, post-translational and/or proteolytic controls. For 

example, levels of CdcS protein are controlled both at the transcriptional level 

(Kitada et al., 1993) and by APC/C dependent proteolysis at the end of mitosis 

(Charles et al., 1998; Cheng et al., 1998). Further regulation of Cdc5 kinase 

activity occurs through post-translational modification, possibly phosphorylation 

(Cheng et al., 1998). In contrast, Plol protein levels remain constant throughout 
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the cell cycle (Mulvihill et al., 1999) and the activity of the enzyme is regulated 

by phosphorylation (Tanaka et al., 2001). 

1.3.3 INTERACTING PROTEINS 

The identification of interactors of polo-like kinases has been achieved 

through a variety of genetic and biochemical means. Biochemical methods, using 

Xenopus egg extracts, have led to the identification of many novel functions for 

polo-like kinases including interactions with Cdc25C (Kumagai and Dunphy, 

1996), the APC/C (Descombes and Nigg, 1998), and Cyclin B (Toyoshima-

Morimoto et al., 2001). Yeast genetics have also proven to be a powerful way of 

identifying interactors, e.g., CDC5 was identified as a multicopy suppressor of 

mutants of dbf4 (Kitada et al., 1993), mutants of plo] revealed an interaction with 

drnJY7inid] (Bahler et al., 1998) and a unique screen for mutants which were 

dependent on high expression levels of plo1 for viability led to the identification 

of many genes interacting with ploJ including the septation genes: ccic7, cdc15, 

ccic1], spg] and sid2 (Cullen et al., 2000). 

Proteins interacting with Plol kinase may be classified either as substrates, 

or as regulators. Substrates which have been identified include the cohesin, 

Scclp, (Alexandru et al., 2001), o-, f3- and y-tubulins (Feng et al., 1999; Tavares 

et al., 1996), APC/C subunits Tsg24, Cdcl6 and Cdc27 (Kotani et al., 1998) and 

Cdc25C (Kumagai and Dunphy, 1996). An interesting screen for substrates of 

Drosophila Polo relied on differences in in vitro phosphorylation of proteins in 

extracts from mutant, polo', and wild type embryos. Because polo' mutants have 

no endogenous polo kinase activity, substrates were labelled more strongly in 

mutant extracts than those from wild type embryos. This study identified 13-

tubulin and other, unidentified proteins which were enriched in microtubule 

preparations as substrates of Polo kinase (Tavares et al., 1996). 

xPlkkl, a kinase capable of phosphorylating and activating Plx 1 in oocytes 

was isolated from Xenopus extracts (Qian et al., 1998). A homologous kinase, SIk 

was identified in human cells, although a role in activating PIki in mitotic cells 

has not been shown convincingly (Ellinger-Ziegelbauer et al., 2000). 
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1.3.4 FUNCTIONS OF POLO-LIKE KINASES 

One of the most intriguing aspects of polo-like kinase function is the 

variety of tasks they execute throughout the eukaryotic cell cycle, Figure 1.3.4. 

Not all of these functions have been shown to be conserved between 

species, e.g., CDC5 has been implicated in the initiation of DNA replication in 

budding yeast because, not only has it been shown to suppress mutants of dbf4 

(Kitada et al., 1993), but also because cdc5-1 mutants are synthetically lethal with 

mutations in orc genes and show a high rate of mini-chromosome loss. This was 

suppressed by increasing the number of origins on the mini-chromosome, which 

suggests a defect in initiation of replication (Hardy and Pautz, 1996). A role in 

replication initiation has not been shown for any other polo-like kinase and could 

be the result of the specific nature of the budding yeast cell cycle. 

In the case of a function for polo-like kinases at the G2/M transition, this 

has only been shown in mammalian and Xenopus systems, through an interaction 

with Cdc25C in vitro or by immunodepletion experiments (Abrieu et al., 1998; 

Karaiskou et al., 1999; Kumagai and Dunphy, 1996; Ouyang et al., 1997; Qian et 

al., 1998). The fact that an interaction between polo kinases and Cdc25 has not 

been seen in Drosophila, budding or fission yeast might be because of differences 

in the regulation of Cdc25: in budding yeast, MPF activity is not controlled by 

Cdc25, and in both S. pombe and D. melanogaster, Cdc25 levels are regulated 

transcriptionally (reviewed in MacNeill and Nurse, 1997). Post-translational 

modification of Cdc25 by polo-like kinases may occur in these organisms, but has 

not been shown. If such an interaction does exist, it might be difficult to find 

using the traditional genetic methods employed in these organisms. This is 

because the effect of disrupting the interaction in vivo would be predicted to have 

only subtle effects since immunodepletion of Pixi in Xenopus egg extracts 

resulted in a delay rather than arrest of cell cycle progression (Qian et al., 1998). 

The role of an interaction between polo-like kinases and Cdc25 is 

discussed in more detail below (Chapter 1.3.4.1). 
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FIGURE 1.3.4: Summary of polo-like kinase functions 
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Polo-like kinases are able to complement mutations between species 

which indicates that at least some of the functions are conserved, e.g., murine p1k] 

can rescue temperature sensitivity of the budding yeast cdc5-1 mutant (Lee and 

Erikson, 1997). 

1.3.4.1 	G2/M TRANSITION 

Entry into mitosis requires the activation of Cdc2 kinase and occurs 

through the removal of the inhibitory phosphate at Tyrl5 by Cdc25 phosphatase 

(see Chapter 1.2.1). In Xenopus and mammalian cells, polo-like kinases have 

been shown to phosphorylate Cdc25C in vitro and to play a role in the G2/M 

transition (Abrieu et al., 1998; Karaiskou et al., 1999; Kumagai and Dunphy, 

1996; Ouyang et al., 1997; Qian et al., 1998; Qian et al., 2001). 

Both Plxl and human Piki have been shown to phosphorylate Cdc25C in 

vitro (Kumagai and Dunphy, 1996; Ouyang et al., 1997). It has been suggested 

that this interaction is required in vivo for entry into mitosis because 

immunodepletion of Plxl from Xenopus oocytes led to a delay in the activation of 

Cdc25 and MPF (Qian et al., 1998). 

The fact that transition into M phase was only delayed rather than 

inhibited completely in these experiments supports the fact that as opposed to 

being a trigger kinase in promoting G2/M transition, polo-like kinases function as 

part of an activation loop. Activation of Pixi can be achieved by addition of 

Cdc2/Cyclin B (Abrieu et al., 1998) and the activation of Plol kinase in fission 

yeast is reliant on the prior activation of Cdc25 and Cdc2 (Tanaka et al., 2001) 

suggesting that polo-like kinases act downstream of Cdc2. 

It seems likely that polo-like kinases play an important role in the 

activation of Cdc25 to promote the G2/M transition, at least in vertebrates, and 

that this is as part of an activation loop involving Cdc2 kinase, rather than as a 

trigger for the process. 
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1.3.4.2 	CENTROSOME FUNCTION 

Centrosomes are essential to nucleate microtubules, in interphase to create 

networks for the transport of organelles etc., and in mitosis, for the formation of 

the mitotic spindle (Mayor et al., 1999). Polo-like kinases display a specific 

localisation to the centrosome/SPB early in mitosis (see Chapter 1.3. 1) and have 

been shown to be required for the recruitment of centrosomal proteins, as well as 

for centrosome separation and the formation of a bipolar spindle (reviewed in 

Glover et al., 1998; Glover et al., 1996; Lane and Nigg, 1997). 

Mutants of polo in Drosophila have abnormal spindle poles and fail to 

recruit the centrosornal protein CP190 to the centrosomes (Sunkel and Glover, 

1988). The most striking demonstration of polo-like kinase function at the 

centrosome came with the immunodepletion of Piki from both HeLa and non-

proliferating human tissue culture cells. In both cases, the removal of P1k! 

resulted in small centrosomes which had decreased amounts of y-tubulin and 

MPM2 epitopes compared to control cells (Lane and Nigg, 1996). 

	

1.3.4.3 	MITOTIC SPINDLE FORMATION 

The formation of a bipolar spindle in mitosis is crucial for the separation 

of sister chromatids to daughter cells and requires the function of polo-like 

kinases. In the event of a failure in spindle formation, the spindle assembly 

checkpoint is activated, the APC/C is inhibited and cells cannot progress from 

metaphase to anaphase. A requirement for polo-like kinase in spindle formation 

is evident from the phenotype of the original Drosophila polo' mutant, which 

exhibited a range of abnormalities in spindle and centrosomal function, including 

monopolar spindles in mitoses of developing larval neuroblasts (Llamazares et al., 

1991; Sunke! and Glover, 1988). 

Both the disruptant and overexpression phenotypes of ploI in fission 

yeast include that of a failure to form a bipolar spindle in mitosis. In these cells, 

the spindle microtubules emanate from two duplicated but unseparated SPBs in a 
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V shape (Ohkura et al., 1995). A function in bipolar spindle formation is 

conserved in both human and Xenopus polo-like kinases; antibody depletion 

results in monopolar spindle formation in both organisms (Lane and Nigg, 1996; 

Qian et al., 1998). 

Budding yeast polo-like kinase is the odd one out. The CDC5 disruptant 

has a late mitotic terminal phenotype; cells arrest with almost completely 

separated DNA and a bipolar spindle (Kitada et al., 1993). The fact that polo 

kinase is not required for spindle formation in budding yeast could be due to the 

particular nature of the budding yeast cell cycle, in which spindle formation takes 

place much earlier than in other eukaryotes. In budding yeast, a short spindle is 

present throughout G2 and elongation occurs just prior to M phase (Fantes, 1989). 

1.3.4.4 	INTERACTION WITH THE ANAPHASE PROMOTING 

COMPLEX/CYCLOSOME (APC/C) 

The APC/C is a multi-protein complex which, as an E3 ubiquitin 

ligase, ubiquitinates proteins thereby targeting them for degradation by the 26S 

proteasome in mitosis. The APC/C targets securin (Cut2 in S. poinbe, Pdslp in S. 

cerevisiae) for degradation at the metaphase to anaphase transition, and the 

mitotic cycl ins and other proteins such as geminin, Aseip, Cdc5p and Cdc20p, are 

destroyed for exit from mitosis, (reviewed in King et al., 1996; Morgan, 1999; 

Zachariae and Nasmyth, 1999). With such a large range of substrates and timings, 

it is not surprising that the regulation of APC/C activity is complex, being thought 

to take the form of a balance between activating and inhibitory phosphorylation 

events both of the APC/C itself and of its regulatory cofactors (King et al., 1996; 

Kotani et al., 1999; Kramer et al., 2000; Lahav-Baratz et al., 1995; Morgan, 

1999). 

There a body of evidence that polo-like kinases are involved in the 

activation of the APC/C during mitosis. Immunodepletion of Xenopus polo-like 

kinase was shown to prevent both mitotic progression and degradation of mitotic 

proteins in a cell free system (Descombes and Nigg, 1998) and in S. cerevisiae, 
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degradation of cyclin B but not of Pds ip, requires CDC5. Mutants in CDC5 show 

greatly reduced APC/C activity in vitro (Charles et al., 1998; Shirayarna et al., 

1998). In mammalian cells, transfection of a dominant negative mutant of Plkl 

inhibited phosphorylation and activity of the APC/C. Evidence for a direct 

interaction between polo-like kinase with the APC/C came with in vitro assays 

showing that human Plkl can co-immunoprecipitate with and phosphorylate at 

least three subunits of the APC/C (Cdc27, Cdcl6 and Tsg24, homologous to 

fission yeast Nuc2, Cut9 and Cut4 respectively) (Kotani et al., 1998). 

1.3.45 	SEPTUM FORMATION AND CYTOKINESIS 

After exit from mitosis in fission yeast, a septum is formed at the 

cell equator. The position of this is determined during mitosis when an F-actin 

ring forms around the centre of the cell. This is followed, at the end of mitosis 

when the spindle breaks down, by growth of the septum across the middle of the 

cell. Finally, secondary septa are deposited either side of the original one, which 

is degraded to separate the two daughter cells (for review see Robinow and 

Hyams, 1989). 

In fission yeast, polo-like kinase function has been shown to be required 

for septation. Cells disrupted for ploI do not form septa (Ohkura et al., 1995). 

Overexpression of ploI drives septation, producing cells with multiple septa, at 

any stage of the cell cycle (Ohkura et al., 1995). It has been shown that p/o1 is at 

the top of the septum initiating network (SIN) using a combination of mutants in 

fission yeast. Overexpression of plo] only induces septation in the presence of 

an active SIN and a conditional allele of plo1, plol-ts4 is suppressed if the SIN is 

activated (Tanaka et al., 2001). 

Overproduction of murine or budding yeast polo-like kinases in budding 

yeast cells also induces septation (Lee and Erikson, 1997; Song et al., 2000), and 

a physical interaction has been demonstrated between Cdc5p and septins (Song 

and Lee, 2001). This suggests that septation is a conserved function of polo-like 

kinases. 
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Fission yeast ploJ is also required for the correct positioning of septa 

through an interaction with Dmfl/Midl (Bahler et al., 1998). Experiments using 

mutants of ploI defective for septum positioning revealed that 	function is 

required for Dmfl/Midl to leave the nucleus and form a ring at the equator, prior 

to actin ring formation, at the site of future septum formation (Bahler et al., 1998). 

A physical interaction between the two proteins was shown by two hybrid assay 

(Bahler et al., 1998). It is possible that Drnfl /Mid l is a substrate of Plol because 

hyperphosphorylation of Dmfl /Mid l occurs at the same time as nuclear export of 

the protein (Sohrmann et al., 1996), and overexpression of ploi causes a 

mobility shift of the Drnfl /Mid l protein (Bahler et al., 1998). Phosphorylation of 

Dmfl /Mid l by Plol has not been shown directly. 

In higher eukaryotes, polo-like kinases have been shown to be required for 

cytokinesis, e.g., overproduction of Piki in human cells resulted in cytokinetic 

defects (Mundt et al., 1997), and cytokinetic defects are seen in Drosophila 

spermatogenesis in the absence of functional polo (Carmena et al., 1998). 

1.3.4.6 	DNA DAMAGE RESPONSE 

In the event of DNA damage, a checkpoint is activated which causes cells 

to arrest cell cycle progression, allowing time for the damage to be repaired 

(reviewed in Rhind and Russell, 2000). In fission yeast, the ATM homologue, 

rad3, is at the top of the pathway, and chk1 is downstream, which inactivates 

Cdc25 to achieve G2 arrest (reviewed in Rhind and Russell, 2000). 

In both budding yeast and human cells, polo-like kinases have been 

implicated in the DNA damage checkpoint (Sanchez et al., 1999; Smits et al., 

2000; Toczyski et al., 1997). A mutant of CDC5, cdc5-ad, is defective in 

adaptation to the DNA damage checkpoint. Adaptation is the process by which 

cells override a checkpoint, becoming de-sensitised to the checkpoint signal after 

prolonged arrest and re-entering the cell cycle, even in the presence of the damage 

which triggered the checkpoint initially (Toczyski et al., 1997). Budding yeast 

arrest in metaphase in response to the DNA damage checkpoint, and a role for 
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CDC5 in adaptation to the checkpoint could possibly be through activation of the 

APC/C (see section 1.3.4.4). 

There is evidence that CDC5 is a target of the DNA damage checkpoint 

because Cdc5 is modified in response to cdcl3-1 induced DNA damage in a 

RAD53 and MECJ dependent manner (Cheng et al., 1998). In a cdc13 rad53 

cdc5-1 triple mutant (which accumulates DNA damage but can't repair it due to 

the cdc13 and rad53 mutations respectively) a delay in anaphase was observed. 

Overproduction of Cdc5p in a cdc13 mutant induces anaphase even though these 

cells have an activated checkpoint because of DNA damage caused by the cdc13 

mutation (Sanchez et al., 1999). These results suggest that CDC5 is inhibited in 

response to DNA damage, which would have the effect of preventing the 

rnetaphase to anaphase transition. A similar situation was seen with human Pik 1, 

activity of which was inhibited in response to DNA damaging agents. This was 

specifically an effect on the activation of Plkl since it was not seen when the 

constitutively active Pik 1T2IOD mutant was used (Smits et al., 2000). 

To summarise, it seems that there is evidence for a role for budding yeast 

polo-like kinase in the DNA damage checkpoint response and that this might be 

due to the role of CDC5 in APC/C regulation. An inhibitory effect is seen on the 

activity of human P1kl in response to DNA damage. No interaction between 

polo-like kinases and the DNA damage checkpoint in any other system has been 

reported. 

1.3.4.7 	 OTHER FUNCTIONS 

A variety of functions for polo-like kinases have been described which 

either do not fit comfortably with their role as mitotic kinases, or which have only 

been described for one of the homologues to date. These include functions in 

sister chromatid separation (Alexandru et al., 2001), pre-mitotic fragmentation of 

the Golgi apparatus (Lin et al., 2000; Sutterlin et al., 2001), phosphorylation of 

cyclin B (Toyoshima-Morimoto et al., 2001) and initiation of DNA replication 

(Hardy and Pautz, 1996; Kitada et al., 1993). 
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In budding yeast, APC/C mediated degradation of the securin, Pdslp, 

leads to the release of the separin, Esplp which then degrades the cohesin, Scclp. 

Destruction of cohesin, the "glue" that holds sister chromatids together, allows the 

separation of chromatids and progression into anaphase (reviewed in Nasmyth et 

al., 2000). However, in a pds]A strain, cell cycle degradation of Scclp is 

maintained. This has been shown to be dependent on CDC5 function (Alexandru 

et al., 2001). Plkl can phosphorylate Scclp in vitro, and mutation of the 

phosphorylated serines to alanine eliminates Scclp cleavage in the absence of 

PDSJ (Alexandru et al., 2001). This is convincing evidence that polo-like kinase, 

in budding yeast at least, is required for some aspect of sister chromatid 

separation. It remains to be seen whether this is a role conserved throughout the 

polo kinase family. 

An interaction between mammalian P1kl and the Golgi reassembly 

protein, GRASP65, was detected by two hybrid screening with Piki as bait. In 

mitosis, fragmentation of organelles such as the Golgi apparatus, is important for 

their equal partitioning to daughter cells. It appears that mammalian P1k1 may 

play some role in this process since Plkl can phosphorylate GRASP65 in vitro. 

Phosphopeptide mapping also showed that the same residues are phosphorylated 

in vitro and in vivo (Lin et al., 2000). In vivo, immunodepletion of Plkl from 

tissue culture cells resulted in reduced Golgi fragmentation at the onset of mitosis 

(Sutterlin et al., 2001). This indicates that P1k! may play a role in Golgi 

fragmentation during mitosis, although it does not seem to be the only protein 

involved in regulating GRASP65 function. 

In vertebrate cells, a level of control over cdk activity exists through 

changes in Cyclin B localisation. Nuclear localisation of Cyclin B at the onset of 

mitosis is regulated by phosphorylation. Experiments in Xenopus extracts 

indicated that a portion of the phosphorylation sites of Cyclin B are targeted by 

Pixi and that this phosphorylation could affect nuclear export of the protein 

(Toyoshirna-Morimoto et al., 2001). It is not clear whether this function is 

conserved throughout the polo kinase family, although it is likely to be dependent 

upon the precise nature of Cyclin B regulation in each organism. 
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Finally, one function of a polo-like kinase which does not fit at all well 

with it's role as a mitotic kinase is that of CDC5 in budding yeast in the initiation 

of DNA replication. There is much evidence placing CDC5 in this role, including 

it's identification as a multicopy suppressor of dbJ4 mutants (Kitada et al., 1993). 

Synthetic lethality has also been described between cdc5-1 and orc2-1 and a mini-

chromosome loss phenotype of the cdc5-1 mutant is rescued by an increase in the 

number of origins of recognition, which is indicative of a defect in replication 

initiation (Hardy and Pautz, 1996). 

It is hard to assign an S phase role to a mitotic kinase, and this has not 

been shown for any of the other polo family members. This is likely to remain a 

function specific to budding yeast polo-like kinase, and may be a consequence of 

differences in the budding yeast cell cycle compared to other eukaryotes. 

1.4 	SUMMARY AND AIM OF STUDY 

Polo-like kinases are multi-functional kinases which regulate key mitotic 

events throughout mitosis. Many features are conserved between members, 

including tight regulation of activity (although by different mechanisms), a 

dynamic localisation to the mitotic apparatus and a number of specific functions. 

In fission yeast, two functions have been identified for the polo-like 

kinase, ploJ, in septation and in mitotic spindle formation. The aim of the 

current study was to reveal novel functions for ploI using a combination of yeast 

genetics and two hybrid screening to identify interactors. 

Polo-like kinases have a conserved, non-catalytic domain, the function of 

which remains to be fully elucidated. The function of the conserved domains of 

polo-like kinases, in particular the polo box domain of Plo!, was dissected in this 

study, by site directed, and random mutagenesis, together with in vivo analysis of 

the localisation, cell cycle regulation of kinase activity and function of the mutant 

proteins. 

24 



CHAPTER 2: 	MATERIALS AND METHODS 

2.1 	COMMONLY USED BUFFERS AND REAGENTS 

Most of the methods employed in this work are based on those described 

in Molecular Cloning: A Laboratory Manual (Sambrook et al., 1989). 

All chemicals used were of analytical grade and were purchased from 

Sigma, British Drug Houses (BDH), Gibco-BRL, Fisons or Pharmacia. 

dH20 refers to autoclaved, distilled water. 

TE 

10mM Tris-HCI (pH 7.5), 1 m EDTA. Used routinely as a DNA solvent. 

Phenol/chloroformlisoamyl alcohol 

25:24:1 (v/v) mixture 

Ethidium bromide 

10mg/mI stock solution in dH,0. (Sigma) 

6X Nucleic acid loading buffer 

0.25% (w/v) bromophenol blue 
0.25% (w/v) xylene cyanol 
15% (w/v) Ficoll (Type 400) 

(Sambrook et al., 1989) 

5X SDS protein loading buffer 

IM Tris.HC1, pH6.8 0.5ml 
Glycerol 	 0.8ml 
10%SDS 	 1.6ml 
1% bromophenol blue 2.Oml 
H20 	 3.lml 
12.5% (v/v) 14.3M 3 - mercaptoethanol added at time of use 

(Sambrook et al., 1989) 
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TAE 

50x stock solution stored at room temperature. 1 x buffer used as 

electrolyte for agarose gels. 

1 litre: 242g Tris base 
57.1 glacial acetic acid 
lOOmI 0.5M EDTA (pH 8.0) 

2.2 DNA MANIPULATIONS 

2.2.1 Dissolving and storage 

All DNA was dissolved in TE or dH20 depending on subsequent 
procedure. DNA solutions were routinely stored at -20°C. 

2.2.2 Phenol/chloroform extraction 

Extraction with phenol/chloroform/isoamyl alcohol (25:24: 1 )was carried 

out to remove proteins from DNA solutions. 

An equal volume of phenol/chloroform/isoamyl alcohol was added to the 

DNA solution and the two solutions mixed by vortexing vigorously for 1 minute. 

The aqueous and organic phases were separated by centrifugation at 13K rpm for 

5 minutes at room temperature. The aqueous phase was then transferred to a fresh 

tube, avoiding proteins at the interface of the two phases, and the DNA recovered 

by precipitation. 

2.2.3 Ethanol Precipitation 

DNA was precipitated by the addition of 0. 1 volume of 3M NAOAc 

pH5.2 and 2 volumes of absolute ethanol. The solution was mixed thoroughly by 

vortexing then placed at -20°C for at least 30 minutes before centrifugation at 
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13000 rpm at 4°C for 15 minutes to pellet the DNA. Trace amounts of salt were 

removed by washing the pellet with -20°C 70% ethanol and then repelleting by 

centrifugation. The pellet was then air dried and resuspended in TE or dH2O. 

2.3 MOLECULAR ANALYSIS OF DNA 

2.3.1 Restriction digests 

Type II restriction enzymes (Boehringer Mannheim, Promega, NEB) were 

used to cut DNA at specific sites. Routinely, 0.2-1.Lg DNA was digested with 5-

10 units of enzyme in suitable buffer in a total volume of 20111 at the appropriate 

temperature for 1-1 .5 hours. The reaction volumes were scaled up as required. 

2.3.2 DNA Modifying enzymes 

Large fragment of DNA polymerase I (Klenow) 

This enzyme has 3'-5' polymerase activity and was used to fill in 3' 

recessed termini after restriction digestion to allow ligation of non-compatible 

ends. 

T4 DNA polymerase 

The 3'-5' exonuclease activity of this enzyme was used to remove 3' 

protruding termini after restriction digestion to allow ligation of non-compatible 

ends. 

Alkaline phosphatase 

Catalyses the removal of 5' phosphate residues from DNA, RNA, rNTPs 

and dNTPs. Calf intestinal phosphatase (New England Biolabs) was used to 

remove 5' phosphates from linearised vectors to prevent self-ligation during 

subsequent ligation reactions. 
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DNA Ligase 

T4 DNA Ligase (New England Biolabs) was routinely used for the 

ligation of DNA fragments. 

2.3.3 Agarose gel electrophoresis 

0.7% (w/v) agarose gels were used for analysis of DNA fragments 0.2-

10kb in size. Agarose (Boehringer Mannheim) was dissolved in 1X TAE buffer 

by boiling briefly, and after cooling, ethidium bromide was added to a final 

concentration of 2.5ig/ml to enable the DNA to be visualised. DNA samples 

were mixed with loading buffer before loading into wells alongside molecular 

weight markers (I kb ladder, Promega). DNA was visualised on a transilluminator 

and images recorded with a digital camera. 

2.3.4 Gel purification of DNA fragments 

Restriction digest reactions were separated on agarose gels as described, 

and a slice containing the appropriate fragment was excised. The DNA fragment 

was then purified using the QIAGEN QlAquick Gel Extraction kit following the 

manufacturers' instructions. 

2.3.5 DNA sequencing 

Sequencing was performed on an ABI 377 automated sequencer after 

carrying out the reactions using the dRhodamine Dye-terminator kit (PE Applied 

Biosystems), following the manufacturers' instructions. For all sequencing 

reactions a Hybaid PCR thermal cycler was programmed with 25 of the following 

cycles: 



96°C for 30 sec 
50°C for 15 sec 
60°C for 4 mm 

2.3.6 Southern Blotting 

Samples for Southern blot analysis were run on an agarose gel which was 

then denatured for 30 minutes at room temperature in denaturing solution (0.5M 

NaOH, I.5M NaCl). Blotting was carried out overnight at room temperature to 

nylon membrane (Hybond-N, Amersham) in denaturing solution. The blot was 

then rinsed in 2X SSC (made fresh from a 20X stock: per litre: 175.6g sodium 

chloride; 88.2g trisodium citrate). The membrane was left to air dry before pre-

hybridisation for at least 30 minutes at 65°C in hybridising solution (CHURCH: 

per litre: 44.5g Na2HPO4.21120, 70g SDS, 4m1 85% H3PO4). The solution was 

changed once, denatured, radiolabelled probe added to this and incubation 

continued for 3 hours. Blots were washed in wash solution, changing the washes 

every 10 min for the first 30 minutes, then every 20 minutes afterwards until 

excess probe had been removed. (Wash solution: 0.2X SSC, 0.3% SDS). Blots 

were air dried and exposed to a phosphorimager screen. Data was analysed using 

ImageQuant vi. 1 software (Molecular Dynamics) and a Storm Phosphorimager 

(Molecular Dynamics). 

2.3.7 Site directed mutagenesis 

Site directed mutagenesis was carried out using the Biorad Muta-Gene 

Phagemid in vitro mutagenesis kit according to the manufacturers instructions. A 

version of the Biorad plasmid pTZ19U (pTZ19UBN, pNR34) was created into 

which linker oligos had been introduced at the Sall site, creating additional 

BamHI and NdeT sites in the polylinker for subsequent, in frame clonings into 

pREPI and pGBT9 vectors. In all cases, the gene to be mutagenised was cloned 

into this as an NdeI - BamHI fragment. 
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The basic principle behind this mutagenesis method is illustrated in Figure 

2.3.7. In brief, this method uses pTZ19U based vectors which may exist in either 

double or single stranded forms. pTZ19U with the target gene was used to 

transform 0236, a strain of E. coil deficient for dUTPase (dut) and uracil-N-

glycosylase (ung) in which a proportion of newly synthesized plasmids contain 

uracil substituted for thymine. Single stranded DNA was prepared from these 

cells by infection with M13KO7 helper phage and isolated single stranded 

pTZ19U was used in subsequent mutagenesis reactions. For each mutagenesis 

reaction, one oligo which was complementary to the target gene by at least 6 

bases either side of a mismatched sequence was made (Genosys). A list of 

oligonucleotides used is given in Table 2.3.7. Oligos were phosphorylated in 

vitro using T4 polynucleotide kinase (NEB) according to the BioRad mutagenesis 

manual. Annealing of this oligo to the template, single stranded, uracil containing 

DNA, synthesis of a second strand of DNA and ligation of the resulting gap was 

carried out according to the manufacturers instructions. The resulting product was 

transformed into E. coil XL1-Blue cells which have an active uracil-N-

glycosylase allowing the uracil in the parent strand of the plasmid to be 

recognised. All subsequent product therefore theoretically originates from the 

mutated strand of the plasmid. 

Typically this method of mutagenesis was successful in more than 50% of 

plasmids recovered from the XLI-Blue cells, as judged by restriction digestion 

and/or sequencing, depending on the mutation made. 
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FIGURE 2.3.7: Outline of site directed mutagenesis 

9 pTZ19Up/ol transformed into 
CJ236 (dur, ung) 

occasional incorporation of uracil 
for thymine in newly synthesised DNA 

infect cells with helper phage 
isolate phagemids and extract DNA 

I 

anneal mutageneic oligonucleotide, 

U synthesise new strand in vitro with 
T7 polymerase, join ends with ligase 

transform into XL1-Blue,(dur') 

I parental strand is not replicated 

isolate plasmids and sequence to find 0 	those containing mutated plo]. 

U 	represents incorporation of uracil 
represents target gene 
represents mutated target gene 

Site directed mutagenesis was carried using the BioRad Muta-Gene in vitro 

mutagenesis kit according to the manufacturers instructions. 



TABLE 23.7: Oligonucleotides for site directed mutagenesis: 

Oligo Sequence (5'-3') Mutation 

06 AGCCCAAAACGACCAAT plo] D181N 
07 AGCCCAAAATTACCAT PLO] D181R 
08 TTTACGTACTTCGTCA plo] E193V 
018 GATTCATCGGATGCCGCGGCTCCTAAACCA plo] 

YQL5O8AAA 
019 TGTATCATCAGCAGCGTGTACGCCA plo] FN519AA 
022 CAAAACTCTAATCCTGC plo] A584-684 
023 AACAACAGCTCGAGCAGCCAGGAAATTG pll 

DHK625AAA 
039 GGTATCCTAAAGCATATTTG plo] G505A 
040 AAGAACGAGCTCAGAG plo] P490L 
041 GAATTGAACCAAATTTCAGG plo] L2IOW 
042 CAGCATCCTATGAAGTTAAAGC plo] A484-684 
043 CCACAGATATCCATTTTACG plo] TI97D 
044 CCACAGATAACCATTTTACG plo] T197V 
045 GGAATAATCAGCCCACTTTGTA plo] V498A 
046 GGAATAATCAACGAACTTTGTA plo] W497F 
049 CGAAAGATTTTGTCCCGCAGCGCTTTTAAAGTGC plo] YM572AA 
050 GGATGTAAAGCAGGATCCAAACCTCCTCATC plo] A534-684 

(B amHI) 
051 CAATGATCTTCGGATCCTAAGAGGAAATAACAAC plo] A634-684 

(BamHI) 
052 GCAATAACTCTAGCAGCGTAAATATTTCC plo] K69R 
056 GGTGTACCACAGATAGCCATATGACGTTCTTCGTC Ndel site, cuts 

at residue 196 
0107 CCATATCGGCATATGATGTAAAATTTC NdeI site, cuts 

at residue 313 
0108 CCAATGCCATATGGATTTTPJG NdeI site, cuts 

at residue 472 

All oligos were obtained from Genosys. 
Mismatches are shown in red. 
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2.4 ANALYSIS OF PROTEINS 

2.4.1 SDS polyacrylamide gel electrophoresis (SOS-PAGE) 

Discontinuous SDS polyacrylamide gels were used for the separation of 

proteins and polypeptides under denaturing conditions. Discontinuous 

polyacrylamide gels consist of a lower resolving gel and an upper stacking gel. 

The stacking gel acts to concentrate the sample resulting in better resolution in the 

lower gel. The BioRad Mini-PROTEAN II system was used for all SDS-PAGE 

described in this work. 

The BioRad Mini-PROTEAN II system components were assembled 

following the manufacturers' instructions precisely. The resolving gel was poured 

between the glass plates of the gel apparatus and overlaid with water saturated 

butanol. After the resolving gel had polymerised, the butanol overlay was 

removed and the stacking gel was added. Before the stacking gel polymerised, a 

comb was inserted to form wells for loading of samples. 

Once the stacking gel had polymerised, the comb was carefully removed 

and the wells flushed first with deionised water and then with running buffer (25 

mM Tris; 250 mM glycine, pH 8.3; 0.1% (w/v) SDS) to remove unpolymerised 

acrylamide. Samples were denatured by heating at 100C for 5 min in lx SDS 

sample buffer, section 2. 1. 

Following electrophoresis, gels were stained with Cournassie Brilliant 

Blue (0.005% (w/v) Coomassie Brilliant Blue R250 in 45% (v/v) methanol; 10% 

(v/v) glacial acetic acid) for at least one hour at room temperature with agitation. 

Destaining was carried out in 5% (v/v) methanol/7% (v/v) glacial acetic acid 

overnight or for a period of several hours, changing the destain occasionally. 

Alternatively, gels were processed directly for western blotting. 
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2.4.2 Western Blotting 

The Mini-Trans Blot cell from BioRad was used for the electrophoretic 

transfer of proteins from SDS polyacrylarnide gels to nitrocellulose membranes 

(Schleicher & Schuell). The apparatus was assembled according to the 

manufacturer's instructions and transfer carried out in Transfer Buffer for 1 hour 

at 100 Volts. 

Transfer buffer: 	25mM Tris 
250mM glycine 
20% v/v methanol 

Staining of membranes for total protein 

After electrophoretic transfer, membranes were stained briefly with an 

aqueous solution of Ponceau S (Sigma) to monitor blotting efficiency. Blots were 

washed gently in deionised water to remove unbound dye. 

Blocking, washing and antibody incubations 

Blots were blocked by incubation in Blocking solution (Blocking solution: 

lx PBS (50 mM sodium phosphate, pH 7.4; 150 mM NaCl) containing 0.05% 

Tween 20 and 3% (w/v) non-fat milk ("Marvel" powder)) from one hour to 

overnight at room temperature with gentle agitation. The blocking solution was 

removed and the primary antibody added, diluted to an appropriate concentration 

in blocking solution. Incubation with the primary antibody was from one hour to 

overnight at room temperature with gentle agitation. After removal of the primary 

antibody, blots were washed three times in large volumes of lx PBS containing 

0.05% Tween, 20 forlO min each wash. Horseradish peroxidase conjugated 

secondary antibody was added, diluted in blocking solution. Incubations with the 

secondary antibodies were for at least 1 hr at room temperature, followed by 

extensive washing in IX PBS Tween20 as before. 

Detection of immune complexes 

The presence of horseradish peroxidase conjugated secondary antibodies 

was detected using an enhanced chemiluminescent reagent (ECLTM,  Amersham), 

following the manufacturers' instructions. Signal was detected by exposure of the 
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blot to HyperfilmTMECLTM chemiluminescent film (Amersham) for times ranging 

from a few seconds up to 30 minutes depending on the primary antibody used. 

Antibodies 

Antibodies used and concentrations are given in Table 2.4.2. 

TABLE 2.4.2: 

Antibody concentrations used in Western blotting 

Primary Antibodies 

anti-Plo 1 	rabbit polyclonal 

anti-HA 12CA5 	mouse monoclonal 

Secondary Antibodies 

Peroxidase conjugated, goat a-rabbit 

Peroxidase conjugated, goat a-mouse 

1/250 (Ohkura et al., 1995) 

1/1000 	Boehringer 
Mannheim 

1/1000 	Jackson Labs 

1/1000 	Jackson Labs 

Stripping and reprobing of blots 

Whenever necessary, antibodies were stripped from blots by a 20 minute 

incubation in antibody removal solution (0.5M acetic acid; 0.5M sodium 

chloride), washed three times in 1X PBS 0.05% Tween20 and processed for 

incubation with a second primary antibody as before. 

2.5 	Escherichia coil MANIPULATIONS 

2.5.1 Strains used in this study 

XL1-Blue (Stratagene) 	recAl endAl gyrA96 thi-] hsdRl supE44 relAl 

lac[F'proAB 	 TWO (Tel')] 

CJ236 (BioRad) 	 dut-1, ung-1, tlii-1, relAl; pCJI05 (Cm'). 
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2.5.2 Media and growth conditions 

Most of the media used was prepared by the Institute of Cell & Molecular 

Biology, University of Edinburgh (ICMB) media service. 

Luria-Bertani medium (LB) 

E. coli strains were routinely grown in rich LB liquid or solid media. 

Bacto-tryptone 	I Og/l 
NaCl 	 lOg/I 
Yeast extract 	5g/1 
Glucose 	 I g/l 	(added from sterile stock after other 

components have been autoclaved). 

For solid medium, 15g/I Bactoagar was added before autoclaving. 

Selective antibiotics 

Ampicillin: the sodium salt was dissolved in dH20 at lOOmg/ml to make a 

stock solution. This was added to media at a final concentration of I 00ig/m1. 

Chioramphenicol: solid chioramphenicol was dissolved in absolute ethanol at 

34 mg/ml to make a stock solution. This was added to the media at a final 

concentration of between 15-34 jig/ml. 

Kanamycin: kanamycin sulphate was dissolved in distilled water at 50 mg/ml to 

make the stock solution. This was added to the media at a final concentration of 

between 50-70 jig/ml. 

All antibiotic stock solutions were stored at -20°C. 

2.5.3 Transformation of E. coil 

Communal lab stocks of transformation competent cells were prepared and 

stored in 200tl aliquots at —80°C. 

Preparation of competent cells was as follows: 2m1 culture of XL 1-Blue 

was grown in LB at 37°C overnight. This was added to 200ml pre-warmed LB in 



a II conical flask and incubated at 37°C, with shaking for a further 3 hours. Cells 

were collected by centrifugation at 4°C for 10 minutes at 5000rpm (with a JLA 

10.500 rotor, Beckman), resuspended in 15mls ice cold TS buffer and left on ice 

for 1 hour. 

TS buffer: 	LB 	20m] 
DMSO 	lml 
IM MgCl,, 	0.2m1 
IM MgSO4  0.2m1 
PEG4000 	2g 

200il aliquots of cells were pipetted into 1.5m1 tubes on dry ice and stored at 

—80°C. 

Transformation was carried out after thawing cells on ice. Routinely, 

100M' of cells were used per transformation with 1-bOng DNA. DNA and cells 

were mixed gently and incubated on ice for 10 minutes, followed by heat shock at 

37°C for two minutes. Cells were incubated on ice once more for two minutes 

before addition of 900M1  LB. This was followed by incubation for 60 minutes at 

37°C before plating aliquots of the cells to selective plates. Plates were incubated 

at 37°C overnight to allow colony formation. 

2.5.4 Isolation of plasmid DNA from E. coil 

Plasmid DNA was routinely isolated from E. coli transformants using the 

Wizard' Plus SV Minipreps DNA Purification System (Promega) which is based 

on an alkaline lysis method (Sambrook et al., 1989). 

2.6 	Schizosaccharomyces pombe MANIPULATIONS 

2.6.1 	Strains used in this study 

For a list of strains used in this study, see Table 2.6.1. 
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TABLE 2.6.1: S. pombe strains used in this study 

Strain Genotype Source 

Sp8 leul-32 h Ohkura Lab 
Sp24 972 /i Ohkura Lab 
Sp25 975 h Ohkura Lab 
Sp28 leuI-32 ura4-D18 h Ohkura Lab 
Sp3 1 ura4-D18 h9°  Ohkura Lab 
Sp33 ura4-D]8h Sp28xSp25 
Sp47 cdc2-Iw leu]-32 h' Fantes Lab 
Sp53 cdc2-3w leuJ-32 h? Fantes Lab 
Sp67 ura4-D18 1eu1::nmt4JHA 1plo1ura4 h This study 
Sp69 ura4-D18 leu1::nnit4JHAploIK69Q ura4 h This study 
Sp131 cdc2-33 leul-32 h Fantes Lab 
Sp133 cut7-24 leul-32 h Hagan Lab 
Sp134 cut7-23 leuJ-32 1' Hagan Lab 
Sp135 cut7-2leu]-32 h Hagan Lab 
Sp 136 cut7-22 leul-32 h Hagan Lab 
Sp137 cut7-446 leuI-32 his2 h Hagan Lab 
Sp150 ura4-D18 1eu1::nmt41HAp1o1J-533 ura4 h This study 
Sp151 ura4-D18 1eu1::n,nt41HAploIK69R ura4 h This study 
Sp152 ura4-D18 leuI:.nint4lHA 3plolP490L ura4 h This study 
Sp153 ura4-D18 1eu1:.mnt4IHAp1o1L21OWura4 h This study 
Sp154 ura4-D]8 leuI:.n77t4IHA 3plolDJ8lN ura4 h This study 
Sp 155 ura4-D18 leuJ:.nmt4IHA 3plolI-483 ura4 h This study 
Sp158 bub1::ura4ade6 -210 leul-32 ura4-D18 h? Hardwick Lab 
Sp 159 rnad2::ura4 leuI-32 h Hardwick Lab 
Sp160 ura4-D18 leuI::nmt4]EGFPNpI0JJ-483 ura4 h This study 
Sp161 ura4-D18 ieul::nint4]EGFPNpI0]1-583 ura4 h This study 
Sp162 cdcl6-116 leuI-32 h? Ohkura Lab 
Sp 163 ura4-D18 1euI::nmt4IEGFPNp1o1DHKura4 h This study 
Sp166 ura4-D18 leul::nrnt4lEGFPNploIl-633 ura4 Ji This study 
Sp 168 ura4-D]8 leu1::ni7zt4IEGFPNp1o11-533ura4 h This study 
Sp 170 ura4-D]8 1eu1::nmt4IEGFPNploIYQL508ura4 h This study 
Sp 172 ura4-D18 leu1::nint4IEGFPNplo1 ura4 h This study 
Sp182 ura4-D]8 leul::nint4IEGFPNpIOIK69R ura4 h This study 
Sp185 ura4-D]8 Ieul:.nmt4IEGFPNplol W497Fura4 IV This study 
Sp189 ade6-M210 leul-32 ura4-D18 h Ohkura Lab 
Sp 190 ade6-M216/ade6-M2]0 leul-32/leul-32 

ura4-D18/ura4-D18 h/h 
Ohkura Lab 

Sp197 ura4-D18 leu1::nmt41HAplo1D]8]R ura4 h This study 
Sp 198 ura4-D18 leul::nmt4JHA plo] W497F ura4 h This study 
Sp200 ura4-D/8 leuI::nrnt4IHA 3ploll-633 ura4 h This study 
Sp201 ura4-D18 leuI.:nmt4lHA 3ploIEJ93V ura4 h This study 
Sp202 ura4-D18 leuI::nint4IHA 3pIolFN519AA ura4 h This study 
Sp203 ura4-D18 leul.:nrnt4IHA 4ploITJ97V ura4 h This study 



Strain 	 Genotype 	 Source 
Sp204 ura4-D18 leul::nmt4JHA 3ploIG505A ura4 h This study 
Sp205 ura4-D18 leul::nmt4JHA 3p10IYQL508AAA ura4 h This study 
Sp208 ura4-D18 leuI::nint41EGFPNpIoI472-684 ura4 h This study 
Sp210 ura4-D18 leu1::nmt4IEGFPNp1o1TI97Vura4 h This study 
Sp212 cdc25-22 ura4-D18 h Ohkura Lab 
Sp214 cdc25-22h Sp212xSp24 
Sp217 cdc25-22 leuI::nrnt4IHA 3p10IYQL508AAA ura4 h Sp214 x Sp205 
Sp219 cdc25-22 leuI::nmt41HApio1 ura4 h Sp214 x Sp67 
Sp230 ura4-D18 leuI::nint4lEGFPNplol3I3-684 ura4 1i This study 
Sp23 1 ura4-D18 leuJ:.nrnr4JHA 3p10JDHK625AAA ura4 h This study 
Sp234 cdsI::ura4 ura4-D18 leul-32 h Fantes Lab 
Sp236 rad27.:ura4 leul-32 ura4-GJ8 ade6-704 h Fantes Lab 
Sp256 cdc25-22 leu1::nint41HAplo1J-533 ura4 h Sp214 x Sp 150 
Sp258 culc25-22 leuI::ni7it4lHAp1oIDHK625AAA ura4 h Sp214 x Sp23 1 
Sp259 leul-32 his3-D1 h Sawin Lab 
Sp260 leuJ-32 his3-D1 ura4-D18 ade6-M216 1' Sawin Lab 
Sp261 SPAC1006.03cEGFPKan?  h This study 
Sp262 SPA C6B12.O8EGFP KanRh This study 
Sp263 nda3-KM3II cdcl0-129 I' Sawin Lab 
Sp264 his3-DJ ura4-D18 ade6-M210 leuI-32 h Sp 189 x Sp259 
Sp267 his3-D1/7zis3-D1 ura4-D18/ura4-D18 ade6- 

M210/ade6-M216 leul-32/leul-32 h/h 
Sp264 x Sp260 

Sp268 nda3-KM311 h Sp263 x Sp25 
Sp269 his3-D//his3-D1 ura4-D18/ura4-D18 

ade6-M2 1 O/ade6-M2 16 leu 1 -32/leu 1-32 
ploP/plo1::his3 hf/h 

This study 
(from Sp267) 

Sp270 nda3-KM3JI SPACI006.03cEGFPKanR j? Sp268 x Sp26 1 
Sp281 SPACJOO6.O3cEGFP Kan h9°  Sp31 x261 
Sp282 his3-D1/his3-D1 ura4-D18/ura4-D18 ade6- 

M210/ade6-M216 leul -32/leul::nmt4lHA p1o1  + 

ura4 plo1/p1o1::his3h/Ii 

This study 

Sp283 his3-D1/his3-D1 ura4-D18/ura4-D18 
ade6-M2 1O/ade6-M216 
leu I -32/leu 1. :n,nt4IHA ?P'°' YQL5O8AAA ura4 
ploI7plo1::his3 h/h 

This study 

Sp284 his3-D1/his3-D / ura4-D1 8/ura4-D18 
ade6-M2 IO/ade6-M216 
leul -32/leul :nmt4IHA 3p10JDHK625AAA ura4 
p1o1/plo1::his3 h/h 

This study 

Sp285 his3-D1/his3-D1 ura4-D18/ura4-D18 
ade6-M2 1 O/ade6-M2 16 
1eu1-32/1eu1::nmt41HAplo1K69R ura4 
plo1/p1o1::his3 hi/h 

This study 

Sp288 his3-D]/his3-D1 ura4-D18/ura4-D18 
ade6-M2 1 O/ade6-M2 16 leu 1-32/ lu].• :nmt4l 
HAp1o1T197V ura4 	plo1/plo1::his3 h/Ii 

This study 
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Strain 	 Genotype 	 Source 

Sp289 his3-DI/7is3-DI ura4-D18/ura4-D]8 This study 
ade6-M2 1 O/ade6-M2 16 
leul -32/i eti I ::nmt4lHA 3 lO 1L2IOW ura4 
plo17plo1::his3 h/h 

Sp290 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 1 O/ade6-M2 16 
leu1-32/7eu1::nint41HAplo1P490L ura4 
plo1/plo1::his3 h/h 

Sp29 I his3-D1/his3-D1 ura4-D1 8/ura4-D1 8 This study 
ade6-M2 I O/ade6-M2 16 
leul -32/leul ::nmt41HAplo1D181R ura4 
plo1/plo1::his3 h/h 

Sp292 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 I O/ade6-M2 16 
leul-32/leuI::nint4IHA 3ploIDl8IN ura4 
plo1/plo1::his3 h/h 

Sp295 his3-D l/his3-D1 ura4-D 18/ura4-D18 This study 
acle6-M2 I O/ade6-M2 16 
leul -32/leul :nint4IHA 3 101 1-483 ura4 
ploI/plo1::his3 h/h 

Sp296 his3-DI/his3-DJ ura4-D18/ura4-D18 This study 
ade6-M2 1 O/ade6-M2 16 
leu1-32/leu1::nrnt41HAplo1 1-633 ura4 
plo17plo1::his3 h/h 

Sp297 his3-D1/1is3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 1 O/ade6-M2 16 
leul-32/leul::nrnt4]HA 3ploIl-533 ura4 
plo1/plo1::his3 hi7i 

Sp298 his3-D1/his3-D1 ura4-D18/ura4-D]8 This study 
ade6-M2 I O/ade6-M2 16 
leul-32/leuI::nmt4lHA 3plolEl93V ura4 
plo1/plo1::his3 h/h 

Sp299 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 1 O/ade6-M2 16 
leul-32/leuI::nmt4lHA 3ploll-583 ura4 
plo17p1o1::his3 h,'7i 

Sp300 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 JO/ade6-M216 
leu1-32/7eu1::nint41HACDC5 ura4 
plo1/plo1::his3hVh 

Sp301 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 1 O/ade6-M2 16 
leul -32/leul :.nrnt4IHA 3 101 T197D ura4 
plo1/plo1::his3 h/h 

Sp302 ploI::his3 leu1::nrnt41HAplo1ura4ura4-D18 This study 
ade6 /i 
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Strain 	 Genotype 	 Source 
Sp304 ploI::his3 leuI::nrnt41HAplo1L21OW ura4ura4- This study 

D18 ade6 h 
Sp305 ploI::his3 leul.:nmt4IHA 3ploITl97D ura4ura4- This study 

D18 acle6 h 
Sp306 p1oI::his3 leuI::nnu4lHA 3ploIP490L ura4 ura4- This study 

D18 ade6 h 
Sp307 his3-D1/his3-DI ura4-D1 8/ura4-D 18 This study 

ade6-M2 1 O/ade6-M2 16 
Ieu1-32/1eu1::nmt41HAploIS256P ura4 
p1o1/plo1::his3 h/h 

Sp308 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 1 O/ade6-M2 16 
leu I -32/leu 1: :nnzt4lHA 3 lO 1 V484A ura4 
p1o1/p1o1:.'his3 h/h 

Sp309 his3-D1/his3-D1 ura4-D1 8/ura4-D1 8 This study 
ade6-M210/ade6-M2 16 
leuI-32/7euI::nmt4IHA 3plolF493L ura4 
plol/p1o1::his3 h/1i 

Sp3 10 his3-D1/his3-D I ura4-D18/ura4-D18 This study 
ade6-M2 I O/adeó-M2 16 
leu1-32/leu1::nmt41HAplo1K251E ura4 
plo1/plo1::his3 h/h 

Sp3 11 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 1 O/acleó-M2 16 
leul-32/leul::nmt4IHA 3plolR605P ura4 
plo1/plo1::his3 hf/h 

Sp3 12 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 I O/adeó-M2 16 
1eu1-32/7eu1::nmt41HAplo1L565F ura4 
plo1/plo1::his3 hf/h 

Sp3 13 his3-D1/his3-D1 ura4-D18/ura4-D18 This study 
ade6-M2 I O/ade6-M2 16 
leul-32/leuI::nmt4IHA 3plol V533A ura4 
p1o1/plo1::his3 h/h 

Sp317 plol::his31  leuI::nint4lHA 3plolS256P ura4 This study 
ura4-D18 ade6 h 

Sp318 plo1::his3 leul::nrnt4lHAploIv498A ura4ura4- This study 
D18ade6h 

Sp319 plo1::his3 leul::nint4IHA 3plolF493L ura4ura4- This study 
D18 ade6 h 

Sp320 plo1::his3 1eu1::n7nt41HAplo1R605P ura4 ura4- This study 
D18ade6h 

Sp321 plo1::his3 1eu1::nmt41HAp1o1L565F ura4ura4- This study 
D18ade6h 

Sp322 p1o1::his3 leuI-32nnu4IHA 3ploIV533A ura4ura4- This study 
D18 cide6 h 

ru 



2.6.2 Media and growth conditions 

Most of the media used was prepared by the ICMB media service. 

YE (Yeast Extract) 

S. pombe were routinely grown on YE complex medium supplemented 

with adenine and uracil. 

Per litre : 	Glucose 	30g 
Yeast extract 5g 
Adenine 	75mg 
Uracil 	75mg 

For solid medium Difco-Bacto agar was added at 20g/l. 

EMM (Edinburgh Minimal Medium) 

When selection for nutritional markers was required cells were grown in 

EMM supplemented accordingly. 

Per litre : 	Glucose 20g 
KHphthalate 3g 
Na2HPO4  1.8g 
NH4CI 5g 
NaSO4  100mg 
CaCl2 15mg 

MgCl2 I  
Vitamins (1000X) lml 
Minerals (10 000X) 100tl 

For solid medium Difco-Bacto agar was added at 20g/l. 

Minmal medium used to obtain high transformation efficiencies for S. 

pombe. 

Per litre: 	KH2PO4  0.5g 
MgSO4.7H20 0.5g 
NaC1 0.lg 
CaCl2.2H70 0.1 g 
NH4.2SO4  5.Og 
Glucose 5.Og 
KCH2COOH 0.36g 
10,000X minerals 0.lml 
1000X vitamins Imi 
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SPA 

For induction of mating by limiting nitrogen supply, mating mixes were plated on 

SPA and incubated at 25°C for 1-2 days. 

Per litre: 	Glucose 	 lOg 
KH7PO4 	 I  
Vitamins (1000X) 	lml 
Minerals (10 000X) 	100j.il 

For solid medium Difco-Bacto agar was added at 20g/l. 

1000X Vitamins: 5g inositol, 5g nicotinic acid, 0.5g D-pantothenic acid and 5mg 

d-biotin, all dissolved in 500m1 dH20. 

10 000X Minerals: I  H1B01, l.04g MnSO4.4 H20, 0.8g ZnSO4.7 H20, 0.4g 

FeCl3. 6 HO, 288mg H7MoO4, 80mg H2Mo04.H20, 80mg CuSO4. 5 HO, 2g citric 

acid and 20mg KI, all dissolved in 200ml dH20. 

Amino Acids 

100X stock solutions of the amino acids leucine, adenine, uracil or histidine were 

at 10mg/mi in water, autoclaved and stored at room temperature. 

Thiamine 

Thiamine stock was at 4mM in water, used at a final concentration of 4MM. 

Phioxine B 

To identify dead or sick cells, phloxine B was added, from a stock solution of 

5mg/mi in water, to a final concentration of 2.5Ig/mi in solid media. Sick cells 

cannot export the dye as quickly as healthily growing cells and so appear darker in 

colour, allowing dead, sick and living cells to be distinguished readily. 

G418 

For the selection of kanamycin resistant colonies. Stock solution at 100mg/mi 

stored at 4°C, use at 1/1000. 

5-FOA (5-fluoro orotic acid) 

For the identification of uracil auxotrophs. (Ura cells die in the presence of 5-

FOA). Final concentration of 5-FOA ig/l, made by dissolving 5-FOA in sterile 

water and adding to an equal volume molten of 2X EMM agar, cooled to 50°C. 
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Benomyl 

Microtubule depolymerising drug. Stock solution at 30mg/mi in DMSO, 

routinely used at a final concentration of l0ig/ml. 

2.6.3 GROWTH OF LIQUID CULTURES 

S. pombe strains were grown in rich media (YE) where possible or in 

EMM or MB with appropriate supplements at temperatures appropriate for 

growth of the strain. Generally, a small volume (lOml) of media was inoculated 

with a single colony and grown overnight for inoculation into a larger culture 

volume. All cell densities were measured using a Neubauer haemocytometer and 

growth rates calculated according to the table below: 

TABLE 2.6.3: Growth rates of wild type S. pombe strains 

Medium 	Temperature 	Generation Time 

EMM 	 20°C 	 —8 hours 

25°C 	 4 hours 

30°C 	 3 hours 

YE 	 20°C 	 —6 hours 

25°C 	 3 hours 

30°C 	 2.5 hours 

In overexpression experiments (Chapter 3.3), where plo] mutants were 

expressed from the thiamine repressible nmtl promoter, cells were grown in the 

presence of thiamine in an overnight pre-culture, inoculated into media containing 

thiamine the next morning for 8-9 hours, then washed three times in sterile water 

before inoculating at an appropriate cell density into two parallel cultures, in the 

presence or absence of thiamine, for 15-16 hours (overnight growth). In these 



experiments, cell densities were monitored closely to ensure that that they did not 

exceed 5x106  cells/ml after the pre-culture stage. At densities higher than this, 

cells will enter stationary phase which affects cell length. 

2.6.4 TRANSFORMATION OF S. pombe 

	

2.6.4.1 	LiAc Method 

For high transformation efficiencies, plasmids were routinely transformed 

into S. pombe using a LiAc based method, adapted from (Okazaki et al., 1990). 

Cells were grown in MB medium with appropriate supplements to a 

density of 5x106  cells/ml, collected by centrifugation and washed in 5rn1 sterile 

water. Cells were pelleted once more and washed in 0.1M LiAc pH4.9, and 

resuspended in LiAc to a final concentration of lxi09  cells/mi. The cell 

suspension was incubated at 32°C for 30 minutes before taking 100M1  aliquots for 

transformation. DNA and cells were mixed, 290jil PEG solution added (50% 

PEG4000  in 0.1M LiAc. pH4.9) and incubated for 1 hour at 30°C. A heat shock 

step of 15 minutes at 43°C followed, cells were then collected by centrifugation 

once more, resuspended in 5m1 YE and incubated, with shaking, for 30 minutes to 

1 hour at 30°C. Cells were collected by centrifugation, washed twice in sterile 

water, and resuspended finally in 800t1 before plating 100tl aliquots on selective 

plates. 

	

2.6.4.2 	DMSO Method 

For high frequencies of integration, DNA was routinely transformed into 

S. pombe using the following method (Bahier et al., 1998). 

S. poinbe strains were grown in YE at 30°C to a cell density of between 

5x106  and 1x107  cells/ml and washed in sterile water. The cell pellet was 

resuspended in water and transferred to a 1 .5m1 tube and washed with LiAc/TE, 
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made fresh from lox stocks (lOX LiAc: IM lithium acetate, adjusted to pH 7.5 

with dilute acetic acid; lOX TE: 0.1M Tris-HCI, O.OIM EDTA, pH7.5). Cells 

were resuspended at a concentration of 2x109  cells/ml and lOOil of this 

suspension used per transformation. lOOil of cells were mixed with 2jil of 

lOmg/ml sheared salmon sperm DNA and appropriate amount of transforming 

DNA. (When purified PCR product was used, l0il at approximately lpg/jil, was 

added, otherwise 5-10jl of purified DNA fragments was used, dependent on 

concentration). Cells + DNA suspensions were incubated at room temperature for 

10 minutes before addition of 260V1 40%PEG/LiAc/TE (made from lOX stocks of 

TE and LiAc as before and 50% stock of PEGIISO). This was mixed gently and 

incubated for between 30 and 60 minutes at 32°C, 43V1 of DMSO was added and 

transformation reactions heat shocked at 42°C for 5 minutes. Cells were washed 

with sterile water before plating on appropriate selective media and incubation at 

32°C. 

For the selection of kanamycin resistant integrants, cells were plated onto 

two YE plates and incubated at 32°C for 18hours before replica plating to 

YE+G418. 

2.6.5 PCR TAGGING AND DISRUPTION 

2.6.5.1 	OLIGONUCLEOTIDES (5' -  3') 

For GFP tagging of SPAC1006.03c: 

1006.03F (forward): 
TGTTGC TACTCGAATCGTCGAATATCATAATCTTTGGAAGTCGGAGAGAATGACA 
ATTCCTGTTGCAAAGGTTTCCATTCGGATCCCCGGGTTAATTAA 

1006R (reverse): 
GATATCGCCTCMATAAGATGAGCGATTCATATGCAAGCATAGAAAGTACGAAAG 
ACATAATTCTAACCTGAGCTATATGAATTCGAGCTCGTTTAAAC 

For GFP tagging of SPAC613 12.08: 

6B12F (forward): 
TGTCGAAATCTCTGATAACGAGTTTTATACAGCATCCGAAGATGGTTTTTTGAAC 
GAAGACGATZAGTTGGATCAAGATCGGATCCCCGGGTTAATTAA 

In 



6B12R (reverse): 
GAAA.AGCCATCACTATCTGAATATATGGAACAACTTACTTCAGAGTTTGGAGAAG 
AGC TAGACAATTTAAGGCAAAAGGGAATTCGAGCTCGTTTAAAC 

Sequences complementary to the template plasmid, pFA6a, are underlined. 

Forward oligos are complementary to 5' flanking sequences of genes up to the 

start codon and continue into GFP tag in pFA6a to create an in frame fusion with 

target gene. 

Reverse oligos match the 3' flanking sequence of the target gene, around 200 

bases downstream of the stop codon of the target gene, and the 3' sequences of 

pFA6a. 

For GFP tagging of SPAC1006.03c: 

1006DELETE: 
CACTGTCTTAACTGGTACTACAAACAAAACATCTGCTGTTGAA.ATTTGGCACTAC 
TACCCAGTTTTAGCTGTAATAACGGATCCCCGGGTTAATTAA 

For checking integration, primers downstream of the integration site and KAN, 

complementary to the kanamycin resistance marker gene, were used 

KAN: 
GCTAGGATACAGTTCTCACATCACATCCG 

2.6.5.2 	PCR TAGGING METHOD: 

Tagging and deletion of genes was carried out using plasmids and 

techniques reported in (Bahier et al., 1998). The technique is outlined in Figure 

2.6.5.2. 

High fidelity Proofsprint DNA polymerase (Hybaid) was used to PCR 

amplify a 2.6kb fragment from pFA6a containing GFP and a kanamycin 

resistance marker (Bahler et al., 1998) with 79 bases of flanking sequence of the 

target gene added to the 5' end of the primers. 
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FIGURE 2.6.5.2: Outline of PCR tagging method 

PCR of GFP-KAN from 
pFA6a using oligos 
complementary to GFP 
module (by 20 bases) with 79 
bases complementary to 
flanking sequences of target 
gene. 

2.6kb PCR product, with 79 
bases each end 
complementary to gene of 
interest and GFP in the 
middle, is phenol extracted 
and ethanol precipitated. 

Transformation of PCR product into diploid 
S. pombe using DMSO method to increase 
recombination at target locus. 

Stable G418 resistant 
transformants are checked for 

I 	

integration at the correct 
locus by PCR using Kan 
specific primer and one 3'of 
target gene. 

ET GENE - 

PCR based tagging and disruption of genes was carried out according to 
Bahler et al, 1998, Yeast 14, 943-951 



Reactions were carried out in the "complete buffer" supplied with the 

enzyme (final concentration of 1.5mM Mg) 2j.iM primers, 0.25mM of each dNTP 

and approximately 6ng/il of template DNA. Cycling conditions were standard 

with an annealing temperature of 55°C for 30 seconds and elongation temperature 

of 72°C for 2 minutes, repeated for 25 cycles. A total of six 50jiI reactions were 

pooled to produce approximately l0jig of product in total, which was 

phenol/chloroform/i soamylalcohol (25:24:1) extracted, ethanol precipitated and 

resuspended in lOjil of TE buffer. Product was analysed by agarose gel 

electrophoresis to determine size, quality and concentration of DNA. 

S. pombe strains 972h and Sp190 (diploid) were transformed with PCR 

product using the DMSO transformation method (Bahler et al., 1998). 

Cells were plated onto two YE plates and incubated at 32°C for 18hours 

before replica plating to YE+G41 8. Approximately 50% of colonies which were 

picked from these plates were stable kanamycin resistant transformants. 

Integration was confirmed by colony PCR using a primer complementary 

to the kanamycin resistance gene and a primer complementary to sequences 

downstream of the sequence used in the targeting PCR. A product of 1 .4kb was 

produced in cases where the construct had integrated correctly. More than 70% of 

colonies tested for GFP tagging of genes SPA C1006.03c and SPA C6B12.08 gave 

PCR product of the predicted size and were analysed further. 

For SPA C1006.03c gene disruption, the techniques used were the same as 

for GFP tagging. Template used was pFA61 , the 5' oligo used was 1006DELETE, 

designed to 5' flanking sequence of the gene with an in frame ATG and the 3' 

oligo used was the same as for GFP tagging, 1006R. 

For the SPACJ006.03c deletion, no diploid integrants were obtained, 

however two independent integrants were analysed in a haploid h9°  strain, leading 

to the conclusion that it is not an essential gene. Analysis of the deletion 

phenotype was carried out in these two haploid integrants. 



2.6.6 nda3-KM311 ARREST 

For analysis of the localisation of SPAC1006.03cGFP in relation to the 

chromosomes, nda3-KM3JI cold sensitive arrest was carried out as follows. 

Strain Sp270, nda3-KM3II SPACI006.03cGFP, was grown in YE liquid culture 

at 33°C to a cell density of 6 x 106  cells/ml, diluted back in YE and incubated for 

a further 12 hours at 33°C. The cell density was measured at 3 x 106  /ml and 

cultures were shifted to 20°C for 15 hours to arrest the cells. After this time, cells 

were aldehyde fixed, or visualized without fixation with DAPI staining. 

2.6.7 cdc25-22 SYNCHRONOUS CULTURES 

Large scale synchronous cultures using the cdc25-22 mutant were carried 

out as follows for the collection of samples for in vitro kinase assays. 

11 of culture in minimal media was grown in a 31 conical flask, overnight 

with shaking at 25°C to obtain a density the next morning of -3x 106  cells/ml. 

This was placed in a shaking waterbath at 36°C for 4 hours to arrest the cells at 

the G2/M transition. The culture was cooled as quickly as possible to 25°C by 

shaking it vigorously in a sink filled with iced water, and incubation at 25°C 

continued, allowing the cells in the culture to progress into M phase 

synchronously. Samples for kinase assays and septation index were taken at 10 

minute intervals. 

2.6.8 GENETIC ANALYSES 

2.6.8.1 	CROSSES 

Strains were crossed by mixing together fresh isolates of opposite mating 

types in a I .Sml microfuge tube with 20i1 of sterile water. This mix was spotted 
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onto SPA plates and incubated at 25°C for 2 days to allow zygotes to form. The 

progeny of the crosses were examined by random spore analysis. 

	

2.6.8.2 	RANDOM SPORE ANALYSIS 

A loopful of mating mix was suspended in 0.51-nl of sterile water 

containing helicase (Helix Pomatia Juice, Life Technologies) at a dilution of 1/50 

and incubated overnight at 37°C to digest ascus walls. The spores were pelleted 

and washed three times in sterile water and resuspended in 0.51-n1 water. A range 

of volumes (usually from 10M'  to lOOlil) were plated onto YE or minimal media 

for germination and selection of markers as appropriate. 

In cases where 100% digestion of diploids in the mating mix was not 

achieved, after washing with water, spore mixes were incubated in 30% ethanol at 

room temperature on a rotating wheel for 30 minutes to kill any remaining diploid 

cells before washing with water twice and plating out. 

	

2.6.8.3 	PRODUCTION OF AN h9°  STRAIN 

Homothallic, h9°  strains can switch mating types and so exist as a mixture 

of h and h cells. To create an h9°  strain for the analysis of SPAC1006.O3cGFP in 

meiosis (Chapter 4.2.4.2) crosses were carried out as usual except that 

considerably fewer h9°  parent cells than heterothallic cells were used in order to 

decrease the chances of self-mating occurring. Appropriate proportions of cells 

were obtained by taking 100i1 of sterile water and a toothpick full of freshly 

growing Sp31 (ura4-D18 h90), and diluting this 1/10 and 1/100 in a final volume 

of lOOjil. To each of these dilutions, a toothpick full of freshly growing Sp261 

(SPA C1006.O3cGFP h) were added and the tubes vortexed to mix the cells before 

spotting onto SPA plates and incubating at 25°C for 2 days. 

Asci were treated with helicase and washed with water before plating onto 

EMM plates to allow only Ura colonies to grow, i.e., selecting against progeny of 
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any h9°  self matings. Colonies were tested for the ability to mate on SPA plates 

(to find progeny which was h90) and for resistance to the drug G418 in YE plates 

(to find those with GFP tagged SPAC1006.03c by the presence of the kanR  gene). 

2.6.9 SPORE GERMINATION EXPERIMENTS 

	

2.6.9.1 	PREPARATION OF SPORES 

For substitution experiments (Chapter 3.6.2): In all cases, spore production 

was carried out either on SPA plates with inoculum from EMM plates or spores 

were produced directly on EMM plates. Under these conditions, the amount of 

residual thiamine in the spores would be minimal and would not interfere with 

expression of plol constructs from the nmt4l promote!-. 

Large scale spore production was carried out in liquid culture as follows: 

Diploids were inoculated into EMM Glutamate + supplements and grown for 3-4 

days at 30°C before helicase treatment and washing of spores as above. 

	

2.6.9.2 	GERMINATION AND SELECTION 

Spores were germinated on EMM + His, Ade, Leu to allow germination of 

all spores with the integrated plol *ura4f  construct , whether p1o1::his3 or plol. 

32 colonies were picked and patched on EMM + His, Ade, Leu before replica 

plating to: EMM + His + Leu (on which only Ade diploids would grow, which 

could be excluded from analyses); EMM + His, Ade, Leu (on which both 

p1oI::his3 or plol strains would grow) and EMM + Ade, Leu (on which only 

p1o1::his3 integrants could grow, if the integrated construct was capable of 

rescuing plolzl phenotype). Comparison of the number of his:his haploids 

obtained revealed whether the particular integration event complemented the 

PLO"-'. 
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2.6.10 FLUORESCENCE MICROSCOPY 

All fluorescence microscopy was carried out on an Axioplan 2 microscope 

(Zeiss) with a Hamarnatsu digital camera and OpenLab 2.2.1 image analysis 

software. 

2.6.10.1 	DAPI 

For DAPI staining, cells were fixed with glutaraldehyde. imI of cells 

were mixed with 100111 cold 25% glutaraldehyde solution and incubated on ice for 

15 minutes. Cells were then washed three times with ice cold water and 

resuspended in the residual liquid (20pl). 1111  of this cell suspension was mixed 

with lil of DAPI solution (201g/ml stock solution) on the surface of a 

microscope slide for immediate microscopic examination. 

2.6.10.2 	CALCOFLUOR (Fluorescent Brightener 28, Sigma) 

For visualisation of septa, cells were fixed with glutaraldehyde as for 

DAPI staining. 11.11  of cell suspension was mixed with 1111  calcofluor at lrng/ml 

in PEM on the surface of a microscope slide. Fixed cells were stored for up to 

three days at 4°C before visualisation. 

2.6.10.3 IMMUNOFLUORESCENCE 

Solutions used: 

PEM: 	100mM PIPES; 1mM EGTA, 1 M MgSO4  pH6.9 
PEMS: 	PEM + 1.2M sorbitol 
PEMBAL: PEM + 1% BSA; 0.1% NaN3; 100mM lysine, pH6.9 
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For immunofluorescence, cells were aldehyde fixed. lOmis of 30% 

formaldehyde solution was made up in the fume hood by adding lOmls PEM to 

3g of paraformaldehyde in a 50 ml polypropylene tube and heating in a waterbath 

at 65°C for Smins. 12 drops of 5M NaOH was added and the solution mixed. 

The tube was replaced in the waterbath until almost all of the formaldehyde had 

gone into solution. The solution was cooled on ice and centrifuged to pellet any 

undissolved formaldehyde. The cell density of an overnight culture was measured 

and sufficient culture to give 7.5 X 10 cells was placed in a 50rn1 tube. 0.125 

volumes of 30% formaldehyde solution was added, mixed thoroughly and put into 

a lOOml conical flask. After 30 seconds to 1 minute, glutaraldehyde was added to 

a final concentration of 0.2%, the suspension was mixed well and incubated for 

30-90mins in a shaking incubator at 30°C. 

The fixed cells were pelleted by centrifugation then resuspended in lml of 

PEM and transferred to a 1 .5m1 tube. The cells were pelleted in a microfuge with 

the tube hinge facing away from the central axis. The tube was turned around and 

centrifuged once more. This double spin technique reduces the number of cells 

lost in each centrifugation step and was used throughout this protocol. The pellet 

was washed 3 times with PEM and resuspended in 0.5ml PEMS+2.5mg/ml 

Zymolyase 20T (ICN). This was incubated at 37°C for up to 70 minutes until cell 

walls were partially digested, which was monitored microscopically. 

Cells were then pelleted and resuspended in PENIS + 1%Triton X100. 

After 30 secs the cells were washed 3 times with PEM. Unreacted glutaraldehyde 

was quenched by the addition of sodium borohydride. (This step was omitted in 

the cases where fixation was achieved without glutaraldehyde, e.g., for PIoIGFP 

autofluorescence, cells were fixed for 10 minutes in formalin only). A little 

sodium borohydride solid was placed into a 15ml polypropylene tube and 5mls 

PEM was added to it slowly because of the large amount of gas produced. The 

cell pellet was resuspended in 0.5m1 sodium borohydride solution and left with 

the lid open for 3-5mins. The cells were pelleted, with a hole in the lid of the tube 

to allow excess gas to escape, washed twice in PEM and resuspended in 0.5ml 

PEMBAL. Cell suspensions were placed on a rotating wheel for 30mins. 1/5 of 

the cell suspension was placed in a fresh tube, pelleted and resuspended in lOOp] 
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of primary antibody at the appropriate dilution in PEMBAL. Concentrations of 

antibodies used in this study for immunofluorescence are given in Table 2.6.10.3 

below. The cells were incubated in primary antibody overnight on a rotating 

wheel at room temperature. 

The cells were pelleted, washed 3 times with PEMBAL and resuspended 

in lOOp] of secondary antibody solution in PEMBAL. The cells were incubated on 

a rotating wheel in the dark overnight at room temperature. 

Cells were then pelleted and washed once in PEM. They were washed 

once in PBS, once in PBS+ 0.2pg/ml DAPI before being resuspended in 4011 

PBS+ 0.1 % NaN1  and examined microscopically. 

Coverslips were treated with poly-L-lysine. The cells were mounted by 

placing the suspension on the coverslip then immediately removing as much as 

possible and allowing the residual liquid to dry completely. Coverslips were 

inverted over 5p] mounting medium (Anti-fade with DAPI) on a clean microscope 

slide. 

TABLE 2.6.10.3: 

Antibody concentrations used for immunofluorescence studies 

Primary Antibodies 

anti-Sadi 	rabbit 	 1/3000 	(Hagan and Yanagida, 

1995) 

TATI 	mouse 	 1/500 	(Woods et al., 1989) 

Secondary Antibodies 

Alexa 488 	goat a-mouse 	1/500 	Molecular Probes 

RbCy3 	donkey a-rabbit 	1/2000 	Molecular Probes 

2.6.11 CO-IMMUNOPRECIPITATION EXPERIMENTS 

Co-immunoprecipitation experiments between HA1PIo1 and 

SPACI006.03cGFP was carried out using the same conditions as for the in vitro 
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kinase assays using anti-HA17CA  to precipitate the HA1  tagged Plol as in section 

2.6.12.3. Samples were run on a 8% SDS polyacrylamide gel and western blotted 

with anti-GFP antibody. 

2.6.12 KINASE ASSAYS 

In vitro kinase assays were carried out according to (Tanaka et al., 2001) 

who kindly provided much detailed technical help. 

2.6.12.1 	STOCK SOLUTIONS 

PROTEIN A SEPHAROSE 

Rehydrated and washed in excess water according to manufacturers 

instructions and stored at final concentration of 50% in 0.02M Na Phosphate 

buffer pH7.2 

100X PROTEASE INHIBITORS cdc2 STOP 
0.1mg/mi aprotinin 10mM EDTA 
0.lmg/ml pepstatin 1mM NaN3  
0.1mg/mi leupeptin 0.9% NaCl 

50mM NaF 

IP BUFFER WASH BUFFER A 
50mM HEPES pH7.5 50mM HEPES pH7.5 
100mM NaCl 500mM NaCl 
1mM EDTA 1mM EDTA 
0.5% Triton X-100 1% Triton X-100 
1mM PMSF 
1% 100 Protease Inhibitors 
20mM 13-glycerophosphate WASH BUFFER B 
0.1mM Na3VO4  50mM HEPES pH7.5 
50mM NaF 1mM EDTA 
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CK BUFFER 
20mM HEPES pH7.5 
150mM KCI 
10mM MgCl2 
2mM DTT 
1mM EGTA 

	

2.6.12.2 	PREPARATION OF GLASS BEADS 

Approximately 250m1 of glass beads (B. Braun Biotech., 0.45-0.5mm) 

were placed in a 21 conical flask with 250m1 of 1% triton X-100 and incubated for 

one hour at 37°C with shaking. As much of the liquid was removed as possible 

and the procedure was repeated with 250ml fresh 1% triton X-100. The beads 

were thoroughly washed with distilled water until no more bubbles were produced 

upon agitation. This was followed by four more washes, of ten minutes each in 

water at 37°C. 

Acid solution was prepared by mixing equal volumes of HCI (100% stock) 

and HNO3  (70% stock) to give final concentrations of 50%HCI and 35%HN01. 

This solution was then added to the flask containing the glass beads in a waterbath 

at 37°C in a fumehood. The flask was swirled manually every five minutes to 

mix for 30 minutes. 

Finally the acid solution was removed and the beads washed with distilled 

water until the pH of the wash solution reached pH7.0. The beads were then 

rinsed with ethanol and baked at 65°C to dry. 

	

2.6.12.3 	KINASE ASSAYS 

Sample Preparation 

Cells were grown in conditions appropriate for the strain and requirements 

of the experiment. Cell density was determined with a haemocytorneter and 

volumes equivalent to at least 2 x 108  cells were spun in SOml tubes for iminute at 

3000rpm in a bench top centrifuge. Supernatant was discarded and cells 
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resuspended in lml ice cold cdc2 STOP solution. Cell pellets were collected by 

centrifugation at top speed in a microcentrifuge for 30seconds, all liquid removed 

by aspiration and cell pellets frozen in liquid nitrogen before storing for up to 2 

months at —80°C. 

1mm unoprecipitation 

Protein-A Sepharose slurry was washed three times with ice cold IP buffer 

and loaded with anti-HA antibody as below, in a total of 100 jil per reaction in IF 

buffer: 

20M' 50% protein-A sepharose in IP buffer 

4111 anti-HA antibody, 1 2CA5 (200ng/jil,Boehringer Mannheim) 

5111  BSA (10mg/ml stock) 

50111 IM lysine 

IP buffer to I 00111 total volume. 

Antibody-sepharose mixture was incubated for 1 hour at 4°C on a rotating 

wheel. The protein-A sepharose was then washed three times with ice cold IP 

buffer and all residual supernatant removed and sepharose kept on ice. 

Cell samples were left to defrost on ice in 100111 IP buffer for 15 minutes. 

lml of ice cold glass beads were added and cells broken in a ribolyser (Hybaid) 

on speed 6.5 for 3 seconds. (This gives approximately 50% cell breakage). 

Protein extracts were isolated by spinning through into a fresh 1.5m1 tube for 1 

minute in a bench top centrifuge and spun again for 10 minutes at 4°C in a 

microcentrifuge at top speed. 

90111 of supernatant was added to the protein-A sepharose+antibody 

mixture and incubated for one hour at 4°C on a rotating wheel. 

Beads were then washed twice with 350111 Wash A, once with 350111 of Wash B 

and finally once with 350111 CK Buffer. All residual liquid was removed from the 

proteinA sepharose - antibody - protein mixture. 

In vitro kinase assays 

Incubation buffer was prepared as below, and cooled on ice for at least one hour. 
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Incubation buffer, per reaction: 
5i1 CK buffer 
0.3jil 32PyATP 
0.1111 1OmMATP 
0.75p1 10mg/mi casein 
0.3111 101g/ml heparin 

6111 of CK reaction mix was added to each immunopreciptitation tube and 

incubated for 20 minutes at 30°C. Sample buffer was added to each tube, boiled 

for 2 minutes and the entire reaction loaded on a 10% SDS polyacrylarnide gel. 

After electrophoresis, gels were blotted to nitrocellulose membrane ( Schleicher & 

Schuell) which was stained with Ponceau 5, cut into two pieces at the 62 KDa 

marker, the upper section was blotted with anti-HA or anti-Plo I antibody to 

determine how much HA3PIoI protein had been present in each reaction, and the 

lower portion was placed on a phosphorimager screen overnight in order to 

visualise the incorporation of 32P label into the casein. Data was analysed using 

ImageQuant vi. 1 software (Molecular Dynamics) and a Storm Phosphorimager 

(Molecular Dynamics). 

2.7 	TWO HYBRID EXPERIMENTS 

2.7.1 	S. cerevisiae STRAINS USED IN THIS STUDY 

Y190 MATa, ura3-52, his3-L%200, ade2-101, trpl-901, leu2-3, 112, Aga14, 
Aga180, Ura3: :GAL-lacZ, cyhr2,  LYS2:: GAL-HIS3 (Clontech) 

CTY10-5d MATa, URA3::1exA-1acZ, rnet leu2 -3,112, his3 -200, trpl-901, ade2, 
Aga14, zlga180 (Fields and Song, 1989) 

L40 	MATa trpl 1eu2 his3 LYS2::1exA-His3 URA3::1exA-1acZ (Hollenberg et 
al., 1995) 

Y187 ura3-52 his3-200 ade2-101 trpl-901 leu2-3, 112 ga14zi inerga180A 
URA3::Ga11 JAS-Ga11TATA-1acZ(Clontech) 

insd2-1 (KKY02I) ,nsd2-1::URA3 leu2-3,112 trpl-289, ura3-52 (Kitada et al., 
1993) 
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2.7.2 	MEDIA AND GROWTH CONDITIONS 
Most of the media used was made by the ICMB media service. 

YPDA 
Per litre: 	Difco Bacto YE 	lOg 

Difco Bacto Peptone 20g 
Glucose 	 20g 
adenine sulphate 	0.02g 

For solid medium Oxoid agar No.3 was added at 20g/l. 

SD 
Per litre: 	Yeast Nitrogen Source 

(without amino acids) 	6.7g 
D-glucose 	 20g 

For solid medium Oxoid agar No.3 was added at 20g/l. 

Tetracycline 
1/1000 stock solution at 5mg/mi in ethanol, stored at —20°C 

3-AT 
Enhances histidine selection. Stock at IM in water stored at —20°C and used at 
concentrations between 1mM and 50mM in this study. 

2.7.3 	BAIT AND PREY CONSTRUCTS 

BAIT: 
pGBT9 is a GAL4 DNA binding domain (BD) vector producing fusion proteins 

with GAL4 DNA BD at N-terminus, under control of ADHI promoter (Clontech). 

Carries the TRPI nutritional marker for selection in S. cerevisiae and ampicillin 

resistance gene for selection in E. coli. 

pGBT9plol 

pGBT9 containing plol as a BamHI fragment from pTZ19Up1o] (pNR34) to 

create an in frame fusion with the GAL4 DNA binding domain. 

pBTM116 is a LexA DNA binding domain (BD) vector producing fusion proteins 

with LexA DNA BD at N-terminus under the control of the ADHI promoter. 

Carries the TRPJ nutritional marker for selection in S. cerevisiae and ampicillin 

resistance gene for selection in E. coli. (Vojtek et al., 1993). 
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pBTM116 CDC5 

Full length CDC5 cloned by PCR and confirmed error free by sequencing, in 

frame fusion with the LexA DNA binding domain. 

pBTM1 l6ploV 

pBTM1 16 containing 	as a BamHI fragment from pTZ19U,plo1 (pNR34) 

to create an in frame fusion with the LexA DNA binding domain. 

PREY: 

pGADGH is a GAL4 activation domain (AD) vector. Produces fusion proteins 

with GAL4 activation domain at the N-terminus, expressed under control of 

ADHJ promoter (high level expression). S. pombe cDNA library (Clontech) 

cloned into MCS directionally between XhoI and EcoRI sites. Carries the LEU2 

nutritional marker for selection in S. cerevisiae and ampicillin resistance for 

selection in E. coli. 

pACT2 is a Gal4 activation domain vector producing fusion proteins with the 

Ga14 DNA binding domain and HA epitope at the amino terminus under the 

control of the ADHJ promoter. Carries TRPJ and ampicillin resistance marker 

genes. S. cerevisiae genomic, FRYL library in pACT2 at BamHI (Fromont-

Racine et al., 1997) was amplified by, and a gift of the Beggs Lab, ICMB, 

University of Edinburgh. 

2.7.4 	TWO HYBRID SCREENING 

2.7.4.1 	TWO HYBRID SCREENING BY MATING 

pBTM1 16 was introduced into strain L40 using a standard LiAc method 

described below (Section 2.7.4.2) and transformants selected on SD-W plates. 

Transformants were streaked on SD-W plates and colony formation was 

compared between those carrying vector alone and pBTM1 I6CDC5. No 

deleterious effect was seen of the bait plasmid on cell growth, even in liquid 

culture. 
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A single colony of L40 carrying pBTM116C'DC5 was grown in SD-W at 

30°C overnight and used to inoculate 150m1 SD-W in a 11 flask and grown to an 

OD600 of 0.8. 

A vial of prey, library carrying yeast, strain Y187, was thawed on ice and 

added to 20ml of YPDA+tetracycline and incubated at 30°C shaking very gently 

(60 strokes/minute) for 10 minutes. 

120m1 of bait culture at OD6 0.8 was mixed with 20rn1 library culture in a 

sterile beaker. lOrnI aliquots of the mixture of cultures was applied to 

nitrocellulose filters (Millipore, 0.22im, GS WP04700 ) using a sterile filter unit, 

and filters washed with YPDA liquid before being placed on YPDA plates. These 

were incubated at 30°C for 4 hours to allow mating between the strains to occur. 

Cells were then washed off the filters into SD-LWH+tetracycline, mixed 

thoroughly and plated onto selective media. Aliquots were plated onto SD-L, SD-

W and SD-LW plates to enable mating efficiency to be calculated and onto SD-

LWH+3AT for selection of positive interactors. 

Colonies which were positive for histidine selection were streaked to 

single colonies and tested for expression of the lacZ reporter gene using an X-Gal 

overlay assay (See 2.7.5). 

2.7.4.2 	TWO HYBRID SCREENING BY CO-TRANSFORMATION 

STOCK SOLUTIONS AND MEDIA: 

10mg/mi Carrier DNA 

Salmon Sperm DNA (Sigma) sheared by passing through narrow gauge needle 

according to (Sambrook et al., 1989). 

lOxLiAc 

1M Lithium Acetate, pH to 7.5 with acetic acid, autoclaved and stored at room 

temperature. 

1OXTE 

0. 1M Tris-HC1, 10mM EDTA, pH 7.5 
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50% PEG3,350  

50% Polyethylene glycol, (average molecular weight 3,350) in water, autoclaved 

and stored at room temperature. 

MADE FRESH FROM STOCKS: 

1xTE 	 ImI IOXTE, 9m1 water 
1xTE/LiAc 	ImIlOX TE, lml 1OXLiAc, 8m1 water 
1xPEG/L1Ac/TE 	lmllOX TE, lml 1OXLiAc, 8m1 50%PEG1  ,350 

LiAc TRANSFORMATION METHOD: 

The transformation method used for S. cerevisiae was based on the 

method of (Gietz et al., 1992). Strain Y190 was streaked to single colonies on 

YPDA at 32°C and one or two colonies of this were used to inoculate SOml of 

YPDA overnight with shaking at 30°C. This overnight culture was used to 

inoculate 200ml of YPDA at an 0D600  between 0.2 and 0.3. Cells were grown for 

a further three hours with shaking at 30°C. 

Cells were collected by centrifugation at 2000rpm for Sminutes at room 

temperature in a benchtop centrifuge, the supernatant was discarded and cells 

resuspended in 200ml sterile distilled water. Centrifugation was repeated as 

before, and the cell pellet resuspended in lml of freshly prepared IX LiAc/TE. 

5il of carrier DNA and 5tl of pGBT9p1oI (at approximately lOOng/jil) were 

combined in a 1.5ml tube, lOOjil of yeast suspension added and mixed gently. 

600111 of 1X PEG/LiAc/TE was added, tubes were vortexed briefly and incubated 

at 30°C for 30 minutes. 

Cells were collected by a brief centrifugation (5 secs at 14000rpm), 

resuspended in 500111 of 1X TE and 200111 spread on selective media. Plates were 

incubated at 32°C for three days, when transformant colonies were picked. 

Transformants were analysed to determine whether there was any growth 

defect associated with the presence of the bait plasmid, and to optimise 3-AT 

levels to reduce background growth in the absence of histidine. 

A single transformant was inoculated into selective medium for 

transformation with the cDNA library using the LiAc transformation protocol 
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outlined above, but volumes were scaled up accordingly. The large scale 

pGADGHcDNA library transformation was plated on SD+Ade + 10mM 3-AT. 

Colonies which could grow under these conditions (i.e., which were his) 

were tested for LacZ expression by an agar overlay containing X-GAL as a 

substrate (see 2.7.5) 

2.7.5 
	

X-GAL OVERLAY ASSAY 

Per plate: 

Agar (1/88 in water) 
1M K2HPO4  
1M KH2PO4  
10% SDS 
H20 
X-GAL (0.72% in DMF) 

4.4m1 
2.7m] 
1.7ml 
0.lml 
0.8m1 
0. 3rn1 
lOmI total volume 

Components were melted in a microwave or warmed to -50°C and mixed 

in the order listed, keeping large volumes of mix warm in a waterbath if 

necessary. Agar was then carefully pipetted onto plates, taking care not to disturb 

colonies. The overlay was allowed to set and left for between 3 and 24 hours at 

room temperature for colour to develop. 

2.7.6 	COLONY PCR 

OLIGONUCLEOTIDES USED: 
GADF 	MTACCACTACAATGGATGATGTA 
GADR 	GTGAACTTGCGGGGTTTTTCAGTATC 
GADSEQ GATACCCCACCAAACCCAAAAAAAGAG 

Cells from a freshly growing colony of S. cerevisiae containing both bait 

vector (pGBT9p1oP) and library plasmid (pGADGH) of interest were picked into 

10il 0.02N NaOH (freshly prepared from ION stock) in a 1.5m1 tube. The tube 

was vortexed briefly to gently resuspend the cells before heating to 100°C for 5 

minutes. The tubes were immediately placed on ice. 
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Samples were collected in the bottom of the tubes by a brief centrifugation 

step and were resuspended once more by vortexing the tubes before taking 2jil of 

cell suspension as template for PCR reactions. 

For each PCR reaction: 

Template 2pl 
lOX PCR Buffer 3.2pI 

(Roche, 1.5mM Mg) 
10mM dNTP stock 0.7jll 
Oligo GADF (l00ng/tl) 0.5jil 
Oligo GADR (100ng/Ll) O.Spi 
Water 24.6tl 
Taq Polymerase 

(Roche) 
Total volume: 32i1 each reaction 

PCR PROGRAM: 

94°C 3 minutes 
x 	cycle 

94°C 30 seconds 
55°C 1 minute 30 seconds 
72°C 3 minutes 

x3 I cycles 
72°C 5 minutes 

x 	cycle 
4°C HOLD 

ANALYSIS OF PCR PRODUCTS BY GEL ELECTROPHORESIS: 

lSjil of PCR reaction was run on a 0.7% agarose gel in order to determine 

whether the PCR reactions had been successful and, if so, the size of insert in the 

prey plasmid for each positive clone. 

The remainder of the PCR product was retained for sequencing reactions. 

SEQUENCING REACTIONS: 

6il of PCR product was placed in a fresh PCR tube (taking care not to 

disturb the cell debris at the bottom of the tube). Equal amounts of Exol 

(Exonuclease I, Amersham, l0U/tl) and SAP (Shrimp Alkaline Phosphatase, 
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USB, 1U/jil ) were mixed, 2j.tl added to the PCR product and this mix incubated 

at 37°C for 15 minutes, 80°C for 15 minutes and then placed on ice. 

4tl of GADSEQ (0.8 pmol/pi stock) and 8jil of sequencing mix were added and 

sequencing reactions carried out in a PCR machine. Reactions were then 

processed as for any other sequencing reaction. 

2.7.7 	QUANTITATIVE B-GALACTOSIDASE ASSAYS 

STOCK SOLUTIONS: 

Z Buffer: 

Na2HPO4  60mM 
NaH2PO4  40mM 
KCI 10mM 
MgSO4  1mM 

pH adjusted to 7.0 and autoclaved 

Z Buffer + fl-mercaptoethanol: 

!OOrnl of Z Buffer + 0.27m1 13-mercaptoethathanol (50mM final 
concentration), added fresh for each use. 

ONPG at 4mg/rn! in Z Buffer 

Strains carrying both bait and prey plasmids were grown in selective 

media to an 0D600  of 0.2 - 0.5. Cells were collected from 1.0mI aliquots of 

culture after a brief centrifugation (in a microcentrifuge at top speed for 30 

seconds) and resuspended in 500tl Z Buffer+13 mercaptoethanol (increasing the 

concentration by 2X). lOjil of chloroform was added and tubes vortexed for 20 

seconds. 1001.11 ONPG was added and tubes incubated for 30rninutes at 30°C. 

The reaction was stopped by addition of 250jil 1M NaCO3  and cooled on ice, after 

which cells were pelleted by centrifugation and the 0D420  of the supernatant 

recorded. Assays were carried out in triplicate for two individual transformants in 

each case and average values compared. 

Results were expressed as 0D420  per minute for 1 ml of culture at 0D500  or 

in Miller units. 1 Miller unit is defined as the amount of 13-galactosidase activity 
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which hydrolyses 1 imole of ONPG to o-nitrophenol and D-galactose per minute. 

(Miller, 1972) 

B-galactosidase units = 1000 x OD 420 /(t x V x OD6 ) 

where: t = time of incubation in minutes 
V = volume cells used allowing for concentration effects 
OD6W = A600  of I ml of culture 

	

21.8 	PROTEIN EXTRACTS FROM S. cerevisiae 

SOLUTIONS: 

Lysis Buffer 50mM Tris-HCI, pH7.5, 250mM NaCI, 50mM NaF, 5mM EDTA; 
0.1 % NP-40, 1 mM PMSF, 1X protease inhibitors (Boehringer, Complete without 
EDTA) 

Cells were collected by centrifugation, washed in ice cold cdc2 STOP 

solution (see section 2.6.12.1) and frozen in liquid nitrogen. The pellet was 

thawed on ice and resuspended in 200M1  lysis buffer, transferred to a screw top, 

2m1 tube and glass beads added to a level just below the meniscus of the sample. 

Cells were broken by vortexing for 5 minutes, and breakage monitored 

microscopically. Liquid was taken from the tube and cell debris removed by 

centrifugation. 

	

2.7.9 	PLASMID RESCUE FROM S. cerevisiae 

SOLUTIONS: 

Extraction Buffer 
2% triton X100 
1%SDS 
100mM NaCl 
10mM Tris.HC1 pH8.0 
1mM EDTA pH8.0 

PhenollChloroform/Isoamyalcohol mixed at 25:24:1 

Ethanol/Ammonium acetate mix (6 volumes ethanol: 1 volume 7.5M NH4Ac) 
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Patches of two hybrid positives were grown on SD+Ade+His+Trp plates 

overnight. This was used to inoculate Sm! of SD+Ade+His+Trp liquid media in a 

15ml tube and cultures grown overnight at 30°C. Tryptophan was included to 

allow loss of the bait plasmid and therefore increase the possibility of isolating 

prey plasmids. 

Cells were then collected by centrifugation, resuspended in 200pl of 

extraction buffer and transferred to a 2ml, screw top tube. Approximately 400j.il 

of acid washed glass beads (0.45-0.5 JIm, B.Braun Biotech.) were added to each 

sample. 200M'  of phenol/chioroform/isoamylalcohol mix was added to the tubes 

which were then vortexed for 15 minutes. Cell breakage was checked 

microscopically and vortexing continued if required. 

Tubes were centrifuged for 10 minutes at 14000rpm in a micro-centrifuge, 

140.0 of supernatant was transferred to a clean 1 .5ml tube, 500il of 

ethanol/ammonium acetate mix added and tubes vortexed to mix. Tubes were 

spun at top speed in a micro-centrifuge for 20 minutes, pellets washed with 250 jil 

ice cold 70% ethanol and then left to air dry. Pellets were resuspended in 10tl 

water. 

5tl of this DNA preparation was transformed into either XL1-Blue 

competent cells or JM109 High Efficiency Competent cells (Promega) and plated 

onto LB+Ampicillin plates. 

Minipreps were carried out on a number of colonies and subjected to 

restriction digest analysis to distinguish between bait and which prey plasmids. 

2.8 	RANDOM MUTAGENESIS AND REVERSE TWO HYBRID 
SCREENING 

An outline of the strategy used in the random mutagenesis of pioJ and 

reverse two hybrid screening is given in Figure 5.2. 

pBTMl16p1o1 was cut with Sall to remove the ORF of plo] from base 

788 to the 3' end of the gene (there is a second Sall site in the polylinker of 

pBTM1 16). The DNA was then digested with PstI to eliminate the possibility of 
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the two Sail ends religating. The vector fragment (6.4kb) from this reaction was 

gel purified. 

pBTM1 16ploI was used as template in a mutagenic PCR reaction using 

Taq polymerase without proof-reading activity (Roche). Primers used in the 

reaction were complementary to the 5' end of pIoI (from the ATG) and to the 

ADH1 terminator sequence which is 3' to the pioi gene in pBTMI 16p1ol. PCR 

products from multiple reactions were pooled, gel purified and used in subsequent 

reactions. 

Strain L40 was transformed with gapped plasmid and PCR product. GAP 

repair in vivo resulted in the recreation of pBTMI 16ploI with mutations 

introduced in plo! (Muhirad et al., 1992). The ratios between PCR product and 

gapped plasmid were optimised to reduce the occurrence of empty vector 

transformants. 

Strain Y187 was transformed with prey plasmids using standard 

transformation protocols. Y187 strains carrying prey plasmids were mated with 

L40 carrying mutagenised plol bait constructs by replica plating patches on top of 

each other on YPDA plates and incubating overnight at 32°C. Plates were then 

replica plated to selective media to determine the mating efficiency (SD—LW) and 

the interaction between proteins by expression of the HIS3 reporter gene (by 

growth on SD—LWH+lOmM 3-AT after two days at 32°C). 

Plasmids were isolated from patches with pBTM1 16pioi constructs of 

interest, re-transformed to confirm the interaction pattern, and sequenced to 

determine the mutation site. 
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CHAPTER 3: 

SITE DIRECTED MUTAGENESIS OF p101 

3.1 INTRODUCTION 

The polo-like kinases are highly conserved in both the amino terminal 

kinase domain and the carboxy terminal or polo box domain. Conservation lies 

mainly in three blocks called the polo boxes, see Figure 3.1. Although the 

function of the catalytic domain may be predicted simply to be involved in 

phosphorylation of substrate proteins, the function of the polo boxes of Plol is 

unknown. In order to determine the function of the polo box domain, as well as to 

determine the effect of compromising kinase activity, site directed mutagenesis of 

highly conserved residues of Plol was carried out. Overproduction experiments 

illustrated the functional separation between the two domains of Plol. Analysis 

of the mutants was completed by determining the effect on localisation of the 

protein, on the cell cycle regulation of kinase activity and of in vivo function of 

these mutations. 

3.2 	SITE DIRECTED MUTAGENESIS 

The entire coding sequence of pIOI was retrieved from the public 

database and a BLAST search carried out to find the sequences of other polo-like 

kinases. These were aligned in order to determine conserved residues in both the 

catalytic and non-catalytic domains which are specific to members of this family 

using ClustalX (Thompson et al., 1997), Figure 3.1. This was used to determine 

which residues to target for mutagenesis. Other mutations were made based on 

evidence that those residues were important for function of polo-like kinases of 

other species. Mutant alleles of CDC5, for example, have been identified which 

result either in a temperature sensitive form of the protein as in cdc5-I and cdc5-6 

(Hartwell et al., 1973; Kitada et al., 1993; Lee and Erikson, 1997) or which have a 

more specific effect on function of the protein such as cdc5-ad, which results in a 
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FIGURE 3.1: Conservation between polo like kinases 
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defect in adaptation to DNA damage checkpoint induced arrest (Toczyski et al., 

1997). Studies of polo-like kinases in higher eukaryotes have identified residues 

in both the catalytic and non-catalytic domains important for function (Lee and 

Erikson, 1997; Lee et al., 1998; Lee et al., 1999; Song et al., 2000) and equivalent 

mutations were made in the S. pombe gene. A summary of mutations made 

including the rationale behind each, is in Table 3.2 

3.3 	OVEREXPRESSION OF p101 MUTANTS 

When wild type plo] is overexpressed in wild type cells, two main 

phenotypes are produced which indicate in vivo functions of the gene (i.e., 

septation and mitotic spindle formation). Overexpression of plo] mutants was 

carried out to determine the result of mutation on either of these two functions. 

3.3.1 OVEREXPRESSION OF pIo1' 

Wild type or mutants of plo] were cloned into pREP! for expression in 

wild type S. poinbe under the control of the full strength ninti promoter 

(Maundrell, 1993). The nnet] promoter of S. pombe is thiamine repressible and 

allows tight and rapid regulation of gene expression (Maundrell, 1993). Plasmids 

were introduced into strain Sp8, leu]-32 h. 

Colony formation was abolished in strains with pREP1plo1 in the 

absence of thiamine, Figure 3.3.1.1. No defect in colony formation was seen on 

plates containing thiamine when compared to that of a vector only control. No 

differences were seen between incubation temperatures of 25, 32 or 35°C. 

Cells were examined with DAPI staining after liquid culture at 30°C for 16 hours 

in the presence or absence of thiamine. DAPI allows DNA and cell membranes to 

be visualised. Under conditions of high levels of expression of the wild type 

gene, two major phenotypes were seen: cells with multiple or inappropriate 

septation (e.g., bisecting nuclei prior to completion of mitosis) and cells arrested 

in mitosis with highly condensed chromosomes, Figure 3.3.1.2. 
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TABLE 3.2: MUTATIONS MADE IN THIS STUDY 
Mutation 	Predicted effect on protein function 	Reference 

KINASE 
DOMAIN 

ploIK69R Catalytically inactive. (Hanks and Hunter, 
1995; 	Taylor 	et 	al., 
1992) 

ploIK69Q Catalytically inactive? Mutation of (Hanks and Hunter, 
conserved lysine 1995; 	Taylor 	et 	al., 

1992) 
ploIDI8IR Dominant negative, in activation loop (Kitada et al., 	1993) 

between subdomains VII and VIII - (Johnson et al., 1996) 
residue important in phospho-transfer (Lee 	and 	Erikson, 
reaction. Equivalent mutation is cdc5-6. 1997) 

ploIDI8lN Dominant negative, in activation loop. (Johnson et al., 	1996; 
Residue important in phospho-transfer Mendenhall 	et 	al., 
reaction. Equivalent mutation in cdks has a 1988; van den Heuvel 
dominant negative effect. and Harlow, 1993) 

(Lee 	and 	Erikson, 
1997) 

plolEl93V Conserved residue potentially involved in (Johnson et al., 1996; 
regulation of kinase activity in activation Lee 	and 	Erikson, 
loop. E193V predicted to be inactive. 1997; Marshall, 1994) 

ploITI97D Conserved residue potentially involved in (Gould 	et 	al., 	1991; 
regulation of kinase activity in activation Huang 	et 	al., 	1995; 
loop. Equivalent mutation in cdc2 Johnson et al., 	1996; 
(cdc2TI67D in S. poinbe) is constitutively Lee 	and 	Erikson, 
active. In Pik, activity in vitro increased. 1997; Marshall, 1994; 

Morgan, 1995) 
plo]T197V 	Conserved residue potentially involved in (Johnson et al., 1996; 

regulation of kinase activity in activation Lee 	and 	Erikson, 
loop. T197V predicted to be kinase 1997; Marshall, 1994) 
inactive, murine p1k mutant has reduced 
activity in vitro. 

plo]L2I0W 	Conserved residue in subdomain VIII (Hanks 	et al., 	1988; 
possibly involved in substrate recognition. Toczyski et al., 1997) 
Equivalent mutation is cdc5-ad, defective 
in adaptation to DNA damage checkpoint. 

plo11 -263 	Truncation of protein removing all of (Hanks et al., 1988) 
protein C-terminal to kinase domain. Also 
removes kinase subdomain XI. Predicted 
to be inactive. 
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Table 3.2 continued: Mutations made in this study 
Mutation 	Predicted effect on protein function 	Reference 

NON- 
CATALYTIC 

DOMAIN 

plo1 1-633 	Removes C-terminal 50 amino acids 
plo1 1-583 	Removes C-terminal 100 amino acids including 

polo box 3 
plo1 1-533 	Removes C-terminal 150 amino acids including 

polo boxes 2 and 3 
plo1 1-483 	Removes C-terminal 200 amino acids including 

all three polo boxes. 
plolP490L 	Equivalent mutation in cdc5-1 , temperature 

senstive allele in S.cerevisiae 

plolW497F 	Highly conserved residue in polo box 1. 
Abolishes complementation of cdc5-1 and 
localisation of murine P1k in budding yeast 
cells, and of CdcS in budding yeast. 

plo/V498A 	 As W497F 

plo] 	 As W497F 
YQL5O8AAA 

p1o1FN519AA 	 As W497F 

plolG505A Highly conserved residue in polo like kinases. 
plolL577A Highly conserved in polo box 2 
p1oIYM572AA Highly conserved in polo box 2 
p1oJDHK625AA Highly conserved in polo box 3 

plolK69Q- 	Combined inactive kinase and non-catalytic 
YQL508AAA 	domain (polo box 1) mutations 
plolK69Q- 	Combined inactive kinase and non-catalytic 
DHK625AAA 	domain (polo box3) mutations 

(Lee etal., 1998; 
Wood and 
Hartwell, 1982) 
(Lee etal., 1998; 
Lee etal., 1999; 
Song et al., 2000) 

(Lee et al., 1998; 
Lee etal., 1999; 
Song et al., 2000) 
(Lee et al., 1998; 
Lee etal., 1999; 
Song et at., 2000) 
(Lee etal., 1998; 
Lee etal., 1999; 
Song et al., 2000) 
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FIGURE 3.3.1.1: Colony formation in wild type S. pombe 
overexpressing plol mutants 

pREP 1, pREPiplo] , pREP lplo]K69R and pREP iplol YQL508AAA were 
introduced into Sp8, leul-32 h and transformants streaked on selective media 
in the presence or absence of thiamine (nrntl promoter off or on respectively). 
Colony formation assessed after three days at 32°C. 
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FIGURE 3.3.1.2: DAN staining to show cell defects 
resulting from overexpression of pIo1 in wild type 
S. pombe 

Sp8 + pREP lplo/  was grown at 30°C in the presence of thiamine and 
stained with DAPI. Septation and nuclear morphology is normal. 

Sp8 + pREP lplol  was grown at 30°C without thiamine for 16hours and 
stained with DAPI. Multiple septa are visible within single cells or septa 
bissect nuclei (some examples are marked with asterisks) Mitotic arrests are 
seen by the presence of highly condensed chromosomes (arrowheads) 
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Both of these phenotypes have been reported previously for 

overexpression of plo1(Ohkura et al., 1995) and illustrate a function in septation 

and bipolar spindle formation (the mitotic arrests are due to the formation of 

monopolar spindles) 

3.3.2.1 	OVEREXPRESSION OF KINASE DOMAIN MUTANTS IN A 

WILD TYPE BACKGROUND 

Genes mutated in the kinase domain of plo1 were cloned into pREP 1 and 

introduced into S. poinbe strain Sp8, for overexpression experiments. These 

strains failed to form colonies comparable in size to a vector only control in the 

absence of thiamine. Small colonies were formed, in contrast to a strain 

overexpressing wild type plo] at the same temperature, Figure 3.3.1 . 1. This was 

not dependent on temperature (at 25, 32 and 35°C). 

Cells were grown in liquid culture in the presence or absence of thiamine 

for 16 hours at 30°C and resultant phenotypes determined by DAPI staining. 

Figure 3.3.2.1.1 shows the range of cell defects observed when one of the kinase 

domain mutants was overexpressed. No cell defects were seen when the same 

strain was grown in the presence of thiamine in a parallel experiment. 

The major cell defect observed in these cultures was that of a mitotic 

arrest, identified by the presence of highly condensed chromosomes. Other 

defects included a failure to septate seen as "back-to-back" nuclei, and cells which 

were elongated with respect to wild type cells and which also had an apparently 

interphase nucleus, see Figure 3.3.2.1.1. Both mitotic arrests and back-to-back 

nuclei are also seen in a plo] deletion (Ohkura et al, 1995) 

Strikingly, upon overexpression of kinase domain mutants of plo], cells 

with extra septa were rarely seen, Table 3.3.2.1. The range of phenotypes 

observed varied slightly between different kinase domain mutants, but were 

consistent in the predominance of the mitotic arrest phenotype and lack of extra 

septa, Table 3.3.2.1 and Figure 3.3.2.1.1. An exception to this was plo]T]97D, 

overexpression of which gave a similar range of cell defects to that of plolt 
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FIGURE 3.3.2.1.1: 
DAPI staining of cells overexpressing pIolK69R 

Strain Sp8 + pREP lplolK69R was grown in liquid culture at 30°C for 16 
hours in selective media without thiamine and samples taken for fixation and 
staining with DAPI. Three major phenotypes that were noted: (1) mitotic 
arrest, overcondensed chromosomes (marked with arrow); (2) lack of 
septation, back-to-back nuclei (marked with a star) and (3) elongated cells 
with interphase nuclei (marked with unfilled block arrow and cell length 
indicated). 
No cells with extra septa were seen under these conditions. 



TABLE 3.3.2.1: Phenotypes seen on overexpression of p101 mutants 

57 
pREP1- 	overcondensed back-to-back extra long cells 

chromosomes nuclei septa I nucleus 
p101+ 	 ++ - ++ - 
KINASE DOMAIN MUTANTS: 

K69R 	 ++ ++ - + 
K69Q 	 ++ ++ - + 
D181R 	 + + + 
D181N 	 + + - ++ 

L21OW 	 ++ - +1- - 
E193V 	 + - +1- + 
T197V 	 ++ - +1- - 
T197D 	 ++ - ++ - 
1-263 	 - + - + 
NON-CATALYTIC DOMAIN MUTANTS: 

P490L 	 + - ++ - 
G505A 	 - - ++ - 
YQL508AAA 	- - ++ - 
FN519AA 	 - - ++ - 
L577A 	 - - ++ - 
DHK625AAA 	- - ++ - 
V498A 	 - - ++ - 
W497F 	 - - ++ - 
1-633 	 - - ++ - 
1-583 	 - - ++ - 
1-533 	 - - ++ - 
1-483 	 - - - - 
COMBINED MUTANTS: 

K69Q,YQL508AAA 	- - - - 
K69Q,DHK625AAA 	- - - - 
CDC5CONSTRUCTS: 

CDC5 	 ++ - + + 
CDC5i\N 	 ++ - +1- ++ 

- not seen, +/- rare, +occasional, ++ high proportion of cells 

Cells were scored for appearance of phenotypes after growth in selective media 
lacking thiamine for 16 hours at 30°C 
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The cause of the mitotic arrest was investigated by immunofluorescence 

using anti-Sad 1 antibodies as a marker for the spindle pole bodies and the anti- 

alpha tubulin antibody, TAT!, for microtubules. 	In all cases where 

overcondensed chromosomes were seen, the mitotic spindle was monopolar, i.e., 

it appeared to emanate from a single focus of Sad! staining, Figure 3.3.2.1.2. 

It was possible on occasion to distinguish the two SPBs which had 

duplicated but not separated in these cells. Therefore, the mitotic arrest seen upon 

overproduction of kinase domain mutants of plo] is due to a failure to form a 

bipolar mitotic spindle, the same cause of mitotic arrests seen when plol is 

overexpressed or disrupted (Ohkura et al., 1995). 

3.3.2.2 	P101 Ti 97D & Rol T197V 

Thr 197 is a conserved residue in the activation loop of the kinase domain 

of polo-like kinases. This residue has been implicated in the activation of polo 

like kinases by phosphorylation (Lee and Erikson, 1997). Phosphorylation of the 

analogous residue in other kinases, including Cdc2 in S. poinbe, is required for 

their activation (Gould et al., 1991; Johnson et al., 1996; Marshall, 1994). 

Putative activated (P101 T 1 97D) and non-phosphorylatable (Plo 1 Ti 97V) mutants 

of Plol were created to determine if this was also the case for fission yeast polo 

kinase. 

Overexpression of p1o1T197D from the full strength nmtl promoter 

resulted in the same range of phenotypes as overexpression of plolt In contrast, 

expression of plolTI97V from the same promoter showed a reduction in the 

proportion of septation defects, similar to the effect of overexpression of other 

kinase domain mutants, indicating that this residue might be involved in kinase 

function, Table 3.3.2.1. 

In order to determine the importance of Thr197 in the regulation of Plol 

kinase activity, plol and the mutant genes, p1o1T197D and plolTl97V, were 



FIGURE 3.3.2.1.2: Immunofluorescence to show mitotic 
spindles upon overexpression of pIolK69R 

'A' 
Tail 

Sad  

DAPI 

Cells carrying pREP lplolK69R were grown in liquid culture in the 
presence (A) or absence (B) of thiamine for 16 hours prior to fixation and 
DAPI staining. 

wild type, bipolar mitotic spindles in + thiamine culture 
monopolar mitotic spindles associated with every mitotic arrest 

examined in cells overexpressing plolK69R. 
SPB in red (anti-Sad I), a-tubulin in green (TAT 1) and DAPI in blue. 
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expressed from the nmt4l promoter (in pREP4I) at a level approximately ten 

times lower than from the full strength nmtl promoter. Subtle differences in the 

induction of cell defects could therefore be examined. 

Expression of pioi from the nmt4l promoter resulted in the same types of 

cell defects (both lack of septation and mitotically arrested cells) although at a 

much lower rate than when expressed from the full strength nmtl promoter. No 

difference was seen between strains expressing p1o1T197D and pioi in either the 

number or type of cell defects produced. 

It appears that, although Thr197 is important for the function of Plol 

kinase, it is unlikely to be through phosphorylation of this residue, or at least of 

this residue alone. 

3.3.2.3 	OVEREXPRESSION OF KINASE DOMAIN MUTANTS 

RESULTS IN ELONGATED CELLS WITH INTERPHASE NUCLEUS. 

Overexpression of plo] mutated in the catalytic domain resulted in cells 

displaying a phenotype of elongated cells with interphase nuclear morphology 

which were not seen when pioi was overexpressed, Figure 3.3.2.3. 

Cells with interphase nuclei varied in length up to 25-30im although on 

average the elongation was less severe, about 20jim. The average length of wild 

type S.pornbe at septation is 14j.im. 

This phenotype could be due to a delay in entry into M phase, either 

because of a defect in activation of MPF or by the activation of a G2 checkpoint. 

To test these two possibilities, the mutant found to give the strongest interphase 

delay, ploIDI81N, was introduced into different mutant backgrounds for 

overexpression analysis. 
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FIGURE 3.3.2.3: Interphase delay in cells 
overexpressing kinase domain mutants of p101 

Cells expressing kinase domain mutants,plolK69Q and plol-] -263 from 
pREP1 were grown in liquid culture in the absence of thiamine for 16 
hours at 30°C and stained with DAPI. Cells display an apparent delay in 
entry into mitosis evident as an increase in cell length with interphase 
nuclear morphology. 

The cell in A marked by an arrow is 18im long, the cell indicated in B is 
19im. 



Activation of Cdc2 kinase in fission yeast occurs through 

dephosphorylation of Y15 by Cdc25 phosphatase while phosphorylation of this 

residue by Wee! kinase inhibits Cdc2 activity. Mutants of cdc2 which are either 

insensitive to inhibition by Wee  (cdc2-1w) or to activation by Cdc25 (cdc2-3w) 

(Russell and Nurse, 1987) were used to determine whether entry to M phase was 

delayed through the action of either of these Cdc2 regulators. A temperature 

sensitive loss of function mutant, cdc2-33, was also used. 

Plasmids pREPI and pREPIp1oIDJ81N were introduced into strains 

which were cdc2-33, cdc2-1w, and cdc2-3w to determine if the effect was 

dependent on cdc2, cdc25 or wee] function. After liquid culture in the presence 

or absence of thiamine, cells were examined microscopically and cell length 

measured for 100 septated cells in each culture. 

In all cases, the differences in cell length caused by the overexpression of 

plo]DI8IN were slight. In cdc2-1w and cdc2-3w genetic backgrounds, the cells 

were variable in length even in the absence of pioi expression, making any slight 

differences in length even more difficult to see. No effect on cell length caused 

by overexpression of the mutant pioi could be detected using this assay. 

In response to DNA damage or a defect in DNA replication, checkpoints 

are activated through chk1 and cdsI respectively which causes cells to arrest 

before entering mitosis (Rhind and Russell, 2000). This could produce cells 

which are longer than wild type but still have an interphase nucleus. Iii order to 

test whether the effect seen upon overexpression of p1o1DI8IN was acting 

through either of these checkpoints, pREP! and pREPlplo]DI8JN were 

transformed into cdslA (Sp234) and chk1 (Sp236) strains. 

On plates containing thiamine at 32°C, there was no difference in colony 

formation for the chklA or cds]A strains when compared to a strain with 

functional checkpoints carrying the same plasmids. 

DAPI staining of cells grown in liquid culture in the absence of thiamine 

showed that on overexpression of p1oIDI81N in a chkIz (DNA damage 

checkpoint deficient) background, the major cell defect was mitotic arrest. 
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Elongated cells which had an enlarged interphase nucleus were seen. Many cells 

were also observed with two DAPI stained masses of unequal size. 

In a cc/sitS genetic background (DNA replication checkpoint deficient) the 

majority of cell defects consisted of mitotically arrested cells. Some cells showed 

back—to-back nuclei ('lack of septation' phenotype) and elongated cells with an 

apparently interphase nucleus were present in the culture, although as in the 

chkiA strain this nucleus was often enlarged. 

The presence of elongated cells with an interphase nucleus does not appear 

to be dependent on the presence of either a functional DNA damage checkpoint or 

DNA replication checkpoint. 

3.3.2.4 	SCREEN FOR SUPPRESSORS AND ENHANCERS OF 

OVEREXPRESSION OF pIolK69R 

Overproduction of Plo I K69R in a wild type background had a dominant 

negative effect, resulting in cells which arrested in mitosis with monopolar 

spindles or which failed to form septa as in a plo] deletion. In order to identify 

modifiers of this effect, i.e., genes which either enhanced or suppressed the effect, 

an S. poinbe genornic library (Barbet et al., 1992) was introduced into a strain 

carrying pREP lplolK69R. 

An outline of the screening procedure is given in Figure 3.3.2.4. In brief, 

transformants were selected on EMM + thiamine plates and were streaked on 

selective media with phioxine B in the absence of thiamine to allow expression of 

plolK69R. Phloxine B stains dead cells and was included in the media to enable 

differences in growth to be identified more readily. After four days at 32°C, 

transformants which had a colony size greater or smaller than others on the same 

plate were selected for further analysis. This made the assumption that the 

majority of library plasmids would have no effect. 



FIGURE 3.3.2.4: Illustration of screen for modifiers of 
dominant negative effect of p!01K69R overexpression. 

Q S.ponbe genomic library transformed 
into S.poinbe carrying pREP lplo]K69R. 
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Transformants patched onto 
EMM+thiamine. 

Individual transformants streaked on 
EMM+phloxine B (without thiamine) 
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difference compared to expression of 
plolK69R alone. 
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Finally, library plasmid rescued 
re-transformed into S. pombe with 
either pREP1pIoJK69R or 
pREP1GAPDH2 to determine if 
effect was specific to 
overexpression of plolK69R. pREP1p XGAPDH2 



Transformants which showed an effect were patched onto selective media 

in the presence of uracil to allow loss of the library plasmid, which is marked with 

the ura4 gene. Loss of the plasmid was confirmed by testing for growth in the 

presence of 5-FOA, which results in the death of ura cells. Ura colonies were 

then streaked alongside Ura colonies. If the change in colony size was found to 

be dependent on the presence of the library plasmid, then a final control to check 

that the effect was specific to expression of ploJK69R (and not, for example an 

effect on the ninti promoter) the plasmid was rescued from cells and 

retransformed with pREP3XGADPH2, a Drosophila gene which inhibits colony 

formation in fission yeast to approximately the same level as ploIK69R when 

expressed at these levels in fission yeast. If the change in colony size was only 

seen when plo]K69R and not GADPH2 was expressed, the plasmid was deemed 

to contain a true modifier of plolK69R expression. 

Of more than 3000 transformants screened: 10 were positive after the first 

and second selection stages (colony size and plasmid dependency) and 8 remained 

positive at the third stage (ploIK69R dependency of effect). Of these, only one 

showed modification of the dominant negative effect of overexpression of 

plolK69R at any reasonable level. 

By sequencing, the only genes on this plasmid were a 'very hypothetical' 

predicted protein of 56 amino acids, SPA C9E9.17c, which has no conserved 

domains or homologues in any of the databases searched, and leu2. In addition, 

the suppression observed in this case was slight and further analysis was not 

carried out. 

No modifiers of the dominant negative effect of overexpressing kinase 

mutants were identified. This could be due to various factors including the 

heterogeneity of the dominant negative phenotype (see Discussion). 



3.3.3.1 	OVEREXPRESSION OF NON-CATALYTIC DOMAIN 

MUTANTS IN A WILD TYPE BACKGROUND 

Non-catalytic domain mutants of pioi were expressed from the vector 

pREPI in parallel with the kinase domain mutants and wild type gene in a wild 

type S. poinbe background. Colony formation in the absence of thiamine (nmtl 

promoter turned on) at 32°C was reduced when compared to an empty vector, 

control although not to as great an extent as for strains expressing the kinase 

domain mutants of pioi, or of plo1 expressed from the same promoter, Figure 

3.3.1.1. This was found to be the same for all temperatures tested (25, 32 and 

35-C). 

DAPI staining of cells grown in liquid culture for 16 hours at 30°C without 

thiamine revealed that cells expressing plo] with a mutation anywhere in the non-

catalytic domain at these levels displayed septation defects, Figure 3.3.3.1. These 

defects were identical to those seen upon overexpression of ploP, i.e., cells with 

multiple septa and septa formed at inappropriate points of the cell cycle (e.g., 

resulting in a cut phenotype). However, whereas overexpression of ploI resulted 

in two major phenotypes (inappropriate septation and mitotic arrest) 

overexpression of plo] with mutations in the non-catalytic domain produced only 

cells with extra septa. Mitotically arrested cells were almost never seen in these 

strains, Table 3.3.2.1. 

An exception to this was plo].]-483, which resulted in no cell defects at 

all when expressed from pREP1. This construct codes for a C terminally 

truncated Plo! protein without any of the conserved non-catalytic domain. 

Overexpression of polo box domain mutants of Plol does not interfere 

with mitotic spindle formation but is still able to drive septation at levels seen 

when plo] is overexpressed. 
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FIGURE 3.3.31: 
DAPI staining of cells overexpressing non-catalytic 
domain mutants of p101 

Strain Sp8 with pREP1 containing plo] W497F, plol,1-533, ploi,1-583 or 
plolV498A was grown in liquid culture at 30°C for 16 hours in selective media 
without thiamine and samples taken for fixation and staining with DAPI. 
The only defect seen under these conditions was that of extra septation and 
was true for mutants in any region of the conserved non-catalytic domain. No 
cells were detected with hypercondensed chromosomes in these cultures. 



FIGURE 3.3.4: 
DAPI staining of cells expressing combined kinase and 
non-catalytic domain mutations of p101. 

A. 
	 + thiamine 

- thiamine 

Strain Sp8 + pREP lplo]K69Q, YQL508AAA was grown in liquid culture at 
30°C for 16 hours in selective media without thiamine and samples taken for 
fixation and staining with DAPI. 

Cells grown in the presence of thiamine (nmtl promoter off) 
Cells grown in the absence of thiamine (nrntl promoter on) 

No difference was detected between cells grown in the two conditions. 
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3.3.4 OVEREXPRESSION OF COMBINED KINASE AND POLO BOX 

MUTANTS 

Mutants of plo] were made which combined a kinase domain mutation 

with one in the non-catalytic domain. These were overexpressed in the same way 

as the other pioi mutants in a wild type S. pombe strain. These mutants, 

p1o1K69Q,YQL508AAA and p1oIK69Q,DHK625AAA were found to have no 

effect on colony formation when compared to a vector only control on selective 

plates without thiamine at 32°C. There was no difference at any temperature 

tested (25, 32 or 35°C). 

Cells grown in liquid culture displayed no cell defects either in the 

presence or absence of thiamine, Figure 3.3.4. 

3.3.5 	OVEREXPRESSION OF p101 MUTANTS - GENETIC 

INTERACTIONS AND SENSITIVITY TO BENOMYL 

Overexpression of representatives of each class of plo] mutant was carried 

out in a variety of genetic backgrounds. Mutants tested were alleles of cut7, a 

gene required for interdigitation of spindle microtubules (Hagan and Yanagida, 

1990) and cdc16, a gene required for regulation of septation, mutants of which 

undergo multiple rounds of septation (Fankhauser et al., 1993). The response of a 

wild type strain in the presence of the microtubule depolymerising drug benomyl 

was assessed. Finally, the effect of overproducing plo] mutants in the absence of 

a functional spindle assembly checkpoint was determined in a rnad2A strain (Kim 

et al., 1998). The rationale behind this was to see if mitotic arrest was caused by 

defects other than in spindle formation, which would normally mask any other 

mitotic defects. In a mad2A background, cells with defective spindles do not 

arrest in mitosis and so any mitotically arrested cells seen in such a background 

must be a result of some other defect, for example in APC/C activation. 
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FIGURE 3.3.5.1: 
Overexpression of p101 mutants in cut7-21 

cut7 	 cut7-21 

pREP!, pREPlplo1, pREP 1p1oJDHK625AAA and pREP1pIoJK69R 
were transformed into cut7 and cut7-21 strains. Transformants were 
streaked to single colonies on selective media lacking thiamine and 
colony formation assessed after 4 days at 25°C. 
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At permissive temperature, cut7 mutants were more sensitive to 

overexpression of pio1 and a kinase domain mutant of plo] (ploIK69R) than 

cells which were cut7 Figure 3.3.5. 1. No increased sensitivity to overexpression 

of a non-catalytic domain mutant (pIoJDHK608AAA) was observed. No 

difference in colony formation was seen in the presence of thiamine and the effect 

was not cut7 allele specific. 

The septation mutant, cdc]6-116, was no more sensitive to overexpression 

of any of the pioi mutants than a cdc16 strain. 

Wild type strains overexpressing wild type or kinase domain mutants of 

piol displayed increased sensitivity to benomyl. No increase in sensitivity was 

seen in strains overexpressing non-catalytic domain mutants, Figure 3.3.5.2. 

The effect of overexpressing plo] mutants in a rnad2A background was 

determined by examination of cell defects by DAPI staining after liquid culture 

for 15 hours in the absence of thiamine. The distribution of phenotypes observed 

is shown in Figure 3.3.5.3. 

In the inad2 strain, overexpression of ploI and ploIK69R resulted in the 

appearance of mitotically arrested cells. Overexpression of a non-catalytic 

domain mutant, p1oIDHK625AAA, resulted in a comparatively small number of 

mitotic arrests. In contrast, in the rnad2A strain, a large proportion of cells 

overexpressing plo 1K69R (>50%) were found to have large nuclei (suggestive of 

passing through to the next cell cycle without completing mitosis). No mitotically 

arrested cells were seen in the culture. 

In the same checkpoint deficient strain overexpressing ploI, a number of 

cells were arrested in mitosis, although slightly fewer than in the 1nad2 strain. 

This indicates that a defect other than spindle formation was caused by 

overproduction of Plol and that this was dependent on kinase activity of the 

enzyme. 
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FIGURE 3.3.5.2: Benomyl sensitivity in response to 
overexpression of p101 mutants. 

Strains carrying pREP 1 with plol ,  
plolK69R orp1oJDHK625AAA or 
empty vector alone were streaked on 
selective media without thiamine 
containing OiM, 5pM and 10pM 
benomyl and incubated for 4 days at 
32°C. 
Increased sensitivity was observed for 
overexpression of wild type and 
kinase domain mutants but not non-
catalytic domain mutants of plo]. 



FIGURE 3.3.5.3: Distribution of phenotypes in mad2#  and 
mad2A strains overexpressing p101 mutants 

STRAIN BACKGROUND: 

OVER- 
EXPRESSION: 

pREP 1 plo1 

mad2 
	

mad2A 

pREP 1 plolK69R 
(kinase domain mutant) 

pREP1- 
plo 1DHK625AAA 

(polo box domain mutant; 

mitotic arrest 	extra septa 

_____ large nuclei 	 _____ 	wild type cells 

Strains, ,nad2 and mad2A, carrying pREP1plo1, pREP lplolK69R and 
pREP lplo]DHK625AAA were grown in the absence of thiamine for 15 hours, fixed 
and stained with DAPI. 
The distribution of phenotypes was determined for a total of 100 cells in each 
culture and expressed as a percentage of the total. 
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3.4 	LOCALISATION OF PLO1 MUTANT PROTEINS 

The localisation of Plol protein to the SPBs from early in mitosis until late 

anaphase has been established (Mulvihill et al., 1999). To determine the roles of 

the kinase and non-catalytic domains of the protein in this localisation, 

representatives of each class of plo] mutant were integrated at leul under the 

control of an attenuated nmtl promoter (nmt4l), and expressed as N-terminally 

GFP-tagged proteins. Expression was confirmed by western blotting with anti-

Plol antibody and found to be roughly equivalent to expression levels of the 

endogenous gene for most of the mutants, Figure 3.4. 1. 

The localisation of GFP-tagged wild type, kinase domain mutant and non-

catalytic domain mutant Plol protein is shown in Figure 3.4.2. 

Protein localisation was observed for a number of both kinase domain 

mutants and non-catalytic domain mutants and the results shown in Figure 3.4.2 

are typical for each of those classes of mutants. 

As reported previously (Mulvihill et al., 1999) GFP-Plol localised to the 

SPB early in mitosis (cell on far right hand side of GFP-Plol panel in Figure 

3.4.2) and remained there throughout anaphase (middle cell, same panel), 

becoming weaker late in anaphase (cell at far left of panel). Under these 

conditions no signal was seen in the region of the mitotic spindle or medial ring. 

Autofluorescence from all of the GFP-tagged kinase domain mutants 

analysed colocalised with the SPB, from early mitosis to late anaphase. No 

difference was observed between localisation of the kinase domain mutants of 

Plo! and wild type protein. 

In contrast, no localisation to the SPB was seen for any of the non-

catalytic domain mutants tested. This was not due to a decrease in the amount or 

stability of protein produced as all but two of the very smallest truncations 

(P101.1-483 and 472-684) were detected by western blotting with anti-Plol 

antibody, Figure 3.4.1. 



GFP-Plo 1.472-684 

GFP-Plol .313-684 	 GFP-PIo 1.1-483 

GFP-P1o1T197V 	 fl 	GFP-Plol .1-533 

GFP-PIo1K69R 	 . 	GFP-Plol.1-583 

GFP-Plol 	 . 	GFP-Plol.1-633 

no tag 	 . GFP-P101YQL508AAA 

I 	I 	II 

(0 

I I 

::c L 

ct 4-a 
00 

o 
2 

SO )CID 

o• >J a 
o 

d- 0 

00 
4_a 	4—• 

En 
4_a 

> 
I — 
0 	 N 

- o 
I-a 

I-a 

I4 	) 
--- -:i — c 

4_a 4_a 

c.- 
03 	u 

00 
dD I-a 

O,!a  00 b.0 
N N 

0 - LT-a 0 0 - 
E< 



ui 
UMOqS Si UiUII1S IdVIE puid OJU1 oql UT MOjIOi  U! US ST SjtU!S TPS PuP I°Id-dJD JO UO! STDOI-O 	poqnu TPS 
-iui qii 	DuoDsJonJJounuTuJT Xq poi Ui uoqs si j puS juuodwo3 HdS oqj jo uonrsTjo' sjj jo uonrxij opXqoplp PUTT 

ipui IU!UIU  ui ainijn pinbij ijt piosqo SM (uooj2 ui uMoqs) suoid juLInw TOTd P01-d1D JO oouoosojonUojnV 

VVVS9NHO I.Od-ddO 

.51  

 

I69N Old-d=19 

 

   

e6iaw I. peg-jut dd9 
+ I.OId-d 

SU!OOJd luelnw I.OkI 10  UOflBSiB307 	iE 3unow 



Experiments to determine the minimum part of Plol sufficient to localise 

to the SPB were carried out using GFP-tagged truncations from the amino 

terminus of the protein. A construct lacking the entire kinase domain (GFP-

Plol.1-312) was found to show wild type localisation to the SPB throughout 

mitosis. A construct made from just the polo box domain (GFP-Plol.473-684) 

did not localise. However this protein was not detected by western blotting. 

The non-catalytic domain of Plol is sufficient for localisation of the 

protein to the SPB in mitosis. The conserved polo box sequences are required for 

localisation of the protein but whether they are sufficient for localisation has not 

been demonstrated. 

3.5 	REGULATION OF KINASE ACTIVITY IN PLO1 MUTANTS 

Levels of Plol protein remain constant throughout the cell cycle, while the 

kinase activity is tightly regulated, peaking in mitosis (Mulvihill et al., 1999; 

Tanaka et al., 2001). The kinase activity of Plol is regulated by phosphorylation 

of the protein (Tanaka et al., 2001). In order to determine how the regulation of 

Plol kinase activity was affected in the mutants created in this study, in vitro 

kinase assays were carried out according to Tanaka et al, 2001. 

3.5.1 PLO1 K69R HAS REDUCED KINASE ACTIVITY IN VITRO 

Kinase assays using protein immunoprecipitated from asynchronous 

cultures of S. poinbe were of little use in determining differences in activity 

between mutants of Plol. This was due to the low levels of overall activity of the 

enzyme in these cultures (See Appendix A). 

HA 3  tagged versions of ploI or ploJK69R were integrated under the 

control of the nrnt4l promoter at the letil locus in a cdc25-22 strain. These strains 

were able to grow normally because they retained endogenous plol. 

Synchronously growing cultures were produced by incubation at the restrictive 



temperature for cdc25-22 for 4 hours to block cells in late 02. The cdc25-22 

block is reversible, so on shift of the culture to the permissive temperature, cells 

progress into mitosis synchronously. Tagged Plol protein was immuno-

precipitated using an antibody to the HA epitope at 10 minute intervals after 

release at permissive temperature to enable activity to be followed through the cell 

cycle. 

Samples were taken from two such cultures 50 minutes after release into 

permissive temperature for use in an in vitro kinase assay using casein as a 

substrate. In Figure 3.5.1, it can be seen that in vitro kinase activity was far 

greater for HA1PI0I than for HA3P1o1K69R. Western blotting to determine the 

quantities of HA-tagged protein in each sample indicated that the differences in 

activity were not due to differences in the amounts of proteins assayed. The 

Plo 1K69R mutant is a "dead kinase" as predicted. 
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FIGURE 3.5.1: 
In vitro kinase activity of HA-Plol and P101 K69R. 

I 	Kinase Activity 

I 	 anti-HA 12CAS 

1 	2 

Relative in vitro kinase activity of HA3P1oIK69R (lane 1) and HA3PJo1 
(lane 2) using casein as a substrate. Samples were taken at mid-mitosis of 
synchronised cdc25-22 cultures and HA-tagged proteins immunoprecipitated 
for kinase assays. Incorporation of 32P into casein was detected by 
phosphorimager. 

anti-HA blot of immunoprecipitated proteins used in each assay. 

In vitro kinase activity of HA3PIo 1 K69R is greatly reduced when compared 
to that of HA3P10 1. This difference was not due to a difference in the 
amount of protein assayed. 
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3.5.2 CELL CYCLE REGULATION OF KINASE ACTIVITY IN NON-

CATALYTIC DOMAIN MUTANTS OF PLO1 

Strains producing HA-tagged Plol proteins in a cdc25-22 background 

were used to assess the cell cycle regulation of kinase activity for a range of non-

catalytic domain mutants. A control experiment to determine the cell cycle 

variations in kinase activity for wild type Plol assayed in this way was carried 

out, Figure 3.5.2.1. Activity of Plo! peaks early in mitosis and returns to a basal 

level at, or just before, the peak of septation. 

Non-catalytic domain mutants analysed were: PIoIDHK625AAA 

(mutated in polo box 3); Plo 1YQL508AAA (mutated in polo box 1) and Plo 1.1-

533 (lacking polo boxes 2 & 3). 

Samples were taken from synchronously growing cultures for 

determination of the septation index and for in vitro kinase assays of the mutant 

proteins. For each strain, the peak of septation came 60-70 minutes after release 

at permissive temperature. The peak of kinase activity in all cases was 20-40 

minutes after release, Figure 3.5.2.2. 

The kinase activity in the case of all polo box mutants tested appeared to 

remain under cell cycle control regardless of which polo boxes were mutated or 

even absent from the protein. No difference was found between the regulation of 

these mutants and that of the wild type protein. 
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FIGURE 3.5.2.1: Kinase activity of HA3PIo1 + in a cdc25-22 
synchronous culture 

C 	 anti-HA 12CA5 

cdc25-22 1eu1::nnit41HA3p1o1 was blocked at the restrictive temperature to 
synchronise cells just prior to entry into M phase, before being shifted to 
permissive temperature. 

A & B. Samples were taken every ten minutes after release for calcofluor 
staining to determine septation index and for in vitro kinase assays. 
C. Quantity of HA-tagged protein in each reaction was monitored by western 
blotting. 
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FIGURE 35.2.2: Cell cycle regulation of kinase activity 
of non-catalytic domain mutants of P101 

HA3PI01 
Kinase Activity 
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Kinase Activity 
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HA3PI01 1-533 

Kinase Activity 

anti-HA 

Kinase Activity 

anti-HA Not done 

0 10 20 30 40 50 60 70 80 Minutes 

Cultures were synchronised using a cdc25-22 block and samples taken at ten 
minute intervals following release at permissive temperature. 
Kinase activity and western blot to show amount of HAP1oI protein in each 
assay are shown. 
Kinase activity in all three non-catalytic mutants tested showed a cell cycle 
regulation similar to that seen for HA3PIo1 protein. The peak of septation in all 
cases was between 60 and 70 minutes after release at permissive temperature, 
the peak of kinase activity between 20 and 40 minutes after release. 
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3.6 	IN VIVO FUNCTION OF p101 MUTANTS 

3.6.1 PLASMID SHUFFLING 

To determine whether the plo] mutants created by site directed 

mutagenesis could fully function in vivo, complementation of a plo] disruptant 

was tested. Mutants in pREP I were introduced into a p1oI:.ura47p1oI diploid 

strain and sporulation was induced. Spores were germinated in selective 

conditions both in the presence and absence of thiamine to determine if the 

pREP 1 construct could support the growth of a pioi deletion strain. Results from 

these assays were variable, with mutants rescuing the deletion on some occasions 

but not on others. This was presumably due a combination of inconsistency of 

spore germination and levels of Plol protein and/or thiamine in the spores at 

germination. 

In order to obtain more consistency in these experiments, plasmid 

shuffling was carried out. This is outlined in Figure 3.6.1. In these experiments, 

aploI::his3/ploJ diploid strain (Sp269) was transformed with a wild type copy 

of plo] (pURAploI) and pREPlplo]*  (where plo] denotes any of the plo] 

mutants). Sporulation and germination of these transformants were carried out in 

the presence of thiamine and plolA haploids selected. The presence of 

pURploImaintains viability of the deletion while thiamine represses expression 

of the plo] mutants. 

The strains were replica plated three times to media containing uracil (both 

in the presence and absence of thiamine) to allow loss of the pURAploI plasmid. 

Only in cases where expression of the mutant plo] was able to complement plolA 

could cells lose pURplo]. To select for cells which had lost the plasmid, 5-FOA, 

which kills Ura cells, was used. Cells were spotted on selective media in the 

presence or absence of both 5-FOA and thiamine. 
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FIGURE 3.6.1: Outline of plasmid shuffling experiment 

1. pIo1A/pIo1diploid strain carrying pURpIo1& pREPlpIol* 

Expression of p101*  is repressed with thiamine. 

p1oI::his3ip1ol + 

I
2. Sporulation of diploids and selection of 
plolA haploids carrying both plasmids. 
pURplo1 supports growth of plolz%. 
Expression of plol*  is repressed with 
thiamine. 

plo] his3 

pUR 

3. Growth in the presence of uracil (+ or - 

I
thiamine) allows cells to lose pURpIo1. 
Only in cases where expression of pIol* 

complements piol/t will pURp/o1 be 
lost. 
Selection for Ura cells on 5-FOA (cells 
still carrying pURpIo1 die because 
Ura). 

p1o1::1zis3 

2 
pREP1 
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Those pioi mutants able to complement a plo1 deletion either at 

approximately wild type levels of expression (+ thiamine, nmtl repressed) or 

when overexpressed (- thiamine, —bOX wild type expression levels, nmt] 

derepressed) were identified. In this way, the variability inherent in the 

germination process was eliminated from the experiment. 

Two things are immediately apparent from Table 3.6.1. The first is that 

full rescue of a plo] deletion was only obtained with pREP lplol in the presence 

of thiamine. None of the mutants tested were able to fully rescue a deletion at 

either of the expression levels tested. 

The second notable feature of these results is that partial rescue was seen 

in the case of the putative dead kinase ploIK69R. In this case, the cells which 

grew were examined microscopically and found to be elongated with no septa, 

and a proportion of the cells were branched. The same was true for cells with 

pREP 1 alone (which had died on the plate) and was taken to mean that the cells 

were dying through a lack of active Plo I kinase, although a low level of growth 

occurred before death. 

Many of the mutants could not be tested in conditions of overexpression as 

this was lethal. 

CDC5, the S. cerevisiae homologue of plo], was not able to rescue aplol 

deletion even when overexpressed. 
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TABLE 3.6.1: Rescue of pIo1::his3 by plasmid shuffle 

pREPlplol* AUT AU 

pREP1 - - 

-plol ND 

- plolK69R  
K69Q - - 

D18JR + ND 
E193V - ND 
T197D - - 

T197V +1- ND 
L21OW - ND 
PNAA - ~1- 
FNAA - - 

VKAA  
196-684 +1- ND 

-p101YQL 	 - 	 - 

-p1o1DHK 	 - 	 - 

P490L 	 - 	 ND 
W497F 	+1- 	 ND 
V498A 	 - 	 - 

G505A 	 - 	 - 

A634 	 - 	 - 

zi1584 	 - 	 - 

YMAA 	 - 	 ND 

CDC5 	 - 	 - 

CDC5AN 	 - 	 - 

AU 	Growth on minimal media supplemented with Adenine and Uracil 
AUT Growth on minimal media supplemented with Adenine, Uracil and 
Thiamine 

ND 	not done (many strains died upon growth on media without thiamine due 
to overexpression of plo1) 

no growth - <+/- <+<++< +++ complete rescue 
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3.6.2 SUBSTITUTION EXPERIMENTS 

Initial attempts to create strains in which the endogenous plo] was 

substituted directly by mutant genes were unsuccessful (Appendix B). 

The approach taken finally was to integrate HA-tagged constructs of the 

PLO] mutants at leuJ under the control of the nmt4l promoter in a 

p1o1::his3/p1oI diploid strain (Sp269). Integration was confirmed by PCR 

using primers 5'to leul and within the polo box domain of plo]. 

3.6.2.1 	SPORE GERMINATION TO DETERMINE RESCUE OF A 

p101 DELETION 

Spore germination analysis was carried out to determine whether 

expression of the mutant genes were able to support growth in the absence of 

endogenous ploI. An outline of the strategy is given in Figure 3.6.2.1. 

Spores were produced in conditions designed to minimise thiamine levels 

within them (see Chapter 2.6.9.!) They were germinated on EMM + His,Ade,Leu 

plates so that both plo] and plolA integrants (Ura) would germinate. Haploids 

were picked at random and replica plated to selective media to determine the ratio 

of ploI (His) to plo]A (His). If full rescue of the deletion phenotype occurred, 

the ratio of haploids able to grow on selective media with histidine to those 

growing without addition of histidine would be expected to be 2:!. Where no 

rescue occurred, no His haploids would be found. 

The results obtained in this assay for in vivo function of the plo] mutants, 

Table 3.6.2.1, differed from those seen by plasmid shuffle, Table 3.6.1. In this 

case, apart from pio], only four mutants were able rescue a plo] deletion strain: 

plo]T]97D, plo]L2]0W, plo]P490L and plo].]-483. None of these were seen to 

rescue the deletion phenotype, even partially, in the p!asmid shuffle experiment. 
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FIGURE 3.6.2.1: Strategy for determining rescue by p101 

mutants. 

pIo l ::his3* Ieul-32 his3-D1 ura4-D18 ade6-M210 
pIol+ Ieu1-32 his3-D1 ura4-D18 ade6-M216 

(Sp269 	HisLeuAdeUra) 

Integrate nmt41HA3pIo1*ura4+  construct at leul and select Ura 
colonies 

10 Spore production from diploids grown on EMM+His+Leu to deplete 
cellular thiamine reserves 

Germinate spores on EMM+His+Ade+Leu 

Strains which are able to germinate: 

plol ::his3 Ieu 1 ::nmt4 1 HA3pIo 1 *ura4+  his3-D 1 ura4-D 18 ade6 
HisLeuAdeU ra 

p/1 + Ieu 1 ::nmt4 1 HA3pIo 1 *ura4+  his3-D 1 ura4-D 18 ade6 
HisLeuAdeU ra 

32 colonies picked from each germination plate 
Replica plating to determine: 

-i-I- adenine 	number of haploids (Ade) vs. diploids (Ade) 
(diploids excluded from further analyses) 

+1- histidine 	pIoM (His) vs. pIol (His) 

RESCUE OF p!o1zX: 
2:1 growth on + His : - His plates 

NO RESCUE OF plolA: 
all haploids must be pIo1, His 
Growth ONLY on + H plates 

F Where rescue occurs, pick plolzi% 
Ieul::nmt4lHA3pIol*ura4*haploids for further analysis. 
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TABLE 3.6.2.1: Rescue of pIol::hisY by nmt41HA3pIo1* 

integration. 

Strain no. 

WILD TYPE 

S p282 

KINASE DOMAIN 
MUTANTS 

Sp285 
Sp291 
Sp292 
Sp288 
Sp301 
Sp289 

POLO BOX DOMAIN 
MUTANTS 

Sp283 
Sp284 
Sp29() 
Sp296 
Sp297 
S p295 

CDC5 

Sp300  

plol mutation Ratio growth on 	RESCUE? 
EMM+LAH:LA 

plol 	 1.8: 1 	 YES 

plolK69R 	 - NO 
plolDl8lR 	 - NO 
plolDl8lN 	 - NO 
plolTl97V 	 - NO 
p1olTI97D 	1.4: 1 YES 
ploIL2I0W 	I .8 : I YES 

p1oJYQL 	 - NO 
p1oJDHK 	 - NO 
plo 1P490L 	2: I YES 
plol.1-633 	 - NO 
plol.1-533 	 - NO 
plo1.1-483 	3.5 : I YES 

CDC5 	 - 	 NO 

Spores were germinated on EMM + HAL, 32 colonies were picked from each and 
replica plated to determine the ratio of his : his strains. Rescue of plolA (his) 
occurred if growth on + his plates: - his plates was 2:1 (see Figure 3.6.2.1). 



Apart from piol.l-483, these were perhaps the most conservative mutations made 

in this study by site directed mutagenesis. CDC5 did not support growth of a 

pioi/t strain in this assay. 

Surprisingly, plol. 1-483 appeared to rescue a plo] deletion although other 

truncations of the non-catalytic domain did not. Western blotting revealed the 

presence of full length Plol protein in a strain deleted for ploI but 

leuI.:nnitHAplol.J-483. The difference in size between Plol and HAPIo1 is not 

great enough for them to be distinguished in this way. One explanation for the 

presence of this band is that read through occurred at the stop codon introduced at 

residue 484 to create this mutant. Other C-terminal truncations were created by 

the addition of a restriction site. The genotype of this strain was confirmed by 

PCR, no product was present when primers complementary to the 5' upstream 

sequence and 3' internal sequence of the pio1 gene were used. 

3.6.2.2 	SPORE GERMINATION OF NON-FUNCTIONAL 

MUTANTS 

The phenotypes resulting from mutants which did not complement a plo] 

deletion were examined by spore germination. 

Spores were produced in liquid culture from the following strains: 

Sp282 	plo1::his3 1eu1::nmt41HA 3p1o1 

Sp283 	plo]. :his3 leul ::nmt4lHA 3ploI YQL5O8AAA 

Sp284 	plo1::his3 1eu1::nnit41HAp1o1DHK625AAA 

Sp285 	plo1::his3 1eu1::nnit41HAp1o1K69R 

Spores were allowed to germinate for 15-18 hours at 30°C in selective 

media to allow only plo1::his3 leul::plol*ura4+  (i.e., only His Ura)spores to 

germinate. Samples were taken for DAPI staining and the phenotypes of 
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germinating spores were observed. The results are indicated in Figure 3.6.2.2 and 

Table 3.6.2.2. 

In Sp282, which carries the pioI gene under the control of nint4l 

promoter, germinating spores appeared normal with no abnormalities in nuclear 

morphology or septum formation. A very small number of cells (approximately 

2%) were observed with abnormalities such as misplaced septa, which appeared to 

be due to a general loss of pioi function. 

In contrast, strains Sp283 and Sp284, in which the only copy of plo] had 

a mutation in the non-catalytic domain of the protein (in polo box 1 and polo box 

3 respectively), germinating spores displayed three types of defect. The most 

common cell defect was that of mitotic arrest (approximately 90% of all 

germinating spores) indicated by overcondensed chromosomes. In these two 

strains, germinating spores which failed to form a septum and had 

"back—to—back" nuclei were present at low levels (-5%) as were those with 

misplaced septa (also approximately 5%). 

In strain Sp285 (dead kinase) the same range of phenotypes were seen, 

although in this case there was a lower proportion of cells with misplaced septa 

and a higher proportion of cells with a mitotic arrest phenotype than in the 

cultures with non-catalytic domain mutants. 

Whether the relative proportions of cell defects in these cultures was a true 

reflection of the in vivo function of these mutants or whether this was simply due 

to variation within spore preparations and germination conditions would require 

further work to verify. 

Overall, conclusions are that the non-catalytic domain mutants and kinase 

dead mutant of plo] are unable to support growth in the absence of plo] and cells 

die with qualitatively the same defects as those seen with aplo]A strain. 
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Sp282 
plol Aleul: :-plol + 

FIGURE 3.6.2.2: DAPI staining of germinating spores from 
pIo1::his3 Ieul::nmt4lHA3pIol*  strains. 

Spores were germinated under selective conditions to allow only plolAleu]::ploI * 

strains to grow (where pioi * is any plo] mutant).Cells were fixed and examined by 
DAPI staining after 15-18 hours. Sp282 spores are wild in appearance, Sp283,284 & 
285 display mitotic arrests and septation formation and positioning defects. 
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TABLE 3.62.2: Summary of spore germination phenotypes 
in plo l4leu 1::nmt4lHA 3plo 1 * strains. 

C 	I C C5P 
Mitotic No Misplaced 
arrest Septation Septa 

Sp282 
plolLt nmt41HA3p1o1 	 - - - 

Sp283 
plolL% nmt41HA3plo1YQL508AAA ++ 	+ 	+ 
(polo box 1 mutant) 

Sp284 
ploL nmt41HAjilo1DHK625A4A 	 + 	 + 

(polo box 3 mutant) 

Sp285 
plolz% nmt4lHA3p1olK69R 	++ 	+ 

(dead kinase) 

Sp269 
plo1L 	 ++ 	+ 	 + 

- (never) <+1- (rare) <+ (occasional) <++ (often) 

Spores were germinated in selective media for between 15 and 18 hours and stained 
with DAPI to observe cell morphology. 
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3.6.2.3 	ANALYSIS OF RESCUED plolA HAPLOID STRAINS 

Mutants of plo] which were able to support growth of a plolA strain 

which were chosen for further study were plolTI97D, ploIL2IOW and 

plolP490L. Haploid strains in which these were the only versions of ploJ were 

tested for sensitivity to different stresses (benomyl, temperature and UV radiation) 

in order to define the effect of those mutations on plo] function. 

Strains analysed: 

Sp302 plo1::his31eu1::nmt4IHAplo] 

Sp304. plo] ::his3leu1 :nmt4lHA 3plolL2 lOW 

Sp305 p1oI::his3leu1::nmt4IHA 3plo1T197D 

Sp306 plol ::his3leu1 :nmt4lHA?plolP49OL 

36.2.3.1 	BENOMYL SENSITIVITY 

Strains Sp302, Sp304, Sp305 and Sp306 were streaked to single colonies 

on selective media in the presence of phioxine B with different levels of the 

microtubule depolymerising drug benomyl in order to determine if there were any 

strains which showed benomyl sensitivity. Wild type S. pombe, ,nad2A and 

bublA strains were streaked on the same plates as a control. (inad2Ll and bublA 

strains do not have a functional spindle assembly checkpoint and are sensitive to 

the effects of benomyl.) Plates were incubated at 25°C , 32°C and 35°C for 3 

days and colony sizes compared. 

No difference was found between plates incubated at different 

temperatures. Results for 32°C are indicated in Table 3.6.2.3.1. In all cases, 

differences in colony formation in response to the presence of benomyl were 

slight. 

Wild type fission yeast (972 h) showed no decrease in growth until the 

concentration of benomyl reached lOjig/mi. In contrast, mutants in the spindle 
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assembly checkpoint (bublA and inad2A) displayed some sensitivity to benomyl 

at 2.5pg/ml. 

Strain Sp302, plol::his3 4  1eu1::nmt41HAp1oI, was more sensitive to 

benomyl than the wild type strain but less so than the spindle assembly checkpoint 

mutants, the first decrease in colony size was noted at Sjig/ml benomyl. 

Although the other substituted plo]zS haploids also showed sensitivity to 

benomyl to differing extents, none were more sensitive than the control strain 

Sp302. This indicates that although in general these strains were more sensitive 

to microtubule depolymerisation than wild type strains, this was likely to be to a 

general loss of plol function at some level rather than a specific defect caused by 

any one of the mutants. 

3.6.2.3.2 	TEMPERATURE SENSITIVITY 

Strains Sp302, 304, 305, 306 were streaked on selective media at 25, 28, 

32 and 35°C. 

No difference in colony formation was detected between the strains at any 

temperature tested. This was surprising since the mutant in strain Sp306, 

plolP490L, was equivalent to that in cdc5-1 which shows a temperature sensitive 

phenotype in S. cerevisiae. 

A temperature sensitive effect was seen in all strains when subjected to 

liquid culture and examination by DAPI staining, a larger proportion of cell 

abnormalities were apparent at higher temperatures (see 3.6.2.3.3). 
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TABLE 3.6.2.3.1: Growth of substitution strains on benomyl 

Strain 	No Ben. 	2.5pgIml 	5g/m1 	7.5igIm1 	lOpg/ml 
Ben. 	Ben 	Ben - 	Ben 

972 +.+ +++ 

bublA + (+) 	- 

rnad2A +++ ++ + + 	- 

Sp302 ++ ++ + (+) 	(+) 
(plolAleul ::nmtHA 

-P101+) 

Sp304 ++ ++ ++ ++ 	+ 
(p1o1 Aleul ::nntHA 

-piolL210W) 

Sp305 ++ ++ ++ + 	+ 
(plolAleul::nmtHA 

-plol T197D) 

Sp306 ++ ++ + + 	+ 
(plolAleul ::n,ntHA 

-plolP490L) 

Strains were streaked on minimal medium +phloxine B with the indicated amount 
of benomyl. After three days at 32°C colony sizes were compared for each strain 
at different benomyl concentrations. 

Indication of colony size from no growth (-) to wild type colony size 
- < (+) < + < ++ < +++ 

Points at which decreased growth due to benomyl occur are marked in red. 
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3.6.3.3.3 	EXAMINATION OF CELLS BY DAPI STAINING 

DAPI staining was carried out on cells which had been grown in liquid 

culture at 35°C since a higher proportion of cells displayed abnormalities than in 

the same cultures grown at 30°C. A wild type culture (972 h) was grown in 

parallel as a comparison. Strains Sp302, 5p304, 5p305 and Sp306 were examined 

by fluorescence microscopy with DAPI and calcofluor, Figure 3.6.3.3.3. 

In strain Sp302 plo14 nint41HA 3plo1) grown at 35°C, cells with back-to-

back nuclei were present at a low level, as were cells with multiple septa. 

Mitotically arrested cells were rarely seen. The proportion of cells with defects 

was low in this strain (<3%). This is the level with which all other strains should 

be compared, Table 3.6.3.3.3. 

Strains in which the only copy of pioi was ploJL210W, ploJP490L or 

ploITl97D all had a much higher proportion of cells with defects than the control 

strain, Sp302. 

Qualitatively, the same phenotypes were seen in all three mutant plo] 

strains but the representation of cell defects varied from strain to strain. Of the 

defects seen, Sp305 (plolA 1eu1;:p1oITI97D) differed from the other strains in 

that a smaller proportion of cells with defects had an increase in septum number 

(47% compared to 70 & 75% of cells showing defects) but more displayed back-

to-back nuclei (30% compared to 5% & 20%). 

In all three strains with mutant plo], septation defects predominated 

although mitotically arrested cells were seen occasionally. Table 3.6.3.3.3 shows 

a comparison of septation defects between the mutant plo] strains. Classification 

of the septation defects was difficult due to problems in distinguishing between 

cells with misorganised septa] material (classified as "other") and extra septa, in 

general comparisons may be made with confidence between the misplaced septa 

(as in a dmfl mutant) and extra septa categories. In this analysis, the strain 

displaying most defects in septum formation was Sp304, plolA 1eu1::p1oIL2 lOW, 

where 87% of septa examined were defective compared to 40% in the control 

plo] integrant. There were more misplaced septa in strain Sp305, 
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FIGURE 3.6.3.3.3: 
97D 

Cells were grown in 
liquid culture, fixed 
and stained with 
DAPI (Panels A & B) 
or calcofluor (Panels 
C&D) 
Phenotypes marked: 

back-to-back nuclei 
misplaced septum 
multiple septa 
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TABLE 3.6.3.3.3: Distribution of cell phenotypes seen in 
plolA Ieu1::nmt41HA3pIo1* haploids 

A.DAPI 	
(01 ~01 ~~, 9 C~~) 

wild 	extra back-to-back misplaced mitotic 
type septa septa septa arrest 

plolL leu1::plo1 97.3% 1.7% 0% 0.7% 0.3% 

plol/tleul::plolP49OL 92.3% 5.2% 1.5% 1% 0% 

p101/i leul::plolL2lOW 86.3% 10.3% 0.7% 2.3% 0.3% 

p101/i leul:: plolTl97D 80% 9.3% 6% 3.3% 0.7% 

Strains were grown in liquid culture at 35°C and phenotypes determined by DAPI 
staining and fluorescence microscopy. Numbers given are a percentage from a 
total of 300 cells counted for each strain. 

B. CALCOFLUOR 	52 	9 47 
wild extra misplaced other 
type septa septa 

p1o1/ileu1::plo1 59% 15% 18% 8% 

plol/i leul:: plolP490L 22% 28% 29% 21% 

p101/i leul:: plolL2lOW 13% 29% 28% 30% 

plol/ileul::plolTl97D 24% 28% 37% 11% 

Strains were grown in liquid culture at 35°C and phenotypes determined by 
calcofluor staining and fluorescence microscopy. Numbers given are a percentage 
of a total of 100 cells with septa counted for each strain. 
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plolAploI.:IeuITJ97D, compared to the others (49% of defective septa 

compared to 32 & 37%). 

These slight differences in phenotypes are difficult to interpret. All three 

of the surviving mutant plol substitution haploids showed a variety of cell 

defects. 

3.6.3.3.4 	UV SENSITIVITY 

Response to DNA damage caused by UV irradiation was examined for the 

plolA leu J..:plo I* haploids, Sp302, Sp304, Sp305 and Sp306. Cells were grown 

in liquid culture at 28°C in parallel with a wild type S. pombe strain (972 h), 

cdslA (replication checkpoint defective) and chk1z (DNA damage checkpoint 

defective) strains. Cells were plated at a concentration suitable to produce 

approximately 1000 colonies per plate (1000 cells/plate in the case of the three 

control strains, 10,000 cells/plate for the p1oJA substitution haploids) These were 

exposed to known doses of UV radiation and colony formation after three days 

incubation at 28°C was noted, Figure 3.6.3.3.4. 

The wild type control and cdslA strain displayed a similar response to UV. 

This is as expected since these strains both have a fully functional DNA damage 

checkpoint. 

The ploi substitution haploids showed a response to UV which was 

identical to that of the DNA damage checkpoint defective strain, chklA. This was 

true for the control strain Sp302, plo]zit leu]::plo], with which all other 

substitution strains should be compared. No difference was seen between any of 

the ploIzl haploids and Sp302. 
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FIGURE 36.3.3.4: Graph to show UV sensitivity of pIol::his3+Ieul ::nmt4lHA3pIol* 
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Cells were grown in liquid culture at 28°C and 1000 - 10,000 cells were spread per plate before 
exposure to UV. Plates were then incubated at 28°C for 3 days and colonies counted. 



CHAPTER 4: 	TWO HYBRID SCREENING FOR PROTEINS 

INTERACTING WITH POLO-LIKE KINASES 

4.1 	S. cerevisiae GENOMIC LIBRARY SCREENING USING Cdc5p 

AS BAIT 

Two hybrid screening for interactors of the budding yeast polo-like kinase, 

Cdc5p, using a S. cerevisiae genomic library was carried out, with the intention of 

studying the interactions further with fission yeast homologues. Budding yeast 

polo-like kinase was used in the screen rather than fission yeast Plot because, 

since the screen is carried out in S. cerevisiae, any modifications required for 

proteins to interact with Cdc5p (e.g., phosphorylation) would occur. Both the S. 

cerevisiae and S. pombe genome sequences are complete ((Goffeau, 1996) and 

http://www.sanger.ac.uk), which would make fission yeast homologues of 

interactors readily identifiable. 

It was hoped that interactions detected by two hybrid screening would 

indicate novel functions for polo-like kinases, provide information on the 

mechanisms by which known functions are executed or identify regulators of 

polo-like kinase. 

4.1.1 Cdc5p DOES NOT INTERACT WITH ITSELF OR WITH P101 IN 

THE TWO HYBRID SYSTEM 

The ability of Cdc5p to form dimers or to interact with Plol was tested in 

the two hybrid strain CTYI0-5d. This has a single reporter gene, lacZ, and 

interactions were determined by X-GAL agar overlay assay. 

Results are shown in Table 4.1.1. No interactions other than for the 

positive control were detected, indicating that Cdc5p does not interact with itself 

or with Plo!. 
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TABLE 4.1.1: 

Interaction between Cdc5p and itself or P101 

Bait Plasmid 	Prey Plasmid 	Interaction? 

pBTM116 	pACT2 	 - 

pBTMI16 	pACT2CDC5 	 - 

pBTM116CDC5 pACT2 

pBTMI 16ploI 	pACT2 	 (+) 

pBTM1 16ploI 	pACT2CDC5 

pBTMI 16cdcI 	pGAD2Fcdc27 

- 	 no blue colour 24 hours after X-Gal overlay 

(+) 	very pale blue after 24 hours 

strong blue colour after 24 hours 

The interaction between Cdc 1 and Cdc27, subunits of DNA polymerase ö in 
fission yeast which interact strongly in the two hybrid system (MacNeill et al. 
1996) was used as a positive control. 
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4.1.2 TWO HYBRID SCREENING 

Interactors of Cdc5p were identified in a two hybrid screen using the S. 

cerevisiae genomic, FRYL library (Fromont-Racine et al., 1997). The screen was 

carried out using a mating technique and selection for expression of two reporter 

genes, HIS3 and lacZ (see Chapter 2.7.4.!). Screening conditions were optirnised 

in a pilot screen: 250mM 3-AT was found to repress the growth caused by 

background expression of the HIS3 reporter gene. 1.6x 10 colonies were 

screened in the first instance, corresponding to 1/3 of the library (4.8x 10 clones 

in total). No auto-activation of the reporter genes by pBTMI16CDC5 was 

detected. 

Colonies which were his were tested for expression of the second reporter 

gene, lacZ, by overlaying colonies with agar containing the lacZ substrate, X-

GAL. Colonies which were positive for expression of both reporter genes, HIS3 

and lacZ, were selected for further analysis. 

Screening was repeated on a larger scale until a total of 5.1 x 107  colonies 

had been screened, corresponding to a little more than one entire screen of the 

library (4.8 x 107  clones in total). 

Colonies positive for interaction with Cdc5p were subjected to initial 

analysis by sequencing insertions of prey plasmids, which had been amplified by 

PCR directly from S. cerevisiae colonies. PCR products ranged from 3kb to 

900bp, corresponding to vector inserts of between 2.7kb and 600bp. 

Plasmids were rescued from colonies and retransformed to distinguish 

between true interactors of Cdc5p and those capable of activating reporter 

constructs in the presence of empty vector, pBTM1I6. 

Of a total of 5. IX107  prey plasmids screened, 19 were positive for both 

reporter genes and 16 were still positive after retransformation with control 

plasmids, corresponding to 9 different genes. Interactors of Cdc5p identified in 

the screen are summarised in Table 4.1.2. 

Interesting interactors include Spol3p, a meiosis specific protein required 

for co-ordinating meiosis I and meiosis II (see discussion) and Dbf4p, a known 

interactor of Cdc5p (Hardy and Pautz, 1996; Kitada et al., 1993). 

126 



Glutamine SPBC359.01 
permease putative amino acid 
(Zhu et al., 1996) permease 
ATPase involved SPA C2GII.06 
in protein sorting putative vacuolar 
(Robinson et al., ATPase 
1988) 

DNA Helicase srs2 
with DNA repair 
function 
(Aboussekhra et at., (Wang et al., 2001) 
1989) 

ClassA3 

Class A4 
GNPI 

END13 

RADH 

No 

No 

No 

TABLE 4.1.2: Clones interacting with Cdc5p 

Gene 	Function 	Fission yeast 	Interacts with 
Homoloue 	Plo!? 

Class Al 
EXOI 

YNROO9W 
DBF4 

YLR266C 

Class A2 
SPOJ3 

Exonuclease exol 
involved in 
mismatch repair (Szankasi and Smith, 

(Tishkoffet al., 1997) 1995) 

Unknown not found 
Replication dfpI/himl & spo6 
initiation (Takeda et al., 1999) 

(Solomon et al., (Nakamura et al., 2000) 

1992) 

Transcriptional SPBC530.08 
activator? putative transcript!. 

regulator 

Meiosis specific not found 
protein 
(K!apholz and 
Esposito, 1980) 

No 

Weak 
No 

No 

Strong 

Class Al 	distinct clones found more than once 
CIassA2 	close to initiation of an ORF 
Class A3 	large clones (-1000 bases) 
Class A4 	others 
(Fromont-Racine et al., 1997) 
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4.1.3 INTERACTION BETWEEN P101 AND Spo6 

Many of the interactors of Cdc5p identified in the two hybrid screen were 

difficult to study further because homologues in fission yeast could not be 

identified by database searching. 

A homologue of one interactor, Dbf4p was investigated. CDC5 is an 

allele specific, multicopy suppressor of dbf4 mutants (Kitada et al., 1993). 

Fission yeast has two homologues of DBF4: hiin1/dfp1' which functions in the 

initiation of replication in S phase (Takeda et al., 1999) and spo6, a gene required 

for meiosis II. The conservation between these three proteins is shown in Figure 

4.1.3. 

An interaction between Spo6 and Plol was tested using pGBT9spo6 and 

pACT2p1o1 in two hybrid strain Y190. No interaction was detected 24 hours 

after X-Gal overlay except that of the positive control (pGBT91)lo1 and 

pACT2SP013), Table 4.1.3. 

The plasmid pGBT9spo6 was a kind gift from Prof. Shimoda, Osaka City 

University, Osaka, Japan. 
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TABLE 4.1.3: 

Interaction between P101 and Spo6 

Bait Plasmid 	Prey Plasmid 	Interaction? 

pGBT9 	 pACT2 	 - 

pGBT9spo6 	pACT2 	 - 

pGBT9 	 pACT2plol 

pGBT9spo6 	pACT2plo] 

pGBT9plol 	pACT2SPO13 

- 	 no blue colour 24 hours after X-Gal overlay 

(+) 	very pale blue after 24 hours 

strong blue colour after 24 hours 

The interaction between Plol and Spol3, identified in this study, was used 
as a positive control for the X-GAL assay. 
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FIGURE 4.1.3: Line up of S. pombe proteins Dfpl & Spo6 with S. cerevisiae Dbf4 

DBF4 	 ]VS... KMI. KET NL 	GAAST AA...R N ND 	NNNPTE FPKKRSL RIELQQQQ  LHE. . . .KK ARE 	SIE
Dfpl_S.pombe_ 	NLGRC L RSANI PKH A S QK YRIE 	EQREE I W REDE EV DF vv Nil TT 	TVITPKS KSiK  I HD QN 
Spo6_S.pombe_ 	DFYSVKiQ F 	DQNP - QNI EiKR  IQ PLSYKTET 	D LTA CAT CS WYP . . Q H . N ......DSAKAT MAL 

DBF4 	 87:.. .A QVTGL 	PIVTP LEWQ .......N RI RDS I FDITDDVEMNTYIKSKMDIRRDL aF QITOMDTT.. I R 
Dfpl_S.pombe 101:EDI M1TLAPI 	ESKAES AAGKVLG K SQ 	QE 	Q K H 	L GC PS FTA 	$ NiE 	SGN.. 	A V 
Spo6_S.pombe_ 90:... TANYCVKP.SL NFT 	PR .........IRVS 	Y Q D L 	N I F V EE ..TQ JIM TFFTE 	F T 

DBF4 	177: 	E Y L.KDT IiSR  KNY 	Y KAARFL 	DVD HLI 	SjA. P 	H 	PTDflPRT D H 	Y HVY .. 	W 
DfplS.pombe 199: 	Q S KYAKQ IT 	QL 	FT C 	 QC T PKQ N 	Y Y 	Q NELS 	Q FVH G 	T 	A
Spo6_S.pombe 178: T. PE C.QPN 	YL TA 	LL.. L 	F 	NS LV 	A..CF QS DG 	SKFY SK E 	.E LC. 	S 

DBF4 	273:QTWAIITLKP ELTNLD 	.. I G F 	IGDRNYDES Y VKI RDKANKKYALQ L QADT NTSSVNDQTKNLIFIPHT 
Dfpl_S.pombe_ 299:NIYKPILL*.. P PDR 	.. 	F 	I 	VPE .......KY STS............  ..T DQQL Q Q ................ 
Spo6_S pombe_ 270 Q YKPIAVW 	T DSG FTL 	A Q 	N 	G 	IE 	 ITKR PARE 

DBF4 	371:CNDSTKSFKKW K KNFHKTE KDDSAVQ 	EHIDQTDEK 	L ETE KEPPLKEEKEN IAiESNK P •KELAAT•LN PVLATFAR 
Dfpl_S.poznba_ 361:  ...........S P LILR S AiLP....  S GI G N NT YNT I N P ............S IT. T DTS IRTNCH......... 
Spo6_S.poxube_ 327 ............LL CTNQT QNNV .......... V F VRQG Y I 	 AQ 	EF•PEN ........ 

DBF4 	471:QETEEVPDDL TLRTKSRQAFV
6Q 

AHQSNDVATSFG GLGPTRASVMSKNMKSLS LMVDRKiG  KQTNNKNYTATIATTAETSKENRHRVD NA 
Dfpl_S.pombe_ 426 ...................DDIVQSNLTSAAMS NS ..............Al SGSAASiP  VTRD .................... 	E 
Spo6_S.pombe_ 382:  ..........L........PVMSPLNLLEPRZI K ......................QNT. ..Lip .........................Q 

DBF4 	571: 	DEAPSKETGKDSAVHLETNUKIQIFPKVATKSiS SKV NDIKITTTESPTASKKSTSTNVT FN TAQTAQPKVKNS 	 S 
Dfpl_S.pombe_ 476: MR ................IIQ KSG .......NiG YSY......................A 	NTS.......IRVDA P.. 	 N 
Spo6_S.poxnbe_ 415:SP .................... .1 ....... AFD 	P ......................... .A...........IS.. 	- 	C 	RD 

DBF4 	 671:3QPV 	 EAI4.SA'IECFQ 

:i

Qj 	 Identical resid 



4.2 	S. pombe cDNA LIBRARY SCREENING USING Plol AS BAIT 

In order to identify more proteins capable of interacting with polo-like 

kinase, a second two hybrid screen was carried out using Plol as bait and a fission 

yeast cDNA library. Interacting proteins identified in this way could therefore be 

analysed in fission yeast with ease. 

4.2.1 pBTM116p!ol COMPLEMENTS msd2-1 TEMPERATURE 

SENSITIVITY 

pBTMI 16plo1 was introduced into a temperature sensitive mutant of 

CDC5, insd2-I (Kitada et al., 1993). In a vector only control, growth of 

transformants was abolished at 35°C but normal at 25°C. This temperature 

sensitivity was rescued by the presence of pBTMI 16C'DC'5 and partially rescued 

by pBTMll6ploJ, Table 4.2.1. This indicates that there is functional homology 

between the two yeast polo-like kinases. 

Table 4.2.1 Complementation of msd2-1 by pIo1 and CDC5 

25°C 	 36°C 

pBTM116 	 ++ 

pBTM116CDC5 

pBTM116plo1 	 ++ 

insd2-1 was transformed with pBTMI 16, pBTMI 16pioi and pBTM1 I6CDC5. 

Colony formation was assessed after 3 days on selective media at the temperatures 

indicated. 
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4.2.2 TWO HYBRID SCREENING 

Two hybrid screening of a S. pombe cDNA library (Clontech) was carried 

out using yeast strain Y190. Both pGBT9plo1 and the library were introduced 

into Y190. This S. cerevisiae strain has two reporter genes driven by the Ga14 

UAS: HIS3, allowing initial selection of interactors by growth in the absence of 

histidine (and in the presence of 10mM 3-AT to reduce background growth) and 

lacZ to allow blue/white selection. 

In total, 3.9 x 106  transformants were screened, approximately 300 were 

able to grow on media lacking histidine in the presence of 10mM 3-AT and of 

these, 197 were blue in an X-GAL overlay assay. 

PCR sequencing showed that many of the positives were identical clones 

which was due to the low complexity of the library used. Of the first 18 positives 

to be analysed by sequencing of colony PCR products from the prey plasmids, 

only 8 different genes were identified. Of these, most were identical clones. 

Southern blotting was used to identify different interactors in the 

remaining 179 positives. This reduced the amount of sequencing of colony PCR 

products and rescue of plasmids which would otherwise be required. Colony PCR 

was carried out using primers specific to the prey plasmids and products were 

separated on an agarose gel for hybridisation to a nylon filter. A mixture of PCR 

products from the initial set of 8 genes was used as a probe and samples which 

were not recognised by the probe were analysed further by colony PCR and 

sequencing. In total, 36% of those analysed by southern blot were selected for 

sequencing, reflecting the fact that the library had been amplified many times and 

enriched for particular clones. 

Of the clones which were recovered and found to be true positives for 

interaction with Plol (i.e., the activation of transcription of reporter genes was 

dependent on the presence of Plol as bait) many appeared interesting and a 

decision was made to analyse these further rather than to repeat the screen to 

saturation with a more complete library. 
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TABLE 4.2.2: Proteins identified in two hybrid screen with P101 

Protein Plasmid 
Number 

1st Residue 
Encoded 

Function 

Dm11 472 R124 Septum positioning 
(Sohrmann et al., 1996) 

Sckl pNR474 C464 cAMP dependent kinase 
(Jin etal., 1995) 

Cut23 pNR406 D16 Core subunit of APC/C 
(Yamashita et al., 1999) 

Cut12 not recovered L205 SPB component 
(Bridge et al., 1998) 

Crb2 480 A26 DNA repair checkpoint 
(S aka et al., 1997) 

Cut5 pNR466 Ml DNA repair checkpoint 
(Saka and Yanagida, 

1993) 

Rhp7 not recovered - DNA NER protein 
(Lornbaerts et al., 1999) 

Abp2 pNR465 A259 ARS binding protein 
(Sanchez et al., 1998) 

SPAC800.09 pNR460 Ml Role at G2/M? 
sum2 (Forbes et al., 1998) 

acetolactate pNR473 L9 biosynthetic enzyme 
synthase 

SPAC6B 12.08 pNR47 I N41 DnaJ-like. Chaperone? 

Ubi3 pNR457 Ml ubiquitin-like 

SPAC31F12.02 pNR459 T420 ubiquitin fusion 
degradation 

SPAC1006.03c pNR53, 110 S4,1270 Unknown 
(coiled coil domain) 

SPAC26H5.05 pNR461 S533 Unknown 
(ankyrin repeat) 

SPAC4G8.04 pNR462 K135 Unknown 
(GAP domain) 

SPBC18E5.03c pNR464 Q171 palmitoyltransferase 
subunit 
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Proteins identified in the two hybrid screen fall broadly into different 

classes: known interactors of Plol such as Dmfl/Midl; interactors with a known 

cell cycle function such as Cut12 and Cut23; uncharacterised genes such as 

SPACI006.03c, SPA C26H5.05 and SPA C4G8.04; biosynthetic enzymes (e.g., 

acetolactate synthase) and ribosomal proteins. Of the ribosomal proteins 

identified in the screen, plasmids were isolated from three and were shown to be 

false positives upon re-transformation with control plasmids. Ribosomal proteins 

as a whole class were excluded from further analysis. 

A total of 15 genes were identified as encoding proteins which are true 

interactors of Plo 1 in the two hybrid system, Table 4.2.2. 

4.2.3 ANALYSIS OF INTERACTING PROTEINS: Cut23 

Cut23 is a core subunit of the anaphase promoting complex / cyclosome 

(APC/C) (Yamashita et al., 1999). An interaction between Plol and this complex 

is of interest because it links Plo I to regulation of mitotic exit. In other systems 

polo-like kinases have been shown to interact with the APC/C (Charles et al., 

1998; Descombes and Nigg, 1998; Kotani et al., 1999; Kotani et al., 1998; 

Shirayama et al., 1998). The specific subunit of the APC/C which through which 

this interaction occurs has not been identified. 

4.2.3.1 	INTERACTION DOMAIN OF Cut23 

Cut23 contains 9 TPRs (tetratricopetide repeats) which lie mainly in one 

block towards the carboxy terminus of the protein (see Figure 4.2.3.1). TPRs are 

involved in protein protein interactions, often with other TPR proteins (Lamb, 

1995 ; Goebl et al.,, 1991). The interacting domain of Cut23 and in particular, the 

function of these TPR motifs in the interaction between Cut23 and Plol was 

investigated. 
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Truncations of cut23 were made by PCR and cloned into two hybrid 

expression vectors. The interaction was assayed using Plol produced as a LexA 

DNA binding domain fusion protein from pBTM1 16 and Cut23 truncations were 

produced as activation domain fusion proteins from pACT2, Figure 4.2.3.1. 

When produced from the opposite combination of vectors, the interaction between 

full length proteins was barely detectable. 

The cut23 clone originally identified in the two hybrid screen encodes a 

truncated protein lacking the first 15 amino acids. This part of the protein is 

therefore not required for interaction with Plol. However, removal of the first 50 

residues greatly reduced interaction and removal of the first 100 residues 

completely abolished interaction with Plol. This part of the protein does not 

contain any of the conserved TPR motifs. 

C-terminal truncations also had a substantial effect on interaction with 

Plo 1. Removal of the final TPR repeat reduced the interaction while removal of 

the last two TPRs abolished the interaction with Plo 1. 

It was not possible to define a region of Cut23 involved in the interaction 

with Plol other than to say that both the amino and carboxyl termini were 

required for interaction in this assay. 

4.2.3.2 	INTERACTION BETWEEN Cut23S349N AND Plol 

The cut23-PD26 mutant of cut23, which is dependent on elevated levels of 

Plol for viability (Cullen et al., 2000), has a serine to asparagine substitution 

within TPR5 (May et al., in preparation). 

cut23 was mutagenised to create this mutation (S349N) by site directed 

mutagenesis and cloned into pACT2 for expression in the two hybrid system. A 

control mutation was made in a conserved residue in TPR7, G41 1. 

The strength of interaction between mutant Cut23 and Plol was measured 

using a quantitative J3-galactosidase assay. Cut23S349N showed a 40% reduction 

in the interaction with Plol compared to wild type Cut23 whereas the control 

mutation, Cut23G41IA did not affect the strength of interaction, Figure 4.2.3.2. 
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FIGURE 4.23.1: 
Two hybrid interaction between Cut23 truncations and P101 

+ Plol 

1 	 566 

Cut23 full length 	 I 	 ++ 

16 	 566 

Cut2316-566 	1 	1 	 I 	++ 

50 	 566 

Cut2350 - 566 	 I 	0 + 

100 	 566 

Cut23100-566 	 1  I 12 1 3 1 4 1 5 1 6 1 7 1 8 1 9 1 

1 	 473 
Cut231-473 	 Ill 121314151617181 	

+ 

1 	 439 

Cut231-439 	 •11213141516M 

Cut23 was produced as activation domain fusion protein and Plo 1 as a LexA DNA 
binding domain fusion protein. Interactions were determined in CTY10-5d 24 

hours after X-GAL overlay assay at room temperature. 

++ 	 strong interaction 
+ 	 weak interaction 	 TPR motif 
- 	 no detectable interaction  
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FIGURE 4.2.3.2: Quantitative B-Galactosidase assays for 
interactions between PIoV and Cut23 mutants 

Relative 13-gal activity 

120 

100 

80 • - 
— 60 

40 

20 

pBTMI 16 -ploI 	-p/oI 	-pIoI 	-pIoI 
pACT2cul23 pACT2 -cut23 -cut23 -cut23 

S349N G41 ]A 

anti-HAl2CA5  Western Blot 

l75kDa - 
83 - 	 HA-Cut23p 
62 - 
47.5 - — 

32.5 - 
1234567 

CTY lU-Sd, untransformed cells 	5. pBTM 1 16ploJ + pACT2cut23 
pBTM 116 + pACT2 
	

6. pBTM I 16plo P + pACT2cut23S349N 
pBTM ll6ploI + pACT2 
	

7. pBTM 116pIoP + pACT2cut23G4IJA 

pBTM 116 + pACT2cut23 

13-galactosidase activities were determined in triplicate for two individual 
C MO-5d transformants and values expressed as a percentage of the activity for 
interaction between Plo 1 + and Cut23t 

Western blot to determine relative amounts of HA3Cut23 in each strain (pACT2 
encodes proteins with C-terminal with HA tag). The background band at 47.5kDa 
serves as a loading control in all lanes. 
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Western blotting demonstrated that this decrease in 13-galactosidase 

activity was not due to a decrease in the level of proteins present in the cells. 

The mutation identified in cut23-PD26 has the effect of reducing the 

strength of interaction between Cut23 and Plot. The metaphase arrest of this 

allele of cut23 can be rescued by increasing the levels of Plot present in the cell, 

presumably by compensating for the decreased strength of interaction between the 

proteins. 

4.2.3.3 	Cut23 AS A SUBSTRATE FOR Plol KINASE 

To determine whether Cut23 could act as a substrate for Plo! kinase, GST-

Cut23 was expressed in bacteria and purified (by Dr. Karen May). 

Synchronously growing cultures of cells were produced using a cdc25-22 

arrest and release technique (see Chapter 3.5.1). HA1P1o1 and HA3PIo1K69R 

were immunoprecipitated from cultures 50 minutes after release into permissive 

temperature, when levels of Plot kinase activity were predicted to be high. 

Equivalent samples were taken from a synchronous culture of a strain without 

tagged Plot as a control. These samples displayed appropriate activity in an in 

vitro kinase assay with casein as a substrate (Figure 3.5. 1). 

Figure 4.2.3.3 shows that HA3PIoI resulted in increased labelling overall 

of proteins in in vitro kinase reactions than the dead kinase, HA3P1oIK69R 

indicating that there was active kinase present in these samples. However, the 

same pattern of labelling is apparent in the GST and GST-Cut23 lanes which 

indicates that there was no specific phosphorylation of Cut23 by HA3P1o1 in these 

assays. 

It is interesting to note that although HA3P1o1K69R displayed greatly 

reduced kinase activity compared to HA1P10 1, there was a higher level of activity 

than in extracts where no tagged Plot protein was present. This indicates either 

that a very low level of kinase activity is retained in the "dead kinase" mutant or 

that other kinase activity was co-immunoprecipitated with Plo 1K69R. 



FIGURE 4.2.3.3: GST-Cut23 as a substrate for P101 kinase 

Substrate A. + GST + GSTCut23 

- 	+D -+D 

175- 

83 

75-

83  
62 - 

.4* 47.5— 

32.5- 
25 - 

G STCut23 

Kinase Activity 

anti-HA 

Kinase activity of HA3P1ol (+), HA3PIo1K69R (D) and beads only 
control (-) using GST or GST-Cut23 as substrate. The expected size of 
GST-Cut23 is indicated by an arrow. The position of size marker proteins are 
indicated. 

Anti-HA blot to show relative amount of proteins assayed in each reaction. 
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4.2.4 ANALYSIS OF INTERACTING PROTEINS: SPAC1006.03c 

SPAC1006.03c encodes a hypothetical protein with three predicted coiled 

coil domains (Lupas et al., 1991). In a localisation screen of GFP fusion proteins, 

SPACI006.03c was described as localising in "nuclear dots" (Ding et al., 2000). 

SPB components do not show high levels of conservation between species but 

often have coiled coil domains (Stearns and Winey, 1997). The presence of 

coiled coil domains and the published localisation pattern suggested that 

SPACI0O6.03c could be a component of the SPB. 

4.2.4.1 	LOCALISATION OF SPAC1006.03c PROTEIN IN MITOSIS 

SPAC1006.03c was C-terminally tagged with GFP at the endogenous 

locus using a PCR based method (Bahier et al., 1998) and stable integrants 

confirmed by PCR analysis. By fluorescence microscopy, GFP spots were seen in 

the nuclei of cells, Figure 4.2.4.1. The result was the same for both unfixed and 

aldehyde fixed cells. The number of spots ranged from one per nucleus to more 

than 6, although most nuclei contained 3 to 4 spots. In general, the higher the 

number of spots present, the smaller the signals appeared. The sub-nuclear 

localisation of the SPAC1006.03c-GFP spots was specific in that they were 

mostly at the interface between the nucleolus and the rest of the of the nucleus, 

see diagrammatic representation Figure 4.2.4.1. Immunofluorescence with anti-

Sadl antibody showed that the SPAC1006.03c-GFP spots did not co-localise with 

the SPB, Figure 4.2.4.1. 

In cells undergoing anaphase, the distribution of spots fell into three 

classes: absence of spots; spots at the lagging edge of the moving chromatin mass; 

and a single, large spot in between the two DAPI stained masses, Figure 4.2.4. 1. 

The localisation of SPACI006.03c in vegetatively growing cells 

demonstrated that this protein does not localise to the SPB but does display an 

interesting localisation within the nucleus. This localisation was reminiscent of 

the localisation of telomeres shown by FISH (Funabiki et al., 1993). 
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B. anti-Sad 1 MERGE 
C. 

Schematic diagram of 
localisation 

SPB 
A 

SPAC1006.03cGFP 

In mitotic cells, 1-6 
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nucleolar boundary. In 
anaphase, the signal is 
sometimes lost or left 
between the dividing 
DNA (*) 
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colocalise with SPB. 

Diagrammatic 
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localisation pattern. 

FIGURE 4.2.4.1: Localisation of SPAC1006.03cGFP in mitosis 

A. 	 GFP (atitofluorescence) 
	

GFP & DAPI MERGED 



4.2.4.2 	LOCALISATION OF SPAC1006.03c PROTEIN IN MEIOSIS 

The localisation of telorneres differs between mitotic and in meiotic cells: 

in prophase of meiosis telomeres, rather than centromeres, are clustered at the 

SPB (Chikashige et al., 1994). To investigate whether SPAC1006.03c was 

associated with telomeres, the distribution of the protein in meiosis was 

determined. 

Cells from freshly growing SPACJ006.03cGFP h90  strain (Sp293) were 

spotted onto both SPA and ME plates to induce conjugation and meiosis. These 

two different media induce conjugation after different times, with ME supporting 

a couple of cell divisions before the nitrogen source is depleted compared to SPA 

in which mating is more readily induced. After 15 hours and 24 hours at 25°C, 

cells representing a variety of meiotic stages from both plates were examined 

microscopically. 

Nuclear spots were clearly seen in cells with interphase nuclei, with the 

same localisation pattern described earlier. From the point at which conjugation 

began, when two cells were seen to touch until spores could be seen in asci, no 

GFP signal was visible, Figure 4.2.4.2. Within the four spores of asci, the spots 

were visible in the nuclei with the same localisation pattern as before. 

It was therefore not possible to determine if the characteristic nuclear spots 

of SPAC1006.03c protein in vegetatively growing cells were at telomeres using 

this method. However, a change in protein localisation was evident in meiosis 

which might suggest a role for the protein at that time. 
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Fl GURE 4.2.4.2: Localisation of SPAC1006.03cGFP in meiosis 

GFP autofluorescence (green) and DAPI staining (white) in meiosis. Conjugation 
and meiosis was induced in a h9° strain (Sp293) and localisation of SPAC1006.03c 
detected by fluorescence microscopy. Localisation remains punctate within the 
nuclei in all cells including spores of a newly formed ascus (•) but no signal was 
detected in cells undergoing meiosis (+). 

143 



4.2.4.3 	LOCALISATION OF SPAC1006.03c PROTEIN IN nda3- 

KM311 ARREST 

The localisation of GFP-tagged SPAC1006.03c protein was observed in 

relation to chromosomes directly. An nda3-KM3II mutant arrests at low 

temperatures with hypercondensed chromosomes which separate from each other 

allowing visualisation of the three individual chromosome of S. pombe (Umesono 

et al., 1983). 

In nda3-KM3J1 arrested cells where separated chromosomes were visible, 

GFP spots were adjacent to the chromosomes but did not appear to make contact 

with them. Often, the spots were a small distance from the chromosomes, Figure 

4.2.4.3. 

Localisation of SPAC I 006.03c-GFP was not disrupted in a control culture, 

Sp271, which has GFP-tagged SPACI006.03c in a nda3 background, when 

grown under the same conditions. This excludes the possibility that prolonged 

incubation at low temperature was having an effect on localisation of the protein. 

Telomere localisation of SPAC1006.03c has not been shown conclusively. 

The fact that the protein localises close to, but apparently not touching, the DNA 

is intriguing. The possibility that the protein localises to DNA at telomeres which 

does not stain with DAPI (perhaps because of a change in chromosomal structure 

or because it is not fully condensed) cannot be ruled out. Localisation of known 

telomere proteins in nda3-KM3JI arrested cells has not been published. 
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FIGURE 4.2.4.3: Localisation of SPAC1006.03cGFP in nda3-KM311 arrest 

Autofluorescence of SPAC1006.03cGFP in an nda3-KM3J1 arrest. Cells were 
grown at 20°C for 15 hours before examination. 
SPAC1006.03cGFP (green) localises adjacent to, but does not appear to make 
contact with the DNA (white), indicated by arrows. 
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4.2.4.4 	DELETION PHENOTYPE OF SPAC1006.03c 

SPA C1006.03c was deleted using a PCR based technique (Bahier et al., 

1998). No stable integrants were obtained in a diploid background. Stable 

integrants were obtained in a haploid (h90) background, and two independent 

integrants were analysed in parallel. The fact that separate haploid integrants 

were recovered indicates that SPACI006.03c is not an essential gene. 

When the deletion strains were streaked alongside wild type h9°  strain 

Sp31, a reduction in colony formation was seen, Figure 4.2.4.4.1. Cells appeared 

normal by light microscopy. The effect on colony size was slightly enhanced by 

incubation at low temperature (23°C). 

No defect in conjugation was seen in SPAC/006.03c::kan" h9°  plated on 

SPA plates. Fewer four spored asci were present than in the control, 

SPAC1006.03c h9°  strain after the same period of time at 25°C (approximately 

20% four spored asci in the deletion compared to the control), Figure 4.2.4.4.2. 

Spore size, shape and number per ascus was the same for the deletion and control 

cultures. 

The SPAC1006.03c deletion strain appeared to have defect in the rate of 

mitosis and meiosis but both processes were eventually executed adequately. 

Cells were grown in liquid culture at 30°C before incubation at either 

18°C or 30°C for 18 hours. DAPI staining of cells showed that a deletion strain 

grown exclusively at 30°C appeared identical to a control SPA C1OO6.O3c strain. 

Cells incubated at low temperature displayed a range of defects which were not 

seen in a wild type strain grown at the same temperature, Figure 4.2.4.4.3. 

The main cell defects seen were misshapen cells and elongated cells with 

interphase nuclei. Both of these defects were present, but at low levels and were 

less pronounced in the control culture. Other cell cycle defects which were not 

seen in the control culture were back-to-back nuclei, i.e., a lack of septum 

formation (approximately 10% of cell defects), mitotically arrested cells (2%) 

and rarely, cells with extra septa. 
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FIGURE 4.2.4.4.1: 
Slow growth phenotype of SPAC1006.03c deletion strain 

YE+G418 
	

YE 

PAC lOO6.O3c::kan' 

PAC 1 OO6.O3c 

Colony formation of SPAC1006.03c and SPAC]006.03c....kanR  on YE and 
YE+G418 after 3 days at 32°C. 
Colony formation in SPAC1006.03c..kan' is reduced compared to a wild type 
strain on YE plates. 
G418 resistance is conferred by kan R  marker. 
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FIGURE 4.2.4.4.2: Reduced meiosis in SPAC1006.03c14 h90  

SPA C1006. O3c h90 
	

SPA C1006.03c::KAN h9° 

Cells were examined by phase contrast microscopy 16 hours after mating had 
been induced on SPA plates at 25°C. SPAC1006.03czt h90  cells were able to 
form wild type, four spored asci, but this occurred at a lower frequency than in 
SPA C1006.03' h9° cells. 
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FIGURE 4.2.4.4.3: 
DAR staining to show cell defects in SPA C1OO6,O3cz 

A. SPAC1006.03c 

B. SPA CI 006. 03c /A 

Cells were grown in liquid culture at 18°C for 16 hours before fixation and DAPI 
staining. 

Wild type cells show no changes in morphology after incubation at low 
temperature. 

SPA C1006.O3cLl cells show cell cycle defects at low temperature such as 
enlarged cells and cells with multiple septa. 
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Although the gene is not essential, deletion of SPA C1006.03c resulted in 

delayed kinetics of mitosis and meiosis and a low level of cell cycle defects. This 

indicates a role for this gene in cell division. 

4.2.4.5 	CO-IMMUNOPRECIPITATION OF P101 & SPAC1006.03c 

HA3PIo1 was immunoprecipitated from cell extracts using anti-HA 12CA5 

monoclonal antibody. Immunoprecipitates were blotted with anti-GFP and anti-

Plol antibodies. A band at the predicted size for SPAC1006.03c-GFP of llOkDa 

was seen to co-precipitate specifically with HA3PIoI, Figure 4.2.4.5. This band is 

very weak, but only a low level of protein is predicted to be present in cells 

judging by the weak immunofluorescence signals detected. 

When anti-Plol antibody was used to pull down untagged Plol, 

SPACI006.03c was not detected. 

The combination of a cell cycle phenotype for SPACI006.03c deletion 

cells and physical interaction with Plol by both two hybrid and co-

immunoprecipitation make an in vivo interaction between the two proteins 

probable. 
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FIGURE 4.2.4.5: 
SPAC1006.03cGFP and HA3PI01p co-immunoprecipitate 

anti-GFP 

irifi.P1n1 

beads only + Sp286 (HA3P1o1 SPAC1006.03cGFP) 

beads only + Sp271 (SPAC1006.03cGFP) 

anti-HA + Sp286 (HA3P1o1 SPAC1006.03cGFP) 

anti-HA + Sp271 (SPAC1006.03cGFP) 

Cell extracts were mixed with proteinA sepharose which had been 
preincubated with either anti-HA antibody or buffer alone. Reactions were 
run on 8% SDS-PAGE, blotted and probed with anti-GFP antibody. 
The blot was then stripped and probed for the presence of Plo 1 protein. 
Lane 3 shows that anti-HA pulls down SPAC1006.O3cGFP and HA3PIoI. 
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4.2.5 ANALYSIS OF INTERACTING PROTEINS: SPAC61312.08 

SPAC613 12.08 was identified as a protein interacting with Plol by two 

hybrid screening. It shows some homology to DnaJ, which suggests chaperone 

function. Analysis of SPAC613 12.08 function was attempted in order to 

determine a role for an interaction between this protein and Plol in vivo. 

4.2.5.1 	GFP-TAGGING OF SPAC61312.08 

SPAC613I2.08 was GFP tagged at the endogenous locus using a PCR 

based method (Bahler et al., 1998). Stable SPAC61312.08-GFP integrants 

displayed abnormal cell morphology. Many of the cells in liquid culture were 

slightly elongated, misshapen and some were also seen with extra septa. No GFP 

fluorescence was detected. 

Mitotic spindle formation was aberrant in these cells. 

Immunofluorescence using TAT1 antibody showed spindles which were often 

bent, and this did not appear to be the result of the spindle reaching the ends of the 

cell. Occasionally, monopolar spindles were observed, Figure 4.2.5.1. 

The defects associated with GFP tagging of this protein might reflect some 

in vivo function which is disrupted, perhaps indicating an interaction with 

microtubules. This is one of the roles which would be predicted for proteins 

interacting with Plol as polo-like kinases have been shown to interact with 

microtubule associated proteins (Tavares et al., 1996) and have a role in spindle 

formation (Ohkura et al., 1995: Lane et al., 1996: Sunkel et al., 1988: Qian et 

al.,1998). No further work was carried out to determine the function of 

SPAC613 12.08 or the nature of it's interaction with Plol due to time constraints. 
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FIGURE 4.2.5.1: GFP tagging of SPAC61312.08 affects 
mitotic spindle formation 

Bent spindle 

Bent spindle 

Bent spindle 

Monopolar spindle 
(anti-Sadi, inset) 

Tat 1 
Cells were grown in liquid culture and fixed for 	 Sad  
immunofluorescence with anti-Sadifor SPB (red), TAT1 for 	D4PI 
a tubulin (green) and DAM for DNA (blue). 
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CHAPTER 5: 	REVERSE TWO HYBRID SCREENING FOR 

MUTANTS OF p101 DISPLAYING DIFFERENTIAL INTERACTIONS 

5.1 	INTERACTIONS ARE MEDIATED BY THE NON-CATALYTIC 

DOMAIN OF Plol 

The region of Plo I required for interaction with the proteins isolated in 

both budding and fission yeast two hybrid screens was defined using site directed 

mutants of both the kinase and non-catalytic domains and serial truncations from 

either end of the protein. 

Without exception, proteins which were able to interact with Plo! in the 

two hybrid assay, were able to interact with the Plo 1K69R, dead kinase mutant 

and a truncation of Plol lacking the entire kinase domain (PloI.313-684). No 

interaction was seen with any of the non-catalytic domain mutants, either point 

mutants or truncations, Table 5.1. Figure 5.1 illustrates the interactions of two 

proteins with Plol mutants. 

Interactors of Plol were also tested for interaction with Cdc5p in a two 

hybrid assay. Proteins able to interact with Cdc5p were Dmf 1, Crb2, Cut5 and 

SPAC1006.03c, Table 5.1. These were the proteins showing the strongest two 

hybrid interactions with Plol. 

The kinase domain of Plol is dispensable for protein protein interactions 

while the polo box sequences in the non-catalytic domain are required for 

interaction with proteins in this assay. Structural conservation between budding 

and fission yeast polo-like kinases is high enough to allow conservation of 

interaction with some proteins. This appears to correlate with the strength of 

interaction: S. cerevisiae Spol3p can bind to S. pombe P101; and S. pombe 

SPAC1O6.03c, Dmf 1 Crb2 and CutS can bind to S. cerevisiae Cdc5p. 
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LexA DNA 
Binding Domain 

Plo! Kinase 
Domain 

Non-catalytic 
ii.  Domain 

	

- 	no interaction 

	

++ 	strong interaction 

Interactions were 
determined by X-Gal 
overlay assay of CTYIO-
5d transformants. 

FIGURE 5.1 :Two hybrid interactions of P101 are mediated by the non-catalytic domain 

+ pGADGHcut23 

pBTM116 	 - 

pBTM116pI0P 	++ 

pBTM1 16PIO1DHK625AAA - 

pBTM1 16PI01yQL508AAA - 

	

pBTM116pIol1.633 	- 

	

pBTM1 16p1o11583 	- 

	

pBTM116pIol1..533 	- 

	

pBTM116pIol1.483 	- 

	

pBTM1 16PIOl K69R 	++ 

pBTM1 16pIo14724  ++ 



Function 	 +PIol +Plol-PB +Plol-K 

Dm11 septum positioning - +++ 
Sckl cAMP dependent kinase ++ 	- ++ 
Cut23 APC subunit + 	 - + 
Crb2 DNA repair checkpoint - +++ 
Cut5 DNA repair checkpoint - +++ 
Rhp7 DNA NER protein (+) 	- (+) 
Abp2 ARS binding protein ++ 	- ++ 
SPBC800.09 SCD6 homologue ++ 	- ++ 
SPAC0 12.08 DnaJ-like. Chaperone? ++ 	- ++ 
SPAC31F12.02 UFD4 homologue ++ 	- ++ 
SPAC1006.03c UNKNOWN (coiled coil) +++ 	- +++ 
SPAC26H5.05 UNKNOWN (Ank repeat) ++ 	- ++ 
SPAC4G8.04 UNKNOWN (GAP protein) + 	 - + 
SPBC29B5.04c UNKNOWN ++ 	- 

TABLE 5.1: Analysis of P101 domains interacting with two hybrid positives 

Plasmids rescued from two hybrid positives were re-transformed into CTY10-5d with pBTM1 16plol (Plo 1) 
pBTM1 I6p1oJDHK625A.AA, pBTM1 16p1oJYQL508AAA, and pBTM1 16plol.1-533, (Plol-PBs), 
pBTMI 16plolK69R and pBTM1 16plol.148-684 (Plol-KD) 
and with pBTM1 16CDC5. 
Interactions were determined X-GAL agar overlay assay. 



5.2 	RANDOM MUTAGENESIS OF P101 AND REVERSE TWO 

HYBRID SCREEN 

In order to specifically disrupt a subset of Plol interactions and to 

investigate the in vivo consequences on Plol function, random mutagenesis by 

PCR and reverse two hybrid screening was carried out (see Materials and 

Methods and Figure 5.2). 

The mutagenesis rate of plo1 was found by sequencing to be 1/989 bases 

(from a total of 6926 bases of sequence obtained from 17 mutagenised 

pBTMI 16plol plasmids). 

Prey plasmids included in the screen were: 

pACT2 

pGADGHdnf1 (pNR467) 

pGADGHcrb2 (pNR468) 

pGADGHcut5 (pNR466) 

pGADGHSPAC6BI2.08 (pNR47 1) 

pGADGHSPA CI 006. 03c (pNR469) 

pGADGHSPAC26H5. 05 (pNR46 1) 

pACT2SP0I3 (pNR268) 

Preys such as pGADGHcut23 could not be used in the screen because the 

interaction between Cut23 and Plo! was too weak to obtain consistent results. 

In total, 1035 different plo] bait transformants were tested for interaction 

with all 8 of the prey constructs. Of these, 54% were positive for interaction in all 

but the pACT2 control, 28% did not interact with any of the prey constructs and 

18% displayed differential interactions. 
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FIGURE 5.2: Diagram of reverse two hybrid screen 

1. Mutagenic PCR of plo] 
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Mutations were identified which affected the interactions of Plo 1 with 

proteins in different ways. These ranged from mutants which retained interaction 

with only one protein, those interacting with a subset of interactors, to those 

which interacted with all but one other protein. 

Interactions were confirmed by re-transformation and mutations identified 

for a number of these differential interactors, Table 5.2. 

Interaction with only SPAC613 12.08 was lost in many Plol mutants. In 

three of the mutants which showed this pattern of interaction which were 

sequenced, the mutations all fell within a small region of subdomain X of the 

kinase domain: Plo 1S256P; Plo 1K25IE and Plo 1I252T. 

Other Plol mutants lost interaction specifically with SPAC26H5.05 and 

Cut23 (e.g., #50A, #50C) which could reflect the fact that these are the weakest 

interactors of Plo! analysed. In these, mutations were found in the conserved 

residues of the non-catalytic domain of the protein (e.g., Plo IR6O5P - this 

arginine is absolutely conserved between polo like kinases in polo box 3, and 

L565F - this residue is always a leucine or valine at the border of polo box 2). 

The final class of interactors showed a more general reduction of 

interaction e.g., #27A which interacted normally with Crb2 and Cut23 but had 

reduced interaction with all other proteins used in the screen. These too were all 

found to have mutations in the polo box domain of Plo 1. These mutations tended 

to be quite conservative in nature e.g., #27A has a valine to alanine change in polo 

box 1 (PIo1V498A). It is interesting that it was not always the weakest 

interactions which were disrupted in these mutants, e.g., #27A retained full 

interaction with only two proteins, one of which was Cut23, the weakest 

interactor of Plo 1. 

None of the mutants selected in the screen had mutations in the non-

conserved domain between the kinase and polo boxes. 

The range of mutations selected in this way indicates the importance of the 

conserved polo boxes of Plol in protein protein interactions. 
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TABLE 5.2: Differential interactions of mutants of Plol created 
by random mutaaenesis rand  ----------- 	--- 

C4 Cn e - > > > C-) C- - 
— C-) 

pBTM116- H0C Uj 

Plol 

I —191M I - i-++ +++ +++ +.+ +++ +++ +++ +++ 

#1 	S256P 

r...i - +++ +++ +++ +++ +++ - ++ 

#27A V498A 

r*..1 - ++ + +++ + + ++ + 

#103A D661G 

I U U .Ii - +++ + +++ +++ +++ - - +1- 

#32A F493L 

- +++++++++++++++ - + ++ 

#45B K251  

rMENi - +++ +++ +++ +++ +++ +1- +++ 

#50A R605P r..ài - ++++++ ++ +++ ++++++ - + 

#50C L565F 

r.i - ++++++++++++++++++ - + 

#51D V533A 

r.1 - +++ ++ +++++++++ + - + 

pBTM 116 carrying mutated pioi were rescued from L40 and interactions confirmed in 
C TY1O-5d by blue/white assay. It was possible to test the interaction with Cut23 in parallel. 
- (no interaction) <+1- (very weak) < + (weak) < ++ (intermediate) <+++ (interaction at 

same levels as wild type Plol) 
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5.3 	IN VIVO FUNCTION OF p101 RANDOM MUTANTS 

Since the mutants obtained by reverse two hybrid screening lost 

interaction with some but not all of the prey proteins tested, it was of interest to 

see if some, but not all of the in vivo functions of pioi were lost. 

Spore germination analysis to determine if a range of these random plo] 

mutants could complement a pioi deletion was carried out as in Chapter 3.6.2.1 

(see also Figure 3.6.2.1). The results are presented in Table 5.3. 

For all of the random mutants of plo], plo1::his3 haploids were obtained 

indicating that these mutants can all support growth in the absence of plo]t This 

is likely to reflect the relatively conservative changes in the protein created in this 

mutagenesis screen compared to those made by site directed mutagenesis. 

5.3.1 TEMPERATURE 

Haploids which were plo]::his3 1euI::n,nt41HAp1o1*  (where ploI 

indicates any of the plo] mutants created by random mutagenesis) were streaked 

on selective media at 25°C, 32°C and 35°C. No difference was found in colony 

formation at any of the temperatures tested. 

5.3.2 UV SENSITIVITY 

As discussed in Chapter 3, the control strain Sp302 (plo]::his3 

1euI::nmt4]HAp1o1') displayed sensitivity to UV radiation. The response to UV 

of plo1::his3 1eu]::nmt41HA 3p1o]V498A was identical to that of Sp302, Figure 

5.3.2. No other strains were tested for UV sensitivity. 
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Table 5.3: 

Rescue of p!o1::his3by nmt41HA3pIo1*  integration- plol 
random mutagenesis 

(random mutants of plol from reverse two hybrid screen) 

Strain no. 	plol mutation Ratio of growth 	RESCUE? 

on EMM+H:-LA 

WILD TYPE 

Sp282 plol 1.8: 	1 YES 

RANDOM 

MUTANTS 

Sp488 plolS256P 2.4: 	1 YES 

Sp489 plolV498A 1.5: 	1 YES 

Sp491 plolF493L 1.3: 	1 YES 

Sp494 plolR605P 1:1 YES 

Sp495 plolL565F 1.3: 	1 YES 

Sp496 plolV533A 1.8: 	1 YES 

Sp499 plolD66lG 1.5: 	1 YES 

Spores were germinated on EMM + HAL, 32 colonies were picked from each and 
replica plated to determine the ratio of his: his strains. Rescue of plo1z (his) 
occurs if growth on + his plates : - his plates is 2:1 (see figure 3.6.2.1) 
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FIGURE 5.3.2: Graph to show UV sensitivity of pIol::his3#Ieul::nmt4lHA3pIol* 
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UV Dose in mJ/m2  

Cells were grown in liquid culture at 28°C and 1000 - 10,000 cells were spread per plate before 
exposure to UV. Plates were then incubated at 28°C for 3 days and colonies counted. 



5.3.3 BENOMYL SENSITIVITY 

Strains with pioi random mutants in place of pioi were streaked on 

plates with different concentrations of benomyl to determine if any displayed 

benomyl sensitivity. A wild type strain and strains lacking a functional spindle 

assembly checkpoint (bublA and mad2A) were streaked alongside for 

comparison. Plates were incubated at 25°C, 32°C and 35°C for 3 days and colony 

sizes compared. 

No difference was found between the temperature at which plates had 

been incubated. Results are indicated in Table 5.3.3. 

Wild type fission yeast (strain 972) showed no decrease in growth until 

concentrations of benomyl reached l0g/ml whereas bublA and rnad2A strains 

displayed some sensitivity to benomyl at 2.5tg/ml. 

Strain 5p302 (plo/A 1eu/::nint4IHAp1o/) was more sensitive to 

benornyl than the wild type strain but less so than the spindle assembly checkpoint 

mutants (see 3.6.2.3.1). In all cases, differences in colony formation were slight 

The plolA integration strains carrying plo] mutations created by random 

mutagenesis showed sensitivity to benomyl to differing extents. None were more 

sensitive than the control strain Sp302. 

5.3.4 Examination of cells by DAPI staining 

DAPI staining revealed an array of cell defects in all of the strains carrying 

random plo] mutations in place of ploJ at 30°C. A summary of the relative 

proportions of phenotypes and pictures of representative cells are shown in Table 

5.3.4 and Figure 5.3.4. 

Qualitatively, all mutants produced the same range of cell abnormalities. 

The predominant defect varied between strains, for example, in Sp317 

(P101 5256P which lacks interaction with only SPAC613 12.08) the prevalent defect 

was that of long multinucleate cells (i.e., failure to septate). In other strains the 

predominant defect was that of multiple septa (i.e., failure to separate cells). 
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TABLE 5.3.3: Growth of substitution strains on benomyl: 

p101 random mutagenesis 

Strain 	No 2.5pgImI 5pgIml 7.5pglml lOpgIml 
Ben. 	Ben. 	Ben -- 	Ben 	Ben 

972 	 +++ 	 ++.  

bublA ++ + (+) - 

mad2z +++ ++ + + - 

Sp302 ++ ++ + (+) (+) 
leul ::nrntHAplol + 

Sp317 + + + (+) (+) 
(plolS256P) 

Sp318 ++ ++ + + + 
(p101 V498A) 

Sp319 ++ ++ + + + 
(plolF493L) 

Sp320 +++ +++ ++ + + 
(plolR605P) 

Sp321 + + (+) (+) (+) 
(ploIL565F) 

Sp322 ++ ++ + + (+) 
(plolV533A)  

Strains were streaked on plates with different concentrations of benomyl. After 
three days at 32°C colony sizes were compared for each strain 

- < (+) < + < ++ <+++ 
indication of colony size from no growth (-) to wild type colony size (+++) 
Points at which decreased growth due to benomyl occur are marked in red. 
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TABLE 5.3.4: Cell defects in p!ol::his3' Ieu1::nmt41HA3pIo1* 

e~, ~e ~~, g 
multinucleate multiple 
	lack of misplaced 

septa 	septa 	septa 

STRAIN 	
INTERACTION 

COMPROMISED 
WITH 

Sp317 
plolS256P SPAC6B12.08 ~ + + 

Sp3 18 Spo 113p, Dmf 1, Cut5, 

ploIV498A SPAC6BI2.08, SPAC1006.03c+++ + + 

SPAC6H5.05 

Sp319 SPAC6B 12.08, SPAC26145.05 + + + +1- 
plolF493L Cut23 

Sp320 Crb2, Cut23 + +++ +  + 
plo]R605P SPAC26H5.05 

Sp321 
plolL565F SPAC26H5.05, Cut23 + +++ + 

Sp322 Dmf 1, Cut23 

plolV533A SPAC613 12.08, SPAC26H5.05 ++ + 

Sp323 Dmf 1, Cut23, 

plolD66lG SPAC6B 12.08, SPAC26H5.05 ++ ++ ++ 

Cells were were examined with DAPI staining after liquid culture at 30°C and relative 
numbers of cell defects were noted. 

166 



FIGURE 5.3.4: Cell defects in pIo1::his3' 
Ieu1::nmt41HA3pIo1* :  p101 random mutagenesis 

Cells from strains Sp317 - 323 were grown in liquid culture at 30°C prior to 
fixation and DAPI staining. Cell defects were varied: A. Back-to-back nuclei; 
B. Multinucleate with multiple septa: C. Multinucleate; 
D. Multinucleate with misformed septum 
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Only two of the mutants examined retained interaction with Cut23 at wild 

type levels. Both of these mutants (Sp317 and Sp318) showed a propensity for 

multinucleate cells whereas those mutants which had a reduced interaction with 

Cut23 tended to produce cells with multiple septa, Table 5.3.4. Whether this 

specific effect is due to a loss of Cut23 interaction, or a loss of interaction with 

another protein which binds to Plo! in a similar manner is not clear. 

Most of the piolA substitution strains were sick under normal growth 

conditions and were difficult to work with. Strains 5p319 (pioIF493L) and 

Sp322 (ploIV533A) were not as sick as the other haploids. 

5.4 	SUMMARY OF RANDOM MUTAGENESIS OF p101 

Random mutagenesis and reverse two hybrid screening reinforced the case 

for a role of the polo boxes of Plo 1 in protein-protein interactions. The majority 

of mutants selected for defects in interaction with other proteins had mutations in 

this region of the protein. The non-conserved region in the middle of the protein 

is unlikely to play a role in protein-protein interactions, and the kinase domain can 

affect the interaction in some cases. 

It is interesting that the mutants of Plol created in this way were able to 

support the growth of a plo] deletion strain, although none were able to 

complement the deletion completely. The fact that Plol interacts with a large 

number of proteins in vivo and that only a very small number could be included in 

this screen allows for an explanation of the heterogeneous nature of the 

phenotypes seen. It is unlikely that the Plol interactions which were actually 

disrupted in vivo were limited to just one, or even a few interacting proteins. 



CHAPTER 6: 

DISCUSSION 

6.1 	SITE DIRECTED MUTAGENESIS OF PLO1 

6.1.1 OVEREXPRESSION OF PLOY 

Two effects are seen upon overproduction of Plol in wild type fission 

yeast: the production of septa regardless of cell cycle position and the failure to 

form a bipolar mitotic spindle and subsequent mitotic arrest (Ohkura et al., 1995). 

This indicates functions for plo] in bipolar spindle formation and in septation, 

both of which have been confirmed (Ohkura et al., 1995; Tanaka et al., 2001). It 

seems likely that plo] is required for more than just these two functions in fission 

yeast. Many other mitotic functions have been demonstrated for polo-like kinases 

(Glover et al., 1998; Glover et al., 1996; Lane and Nigg, 1997) which are possibly 

masked by the dominant phenotypes produced in overexpression experiments. 

Plol has been placed high in the septation initiation pathway (Ohkura et 

al., 1995; Tanaka et al., 2001) which provides an explanation for the formation of 

extra septa caused by overexpression of pioi. The means by which high levels of 

plo] expression interfere with bipolar spindle formation is less clear. Genes in 

which mutations induce monopolar spindles include those involved in SPB and 

spindle function (e.g., cut]] which is required to anchor the SPB in the nuclear 

envelope in mitosis (West et al., 1998), cut12 and sad], both constitutive 

components of the SPB (Bridge et al., 1998; Hagan and Yanagida, 1995) and 

cut7, which codes for a kinesin-like protein required for the interdigitation of 

microtubules in the mitotic spindle (Hagan and Yanagida, 1992; Hagan and 

Yanagida, 1990). It is likely that the inhibition of bipolar spindle formation 

caused both by overexpression and deletion of p1oi is through an interaction with 

such genes. 
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6.1.2 OVEREXPRESSION OF PLO1 KINASE DOMAIN MUTANTS 

	

6.1.2.1 	LACK OF SEPTATION 

Overexpression of plol mutated in the kinase domain resulted in a 

dominant negative effect. A dominant negative mutant is thought of as one which 

competes with the wild type protein for essential interactors when expressed at 

high levels (Herskowitz, 1987). Overexpression of kinase domain mutants of 

plo] caused arrest in mitosis due to a failure in bipolar spindle formation. Those 

cells which passed through mitosis were unable to form septa. This resembles a 

plo] deletion phenotype and may be attributed to the effect of an inactive kinase 

binding to and titrating substrates or regulators away from the endogenous, active 

kinase in the cell. 

	

6.1.2.2 	Thr197 

Phosphorylation has been shown to be a common mechanism of activation 

for polo-like kinases from human, Xenopus, Drosophila and both fission and 

budding yeast (Cheng et al., 1998; Mundt et al., 1997; Qian et al., 1998; Tanaka et 

al., 2001; Tavares et al., 1996). Phosphatase treatment of Plol abolished in vitro 

kinase activity indicating that activation of Plol occurs through phosphorylation 

(Tanaka et al., 2001). 

A conserved threonine (Thr197 in Plol) has been implicated in activation 

of polo-like kinases by phosphorylation (Lee and Erikson, 1997; Qian et al., 

1998). This residue lies in the activation loop between kinase subdomains VII 

and VIII (Hanks et al., 1988). The activation loop is important in regulating 

kinase activity by bringing about the correct conformational changes to allow 

alignment of catalytic residues. In the case of cAPK, it is thought that a 

phosphorylated threonine in the activation loop contacts a conserved arginine 

adjacent to the catalytic aspartate, which is brought into an appropriate position to 

participate in the phosphotransfer reaction (Johnson et al., 1996). All of these 
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residues are conserved in polo-like kinases. In addition, structural conservation 

between kinases indicates that regulatory mechanisms are also likely to be 

conserved (Johnson et al., 1996). 

Acidic residues have been shown to substitute for phosphorylation (Huang 

et al., 1995). Mutation of conserved threonine in the activation loop to an acidic 

residue in murine P1k 1, P1k1T210D, resulted in increased kinase activity in vitro. 

Complementation of a temperature sensitive allele of CDC5 in budding yeast was 

also enhanced by the mutation (Lee and Erikson, 1997). 

In Xenopus an analogous mutation, PIxIT201D, resulted in a 

constitutively active form of the enzyme (Qian et al., 1998). PlxlT20lD induced 

MPF activity when mRNA was injected into oocytes. The importance of this 

residue in activation of the Xenopus polo-like kinase was further demonstrated by 

mutation to valine, resulting in polo-like kinase which was not activated in 

Xenopus oocytes (Qian et al., 1998). Taken together, these results imply that 

activation of polo-like kinases occurs through phosphorylation of this residue. 

Putative activated (Plo IT I 97D) and non-phosphorylatable (Plo IT I 97V) 

mutants of Plol were created to determine if this was true for fission yeast polo 

kinase. If Thr 197 phosphorylation activated the kinase, it would be predicted that 

more cell defects would be seen in a strain overproducing P1oIT197D than Plo 1. 

Conversely, overproduction of a non-phosphorylatable form of the protein, 

Plo 1T197V, would be expected to result in a similar level, or perhaps fewer, cell 

defects than overproduction of Plol. Overexpression of ploITI97V had a 

dominant negative effect similar to other kinase mutants of plo1. This indicates 

that the mutation had an effect on the function of the kinase. In contrast, 

overexpression of p1oITI97D resembled overexpression of ploI. When ploI 

and the p1o1T197D mutant were expressed at ten times lower levels no difference 

in the level of cell defects was seen. It was expected that if there were subtle 

differences in induction of phenotypes, they would be detected at these levels. 

These results suggest that phosphorylation of Thr 197 is not sufficient for 

activation of Plol in vivo. 

Residues other than Thr197 which could be involved in Plol activation are 

Thrl4, part of a cdc2 consensus phosphorylation site in the N-terminus of Plol, 
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and Glu 193 in the activation loop. It has been shown that Thrl4 is not involved in 

the regulation of Plol kinase activity as P1o1T14A retained cell cycle regulation 

of kinase activity and was able to complement a plol deletion (Tanaka et al., 

2001). When plolEl93V was overexpressed in wild type S. pombe, a weak 

dominant negative effect was seen which could indicate a requirement for an 

acidic residue at this position. In murine Piki, a mutation of the equivalent 

residue, PIkIE206V, led to a reduction in kinase activity in vitro (Lee and 

Erikson, 1997). In vivo activation of Plol might be also determined by 

phosphorylation events at a combination of sites. 

6.1.2.3 	Interphase Delay 

Elongated cells with interphase nuclei were seen when kinase domain 

mutants of plo] were overexpressed but not when a construct lacking the entire 

kinase domain, ploI.324-684 was overexpressed (Ohkura et al., 1995). This 

indicates that the mutated kinase domain is responsible for this effect. 

A delay in G2/M transition would result in elongated cells with interphase 

nuclei. Delays in G2/M may be caused by activation of a G2/M checkpoint or a 

delay in activation of cdc2. In cdc2 mutants which are insensitive to controls by 

either wee] or cdc25 (cdc2-Iw and cdc2-3w respectively (Russell and Nurse, 

1987)) the presence or absence of the interphase delay phenotype would have 

indicated whether the effect was acting through cdc25, wee] or directly through 

cdc2. It was not possible to interpret the results of this experiment with any 

degree of certainty because of the weak penetrance of the phenotype. An 

interaction with Cdc25C has been shown for polo-like kinases in Xenopus and 

mammalian systems (Abrieu et al., 1998; Karaiskou et al., 1999; Kumagai and 

Dunphy, 1996; Ouyang et al., 1997; Qian et al., 1998; Qian et al., 2001). An 

interaction between CDC5 and SWEJ, the budding yeast homologue of wee], has 

also been demonstrated (Bartholomew et al., 2001). Analogous interactions have 

not been reported in fission yeast. 
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In the cdc2-w mutant backgrounds, both of which are "wee" (i.e., enter 

mitosis at a reduced cell length), the variation in cell length was high even in the 

absence of p1oIDI8IN expression. No change in cell length due to the effects of 

overexpressing plolD 18/N could be detected. It was therefore not possible to 

determine whether the G2/M delay was due to an effect on MPF activation. 

The interphase delay phenotype was shown not to be dependent on either 

of the two G2/M checkpoints tested. The heterogeneous nature of the cell defects 

resulting from overexpression of plo] mutants made interpretation of experiments 

difficult. In chklA cells overexpressing p1oIDI81N, elongated cells with an 

interphase nucleus were observed, but often the nucleus was enlarged, as if the 

cells had become polyploid. The same phenotype was present in a cds/A 

background. Whether this phenotype was comparable to the interphase delay seen 

in a wild type background is not clear. There were no apparent differences 

between mutants of the two checkpoints. 

It is difficult to interpret these experiments not only because of technical 

difficulties but also the fact that overexpression of p1o1D181N has multiple 

consequences for the cell (and the interphase delay is a minor one). To determine 

whether an interaction occurs between plo] and cdc2, wee], cdc25, or 

components of the DNA damage or replication checkpoints requires further study. 

The use of the overexpression of plo] mutants has been demonstrated here to be 

of limited use in that context. 

6.1.2.4 	SCREEN FOR MODIFIERS OF PL01K69R DOMINANT 

NEGATIVE EFFECT 

It was hoped that screening for modifiers of overexpression of a dead 

kinase mutant of pioi would reveal a subset of interactors which would not be 

identified by screening for more general ploJ induced defects. Although 

screening was complicated by the fact that overexpression of this mutant did not 

eliminate colony formation entirely, it did allow screening for both suppressors 

and enhancers of the effect. 
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Out of the positive clones identified initially in the screen, only one still 

had an effect when retransformed. This was found to carry two genes, leu2 and 

SPC9E9.17c. SPC9E9.17c encodes a "very hypothetical" predicted protein of 56 

amino acids. It is difficult to propose any role for leu2 in suppression of the 

dominant negative phenotype under analysis here, which leaves SPC9E9.17c as a 

potential interactor of plol. This clone did not have a strong suppression effect 

and was not studied further. 

It is surprising that pIoI was not identified in the screen as this would be 

capable of rescuing the dominant negative effect if expressed at appropriate 

levels. 

The concept behind the screen remains valid but perhaps one of the 

reasons that it was not successful is that in practice it was very subjective. Even 

in the presence of phloxine B, which stains dead cells and helps to distinguish 

between healthy and sick colonies, it was difficult to see differences in colony 

formation. Overexpression of plolK69R in a cut7 mutant abolishes colony 

formation and could be used to isolate genes which rescue the dominant negative 

effect but would not allow for identification of enhancers. 

Another reason for the failure of the screen could be the multifunctional 

nature of 	In cells overexpressing ploIK69R more than one type of cell 

defect is observed. If there is a gene which can rescue for example, the mitotic 

arrest, it is unlikely that this gene will also be involved in the septation pathway. 

However, enhancers of the effect should still have been found. 

6.1.3 OVEREXPRESSION OF p101 NON-CATALYTIC DOMAIN 

MUTANTS 

6.1.3.1 	LACK OF MITOTIC DEFECT 

In contrast to plol, overexpression of plo] mutated in the non-catalytic 

domain caused only one major cell defect. Mutations in any of the three polo 

boxes had the same effect on the function of the protein which demonstrates that 
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the polo boxes form one functional unit. In cells overexpressing polo box 

mutants, septation is driven at the same levels as for overexpression of 	but 

the mitotic defect was not seen. This indicates that the non-catalytic domain of 

Plol does not interfere with septation, but that it is involved in the inhibition of 

bipolar spindle formation when overproduced. 

Overproduction experiments have also been carried out with polo-like 

kinases in S. cerevisiae. Overproduction of murine PIkI in budding yeast resulted 

in cells with elongated buds and septa-like structures in a polo box dependent 

manner (Lee et al., 1998). Similarly, when Cdc5p was overproduced the same 

structures were induced and this too, was polo box dependent (Song et al., 2000). 

The results from overproduction experiments in S. cerevisiae and S. 

poinbe are contradictory. In budding yeast, overproduction of polo-like kinases 

required the presence of the polo box domain to drive septation while the 

overproduction of Plo 1 in fission yeast without that domain resulted in septation. 

This raises two questions: are the structures induced equivalent in the two species 

and are the functions of polo-like kinases conserved between the two yeasts? 

The septa induced in budding yeast appear to be analogous to wild type 

septa in that they were shown to contain the septin Cdc7p and actin (Song et al., 

2000). Septa resulting from overproduction of Plo I also resemble wild type septa 

(Ohkura et al., 1995). 

The roles of polo-like kinases in the two yeasts seem to differ in minor 

ways. Mutation or deletion of CDC5 results only in late mitotic defects, cells 

arrest with large buds, partially separated DNA and elongated spindles (Byers and 

Goetsch, 1974; Hartwell et al., 1973; Kitada et al., 1993) and a role in spindle 

formation for CDC5 is not suggested by these phenotypes. In contrast, pIol has 

been shown to play an essential role in bipolar spindle formation (Ohkura et al., 

1995). This difference could be due either to differences in polo-like kinase 

function or to a difference in the precise nature of the cell cycle regulation 

between the two organisms. 
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6.1.4 OVEREXPRESSION OF COMBINED KINASE AND NON-

CATALYTIC DOMAIN MUTANTS 

Mutants of pioi with combined kinase domain and non-catalytic domain 

mutations had no effect when overexpressed in wild type S. ponibe. 

Kinase domain mutants of Plot behave in a dominant negative manner to 

cause mitotic arrest and a failure to septate. The non-catalytic domain of the 

protein is required for this effect because overproduction of Plol protein mutated 

in both the kinase and non-catalytic domain did not cause cell abnormalities. In 

addition, overproduction of truncated versions of Plot lacking the entire kinase 

domain (Plol.313-684) did not result in cell defects, supporting the hypothesis 

that the mutated kinase domain must be present to titrate essential interactors from 

the endogenous Plol and cause the dominant negative effect. 

On the other hand, when mutants in the non-catalytic domain are 

overproduced, cells form multiple septa but there is no mitotic arrest. The polo 

box domain must be present for mitotic defects to occur. Septation requires 

kinase activity, since overproduction of Plot protein mutated in both the kinase 

and non-catalytic domain did not cause cell defects, nor did overproduction of a 

truncated version of Plot lacking the entire kinase domain (P101.313-684) and 

septation is not driven by overproduction of kinase mutants. 

Plot consists of two functional domains, the functions of which have been 

separated by overproduction experiments. 

6.1.5 OVEREXPRESSION OF p101 MUTANTS: GENETIC 

INTERACTIONS AND SENSITIVITY TO BENOMYL 

6.1.5.1 	cuff AND cdcl6 MUTANTS 

Overexpression of plol mutants revealed an interaction with cut7. 

Overexpression of 	and kinase dead plolK69R but not the polo box mutant 

21oIDHK625AAA was more inhibitory to colony formation in a cut7 than a cut7 
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strain at the permissive temperature. Cut7 is a kinesin-like protein involved in the 

interdigitation of microtubules at the spindle midzone and mutants in cut7 fail to 

form a bipolar spindle (Hagan and Yanagida, 1992; Hagan and Yanagida, 1990). 

Sensitivity of cut7 was limited to overexpression of constructs which affected 

spindle formation. As overexpression of plo]DHK625AAA had no effect on 

spindle formation, cells compromised for cut7 function were able to tolerate it as 

well as cut7 cells. 

In a cdcl6-116 mutant background no increase in sensitivity to 

overexpression of any of the plo1 constructs was observed. Cdcl6 is an inhibitor 

of Spgl, a GTPase required for initiation of septum formation. In cdcl6-116 

mutants, loss of regulation of septation results in multiple rounds of septation 

without cytokinesis (Fankhauser et al., 1993). Plol is upstream of Spgl in the 

septum initiating network (SIN) of fission yeast since in a cdcl6-116 mutant 

septation occurs without activation of Plol kinase and overproduction of Plol 

does not drive septation in a spg/-B8 cdc7-A20 double mutant (Tanaka et al., 

2001). 

Overexpression of plol or p1oJDHK625AAA did not enhance the 

phenotype of a cdc16-116 mutant probably because both plol and cdcJ6 induce 

septation through spgI. Overexpression of piol mutants in a strain with a non-

functional SIN would have produced different results. As the only defect 

observed when non-catalytic domain mutants are overexpressed is increased 

septation, a cdc7 or spgF strain would be more resistant to overexpression than a 

wild type strain. There would be no difference between SIN-  and SIN strains in 

response to overproduction of dead Plo 1 kinase. 

6.1.5.2 	BENOMYL SENSITIVITY 

The results of overexpression of pioi mutants in the presence of benomyl 

reflected those of overexpression in cut7 mutant backgrounds. Benomyl is a 

microtubule depolymerising drug and in cells which were overproducing proteins 

which have a detrimental effect on spindle formation (Plol and P1o1K69R) 
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sensitivity to the drug was increased. This increase in sensitivity was not seen in 

cells overexpressing non-catalytic domain mutants of pioi because these mutants 

do not have a deleterious effect on microtubule function. 

6.1.5.3 	SPINDLE ASSEMBLY CHECKPOINT MUTANTS 

Overexpression experiments in a strain with a non-functional spindle 

assembly checkpoint revealed a possible interaction between plo] and the 

APC/C. Formation of abnormal spindles in a strain deleted for inad2 does not 

cause the cells to arrest with overcondensed chromosomes because the spindle 

assembly checkpoint is not activated (Kim et al., 1998). A mitotically arrested 

cell would only be produced in this background if a defect other than in spindle 

formation occurred. If cells arrested in mitosis are seen in a inad2z strain, it 

might suggest that APC/C or 26S proteasome function has been compromised 

preventing metaphase to anaphase transition (because the securin Cut2 is not 

degraded) or exit from mitosis (which requires degradation of mitotic cyclins and 

other proteins). 

Overexpression of ploJK69R in a checkpoint active strain resulted in a 

large proportion of mitotically arrested cells, but in a mad2A strain no such 

arrested cells were seen. The appearance of cells with enlarged nuclei was 

probably due to cells which were unable to separate their DNA because of a 

failure in spindle formation. The chromosomes in these cells would decondense 

producing cells enlarged, diploid nuclei. These results indicate that the only way 

in which overexpression of a kinase dead plo] can induce mitotic arrest is through 

a block in spindle function. 

Intriguingly, overexpression of plol in a spindle assembly checkpoint 

defective strain did produce mitotically arrested cells. It appears that 

overexpression of plo] blocked exit from mitosis, possibly through an inhibition 

of the APC/C or the 26S proteasome, and that this effect is dependent upon Plol 

kinase activity. 



There is a growing body of evidence for the activation of the APC/C by 

polo-like kinases in many eukaryotes. For example, overexpression of CDC5 

resulted in increased APC/C activity in budding yeast (Charles et al., 1998). In all 

cases the effect appears to be one of activation of the complex rather than 

inhibition which would have produced the results seen here (Charles et al., 1998; 

Descombes and Nigg, 1998; Kotani et al., 1999; Kotani et al., 1998; Shirayama et 

al., 1998). 

6.1.6 LOCALISATION 

The localisation of GFP-tagged Plol to the SPB in this study was identical 

to that of untagged Plol protein visualised by immunostaining (Mulvihill et al., 

1999). The protein was not seen at either the spindle or the medial ring under the 

conditions used here although Plol has been shown to localise to those structures 

by others (Bahier et al., 1998; Mulvihill et al., 1999). This difference could be 

due to differences in expression levels or fixation/visualisation conditions. For 

example, Bahler and co-workers (Bahier et al., 1998) examined localisation using 

C-terminally tagged plo] expressed from the endogenous promoter. They 

described faint nuclear staining with a brighter spot at the presumed SPB in 

addition to localisation of Plo l-GFP to the spindle and medial ring. In contrast, in 

the present study, N-terminally tagged ploi constructs were integrated at leul 

under the control of the nint4l promoter. No nuclear staining (other than at the 

SPB), staining of the spindle or of the medial ring were seen. These differences 

could be attributable to differences in expression levels of the tagged genes or to 

the position of the GFP moiety. 

Kinase activity of Plol was not required for the cell cycle localisation of 

Plol to the SPB. This has been shown previously with PK-tagged P1o1K69R 

(Tanaka et al., 2001). GFP-P1o1K69R displayed an identical localisation pattern 

to wild type protein. The localisation of kinase dead Plol to the SPB was not 

mediated through endogenous Plol present in the cell (Tanaka et al., 2001). 

Plol with a mutated or truncated non-catalytic domain was not seen at the 

SPB. Western blotting demonstrated that this was not due to a decrease in the 
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amount of protein present in the cells. All mutations in the polo boxes had the 

same effect in abolishing mitotic SPB localisation of the protein. 

The non-catalytic domain of Plol is therefore required for localisation to 

the SPB but what part of it is sufficient? The smallest region of Plol which 

displayed this localisation was an amino terminal truncation lacking the entire 

kinase domain (GFP-Plo 1.3 13-684). A smaller construct consisting solely of the 

polo box domain (GFP-Plol. 472-684) could not be seen at the SPB, however no 

protein was detected by western blotting with anti-Plol antibody. This could 

reflect either an instability of the truncated protein or a lack of epitopes 

recognisable by the anti-Plol antibody used (anti-GFP was not used in these 

experiments). 

The non-catalytic domain, but not the kinase domain of Plol is required 

for localisation of the protein to the SPB. It was not possible to determine if the 

conserved polo boxes were sufficient for localisation. 

Localisation of polo-like kinases to the mitotic apparatus appears to be 

well conserved between species. In all organisms studied, polo-like kinases have 

been found to localise early in mitosis to the SPB/centrosome (Golsteyn et al., 

1995; Logarinho and Sunkel, 1998; Moutinho-Santos et al., 1999; Mulvihill et al., 

1999; Song et al., 2000). This seems to be true for all centrosomal structures 

despite structural differences between them e.g., PIkI localises to acentriolar 

spindle poles in mouse oocytes (Wianny et al., 1998), Plol to the yeast SPB 

(Mulvihill et al., 1999) and PIkI and Polo localise to centriolar centrosomes in 

man and fly respectively (Go!steyn et al., 1995; Logarinho and Sunkel, 1998). 

The role of the non-catalytic domain of polo-like kinases in localisation to 

the S. cerevisiae SPB has been demonstrated for murine Plkl (Lee et al., 1998) 

and Cdc5p (Song et al., 2000). 

Localisation of Plol to the SPB is the first cytologically observable event 

in fission yeast mitosis (Mulvihi!l et al., 1999). This occurs before separation of 

the duplicated SPBs and before the increase in kinase activity of Plol. The SPB 

has been proposed to be a "meeting place" where kinases and substrates are 

brought into close association (Stearns and Winey, 1997). Concentration of Plol 

and it's substrates might be required early in mitosis when Plol kinase activity is 



low. The timing of this localisation for polo-like kinases suggests a requirement 

for early mitotic events such as centrosorne maturation and bipolar spindle 

formation. In addition, it has been shown that localisation of Plol to the SPB is 

not required for septation since septation in a cdcl6-116 mutant does not correlate 

with Plol localisation (Mulvihill et al., 1999). This agrees with the results of 

overexpression experiments where it was seen that overexpression of non-

catalytic domain mutants induced septation but did not have an effect on mitotic 

spindle formation. The lack of mitotic arrest may be explained by the fact that 

targeting to the SPB is lost in these mutants. 

6.1.7 REGULATION OF KINASE ACTIVITY 

The assays for Plol kinase activity used in this study were developed by 

Tanaka et al (Tanaka et al., 2001). Control experiments have shown that HA-

tagged Plol protein immunoprecipitated by anti-HA antibody displayed the same 

cell cycle regulation as Plol protein immunoprecipitated with anti-Plo! antibody 

and that the kinase activity detected in these assays was associated specifically 

with Plol protein (Tanaka et al., 2001). The assay relies on immunoprecipitation 

of soluble Plol protein from cell extracts and it might be argued that SPB bound 

protein would be under represented in these assays. However, the cell cycle 

regulation of activity displays timings relevant to Plol functions. 

In this study, cell cycle activity of HA1PIoI was similar to published 

reports (Tanaka et al., 2001), peaking early in mitosis and returning to basal levels 

around the same time as the peak of septation. In more carefully synchronised 

cultures (using a combination of centrifugal elutriation and cdc25-22 block and 

release techniques) the peak of Plol kinase activity has been related to the start of 

Cdcl3 degradation (Tanaka et al., 2001). 

The pattern of cell cycle activation and inactivation of Plol kinase activity 

was mirrored by the two polo box point mutations (Plo 1YQL5O8AAA, mutated in 

polo box 1 and P1o1DHK625AAA, mutated in polo box 3) as well as in a C- 

terminally truncated protein lacking the last two polo boxes (P101.1-533). 



Therefore, the polo box domain is not required for cell cycle regulation of Plol 

kinase. 

C-terminally truncated PIkl displayed increased in vitro kinase activity 

(Mundt et al., 1997) suggesting that the polo box domain could inhibit the kinase 

activity of the protein. This effect was not evident in the current study, however 

careful quantitative comparisons of activity were not made between Plo I mutants. 

6.1.8 	IN VIVO FUNCTION OF p101 KINASE MUTANTS 

6.1.8.1 	PLASMID SHUFFLING 

Plasmid shuffling enabled the in vivo function of a large number of plo] 

mutants to be assessed. Using this approach, rather than transformation and direct 

analysis by selective spore germination, the variability inherent in germination 

was avoided. 

It was demonstrated that plol was able to rescue a deletion when 

expressed from the nmt] promoter in the presence of thiamine (approximately 

wild type levels of expression). None of the plo] mutants were able to fully 

complement a plo] deletion at any level of expression. This is not surprising as 

these mutants were made by targeting only highly conserved residues, and a high 

level of conservation between species would be expected to reflect an essential 

function. Partial rescue was seen for some mutants. 

Surprisingly, a low level of in vivo function was detected for ploIK69R 

which is predicted to be an inactive kinase (Taylor et al., 1992) and was shown to 

have greatly reduced kinase activity in vitro (Tanaka et al., 2001 and this study). 

This could be taken to suggest that kinase activity is not required for some aspect 

of Plol function however, it seems more likely that a low level of activity is 

retained in this mutant. In fact, careful analysis of Figure 3.5. 1 reveals that a low 

level of kinase activity is associated with HA1PIoIK69R. This level is negligible 

when compared to the levels of activity seen for wild type Plol but could be 

responsible for the low levels of rescue seen in the plasmid shuffle experiments. 
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6.1.8.2 	SUBSTITUTION AND SPORE GERMINATION 

PHENOTYPES 

Complementation of a plo1 deletion by plo] mutants expressed at 

approximately wild type levels of expression showed that some mutants retained 

function in vivo , if only to a limited extent. In contrast to the plasmid shuffle 

experiments, partial rescue by ploIK69R was not seen at these levels of 

expression. The ideal experiment to determine in vivo function of the mutants 

would be to integrate the mutant genes under the control of the endogenous 

promoter to ensure that expression levels would be appropriate. 

Surprisingly, pioi.i-483 appeared to rescue aplol deletion although other, 

less complete truncations of the non-catalytic domain did not. Western blotting 

revealed the presence of full length Plo 1 protein in a ploi deletion strain carrying 

this construct. One explanation for this is that read through could have occurred 

at the stop codon introduced to create this mutant. Other C-terminal truncation 

mutants of Plo 1 were created by the addition of a restriction site. The genotype of 

this strain was confirmed by PCR, no product was present when primers 

complementary to the 5' upstream sequence and 3' internal sequence of the plo] 

gene were used. 

Three pioi mutants complemented the plo] deletion phenotype: 

ploITI97D; ploIL210W and plolP490L. 

PIoIP490L and P1oIL2IOW were created to mimic mutations in CDC5, 

cdc5-1 and cdc5-ad respectively (Lee et al., 1998; Toczyski et al., 1997). One of 

these mutations, cdc5-1, is temperature sensitive in budding yeast implying that 

under permissive conditions the Cdc5p protein is functional. Structurally, 

prolines allow flexibility in proteins while the replacement leucine would not. In 

addition, the residue changed, Pro490, lies at the start of the polo box domain and 

changes in conformation might only be essential under certain conditions in vivo. 

The other mutation, plo]L2]0W, mimics cdc5-ad which lacks just one, 

specific function in vivo: the mutant phenotype is an inability to adapt to DNA 

damage checkpoint induced arrest (Toczyski et al., 1997). This mutation is not 

conservative, changing a leucine to a bulky tryptophan residue at the border of 



kinase subdomain VIII. This residue is conserved in all polo-like kinases and 

structural predictions place it on the surface of the protein (Taylor et al., 1992; 

Toczyski et al., 1997). In other experiments, Cdc5L25IW reduced induction of 

APC/C activity in vitro even though it retained wild type kinase activity (Charles 

et al., 1998). This supports a role in substrate recognition for this residue. Such a 

mutation would allow some level of complementation of a plol deletion. 

Mutation of Thr 197 to aspartate was carried out to imitate phosphorylation 

at this residue. The consequences of overexpression of this mutant and wild type 

plol were the same, demonstrating that function is not affected in this mutant. It 

is therefore not surprising that this mutant of plol was able to substitute for a 

deletion. 

The phenotypes of each of these substituted strains when grown at high 

temperature in liquid culture were similar, although the ratios of phenotypes seen 

varied. The cell defects seen were all reminiscent of a general loss of plol 

function, septation defects predominating over mitotic defects as in experiments 

where exogenous plol expression is switched off in a deletion background 

(Ohkura et al., 1995). 

The control strain, p1o]::his3 leuI::HA plo1 displayed sensitivity to both 

benomyl and UV radiation. This indicates that although the strain appeared to be 

wild type with respect to mitosis and colony formation, full rescue of the plol 

deletion had not been achieved. None of the other mutants which supported 

growth under these conditions were any more sensitive to benomyl than the 

control strain. 

A strain compromised for plol function is sensitive to UV induced DNA 

damage. An interaction between polo-like kinases and the DNA damage 

checkpoint has been suggested by others (Sanchez et al., 1999; Smits et al., 2000; 

Toczyski et al., 1997). In S. cerevisiae, a role for CDC5 in adaptation to the DNA 

damage checkpoint has been established through a study of cdc5-ad (Toczyski et 

al., 1997). CdcS has also been proposed as a target of the checkpoint through the 

action of Rad53 (Sanchez et al., 1999). Overexpression of CDC5 induces 

anaphase even in the presence of DNA damage (in a cdcl3-1 mutant) suggesting 

that it is normally inhibited upon activation of the DNA damage checkpoint 



(Sanchez et al., 1999). In support of this, Cdc5p is modified in response to DNA 

damage in a Rad53 dependent manner (Cheng et al., 1998). Furthermore, human 

Piki is inhibited after treatment of cells with DNA damaging agents (Smits et al., 

2000). The defect seen when Plol activity is compromised could be due to a 

defect in the checkpoint itself, in adaptation to the checkpoint or in recovery. This 

is the first link between Plol and the DNA damage checkpoint in fission yeast. 

Further work to determine the nature of that interaction is required. 

Three of the mutants which were unable to support a plol deletion were 

examined by spore germination and showed a general loss of plo1 function. In all 

cases, mitotic defects predominated over septation defects. This is the same as is 

seen in a plo/A strain (Ohkura et al., 1995). 

6.1.9 SUMMARY OF SITE DIRECTED MUTAGENESIS OF p101: 

IMPLICATIONS FOR AN UNDERSTANDING OF p101 FUNCTION IN 

VIVO. 

Site directed mutagenesis of Plol demonstrated the importance of both 

conserved domains of the protein. Such a high degree of conservation between 

species would be expected to reflect an essential function, however, the separation 

of the functions of Plol by mutagenesis of each of its domains was surprising. 

The separation of functions was only apparent from the overexpression 

experiments, as plo] mutants in either domain were unable to complement any of 

the functions of plo] in a deletion strain. It is clear from this study that the three 

blocks of homology comprising the polo boxes form one functional unit. The two 

conserved domains of Plo I act as distinct functional units and are essential for in 

vivo function. 

The non-catalytic domain of Plol is required for localisation of the protein 

to the SPB in mitosis but not for cell cycle regulation of kinase activity. 

Overexpression of non-catalytic domain mutants drives septation but does not 

produce mitotic cell defects. It is tempting to speculate that localisation of the 



protein to the SPB is required for early mitotic functions of plol such as bipolar 

spindle formation. 

Mutations in genes such as cut]2, sad] and cut7 also induce mitotic arrest 

with monopolar spindles. These genes all encode proteins which localise to the 

SPB. Loss of Plol localisation in non-catalytic domain mutants could be the 

consequence of a loss of interaction between Plol and one or more of these SPB 

components. This interaction would be required early in mitosis to target the 

activity of the enzyme to substrates at the SPB for mitotic spindle formation. 

Overexpression of non-catalytic domain mutants which are defective for the 

interaction therefore does not interfere with spindle formation. Components of 

the SIN (e.g., Spgl and Cdc7) are also localised to the SPB but non-catalytic 

domain mutants of plo] are able to drive septation when overexpressed even 

though they do not localise there. Septation initiation occurs late in mitosis when 

overall activity of Plol is high, eliminating the need for a localised concentration 

at the SPB. 

TWO HYBRID SCREENING 

Polo-like kinases execute multiple roles throughout mitosis. Distinct 

functions would be expected to be mediated by interactions with particular 

proteins. Two hybrid screening was carried out to identify interactors of Plo I in 

the hope of identifying novel functions for the kinase, provide information on the 

mechanisms by which known functions are executed or identify regulators of 

polo-like kinase. 

Many functions have been demonstrated for polo-like kinases in budding 

yeast and higher eukaryotes which have yet to be demonstrated for Plol in fission 

yeast. Interactions between polo-like kinases and Cdc25C have been described in 

Xenopus and human cells (Kumagai and Dunphy, 1996; Ouyang et al., 1997) and 

is one mechanism by which polo-like kinases in higher eukaryotes play a part in 

the G2/M transition. Interactions have also been shown between polo-like kinases 

and other mitotic regulators e.g., cyclin B in Xenopus cells and Swel in budding 



yeast (Bartholomew et al., 2001; Toyoshima-Morimoto et al., 2001). Plol has not 

been shown to take part in the G2/M transition in fission yeast. 

Polo-like kinases play a role in SPB/centrosome function and mitotic 

spindle formation and this might be through an interaction with proteins such as 

Cut 12, Sadl and Cut7 in S. poinbe, all of which localise to the SPB and mutants 

of which fail to form bipolar spindles (see Chapter 6.1.9). Known substrates of 

polo-like kinases which are likely to be involved in spindle formation include 13-

tubulin and microtubule associated proteins (Feng et al., 1999; Tavares et al., 

1996). 

A further function of polo-like kinases not yet demonstrated in fission 

yeast is activation of the anaphase promoting complex (APC/C) for anaphase to 

metaphase transition or for mitotic exit (Charles et al., 1998; Descombes and 

Nigg, 1998; Kotani et al., 1999; Kotani et al., 1998; Shirayama et al., 1998). 

Human PIkI can phosphorylate subunits of the APC/C in vitro (Kotani et al., 

1998). The interaction between Plol and Cut23 identified in this study could 

provide evidence for an interaction with the APC/C (discussed below). 

Septation is a well defined role for Plol in fission yeast and an interaction 

between Plol and Dmfl /Mid l in the two hybrid system has been demonstrated 

previously (Bahier et al., 1998). It seems likely that phosphorylation of Dmf 1 by 

Plol leads to Dmf 1 exit from the nucleus which is required for the correct 

positioning of the septum (Bahler et al., 1998). In budding yeast, Cdc5p was 

shown to interact with the septins Cdc3p, CdclOp, Cdcllp and Cdcl2p (Song and 

Lee, 2001). 

Other roles for polo-like kinases have been suggested initially through 

identification of interacting proteins. For example, GRASP65, a protein involved 

in pre-mitotic fragmentation of the Golgi apparatus, was identified as an interactor 

of human PIki in a two hybrid screen (Lin et al., 2000). Subsequently a 

requirement for P1k 1 function in the pre-mitotic fragmentation of Golgi has been 

shown (Lin et al., 2000; Sutterlin et al., 2001). The interaction between DBF4 

and CDC5 has been shown both genetically and by two hybrid analysis (Hardy 

and Pautz, 1996; Kitada et al., 1993). DBF4 is required for the initiation of DNA 

replication in S phase. Although the significance of an interaction between DBF4 
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and a polo-like kinase is unclear, this is another example of an interacting protein 

pointing to a function for polo-like kinases. 

Potentially, a two hybrid screen could identify both substrates and 

upstream regulators of Plo I. For example, the cohesin, Scclp, in budding yeast 

was shown to be a substrate for Cdc5 kinase (Alexandru et al., 2001) which 

makes the fission yeast homologue, Rad2l a potential interactor of Plol. 

Furthermore, no activating kinase has been found for Plol although it's kinase 

activity is regulated by phosphorylation (Tanaka et al., 2001) and upstream 

kinases have been identified for Xenopus polo-like kinase (Qian et al., 1998). 

6.2.1 PROTEINS INTERACTING WITH Cdc5p 

Proteins identified as interactors of Cdc5p included previously identified 

interactors (e.g., Dbf4p), uncharacterised/hypothetical proteins (e.g., YNRO09W) 

and proteins with known functions but which had not previously been linked to 

polo-like kinase function (e.g., Exol, RadH, Spol3). Fission yeast homologues 

could not be identified for many of the interactors. 

6.2.1.1 	Dbf4p & Spo6 

Dbf4 is the regulatory subunit of Cdc7 kinase in budding yeast. This 

complex is required for the firing of origins of replication in S phase (Sclafani, 

2000). At first sight, an interaction between Cdc5p, a mitotic kinase and Dbf4p, 

the regulatory subunit of an S phase specific kinase would seem unlikely to have 

any in vivo relevance. The identification of Dbf4p as an interactor of Cdc5p is not 

exclusive to the present study. CDC5 was identified as an allele specific 

suppressor of dbf4 mutants (Kitada et al., 1993). A physical interaction was 

shown between Cdc5p and Dbf4p using the two hybrid system (Hardy and Pautz, 

1996). It seems likely that this reflects a true interaction but the function is not 

clear. CDC5 could have a role in S phase or DBF4 could have a function in M 



phase. In support of the former, cdc5-1 is synthetically lethal with orc2-I (Hardy 

and Pautz, 1996). Mutants of CDC5 also have an increased rate of chromosome 

loss which is rescued by an increase in the number of origins of replication 

present on a minichromosome, indicating a role in initiating replication (Hardy 

and Pautz, 1996). 

In fission yeast there are two homologues of DBF4: dfp I/him] and spo6. 

Dfpl is the regulatory subunit for the S. pombe homologue of Cdc7, Hskl kinase 

which functions in the vegetative cell cycle for initiation of DNA replication 

(Brown and Kelly, 1999). The cell cycle regulation of Dfpl protein levels differs 

from that of Dbf4p, which is targeted for degradation at the end of mitosis by the 

APC/C (Cheng et al., 1999; Ferreira et al., 2000). Transcriptional and post-

translational mechanisms ensure that no Dfpl protein is present in M phase 

(Brown and Kelly, 1999). Plol protein levels remain constant throughout the cell 

cycle but activity is tightly regulated, peaking in M phase. This makes a 

functional interaction between the two proteins unlikely. 

The second homologue of DBF4 in fission yeast seems to be a more likely 

candidate for an interactor of polo-like kinases, if such an interaction is conserved 

between yeasts. spo6 is expressed specifically in meiosis and is not required for 

initiation of pre-meiotic replication as might be predicted, but for spindle 

formation in meiosis II and for production of the forespore membrane (Nakamura 

et al., 2000). Both of these functions are linked to SPB function in meiosis, which 

would be consistent with an interaction with polo-like kinases. 

However, no interaction was detected between Spo6 and Plol in a two 

hybrid assay. The possibility remains that a different combination of vectors or a 

different assay system might have enabled an interaction to be seen, however 

there is no evidence for an interaction between these proteins. The interaction 

between polo-like kinase and Dbf4-like proteins remains exclusive to budding 

yeast. 



6.2.1.2 	Spol3p 

Spol3p is a meiosis specific protein which is required for co-ordinating 

events in meiosis (Klapholz and Esposito, 1980; McCarroll and Esposito, 1994). 

Mutants form asci with two diploid spores, arising from a mixture of reductional 

and equational divisions (Klapholz and Esposito, 1980). A role for SP013 in co-

ordination of meiosis I and meiosis II through CDC28 has been indicated. 

Overexpression of SP0/3 results in a CDC28 dependent cell cycle delay in 

vegetative growth and can rescue the meiotic defects of a cdc28-I mutant 

(McCarroll and Esposito, 1994). If SP0I3 can regulate meiotic processes by 

restraining CDC28 function until meiosis I is complete, it is possible that it also 

acts through other mitotic kinases such as CDC5. Evidence for an interaction 

between CDC5 and SP013 in vivo is implied by the meiotic phenotype of the 

cdc5-I mutant which, like SP0I3 mutants, forms diploid spores displaying a 

mixture of meiosis I and rneiosis II defects (Schild and Byers, 1980). 

No homologue of SP0I3 was identified in S. ponibe. As a result, no work 

was carried out on the interaction. The interaction between Spol3p and Plol 

demonstrated structural conservation between polo-like kinases from the two 

yeasts. 

6.2.2 Rol INTERACTORS 

Many different proteins were identified in the two hybrid screen using an 

S. pombe eDNA library and full length Plol as bait as true interactors of Plol. 

These included known interactors of Plol (Dmfl/Midl), proteins with known 

functions but which had not previously been linked to polo-like kinase function 

(Sckl, Crb2, Cut5, Abp2) and uncharacterised/hypothetical proteins 

(SPAC1006.03c, SPAC26H5.05). Proteins with a biosynthetic function (e.g., 

acetolactate synthase) were not studied. 

Cut23 is a subunit of the APCIC and was of immense interest as it 

provided a physical link between Plol and APC/C function. In addition, there 

Iva 



was already evidence for a genetic interaction between cut23 and 	(Cullen 

et al., 2000; May et al, in preparation). 

One of the interactors identified, Sum2, was identified in a screen for 

suppressors of overproduction of Cdc25 and possibly has a role in a G2IM 

checkpoint (Forbes et al., 1998). The precise nature of the involvement of suin2 

in this pathway is not clear and deserves further study, not possible here due to 

time constraints. 

Of the proteins identified which had defined functions, many did not 

appear to have mitotic functions. Crb2 and Cut5 are both involved in the DNA 

damage pathway (Saka et al., 1997; Saka and Yanagida, 1993) and are discussed 

in detail below. Abp2 was identified by virtue of its ability to bind to ARS 

sequences in vitro (Sanchez et al., 1998). The deletion phenotype of abp2 is 

intriguing because cells display both mitotic and septation defects, although this 

has not been fully explored (Sanchez et al., 1998). Finally, Sckl is a protein 

kinase which functions in the PKA pathway (Jin et al., 1995). A link between 

polo-like kinases and the PKA pathway could be argued for because they act 

antagonistically to regulate APC/C function (Kotani et al., 1998; Yanagida et al., 

1999). 

Some of the previously uncharacterised proteins identified in the screen 

were of interest because of the presence of conserved domains such as the coiled 

coil domain in SPAC1006.03c. Many SPB components are known to contain 

coiled coil domains (Stearns and Winey, 1997). Due to time limitations, only two 

of these uncharacterised proteins were studied in any detail. 

6.2.2.1 	Dmfl 

The interaction between Plol and Dmf 1 is well established (Bahler et al., 

1998). Plol is required for Dmfl/Midl to leave the nucleus and form a ring at the 

future site of septation during spindle formation. This is probably due to 

phosphorylation of Dmf 1 by Plol. Dmf I is phosphorylated at the time when it 

leaves the nucleus (Sohrmann et al., 1996), nuclear export requires Plo! function 
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and overexpression of plo] leads to a mobility shift of the Dmf I protein (Bahier et 

al., 1998). 

Consistent with other work, this study found that the interaction between 

Plol and Dmfl is mediated by the non-catalytic domain of Plol (Bahier et al., 

1998). 

6.2.2.2 	Cut23 

The APC/C is an E3 ubiquitin ligase which targets specific proteins for 

proteolysis by the 26S proteasorne at two separate points in mitosis: the securin 

Pdslp (Cut2 in fission yeast) is degraded in metaphase allowing sister chromatid 

separation and therefore anaphase to occur and proteins such as the B type 

cyclins, Cdc20p, Cdc5p and Aselp are degraded later to allow exit from mitosis 

(Charles et al., 1998; Cheng et al., 1998; Cohen-Fix et al., 1996; Funabiki et al., 

1996; Irniger et al., 1995; Juang et al., 1997; Morgan, 1999; Page and Hieter, 

1999; Peters, 1999). 

Cut23 is one of the TPR containing subunits of the fission yeast APC/C, 

homologous to Cdc23 in budding yeast. TPR repeats are thought to mediate 

protein-protein interactions and all of the TPR containing subunits of the APC/C 

are essential in both fission and budding yeasts. The three budding yeast TPR 

proteins, Cdc l6p, Cdc27p, and Cdc23p, have been shown to interact with each 

other by co-immunoprecipitation and two hybrid analysis (Lamb, 1994). In 

fission yeast, the TPR containing proteins Nuc2 and Cut9 can be co-

immunoprecipitated (Yanagida et al, 1999). Mutations in TPR7 of Cdc27 were 

shown to disrupt the interaction with Cdc23 but not with Cdcl6, illustrating the 

specificity of interactions through distinct TPRs (Lamb, 1994). The TPR motif 

has shown to be essential to the in vivo function of Cdc23 (Sikorski, 1993) and 

Nuc2 (Hirano, 1990). 

Cut23 was identified in the two hybrid screen in this study as an interactor 

of Plo I. Polo-like kinases have been implicated in the regulation of the APC/C in 

many instances. Regulation of APC/C activity is known to be by phosphorylation 
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(Kotani et al., 1999; Kotani et al., 1998; Lahav-Baratz et al., 1995; Patra and 

Dunphy, 1998). It seems likely that a balance between activating and inhibitory 

phosphorylation events through polo-like kinases and PKA determines the timing 

and substrate specificity of the APC/C (Kotani et al., 1999; Yanagida, 1999; 

Kotani et al., 1998; Yamashita et al., 1996). 

Evidence for the role of polo-like kinases in regulation of APC/C activity 

is growing (Charles et al., 1998; Descombes and Nigg, 1998; Kotani et al., 1999; 

Kotani et al., 1998; Shirayama et al., 1998). In Xenopus egg extracts, PIxI was 

shown to be required for exit from M phase. The degradation of cyclin B and 

reduction in MPF activity were also shown to be defective upon immunodepletion 

of Plxl (Descombes and Nigg, 1998). In budding yeast, CDC5 was shown to be 

required for APC/C dependent degradation of cyclins but not of the securin, Pds 1. 

In addition, overexpression of CDC5 induced APC/C activity (Charles et al., 

1998; Shirayarna et al., 1998). In vitro assays determined that human Piki can 

phosphorylate at least three subunits of the APC/C (Cdc27, Cdc16 and Tsg24, 

homologous to fission yeast Nuc2, Cut9 and Cut4 respectively) (Kotani et at., 

1998). 

The interaction between Plo! and Cut23 could reflect a kinase substrate 

relationship. However, Plol mutant proteins lacking the entire kinase domain can 

still interact with Cut23. Assays in this study to determine whether Cut23 can act 

as a substrate for Plol kinase in vitro also suggest that it does not. Although the 

lack of phosphorylation in these assays could be explained by technical 

difficulties (e.g., GST-Cut23 is poorly soluble and as a consequence very little 

was used in the kinase assays) it seems probable that the interaction between Plo 1 

and Cut23 serves only to target the kinase to the complex. In an in vitro study of 

phosphorylation of the APC/C by PIki, the Cut23 homologue, Apc8/Cdc23 was 

not seen to be a substrate (Kotani et al., 1998). 

Other subunits, regulatory factors or even substrates of the APC/C could 

be phosphorylated by Plol. More work is required to determine which, if any 

Plol substrates are involved in APC/C regulation. 

Evidence for a genetic interaction between cut23 and plol was obtained 

through a screen for mutants which are dependent on high levels of p1oi 
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expression for viability (Cullen et al., 2000)(May et al in preparation). The cut23-

PD26 mutant identified in this screen arrests in metaphase and was found to be a 

mutation of a conserved serine in TPR 5 of the protein. This mutation was found 

to decrease the strength of the two hybrid interaction between Plol and Cut23. 

This suggests a model which can explain the interaction between Plol and 

the APC/C. Plo! is targeted to the APC/C through an interaction with Cut23, 

where it is required to activate the complex by phosphorylation of an, as yet 

unknown protein or proteins. This interaction is weakened in the cut23-PD26 

mutant but can still occur at a low level. Thus, the cut23-PD26 mutant is viable 

only when levels of Plo I are elevated, enabling activation of the APC/C. 

6.2.2.3 	Crb2 & Cut5 

CutS and Crb2 were each identified separately in the two hybrid screen as 

interactors of Plo I. These two proteins are known to interact with each other both 

physically and genetically, and are required for the DNA damage checkpoint in 

fission yeast (Saka et al., 1997; Saka and Yanagida, 1993). Both proteins are 

modified in response to UV irradiation. This modification is dependent on the 

function of the DNA damage sensing components of the checkpoint (radJ, 

rad3, rad9, radJ7 and rad26) but not on chk1 (Saka et al., 1997). The UV 

sensitivity of cut5-T410 and crb2A can be rescued by expression of chk1. This 

places cutY and crb2 upstream of chkP, and downstream of rad1, rad3, rad9, 

rad17 and rad26 (Saka et al., 1997). 

The modification of Crb2 in response to UV induced DNA damage was 

shown to be phosphorylation which may, in part at least, be carried out by 

Cdc2/Cyclin B (Esashi and Yanagida, 1999). Phosphorylation of Crb2 is required 

for re-entry to the cell cycle after DNA damage induced checkpoint arrest (Esashi 

and Yanagida, 1999). 
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Interactions between polo-like kinases and the DNA damage checkpoint 

have been demonstrated in both budding yeast and mammalian cells (Cheng et al., 

1998; Sanchez et al., 1999; Smits et al., 2000; Toczyski et al., 1997). A mutant 

allele of CDC5, cdc5-ad, is defective in adaptation to DNA damage checkpoint 

arrest (Toczyski et al., 1997). This is distinct from the recovery process whereby 

a cell re-enters the cell cycle after repair of the defect that caused the arrest in the 

first place, adaptation is the process by which cells become less sensitive to 

checkpoint signals after prolonged arrest and re-enter the cell cycle regardless of 

the presence of the cause of arrest (Toczyski et al., 1997). 

The budding yeast polo-like kinase has been shown to be downstream of 

RAD53 in the DNA damage checkpoint (Cheng et al., 1998; Sanchez et al., 1999). 

Cdc5p is modified in response to DNA damage in a RAD53 and MEC] dependent 

manner (Cheng et al., 1998) Inhibition of Cdc5 activity in response to damage 

might be required to prevent APC/C activation because arrest in a cdc13-1 mutant 

can be overridden by expression of CDC5 (Sanchez et al., 1999). In addition, 

human PIki was found to be inhibited after cells were treated with DNA 

damaging agents (Smits et al., 2000). 

In the present study, results suggested that a compromise in Plol function 

results in UV sensitivity of cells. One hypothesis which could explain this is as 

follows. Phosphorylation of Crb2 has been shown to be required for cells to re-

enter the cell cycle after checkpoint induced arrest (Esashi and Yanagida, 1999). 

If Plol is required for this phosphorylation, then a decrease in Plol function 

would inhibit re-entry to the cell cycle and UV sensitivity. Although cdc2 was 

shown to be required for the phosphorylation of Crb2, the data suggested that 

another kinase was involved (Esashi and Yanagida, 1999). 

Alternatively, if inactivation of Plol kinase is required to inhibit the 

activity of the APC/C (as appears to be the case for other polo-like kinases 

(Sanchez et al., 1999; Smits et al., 2000)) then Plol could be downstream of 

Crb2/CutS. 
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The precise nature of the UV sensitivity of cells compromised for plo] 

function should be identified. The phenotypes of cells after UV treatment was not 

examined but would be expected be too heterogeneous to be informative. The 

nature of the interaction between Plol and Cut5 and Crb2 should also be 

confirmed using an assay other than the two hybrid system. In particular whether 

these proteins can act as in vitro substrates for Plol kinase should be investigated. 

6.2.2.4 	SPAC1 006.03c 

One of the uncharacterised proteins identified as an interactor of Plol in 

the two hybrid screen, SPACI006.03c was chosen for further analysis for two 

reasons. First, it contains coiled coil domains and second, it was identified in a 

localisation screen which described it's localisation as nuclear spots (Ding et al., 

2000). Both of these were suggestive of a SPB protein. 

GFP tagging of SPACI006.03c at the endogenous locus revealed that the 

nuclear spots, did not correspond to SPBs but represented a distinct subnuclear 

localisation. A similar localisation pattern was described for telomeres by FISH. 

Telomeres localised to the periphery of the nucleus in interphase but this 

localisation was disrupted in mitotic cells (Funabiki et al., 1993). The localisation 

of SPACI006.03c-GFP in mitosis is not clear although during anaphase the GFP 

signal was occasionally absent or present in the region between the dividing 

DNA. 

Two methods were used to determine whether SPAC1006.03c was 

localised at telomeres. In nda3-KM311, a cold sensitive 13-tubulin mutant which 

arrests in mitosis, it is possible to visualise individual chromosomes (Hiraoka et 

al., 1984; Umesono et al., 1983). In nda3-KM3]1 arrested cells, SPACI006.03c-

GFP was seen adjacent to chromosomes. Curiously, the signal was always close 

to, but not touching the DAPI stained DNA. This localisation is difficult to 

interpret. Localisation of sequences adjacent to telomeres in an nda3-KM311 

arrest was carried out by FISH (Funabiki et al., 1993) but localisation of known 

telomere binding proteins in this background has not been published. It is 



possible that some aspect of telomere structure reduces its staining by DAPI and 

that SPAC 1006.03c is at the telomeres. 

In meiotic prophase, the orientation of chromosomes changes so that 

telomeres cluster at the SPB. This plays an important part in ensuring correct 

alignment of homologous chromosomes and recombination (Chikashige et al., 

1994; Niwa et al., 2000). In meiotic cells, SPACI006.03c-GFP signal was not 

detected. No signal was detected from the beginning of karyogamy until spore 

formation was complete. This lack of SPACI006.03c foci may reflect either that 

the protein does not function during meiosis, or that it functions in meiosis at 

dispersed locations which cannot be seen and that the interphase localisation 

pattern represents sequestration of the protein until it is required. 

Telomere associated proteins such as Tazl in fission yeast have a 

conserved motif, the telomere box, required for specific binding to telomere 

sequences (Cooper et al., 1998; Vassetzky et al., 1999). This motif was not 

identified in SPACI006.03c and similarity between Tazi and SPAC1006.03c is 

low. 

SPACI006.03c was found to co-immunoprecipitate with Plol. 

SPAC1006.03c-GFP protein appears to be present at low levels as it was not 

detectable by western blotting of cell extracts. Enrichment caused by 

immunoprecipitation with Plol allowed a protein of the same predicted size as 

SPAC1006.03cGFP to be detected specifically with anti-GFP antibodies. 

SPA C1006.03c is a non-essential gene. The phenotype of a deletion strain 

was a delayed rate of mitosis and meiosis. SPA C1006.03c deletion cells were 

cold sensitive and displayed a range of mitotic defects. Such a cell cycle 

phenotype fortifies the case for an in vivo interaction between SPACI006.03c and 

Plol. What the relationship between these two proteins might be is not clear and 

neither is the in vivo function of SPAC1006.03c. 
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6.2.3 CONSERVATION OF INTERACTIONS AND FUNCTION 

BETWEEN POLO-LIKE KINASES 

It was shown in this study that expression of pioi can rescue the 

temperature sensitivity of a mutant of the budding yeast CDC5, 17isd2-I. This is 

in contrast to the report that neither pLo] nor POLO expression can rescue the 

cdc5-1 allele (data not shown in Hardy and Pautz, 1996). It has been shown that 

both human and murine polo-like kinases can rescue cdc5-1 (Lee and Erikson, 

1997; Ouyang et al., 1997). This allele specific complementation possibly reflects 

the fact that some, but not all of the functions of polo-like kinases are conserved 

between species. C'DC'5 did not rescue a PLO' deletion (this study). The extent to 

which budding and fission yeast polo-like kinases act as functional homologues is 

limited. 

Conservation between polo-like kinases in budding and fission yeast 

extends to binding of interacting proteins. Plol can bind to S. cerevisiae Spol3p, 

and Cdc5p can bind to S. pombe Dmf 1, Crb2, Cuff and SPACI006.03c. These 

were the proteins showing the strongest interactions in the two hybrid screens. 

This result reflects structural conservation between polo box domains. 

62.4 SUMMARY OF TWO HYBRID SCREENING: LESSONS LEARNT 

ABOUT Plol FUNCTION FROM ITS INTERACTING PROTEINS 

Two hybrid screening revealed a wide range of Plol interacting proteins, 

illustrating the multiple functions of Plol. Many of those interactors would not 

have been predicted to function with Plol. In vivo interactions for most of the 

proteins have not been verified due to time limitations. 

Novel functions for polo-like kinases which were suggested by interacting 

proteins included meiotic functions via Spol3p in S. cerevisiae, an interaction 

with the DNA damage checkpoint through Crb2 and Cut5 and an interaction with 

the anaphase promoting complex through Cut23 in fission yeast. The fact that 

UV sensitivity was seen in strains compromised for plo] function strengthens the 
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case for an interaction with the DNA damage checkpoint. Likewise, a genetic 

interaction between plo] and cut23 supports the case for an interaction in vivo 

between the proteins, and in fact this has been confirmed (May et al, in 

preparation). 

An interaction between Plol and an uncharacterised protein, 

SPACI006.03c was found in the two hybrid system and the two proteins were 

shown to co-immunoprecipitate. The function of this protein is not yet known but 

it displays an interesting nuclear localisation in vivo and deletion results in cell 

cycle defects. Whether an interaction with piol takes place in vivo and the role of 

such an interaction requires further study. 

6.3 	RANDOM MUTAGENESIS AND REVERSE TWO HYBRID 

SCREENING 

6.3.1 THE NON-CATALYTIC DOMAIN OF P101 IS REQUIRED FOR 

INTERACTIONS WITH OTHER PROTEINS 

In all cases, interaction between Plot and proteins identified in the two 

hybrid screen was mediated by the non-catalytic domain of Plol. With any 

perturbation of the polo boxes, interaction with other proteins was abolished. In 

contrast, kinase domain mutations or the removal of the kinase domain entirely 

did not disrupt any of the interactions. The minimum construct tested consisted of 

the non-catalytic domain, leaving the question of whether the polo boxes alone are 

sufficient for interaction. 

Interactions of polo-like kinases with other proteins most often occur 

through the polo boxes, although there are exceptions. The polo-like kinase non-

catalytic domain is required for the interaction of Plol and Mid 1/Dmf 1 (Bahler et 

al., 1998 and this study), Cdc5p and septins (Song and Lee, 2001) and for the 

interaction between Cdc5p and Swelp (Bartholomew et al., 2001). 

Two exceptions are the interaction between human P1k1 and a- B- and y- 

tubulins (Feng et al., 1999) and between human Plkl and the golgi reassembly 



protein GRASP65 (Lin et al., 2000). In both co-immunoprecipitation and two 

hybrid experiments, tubulins interacted with the kinase domain of Piki (Feng et 

al., 1999). GRASP65 binding is slightly more complex, as it is mediated by both 

the extreme C-terminus of the non-catalytic domain and part of the kinase domain 

of P1k! (Lin et al., 2000). 

Mutants in the non-catalytic domain of Plol fail both to localise to the 

SPB in mitosis and to interact with other proteins. It seems likely that localisation 

is achieved by an interaction with another protein through the polo boxes of Plol 

and that interaction is lost by mutation of the polo boxes, disrupting localisation 

of the protein. 

6.3.2 REVERSE TWO HYBRID SCREEN MUTATIONS OF plol 

Mutations identified by reverse two hybrid screening illustrated the 

importance of conserved residues in the non-catalytic domain of Plo 1 for protein-

protein interactions. Most of the mutants of Plol defective for binding to a subset 

of interactors were found to have mutations in the polo boxes. These were often 

conservative changes e.g., valine to alanine changes in the polo boxes in both 

#27A(PI01V498A) and #511) (PIoIV533A). A slight change in the structure of 

the non-catalytic domain caused by such mutations would account for the 

relatively general loss of binding. 

No mutations were identified within the non-conserved part of the protein. 

Mutations which arose in this domain either had no effect on protein protein 

interactions, or abolished them completely and so were not selected in this assay. 

The production of a stop codon in this region would be predicted to abolish all 

interactions through the removal of the polo boxes. The lack of any differential 

interactions resulting from changes in this domain supports the hypothesis that 

this region is unimportant for interactions. 

One intriguing set of mutations resulted in the loss of binding to a single 

protein, SPAC613I2.08. These fell within a few residues of each other in 

subdomain X of the kinase domain: P1o1K25IE; P1o1I252T and Plo!S256P. The 
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result of such a mutation is not clear. The non-catalytic domain of Plot was 

shown to be sufficient for interaction with SPAC613 12.08. SPAC613 12.08 could 

simply be more bulky in nature than the other proteins tested, and interaction with 

the non-catalytic domain might result in overlap with the kinase domain. In the 

two hybrid system, a construct consisting of the kinase domain alone did not bind 

to SPAC6B 12.08. These results support the theory that binding to SPAC6B 12.08 

does not occur directly through the kinase domain of Plol but is affected sterically 

by changes there. 

6.3.3 IN VIVO FUNCTION OF RANDOM MUTANTS OF plol 

Although all of the mutants selected by reverse two hybrid screening were 

able to support growth of a plolL% strain, a general loss of plo] function was 

observed. These strains displayed far more defects than the control strain Sp302 

under normal growth conditions. 

A general loss of function implies that in no case was a specific 

interaction, or interactions disrupted in vivo. This is perhaps not surprising 

considering the limited number of proteins assayed in the screen and the 

difficulties in finding mutations of pioi disrupting single interactions. In the one 

case where a single interaction was interrupted, the mutations were clustered in 

subdomain X of the kinase domain. The effect of such mutations on kinase 

activity has not been investigated and could have a more general affect than the 

specific loss of binding would imply. 

Temperature sensitive mutations have been created in plo] by random 

mutagenesis which displayed much more specific phenotypes than any observed 

in this study. Mutants had misplaced septa and monopolar spindles but no other 

major cell defects were reported (Bahier et al., 1998). This suggests a quite 

specific effect on plo! function in these mutants. The position of these mutations 

would be interesting in the context of this mutational dissection of Plol function. 
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Overall, the reverse two hybrid screen reinforced the importance of the 

Plol non-catalytic domain in protein-protein interactions and indicated that the 

non-conserved domain is not required for such interactions. 

6.4 	OVERALL SUMMARY AND FUTURE WORK 

A mutational approach has proven informative in dissecting the functions 

of the conserved domains of polo-like kinase in fission yeast. Overproduction 

experiments demonstrated that the two conserved domains of Plol kinase act as 

separate functional units. The polo boxes are required for the localisation of the 

protein to the SPB in mitosis and the non-catalytic domain of the protein alone is 

sufficient for this localisation. 

Two hybrid screening, using both budding and fission yeast polo kinases, 

was successful in identifying a range of interacting proteins. Novel functions for 

polo-like kinase in fission yeast were indicated by some of these interactors, 

including an interaction with the APC/C through Cut23. Other interactors, e.g., 

Crb2 and Cut5 pointed towards an interaction between plol and the DNA damage 

checkpoint, an interaction which is strengthened by the UV sensitivity phenotype 

observed in strains without endogenous plol. 

Future work should concentrate on the in vivo function of the two 

conserved domains of polo-like kinases and an analysis of the various interacting 

proteins identified. Two hybrid screening has been demonstrated to be effective 

in identifying true, in vivo interactors of Plol (e.g., Cut23) and the nature of the 

interaction between Plo 1 and other two hybrid interactors should be investigated. 

The role of the Plol interaction with the APC/C should be looked into to 

determine whether APC/C subunits, regulators (e.g., Sip 1) or substrates of the 

APC/C itself are in vivo substrates of polo-like kinase. 
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APPENDIX A 

KINASE ASSAYS FROM ASYNCHRONOUS CULTURES 

HA3P1o1 and HA3P1oI mutants immunoprecipitated from cells harvested 

from asynchronously growing cultures were found to have overall low levels of 

kinase activity in vitro. These low levels of activity, combined with slight 

variations between protein levels in samples from experiment to experiment (due 

to cell breakage for example) made it difficult to analyse results from these 

experiments in a meaningful way. 

Figure Al shows 32P incorporation into casein in such an experiment using 

HA3P1o1 immunoprecipitated from a variety of mutants. The difference in 

activity between HA1Plo1 and HA3PIoIK69R is very small, even allowing for the 

differences in levels of protein present in the reactions. The same proteins 

immunoprecipitated from synchronously growing cultures in mid mitosis (Figure 

3.5. 1) contrast greatly in their in vitro kinase activity. 

These problems are likely to have stemmed mainly from the fact that the 

majority of cells in an asynchronous culture of S. poinbe are in G2. The 

proportion of cells which have active Plol kinase at any given time would be 

small, leading to low levels of activity detected in this assay, and small 

differences between cultures (even comparing HA1P101 with the putative dead 

kinase mutant). 
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FIGURE Al: Kinase assays from 
asynchronously growing cells 
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In vitro kinase assays using HA3PIo1 immunoprecipitated 
from asynchronously growing cultures. HA tagged Plol 
mutant proteins were precipitated from asynchronously 
growing cultures and subjected to in vitro kinase assay using 
casein as a substrate. The level of kinase activity is low in all 
samples, regardless of the level of protein present in the 
reactions. 
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APPENDIX B 

p101 SUBSTITUTION EXPERIMENTS 

Initial attempts to create strains in which the endogenous plo] was 

substituted directly by mutants created during this study were unsuccessful. 

The strategy adopted was to integrate plo] mutants at the ploI locus 

under the control of the n,nt4I promoter, thereby disrupting the wild type gene 

and replacing it with a mutant one. Wild type ploJ expressed from the nint4] 

promoter has been shown to rescue aplol deletion strain (Tanaka etal., 2001). 

Diploid strain Sp 190, ade6-M216/ade6-M210 leul-32/leuI-32 ura4-

D18/ura4-D18 h'/h-  was used. The integration constructs used consisted of 5' 

and 3' sequences of plo] with nmt4l driven mutant plo] and ura4 as a marker. 

Hence, diploid integrants could be selected as ura colonies and the integration 

event confirmed by PCR, using a combination of plo] and ura4 or nnu4l specific 

primers. 

Strain Sp190 was transformed with linear DNA fragments using the 

DMSO transformation method, which increases the frequency of integration 

events compared to other transformation methods in S. pombe. This was repeated 

many times and the number of stable ura transformants was routinely high. 

However, PCR analysis of more than 200 colonies failed to identify a 

single properly targeted integrant. As no positive control was available, it could 

not be determined whether this was due to a problem with the PCR (e.g., the 

primers, although a variety of different combinations were used) or if the 

integration had not been successful, either because the targeting construct had not 

been made properly or because of some problem in vivo associated with the 

integration event. It seems likely that the integration itself was occurring at a very 

low frequency at the plo] locus since plo] sequences appear to have some ARS 

activity which has not been clearly defined. In any case, the large number of 

mutants to be analysed in this study precluded the use of this strategy and a new 

approach was taken for analysing the in vivo function of the ploi mutants. 
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