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Abstract

The pop3 mutant was isolated from a genetic screen performed in fission yeast in order to 

obtain mutants that are defective in the maintenance of genome ploidy. The screen was 

designed to isolate mutants that were sterile, and became polyploid due to a failure to 

arrest in G1 under nitrogen starvation conditions. The pop3 mutant showed diploidising 

phenotypes even in vegetative cycles. The mutant strain was also found to show retarded 

growth in most media and showed reduced viability at 26°C . The mutant was also cold 

and temperature sensitive for growth.

The pop3  ̂gene was cloned through complementation of the temperature-sensitive 

phenotype with a wild type fission yeast genomic library. The sequence obtained encodes 

a highly conserved 314 amino acid protein. The Pop3 protein consists solely of six (maybe 

seven) WD repeats, a known protein-protein interacting domain, but no other known 

domains are found. Pop3 has homologues in several organism including budding yeast 

and humans, with budding yeast showing the greatest identity at 67%

Due to the lack of information provided by the sequence and the homologues, potential 

roles for pop3 in proteolysis, cell cycle, cell morphology or transcription were studied. The 

pop3 mutant was found to have low levels of a-tubulin and Cig2 (S-phase cyclin) proteins. 

This led me to study the state of microtubules within the mutant cells. In the pop3 mutant, 

microtubule structures are partially disrupted, either faint or shorter microtubule arrays 

were observed. Consistent with this finding, pop3 mutants are super-sensitive to the 

microtubule destabilising drug, thiobendazole. Furthermore, occasional unequal sister 

chromatid segregation was observed. The lack of microtubule integrity and chromosome 

mis-segregation in the pop3 mutant could result in the polyploidisation phenotype.

Further studies also showed that the pop3 mutant is defective in the maintenance of 

mRNA levels. All mRNA levels tested were found to be lower than wild type, however 

this only resulted in a decrease in protein level for a subset of genes. Hence, the inefficient 

transcription of the mutant and the resulting low levels of some proteins such as Cig2 and 

a-tubulin  could lead to genome instability, temperature sensitivity and growth  

retardation. Further studies are required to establish whether Pop3 plays a role in the 

synthesis of transcription or in the maintenance of transcript stability. To date I have 

shown that the pop3 mutant is defective in the maintenance of the mRNA levels.
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Introduction

Chapter 1

Introduction

1.1. The beginning

When conditions on the Earth were not the most hospitable, from the primordial 

soup encountered there, self-replicating organisms evolved. These were perhaps 

RNA molecules that had the ability to reproduce themselves (Cech, 1987; James 

and Ellington, 1995; Lahav, 1993; von Ahsen and Schroeder, 1993). These 

organisms suffered changes in the surrounding environment that allowed them to 

evolve and adapt to the new conditions. Evolutionary changes suffered in the RNA 

self-replication organism  created the cells that now adays form ed all living 
organisms.
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These cells have came a long way from their ancestors, having DNA molecules, 
instead of RNA, containing genes that encode proteins that carry out all the 

functions of the organism. These changes have aided the specialisation of proteins 

to specific functions, as DNA is less chemically reactive than RNA, and hence it 
suffers fewer changes. Thus, cells nowadays contain a double stranded DNA 

genome, which encodes proteins that have specialised functions at different stages 

of the cell's life.

The Earth nowadays, is a more hospitable environm ent, where very diverse 

organisms have evolved to live together. There are uni- and multi- cellular 

organisms each having evolved according to the environment or function that they 

have.

Multicellular organisms have developed a "language" or communication between 

their cells, which act together as a unique individual and where the environment 

has less effect on individual cells. On the other hand, unicellular organisms 

m aintain a closer interaction with the environment, reacting to changes more 

quickly. The diversity and variety of organisms has enabled the scientific 

community to study different functions, mechanisms or behaviours by choosing 

different model organisms.

1.2. The cell cycle

The process by which eukaryotic cells, whether from unicellular or multicellular 

organisms, replicate themselves is called the cell cycle. Through a series of events, 

cells replicate their DNA and divide it equally into two daughter cells. The main 

purpose of the cell cycle is the replication of the cell genome and the proper 

segregation of DNA to each daughter cell. All these steps are regulated, as it is 

necessary to ensure the DNA is not replicated more than once per cell cycle and 

that each daughter cell receives the same amount of DNA.

18



Introduction

Eukaryotes as opposed to prokaryotes carry their DNA information in linear 
chromosomes. If the cell is to produce viable progeny, it needs to duplicate its 

chromosomes only once, through a process or stage known as S-phase. The second 
im portan t phase of the cell cycle in which sister chrom atids (replicated 

chromosomes) can be visualised, become attached to microtubules and separate to 

opposite poles is known as M-phase or mitosis. Hence, the cell cycle is composed 

of two main stages, S- and M- phases where chromosomes are replicated and 

segregated respectively. However, these stages are not the sole components of the 

cell cycle, another two stages are also required during the replication of the cell 

and they are known as G1 and G2. G1 and G2 are stages, where the cell 

communicates with the environment or ensures previous processes are completed.

To ensure proper replication of the cell, the cell cycle requires a link between the 

main two stages (S- and M- phase), as they do not occur at the same time. Cells 

always have an S-phase prior to an M-phase (Enoch et al., 1992; Enoch and Nurse, 

1991; Hartwell and Weinert, 1989; Nurse, 1994), to ensure the genome stability and 

segregation. Eukaryotes use a cell cycle "clock" to order the cell cycle stages, G l, S, 

G2, M, before starting again.

The mechanism used to ensure the correct order of the cell cycle appears not to be 

a unique mechanism but consists of several mechanisms, which ensure the stability 
and segregation of DNA. These mechanisms do not only work as a unit, but are 

linked, having sometimes more than one mechanism ensuring similar stages.

Some of these checking mechanisms are active in every cell division the cell goes 
through, however, there are others that are only activated when the cell suffers 

some "hiccup" in the proper resolution of the cell division (Hartwell and Weinert, 

1989). They are known as checkpoints and they monitor cell cycle events. If there is 

any in trusion in the cell cycle, like DNA damage or inability to separate 

chromosomes, checkpoints activate a block over the cell cycle progression until the 

problem encountered is resolved. All these mechanisms ensure a high fidelity of 
the cell cycle.
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1.3. Conservation of the cell cycle

Eukaryotes have conserved the structure of the cell cycle; m inor differences 

between organisms have been encountered but the main events and checkpoints 

are conserved through evolution. Studies in diverse organisms have aided the 

understanding of the whole spectrum of mechanisms, players and checkpoint 

processes required for a fully functional cell cycle to take place. Xenopus eggs and 

yeast genetics were of great importance for the first steps in the understanding of 

basal mechanisms, as well as the players involved. Schizosaccharomyces pombe was 

and still is of great importance; providing information that has since been found 

conserved in other organism.

Schizosaccharomyces pombe is also known as fission yeast (Fig. 1). It is a rod-shape 

unicellular organism, which grows at the tips and divides by forming a cell wall, or 

septum, in the middle of the cell to give birth to two daughter cells. A mutagenesis 

screen performed in the 70s selected for mutants known as cell division cycle (cdc) 

(Nurse et ah, 1976), and identified most of the major players of the cell cycle. 

Through the study of cdc m utants and Xenopus eggs, the players of the basal 
mechanisms were discovered.

The rest of the introduction will try to give a general overview of the mechanisms 

and genes involved in different aspects of the cell cycle but examples are specific 
for S.pombe unless otherwise stated.

1.4. Players of the cell cycle

A. CDK and cyclins

Entry into S-phase and mitosis is controlled by the activation of cyclin dependent 

kinases (CDKs) (Morgan, 1995; Nasmyth, 1993). CDKs phosphorylate protein

20
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substrates at serine or threonine residues within a motif (Langan, 1978; Langan et 

aL, 1989), activating or inhibiting the substrate protein. The activity of these protein 

kinases is regulated by a num ber of mechanisms which serve to integrate 

information about growth, cell cycle stages, damage, etc (Nurse, 1990). When all 

the necessary signals are met, the CDK becomes active and phosphorylates a 

num ber of target proteins, which then perform or activate the appropriate stage, S- 

or M- phase. To be active, CDKs need to bind to a cyclin partner to form a 

complex. Cyclins were named as such, due to their periodic appearance during the 

cell cycle (Evans et ah, 1983).

In S. pombe there is only a single CDK protein, Cdc2 (Nurse and Bisset, 1981), in S. 
cerevisiae this protein is known as Cdc28 (Beach et ah, 1982; Nasmyth, 1993), that 

binds to S-phase or mitotic cyclins (Nigg, 1995) to form complexes specific for each 
stage of the cell cycle. In higher eukaryotes, there is a greater number of different 

Cdk complexes (Russo et ah, 1996), which reflects the greater complexity of the cell 

cycle control. Cdc2 or C dkl formed complexes required for the entry and 

progression of mitosis. Cdk4/6 are present through most of Gl; however, at the 
end of G l-phase Cdk2 (Martin-Castellanos and Moreno, 1997) forms a complex 
that is needed for entry into S-phase and for DNA replication (Sherr, 1995). By the 
end of S-phase Cdc2 appears, forming different CDK complexes on G2 and later on 

M- phase by binding different cyclins.

W ith respect to cyclins the numbers vary between organisms but all of them 

conserved the cyclic levels of proteins that are active at specific cell stages. There 

are G l cyclins (P u d  in S.pombe) (Fisher and Nurse, 1995), S-phase cyclins (Cigl 
and Cig2 in S.pombe) (Bueno et ah, 1991; Bueno and Russell, 1993a; Bueno and 

Russell, 1993b; Obara-Ishitara and Okayama, 1994) and M-phase cyclins (Cdcl3 in 
S. pombe) (Booher and Beach, 1988; Bueno and Russell, 1993a; Fisher and Nurse, 

1995; Fisher and Nurse, 1996; Hagan et ah, 1988). All eukaryotes use m ultiple 

cyclins, which despite their low homology are specific in classes that correspond 

with the timing of their accumulation (Sherr, 1993).
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The activation of CDK function is controlled through several mechanisms. The 
primordial mechanism is the formation of the complex between the CDK and the 

appropriate cyclin, which can only occur at specific cell stages when cyclins start to 

be transcribed and accumulate (Morgan, 1995). Both subunits of the complex are 

required for the proper functioning of CDK/cyclin complex.

However, the availability of cyclins is simply a primordial step in the functioning 

of the CDK/cyclin complex. A primary regulation of CDK activity is obtained 

through the phosphorylation of threonine 167 (Gould et al., 1991). Lack of 
phosphorylation at the Thrl67 residue, cancels the activity of the CDK/cyclin 

complex. The phosphorylation of the threonine residue is m ediated by CAK 

kinases (Martin-Castellanos and Moreno, 1997). On the other hand, CDK activity 

can be inhibited by phosphorylation at the ATP binding site (Tyrl5) (Gould et aL, 

1991; Gould and Nurse, 1989). Even though cyclins can accumulate and bind to 

CDKs to form a complex, if the CDK is phosphorylated at both sites (Thrl67 and 

Tyrl5) the complex will be inactive. Hence, through phosphorylation of Tyrl5 the 

cell can control the proper activation of CDK activities. In fission yeast, 
dephosphorylation of tyrosine 15 is the rate-limiting step controlling the entry into 

m itosis (Krek and Nigg, 1991; Kumagai and D unphy, 1992; Nurse, 1990). 
Conserved protein kinases (Weel) (Lundgren et aL, 1991; Obara-Ishitara and 

Okayama, 1994) and phosphatases (Cdc25) (Featherstone and Rusell, 1991; Meijer 
et aL, 1991; Parker et aL, 1991; Russell and Nurse, 1986; Russell and Nurse, 1987) 

control the phosphorylation  and dephosphorylation  of certain residues 
respectively. This is another control mechanism that governs the cell cycle 
progression.

Cyclin accumulation and phosphorylation are not the only mechanisms to ensure 

the proper formation and activation of CDK/cyclin complex. To ensure proper 

progression through the cell cycle; the cell has a third mechanism to ensure no 
prem ature activation of any cell cycle stage occurs. This third mechanism is 

through proteins that show physical interaction with the CDK/cyclin complex and 
can inhibit its activity, they are known as cyclin dependent kinase inhibitors (CKIs)
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(Martin-Castellanos and Moreno, 1997; Morgan, 1995; Nigg, 1995; Sherr and 

Roberts, 1995). This mechanism, like the other two, has been found conserved in all 

eukaryotes. Rum l (Correa-Bordes and Nurse, 1995; Martin-Castellanos et a l, 1996; 
Moreno and Nurse, 1994) is the main fission yeast CKI and it has a homologue in 

budding yeast (SICl) (Donovan et a l, 1994; Mendenhall et a l, 1987; Schwob et a l, 

1994) and Drosophila (roughhex) (Gonczy et a l, 1994). Rum l inhibits the activation 

of the mitotic CDK/cyclin (Correa-Bordes and Nurse, 1995) complex in G l where 

it accumulates, preventing the premature entry of the cell in mitosis.

Thus, the basal mechanism to control the proper stepwise cell cycle stages is 

governed through the proper formation of CDK/cyclin complexes. To ensure that 

the formation or activation of the complex does not occur prematurely, the cell has 

evolved three mechanisms by which the activation of the complex is controlled 

and hence, it is activated at specific cell cycle stages (Fig. 2).

B. S-phase

S-phase is the stage where the DNA of the cell is replicated. The formation of the 
C dc2/C ig l (Basi and Draetta, 1995) and Cdc2/Cig2 (Bueno and Russell, 1993a; 

Bueno and Russell, 1993b; Mondesert et a l, 1996; Obara-Ishitara and Okayama,

1994) complexes prom ote entry into S-phase and at the same time, R um l 

accumulation prevents prem ature entry into mitosis by binding to C dc2/C dl3  
(Correa-Bordes and Nurse, 1995; Martin-Castellanos et a l, 1996).

At this stage the DNA replication machinery can synthesise a new copy of the 

DNA. For DNA to be replicated, the double stranded coiled DNA needs to become 
accessible to the replication machinery to allow binding. DNA replication has been 

shown to start at specific sites known as origins of replication. The double helix is 

unw ound at these sites, which allows DNA polymerase to access the single 

stranded template, a requisite for DNA synthesis (Diffley et a l, 1994).
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Studies have shown that at the origin of replication a protein complex is formed 
prior to replication, the pre-replicative complex. Origin recognition complex (ORC) 

(Foss et a l, 1993) is formed by a polypeptide complex that is associated with the 

origin of replication, however not all the pre-replicative complexes found in the 

cell will fire at S-phase as further requirements have been found to be needed. 

Hence the pre-replicative complexes only identify possible origins, that will be 

fired or not according to the additional binding or modification of proteins, 

providing the cell with another regulatory mechanism.

Binding of other proteins to the chromatin aid in the replication of DNA and entry 

into S-phase. An S-phase activator, Cdcl8 (Kelly et al., 1993; Nishitani and Nurse,

1995) is essential for the cell to enter S-phase and is also required for the proper 

replication of DNA. The absence of Cdcl8 inhibits initiation of S-phase (Kelly et 

ah, 1993; Piatti et ah, 1995) and its presence in the cell after S-phase produces 
several rounds of S-phase in the absence of mitosis (Muzi-Falconi and Kelly, 1995; 

Nishitani and Nurse, 1995). Due to the important function of the protein, Cdcl8 
needs to be regulated to avoid re-replication in the cell. Partial regulation of 

Ccdcl8 is done through transcription of the gene, which occurs mostly prior to S- 

phase.

Together w ith Cdcl8, other proteins known as MCM (maintenance of m ini

chromosome) (Chong et al, 1996) have also been linked to the origin of replication. 

In Xenopus, a homologue of Cdcl8 has been shown to load MCM proteins onto 

DNA already bound by ORCs in C l extracts.

Finally, another protein, C dtl, has been described in fission yeast (transcribed by 

the S-phase transcriptional machinery), which is required for S-phase and like 

Cdcl8, its absence induces cells to enter mitosis from G1 (Hofmann and Beach, 

1994). C dtl in association with Cdcl8 may be involved in the m aintaining the 

"initiation complex" in preparation for the DNA replication.
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C. Mitosis

Early light microscopic studies recognised that cell division was preceded by 

mitosis, during which cells condensed their chromosomes, aligned them on a 

microtubular spindle and segregated sister chromatids to opposite poles of the cell. 

During that time mitosis was believed to be the only important event as little else 

could be seen during the interval between succeeding mitoses except that cells 

grew in volume. Studies have shown different stages within the M-phase. At the 

onset of m itosis chromosomes condense and a mitotic spindle is formed. 

Chromosomes attach to the spindle via kinetochores and line up at the metaphase 

plate. Then, at the onset of anaphase, sister chromatids rapidly segregate from each 
other and finally cytokinesis divides the cell into two.

Due to the studies in Xenopus, mitosis was the first cell cycle stage to be 

understood molecularly. Xenopns studies found a meiosis-promoting factor (MPF, 

originally called M aturation prom oting factor) that induced the cells to enter 

meiosis. MPF since has been shown to be required for mitosis (Dunphy et al., 1988; 

Gautier et a l, 1988; Kirschner et a l, 1985; Labbe et a l, 1989a; Labbe et a l, 1989b). 

Simultaneous yeast genetic studies found the CDK/cyclin to be required for the 
cell to enter different cell cycle stages. Both studies showed the existence of a 
protein kinase, Cdc2/mitotic cyclin (Lohka, 1989).

In S. pombe, C dc2/C dcl3  (Fisher and Nurse, 1995; Fisher and Nurse, 1996) 

prom otes entry into mitosis. However, for the complex to be activated the 

phosphorylation of the tyrosine m ust be removed by the phosphatase (Cdc25) 

(Dunphy et a l, 1988; Gautier et a l, 1991; Millar et a l, 1991; Strausfeld et a l, 1991), 

the kinase (Weel) (Featherstone and Rusell, 1991; Meijer et a l, 1991; Parker et al., 

1991) must be inhibited and Ruml (inhibitor) destroyed. When all those conditions 

have taken place the complex is found in an active form and can promote entry 

into mitosis.
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Furthermore for the cell to progress through mitosis other steps are required. It has 
been found that chromosomes are ''glued" together by a group of proteins called 

cohesin (Sccl in budding yeast and Rad21 in fission yeast); for the transition of the 

anaphase cohesin m ust be destroyed. Proteins named separin (Cutl) (Funabiki et 

al., 1996a) perform this function. To ensure separins do not promote the separation 

of sister chromatids earlier than required an inhibitor of separins, securins (Cut2) 

(Funabiki et ah, 1996a; Funabiki et al., 1996b), is present prior to anaphase. At 

anaphase the securins disappear allowing separins to prom ote chromosome 

segregation. If the cell senses improper chromosome attachment, a checkpoint is 
activated holding securins in place until the problem is solved, ensuring equal 

segregation. And finally, for the cell to exit mitosis, mitotic cyclin must have been 

degraded (King et al., 1996).

Entry into mitosis also initiates septation, which occurs with some delay, after the 

completion of anaphase. For this event to take place activation of some other 

kinases are required.

1. 5. Checkpoints

As mentioned previously, the cell has evolved further mechanisms, apart from the 

basal step, to check whether all the events occur at the proper time. These 
mechanisms sense problems within the cell, such as DNA damage, improper 

replication of the DNA, or mitotic spindle defects. Two major checkpoint 
mechanisms have been studied; both leading to cell cycle arrest (Elledge et ah, 

1996; Hartwell and Weinert, 1989; Murakami and Okayama, 1997) until the defect 

is rectified. These mechanisms increase the fidelity of the cell cycle.

W hen cells sense DNA damage or are blocked for DNA replication (D'Urso and 

Nurse, 1995; Enoch and Nurse, 1991; O'Connor, 1997; Rhind and Russell, 1998; 

Rowley et ah, 1992; Russell, 1998; Weinert et ah, 1994), mitosis is blocked by 

inhibition of the activation of the Cdc2/mitotic cyclin complex. Similarly, through
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m itosis, if the surveillance mechanism senses spindle defects or unattached 

kinetochores (Clover et a l, 1999; Elledge, 1998; Gorbsky, 1997; M urray, 1994; 

Pangilinan and Spencer, 1996; Wang and Burke, 1995), the cell is blocked at 

mitosis. Proteins involved in the spindle assembly checkpoint act by inhibiting the 

degradation of securin or cyclins, preventing exit from mitosis.

Both systems form a link between the cell cycle basal mechanisms and the 

surveillance mechanisms increasing the high fidelity of the cell cycle.

1. 6. Regulating the cell cycle

Cell cycle progression has been shown to be dependent upon the physical 
appearance or disappearance of proteins at certain cell cycle stages. Both, basal and 

surveillance mechanisms depend on other cellular mechanisms that control the 

presence or absence of proteins. Two main mechanisms are present in the cell to 
regulate protein levels, even though other mechanisms such as phosphorylation or 

localisation of proteins are also present.

A. Transcription

Genes like cdcl8, cdtl (Hofmann and Beach, 1994) and cig2 (Mondesert et al., 1996) 

are not transcribed throughout the cell cycle, but mostly prior to S-phase. This 

regulation ensures the presence of the protein mostly when needed avoiding 

possible problems at other times. Transcription is linked to the cell cycle by the 

regulation of some of the factors required for transcription. Some transcription 

factors are present in the cell but are only active when phosphorylated by the 

appropriate kinase. Thus the presence of cell cycle related kinases controls the 
transcription of specific proteins.
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B. Proteolysis

The presence of proteins at specific times can be regulated by transcription, 

producing the proteins only when they are required. However, many steps require 

the absence of certain proteins, as is the case in mitosis that requires the absence of 

Rum l for it to occur and the absence of cyclin for mitotic exit. Most of the absence 

of the proteins is produced by degradation. Various studies have show n the 

presence of specific m echanisms that ensure the targeting of proteins for 

proteolysis (protein degradation) (Deshaies, 1999; Hershko, 1997; Tyers and 

Jorgensen, 2000). Most of the studies have concentrated mainly on two polypeptide 
complexes that work at different cell cycle stages, targeting proteins that are 

recognised and destroyed by the proteasome (Peters, 1998; Toda et a l, 1999). The 
tagging of protein for degradation is mainly through the attachment to the protein 

of a small conserved 76 amino acid protein, ubiquitin. M ultiubiquitin chains are 

recognised by the 26S proteasome (a huge complex of proteases) (Tanaka and 

Chiba, 1998) and destroyed afterwards.

Conjunction of ubiquitin to the protein is a multi-enzymatic process. Ubiquitin, 
activated with ATP by ubiquitin- activating enzyme (El), is attached to a specific 

cysteine residue of the same enzyme by a high energy bond, and then transferred 
to a cysteine residue of the second enzyme, ubiquitin conjugating enzyme (E2 or 

Ubc). While, in many cases, ubiquitin can be directly transferred from the E2 and 

covalently attached to a substrate protein, ubiquitination of some proteins requires 

the additional activity of ubiquitin ligase (E3) (Hershko, 1997; Hersko and 
Ciechanover, 1998; Scheffner et ah, 1995). Finally, the ubiquitin is covalently linked 

via an isopeptide bond to lysine residue of the target protein. The ubiquitin 
attached to the protein is further ubiquitinated by another ubiquitin molecule, 

forming a multiubiquitin chain that is recognised by the 26S proteasome.

Usually a unique El enzyme has been found per species (Fumiaki, 1999) and is 

essential for viability. However, E2/E3, which are more numerous in the cell are
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required for substrate recognition. Until recently it has been difficult to identify 
E3s because different families share little or no sequence similarity and also 

because E3s are often in low abundance.

B.l. Proteasome

Many cellular proteins that need to exist only transiently are targeted for 

degradation by the 26S proteasome, an eukaryotic ATP- dependent protease, after 

they have covalently been attached to ubiquitin. The proteasome is a multisubunit 

proteolytic (2000 kDa) complex with a dumb-bell shape, which consists of a central 

catalytic machinery (called the 20S proteasome) and two terminal regulatory 

subcomplexes that are attached to both ends of the central portion in opposite 

orientations, to form enzymatically active proteasomes, called the 26S proteasome. 
The large assembled proteasome acts as a protein-destroying machine responsible 

for the selective breakdown of numerous ubiquitinated proteins and sometimes 
also of non- ubiquitinated proteins. The proteasome is a novel threonine protease 

with catalytically active threonine residues. The subunits that form the complex 
have been conserved from human to yeast (Tanaka and Chiba, 1998).

B.2. SCF

The SCF system was discovered through analysis of cyclin and CKI degradation in

budding yeast (Lanker et ah, 1996) and is now firmly established as a regulatory

mechanism both in the cell cycle and other processes. SCF (Elledge and Harper,

1998; Krek, 1998; Patton et ah, 1998a) is a m ultipeptide complex formed by Skpl

(Bai et ah, 1996)- Cdc53/cullin (Jackson, 1996; Mathias et ah, 1996; Schwob et ah,

1994) - F box proteins (Goebl et ah, 1988; Peterson et ah, 1984; Pringle and Hartwell,

1981; Schwob et ah, 1994) that functions as a ubiquitin ligase (Feldman et ah, 1997;
Skowyra et ah, 1997) in conjunction with an E2 protein, Cdc34 (Goebl et ah, 1988;

Peterson et ah, 1984; Pringle and Hartwell, 1981; Schwob et ah, 1994). Recently, a
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fourth mem ber of the SCF complex has been discovered, R b x l/R o c l/H r tl  

(Kamura et a l, 1998; Ohta et a l, 1999; Seol et a l, 1999; Tan et al., 1999). Rbxl is a 

small protein comprising a RING-H2 finger domain and a cysteine rich fold that 

has two structurally essential zinc ions. In spite of its small size, Rbxl is at the 

centre of SCF complexes, as it interacts with Cdc34, Cdc53 and multiple F-box 
proteins (Kamura et a l, 1998; Seol et a l, 1999; Skowyra et al., 1997).

SCF complexes recruit their substrates via numerous adapter subunits called F-box 

proteins, which are linked by their common F-box motif to a core E3. Different F- 

box proteins recruit specific substrates for degradation. This idea is sometimes 

referred to as the T-box hypothesis'. One important point of the 'F-box hypothesis' 

is that protein -protein interaction domains in F-box proteins, such as WD40 (Neer 

et a l, 1994; Smith et a l, 1999) repeats and LRR (leucine-rich-repeats) recruit 

substrates for ubiquitination. Several F-box proteins that are part of SCF complexes 

have been described; Cdc4, Met30 and G rrl (Patton et al., 1998a; Skowyra et al., 

1999) in budding yeast, each being specific to certain substrates (Fig. 3).

The protein-protein interactions that underline the F-box protein-m ediated 

ubiquitination are now better understood. In addition to binding Cdc4 and other F- 
box proteins, Skpl also binds directly to an N-terminal region of Cdc53 (Patton et 

al., 1998; Skowyra et al., 1997). Cdc53 provides an independent binding site for 
Cdc34.

Homologues to the entire SCF family members have been described in S. pombe 

and higher eukaryotes. In S. pombe, Popl and Pop2 are (Jallepalli and Kelly, 1996; 
Kominami and Toda, 1997; Wolf et al., 1999) F-box proteins most homologous to 

Cdc4, Pcul (Kominami et al., 1998a) as Cdc53. S. pombe Skpl and Rbxl have 
maintained their budding yeast name and are homologues of these proteins.

Budding yeast is the organism in which most studies on the different substrate 

-com plex relationship have been carried out. However, similar complexes have 

been described in other eukaryotic organisms. All substrates seem to be
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phosphorylated before they can be recognised by the E2/E3 complexes. The 
requirement for phosphorylation (Deshaies, 1997; Elsasser et al,, 1999; Feldman et 

a l, 1997; Henchoz et a l, 1997; Skowyra et a l, 1997) links proteolysis with cell cycle 

regulated protein kinases.

SCpP°P̂  has been shown to target the Rum l CKI at the end of Gl-phase promoting 

entry into mitosis; a SCFp°p̂  is more specific for the S-phase activator, CdclS. Popl 

and Pop2 heterocomplexes have been shown to be formed and to target both of 

these substrates (Kominami et al, 1998a).

In budding yeast more SCF complexes have been described, targeting Farl (Cl 

CDK/cyclin inhibitor); Ctf3 (kinetochore component)(Connelly and Hieter, 1996; 

Kaplan et al., 1997; Stemman and Lechner, 1996); Gcn4 (transcription factor) 
(Kornitzer et a l, 1994), G1 cyclins (Skowyra et a l, 1999) and Sw el (Weel 

homologue), by the Cdc4 (Patton et al., 1998a), G rrl (Li and Johnston, 1997; Patton 
et al., 1998a) or Met30 (Kaiser et al., 1998; Patton et al., 1998a) as F-box proteins. 

Similar examples have been described in higher eukaryotes ((3- TrCP [F-box], iKBa 
[substrate] in Homo sapiens) (Suzuki et al., 1999; Tyers and Jorgensen, 2000) opening 

a network of interaction between different SCF components and specific substrates 
(Jiang and Struhl, 1998; Pagano et a l, 1995).

Post-translational modification of the SCF subunits may regulate SCF activity and 

m odulate shuttling of SCF complexes or components to different parts of the cell. 
The best-characterised post -translational modification is the attachment of the 

ubiquitin related protein Rubl to Cdc53 (Hochstrasser, 1998; Lammer et a l, 1998; 

Liakopoulos et al., 1998). Attachment of Rubl mimics attachment of ubiquitin, and 

requires El- and E2 like activities. However Arubl cells are viable and thus, 
decorating Cdc53 with Rubl is not crucial for SCF activity in budding yeast.

Apart from rubinylation of Cdc53, phosphorylation of other members of the SCF 

complex has also been described (Goebl et al., 1988; Kaplan et al., 1997), however no 

significance of the phosphorylation has been found yet. From the data obtained up
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until now, the only regulatory mechanism of the SCF seems to be rapid turnover of 

the F-box proteins (Galan and Peter, 1999; Mathias et al., 1999; Zhou and Howley,

1998), making SCF active through G1 and S-phase.

B. 3. AFC/ Cyclosome

Mitotic transition (anaphase- metaphase transition and exit from mitosis) is not 

driven by any of the SCF complexes. Previous to the discovery of the SCF 

proteolytic complex, a multisubunit complex that drives the cell through anaphase 

was discovered and called the Anaphase Promoting Complex (APC) or cyclosome 

(Hershko, 1997; King et al., 1996).

The APC/cyclosome was discovered and characterised by a combination of 

biochemical studies in early embryonic cell-free systems and genetic work in 
yeasts. Using Xenopus eggs (Glotzer et a l, 1991) and clam embryos (Hersko et a l, 

1991), it was first shown that the degradation of mitotic cyclins is carried out by a 
ubiquitin system. Fractionation of the extracts of clam oocytes showed that the 

system that ligates mitotic cyclins and ubiquitin contained two novel components, 
a specific E2 called E2-C (also known as UBC4 or UBCX) and an E3-like activity, 
the APC/cyclosome (Hersko et al., 1994). E2-C is constitutively active, but the 
activity of the APC/cyclosome is cell cycle regulated; it is inactive in interphase, 

but becomes active at the end of M-phase in a process initiated by protein kinases 

(Hersko et al., 1994). Hence, as the SCF, the APC/Cyclosome is also cell cycle 

regulated, creating a further link between the cell cycle and the regulatory 

machineries.

Genes encoding E2-C have been characterised in Xenopus (Sudankin et a l, 1995), 

hum an (Townsley et al., 1997) and fission yeast (Osaka et al., 1997), E2-C are all 

members of a new class of ubiquitin conjugating enzymes, which are characterised 

by a 30 amino acid amino terminal extension.
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For sometime there was not much obvious similarity between the SCF and the 

APC/cyclosom e complexes, however w ith the increased knowledge of both 

proteolytic machineries, general similarities are being encountered.

The vertebrate APC/cyclosome is a 20S complex originally thought to contain 

eight subunits (Apcl-8) (King et a l, 1995; Peters et a l, 1996; Yu et a l, 1998a); an 

additional component has been identified and there are probably more to be 

discovered (Grossberger et al., 1999). Homologues of most of the vertebrate 

subunits are found in budd ing  yeast, which contains tw elve subunits. 

Unfortunately the prim ary structures of these subunits say little about their 

functions.

One of the conserved subunits, Apc2, has homology with the Cullins and may 

mediate the interaction with the E2 enzyme (Yu et al., 1998b; Zachariae et al., 

1998b). Other conserved APC/ cyclosome subunits contain tetratricopeptide (TPR) 

repeats that are thought to mediate protein-protein interaction, and could have a 

functional similarity to the F-box protein function in the SCF. A p c ll has been 
found to be homologous to Rbxl as they share highly conserved zinc binding 

RING-H2 domain (Ohta et al., 1999; Zachariae et al., 1998b).

Through the functional description of many of the APC/cyclosome subunits, a 
clearer functional link between the different SCF and APC/cyclosome complexes is 
being drawn (Fig. 3).

The ubiquitination and degradation of APC/cyclosome substrates requires a 

degenerate nine amino acid motif called The destruction box' (Ciosk et ah, 1998; 

Funabiki et a l, 1996a); differing in the recognition signal from the SCF complex 

which is phosphorylation. All the substrates of the APC /  cyclosome have found to 

contain the destruction box. APC/cyclosome has been found to target mainly two 

proteins at different times in the M-phase. The mitotic cyclins were the first 

discovered substrates, degradation of which is required for the exit of the cell from 

m itosis (G lotzer et al., 1991; M organ, 1999). Later, it was found that
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APC/cyclosome was also required for the proper segregation of sister chromatids 

(Ciosk et al., 1998; Funabiki et al., 1996b). In some APC/cyclosome mutants, the cell 

blocks at the metaphase plate. As explained previously, sister chromatids are kept 

together through a 'g lue' like compound, cohesin (Morgan, 1999). A group of 

proteins called separin (Cutl in S.pombe and Espl in budding yeast) (Ciosk et al., 

1998; Funabiki et al., 1996a) bring about a change in cohesin that 'unglues' sister 

chromatids. However to avoid premature separation, securin (Cut2 in S.pombe and 

P dsl in S. cerevisae) (Ciosk et ah, 1998; Funabiki et ah, 1996a; Funabiki et ah, 1996b) 

proteins bind separin inhibiting its function. APC/cyclosome is required to 

destroy securin at anaphase allowing separin to perform  its function and 

chromosome segregation to progress. Therefore, APC/cyclosome functions at two 

stages of mitosis, first targeting Cut2 for destruction and allowing progression 

through the anaphase and secondly, by targeting mitotic cyclins (Cdcl3) to allow 

the cell exit from mitosis.

APC/cyclosome activity has been found to be dependent on the binding of an 
activating protein. Two such proteins have been discovered so far, Cdc20 
(M atsumoto, 1997; Visintin et ah, 1997) and C d h l/H c tl  (Schwab et ah, 1997; 
Visintin et ah, 1997) in budding yeast. Homologues of these proteins have been 

found in fission yeast (Slpl and Ste9) (Kim et ah, 1998; Kitamura et ah, 1998; 

Yamaguchi et ah, 1997), Drososphila (Fizzy and Fizzy related) (Dawson et ah, 1995; 

Lorca et ah, 1998; Sigrist et ah, 1995; Sigrist and Lehner, 1997) and humans (hCdc20 

and hCdhl) (Fang et ah, 1998a; Kramer et ah, 1998). Cell cycle dependent increase 

in APC activity is correlated with increased binding to Cdc20 or C dhl (Fang et ah, 

1998b; Kramer et ah, 1998; Zachariae et ah, 1998a). Cdc20 and C dhl are related 

proteins that contain a WD40 repeat, which is known to function in protein-protein 

interaction. It has been proposed that binding of each of the proteins (Cdc20 or 

C dhl) can confer different substrate specificity for the APC/cyclosome function 

throughout mitosis. Cdc20 seems to confer specificity for the anaphase transition 

(destruction of securin) (Ciosk et ah, 1998; Matsumoto, 1997; Visintin et ah, 1997) 

and Cdhl for the exit of mitosis (destruction of mitotic cyclins) (Schwab et ah, 1997; 

Zachariae et ah, 1998a). Cdc20 and C dhl are regulated through the cell cycle in
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order to control the activity of the APC/cyclosome complex. Some data suggests 
that phosphorylation of the C dhl protein and other APC/cyclosome subunits 

occurs to activate them and the phosphorylation is protein kinase dependent, 

showing a further link between the cell cycle protein kinase activity and its 

regulatory machinery (Morgan, 1999; Nigg, 1998; Shteinberg et a l, 1999).

B. 4. Other complexes and other tags

Recently, another ubiquitin complex, other than SCF and APC/cyclosome has been 

described in mammalian cells, the VCB (Kamura et al., 1998) (Fig. 3). In 

mammalian cells, Rbxl interacts with at least six different Cullins (Cull, Cul2, 

Cul3, Cul4A, Cul4B and Cul5) (Kamura et al., 1999; Ohta et a l, 1999). Rbxl appears 

to form a family of complexes based on different adapter subunits, known as SOCS 

box proteins. Cul2 is linked to its adapter via Skpl homologues called Elongin C, 
which binds the SOCS box.

The von Hippel-Lindau (VHL) tumour suppressor protein, which contains a SOCS 

box, in complex with Elongin Ç and the ubiquitin homologue Elongin B̂  form the 
complex known as VCB (Kamura et al., 1998; Stebbins et al., 1999). A ubiquitin 

ligase activity has recently been detected in association with the VCB-Cul2-Rbxl 

complex (Iwai et a l, 1999; Lisztwan et a l, 1999), which may target the hypoxia 

inducible transcription factor, H IF l-a  for degradation (Maxwell et al., 1999) (Fig. 

3).

The VCB complex has m any sim ilarities in its structure to the SCF and 

APC/cyclosome complexes. Now, it will be interesting to see whether the VCB 

complex is conserved through evolution and to identify more of its substrates.

Recent data has shown that other recognition signals, other than ubiquitin, may 

have a function in targeting proteins, they are known as ubiquitin-like proteins 

(Ubls) (Hass and Siepmann, 1997; Johnson and Hochstrasser, 1997). Ubls have
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significantly diverged from ubiquitin itself yet they also become ligated to protein 
substrates. The reactions involving these variants appear to have much in common 

with those of ubiquitination, but the Ubls have novel regulatory functions that are 

not necessary linked to proteolysis. These new Ubls seem to require the same 

steps used for ubiquitin tagging requiring E l, E2 and E3 type enzymes for their 

attachment to substrates. Rubl (budding yeast) (Hochstrasser, 1998; Lammer et al, 

1998; Liakopoulos et a l, 1998) and its human counterpart, NEED8 (Kamitani et al, 

1997) and yeast Ubls and Smt3 (SUMO-1 vertebrate homologue) (Johnson and 

Hochstrasser, 1997), all require the same enzymatic steps. Thus, conjugation of 

both Smt3/SUMO-l and Rubl/NEDD8 to substrates depends on specific E2/E3 

like enzymes. However at present, there is not much known about the function of 

their attachment to proteins.

1. 7. An overview of S. pombe 

A. The cell cycle

As mentioned earlier, fission yeast genetics has been of great importance at the 

time of discovering the molecular players of the cell cycle. In this section, I try to 
summarise those areas covered earlier but focusing on the fission yeast.

A.I. The cell cycle players

The CDK of S. pombe is always composed of the same kinase, Cdc2 (Moreno et a l, 

1989; Nurse and Bisset, 1981), in conjunction with different cyclins depending on 

the stage of the cell cycle. Fission yeast has three groups of cyclin, G1 cyclins (Pud) 

(Fisher and Nurse, 1995), S-phase cyclins (Cigl and Cig2) (Basi and Draetta, 1995; 

Bueno and Russell, 1993a; Bueno and Russell, 1993b; Fisher and Nurse, 1995; 

Mondesert et a l, 1996; Obara-Ishitara and Okayama, 1994) and M-phase cyclin 

(Cdcl3) (Fisher and Nurse, 1995; Fisher and Nurse, 1996). From the four mentioned
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S. pombe cyclins, only CdclS is essential and has visible effects when deleted. 

Acdcl3 cells undergo several rounds of S-phase without any mitosis, producing 

cells with large nuclei. On the other hand, overexpression of CdclS blocks the cells 

in mitosis; showing clearly that the function of this cyclin is at M-phase.

S-phase cyclins have no clear effect when they are deleted, probably due to the 

presence of two cyclins that can function with Cdc2. However Cig2, appears to be 

the bearer of most of the S-phase activating process, even though Cigl or CdclS 

can perform the function in its absence. As Cig2 protein and Cig2 associated kinase 

activity appear soon after the completion of M phase and peak during S phase and 

Acigl cells show a delayed in S-phase as they recover from a nitrogen starvation 
conditions (Obara-Ishitara and Okayama, 1994). Overexpression of Cig2 is toxic if 

done under a strong promoter, however it has no clear effect if the prom oter is 
weak. Finally, pcuV  encodes an unusual type of cyclin that is believed to function 

as a C l- specific cyclin analogous to budding yeast Cln cyclins (Nasmyth, 1993) 

and animal cell D- type cyclins (Martin-Castellanos et a l, 2000; Sherr, 1995).

Binding of Cdc2 to different cyclins creates the proper complex for each cell cycle 

stage. However, binding of both subunits is only one of the requirements for the 
complex to be active. The threonine 167 phosphorylation is mediated by CAKl 
activity (Mcs2-Mcs6 complex in fission yeast), ensuring that way the activation of 
the complex. Another requirement for the activation of CDK/cyclin complex is the 

dephosphorylation of TyrlS by Cdc25 phosphatase (Dunphy and Kumagai, 1991; 

Gautier et a l, 1991; Kumagai and Dunphy, 1992; Millar et a l, 1991; Russell and 

N urse, 1986). TyrlS is tightly regulated by the phosphorylation (negative 

regulation) /  dephosphorylation (activation) of the residue by the W eel (kinase) 

(Lundgren et al., 1991) or Cdc25 (phosphatase) respectively (Featherstone and 

Rusell, 1991; Parker et a l, 1991; Russell and Nurse, 1986; Russell and Nurse, 1987)

The final type of regulation to the CDK/cyclin complex is the binding of CKI. 

Rum l is the only known CKI in S. pombe (Correa-Bordes and Nurse, 1995; Martin- 
Castellanos et a l, 1996; Moreno and Nurse, 1994). Rum l protein binds to
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Cdc2/Cdcl3 at interphase inhibiting premature entry of the cell in mitosis. At the 
end of Gl-phase Rum l (and Cig2) is targeted by the for degradation,

leaving C dc2/C dcl3  to activate entry into mitosis (Jallepalli and Kelly, 1996; 
Kominami et al., 1998a; Kominami and Toda, 1997). In rum V  deleted cells, the cell 

mass requirements to enter S-phase are reduced. A rum l cells are sterile most 

probably due to the lack of arrest at C l. Overexpression of R um l, on the other 

hand, produces re-replication as happens with the deletion of cdclS^.

A. 2. S-phase

Once the critical cell mass is reached and in the appropriate surrounding 

conditions, fission yeast cells can go through the G1/S-phase transition (Fantes and 

Nurse, 1977a; Fantes and Nurse, 1977b; Nurse, 1975; Nurse and Thuriaux, 1977; 

Nurse et al., 1976) Molecularly, Cdc2/Cig2 complex must be formed and active 
(Bueno and Russell, 1993a; Bueno and Russell, 1993b), as well as the presence of 

CdclS (S-phase activator)(Baum et al., 1998; Kelly et al., 1993; Nishitani and Nurse,
1995), CdclO (transcription factor) (Connolly et al., 1997), C dtl (Hoffmann, 1994) 

and Resl (transcription factor) (Tanaka et al., 1992). A major target of CdclO 
transcription factor is CdclS, which is absolutely required for DNA replication.

With all those players in place proper DNA replication takes place. At the end of S- 

phase, however, CdclS (Baum et al., 1998; Kominami and Toda, 1997; Wolf et al.,

1999) must be destroyed by the proteasome for the cell to be able to progress into 

C2 and mitosis, and to prevent re-replication. In cells where CdclS and Rum l 
(Jallepalli and Kelly, 1996; Kominami and Toda, 1997; Wolf et a l, 1999) are not 

targeted for proteolysis, several rounds of DNA replication occur in the absence of 

mitosis, creating polyploid cells.
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A. 3. Mitosis

Formation of the Cdc2/Cdcl3 complex is required for entry into mitosis; the lack 

of the complex has the same effect as overexpression of Rum l inhibitor, showing 

re-replication of DNA. C dc2/C dcl3 initiates mitosis after Cdc25 removes the 
inhibitory phosphorylation on TyrlS. In S. pombe, the pathway that links cohesins, 

separins and securins have not been proven yet.

A. 4. Proteolysis

As mentioned throughout this introduction the degradation of several proteins is 

required for the proper progression of the cell cycle. From G1 and through S phase 

the SCF complex is active degrading CdclS and Rum l at the end of S-phase to 

prom ote entry of the cell to mitosis. Throughout mitosis the APC complex is 

activated and in charge of the degradation of Cut2 to pass through the metaphase 
-anaphase stage, and of Cdcl3 at the end of mitosis for the cell to be able to exit M- 

phase.

S. pombe SCF complexes have been well studied. Two F-box protein have been 
described, Popl and Pop2 (Kominami et a l, 1998a; Kominami and Toda, 1997; Wolf 

et al., 1999), which can form homo or hetero complexes between them. Popl homo 
complexes seem to be more specific for the degradation of Rum l, whereas Pop2 

homo complexes seem to be more specific for CdclS (Kominami et al., 199Sa). 
Supporting the idea that different F-box proteins will confer different specificity to 

different substrate. Apopl or Apop2 accumulate Rum l and CdclS, producing a 

polyploid sterile cell.

Together with Popl and Pop2, Pcul (Cullinl homologue) is the cullin member of 

the S.pombe SCF (Kominami et al., 199Sa). Cullin-1 is essential for viability, and has 
been shown to interact with Popl and Pop2. And finally Skpl and Rbxl have also 

been cloned.
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On the other hand, the APC/cyclosom e complex has not been so well 

characterised in fission yeast. APC/cyclosome subunits have been found 
conserved through evolution, having hom ologue in fission yeast like Nuc2 

(budding yeast Cdc27 homologue) (Kumada et al., 1995), however not many 

subunits have been characterised yet. Furthermore three novel APC/cyclosome 

regulators have been described in fission yeast, ApclO (Grossberger et a l, 1999; 

Kominami et a l, 1998b), Slpl (Kim et a l, 1998) and Ste9 (Kominami et a l, 1998b, 

Kitamura et ah, 1998; Yamaguchi et a l, 1997). apclO mutants are sterile and show 

defects in chromosome segregation. apclO^ is essential and is required for 

ubiquitination and degradation of CdclS. ApclO, homologue in budding yeast is 

found as a subunit of APC rather than as a regulator. Slpl and Ste9 are 

homologues of Cdc20 and Hctl, respectively.

B. Cell morphology

Schizosaccharomyces pombe cells have a regular rod shape with a rigid cell wall, 
which grow by length extension and have symmetrical division at the centre 
(Robinow and Hyams, 1989). For the cell to maintain the shape, grow cylindrically 

and produce the two daughter cells; it requires a cytoplasmic structure known as 
cytoskeleton. The cytoskeleton is like the ''muscles" of the cell. It has two 

components, the microtubules that are composed of a-tubulin  and p-tubulin, and 

the F- actin cytoskeleton.

Microtubules are seen along the long axis of the cell, with some running from end 

to end. The state of microtubules varies according with the cell stage and they take 

active part in many stages (i.e. sister chromatid separation). Treatm ent w ith 

m icrotubules - inhibiting drugs (Sawin and Nurse, 1998; W alker, 1982) or 

mutations in tubulin genes (Hiraoka et a l, 1984; Radcliffe et al, 1998; Toda et al, 

1983; Umesono et al, 1983; Yaffe et a l, 1996) lead to the formation of bent or branch 

cells.
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F- actin is important for polarised growth, cytokinesis, mating and sporulation. 

M utations in the actin gene of S.pombe (Ishiguro and Kobayashi, 1996; McCollum 

et a l, 1999; Mertins and Gallwitz, 1987) as well as overexpression of actin protein 

(J. Bahler, unpublished data) lead to a variety of defects in polarised growth and 
cytokinesis. The positions of cell grow th and division are reflected by the 

distribution of the F-actin cytoskeleton during the cell cycle (Marks et a l, 1986; 

Marks and Hyams, 1985).
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Figure 1. The fission yeast life cycle.

In the presence of sufficient nutrients, haploid fission yeast cells grow mitotically with a 
cell cycle in which the G2-phase comprises about 70% of the cell cycle, whereas G l, S 
and M-phases each take up to 10% of the remaining portion of the cycle. Upon 
starvation, cells follow an alternative development fate and undergo sexual 
differentation. h' or P cells secrete P-factor and responds to M-factor while M cells 
produce M-factor and respond to P-factor. Meiosis and sporulation immediately follow 
the formation of diploid zygote, resulting in a zygotic ascus with four haploid spores.
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Figure 2. Principles of CDK regulation

The active CDK is associated with a cyclin subunit and phosphorylated 
on a conserved threonine (167 in fission yeast Cdc2) by CAK (CDK 
activating kinase) which is constitutevely active through the cell cycle. 
Regulation of CDK activity involves three different mechanisms: A. 
availability of cyclin subunit, regulated at transcriptional level and /o r at 
the level of cyclin turnover. B. inhibitory phosphorylation on tyrosine 15 
by Weel kinase and its reversal by the Cdc25 dual specificity 
phosphotase. C. reversible binding of cyclin-dependent kinase inhibitors
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Fig 3. E3 superfamily

A superfamily of E3 enzyme based on duos of cullin and RING-H2 dom ain 
subunits. The SCF, VCB-like and APC ligases use accessory proteins to select 
specific substrates for ubiquitination. Known or suspected complexes and their 
substrates are indicated. Different complexes are designated by the accessory 
subunit, as in SCF^^^t APC "̂^^^  ̂ and so on. In the ubiquitin system, an E l or 
ubiquitin activating enzyme activates ubiquitin in a thioester linkage, which is 
transesterified to an E2 or ubiquitin conjugating enzyme, which in turn  transfers 
ubiquitin to a substrate lysine residue with the assistance of an E3 enzyme or 
ubiquitin ligase. A lthough some E3 enzymes form a catalytic thioester 
intermediate with ubiquitin, there is no evidence that this occurs in any of the 
cullin-RINC domain ligases. The ubiquitin-related protein Rubl is covalently 
attached to most cullins but the reason for the modification is unclear. Activation 
of the APC also dependens on its phosphorylation by Cdk and polo-like kinases. 
(S.c, S.cerevisiae; S.p, S.pombe.) Figure taken from Tyers and Jorgensen, 2000.
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Chapter 2

Cullinl

2.1. Introduction

I have conducted an analysis of cullinl {pcuV) gene from S. pomhe as a 

secondary project, which is described in this chapter.

Pcul was chosen following the information shown in S. cerevisiae and 

m am m alian cells, where cullin family members where part of the SCF 

complex. Due to the similarity of the predicted function of Pcul with other 

proteins studied in the laboratory, I decided to try to clone and study the S. 

pombe hom ologue of Cullinl.
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2.2. Cullins

Work done in S. cerevisiae showed that Cdc4 (Popl homologue) forms a 

complex with Cdc53 (a member of the cullin family) and Skpl (Bai et al., 1996), 

which binds E2 Cdc34 (Ubc3 homologue) (Goebl et al., 1988; Mathias et al., 1996). 

The Skpl: Cdc53: Cdc4 (F-Box), SCF complex functions as an ubiquitin-ligase E3 

(Patton et al., 1998), adding ubiquitin to tag proteins for degradation by the 

proteasom e.

Using S. cerevisiae Cdc53 sequence to search for homologous sequences in the 

Sanger Centre database, three open reading frames were located. An ORE 

consisting of 768 amino acid residues (SPAC17G6) was designated pciiV  (pombe 

cullin-l) (Fig. 4A), as the predicted amino acid sequence is most homologous to 

hum an Cullin-1 (Lisztwan et al., 1998; Michel and Xiong, 1998; Yu et al., 1998). 

The other two ORE were named pcu3* and p cu 4 \ which are similar to Cullin-3 

and Cullin-4 respectively. Previously, Pcu3 was incorrectly reported to be the S. 

pom be  hom ologue of the hum an cullin-1 (Mathias et al., 1996). The Cullin 

family phylogeny tree between fission yeast and other higher eukaryotes shows 

the distance between the three fission yeast cullins (Fig. 4B). All three show a 

stronger similarity to their hum an counterparts than to each other. The closest 

hom ologue of Pcul appeared to be hum an cullinl followed by S. cerevisae  

Cdc53 (Fig. 4B.)

D isruption of the p cu V  gene was performed using the gene replacem ent 

m ethod (Bahler et al., 1998) in a wild type diploid. Tetrad m anipulation of a 

heterozygous diploid strain showed pcuV  to be essential for viability. Each of 

the twelve dissected tetrads yielded two viable and two non-viable spores (Fig.
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5A). Colonies derived from the two viable spores were all Ur a'; indicating that 

disruption of pcw2‘"(Ura'^ spores) led to the loss of viability. Spores were checked 

by PGR, none of the viable cells were Ura^, confirming the deletion was only 

present in the non-viable cells. Microscopic observation of pcuV  deleted cells

showed that Apcul spores germinated, divided around 10 times and then

ceased division (Fig. 5B). In order to observe the term inal phenotypes of Apciil 

cells, spores derived from a heterozygous diploid were allowed to germinate in  

either rich YE5S or selective minimal m edium  in which only Ura"" (Apciil) 

cells were capable of germinating. It was found that in both cases, spores 

germinated to form cells that were longer and wider than wild type (Fig. 5C, D). 

Note that in the cases where minimal medium was used, ungerm inated spores

(Ura) were occasionally observed together with Apciil cells (arrow in Fig. 5C, 

left). To test the ploidy of these cells we performed FACS analysis which only 

showed a single 4C peak (Fig. 5D, left), showing that these cells were indeed 

diploids as no 1C/2C peaks were seen. In contrast, in rich medium, in addition

to Ura"" (Apcul) spores, wild type spores also germinated and normal haploid 

sized cells appeared (arrowhead in Fig. 5C, right). In addition, FACS analysis 

indicated two peaks, which corresponded to 2C (wild type) and 4C (Apcul), 

respectively (Fig. 5D, right). These data suggest that pciil^ is involved in the 

maintenance of genome ploidy.

To study further the function of pcuV , the gene was cloned into the pREPl 

vector (Maundrell, 1993), which contains the strong n in t prom oter (Maundrell, 

1990). The resulting construct, pR E F lpcuV  was transformed into wild type 

(PN513) cells to observe the overexpression phenotype. Transformed cells were 

grown under selection in minimal media in the presence (promoter off) or 

absence (promoter on) of thiamine for 24 hours. Cells grown in the absence of 

thiam ine, when the prom oter was on, looked slightly longer and wider than
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cells grown in the presence of thiamine. However, when cells were stained 

with DAPI to observe changes in the nuclear morphology, no visible difference 

was found between cells grown with or without thiamine, suggesting there was 

no increase of DNA in cells that overexpressed Pcul (Fig. 6A, right). This result 

was confirmed by FACS analysis, where both cell populations showed a single 

2C peak (Fig. 6B). Thus overexpression of the gene does not seem to have any 

visible effects.

PcuH N-term inus epitope tagging (pcuVm yc) was constructed and used by Dr. 

Kominami to test whether Pcul interacts with Popl and Pop2. Pcul was show n 

to be part of the homo and hetero- complexes formed by Popl and Pop2, w hich 

recognise and tag proteins for degradation (Kominami et al., 1998a).

2.3. Summary

S. pom be  cullinl gene is essential and it has been shown to die after 10 cell 

divisions. On the other hand, overexpression of the protein does not show any 

visible effects.

As its hum an and budding yeast homologues, Pcul has been shown to interact 

w ith SCF complex members, Popl and Pop2.
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Figure 4. Amino acid comparison of the cullin family between 
fission yeast and other organisms.

(A) Amino acid sequence between fission yeast Pcul and cullin-1 homologues 
from human (HsCull), and budding yeast (Cdc53) is compared.The amino acid 
sequence of the fission yeast cullin-3 homologue (Pcu3) is also included. 
Identical amino acid residues are marked (shadowed boxes with black letters), 
in particular, residues in which all the four cullin homologues contain identical 
amino acid are emphasized with closed boxes with white letters. (B) 
Evolutional phylogeny among members of a cullin family from different 
organisms is shown. Hs, Homo sapiens; Dm, Drosophila fnelanogaster; Ce, 
Caenorhabditis elegans. Fission yeast has at least three members (Pcul, Pcu3 and 
Pcu4, emphasized with italics), which show highest homology to cullin-1, 3 and 
4, respectively.
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Figure 5. Pcul is essential for cell viability with defects in 
maintenance of genome ploidy.

(A) Tetrad analysis of diploid heterozygous for pcul is shown. (B) Apcul cells 

germinated from spores are shown. Apcul cells were capable of dividing around

10 times and arrested growth. The bar indicates 10 pm. (C) Typical samples of 
cells germinated in liquid medium (left panel-URA in minimal medium or right 
panel, YE5S in rich medium) from a heterozygous diploid are shown. Note that 
an ungerminated wild type spore (left panel, marked with arrow) or normal- 
size wild type haploid cell (right panel, marked with arrowhead) is also shown 

for comparison. The bar indicates 10 pm. (D) FACS profile of germinated 
samples (EMM in the left panel and rich medium in the right panel) is shown.
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Figure 6. Pcul overexpression.

Wild type cells transformed with the vector pREPl;?cwî+ were grown in 
minimal medium plus thiamine (A, in the left panel) or without thiamine (A, 
in the right panel) for 24 hrs and stained with DAPI (A). Samples from the 
mentioned cultures were also taken and analysed by flow cytometry (B).
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Screen

Chapter 3

Screen

3.1. Introduction

In this chapter I will describe the mutagenesis screen, performed in the laboratory 

of Dr. Toda, designed to select sterile and polyploid m utants in S. pomhe. One of 

these m utants, popl, was characterised by Dr. Kominami (Kominami and Toda, 

1997). I have summarised his findings because in the characterisation of the gene, 

pop3, which I have studied, I have used a similar approach. Finally, I will also 

present a primary analysis of the rest of the mutants obtained in the screen and the 

reasons that led me to characterise 5235 further.
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________________________________________________________________________ Screen

3.2. Screen

The mutagenesis screen (Kominami and Toda, 1997) aimed to isolate mutants that 

were sterile and did not arrest with a 1C DNA contents upon nutrient starvation. 

W ith the screening they were expecting to isolate mutants from genes that were 

involved in the mating process (sterility), but mostly genes that function through 

G1 and S-phase.

Sterility was assessed by the inability of the cells to sporulate in conjugating media 

and failure to G1 arrest was determined by an increase in DNA content (ploidy). A 

strain, ĥ ° (wild type), was mutagenized with N-methyl-N'-nitrosoguanidine and 

20,000 mutagenized colonies were examined with iodine vapour (Gutz et a l, 1974) 

to detect sterile mutants. 1008 candidates were obtained. Then each m utant colony 

was grown in low nitrogen medium for three days at 26°C and processed for flow 

cytometry to m easure DNA content (Kumada et a l, 1995). Fifteen candidates 

qualified both for sterile phenotype and increased ploidy. Five of the fifteen 

candidates were mutants of genes already characterised, which are involved in 

G1/S-phase, Ruml (Correa-Bordes and Nurse, 1995; Martin-Castellanos et ah, 1996; 
Moreno and Nurse, 1994), and in the mating process, Ste9/Srw l (Kitamuracf ah, 

1998; Kominami et ah 1998b; Yamaguchi et ah, 1997)

3.3. Popl

Three of the fifteen selected mutants (numberedS64, 422 and  577) possessed an 

increased DNA content of 4C and 8C. Dr. Kominami chose to study  and 

characterise these three mutants. Cells of the three strains were elongated and 

wider than the usual wild type rod-shape cells. The nucleus appeared enlarged but 

not disrupted, suggesting there was an occasional lack of mitosis but not of 

cytokinesis (Kominami and Toda, 1997).
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A  gene that suppressed the three mutant strains was isolated by complementation 
and named popl (polyploid). Popl encodes a 775 amino acid protein with seven 

WD-repeats (Neer et al., 1994; Smith et a l, 1999) and an F-box (Bai et al., 1996; Craig 
and Tyers, 1999; Skowyra et al., 1997). S. cerevisiae Cdc4 (Pringle and Hartwell, 

1981) showed the highest homology (30%) at the amino acid level. Cdc4 is involved 
in the ubiquitin pathway (see introduction) (Feldman et ah, 1997; Skowyra et ah, 

1997).

Apopl cells accumulate high amounts of Ruml (CDK inhibitor) (Correa-Bordes and 

Nurse, 1995; Martin-Castellanos et ah, 1996; Moreno and Nurse, 1994) and CdclS 

protein (S-phase activator) (Kelly et ah, 1993; Nishitani and Nurse, 1995). No other 
protein level tested was found to vary either. Moreover, tested mRNA levels did 

not vary. Thus, Rum l and CdclS accumulation is not due to an increase in 
transcription. Accumulated Ruml and CdclS proteins were not polyubiquitinated 

as occurs in proteasom e m utants (Gordon et ah, 1996). This suggested an 

involvement of popV  in the ubiquitin pathway; in a similar fashion to its closest 

homologue, S. cerevisae Cdc4 (Feldman et ah, 1997; Skowyra et ah, 1997). Popl was 
shown to interact with CdclS (Kominami and Toda, 1997) and form homo and 

hetero-com plexes w ith Pop2, related F-box/W D -repeat protein and Pcul 
(Kom inam i et ah, 199S). Both complexes recognise and tag proteins for 

degradation. Popl homo-complexes being more specific for Ruml and Pop2 homo
complexes for CdclS (Kominami et ah, 199Sa).

3.4. Other candidates from the screen

To further characterise the rest of candidates from the screening, they were 

analysed for different param eters. The param eters chosen (cell m orphology, 

tem perature sensitivity, HU sensitivity and rescue by pREPlpopV  plasmid) were 

selected due to the strong phenotype, revealed by the popl mutants (364, 422 and 

577).
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The eight candidates (5-235, 6-58, 6-84, 6-108,6-184, 6-188, 7-64 and 7-182) selected 

for the study, were checked under the microscope for abnormal cell morphology. 

Most of the mutants were classified as pop I-like, as most cells appeared longer and 
wider in appearance than wild type, except 6-58 and 7-64. Cells from 6-58 strain 

were smaller, similar in size to wild type, and 7-64 cells were elongated, but not as 

long as popl (Table 1).

Mutants were also tested for growth at different temperatures and for growth in 

the presence of hydroxyurea (5 mM or 10 mM HU). The eight studied strains were 

placed on rich plates to grow at 28°C, 32°C and 34°C and in the presence or absence 

of HU at 27°C. 5-235 could not grow at 32°C or 34°C (Table 2), nor in 10 mM HU 

(Table 3). 6-108 had mild difficulty in growing at 32°C and could not grow at all at 

34"C (Table 2).

Suppression of the m utant phenotypes by transformation with pREPlpopU was 
tested. Mutant strains were transformed with a pREPlpopU plasmid; grown in the 

presence of thiamine (off), when size was checked (Table 4, first column) and in the 
absence of thiamine (on) to check rescue (Table 4, second column). Four of the 

m utants (7-64, 6-84, 6-184 and 6-188) were suppressed by a pREPlpopU. These 
strains were rescued by pREPlpopU in all the parameters (temperature sensitivity 

and HU) previously tested (data not shown). Thus these four strains are most 

likely allelic to popl, although not rigorously proven.

All the m utants had similar phenotypes when tested for tem perature and HU 

sensitivities, except 5-235. For these reasons I selected 5-235 for further analysis, 

which is described in the following chapters.
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Table 1- Cell morphology and Fac Scan analysis of other mutants

Morphology Fac Scan

5-235 popl-like 4C
6-58 normal 2C
6-84 popl-like 4C+8C
6-108 popl-like 4C
6-184 popl-like 2C+4C
6-188 popl-like 4C+8C
7-64 popl-like 8C
7-182 longer 2C+4C

Table 2- Analysis of growth at different temperatures

280Ç 320Ç MoQ

5-235 H—H - -

7-64 ++ ++ ++
7-182 ++ + +
6-84 ++ ++ ++
6-184 ++ ++ ++
6-108 ++ + -

6-188 ++ ++ ++

Note: The description used in morphology (Table 1), is done in comparison 
with wild type cells. For growth (Table 2), ++ , as wild type; +, less than wild 
type; -, no growth.
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Table 3- Analysis of growth in hydroxyurea

YPD 5mM lOmM

5-235 ++ + -
7-64 ++ ++ ++
7-182 ++ ++ ++
6-84 ++ ++ ++
6-184 ++ ++ ++
6-108 ++ ++ ++
6-188 ++ ++ +

Table 4- Cell shape and suppression by pRE Flpopl  
transformation

Cell shape Suppression
in +thi by pREPlpopl+

5-235 large No
7-64 large Yes
7-182 a little larger No
6-84 large Yes
6-184 a little larger Yes
6-108 large No
6-188 large Yes

Note: Table 4 shows the transformation of these seven m utant strains with 
pREPlpopl+ plasmid. All the strains were grown in the presence of thiamine 
(promoter off) and cell size checked( first column). The second column shows 
the suppression of the cell size and sterility. The description used in cell shape 
(Table 4), is done in comparison with wild type cells. For growth (Table 3), ++ 
, as wild type; +, less than wild type; -, no growth.
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Chapter 4

Physiological Characterisation of 5-235 Mutant

4.1. Introduction

In this chapter I will describe the analysis of the m utant, 5-235 (pop3-5235), for 
tem perature sensitivity, cell morphology and drug sensitivities. The temperature 

and hydroxyurea sensitivities shown in the preliminary analysis (Table 2 and 

Table 3) were studied in depth to determine the terminal phenotype of the m utant 

in such conditions. Other stress treatments, like ultraviolet light, oxidative stress 

and drug sensitivities were also tested. Finally, the growth rate and viability of 

5235 (pop3-5235) were analysed.
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4.2. Ploidy analysis

Although, 5-235 m utant was selected as polyploid m utant (Table 1), confirmation 

of the degree to which the m utant could polyploidise was analysed by growing 
cells in YE5S medium and analysing the samples by flow cytometry (Fig. 7B). The 

ploidy of the m utant did not vary between stationary and log phase (data not 

shown) and was never found with higher or lower DNA content than 4C (Fig. 7B, 

third row); thus differing from popl (Fig. 7C, second row). 5-235 m utant strain was 

never found in a haploid state (1C), its normal DNA content was 4C.

After the polyploid phenotype of 5-235 was confirmed, nuclear staining was 

perform ed to distinguish between three possible nuclear phenotypes for the 

increase of DNA content. One of the three possible phenotypes was previously 

described for popl mutants (see 3.3). popl mutants have several rounds of S-phase 

w ith occasional lack of M- phase, showing a clear and unique large nucleus. 

M utants of this kind are defective in the proper control of one DNA replication 

round for each cell cycle and all exhibit a large single nucleus.

A second type of nuclear phenotype is seen in mutants that are able to perform the 
DNA replication without any problem but they have difficulties at the time of 
chromosome segregation. These m utants show an elongated and d isrupted  

nucleus, cutl (Creanor and Mitchison, 1990; Uzawa et a\., 1990; Yanagida, 1998) is 
one such mutants, cutl mutants are defective in chromosome segregation, showing 

an elongated and disrupted nucleus.

Finally, there are mutants that do not have any trouble to perform DNA replication 

and segregation properly, but can not undergo cytokinesis and are unable to give 

rise to two daughter cells. Hence, they appear as elongated cells, that contain 

increased genomic DNA due to the cell containing multiple nuclei {cdcl) (Gould 

and Simanis, 1997; Nurse et ah, 1976).

DAPI staining was used to distinguish between the three possibilities. DAPI 

staining of the m utant samples (Fig. 7A) showed large single nucleus, confirming
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the polyploïdisation phenotype was not due to segregation or cytokinesis 
problems, but to re-replication as was the case with popl.

4.3. Growth and viability

While working with the 5-235 strain, it was observed that the strain had severe 

growth difficulties on plates or in liquid cultures. To examine these observations 

the growth rate of the mutant was measured. Cells were grown in YE5S medium at 

27°C and samples were taken and counted in the Sysmex cell counter every hour 

(Fig. 8A). The generation time of 5-235 (Fig. 8A, red sample) was found to be 

longer than four hours and a half, as opposed to two hours and a half in wild type 

{PN513) (Fig. 8A, black sample).

Growth of 5-235 in different media was also examined. Rich media YE5S and YPD 

(see m aterial and methods), and minimal media were used for growth of the 
m utant and its growth rate was analysed. The mutant grew slowly in all the media, 

as previously observed (Fig. 8B). However, YE5S (Fig. 8B, green sample) appeared 
to be the best medium to grow the strain and minimal medium was the poorest.

Once the slow growth of the strain was established, the viability of 5-235 was 

examined. Cells were grown in YE5S medium, counted, incubated in YE5S plates 
at 27°C for five days and the viability calculated (viable cell num ber over expected 

cell number). Wild type cells had constant 90 % viability (Fig. 8C, black sample), 
whereas 5-235 never had more than 50% viability (Fig. 8C, red sample). The slow 

growth and its rather low viability are characteristics of the strain.

4.4 Temperature sensitivity

In the primary examination of the set of eight mutants the lack of growth of the 5- 

235 m utant at high temperature became apparent. It had difficulty to grow at 32°C 

and was completely unable to grow at 34°C (Table 2). The results obtained
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Figure 7. Ploidy analysis of 5-235 mutant.

Wild type, popl (only FACS) and 5-235 mutant cells were grown in rich 
medium, samples were taken for DAPI staining (A) and FACS analysis(B). 
WT was used a 2C DNA content control, whereas popl mutant was the 
polyploid control (4C or higher).
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Figure 8. Growth and viability analysis of 5-235 .

(A) Wild type and 5-235 cells were cultured in YE5S until they reach log
phase (2x10^ cell/ml) (0 hrs). Samples were taken, sonicated and measured 
by Sysmex, for duplicated. (B) 5-235 and wild type were grown in different 
media (YE5S, YPD and EMM+leu+ura) and cell number measured following 
the above proccedure. (C) Wild type and 5-235 cells were taken from the 
same experiment as in (A) and plated in YE5S plates and incubated at 270C 
for 5 days.
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previously were examined again, firstly on YE5S plates and later in YE5S liquid 
medium.

5-235 cells were streaked in YE5S plate and incubated at 26°C, 28°C, 30°C, 32°C and 

36°C for five days. The m utant strain grew at 26°C and 28°C, at 30°C it showed a 
decreased in growth rate (data not shown). There was no growth at 32°C and 36°C 

(Fig. 9A, right).

To study the terminal phenotype in liquid medium, PN513 (wild type) and 5-235 

cells were cultured in rich liquid medium at 27°C until they reached log-phase 

(2X10  ̂ cells/ ml). Cultures were then shifted to 36°C. Samples of tem perature 

shifted cells were taken to examine cell shape (microscopically), nuclear size (DAPI 

staining), DNA content (FACS analysis), growth rate and viability.

The m utants showed an elongated cell phenotype, similar to that seen at the 

permissive temperature, but they seemed to be more amorphous (Fig. 9B, second 

row-right). Furthermore, DAPI staining showed small differences in nuclear size 

between the permissive (Fig. 9B, second row-left) and non-permissive tem perature 

(Fig. 9B, second row-right). At the non-permissive temperature, a small population 
of cells (5%- 16 observed in a total pool of 308) showed a slightly more elongated 

nucleus (Fig 9, shown with arrowhead).

However, flow cytometry showed both cultures (permissive and non-permissive 

temperature) to have no difference in DNA content, confirming the observation 

seen in most of the DAPI stained cells. Cells grown at both 27°C (Fig. 10A, second 
row-left) and 36°C (Fig. 10A, second row-right) showed a single 4C peak. In 

contrast wild type cells have a 2C DNA content at both tem peratures (Fig. 10A, 

first row). Thus, there was no increase of ploidy in the m utant at non-permissive 

temperature, above that seen at 27°C.

Cell growth was examined by taking cell counts every hour after shifting the 

cultures to 36°C. 5-235 m utant showed nearly negligible growth at non-permissive 

temperature (Fig. lOB, red sample). To ensure the result was not due to an
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Figure 9. Growth of 5-235 at 36®C.

(A) Cells were streaked on YE5S plates and grown at 27®C (left) or 36°C (right) 
for five days. (B) Wild type and 5-235 cells were grown in liquid rich medium 

until they reached log phase (2x10^ cells/ml). The culture was divided in two 

parts; one was grown at 27°C (left), and the other at 36°C (right). After four 
hours samples were taken, to study cell size (phase contrast) and nuclear size 
(DAPI staining). Small proportion (5%) of 5-235 mutant cells showed elongated 
nucleus at 360C (shown with arrowhead)
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experimental problem (cells are too large for the Sysmex cell counter machine), the 
experiment was repeated using the Sysmex cell counter and Coulter counter ZM 

cell counter machines to count duplicate samples. The results obtained with both 

instrum ents were the same (data not shown). Then, at 36°C there is no visible 

growth in the m utant strain, but a decrease in cell number. The decrease of cell 

num ber was found to be due to cell death. When samples were observed under the 

microscope "ghost" or lysed cells were visible, which were not counted by the cell 

counters. Viability of the wild type (Fig. IOC, black sample) and m utant strain were 

analysed by plating samples at 27°C for 5 days. Samples were taken every hour at 

the non-permissive temperature. Viability of the m utant strain decreased from 50% 

at 0 hours to 23% at 8 hours (Fig. IOC, red sample), as expected due to the cell lysis 
at non-permissive temperature.

Cells were also examined for two nuclei (DAPI) and septation (Calcofluor) indices 

and samples were taken every 2 hours at 36°C. There was no difference to wild 
type in either of the two parameters. The indices of the m utant were very close to 

wild type septation and binucleate indices (Figure 13A), suggesting there was no 
cytokinesis problem  in the m utant strain when grown at the non-perm issive 

temperature.

From the data obtained at the restrictive temperature, it became apparent that 
m utant cells died when grown at the non-permissive temperature. Cell lysis seems 
to count for the high proportion of cell death, even though the reason for the lysis 
is not clear. This m atter was not studied further; however, later results have 

elucidated the reasons for cell death at non-permissive temperature (see chapter 7).

While testing 5-235 for growth at the high temperature, growth of the strain at 19°C 

was also performed. Strains were streaked on YES5 medium plates and incubated 

at 19°C for 7 days (Fig. IIB, right). Wild type cells grew at 19°C, although the 
grow th rate was slower than at high temperatures. On the other hand, 5-235 

m utant did not grow, even after 10 days incubation (Fig. IIB, right).
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Figure 10. Analysis of the temperature sensitivity of 5-235

(A) Cells were cultured following the same procedure as in Figure 9B. After 4 
hours sample were prepared to analyse them by flow cytometry. (B -C) Wild 
type and 5-235 cells were grown in YE5S medium until they reached a 

concentration of 4x10^ cells/ml (mid-log phase) (Ohrs). The cultures were then 

shifted to 37°C and samples for viability (C) and cell number (B) were taken 
at the appropriate times. Cell counting was done using a Symex cell counter. 
To calculate viability , cells were counted, plated in YE5S plates and 

incubated at 27°C for 5 days and growth on plate was counted 
(observed/ expected).

€5



Thus, I conclude that the 5-235 m utant strain can not grow at low (19°C) or high 

(36°C) temperatures. At high temperatures a cell number decrease is observed, due 

to cell death. However the reason for such observation was not clear until later 

studies (see chapter 6).

4.5. Hydroxyurea treatment

The sensitivity of 5-235 to hydroxyurea has been shown previously (Table 3). 

However, to confirm the result obtained previously, several concentrations (5mM, 
7.5mM and lOmM) (7.5mM data not shown) of HU were used to test growth of 

wild type, popl and 5-235 strains. Cells were streaked on plates containing the drug 

and incubated for five days at 27°C. No growth of 5-235 was visible at any of the 

concentrations (Fig. 12A, left); popl was able to grow on 5mM and 7.5mM but 
showed sensitivity towards HU at 10 mM (Fig. 12A, left).

Cell shape and DAPI of PN513 and 5-235 cells grown in the presence of HU were 

checked. Wild type cells were longer than usual due to cell cycle arrest produced 
by the HU treatment, but no difference was visible for 5-235 m utant cell size (Fig. 

12B).

W hen pop3 m utant was grown in HU, some vaculation (appearance of multiple 
vacuoles within the cell) (Fig. 12B, second row) was observed which seemed to 

lead to cell lysis and hence cell death (data not shown). Both, hydroxyurea and 
high temperature treatments produced cell lysis, which explains the low viability 

and decreased cell numbers in such conditions. The reason behind the observed 

phenotype was not studied further.
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Time (hrs)

PN513 0 12 15
PN513 2 13 11.5
PN513 4 11 12.5
PN513 6 5 21

5-235 0 10 13
5-235 2 11 12
5-235 4 14 14.5
5-235 6 13 13.5

B

270C 190C

513 5-235 513 5-235

Figure 11. Further analysis of 5-235 at 36®C and growth at 19®C.

(A) Shows a table, where wild type (PN513) and 5-235 cells were examined 
for two nuclei (DAPI staining) and septated (calcofluor) phenotype. Cells
were taken from samples that were temperature shifted (36®C) after reaching 
log phase. (B) Wild type and 5-235 were streaked on rich medium plates
and incubated at 27^C (left) and 19®C (right) for 7 days.
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Figure 12. Growth of 5-235 in hydroxyurea

(A) Wild type, 5-235 and Apopl cells were streaked on YE5S plates (left) and 

YE5S+ lOmM HU (right) and incubated at 27°C for 5 days. (B) Wild type and 
5-235 cells were grown in liquid YE5S until log phase was reached. Once the 
cell concentration was reached, 10 mM HU was added and the culture 

incubated at 27®C for 5 hours. Cell size and nuclear staining (DAPI) were 
observed
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4.6. 5-235 is composed of two types of colonies

5-235 was streaked on YE5S + phloxin B plates for its maintenance. Usually the 

polyploid mutants showed strong red coloured colonies due to increased ploidy 

(Fig 15A, localised by arrowhead) and wild type cells are stained pink by phloxin B 

(Moreno et aL, 1991). After several rounds of re-streaking the strain on plates (5-6 

times), a very small percentage (10 -20 %) of pink cells (Fig 15A, marked by arrow) 

were observed. To check the cells were no longer polyploid, cell shape (phase 

contrast) and nuclear staining (DAPI) were examined.

The pink cells were smaller in cell size (Fig. 13B, first row-right) than the usual 

elongated cell of 5-235 (Fig. 9B, second row), which were present in the red 

colonies, as expected (Fig 15B, first row-left). DAPI staining confirmed that the red 

colonies (Fig.lSB, second row-left) maintained the characteristics of the m utant, 

while the nuclei of pink colonies were smaller (Fig. 13B, second row-right) and 

more similar to wild type (Fig IIB, first row).

To confirm that the pink colonies had lost the ploidy phenotype, samples were 

prepared for flow cytometry. FACS analysis showed a unique 2C peak in pink 
colonies (Fig. 14A, second row-left) and in contrast, red colonies m aintained the 

ploidy phenotype (4C) (Fig. 14A, second row-right).

All the data obtained pointed to a reversal of the m utant polyploid phenotype to 
wild type. However when temperature sensitivity of the pink colonies was tested, 

no growth of the pink strain was observed at high temperature (Fig. 14B), like the 

red segregants and original m utant colonies. Similar results were observed when 

the pink and red segregants, 5-235 and wild type strains were grown in the 
presence of 10 mM HU. Pink cells, like red cells and 5-235, did not grow in such 

conditions (data not shown). Fven though the ploidy phenotype seemed reversed 

in these pink segregants, other phenotypes of the original m utant were unchanged.
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red pink

Figure 13. 5-235 is composed of two types of colonies.

(A) 5-235 cells appeared to be composed of two type of colonies, red ( ) and 
pink ( ) cells. Cells from the two colonies were grown in YE5S medium and
examined for cell size (phase contrast) (B, first row) or nuclear size (DAPI 
staining) (B, second row).
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Figure 14. Fac Scan and temperature analysis of 5-235's two 
colonies.

(A) Cells were cultured in YE5S and prepared for Fac Scan analysis. (B) Wild 
type, 5-235, red and pirk strains were streaked on YE5S plates and incubated 

at 27°C (left) and (right) for 5 days.
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4.7. Drug analysis

5-235 m utant shows a num ber of phenotypes, which are apparently similar to 

those shown by m utants in the S ty l/S pc l pathway (Shiozaki and Russell, 1995; 

Toone and Jones, 1998). styllspcl mutants are sterile and fail to arrest in G1 after N- 

starvation. One of the downstream targets of this pathw ay is Pap l (Toda et aL, 

1991), a transcription factor, which is involved in m ultidrug resistance. Apapl 

m utant cells show hypersensitivity to a wide variety of drugs. As 5-235 shows, in 

addition to sterility, supersensitive to HU (see 4.5), we therefore examined 
sensitivity of 5-235 m utant to other drugs. Anisomycin is a protein synthesis 

inhibitor, while T-BOOH is an oxidative stress drug. Apapl was used as negative 

control to test both drugs, as it was known to be supersensitive to both (Toone et 

aZ., 1998).

Strains were spotted on plates containing no drug, anisomycin (7.5 |ig / ml) or T- 

BOOH (0.5 mM) and incubated at 27°C for three days. Apopl, Apop2, wild type and 

5-235 were also tested for sensitivity to both drugs (Fig. 15A).

As expected Apapl was unable to grow on either of the plates containing drugs. On 

the other hand, Apop2 appeared to be resistant to anisomycin but sensitive to T- 

BOOH. Wild type and 5-235 were able to grow in all the conditions.

Thus, the 5-235 strain is different from mutants defective in the Sty pathway. 5-235 

is as resistant as wild type to these stress-related drugs.

4.8. Ultraviolet light irradiation

To study further whether 5-235 shared more of the characteristic of the first 

characterised m utant (popl)  ultraviolet light irradiation (UV) analysis was 

conducted. Apopl is known to be UV sensitive (Kominami and Toda, 1997). Wild 

type and 5-235 cultures were grown to log-phase and plated on YE5S plates. Plates 
were irradiated with different UV doses and allowed to grow at 27°C for 5 days,

72



B

Apopl

Apop2

Apapl

Wt

YE5S Aniso T-BOOH 
mycin

70

60

50

>
40

30

PN513
5235

"I------------- 1------------- 1------------- r

50 100 150 200 250

Radiation ( fxj)

Figure 15. Drug and UV analysis in 5-235.

(A-B) Several strains and 5-235 were spot tested for anisomycin (7.5 pgr/ml) 
and T-booH (0.5 mM). Apapl is a member of the Styl pathway, known to be 
sensitive to both drugs. Wild type {PN513) and 5-235 were also irradiated by 
UV and the viability calculated (B).

73



w hen cell viability was calculated (Fig. 15B). The 5-235 m utant started w ith lower 
viability than wild type, however it seems to be more resistant than wild type to 

UV treatment up to 150)liJ (Fig. 15B). At doses above this a decrease in cell viability 

was observed (Fig. 15B, red sample). However the decrease in viability of the 

m utant was no larger than the decrease in viability of the wild type in doses higher 

than 150pJ (Fig. 15B, black sample). Hence, 5-235 is not hyper-sensitive to UV. The 

higher resistance of 5-235 up to 150|i.J is quite probably due to the polyploïdisation 

phenotype of the strain. Wild type diploid strains have been shown to be more 

resistant to UV treatment as having two copies of each gene allows for mutations 
to occur and for proper repair of the mutation to proceed.

4.9. Summary of the chapter

In this chapter, the physiological characterisation of the chosen (5-235) m utant is 

described. 5-235 was confirmed to have long elongated cells w ith a single and 

undisrupted nucleus, like the popl mutant, suggesting that the ploidy phenotype 

was not due to chromosome segregation or cytokinetic problems.

Flow cytometry analysis verifies the 4C DNA content and also shows the mutant 

cells to be constant in ploidy in both log and stationary phases ( never in haploid 
state). The m utant has a slow growth rate even at permissive temperature; it is 

nearly half that of the wild type and the viability is around 50%. The growth rate 
and viability drop considerably when the strain is placed under stress (non- 

permissive tem perature or HU). 5-235 is sensitive to high tem perature, cold and 
hydroxyurea, which cause cell death. However some of the cell population (5%) 

grown at 36°C show a more elongated nucleus, suggesting misegregation as a 
possibility. Although it seems unlikely as the num ber of cells displaying that 

phenotype is too low to produce the lethality. Cell lysis was observed when the 

m utant strain was grown at non-permissive tem perature and in the presence of 

HU, which explains the low viability and decreased of cell num ber in such 

conditions.
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Two interesting points have arisen from this physiological study. Firstly, even 
though the m utant is unable to grow under stress conditions (high and cold 

tem peratures), it is resistant to several stress related drugs (anisomycin and T- 
BOOH) and to UV light. And secondly, the m utant has shown to have variable 

phenotypes, being able to revert the ploidy phenotype but maintaining the rest of 

its phenotypic characteristics of the original mutant.
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Molecular Characterisation

Chapter 5

Molecular Characterisation: Cloning of pop3* &

Analysis of Its Product.

5.1. Introduction

After describing the physiological characteristics of the m utant (pop3-5235), this 

chapter concentrates on the molecular aspects of the pop3* gene and its product. 

Firstly, I describe the cloning of the gene, its disruption, overexpression and 

epitope tagging. Finally I have described Pop3 localisation and quantified the 

protein levels.
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5.2. Genetic analysis of5-235

I investigated whether popV a.nd pop2  ̂ could rescue the 5-235 mutant. However, 

neither popV  (Table 4) nor pop2 + (data not shown) were able to suppress the 

m utan t phenotypes. Showing that is not m utated  in either the already 

characterised popV and pop2+ genes.

Before progressing w ith the cloning of 5-235, I investigated w hether the 

characteristic phenotypes were due to a single gene m utation and whether the 

m utation was recessive. To do so, I analysed heterozygous diploids for 5-235, 

sporulated them and carried out tetrad analysis of the spores. Due to sterility of the 

m utant, the diploid was made by protoplast fusion (Moreno et al, 1991). 972 (wild 

type strain) strain and the m utant 5-235 strain were used for the experiment. 

Protoplast fusion creates diploids by breaking down the cell wall and allowing 

fusion within cells. Hence the strain would be a heterozygous for 5-235. If the 

mutation is in a single gene, the tetrad will yield a two to two ratio of wild type to 
5-235 phenotypes. On the other hand, if the characteristics shown by 5-235 are due 

to several mutations in different genes, the tetrads will yield up to four different 

phenotypes. The heterozygous diploid^ was created and ten tetrads analysed. All 

of them  had a two to two ratio of parental phenotypes (wild type to 5-235), 

confirming all the phenotypic characteristics were due to a single gene mutation.

To analyse whether 5-235 was recessive, the above created heterozygous diploid^ 

was studied for tem perature sensitivity and polyploidisation. If the m utant is

The strain obtained through the protoplast fusion between the mutant and wild type should have 
been triploid. 5-235 is always found in a diploid stated; hence when fused with the wild type 
haploid strain , a triploid strain should have been created. The tetrad analysis of triploid strains 
give out proportions others than 2:2, however this experiment showed a 2:2 ratio as expected for 
diploids.
5-235 strain has been later found to be composed of pink and red segregants (see 5.10), being the 
pink more resistant to experimental procedure and with a 2C DNA content. Quite probably the 
data obtained in this experiment is the result of a protoplast fusion between pink segregants and 
wild type, which explains the 2:2 ratio. This discovery does not affect the single mutation and the 
recessiveness of the mutant, even though it should be noted that the created strain was a 
heterozygous triploid, not a heterozygous diploid.
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recessive no polyploidisation or tem perature sensitivity will be observed. The 
diploid formed showed normal ploidy and it was not temperature sensitive, which 

verifies the recessiveness of 5-235.

Hence, the 5-235 mutation is within a single gene and is recessive to wild type.

5.3. Screen

Two different screens were necessary for the gene to be cloned.

Firstly, sterility and cell morphology were chosen as selective param eters. To 

observe the rescue of sterility, iodine vapour was used (Gutz et a l, 1974). Spores are 

stained with iodine vapour due to the starch in the cell wall, non-sporulating cells 

remain white. Cell morphology was examined microscopically.

Com plem entation of the h^°5-235 m utant strain was used for cloning. Three 

libraries designated (N, pUR and Tm) (see material & methods) were transformed 
into the h °̂ 5-235 m utant strain and cells grown in selective minimal medium. 

Transformed cells were checked for the two mentioned parameters. Even though a 

total of 19,000 colonies were screened, no a single candidate fulfilled the rescue of 

both requirem ents (Table 5). With the acquired knowledge of the m utant's 

tem perature sensitivity, the screening param eters were modified. Temperature 

sensitivity was used as a selective requirement, while keeping cell morphology as 
the second parameter. The same three libraries (N, pUR and Tm) were used. 34,000 

colonies were screened to obtain three candidates from the N-library (Ura^), which 

reversed both parameters in the mutant (Table 6).
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Table 5- Summary of first screen to clone 5-235.

Library Number Iodine Cell Both
screened vapour size

N-library 6,000 10 16 none
pURB library 6,000 20 9 none
Tm library 7,000 8 18 none

Table 6- Summary of second screen to clone 5-235.

Library Num ber Reversion cell 
screened ts size

Both

N-library 15,000 6 10 3
pURB library 10,000 10 5 none
Tm library 9,000 4 10 none
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5.4. Candidates

The three plasmids {9,11 and 21) suppressed the m utant fully, giving it the wild 

type characteristics. Transformation of the m utant with the plasmids will rescue 

the m utant in all the previously studied parameters, temperature sensitivity and 

hydroxyurea. The transformants were able to sporulate and they lost the elongated 

appearance of the original mutant.

To ensure the observed characteristics were due to the plasmid, plasmid loss and 

plasm id recovery were done. Plasmid loss showed the characteristics of the 

original m utant in the absence of the plasmid and the wild type phenotypes in the 

presence of it, ensuring the selected characteristics were conferred by the plasmid 
(data not shown).

The DNA from the three plasmids were recovered and analysed by restriction 

enzym e characterisation to examine possible differences betw een the three 

candidates. The restriction mapping showed the three plasmids to have the same 

restriction enzyme pattern, suggesting they contained the same insert (Fig. 18A).

Hence plasmid 9 was used for the following characterisation of the candidates. 
Plasmid 9 was re-transformed into the m utant in selective m inimal m edium  

(MM +leu+ura). The transform ed colonies were tested for tem perature and 
hydroxyurea sensitivities and suppression of sterility. Plasmid 9 containing 

colonies were able to grow at high temperature (36°C) (Fig. 16A, right) and on 

lOmM HU containing plates (Fig. 16B, right). No growth was visible in colonies 

containing the empty vector (Fig. 16B, left). When placing the strain containing the 

plasmid in MEA (sporulating medium), cells started to sporulate (Fig. 16C, right; 

note ascus marked by arrowhead); in contrast, 5-235 containing empty vector did 

not show any asci or spores (Fig. 16C, left). These results confirm that the insert of 

plasmid 9 is able to reverse the mutant phenotype in all aspects.
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Figure 16. Reversion of phenotype when transformed candidate 
plasmid into 5-235.

(A) 5-235 transformed with vector only or the candidate plasmid {plasmid 9) 

were streaked on YE5S plate and grown at 27°C and 36°C for 5 days. (B) 
Mutant and transformed strains were streak in YE5S and YE5S+10 mM HU 
plates and grown for five days. (C) Cells of mutant and recovered strain in 
MEA (sporulating medium). Note the presence of ascus (arrow) in 5-235+ 
plasînid 9.
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5.5. Is Pop3 a multicopy suppressor?

Before progressing in the molecular characterisation of the gene and its product, it 

became important to establish whether the gene cloned was the m utant gene or a 

multicopy suppressor. Due to the sterility of the m utant and the deletion (see 5.8), 

no usual crosses could be performed.

In the absence of the usual mating, protoplast fusion as previously described was 

tried. The deletion strain (see 5.8.) and the original mutant strain (5-235) were used 

for the experiment. Hence the strain would be a homozygous tetraploid (see 

below) for pop3, if the 5-235 m utant and pop3 were the same gene the m utant 

phenotype would be shown in all four spores. On the other hand if pop3 gene and 

the 5-235 mutant were different, a heterozygous would be created, having several 

possible combinations in the four spores.

Even though, in theory the experiment should have worked, it was impossible to 

obtain growing diploids from the protoplast fusion of Apop3 and 5-235 (data not 

shown). The experiment was tried several times changing all possible parameters, 

however no growing diploid was recovered. The failure to acquire diploids could 

be explained by the weakness of both strains. Both strains had low viability when 
grown in rich medium, which dropped lower even with simple experimental 

procedures like transformations. Protoplast fusion is a quite harsh experimental 
procedure as cells are depleted of the cell wall to fuse them. It is possible that this 

experimental procedure was harsh for both strain and hence unlikely that the 

double m utant could be formed. It should also be noted that neither Apop3 nor 5- 

235 were never found with ploidies higher than 4C. Fission yeast is known to be 

able to sustain ploidies of 8C (popl for example). Hence it may be possible that the 

reason for the mutation or deletion of pop3 can not sustain ploidies higher than 4C, 
hence the tetraploid strain may be lethal due to the type of the mutation.

To overcome the problems of sterility and low viability, the original m utant was 

transformed with a p {pop3*) containing plasmid, which rescued the sterility. Using
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this transformed mutant strain and an epitope tagged strain (Pop3-HA, kanamycin 
resistance) (see 5.12.), a usual mating was performed in MEA plates (Fig. ISA).

Using temperature sensitive and kanamycin resistance as markers for the cross, I 

studied whether pop3HA and 5-235 are allelic. The 5-235 strain is kanamycin and 

temperature sensitive; on the other hand, epitope tagged strain is resistant to both. 

Therefore if both genes were the same, the cross would only yield phenotypically 

parental segregants, i.e. ts' kan* and ts  ̂ kan"̂ . However if the genes were different 

four different phenotypes would be possible in the spores (ts kam, ts" kan^, ts'’ kan' 

and ts^ kan^) due to recombination.

Both strains w ere mixed in MEA plates, cells were seen to sporu late  

microscopically, they were treated with helicase (0.5%) (Moreno et al., 1991) to 

break the cell wall and liberate the spores. Non-sporulating cells died in the 

helicase treatment, hence only the spores germinated when plated in rich medium 
after the treatment. Growing segregants were replicated onto YE5S-27°C, YE5S- 

36°C, YE5S and YE5S+G418 (kanamycin selection) (Fig. 18A) to establish their 

phenotypes.

W hen the spores were checked only the parental phenotypes were found (Fig. 

18B), suggesting both genes were the same or were very closely linked (within a 

distance of 0.5 cM).

5.6. Sequencing

, To aid sequencing, the transposon technique was used (Morgan et al., 1996). This 

technique makes use of transposition to aid in the identification of the gene of 

interest within an insert. Two E.coli strains were used (an acceptor and a donor 

strain). The plasmid with the insert of interest is transformed into the donor strain, 

which contains a sex plasmid with a transposon that inserts itself random ly into 

plasmids. Transposons carry a marker that allows selection for them. Donor and
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h90 pop3-5235/p{pop3)+ h" pop3+HA
X

ts"KanS ^  ts+Kanl^

Random Spore Analysis 
270C YES

t
replica plate onto:

270C YE5S 
360C YE5S 
270C YE5S +G418

B

Plate 1 Plate 2 Plate3

KanR ts+ 15 33 64
KanR ts- -
KanS ts+ -
K a n S  ts- 20 34 43

Figure 17. Pop3 is not a multicopy suppresor.

(A) Outline of the procedure taken to establish whether Pop3 is the real 
gene or a multicopy suppressor. (B) Shows a table w ith four possible 
phenotypes and the num ber of cells of each type.The experim ent only 
yielded parental spores, showing Pop3 is the gene mutated in 5-235.
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A.

Bgl I 2.0 Kb Bgl I

I 1.7 Kb I 2.8 Kb_________ _̂________4 k b   ̂ 0.9 Kb  ̂ 1.2 Kl} ^

puvll Hind III Hind III Hind III Hind III And III

Size of insert : 10.6 Kb. BamH I

B. Obtained sequence:
GAACAGTAAAGGTGTGGGATATGAGAGCCCCTTCAGTTCAGCGAAACTATG
ATCATAAATCTGGTGTTAANGAGTTGTTAATTGATCGAAATCAAGGTGAAGTG
GTTTGATGGGAGGATAGNGGAGGAGTTGGTNGATGGGATNTANGANAGAAT
TGNTNNAG

c.
ATGTGAGTAGAGTATGGAGGAGAAGATTGTGTTGTGGTGGTGAGGAGTGGATATGAGGA 
TAGGATTAGATTTTGGGAAGGGGTAAGTGGAATATGGTGGAGAAGAATAGAAGATGGGG 
AGTGTGAGGTAAATGGTTTATGTATTTGAGGTGATAAGAAGTTTGTAGGAGGGGGGGGA 
AATGGTGATGTAAGATTGTAGGAGATAAAGAGTAGTAGTGAAATGGGATTAATGAGGTTT 
GAAGGGGAGAGGAATAAIGTTAGAGGGATGGGTTTTGATTGTGATGGTAAATGGGTTGG 
GAGATGGAGGGAGGATGfeAACAGTAAAGGTGTGGGATATGAGAGCCCCTTCAGTTCA 
GCGAAACTATGATCATAAATCTCCTGTTAATGACTTGTTAATTCATCCAAATCAAGGT 
GAACTGCTTTCATGCGACCAAAGTGGACGAGTTCGTGCATGGGATTTAGGAGAGAAT 
TCTTGTACAGAGGAAGTTATTGGGGAAGAAGATGTAGGTATGAGGAGGATTAGTGTTGG 
ATGTGATGGTAGTATGGTTATTGGTGGGAAGAAGAAAGGAAAGTGGTAGGTTTGGGGAA 
TGGTAAATGATGAGGGTGGTTGATTGGTTGAGGGGGTTGTGAAATTTGAAGGTGATGAG 
GGTTATATGAGTGGGTGGGTGTTGTGTGGTGATGTGAAAGAGGTTGGTAGATGTTGTGG 
GGATGGTAGAGTGAATATATGGAGTAGGGAGGATATGTGATTTATGGTTGAGAGAGGAG 
TTGAAGGGGATGAAAGATGGGTTTGGGATTGTGGGTTTTGTGGTGATTGTAGGTAGTTA 
GTAAGGGGATGTTGTGATGATGTTGGAAGGGTTTGGGAGTTATGGAGTGGTGAAAGAAT 
GGGTGAGTATTGGGGTGATGAGAAAGGTGGTGTTTGTGTTGGTGTTAATGAGTAGGAAA 
TTTAA

Figure 18. Sequence Information

Plasmid 9 has a 10.6 Kb insert. (A) Show s the restrcition map of the 10.6 Kb Insert of plasmid 9. 
Using plasmid 9 and the transposon aid sequencing technique, a  small sequence proportion of 
the insert w as obtained (B). The portion of the obtained sequence w as used to search the 
sanger center database. (G) Show s the insertion of the transposon within the gene ( shown with 
an arrow) and the seq u en ce obtained is in bold and underlined.
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acceptor strains are mated and strains containing the plasmid and the transposon 

are selected. Plasmids with the transposon inserted outside the gene of interest will 

still recover the mutant, whereas plasmids with the transposon within the gene of 

interest will be unable. Thus the technique selects plasm ids that contain a 

transposon inserted within the gene of interest. Using primers to the transposon 

flanking sequence (-20 universal primer) the nearby sequence is obtained (Fig. 

18C). The obtained sequence is used to search known databases.

Plasmid 9 was transformed into Exoli and the whole process was carried out to 

obtain some sequence. The acquired sequence (Fig. 18B) was subm itted to the 

Sanger database to obtain an uninterrupted open reading frame of 945 bp, which 
encodes a 314 amino acid protein (Fig. 19A) that contains six WD repeats, possibly 

seven (Neer et al., 1994; Smith et al., 1999)(Fig. 19B). The gene was named pop3^ 

(polyploid). The protein structure is solely composed of WD repeats from 

beginning to end; no other known domain could be found (Fig. 19C).

5. 7. Homology

A hom ology search against known databases (EMBL, FIR and SWISS-PROT) 

indicated that Pop3 protein showed highest homology to Lst8 from Saccharomyces 

cerevisiae, followed by genes from Arabidopsis thaliana. Drosophila melanogaster. 

Homo sapiens and Rattus norvégiens, the identity in budding yeast was 67% to 43% 
in the rat (Fig. 20). Pop3 sequence was also used to search the Sanger Centre S. 

pombe protein database to identify any related protein. Flowever no close 

homologue of Pop3 was found in S. pombe.

During the search for information about Lst8, the S. cerevisiae protein, I found that 

Pop3 had previously been described in S.pombe as W atl (Kemp et al., 1997) (see 
Discussion). However, the sequence had not been submitted to any databases.
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5.8. Deletion

The gene was disrupted using the gene replacement method (Bahler et a l, 1998). 

Heterozygous diploid strains were transformed with specific ura4^ fragment (1.8 
Kb) containing 80 base pair of the flanking regions of pop3^ gene which allow for 

recombination to occur. Tetrad analysis of the ascus showed the four spores were 

viable and could grow (Fig. 21A) in the rich and uracil minus medium. The spores 

were also checked by PCR to ensure the Ura cassette was inserted. A 2: 2 ratio of 

spores containing the 1.8Kb Ura fragments was observed in each ascus. The same 

result was observed in the ten ascus analysed. Thus, pop3* was not required for 
viability. The deletion strain (Ura"") was re-checked by PCR to ensure the gene was 

deleted.

Microscopic analysis showed that spores capable of growing in minimal medium 

without uracil (deletion strain) were elongated (Fig. 21B, 6b and 6d) with a single 

nucleus (DAPI) (data not shown). On the other hand, cells that were unable to 

grow in selective liquid medium were smaller (Fig. 21B, 6a and 6c), like wild type 

cells (Fig. 9b, first row). 6a and 6c cells do not appeared as different in size as they 
were growing in liquid medium, when wild type cells are also known to elongate. 

The difference in cell size become more obvious when observed on plates rather 
than liquid medium.

When the four cell types (6a, 6b, 6c and 6d) were crossed to mate strains of the 

opposite mating type on sporulating medium (MEA), two cell types (ura4 ) were 
capable of sporulating (6a and 6c) and two were unable to do so (6b and 6d) (data 

not shown). Sterility is thus another conserved characteristic between the original 
mutant and the deletion strain.

FACS analysis of the tetrads confirmed the ploidy phenotype of the mutant. Spores 

6b and 6d, that were able to grow in minus Ura medium and had an elongated cell, 

showed a clear and unique 4C peak (Fig. 21C). On the other hand, spores 6a and
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YVWRMT.MHOGASLLOPWKFOAHORYTTRCVLSPDVKHLATCSAP A I  
VNIWSTEDMSFMLERRLOGHORWVWPCAFSADSTYLVTASSD HVAR 
LWELSSGETIRQYSGHHKAAVCVALNDYQI
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23-41

VVT)) N4-8

314
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Figure 19. Pop3 protein sequence.

(A) Pops protein sequence. WD repeats are underlined. (B) Unit which 
composes the tandem repeats of WD (Smith et al., 1999; Neer et al., 1994). 
Green shows the consensus GH of the WD domain, 23 to 41 residues apart 
a basic amino acids marks the centre of the repeat, coloured in red. Blue 
denotes the WD amino acids. This consensus could be found between four 
and eight times repeated in a protein. (C) Pop3 protein structure 
composition.
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Figure 20. Homology and evolutionary tree.

(A) A comparison of amino acid sequence of Pop3 (S. pombe), LstS (S. 
cerevisiae), arabidopsis, drosophila, rat and human pop3 homologues. 
Identical amino acids are shown in dark blue and conserved amino 
acids in light blue. (B) Shows the evolutionary tree of Pop3 and its 
homologues.
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6c, which were small and unable to grow in selective medium; had a 2C DNA 
content (Fig. 21C).

The analysis of spores showed that the deletion had a very similar phenotype to 

the original 5-235 mutant (elongated, sterile and polyploid).

5.9. Growth analysis of ApopS cells

In order to establish whether the deletion had a stronger phenotype than the 

original m utant (previously known, as 5-235 will now on be mentioned a.spop3- 

5235), growth analysis of the deletion strain was performed. The growth rate of the 

Apop3 in HU, at the non-restrictive and restrictive temperatures and the viability of 

the strain in non-restrictive condition were measured. Hence, wild type, Apop3 and 

pop3-5235 were grown in rich medium and measurements taken every hour for cell 
number and every two hours for cell viability. The deletion strain differed slightly 

from the growth rate of pop3-5235, the deletion being very similar to the original 

m utant (Fig. 22A, green sample). The generation time oiApop3 was longer than four 

and half hours. Viability confirmed the reduced growth rate of Apop3 (Fig. 22B, 
green sample).

Growth at restrictive temperature (Fig. 22C) and HU (Fig. 22D) did not distinguish 

the deletion from pop3-5235. In both cases the Apop3 had a very similar growth to 

pop3-5235. Even though the deletion had a slightly stronger phenotype in all the 

tested conditions, the difference was minor. Apop3 kept all the major characteristics 
of pop3-5235, which suggested the original m utant, was a ''com plete loss of 

function".
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Figure 21. pop3 deletion.

(A) pop3+ is not essential. Tetrad analysis. (B) Cell size of the four strains 
derived from one set of tetrads (6a, 6b ,6c and 6d). Cells were grown in liquid 
rich medium.(C) Cells from the four colonies were grown in rich medium and 
samples were taken for flow cytometry analysis.
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Figure 22. Growth and viability analysis of Apop3.

(A-D) Cells were grown to log phase in rich YE5S medium. (A) àpop3 growth 
curve at 27°C.(B) Cells were plated on YE5S and incubated at 27°C for 4 days. 
(C) Log phase cells were shifted to 36° C. Growth curve of Apop3 at 36°C. (D) 10
mM hydroxyurea was added at log phase (0 hrs) culture. Growth curve at 27°C 
inYE5S+ 10 mM HU.
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5.10. Two colony types in ApopS cells

As described previously for pop3-5235 (see 4.6), two colony types were also 

present in the Apop3 (pink and red colonies in phloxin B containing plates).

For maintenance, the disruption strain was streaked on phloxin B containing plates 

and two colony types were distinguished, pink and red (Moreno et a l, 1991)(Fig. 

23A). To confirm the lost of the ploidy phenotype, FACS analysis was done for 

wild type, pop3-5235 and both coloured colony types. Red segregants maintained 

the 4C DNA (Fig. 23B, second row-right) content like pop3-5235 (Fig. 23B, first row- 

right), whereas the pink segregants had a 2C DNA content (Fig. 23B, second row- 

left), the same as the wild type strain (Fig. 23B, first row-left).

5.11. Pops overexpression

To investigate the possible effect of Pop3 overexpression, pop3* was cloned into a 
vector containing the m ntl promoter (Maundrell, 1990; Maundrell, 1993), which is 
induced in the absence of thiamine and repressed in the presence of it. Before 
studying the effects of the overexpression in wild type strain, the plasm id 

containing pop3^ was transformed into Apop3 to ensure the construction was 

functional. The plasmid pREFlpop3^ in the absence of thiamine rescued Apop3, 

showing the construct was functional. Wild type cells were transformed w ith the 

pREFlpop3* plasmid and grown in the presence of thiamine (promoter off) to log 

phase, the culture was then filtered, washed and transferred to thiam ine free 

medium (promoter on) for 20 hours. Microscopic examination of cells grown in the 

presence of thiamine showed wild type cell size as expected (Fig. 24A, left). 
However cells grown in the absence of the repressor (thiamine) were elongated 

(Fig. 24A, right), with some similarity to the morphological phenotype of A pop3.
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Figure 23. Apop3 cells also show red and pink segregants.

(A) Apop3 also shows two typeof segregants, red and pink. (B) Wild type, pop3-

5235, Apop3-pink and Apop3-red cells were cultured in rich YE5S medium and 
examined by flow cytometry analysis.
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Flow cytometry was used to establish the DNA content of the repressed and 
induced cultures. The elongated cell size of the induced culture was confirmed by 

the FACS analysis (Fig. 24B, second row right). Even though the cell size may have 

pointed towards the ploidy phenotype, both cultures (repressed and induced) had 

2C DNA content (Fig. 24B). Next, whether the elongated cell size was due to 

cytokinesis problems was checked by m easuring the septation index using 

calcofluor staining. Whilst doing calcoflour staining cells were also observed for 
percentage of binucleates using DAPI staining.

A major difference in the percentage of binucleated cells between cells grown in 

the presence or absence of thiamine (Fig. 24C, first column) was found. Cells from 

the induced cultured had 25% binucleates after 20 hours in the absence of 

thiamine. This data was confirmed by a similar difference in the septation index 
(Fig. 24C, second column), where the septation index of cells grown in a thiamine 

free environm ent was nearly twice that of cells grown in the presence of the 
thiamine.

Samples taken at times longer than 20 hours did show similar cell size and FAC 
Scan analysis; however the growth rate of the strain was affected. The strain grew 
slower probably due to the amount of septated cells.

Therefore Pop3 overexpression does not affect cell ploidy but it had an effect in the 

resolution of cytokinesis. The overexpression of Pop3 has an effect on the overall 
growth of the strain that is more visible the longer the cells are grown in the 

absence of thiamine.

5.12. Epitope tagging

In order to aid in the protein localisation and protein quantification experiments; 

wild type pop3^ cells were epitope tagged using the method described by (Bahler et
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Figure 24. Pop3 overexpression.

Wild types cells were transformed with the pREPlpop3+ vector. Cells were 
grown to log phase in EMM in the presence of thiamine (promoter off), 
filtered, washed several times and grown in the absence of thiamine 
(promoter on) for 20 hours. (A) Cell size in the presence (left) or absence ( 20 
hrs) (right) of thiamine. (B) Samples of the cultures were taken after 20 hours 
in the presence or absence of thiamine and prepared for Fac Scan analysis. (C) 
Cells were examined for two nuclei (DAPI staining) and septation 
(calcofluor) percentage when grown with or without thiamine.
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Figure 25- Epitope tagging.

(A) C terminus of wild type pop3'  ̂gene was tagged with HA, myc and GFP 
by PCR-based gene targeting (Bahler et al, 1998).Numbers were alocated to 
putative candidates of each tag. Cells were grown in liquid rich medium.
Total protein (25 ^g) was run in each lane. (B) C-terminus of mutant pop3 
gene {pop3-5235) was tagged with myc and GFP. Numbers were alocated to 
putative candidates of each tag. Cells were grown in liquid rich medium.
Total protein (25 pg) was run in each lane.

97



Molecular Characterisation

ah, 1998). pop3^ cells were tagged with GFP, myc and HA, obtaining several strains 
of each ta g .

Even though it was not clear whether pop3-5235 m utant produced any protein, 

tagging of the m utant gene was also performed. Several strains were obtained, 
which produced proteins at the expected levels (49kDa for pop3-5235-myc and 

56kDa for pop3-5235-G¥F', (Fig. 25), suggesting that some protein was produced in 

the original m utant. pop3-5235-GFF strain would be interesting for studying the 

localisation of the mutant protein.

5.13. GFP tagging partially disrupts Pop3 function

It was observed that GFP tagged pop3* colonies started to show some red cells 

w ithin the culture w hen placed in phloxin B containing plates (Fig 27A), 
suggesting the tagging may produce partial instability in the Pop3 protein; making 

it behave like the m utant (see 4.6 and 5.10.). Microscopical analysis of red 
segregants (Fig. 26C, right) showed enlarged cells differing from cells within the 
pink segregants, which were smaller (Fig. 26B, left). Flow cytometry of both colony 
types confirmed the suspected polyploid (4C) phenotype of the red segregants 

(Fig. 26C, second row). In contrast, the pink segregants maintain the wild type 2C 
DNA content (Fig. 26C, first row). Therefore, GFP tagging produced a partial 

disruption of Pop3 function. This may be explained by the small size of the protein 
and the rather large GFP tag, which may interfere with protein folding or binding.

A more in depth analysis of both red and pink segregants was carried out, so they 

could be used for better localisation of the functionally disrupted protein.

Red and pink segregants were taken from two pop3^G¥F strains (GFP2 and GFP3) 
and streaked on YE5S plates, which were incubated at 27°C and 36°C. All colonies
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except pop3-5235 were able to grow at high temperature (Fig. 28A), showing that 
Pops GFP- red was only partially disrupted in comparison to Pop3 wild type.

Western blotting was used to ensure both red and pink segregants were really GFP 

tagged. All the tested cultures showed the 56 kDa expected size protein (Fig 28B), 

eliminating other possible replacements.

Finally, the strains were checked for septation index (calcofluor), percentage of two 

binucleates (DAPI) and cell size (microscopically). No difference was found 
between wild type and any of the pop3*G¥F red and pink strains for septation and 

binucleate indices (Fig. 27C). When cell size was analysed all pink colonies were 

made up of small cells, whereas red colonies contained large elongated cells, 

except in the case of popS^GFP 3-red, which displayed a mixture of small and large 

cells.

5.14. Localisation of Pop3GFP and pop3-5235G¥F

Both described Pop3GFP (epitope tagged) strains (red and pink) were used to 

study localisation in live cells. Cultures of the strains were grown at 20"C overnight 
and observed microscopically. Alp4GFP (obtained from Leah Vardy) strain was 

used as positive control. No signal was visible for wild type cells that was used as 
negative control and Alp4 GFP showed a clear localisation to the spindle pole 

body. However no visible signal was obtained from any of the two Pop3GFP 

strains (data not shown). As the localisation was done in live cells, formaldehyde 

fixing was tried to see if any improvement could be achieved. Similar results were 

obtained when fixed cells were observed under the microscope.

The experiment was also tried with pop3-5235-G¥F strain with the same negative 

results, seeing no difference between live cells or fixed cells.
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Figure 26. GFP tagging partially disrupts Pop3 function.

(A) Wild type cells showed two coloured, red and pink, colonies when 
tagged with integrated GFP. (B) Red and pink cell size. (C) Red and pink 
colonies were grown in YE5S and prepared for flow cytometry.
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Figure 27. Pop3GFP-red and PopSGFP pink analysis.

(A) Pop3GFP pink and red were streak in YES plates and incubated at 27°C and 

36°C for 5 days. (B) Pop3GFP red and pink were grown in liquid YE5S 

medium.Total protein (25 pg) was run in each lane.(C) Pop3GFP red and pink 
cells were examined for septation index (calcofluor), cell size (phase contrast) 

and percentage of binucleated (DAPI staining) cells.
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5.15. Localisation of non -integrated Pop3GFP

Due to the lack of signal from the integrated GFP, a non- integrated version was 

used for the localisation of Pop3. The selected system was that of a vector 

containing an inducible nmt41 promoter (Maundrell, 1990; Maundrell, 1993) and a 

GFP tag, which in the absence of thiamine overexpressed the tagged protein. Even 

though the system would not reproduce the natural cell state, the overexpression 

might give an indication of the localisation of the protein.

pREP42pop3^GFP was constructed and transformed into wild type and pop3-5235 

strains. Induction of the pREP42pop3^GFP in the pop3-5235 mutant strain recovered 

the m utant in all its aspects (ploidy, cell size, temperature and HU sensitivities). 
Hence the plasm id produced a functional protein and could be used for the 

localisation experiment.

Wild type cells containing pREP42pop3*GFP plasmid were cultured in the absence 

of thiamine for 20 hours and live cells were checked for GFP signalling. As with 
the integrated version no signal was apparent. pREP42 alp 13GFP (obtained from 

Pippa Radcliffe), which was used as positive control, showed a clear signal 
localised in the nucleus. Fixing cells by form aldehyde was also tried, but no 
difference was obtained (data not shown).

5.16. Inmunolocalisation of epitope tagged Pop3

In a final attem pt to localise Pop3 protein, inmunolocalisation was performed. 

Inmunolocalisation makes use of antibodies to localise proteins within fixed cells. 

Cells are m ade perm eable and then treated w ith a prim ary antibody that 

recognises the protein or a tag (in this case the HA tag). After the primary antibody 

is incubated and washed, the secondary antibody, which increases the signal and is
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linked to a compound that gives out light when is excited, is added. The light that 
the secondary antibody produces can be observed in the fluorescence microscope.

popS^HA epitope tagged strain was grown at 20°C overnight, cells were filtered, 

washed and fixed before incubating them in the HA antibody overnight. The next 

m orning cells were washed and placed in the secondary antibody for 2 hours 

before the final wash. Even though the Pop3-HA cells gave a strong and clear 

signal in the western blotting, no signal was visible under the microscope, 

although HA control protein was detectable (data not shown). pop3-5235myc 

localisation was also tried by inmunolocalisation but no signal was obtained (data 

not shown).

5.17. Peptide induced antibody creation

Due to the impossibility of producing Pop3 in E.coli, synthetic peptide were 
created and coupled to KLH for better recognition. Two N-terminal peptides were 

created and injected into rabbit (Pop3-l and Pop3-2) (Fig. 28A).

The final bleeds from the rabbits were used in the western blotting to check the 

affinity of the produced antibodies against Pop3. The antibody raised against 

peptide Pop3-l showed some unspecific band around the expected size band. 

Bands were also visible at a reduced level in Apop3 (Fig. 27B). Hence, this antibody 

was not very specific for Pop3. The second antibody raised against peptide Pop3-2, 
showed a clear and unique band in wild type and overexpressing strains, and a 

very faint band in pop3-5235. No band was visible in Apop3 (Fig. 28C). This 

antibody was specific for Pop3 and could be used in the future to identify the 

protein.
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5.18. Quantification of Pop3

From the data published in (Funabiki et al., 1996b), Cut2 protein is known to be 

present in the cell in amounts around 20,000 molecules. Using the same strain used 

in the publication, Cut2-FIA, and Pop3-HA; and comparing the intensities of the 

w estern blot bands using the PhotoShop program  for the same total protein 

amount run of both strains, I quantified the abundance of Pop3 protein.

The western showed Pop3 to be as abundant as Cut2 in the cell, as both bands 

were of the same intensity and appearance (Fig. 29). Thus, Pop3 appears to exist in 

around 20,000 molecules per cell.

5.19. Summary of the chapter

In this chapter I describe the cloning of the gene that rescues the pop3-5235 mutant. 

Cloning and the subsequent sequencing show a 314 amino acid protein that is 

mostly composed of 6 WD repeats. Several homologues have been found, the 
closest being budding yeast LstS (67%).

The deletion of the gene shows no major differences to pop3-5235 in the growth 

rate, viability, tem perature sensitivity, hydroxyurea sensitivity and phenotypic 

penetrance. Hence, pop3-5235 is a Toss of function' mutant. Overexpression of Pop3 

protein does not show any effect in genome ploidy; however, an increase of 

septated cells is visible, suggesting a cytokinetic problem.

I also studied whether the gene cloned is a multicopy suppressor or is the real 

pop3-5235 m utant gene. I show that pop3^ is not a multicopy suppressor, but pop3^ 

gene. Furthermore, I describe the antibody and epitope tag production. Epitope tag 

strains have been used to try and localise Pop3 protein within the cell. Several 
experim ents were carried out (integrated tag, non-in tegrated  tag and
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inmunolocalisation) but no information about Pop3 location was obtained. Finally, 

using Cut2HA strain, I quantified the abundance of Pop3 in the cell, which is 

estimated to be around 20, 000 molecules per cell.
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Figure 28. Antibody production.

(A) Peptide sequence used for antibody preparation. (B) Western to test the 
antibodies to peptide Pop3-l Cells were grown in liquid YE5S. Total extracts
(25 pg) were run in each lane. (C) Western blot analysis for peptide pop3-2
antibody (25 pg).
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Figure 29. Quantification of Pop3 amount in the cell.

Cells were grown in YE5S liquid medium and the cell extract run in a gel. 
Western blot analysis was used to quantify Pop3 levels in the cell. Total cell
extract (25 pg) was run per lane.
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Chapter 6

Pop3 & Cell Cycle Regulation

6.1. Introduction

This chapter describes studies to elucidate whether Pop3 is involved in proteolysis 

and cell cycle regulation. Polyploidisation of popl mutants is due to accumulation 

of Rum l and CdclS proteins. Popl is a member of the proteolytic machinery 

regulating protein levels. Due to the polyploïdisation of pop3 mutants, I investigate 

two possible reasons for the polyploïdisation and their possible links with protein 
regulation.
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6.2. Background: The cell cycle and diploïdisation

In the search of the function of Pop3,1 decided to investigate whether Pop3 has 

any involvement in proteolysis like Popl. Previous studies have established three 

main reasons for polyploidisation, which are linked to proteolysis.

1 / Rum l accumulation -  Rum l (Moreno and Nurse, 1994)is a CDK inhibitor, 

whose presence is required through G1 -  phase and its destruction is needed to 

enter M-phase. If Ruml is present at the end of S-phase, M-phase entry does not 
occur. Hence Rum l levels are closely regulated throughout the cell cycle, 

proteolysis being the major mechanism of regulation (Correa-Bordes and Nurse, 

1995; Martin-Castellanos et a l, 1996). Rum l is ubiquitin tagged by the SCF (Popl 

and Pop2) (Kominami et a l, 1998a; Kominami and Toda, 1997) and subsequently 

recognised and destroyed by proteosomes. Therefore, if Ruml is not destroyed, the 

cell does not enter M-phase, instead it undergoes several round of S-phase, 

producing polyploid cells. Apopl and Apop2 m utants were shown to accumulate 

non-ubiquinated Ruml that was not recognised and destroyed by the proteasome 
(Kominami et ah, 1998a; Kominami and Toda, 1997).

2 /C d c l8  accumulation- Cdcl8 is an activator of DNA replication, which is 

required through S -  phase. Two mechanisms, transcription and proteolysis, 
regulate Cdcl8 levels. Cdcl8 is transcribed just before S-phase and it is degraded 

before entry of the cell into M -  phase. Cdcl8 is also a target of the SCF (Popl and 
Pop2) complex during or after S- phase, which ubiquinates it for degradation. 

Bypass of M - phase and several round of S -  phase are produced when Cdcl8 

accumulates, producing polyploid cells. Like Rum l, Apopl and Apop2 mutants 

accumulate non- ubiquitinated Cdcl8 (Jallepalli and Kelly, 1996; Kominami et al., 

1998a; Kominami and Toda, 1997; Wolf et al, 1999).

3/T he third way in which polyploidisation may occur comprises several different 

phenotypes. The previous two reasons were due to cell cycle related proteins.
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However, this third category, which I call Cut phenotype, contains m utants that 
are unable to segregate chromatids or that are unable to perform cytokinesis.

After replication of DNA the rod shape cells elongate, cells continue to grow and 

enter mitosis when they reach a certain size (Fantes, 1977a; Fantes, 1977b; Nurse,

1975). During mitosis, sister chromatids are pulled to opposite poles. A septum 

(cell wall) forms in the middle of the cell to separate it in two daughter cells

Two main phenotypes are seen in this group. Mutants that show a disrupted and 

elongated nuclear phenotype due to the inability to segregate sister chromatids; 

ciitl (Creanor and Mitchison, 1990; Funabiki et al, 1996a; Uzawa et al., 1990) and 

cut! (Hirano, 1986; (Funabiki et ah, 1996a; Funabiki et ah, 1996b; Uzawa et ah, 1990), 

these mutants show anaphase defects as the sister chromatids can not separate and 
the chromatin is "cut" off by the septum. The other category of the m utants 

undergo DNA replication and chromosome segregation but can not carry out 
cytokinesis, displaying elongated cells that contain multiple nuclei without a septa 

that should divide the cell in two {cdc7) (Gould and Simanis, 1997). These cells 

show a 4C DNA content in the flow cytometry analysis but they are not true 

polyploids, as the DNA content is due to several nuclei.

These three reasons are all connected with proteolysis. However the link between 

them is not to the same proteolytic machinery. In the study of Apopl (Jallepalli and 

Kelly, 1996; Kominami et ah, 1998a; Kominami and Toda, 1997; Wolf et ah, 1999), 

diploïdisation was shown to be due to the accumulation of Rum l and Cdcl8 

proteins. The accumulation in Apopl was due to a partial lack of ubiquitination in 

the cell, due to Popl being a member of the SCF complex. The lack of Popl results 

in accumulation of large amounts of non- ubiquitinated Rum l and to a lesser 
extent Cdcl8 proteins that are not recognised by the proteolytic machinery and 

hence left undegraded. Pop2, another F-box protein in S. pombe (with homology to 

Popl) has also been shown to function in the SCF complex. Apopl produces 

polyploid cells, which accumulate Rum l and Cdcl8; Pop2 seems to be more
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specific for CdclS (Jallepalli and Kelly, 1996; Kominami et al, 1998a; Wolf at ah, 

1999).

C utl and Cut2 (Funabiki at al., 1996a; Funabiki at aL, 1996b) studies, on the other 

hand, have show n the need of the proteolytic cyclosom e/APC (anaphase 

promoting complex) (Sudankin at al, 1995) complex for Cut2 degradation and 

hence, for the sister chromatid segregation.

Through the morphological and molecular characterisation several similarities 

between Apopl and Apop3 mutants were found, which led us to investigate whether 

Apop3 becomes polyploidised for similar reasons to Apopl or Apop2.

6.3. Arumlpop3-5235

To study whether Ruml accumulation was the reason for polyploidisation of pop3- 

5235, a double m utant between Aruml (PN1012) and pop3-5235 was created. If 
Rum l accumulates in the pop3-5235 strain, the double m utant strain should be 

viable with no polyploidisation phenotype, as is the case of Aruml Apopl or 

ArumlApop2. On the other hand, if the double mutant strain still has a polyploid 

phenotype, it suggests that pop3-5235 polyploidisation is Ruml independent.

Due to the inability of pop3-5235 to conjugate, the Arumlpop3-5235 double mutant 

strain was created by protoplast fusion (Moreno at a l, 1991). TheArumlpop3-5235 

double mutant strain was viable. Microscopic observation of the cell shape showed 

Arumlpop3 -5235 cells to be a slightly elongated (Fig. 30A, left); they were longer 

than theAruml single mutant (Fig. 30A, middle) but smaller than theApop3 mutant 

cells (Fig. 30A, left). Both Aruml and Apop3 are polyploid and have elongated cells. 

To establish whether these cells could polyploidise FACS analysis was performed. 

Wild type cells {PN513) showed a 2C peak (Fig. 30B, top row), whereas Arumlpop3- 

5235 showed a 4C DNA content (Fig. 3GB, bottom row). So, even though the cell
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Figure 30. Arumlpop3-5235  double mutant.

(A) Cell size of double and single mutants. pop3-5235 and Aruml cells are 

polyploid and have elongated cells. (B) Cultures of Arumlpop3-5235 and wild 
type were grown in rich medium and samples were prepared for Fac Scan 
analysis.
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size of the double mutant is not as elongated as the original mutant (pop3-5235) the 
DNA content of the cells were the same (4C). Thus, the diploïdisation phenotype of 
pop3-5235 seems to be Ruml independent (see 6.7).

6.4. Apoplpop3-5235

As described previously Apopl produced polyploidisation of the cell (see 1.7 and 

3.3) by accumulation of unubiquitinated Ruml and CdclS (Kominami et al., 1998a; 

Kominami and Toda, 1997) ((Jallepalli and Kelly, 1996), which could not be 
degraded. To study whether popV  had any involvement in the diploïdisation of 

Apop3) a double m utant between Apopl {KK203) and pop3-5235 was created by 

pro toplast fusion. The double m utant was also used to study w hether both 

proteins worked in the same or in different pathways. If the genes were in the 

same pathw ay one of the phenotypes may be masked by the phenotype of the 

other strain (epistasis). On the other hand, if they were in different pathways the 
phenotypes could be additive, producing higher levels of polyploidisation.

Apopl and pop3-5235 were grown and used for protoplast fusion. The experiment 
w as tried several times, changing parameters, protocols and conditions, however 
no viable diploid cells were created. Sometimes small colonies appeared on 

selective plates but they never developed fully, the number of small colonies that 
appeared on the plates was very small (3 to 5).

I was unable to establish whether the heterozygous strain was non-viable due to an 

experimental problem or to any other reason. Both strains had a poor viability in 

norm al grow th conditions. It is likely that a harsh experiment like protoplast 

fusion could reduce the viability even lower making it harder to obtain a double 

m utant.

On the other hand pop3 mutant has never been found with ploidies higher than 4C, 

even though fission yeast is known to be viable with ploidies of SC (popl). There is 

a possibility that the reason producing the ploidy in pop3 mutants becomes lethal
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at higher ploidies. If this is the case , fusing pop3 (4C) with Apopl that reaches 
ploidies of 8C, should form a lethal strain. Hence, the small colonies observed may 

be the fusion of both strains that is lethal and can not grow. It would be interesting 

to create a conditional double m utant strain by shut off experiment and see 

whether once both mutants are off the strain becomes lethal.

6.5. Apop2Apop3 double mutant

Pop2 is another S.pombe Cdc4 homologue (although with less homology than 

Popl), which is similar to Popl but with a milder phenotype. Pop2 is also a 

member of the SCF complex and the deletion of the gene has similar effects to 

Apopl {pop2 mutants are sterile, slightly elongated cells and polyploid). Due to its 

milder phenotype (ploidy never higher than 4C), Apopl (TP449-4B) was considered 

for the double mutant.

Apop2Apop3 was also created using protoplast fusion. This time, however, the 
heterozygous strain could grow. Thirteen tetrads were analysed and five 

Apop2Apop3 were obtained. Microscopically the strains were checked to examine 
the cell size. When observing the double mutant cells looked smaller in size (Fig. 

31A, right) than Apop3 (Fig. 31A, left), but a bit bigger than Apopl (Fig 31 A, centre). 
Flow cytometry analysis was performed to measure the DNA content of the strain. 

Apop2Apop3 had a 4C DNA content (Fig. 31B), which meant Apopl (has 4C DNA 

content ) and Apop3 (has a 4C DNA content) did not have an additive phenotype 

different to the single mutants. Thus, the polyploid phenotypes of Apopl and Apop3 

are not additive due to them being members of the same pathway; or that the 

different mechanisms producing polyploidisation are not additive.
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6.6. Double mutants maintained Apop3 phenotype

From the data obtained with the Apop2Apop3 double mutant strain, it could not be 

concluded whether Apop3 was epistatic to Apopl, or vice versa. To analyse this 

point and also to investigate whether Arumlpop3-5235 shared any of iheApop3 

phenotypes, both strains were analysed for growth at high temperature (36°C) and 

for growth in the presence of HU (10 mM). If either of the double mutants showed 

the characteristic phenotypes of Apop3, it would suggest that pop3 * is upstream  of 

popl* in the same pathway, or in the case of r iim V  where they are in different 

pathways, the Apop3 phenotype is epistatic over the Aruml phenotype.

Both double m utant strains were unable to growth at high temperature (Fig. 32A) 

and in the presence of lOmM hydroxyurea (Fig. 32B). Apopl and Aruml were not 

sensitive to high temperature or HU. Therefore,zipop3 phenotype seemed to be 

epistatic to Apopl and Aruml (at least in respect to the growth at 36°C and HU 

sensitivity).

While keeping the strains in phloxin B containing plates, as previously observed 

with Apop3 (see 4.6 and 5.10.), the double m utant strains started to show some 
pink segregants. Segregants of both strains were identical in all aspects, hence the 

data present will only show the analysis done onArumlpop3-5135 to keep it simple. 

Red and pink segregants showed tem perature and hydroxyurea sensitivities, 
suggesting those characteristics were unchanged in the different coloured 

segregants (data not shown).

Flow cytometry was used to quantify the amount of DNA in the red and pink 

segregants ofArumlpop3-5135 strain. Pink cells showed a 2C DNA content and a 

small peak of 4C DNA content. On the other hand, red colonies had a large 4C 

peak and a small 8C peak. This observation was the only instance wereArumlpop3- 

5135 double mutant cells (red) showed an increased of DNA content in comparison 

with theApop3 strain. It is clear that the strength of the ploidy characteristic
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Figure 31. Apop2Apop3  double mutant.

(A) Single and double mutants were grown in YE5S liquid medium and cell 
size was examined under the microscope. Both deletion strains are always 
found in a 4C DNA content with elongated cells, they are never found in a 

diploid state. (B) PN513 and Apop3Apopl were grown in YE5S liquid media 
and samples prepared for flow cytometry analysis.
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0 ÎApopS varies , as shown previously, and in conjunction with theAruml mutation 

a small increase can be observed. However, due to the small size of the 8C peaks 

no additive effects can be concluded (Fig. 33).

This observation is the only instance where the strain mutant in popS shows ploidy 

higher than 4C. This data suggest that pop3 m utant can be found w ith higher 

ploidies than 4C, thus suggesting that high ploidy was not the reason for the lack 

of Apoplpop3-5235 double m utant cells. However, even though high ploidy may 

not be the reason for the lethality of the double mutant, there may be other aspects 

involved in the m utation that may make them incompatible to form a double 

m utant between them. Next step to see whether this theory is true, should be to 

create the conditional m utant with the shut off promoters and see whether the 

double m utant is viable.

6.7. Ruml and CdclS protein levels

To ensure the polyploidisation ofApopS was Rum l and CdclS independent, 
western blotting was performed. The double mutant experiment (see 6.3) showed 

diploidisation of ApopS to be Rum l independent. However the role of CdclS has 

not previously been studied. Western blot analysis of both proteins showed no 

accumulation of CdclS (Fig. 35B) or Rum l (Fig. 35A) proteins in ApopS, in contrast 

to the accumulation of both proteins in Apopl strain (Fig. 35A and 35B). This data 

confirms the double m utant data and also suggests thatApopS polyploidisation is 

due to different reasons to those of Apopl or Apop2 polyploidisation (accumulation 

of CdclS and Ruml) (Jallepalli and Kelly, 1996; Kominami et al, 199Sa; Kominami 

and Toda, 1997; Wolf et al., 1999).
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Figure 32. Growth analysis of Apop2Apop3 and Aruntlpop3-5235  
double mutant.

(A) Double mutant, Apop3, wild type and Aruml strains were streaked on 
YE5S plates and incubated at 27°C and 36°C for 5 days. (B) Wild type and 
mutant strains were grown in YE5S and YE5S+ lOmM HU for 5 days.
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colony types.

All strains were grown to log phase in YE5S liquid medium and prepared 
for flow cytometry analysis.
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6. 8. Investigating the cell cycle

When ApopS cells are observed microscopically, the phenotype seemed clearly cell 

cycle related due to the elongated cell size of the mutants. Many cell division cycle 

mutants {cdc) are characterised by the elongated cell size phenotypes (Nurse et al.,

1976). It has already been shown that deletion of CdclS (Hagan et al., 1988) 

produces re-replication, as does the manipulation of Cdc2 activity (Moreno et al., 

1989; Nurse and Bisset, 1981). In this part several cell cycle proteins were studied 

to see whether any change in their activity or protein level could be the cause for 

polyploidisation of ApopS.

6. 9. Protein levels in ApopS

While investigating polyploidisation of ApopS mutant, I tried to establish a 

relationship between the cell cycle and the mutant phenotype.

Mcm6 (Cdc21) is a protein involved in DNA replication and forms part of the 
complex of Mem proteins (Coxon et al., 1992). At the time the experiment was 
performed not data was available on whether the levels of Mem could produce or 

be involved in re-replication. Due to them being part of the replication complex 

and having been shown that other members (Cdcl8) produce re-replication , it was 

considered a possibility that a change in level of these proteins could produce the 

same effect. Mcm6 levels in ApopS (Fig. 34C, third lane) were checked by western 
blotting and showed no difference in protein levels compared to wild type (Fig. 

34C, first lane) and Apopl (Fig. 34C, second lane) strains. Hence Mcm6 levels do not 

vary in ApopS. Recently, H. Snaith and S. Forsburg have shown that the level or 

localisation of MCM protein does not alter during re-replication (Snaith and 
Forsburg, 1999).
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A  decrease in CdclS (M-phase cyclin) was considered as a possible reason for 

polyploidisation in ApopS. However, the western blot analysis of ApopS to quantify 

the amount of CdclS (Fig. S5A, second row) showed no difference in comparison 

with the wild type (Fig. S5A, first lane) or Apopl protein levels (Fig. S5A, second 

lane). All three strains had the same amount of the CdclS protein. Finally, the level 
of Cig2 (Bueno and Russell, 199Sa; Bueno and Russell, 199Sb; M ondesert et al., 

1996) (Fig S5B, first lane), an S -phase cyclin, was also tested in ApopS. Western 
blotting, however, did not show any accumulation of the cyclin but instead a 

reduction of Cig2 levels in ApopS (Fig. S5B, second lane) when compared with the 

wild type level (Fig. S5B, first lane). This suggests Cig2 might be the link between 

the ApopS phenotype and the cell cycle.

However, even though Cig2 could be the link between the cell cycle and popS, the 

data does not explain the polyploid phenotype. Cig2 is an S-phase cyclin, which 

m ight be expected to accumulate in order to produce the polyploidisation 
phenotype, but not reduced as is the case in popS. Cig2 is the prim ary S-phase 

promoting cyclin, even though Cigl or Cdcl3 make take over in its absence. The 

decreased of Cig2 level is not likely to be closely linked with the polyploidisation 

phenotype, but it may be the reason for some other phenotype of ApopS.

6.10. Protein levels in Pop3 overexpression

After finding that Cig2 levels varied in ApopS, protein levels were quantified in 

Pop3 overexpressing cells. Pop3 overexpression does not have any effect in the 

genomic instability; however, it shows some problems in the resolution of 

cytokinesis (see 5.11.).

A popS\ containing plasmid (pREPl, nmt promoter) was transformed into wild 

type cells and grow in the presence (off) or absence (on) of thiamine. Cell extracts 
of both cultures were prepared and tested by western blotting. Cig2 (S-phase 

cyclin) and Cdc2 (kinase) were tested; neither of them showed any increased or
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Figure 34. Ruml, CdclS and Mcm6 levels in ApopS cells.

(A-C) Total cell extract (25 |ig) were run in each lane. (A) Ruml level in 
ApopS. This experiment was performed by Dr.Kominami. CdclS (B) 
and Mcm6 (C) level in ApopS. Cdc2 was used as a loading control.
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Figure 35. Protein levels in Apop3

Total cell extract (25 pg) were run in each lane. (A)Cdcl3 levels were
examined in wild type, Apopl and Apop3 mutants. (B) Cig levels in Apop3 . 
Cdc2 was used as a loading control. All tested proteins were examined in the 
same sample and gel.
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decreased in protein amounts in cells overexpressing Pop3 (Fig. 36). Hence, Cig2 

or Cdc2 do not produce the cytokinesis problem, as their protein levels do not 

change in comparison to wild type in Pop3 overexpressing cells.

6.11. Does Cig2 level change at non-permissive temperature?

Apop3 and the original m utant (pop3-5235) strains have poor viability w ith 

difficulty growing in normal conditions and with increasing growth problems 

under certain conditions (high temperatures and hydroxyurea). While studying the 

involvement of pop3^ in the cell cycle, Cig2 levels have been found to be decreased 

in the deletion and original mutant strain (see 6.9.). It was considered interesting to 

investigate whether the amount of Cig2 protein varied when the strain was grown 

at various temperatures constrains. Acig2 cells are viable at permissive and non- 
permissive temperature.

The experiment was performed in Apop3 and the original m utant (pop3-5235), to 

establish any possible differences between them. Wild type, deletion and original 
m utant strains were grown to log phase at 27°C and then shifted to 36°C. Samples 
were taken at 0,1.5 and 3 hours after shift up for each strain. Western blotting of all 

the samples was done (Fig. 37, second row). Cig2 levels were seen to decrease 

slightly as the time at the non-permissive temperature increased. After 3 hours at 
36°C there was very little Cig2 protein left in the m utant strain. This confirms the 

expected decrease of the Cig2 protein at the non-permissive temperature. The 

experiment most importantly showed a difference between Apop3 (Fig. 37, lanes 3, 

6 and9) and pop3-5235 (lanes 2, 4 and 8). The pop3-5235 m utant showed a less 

severe decrease in Cig2 levels compared to the deletion strain, where the amounts 

of Cig2 protein were below the sensitivity of the western. The less severe decrease 
in Cig2 levels may partially be due to being some Pop3 protein ( even mutated, see 

chapter 5) present in the mutant, whereas there is not any Pop3 present in Apop3. 

Hence it may be possible that Pop3 (event mutant) protein may be required for 

Cig2 stability or presence. To prove whether this idea is correct, a conditional
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Figure 36. Protein levels in Pop3 overexpression strain.

Cig2, Actin and a-tubulin levels were examined in Pop3 overexpression strain. 
Wild type strain transformed with pREPlpop3+ was grown in YE5S + thiamine 
for 15 hours; filtered , washed and transfered to thiamine free medium to grow 
fo further 20 hours. Total cell extracts (25 pg) were run in each lane.

125



anti-Cig2 Af 50 kDa

anti-Cdc2 34 kDa

Figure 37. Cig 2 levels in a temperature shift experiment.

Wild type and Apop3 cells were grown to log phase at 27^C. Cultures were 
transfered to 36°C ; taking samples at 0,1.5 and 3 hours. Wild type (lane 1, 4 
and 7), pop3-5235 (lane 2, 5 and 8) and Apop3 (lane 3, 6 and 9) were analysed. 
Total cell extract (25 pg) were run in each lane. cdc2 was used as a loading 
control.
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m utant should be created with a repressible promoter. The stability or presence of 
Cig2 could be checked well after Pop3 is repressed and analyse whether the 

presence of Pop3 had any influence on Cig2 protein.

Cig2 is required for S-phase. However Cig2 function is not so clear in all 

circumstances. AcdclS cells are polyploid due to the lack of M-phase and several 

rounds of S-phase. How ever w hen AcdclS strain is crossed w ith  a Cig2 

overexpressing strain to create AcdclSciglo.e (Bueno and Russell, 1993a); the strain 

shows no polyploidisation but a single S-phase, suggesting Cig2 may inhibit re

replication in this condition. On the other handcdclS'^mutants lack S-phase at 

restrictive temperature; but Acig2cdcl8ts double mutant (Kelly et aL, 1993) shows a 

normal progression of S-phase at restrictive temperature, suggesting the lack of 

Cig2 promotes S-phase.

Hence low levels of Cig2 in ApopS  may be responsible partially  of the 

polyploidisation phenotype if cigl is found in addition to other defects ( not found 
y e t), as mentioned in the examples above, like cdcl8 or others.

At this moment would be difficult to prove this theory as no other protein apart 

from Cig2 has been found to have change their protein levels in popS. It would be 

interesting to test the protein levels of other genes that may not be so obvious or 

expected, like cigV or even pucV.

ApopS has several phenotypic characteristics and the involvement of Cig2 may not 
be related to polyploidisation. Hence whenever the analysis is taken further, all 

aspects of Pop3 characteristics should be studied.
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6,12. Summary of the chapter

In this chapter, I have studied two of the three reasons for polyploidisation and 

show that none of them are responsible for polyploidisation of ApopS. ApopS is 
shown to be Rum l independent in its polyploidisation, as both the double mutant 

{ArumlpopS-52S5) and western blotting suggest Ruml levels to be normal. Cdcl8 

levels are also checked by western blotting and show that Cdcl8 protein is 

degraded to the same extent in wild type as in theApopS m utant, there is no 

accumulation of Cdcl8 in either strains. Finally, the Cut phenotype has been 

studied microscopically and shown to be normal for cytokinesis and nuclear 

morphology (data not shown) (see 7.9.).

Apart from the previously established reasons for polyploidisation, possible Popl 

and Pop2 interactions with Pop3 are analysed as possible causes for the 

polyploidisation of the mutant. The double muteintApoplApopS does not have an 

additive phenotype and has all of the phenotypes of ApopS, suggesting popS îs 
upstream  of pop2 * in the pathway (if they are both in the same pathway) or the 

phenotypes of ApopS are epistatic over Apop2.

Popl and Pop2 are part of the SCF complex, which targets proteins for degradation 
and mutants in either popV or pop2~̂  accumulate undegraded proteins. If Pop3 was 

in the same pathway as Popl or Pop2, it would show accumulation of regulated 

proteins. However, the data shows no accumulation of proteins, but decreased 

levels of Cig2 protein. This suggests the opposite function of Popl and Pop2, and 

together w ith the Rum l and Cdcl8 data shows that ApopS polyploidisation is 

unrelated to Popl and Pop2.

Other cell cycle related proteins, Cdcl3 and Mcm6, are also tested and the levels in

ApopS are not different to wild type. Cig2 levels are shown to decrease in ApopS

cells. Cig2 levels decrease at permissive temperature and the decrease is larger at
non-perm issive tem perature. These observations may help to unravel the

polyploidisation characteristic of the original and deletion strains. As Acig2 has
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been shown to diverged in function depending on additional defects (see 6.11.). If 
Cig2 defects, deletion or overexpression are found in addition to other mutations, 

it seems to inhibit replication {AcdclSCigl o.e.) or promote S-phase {cdcl&^Acigl) 

according to the circumstances. Hence, it is possible, even though there is not data 

to support the idea, that low levels of Cig2 in addition to other defect may be the 

reason for some of the characteristics of ApopS cells.
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Chapter 7

Pop3;

Cytoskeletal & Transcriptional 

Regulation

7.1. Introduction

This chapter is focussed on the description of Pop3 function. Cell morphology, 
splicing and transcription studies have given an insight of the possible functions of 

Pop3, however the real function of the protein remains to be discovered. Finally 
interactions of Pop3 are analysed and discussed.
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A  -  Cell Morphology 

7. 2. Background

Schizosaccharomyces pombe cells are rod shape with a rigid cell wall and they grow 

by elongation and divide symmetrically at the centre (Robinow and Hyams, 1989). 

For the cell to maintain this shape grow by elongation and produce two daughter 

cells, the structure known as the cytoskeleton is required. The cytoskeleton is like 

the "muscles" of the cell. It has two components, the m icrotubules that are 

composed of a-tubulin and p-tubulin, and the F- actin cytoskeleton.

Microtubules are seen along the long axis of the cell, with some running from end 

to end. The state of microtubules varies according to the cell stage, taking an active 

part at several stages (sister chromatid separation and growth polarity). Treatment 

with microtubule - inhibiting drugs (Sawin and Nurse, 1998; Walker, 1982) or 

m utation in tubulin genes (Hiraoka et aL, 1984; Radcliffe et aL, 1998; Toda et aL, 

1983 ; Umesono et aL, 1983; Yaffe et aL, 1996) lead to the formation of bent or 
branched cells.

F- actin is essential for polarised growth, cytokinesis, mating and sporulation. 
Mutation in the actin gene of S.pombe (Ishiguro and Kobayashi, 1996; McCollum et 

aL, 1999; Mertins and Gallwitz, 1987) as well as overexpression of actin protein (J. 
Bahler, unpublished data) lead to a variety of defects in polarised growth and 

cytokinesis. The positions of cell growth and division are reflected by the 
distribution of the F-actin cytoskeleton during the cell cycle (Marks et aL, 1986; 

Marks and Hyams, 1985).

M utants with only few microtubules may show a polyploidisation phenotype, 

because sister chromatids can not be pulled apart, and as F-actin is important for 

mating and sporulation; I investigated cell morphology in ApopS cells. Firstly, I 

investigate the Cut phenotype of the cell. Previously, when ApopS cells were
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stained w ith DAPI, the nucleus appeared enlarged but undisrupted; the septation 

index was low and there was with no difference compared to wild type. However, 
these data do not rule out the possibility of tightly linked chromatids or other 

kinds of morphological defects that do not show at first sight any kind of nuclear 

disruption. In addition to this, some data obtained while studying the cell cycle in 

Apop3 indicated possible morphological defects of ApopS. So even though, 
chromosome segregation is resolved properly, a more in depth  study was 

perform ed to resolve whether ApopS has any morphological defect that was 

previously undetected.

7. 3. Level of proteins involved in cell morphology in ApopS 

cells

While studying Cig2 protein levels in popS mutants (see 6.9), a-tubulin was used a 

loading control in a western blot, and this revealed that a-tubulin levels decreased 

in the deletion and m utant cells. Sensitivity to TBZ (microtubule destabilising 

drug) was tested and ApopS was shown to be supersensitive to the drug (Fig. 38), 

suggesting that popS may affect the microtubule cytoskeleton.

To study this phenotype better a-tubulin , p- tubulin and F-actin protein levels 
were quantified in the deletion or original m utant strains {popS-52S5) by western 

blotting. The w estern blot analysis verified the previously obtained result. 

Showing a large decreased of a-tubulin (Fig. 39B) in the original m utant {popS- 

5235). On the other hand, p-tubulin (Fig. 39A) and F-actin (Fig. 39B) did not show 

any increase or decrease in their protein level compared with wild type. Since, a- 

tubulin decreased in both ApopS and popS-52S5, it would be interesting to establish 

whether the decreased of the protein is enough to disrupt the proper formation of 

micro tubules, which could explain the polyploidisation of ApopS.
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TBZ

Wt

pop3-5235

Apop3

Apop3

nda3-benl

AatbZ

Fig 38. Thiobenzadole assay

Wild type, pop3-5235, Apop3, nda3-ben1 and zlafd2 were spot tested on 

rich medium plates or on rich medium plates containing TBZ (20 mg/ml), 
a microtubule destabilising drug. nda3-ben1 was used as a positive

control, as it is resistant to the drug and Aatb2 , as a negative as it is 

sentive to it. Plates were incubated at 270C for 6 days.
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7.4. g-Tubulin and F-actin levels in Pop3 overexpressing 

cells.

Before analysing whether the reduction of a-tubulin has any effect in live cells. The 

a-tubulin and F-actin protein level quantification was done in Pop3 overexpressing 

cells.

The pREPl pop3^ vector ( nmt promoter) (Maundrell, 1990; Maundrell, 1993) was 
transformed into wild type cells and grown in the presence (off) or absence (on) of 

thiamine (Fig. 37). Western blotting showed no protein level difference between 

cells grown in the presence or absence of thiamine. Therefore Pop3 overexpression 

has no effect in F-actin and a-tubulin protein levels and the problem resolving 

cytokinesis shown in Pop3 overexpression is not F-actin related.

7. 5. Do a-tubulin levels vary at high temperature?

Earlier experiments on Cig2 levels showed that there was a decrease of Cig2 levels 

when there was an increase in temperature, a-tubulin, like Cig2 (Fig. 35), also 

shows a reduction in protein level at 27°C in a ApopS m utant strain. Therefore, it 

would be interesting to see whether a-tubulin protein level also decreases at higher 

temperature. Wild type, pop3-5235 and ApopS cells were grown in rich medium to 

log phase at 27°C and then shifted to 36°C. Samples were taken at 0, 1.5, and 3 

hours. The western blot analysis revealed a decrease of a-tubulin levels at 1.5 and 3 

hours after the shift up. However, the most striking result of this experiment were 

two, firstly the lack of a-tubulin in the deletion strain (Fig. 40, first row) and 

secondly the difference between pop3-5235 (Fig. 40 and lanes 2,5 and 8) and ApopS 

(Fig. 40, lanes 3, 6 and 9). There seemed to be no a-tubulin in the deletion strain 
even at time zero. This result may be due to a restricted sensitivity in the western 

blot, but it suggests that a-tubulin levels are very low.

The differences between the original mutant and ApopS cells are in the Cig2 and a- 

tubulin protein levels. These results help to understand the data obtained in the
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Figure 39. Morphology protein levels in ApopS

Total cell extract (25 pg) were run in each lane. (A)p-tubulin levels were 
examined in wild type , Apopl andApop3 mutants. (B) Actin and a- 
tubulin levels in ApopS .
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section 4.4. Previously, I observed a population of small cells (5%) w ith an 

elongated nucleus when the cells were placed at 36°C. I was unable to explain the 

reasons for this phenotype, however, now with the data shown in this section, 

where a-tubulin levels decrease with high temperature, is possible to understand 

the previous data. The lack of a- tubulin could influence the num ber of 

microtubules the lack of which will result in the inability of the cell to separate its 
sister chromatids properly resulting in an elongated nuclear phenotype (as seen in 

section 3.4). Data from immunolocalisation is required to confirm this hypothesis.

7. 6. Immunolocalisation of a-tubulin

I have shown that there is less a-tubulin protein in ApopS at permissive
tem perature and no detectable levels when the temperature is increased to 36°C. 

To study whether ApopS cells can form micro tubules with the reduced levels of a- 

tubulin, immunolocalisation was done. It should be borne in mind that p-tubulin, 

the other component of microtubules does not show any reduction in level in 

ApopS m utant cells. In the immunolocalisation experiment cells are fixed with 

m ethanol and localisation of the protein of interest is done using a prim ary 
antibody to the protein and the secondary antibody, which recognised the primary 

antibody, is linked to fluorescent compound. The light produced by the secondary 
antibody can be visualised using a fluorescence microscope, giving a signal that 

helps to localise the protein within the cell. For microtubules anti-TAT antibody 
was used.

The inmunofluorescence^ experiment was performed in ApopS cells that were 

grown in rich medium until they reached log phase and they were shifted to 36°C.

‘The inmunolfluorenscence samples were examined by confocal and light microscope, even though the data 
shown here is only from the confocal microscope. The results obtained by both microscopes were very 
similar.
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Figure 41a. Microtubule structure in wild type.

Microtubule structure was stained with anti- a  tubulin antibody (TAT-1) and 
observed in the confocal microscope. Samples were taken 0, 2 and 4 hours 
after they were shifted to 36^C.
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Figure 41b. Microtubule structure in Apop3

Microtubule structure was stained with a-tubulin antibody (TAT-1) 
and observed in the confocal microscope. Samples were taken 0, 2 
and 4 hours after they were shifted to 360C.
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Samples were taken at 0, 2 and 4 hours to establish whether such a drop in protein 

level was visible in the cells.

Wild type cells clearly showed microtubules in all time points (Fig. 41 A). ApopS on 
the other hand, showed a reduced number of microtubules even at time zero (Fig. 

41B, first row). Even though there was a clear reduction of microtubules between 

w ild type and ApopS cells, ApopS cells were not completely depleted of 

microtubules and the differences in time points were not as striking in cells as they 

w ere in the w estern  blot. The difference v isualised  betw een  the 

immunolocalisation and the western could be due to the different antibodies used. 

Commercial , Sigma, antibody was used for the western analysis, and TAT-1 

obtained from Keith Gull in the immunolocalisation.

H ence, ApopS cells have fewer m icrotubules, w hich m ay explain  the 

polyploidisation phenotype of ApopS. It also supports the hypothesis that lack of 

microtubules produces the more elongated nuclear phenotype shown by some 
cells at high temperatures, seen in section 4.4.

7. 7. Do F-actin levels change in ApopS cells?

F-actin levels did not vary in either popS-52S5 or ApopS strains. However the 

localisation of F-actin was performed to study possible deficiencies that could lead 

to growth and mating problems. To study the F-actin localisation two techniques 
w ere used, imm unolocalisation anti F-actin and rhodam ine staining. Both 

techniques yielded the same results so rhodamine staining are not show n here. 

Following the same experimental structure as with a-tubulin , three time points 

were taken and observed under the microscope. Wild type samples showed F-actin 

localising to the tips or to the septum when cells were dividing (Fig. 42A). There 

was no difference between the three time points. Even though, ApopS cells did not

■ As footnote 1.
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show any decrease of F-actin protein level in w estern blot analysis, by 
immunolocalisation a reduction and delocalisation of F-actin was visible (Fig. 42B) 

in ApopS  cells. Maybe the decrease of F-actin has some role in the m ultiple 

phenotypes of ApopS. Actin is found localise to the "shmoo" (conjugating tip) and 

hence, delocalisation may partially explain the sterile phenotype of ApopS.

It is difficult to say whether the delocalisation of F-actin is a consequence of the 

lack of microtubules or if it is a direct effect of the popS m u tan t. Most m utants that 

are defective in microtubules have normal F-actin localisation, however there are 

some that do show F-actin delocalisation.

7. 8. Will F-actin and a-tubulin localisation change in Fop3 

overexpressing cells?

Due to the differences encountered between immunolocalisation and the western 

blot analysis, I analysed the localisation of a-tubu lin  and F-actin in Pop3 
overexpressing cells, even though no difference was seen in protein levels of these 

proteins by western blot. The same strain {PN51S +pREPlpopS^) used for the 
western was grown in the presence (off) and absence (on) thiamine and samples 

taken after 20 hours. Wild type cells transformed with the vector only were used as 

controls (Fig. 43, first and second row). Wild type cells show ed norm al 

m icrotubules at different cell cycle stages. Pop3 overexpressing cells (Fig. 43, 
fourth row), however, revealed no big difference in microtubules am ount or 

structure. Some microtubules look slightly shorter in Pop3 overexpressing cell. 
However, this observation needs to be studied further before concluding anything. 

This study will be done in the near future.

 ̂Samples were checked by light and confocal microscopy. Both had same results. Shown results are from 
light microscope.
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Figure 42a. F-actin localisation in wild type

F-actin was localised with anti-actin in an immunofluorescence 
experiment. Samples were taken 0, 2 and 4 hours after the temperature 
shift up and observed in the confocal microscope.
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Figure 42b. F-actin localisation in Apop3  cells.

F-actin was localised with anti-actin in a immunofluorescence 
experiment. Samples were taken at 0, 2 and 4 fours after the 
temperature shift up and observed in the confocal microscope.
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Figure 43. Microtubule structure in Pop3 overexpressing 
cells.

Microtubules were stained with a-tubulin antibody (TAT-1) and 
observed in the confocal microscope.
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The same experim ent was perform ed for F -actin , revealing no difference 

compared to the control samples (data not shown). Thus, at the m om ent we 

conclude that Pop3 overexpression does not have any effect in a- tubulin and F- 

actin localisation on live cells.

7. 9. DAPI of live cells

Using the same samples taken for immunolocalisation, nuclear shape and size was 

analysed by DAPI staining in the light microscope. As before, three samples (0, 2 

and 4 hrs) were examined to see whether there were differences in nuclear size and 
shape when cells were placed at 36°C.

Wild type samples showed a single and well-defined nucleus (Fig. 44a). There was 

no difference in nuclear size or shape between cells of any time points. On the 

other hand, w hen ApopS cells were analysed under the microscope some 

abnormalities were encountered. At 0 hours a small population of cells showed 
unequal nuclear segregation (Fig. 44b, arrowhead). The percentage of cells 

showing the unequal segregation is not more than five per cent. The longer the 
cells stayed at the non-permissive temperature, the larger the cell population with 

unequal segregation became. At 4 hours the population of cells w ith unequal 
segregation reaches up to fifteen per cent.

Therefore, ApopS cultures suffer from unequal segregation of the DMA material. 

This phenomenon of unequal segregation produces two types of cell, those with 
large quantities of DNA, which are viable and polyploid, and those with less than 

2C DNA content. Cells from this second category are mostly aneuploids and hence 

they will die.

" Immunolocalisation and anti-rhodamine was performed in all samples. Both techniques revealed the same 
results. Shown data is from immunolocalisation.
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Figure 44a. DAPI staining of wild type cells.

Cells were grown to log phase and shifted to 36°C (Ohrs). Samples were 
taken for 0, 2 and 4 hours and observed in the light microscope.
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Figure 44b. DAPI staining of ApopS cells.

Cells were grown to log phase and shifted to 36°C (Ohrs). Samples were 
taken for 0, 2 and 4 hours and observed in the light microscope. Cells 
showing unequal segregation of chromosomal DNA were marked by 
arrowheads.
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Previously (see 4.2) DAPI staining had been performed in pop3-5235 and Apop3 

cells and no irregularities were observed in the nuclear structure or segregation. 

The only instance where Apop3 cells appeared with a more elongated nucleus was 

when the cultures were shifted to 36°C. Then, only a small population of cells (5%) 

showed the elongated phenotype. The main difference between the previous 

observation and the new samples is the treatment used. Previously, cells were not 

fixed, whereas in the new samples cells were taken through the whole process of 

immunolocalisation (i.e. fixed with methanol). It is possible that this experimental 

distinction provides more clarity at the time of the observation; even though this is 

not the general believe at the time of studying samples.

7.10. Summary of morphology

The morphological defects of Apop3 revealed in this study elucidate the reason for 

some of its multiple phenotypes. Here, I observed reduced micro tubule network in 

Apop3 cells, which most probably led to the unequal segregation of the nucleus. 

Due to the unequal segregation of the genetic material, a proportion of cells in the 
culture die, making the growth of the strain slower. This effect will explain the 

slow growth of the strain at permissive temperature. This genomic instability 
phenom enon is enhanced w hen cells are grow n at the non-perm issive 

temperature. These results aid the understanding of the phenotype shown by a 
small population of cells when grown at 36°C and it also explains the cell death 

term inal phenotype of Apop3 at 36°C. Reduced microtubule num bers could 

produce the more elongated nucleus seen in section 4.4.

F- actin is also found delocalised in Apop3 cells. F- actin is essential for polarised 

growth, cytokinesis, mating and sporulation. Thus, the delocalisation and the 

reduced amount of F-actin maybe a further reason for the multiple phenotypes of 

Apop3. F-actin delocalisation may produce sterility in Apop3 cells, as F-actin is

146



Pop3 & Transcription Regulation

localised in the ''shmoo" (conjugating tip) required for mating. The reason for the 

delocalisation of F-actin is unclear, as it has not been shown

These data explain partially some of theApopS phenotypes, however no complete 
insight iniopop3* function was found.

B- Splicing and transcription

7.11. Background

In the preceding sections I have studied some of the mechanisms for regulating cell 

cycle, e.g. proteolysis, and cellular morphology, e.g. F-actin and microtubule 

organisation. In this section I have looked into the regulation at the RNA level 

(RNA synthesis and RNA processing).

RNA synthesis or transcription, is a highly selective process. In most mammalian 
cells, for example, only about 1% of the DNA nucleotide sequence is copied into 
functional RNA. The selectivity of the process occurs at two levels:

A /T ra n sc r ip tio n  - only part of the DNA sequence is transcribed to produce 
nuclear RNA.

B /Processing  -  only part of the nuclear RNA survives the transform ation into 

mature RNA.

After these two steps the processed RNA is transported into the cytoplasm where 

is translated into proteins.

Transcription starts when an RNA polymerase binds to a prom oter sequence on 

the DNA. The DNA opens and transcription progresses in the 5' to 3' direction
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until a termination sequence is reached. For transcription to work several proteins 

bind together forming a transcription complex that moves along the DNA. S. 

pomhe has three polymerases (I, II and III) (Hernandez, 1993), polymerase II (Chang 

and Jaehning, 1997; Hernandez, 1993) being the one involved in transcribing 

protein-encoding genes into mRNA. A typical RNA polymerase II prom oter 

contains enhancers and a TATA box, and the transcription machinery includes six 

general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF and TFIIH) 

(Orphanides et ah, 1996). The first step in transcription initiation is recruitm ent of 
the transcription machinery to a prom oter to form a preinitiation complex. A 

stepwise model has been proposed for the creation of the whole complex, starting 
with the binding of Tbp (TATA binding protein)(a TFIID subunit) to the TATA box 

that serves as a platform for the recruitment of the other 12 TFIID subunits, of 

TFIIA and TFIIB. Next Pol II and TFIIF bind to the promoter, after which TFIIE and 

TFIIH bind (Ranish et ah, 1999).The localisation of each component is important for 
the whole transcription complex. TFIID is the prime component and it is required 

for transcription to start. TFIID is composed of Tbp and 12 subunits known as Taf 

(Tbp associated proteins) (Hoffmann et ah, 1990).

Once the whole complex is formed transcription takes places producing an 

immature m-RNA that requires processing and transport to the cytoplasm where it 
is translated into protein. Processing comprises three steps, 5' capping, splicing 

and polyadenylation (Bentley, 1999; Day and Tuite, 1998; Minvielle-Sebastia and 
Keller, 1999).However, I will only consider splicing of the immature m-RNA. The 

5' capping and the polyadenylation seem to confer more stability to the messenger 

RNA. Splicing is the process by which exons are excised from the im m ature 

mRNA to produce m ature m-RNA that can be translated into protein. A 
multicomponent complex known as spliceosome is required for the excision. The 

exons are recognised as they have conserved boundary sequences at the 5' splice 

site (donor site) and 3' splice site (acceptor site). The splicesome is composed of 

five small nuclear RNA proteins (snRNP)(Ul, U2, U4, U5 and U6) that 
enzymatically excise the exon in a stepwise process. U1 snRNP binds the 5' splice 

site recognition sequence and U2 snRNP binds a specific sequence in the middle of
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the exon. Then U5 and U4/U6 bind, assembling the splicesome that cleaves first 

the donor site and later the acceptor site, ligating them and forming the mature m- 
RNA. The assembly of U1 and U2 snRNP is essential for the proper formation of 

the splicesome.

In section 6.9. and 7.3.1 have shown that there is a decrease in Cig2 and a-tubulin 

protein levels in ApopS, and I have also shown that ApopS polyploid phenotype is 

not due to proteolysis. Hence, I investigated whether reduction in protein level is 

due to a reduction in mRNA levels.

I also investigated splicing in Apop3, as a personal communication from J. Potaskin 

told us that Prp2 (splicing factor) (Potashkin et a l, 1989) had fished Pop3 in a yeast 

two hybrid screen.

7.12. mRNA levels in ApopS cells

To examine whether ApopS accumulated unspliced m-RNA (as splicing m utant do); 
a northern blot analysis was performed; using TFIID-intron and TFIID-exon as 

probes (Fig. 45A). Wild type, prp2 (temperature sensitive splicing m utant, U2 

snRNP subunit) and ApopS cells were grown at 27°C and shifted to 36"C for 0, 2 and 

4 hours. The experiment showed no accumulation of unspliced mRNA in wild 

type and ApopS and the expected accumulation in prp2 mutant. Thus, ApopS did 

not have the characteristic unspliced mRNA accumulation of splicing mutants; 

suggesting popS^ had no function in splicing.

However, the northern blot analysis revealed an important characteristic of ApopS. 

While comparing unspliced mRNA between wild type and ApopS no difference 
was observed. On the other hand, when spliced mRNA levels were compared, a 

very slight decrease in mRNA was clear in ApopS at time zero, at 2 hrs mRNA 

seemed degraded and no mRNA was detectable in ApopS at 4 hours at 36°C. This
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suggested that ApopS may affect general transcription by specifically affecting 

TFIID transcription. If insufficient TFIID transcripts are present, little or no 

transcription could take place, showing low levels in all mRNAs. To examine this 

point, northern blot analysis of wild type and ApopS strains were performed using 

7tda2* {a-tuhulin), cdc2* (kinase), cz^2  ̂(S-phase cyclin) and flcfl'^(actin) as probes. 

Tubulin and Cig2 levels were looked at specifically, to see whether there was a 

relationship between low mRNA level and low protein levels. The northern blot 

analysis revealed a general decrease of mRNA in all cases, whether the protein 

levels were stable or decreased (Fig. 45B). Most of the mRNA had disappeared or 

seemed degraded after 2 hours at 36°C and no mRNA was detectable 4 hours after 
the cultures were shifted. It should be borne in mind that no detectable mRNA 

does not mean no mRNA at all. It is possible the sensitivity of the northern can not 

detect the low mRNA levels, as happened with a-tubulin in the western, which 

was later proven to be present in live cells.

Hence, ApopS is not a splicing mutant (does not accumulate unspliced mRNA), but 
it has low mRNA levels at the permissive temperature and nearly no mRNA at the 

non-permissive temperature. It seems that a reduced level of TFIID transcripts 
could be the cause of the general decrease of mRNA, as TFIID is required for 
transcription. However, this reduction in mRNA was not matched with a general 

reduction in protein levels, only some proteins (Cig2 and a-tubulin) show the 

decrease. Therefore, the cell must have other mechanisms that compensate for the 
low transcript levels in some proteins.

7.13. Will TBP rescue the ApopS phenotype?

The northern blot showed that there was no accumulation of unspliced mRNA, 

however there were low levels of mRNA in ApopS cells. The lack of TFIID mRNA 

abolishes normal transcription (Hernandez, 1993). Lower amounts of TFIID may 

mean less transcription in the cells, which shows in lower mRNA levels. If the
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Figure 45. mRNA amounts in Apop3 cells

Nothern blot analysis was performed to quantify the levels of mRNA in ApopS. 

(A) TBP exon and intron were used as probes to check for unspliced mRNA 
accumulation. Samples were taken at 0, 2 and 4 hours after the temperature 

shift up of wild type, prp2 and ApopS strains. (B) Nothem blot analysis for a-

tubulin, actin, cdc2 and cig2 mRNA levels. 30pg/lane were loaded. Work 
done by Dai Hirata. 151
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problem in ApopS is the lack of TFIID complex, transformation of the m utant with 

TBP should rescue the mutant. However, if lack of TFIID is not the main problem 

for ApopS, transformation with TBP will not rescue the phenotypes, but it may 

rescue some of its multiple phenotypes.

While the experiment was performed transformation of Taf72 (transcription factor, 

TFIID subunit) was also done. The two genes were cloned into nmt promoter 

containing vectors (Maundrell, 1990; Maundrell, 1993) and transformed into ApopS. 

Transformed cells were grown at 27°C and 36°C in the presence (off) or absence 

(on) of thiamine. Cells were placed at non-permissive tem perature to see if the 

plasmids could suppress temperature sensitivity of ApopS. Strains containing each 

of the two plasmids could grow at the permissive temperate in the presence or 
absence of thiamine, but could not grow at the non-permissive temperature (data 

not shown). Cells were examined microscopically for reduction of cell size in 

comparison to ApopS and sporulation. To check sporulation cells were placed in 

ME A (sporulating medium) plates at 27°C.

ApopS transformed with TBP showed a slight decrease in cell size when compare to 

ApopS, however most of the cells were still elongated and they could not sporulate 
when placed in MEA. DAPI staining showed enlarged single nucleus (data not 

shown). Hence TBP does not rescue the elongation, polyploid and sterility 

phenotype of ApopS.

Taf72 transformed cells showed similar results to TBP transformants.

Transformation of TBP and Taf72 do not have any major effect on ApopS sterile, 

polyploïdisation and cell size phenotypes. Therefore, the reduced mRNA levels 

found in ApopS are not due to a reduced amount of the TATA-binding protein but 

to some other reasons.
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7 . 14. Promoters

The northern blot analysis performed earlier revealed a low level of mRNA in 

ApopS cells. I investigated whether all the mRNA found to reduce in levels in ApopS 

were TATA-box dependent for their transcription and whether location of the 

TATA-box may influence transcription. To do so, promoter sequences of 10 genes 

(F-actin, a-tubulin, Cig2, Cdc2, Cdcl3, p-tubulin, Cdcl8, Mcm6, Rum l and Prp2) 

were submitted to promoter prediction (Neural Network) program that predicts 

TATA -  boxes. All the genes studied were found to contain TATA boxes in their 

promoter sequences. There was no difference between those that exhibited a lower 

protein am ount w ith those that did not. Even though some prom oter had the 

TATA box some distance from the START site; there was no correlation between 

the distance of the TATA-box and protein levels. Cig2 promoter had the TATA-box 
some distance from the start site, as Mcm6 or Cdc2 which protein levels are stable 

in ApopS. Therefore the difference in promoter structure is not related to protein 

levels (data not shown).

7.15. Splicing and Transcription Summary

Whilst looking to see whether popS* had a function in splicing, low TFIID mRNA 

levels were observed. Other mRNA levels were also checked and found to be low 
as well; suggesting that low TFIID levels result in a general transcription reduction. 

I examined a group of genes whose protein products were reduced in ApopS and 
genes which protein levels were stable. The cell must have other mechanisms to 

compensate for the low mRNA transcript of some proteins such as Cdc2, p-tubulin 

(Nda3) and Actin (Actl). The reduction in mRNA was specific to spliced mRNA, 

as no unspliced accumulation was found. Hence, the splicing machinery is not 

deficient in ApopS.
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Transformation of TBP under a strong nmt promoter (Maundrell, 1990; Maundrell, 

1993) was performed to study whether reduction of the TFIID complex was the 

sole cause for ApopS multiple phenotypes. The experiment showed TBP to rescue 

slightly the elongation phenotype partially, but none of the other phenotypes were 
rescued. Transform ation w ith transcription factors (Tf72) and TBP did  not 

suppress ApopS sterile, polyploïdisation and cell size phenotypes. Suggesting that 

the multiple phenotype of ApopS are due to other factors besides the lack of TBP

Finally, a small study of gene prom oter was performed to see whether all the 

studied genes were TATA box dependent. The study showed all the studied 

mRNA to be TATA-box dependent and did not find any difference in prom oter 

structure between genes that showed low protein levels and those that did not. 

Through this study more information about popS^gene was obtained, showing that 

one of the prim ary effects of the m utant is low levels of mRNA. Taking all the 

information together the defect in ApopS cells is related to transcription or RNA 

processing mechanisms.

C- Partners

7.16. Background

Previous experiments have helped to describe the characterisation of Pop3 and its 

involvement in transcription, however the detailed function remains elusive. In 

order to focus in specific areas within transcription or related mechanisms, I 

decided to search for possible partners of Pop3, which could shed a light in the 

function of Pop3. A yeast two hybrid screen was used to find Pop3 partners.

On the other hand, I also decided to determine whether Pop3 is in a complex, as 

expected due to its protein structure, or is found in a monomeric form. Gel
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filtration of PopSHA and Pop3-5235myc strain was performed to see w hether a 
mutation changes the interactions.

7.17. Yeast two hybrid

By using the yeast two hybrid system, I expected to find possible partners of Pop3. 
The yeast two hybrid system makes use of Lac operon. By using the inducer of the 

lac operon, which consists of two domains the technique has evolved to fish 
interacting proteins. Each domain is cloned into a plasmid containing a CDNA 

library. Only when interacting proteins bring together the two domains of the 

inducer, the inducer and the lac operon will be active. When cells are placed in the 

presence of X-Gal, the colonies become blue if the inducer is active or stay white if 

the inducer is not active. Plasmids are transformed into different S. cerevisiae 

strains, mated and selected according to the markers. If there is a high background 
of positive a drug, 3-AT, is used to ensure the interaction is not a false positive. 

High concentrations of 3-AT are used to ensure the protein-protein interaction is 
real.

Two different libraries were used for the screening of possible Pop partners, DB 

(David Beach) and L7 (Jonathan Miller). The DB library was screened three times 
with no candidates coming through the screen (Table 7) and L7 was screened once 

and yielded twenty-one candidates (Table 7).

Table 8 shows all the selection procedure of the twenty-one candidates and the 
division of those in three different categories (Very good, good and mild 

candidates). 58, 119 and 129 were very good candidates. Subsequent studies of 
them were performed. Plasmid isolation for the three candidates was done. Once 

the plasm id was isolated, re-transform ation was perform ed to confirm the 

previously obtained results; however, when the plasmids were re-transformed, no 

colonies could be obtained for 119 containing plasmid and no blue colonies were 
obtained for 58 and 129 when the transformed strains were placed in X-gal. Even
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Table 7- Yeast two hybrid screening.

Screened X-gal 10 mM AT Both

DB library 9x106 0 6 0
DB library 3xlQ7 7 0 0
DB library 4xlQ7 5 3 0
L7 library 6xlQ7 25 24 21

Table 8- L7 candidates.

39
SD+A+U

+
5m M  AT 

+
lOmM  AT 

+
x-gal

+
Both

+
40 + + + + +
55 + + + + +
58 + ++ ++ + + ++
71 + + - + +?
74 + + - + +?
75 + + + + +
79 + + - + +?
82 + + + + +
83 + + + + +
93 + + + + +
98 + + + + +
99 + + + + +
100 + + + + +
108 + + + + +
109 + + + + +
110 + + + + +
111 + + + + +
118 + + - + +?
119 + ++ ++ + + ++
121 + + + + +
123 + + + + +
127 + + + + +
129 + ++ ++ + + ++
131 + + + + +

Note: (++) very good growth, (+) good growth and (-) no growth. 
X-gal; ++ very blue; + blue.
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though the previously obtained data was not confirmed, sequencing for both 

plasmids was undertaken. A small sequence from plasmid 58 was obtained, but 
when used to search in the Sanger centre database, no information was disclosed. 

129 did not yield any sequence.

Hence no information was obtained from using the yeast two hybrid system, 
however these candidates will be characterised in the near future.

7.18. Gel Filtration

Gel filtration was used in the first instance to determine whether Pop3 is in a 

complex or functions as a monomer. Gel filtration separates the proteins or 

complexes by size. Large complexes elute first whist small proteins are found in 

the last fractions. Using PopSHA tagged strain; cells were grown in YE5S medium 

and cell extract obtained. The extract (350|xg) was run in a Superose 6 PC 3.2/30 
(Pharmacia Biotech) and fractions taken. The fractions obtained were analysed by 
western blotting (Fig. 46A) and they revealed a unique peak of Pop3 in fractions 

four, five and six. Superose 6 resolves complexes from 700 kDa to 30 kDa. 
Complexes that are bigger than the column parameters elute in the void fractions 

(marker 2000). These fractions (4, 5 and 6) were not within the column resolution. 
Hence it could only be concluded that Pop3 was found in a complex bigger than 

700 kDa. When running the column a standard protein of 2000 kDa (dextrose blue) 

was used and this came out in fractions five and six, however, it should be 

remembered that this is not accurate, it just an approximation.

Once it was found that Pop3 was in a large complex the same experiment was 

performed again using Pop3-5235myc strain (Fig. 46B) to see whether a m utation 

could d isrup t the complex. The same procedure and colum n w ere used. 
Interestingly, the experiment showed that there was a disruption of the complex
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when Pop3 was mutated. Two peaks were visible this time, one in fraction five and 

six, and other in fractions twenty to twenty four. The first peak was, the same as 

with PopSHA, i.e. the large complex, and the second peak was found in the area of 

43 kDa, which is the molecular weight of monomeric Pop3-5235myc. Even though 

two peaks were visible, the intensity of the second peak was higher; suggesting 

most of the protein is localised in those fractions, i.e. in the monomeric form. The 

result obtained could be due to the different tags used in the m utant and wild type 

strains, thus the experiment was performed again using GPP tagged in both wild 

type and m utant strain (data not shown). The results obtained were identical to 

those in Fig. 46, suggesting the different peaks were not due to the different tags.

Hence a m utation in pop3^ disrupts the complex (bigger than 700 kDa) that is 
formed when the protein is intact.

7.19. Does Pop3 co- localise with TBP or PolII?

Using the gel filtration as a technique and using the disruption of the complex in 

the m utant to our advantage, a new gel filtration was carried out using Pop3HA 
and Pop3-5235myc strain. However, this time the study mostly concentrated on 

seeing whether Pop3 protein co-localised with any transcription factors. Due to the 
lack of S. pomhe antibodies to TBP and PolII, mouse anti -  TBP and mouse anti -  

PolII (Santa Cruz) were used.

Judith Potaskin's communication told us that Prp2 (U2AF) had fished out Pop3 in 
the yeast two hybrid system. From the experiments performed earlier, the role for 

Pop3 in splicing was ruled out. So, I considered checking whether Prp2 (U2AF) co

localised with Pop3 during gel filtration. J. Potashkin kindly donated anti- U2AF.

Before testing the gel filtration samples, I checked w hether the commercial 

antibodies work (Fig. 45C). Clear bands were visible at the expected sizes in wild 

type and Apop3 for the three antibodies.
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Figure 46. Gel filtration of PopSHA and Pop3-5235myc.

Cell extracts from Pop3HA (A) and Pop3-5235tnyc (B) were run in a 
Superose 6 column to determine the size of the complex where Pop3 
or Pop3-5235myc are. (C) Shows three western blots performed to 
check the validity of anti- Poll, anti- U2AF and anti- TFIID.
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The western blot analysis of the PopSHA fractions showed that PolII (Fig. 47A) 

was found in all the fraction from four to sixteen and Prp2 (Fig. 47B) was found in 

fractions four to eleven. TFIID (Fig. 47D) was found in two peaks, the first from 

fraction five to eleven, where most of the protein is, and the second from fraction 

twenty-one to twenty-four. As expected PopSHA (Fig. 47C) was found in fraction 

four to six.

All of the studied proteins (PolII, Prp2 and TFIID) are known to be part of large 

(Hernandez, 199S; Stargell and Struthl, 1996; W entz-Hunter and Potashkin, 1995) 

complexes, the information obtained here, however, can not be taken to be 

conclusive until compared with the localisation of PolII, Prp2 and TFIID in the 

m utant {Pop3-5235myc.)

The western of TFIID in the Pop3-5235myc strain was not performed but PolII, 

Pop3-5235myc and Prp2 were analysed (Fig. 48) PolII in Pop3-5235myc strain had a 

similar pattern to that of PopSHA strain. No differences were visible (Fig. 48A).

Thus, disruption of PopS did not yield any variation in the localisation of PolII, 

which suggests they are not part of the same complex or if they are, the mutation 
does not disrupt the whole complex.

Prp2 (Fig. 47B), on the other hand, had some minor differences between PopSHA 

and Pop3-5235myc, which can be significant. Previously, in PopSHA, Prp2 was 
only found in fractions four to ten; however in Pop3-5235myc two peaks are visible. 

The first peak, where most of the protein is found coincides with fraction five to 
twelve and the second fainter peak is found from fraction twenty-one to twenty- 

five. Although it is difficult to conclude anything from this data; taking it together 

with the personal communication received from J. Potaskin, it seems possible that 

Pops and Prp2 are in the same complex. Even though, thePop3-5235myc mutation 

does not seem to disrupt the whole Prp2 complex. One possibility is that Prp2 has 

two functions, one as a member of the splicesome, and another together with PopS.
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Figure 47. Gel filtration of PopSHA to localise Pol II, TBP, 
PopSHA and Prp2.

Cell extract of PopSHA was run through a Superose 6 column and the 
fractions obtained run in western to determine whether there is co
localisation betweeen Pop3 (C) and PolII (A), Prp2 (B), or TBP (D).
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Figure 48. Pop3-5235m yc  gel filtration to localise Pol II and Prp2 .

The cell extract of Pop3-5235myc was run through a Superose 6 column and the 
fractions obtained run in Westerns to determine whether there is co
localisation betweeen Pop3-5235myc (C) and PolII (A) or Prp2 (B).
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this hypothesis will explain the western pattern shown in the Pop3-5235myc gel 

filtration. The first function of Prp2 will not be disrupted and it will be present in 
the large complex, whereas the second function is disrupted and a small peak is 

observed. However, I have no conclusive evidence to proof such hypothesis. 
Future work in that direction will help to elucidate which of the two possible 

hypotheses is real. However, firstly the interaction between Pop3 and Prp2 should 

be confirmed by inmunoprecipitation or by yeast two hybrid analysis.

7. 20. Summary of Partners

The yeast two hybrid system and gel filtration were used to investigate possible 

partners of Pop3, which may shed some light on its function. However, neither the 
yeast two hybrid nor the gel filtration demonstrated any association of Pop3 with 

any known protein.

The gel filtration revealed that Pop3 is in a large complex (bigger than 700 kDa) 
and that the complex is disrupted in Pop3-5235myc strain so that most of the 

protein is found in a monomeric form (46 kDa).

A personal communication from J. Potashkin and the data obtain with the gel 
filtration of Pop3-5235myc in Prp2 suggest that Pop3 and Prp2 might be partners, 

even though no strong evidence is found.

7. 21. Summary of the chapter

Throughout this chapter Pop3 function has been analysed. To be able to establish 

the possible function of thepop3^ gene, several areas have been investigated; cell 

morphology, splicing and transcription. Although, the clear function of the protein 

has not been elucidated, I showed that Pop3 might have a role during general 

transcription as mRNA levels are found to be low in the mutant.
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Through the study of the cell cycle two proteins were found to decrease in level, 

Cig2 and a-tubulin , in pop3 mutants. The reduction of the protein was more 

prom inent in cells that had been shifted to high temperature (36°C). Subsequently, 

ApopS was tested for TBZ sensitivity, and shown to be supersensitive, which led me 

to study cell m orphology in vivo. pop3-5235 cells were found to have fewer 
m icrotubules and the F-actin was delocalised. M oreover, an interesting 

observation was made through the microscopical analysis of the nucleus; unequal 

segregation of the nucleus was seen. This partially explains the poor growth of the 

strain and the polyploidisation phenotype. Hence, ApopS is most probably 

polyploid due to the lack of microtubules that separate the two nuclei yielding 

cells with unequal amounts of DNA.

Northerns are done to see whether ApopS accumulated unspliced mRNA, as Pop3 

was reported to bind Prp2 (splicing factor). No accumulation of unspliced mRNA 

is found. How ever, TFIID mRNA levels were low, which m ay influence 

transcription. When checking other tested mRNA levels, all were found to be low 

in ApopS strain. Although all the mRNAs are low, the effect is not always visible at 
the protein level, suggesting the cell may have other compensatory mechanisms. 

popS^ does not function in splicing but has some role in transcription or RNA 
processing. Some aspects of transcription were studied through transformation. 

None of ApopS main characteristics were rescued by any of the tested proteins (Tbp 
and Taf72).

Finally, possible Pop3 interactions were studied by yeast two hybrid system and 

gel filtration. Gel filtration revealed Pop3 to be part of a large complex (<700 kDa) 

that is disrupted by a mutation in Pop3 protein, resulting in all the protein being in 

a monomeric form (46 kDa).

A personal communication Q. Potashkin) and some data from the gel filtration 

suggested Pop3 and Prp2 (splicing factor) might form a complex. However the
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complex formed by Prp2 and Pop3 can not be involved in splicing, as ApopS strain 

does not accumulate unspliced m-RNA as other known splicing mutants.
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Chapter 8

Discussion

8.1. Introduction

Pop3 was identified in a screen that searched for polyploid and sterile mutants. 

This thesis describes the characterisation of Pop3 and studies its functions. pop3 

m utants are polyploid most likely due to the low m icrotubule num ber that 
partially unable them to pull and segregate sister chrom atids apart, creating 

genomic instability. Low microtubule num ber has been linked to low a-tubulin 

protein and mRNA levels. As well as a-tubulin, Cig2 protein levels are low. 
Otherwise no other protein level tested has been found to decrease or increase. 

This is an awkward observation as general low mRNA levels are found in ApopS. 

Hence, ApopS cells have other mechanisms to compensate the low mRNA levels at 

the protein levels. From the data obtained Pop3 may be involved in transcription 

or RNA processing mechanisms
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8.2. Polyploïdisation

Polyploidisation was one of the main starting points of the screening performed 

in Dr, Toda's laboratory and of this thesis. Identifying proteins and understanding 

the reasons that lead to increase in the genetic material of the cell have always been 
im portant issues in science. Some cancerous cells and some mammalian cell lines 

are polyploid (Usui et al., 1995) and in Drosophila, mutations either in Dmcdc2 or in 

escargot give rise to polyploid cells in the imaginai disc and the central nervous 

system (Hayashi, 1996).

Studies done in fission yeast by several laboratories have shown a variety of 
reasons for re-replication, which could be divided in three main categories. Firstly, 

there are mutants that bypass M-phase, having an otherwise normal cell cycle (Gl, 
S, G2, G l...) (overexpression of the Ruml) (Kominami et al., 1998a; Kominami and 

Toda, 1997; Wolf et al., 1999). The second category comprises mutants that induce 

S-phase constantly, in the absence of other cell cycle stages (overexpression of 

CdclS) (Kelly et a l, 1993). The final category displays a polyploid phenotype as a 

consequence of incomplete M phase, due to misegregation of the chromosomes 

(known as Cut mutants) (Yanagida, 1998).

Previous work in the laboratory has focussed on the S. pomhe m utants popl and 
pop2, which have an increased ploidy. P op l and Pop2 were found to be 

components of the proteolytic machinery, which regulates the degradation of 

proteins at specific cell cycle stages. Mutants in these genes accumulated proteins 

like Rum l and Cdcl8, which are known to lead to polyploidisation. Popl and Pop2 
are F-box proteins that are part of the SCF complex conferring specificity for 

specific substrates (Kominami et al., 1998a; Kominami and Toda, 1997; Wolf et a l, 

1999).

The pop3 m utant came from the same screening and shares some phenotypical 

characteristics with popl and pop2, among them polyploidisation.

To address how the pop3 m utant polyploidised I have studied the accumulation of 

the cell cycle related proteins, Rum l and Cdcl8, as a possible cause of the increase
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of ploidy. However the pop3 m utant showed no accumulation of these proteins, 

unlike the popl and pop2 mutants. Other cell cycle related proteins were also 

checked (CdclS, Cdc2, Cig2, a -tu b u lin  and Mcm6) to see w hether they 

accumulated. None of them were found to have higher levels than wild type, but 

two had lower levels than normal, these were Cig2 and a-tubulin.

Cig2 is the main S-phase cyclin that binds Cdc2 to form an active CDK complex 

that promotes S-phase. No major phenotype is observed in Acig2 m utant cells as 

fission yeast has other cyclins, Cigl and CdclS, that can replace Cig2 in its absence. 

However when cig2 mutants, either deletion or overexpression, when combined 

with other mutations, a variety of phenotypes are observed. AcdclS m utants have 

several rounds of S-phase and they are polyploids; however in a strain Acdcl3 

overexpressingCig2 only undergo a single S-phase, suggesting Cig2 to inhibit re

replication (Russell and Nurse, 1986). On the other hand, cdclS^^ m utants can not 

undergo S-phase; but cdcl8^^ACig2 double m utant becomes ts^ and can perform a 

normal S-phase that suggests that the lack of Cig2 promotes S-phase (Kelly et al, 

1993). Hence, the low levels of Cig2 on its own can not explain any of the observed 
pop3 phenotypes, however Cig2 low levels in addition to other defects could result 

in some of abnormal phenotypes in pop3 mutants. The study of this second defect 
attributable to Pop3 dysfunction will be an important feature to investigate in the 

future.

The absence of protein accumulation and the observation that Arumlpop3-5235 

double m utant is still polyploid, opposed to ApoplAruml and Apop2Aruml that are 

not polyploidised; confirm that Pop3 is not functionally close to Popl or Pop2, 
discarding the possibility of any proteolysis related function for Pop3.

Studying further the low levels of a-tubulin protein, a similar result was obtained 

when looking at microtubules in fixed cells. Few microtubules were observed at 

the permissive temperature and nearly none at the non-permissive temperature for 

Apop3 cells. The inmunofluorescence also showed that low microtubules at the 
permissive temperature gave rise to a certain percentage of unequal chromosome 

segregation in cells, which may produce polyploid and non-viable anucleated cells. 

The percentage increases at the non-perm issive tem perature. Through this
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observations I realise that the polyploid phenotype in pop3 m utants was not a 

prim ary effect of the mutation, but a secondary effect of the m utant produced by 

cells having fewer m icrotubules that probably affected sister chrom atid 

segregation.

This finding also helped to understand the slow growth of the strain and the 

ploidy revertant phenotype observed in the physiological characterisation. Ploidy 

was the result of unequal chromosome segregation that produced two cell 

populations, increased ploidy cells and cells that mostly do not contain enough 

genetic material to be viable. It is consistent with the result showing that the pop3 

m utant suffers from low viability. Hence the usual exponential growth of the strain 

does not occur, making the strain apparently divide slower. On the other hand, the 

reversion to wild type DNA content occurs occasionally when the DNA material 

was properly segregated.

Unequal sister chromatid segregation gives rise to genetic instability. The adequate 

segregation of the genetic material is of major importance in all cells to be viable 

and generate in accordance with the environment. Genetic stability is an important 

requirem ent for the proper cell generation and function; instability creates 

cancerous, m utant and non-viable cells. The requirement of genetic stability is 
found in all organisms and has big importance in higher organisms, where the 

instability produces cancerous cells. The full understanding of the mechanisms and 
proteins that take part in them is a major area of study at the moment in order to 

comprehend the behaviour of some cancerous cells.

8.3. Splicing

A personal notification from Judith Potaskin informed us that Prp2 (splicing 

factor) (Potashkin et al., 1989) had fished out Pop3 in a yeast two hybrid screen. 

Northern blot analysis showed that Pop3 does not accumulate unspliced mRNA, 

as splicing m utants do (like prp2).
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Prp2 is composed of two RRM (RNA recognition motifs) at the C-terminal, which 

suggest that the possible interaction between Pop3 and Prp2 could probably be in 
the N-terminal of Prp2, forming a bridge between the mRNA and other proteins. 

Pop3 could function by increasing the amount of interactions between Prp2 and 

other complexes. If this interaction was confirmed by inm unoprecipitation, it 

would be interesting to study interactions and functions of Pop3 in splicing in 

more detail.

Pop3 is a member of a large complex, but I have shown that the splicesome is not 

likely to be that complex, as the localisation of Prp2 fractions do not vary in a gel 

filtration ofPop3-5235myc, This suggests that Pop3 may interact w ith Prp2 in 

functions other than splicing or that Pop3 is the bridge betw een two large 

complexes, the splicesome being one of them.

8.4. Transcription

The most important conclusion drawn from the work described in the thesis is the 

involvement of Pop3 in transcription or related processes. Low levels of mRNA in 

Apop3 indicate a transcriptional, RNA processing or RNA stability defect. Low 

RNA levels seem to be the prim ary effect of the m utation leading to secondary 

effects in m any different processes. The starting point of the project was to 
understand regulation at the protein level (proteolysis) and this m utant has turned 

out to be related to regulation at the RNA level. Even though low general mRNA 

levels are found in Apop3 cells, not all protein levels are affected by the mutation. It 

suggests that there are other mechanisms by which the cell maintains the levels of 
some proteins. mRNA structure can be related to mRNA stability through 

sequences, making some mRNA slightly more stable even w ithin the general 

instability. These slightly more stable mRNAs will produce protein levels that are 

closer or similar to wild type protein levels.

The rate of mRNA synthesis is not the sole determinant of the steady state levels of 
a mRNA. The RNA decay rate is also a major determinant. The vast majority of 

mRNAs carry a 5' cap structure and a poly (A) tail with its associated poly (A)
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binding protein, which protect the RNA chain from degradation by exonucleases. 

When mRNA is 25 bp long it is modified by the addition of 5' cap (Coppola et al., 

1983; Rasmussen and Lis, 1993). Shortly afterwards, in another co-transcriptional 

reaction, the cap is bound by cap binding complex (CBC), which enhances 
subsequent splicing and 3' end processing (Visa et al., 1996). Capping is promoted 

by a change in the Pol II phosphorylation state, after which capping enzymes bind 

to the carboxy terminal domain (CTD) of RNA polymerase PolII and perform their 

function (O' Brien et ah, 1994). Like capping, cleavage at the poly (A) site is also 

dependent on the CTD, as polyadenylation factors bind the CTD and the CTD 

enhances the cleavage reaction (McCraken et ah, 1997; McNeil et ah, 1998).

In addition to the 5' cap and 3' poly (A) tail, the intrinsic stability of a given mRNA 

is also influenced by specific internal sequence elements. A num ber of such 

elements have been identified that exert a destabilising effect on the mRNA and 

may be located in any region of the transcript. In the mRNA of S. cerevisiae, for 

example, such determinants have been found in the 5' UTR (Pierrat et ah, 1993), in 
the coding region (Herrick and Jacobson, 1992) and in the 3' UTR of different 

mRNAs. In contrast, the existence of stabilising elements in yeast mRNA is poorly 
documented. In higher eukaryotes, several sequence elements that promote rapid 
poly (A) shortening have been identified; for example sequences w ithin the 
mammalian c-fos coding region and 3' UTR contain AU-rich region element (ARE) 

(Chen et ah, 1994) and in yeast sequences within the 3' UTR of the MFA2 mRNA 
(M uhlrad and Parker, 1992) each appears to function to prom ote poly (A) 

shortening. Furthermore, a family of ARE binding proteins bind to AREs on many 

mRNAs and regulate their stability (Ross, 1996).

Lack of 5' cap, splicing, poly (A) tail or ARE binding proteins may influence the 

RNA half-life. Recently there has been an increase in our understanding of the 

interactions between these four processes and general transcription machinery 

(Day and Tuite, 1998). The CTD functions as a scaffold for assembly of capping, 
cleavage and polyadenylation complexes.

This is an interesting area of research for the future, as poly (A) tail length in pop3 

mutant, 5' capping, binding to elements in the mRNA or interactions with Pol IPs
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CTD could be studied. It would also be interesting to investigate whether Pop3 is 

involved in the stability of mRNAs by silencing destabilising sequences or whether 
it functions as the common bridge joining several complexes. Half-life of specific 

mRNA transcripts could be studied to see whether a correlation with the protein 

level could be found. We already know that Pop3 is found in a large complex and 

that it may interact with the splicesome through Prp2. The next steps would be to 

see if it interacts with PolII CTD, capping proteins or poly (A) proteins, which 

could explain the low mRNA levels in the absence of Pop3 or whether it forms a 

new complex with Prp2.

8.5. W atl

Prior to the cloning of pop3^, some work had been done on pop3 that was not placed 

in any database. I discovered this whilst searching for homologues of Pop3. The 

work was published and the protein named W atl (for watermelon 1) (Kemp et a l, 

1997).

The starting point for both studies could not have been more different, the strains 

and m utants are different and, even the reasoning behind the screens was 
different. Kemp et al. started from a mutant, cdc3-6 obtained in cell cycle screen 

done in the laboratory of P. Nurse (Nurse et ah, 1976). cdc3+ gene encodes profilin, a 
protein which binds monomeric actin and is involved in the formation of the F- 

actin contractile ring during cytokinesis. Two temperature sensitive alleles of cdc3, 

cdc3-6 and cdc3-124 were identified in the initial screen of cdc m utants in S.pombe 

but they exhibit strikingly different phenotypes. The difference between the two 

cdc3 alleles was due to a second mutation found in the cdc3-6 allele, this mutation 

was nam ed watl due to the watermelon shape of the m utant cells. Kemp at ah 

analysed and studied the mutation mainly focusing on actin. The m utant was short 

and round, slow growing at 25°C and temperature sensitive. When the w atl cells 

were placed in low nitrogen condition they did not arrest in G1 as expected. The 

watl gene was not essential and encoded a 315 amino acid protein w ith 4 WD- 

repeats, having the closest homologue in S. cerevisiae (67%) (accession num ber 

X77114). Microtubule organisation was normal but actin was delocalised in the
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cell. They were unable to determine the localisation of W atl or to detect genetic 

interactions w ith any gene known to be involved directly in the formation or 
regulation of the actin cytoskeleton. They conclude that even though W atl may be 

important for maintaining normal cell morphology, it may do so indirectly.

Major differences and similarities are found between W atl and Pop3. The main 

differences probably come from the origin and focus of the w ork in both 

laboratories. The starting point of the work described in this thesis was re

replication and theirs actin delocalisation. The P op3 /W atl proteins show 

phenotypes in both polyploidisation and actin localisation but these are probably 

secondary effects rather than as direct result of loss of Pop3 or W atl function. 

Thinking about the major phenotypical differences observed in cell shape, I would 

adventure to say that because pop3/watl mutants show many different phenotypes 

and each laboratory has been concentrated on those aspects more interesting to 

them. The re-replication phenotype, which was used to select pop3, can be 

explained by observing pop3-pink colonies. These colonies m aintained all the 

characteristics of pop3 except the ploidy and when they are grown in phloxin B 

plates a small proportion of them revert to polyploid again, which explains why 
we could select it in our screening and why the phenotype was not noticeable for a 

lab interested in cell shape.

Sterility is another phenotype of Apop3 that to certain extend kept reverting to 

wild type. I suspect the differences between their work and ours are due to the 

different interests. The phenotype of slow growth, no G1 arrest, tem perature 
sensitivity and delocalisation of F-actin are found in mutants of both studies. The 

m ain and m ost im portant difference is the microtubule abundance in Apop3. 

M utants of watl show no difference compared to wild type, we found reduced 

num bers of microtubules even at the permissive temperature and nearly none at 

the non-permissive. I find such difference is difficult to explain, as is a phenotype I 

have always seen observed both with light and confocal microscopy and is one of 

the primary effects of the Apop3 mutant.

173



Discussion

8.6. Protein structure: WD-repeats

The WD repeat (Neer et a l, 1994; Smith et al., 1999)domain is found in all 

eukaryotes and is implicated in a wide variety of crucial functions. There is a 

correlation between a sequence repeat and a structural repeat. Each repeat forms a 

P-propeller that contains three potential interacting surfaces. Hence the WD 

propeller structure creates a stable platform that can form complexes with several 

proteins. Thus, co-ordinating sequential a n d /o r  sim ultaneous interactions 
involving several sets of proteins.

Due to the unique structure of Pop3, which only contains six (or seven) WD- 

repeats, there are endless possibilities of interactions with many proteins. Due to 

such vast possibilities the yeast two-hybrid system was used to identify interacting 
proteins and 21 candidates were obtained. Three of them showed a strong 

interaction but unfortunately I have no time to characterise them. However, this 
leaves a door open for future work characterising those partners of Pop3.

Pop3 has homologues in S. cerevisae (67%), A. thaliana (50%), R. norvégiens (42%) 

and H. sapiens (44%) and D. melanogaster (45%). No much, other than the sequence, 
is known about the A. thaliana and D. melanogaster homologues. However, budding 

yeast, rat and hum an homologues are being studied and can provide some 
information about the possible function of Pop3. The described functions for Pop3 

homologues are very diverse involving different areas or mechanisms within the 

cell. The S. cerevisiae hom ologue protein, Lst8, is required for transport of 

permeases from the Golgi to the plasma membrane. Hum an and rat homologues, 
on the other hand, have been identified as response effects to different stimuli or 

treatm ents. The Pop3 rat homologue appears to be regulated by insulin in 
adipocytes cells and the hum an counterpart of Pop3 has been isolated as a protein 

that is regulated as response to DNA damage that will culminate in apoptosis 

following the stress treatment of leukaemia cells. The diversity of the functions 

encountered in Pop3 homologues does not restrict the possible areas of function 
but suggests a wide variety of functions.
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We have studied responses to different stresses in Apop3, finding the deletion strain 

is sensitive to some (HU) but resistant to others (anisomycin and UV). It would be 

interesting to see whether when wild type cells are presented with stress, Pop3 

protein levels change. An increase of Pop3 in such situation may aid in the 

understanding of the function of Pop3. Apop3 cells show a decrease of mRNA 

levels, suggesting Pop3 may be involved in mRNA stability. If an increase of Pop3 

protein was observed in wild type as response to stress, and the Pop3 increase 

linked to more stable mRNA. It would be interesting to compare stability of 

mRNA in wild type and in Apop3 cells under stress.

Gel filtration experiments clearly showed the presence of Pop3 in a large complex, 
which is in agreement w ith the interactive possibilities of the protein due to its 

structure. The precise size of the complex has not been determined as it elutes in 

the void but it is likely to be a complex larger than 700 kDa and taking into account 

the fact that Pop3 is only 34 kDa, it leaves plenty of scope for more than one 

interaction

8.7. Model

With the information about Pop3 at the moment I can proposed a general model, 
where Pop3 has a role in transcription or mRNA processing. Cells lacking pop3 

have low levels of total mRNA, which particularly affects the cell cycle and 

cytoskeleton.

In the cell cycle low levels of mRNA are most obvious with low levels of Cig2 

protein and heat response proteins may also be low making Apop3 temperature 
sensitive. Low levels of Cig2 have not been link to any observed phenotype, 

however its absence may contribute to some phenotype of Apop3 if low Cig2 is 

found in addition to other mutation.
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On the other hand, in the cytoskeleton, low mRNA levels leads to reduced a- 

tubulin levels, which results in fewer microtubules. This may be why unequal 

chromosome segregation leading to polyploidisation is seen in Apop3. Localisation 

of F-actin is also disturbed in ApopS, as F-actin localises at the site of mating. The 

delocalisation of F-actin may explain partially the sterility of the ApopS mutant. 

Although actin levels appear not to be reduced in this m utant, it is possible that 

some actin-binding proteins, responsible for F-actin integrity, are low in Apop3 

cells. Another factor that may influence the sterility of the m utant is the defect in 

G1 arrest. When S. pombe cells are presented with the pheromone (M & P factors), 

they arrest in G1 prior to mating. Lack of G1 arrest makes it impossible for Apop3 

cells to conjugate.

This model is broad and may explain most of the multiple phenotypes found in 

pop3 m utants, however further work is required to find the real location and 

function of Pop3 protein.

The w ork presented throughout this thesis is only the beginning in the 
understanding of Pop3 protein. Several directions have been open that could lead 

to better understanding of possible interactions betw een different processes 

(transcrip tion, mRNA processing...) w ithin the cell. D isruption of these 

interactions would lead to multiple phenotypes, as is the case of Pop3. A better 

understanding of basic interaction that may affect the genetic instability would be 
of great importance for the understanding of developmental and cancer related 

mutants.
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Chapter 9

Materials & Methods

A. Yeast Physiology and Genetics

A. 1. Nomenclature

The genetic nom enclature of Schizosaccharomyces pombe is not completely 

established; hence in this thesis the following nom enclature will be used. 

Fission yeast gene names consist of three italicized lower-case letters and a 

num ber, e.g. cdcl. M utant alleles of a gene are denoted by a hyphen and a 

num ber, or a combination of letters and num bers, e.g. cdc2-M 26. Alleles 

conferring temperature-sensitivity can be marked with a superscript, e.g. cdc2- 

M26 The wild type allele can be designated with a superscript plus when the 

context requires specification of the wild type allele. Phenotypes are denoted by 

an non-italicized three-letter abbreviation corresponding to a gene name, e.g. 

cdc. Gene deletions are indicated by the gene name prefaced by a "A", e.g. Aresl.
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Integrated DNA is indicated with"::" A gene deletion marked with integrated 

auxotrophic m arkers is indicated with"A:: marker", e.g. Aresl:: ura4. Gene 

products are denoted by the high-case first letter, non-italicized gene name e.g. 

Cdc2. For truncated and m utated gene products the protein name is followed 

by an non-italicized tag, for example, Cdcl8-d55.

A. 2. Strain growth and maintenance

Techniques used to grow and maintain fission yeast strains, to store and revive 

frozen cultures, to perform and analyse crosses by tetrad or random  spore 

analysis, were performed exactly as previously described (MacNeill and Fantes, 

1993; Moreno et a l, 1991). Plates contained 1. 6% agar. The only difference in 
culture name is YE5S (Difco Yeast extract + 250 m g/1 histidine, leucine, 

adenine, uracil, lysine). YE5S will be referred as rich media unless otherwise 

stated.

A. 3. Cell Transformation

Cell transform ations were mostly carried out to identify m utated genes by 

complementation or to over express proteins using the nmt promoter system. 

Transform ation w ith plasm id DNA was carried out by Lithium  acetate 

procedure as previously described (Moreno et a l, 1991).

A. 4. Induction of gene expression from the n m t  promoter

The nm t prom oter is derived from the n m tl  gene and is repressed by the 

presence of exogenous thiamine (Maundrell, 1990). It exhibits a high basal level 

of expression in the presence of thiamine. Mutations in the TATA box were 

used to develop modified nm t promoters w ith intermediate or low level of 

expression (Basi and Draetta, 1995; Forsburg, 1993). These mutations affect the 

activity of the promoter in both its repressed and its induced, active state. The
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Repl and Rep3 vectors contain the wild type, strong nm t prom oter. The 

m utated promoters present in Rep41, 44 and 45 vectors drive an intermediate 

level of expression and in RepSl, low level of expression. To achieve ectopic 

expression, cultures were grown in EMM containing thiamine (Spg/ml) to 

exponential phase. Cells were washed by filtering through Millipore filters and 

washed several times with EMM; and subsequently grown in the absence of 

thiamine for 4-5 generations (MacNeill and Fantes, 1993).

A.5. Recovering plasmids from yeast transformants.

Once transform ants are identified that are able to grow under the relevant 
condition, the plasmid harboured by transformants were rescued as described 

previously (MacNeill and Fantes, 1993) except that the plasm id DNA was 

purified using wizard DNA clean up system (Promega) following the protocol 

of the manufacturer.

A. 6. Physiological experiments: starvation and drugs.

Strains were grown in complete media (YES5 -rich  media) and in minimal 

media (EMM) as previously described (Moreno et a l, 1991).

Strains were grown under different stresses to identify sensitivities.

Thiobendazole (TBZ) (20 pg /m l), anisomycin (7.5 pg /m l) and T-BOOH 

(0.5mM) were used in plates to do spot test.

Hydroxyurea (HU) and UV were done following the procedure described 

previously (Al-Khodairy et ah, 1995).
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A. 7. Fission yeast strains

Strain Genotype Source
PN513 k le u l ' ura4' P. Nurse

CHP428 h ^ leu t ura4~ his7' ade6-21Q- C. Hoffman

CHP429 k  le u t ura4' his7' ade6-21& C. Hoffman

3-64 le n t ura4' popl-364 Our stock

422 k° le n t ura4' popl-422 Our stock

577 k°  luel' ura4' popl-577 Our stock

5-235 k°leuV  ura4' pop3-5235 Our stock

6-84 leul' ura4' popl-684 Our stock

6-184 k° leul' ura4' popl-6184 Our stock

6-188 k° leul' ura4' popl-6188 Our stock

6-108 k° leul' ura4' Our stock

7-64 leul' ura4' popl-764 Our stock

7-182 leul' ura4' Our stock

22 k  leul' Our stock

Aruml (PN1012) k  leul' ura4' ade& ruml:: ura4^ P. Nurse

Apop2 (TP449-4B) k° ura4' his7' pop2:: his7* Our stock

Apopl (KK203) k  leul' ura4' ade& popl:: ura4* Our stock

Apcul- k  leul' ura4' ' pcul:: ura4* This study

Apop3- *2 h*' leul' ura4' his7' pop3:: ura4* This study

Apapl (TP1083C) k  leul' ura4' papl::ura4* Our stock

Arumlpop3-5235- *2 leul' ura4' ruml:: ura4* pop3-5235 This study

Apop2Apop3-*2 k°  leul' ura4' his7' pop2:: his7* pop3:: ura4* This study

Pop3GFP»ï k  leul' ura4' pop3^G¥F Kan^ This study

Pop3myc .j k  leul' ura4' pop3*mycKan^ This study

Pop3HA»2 k  leul' ura4' pop3^HA KarF This study

Pculmyc»! k  leul' ura4' pcuVmycKan^ This study

Pcu1HA»2 k  leul' ura4' pcul^HA KarF This study

Ci2

overexpression

h' leul-32' ura4-D18' int. pJK148- 

SV40::cig2*

P. Nurse
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nda3-benl k  leul' nda3-benl Our stock

Aatb2 k  leul' atb2::leu2 Our stock

pop3-333 ade 6' pop3-333 This study

pop3-5235myc*i k°leul'ura4' pop3-5235myc karf This study

pop3-5235GFP>i k°leu l' ura4' pop3-5235GFP karf This study

Alp4HA k  leul'ura4' his7alp4+HA karf L. Vardy

972 k° his7 Our stock

TP114-2A k°leu l ura4 Our stock

*1 All the strains are of new creation. Strains were constructed using the Bahler 
method (Bahler et al., 1998). Deletion strains were created by transforming a 

Ura4 fragment that contained 80 bp at each end of the area surrounding the 

gene of interest, which allow recombination and replacement. The transformed 

diploid strains were made to sporulate and tetrad analysis performed. Spores 
were grown in Ura- plates to distinguish deletion strains from wild type. 

Geneticin /  G418 was also used to select spores with the insert (resistance gene 
carried in the fragment). Spores were finally checked by PGR.

Tagged strains were created using the tag construct in the w ith 80 bp 

recognition sites at both ends. They were transformed into wild type haploid 
cells and selected with Geneticin/ G418. All strains were checked by PGR and 
western.

*2 Double m utant strains were created using protoplast fusion. Tetrad analysis 

of the spores and selection by PGR or m arkers was done to ensure both 

mutation were carried in the same strain.

PN513 was used a wild type control as all the auxotroph marker carried by 

pop3-5235 and PN513 were the same. PN513 (h ) is not the same mating type 

than pop3-5235 (h^°), however due to the sterility of pop3-5235 strain and the lack 
of mating partner of PN513 make them behave identically.
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A. 8. Flow cytometric analysis

Flow cytometry provide a rapid and accurate way of determining the relative 

DNA content of population of fission yeast (Sazer and Sherwood, 1990). The 

protocol for the preparation of flow cytometry samples is based on that in 

(MacNeill and Fantes, 1993). 10 -̂10  ̂cells were fixed in 70% ethanol, washed in 

1ml 50 mM NagCitrate, resuspended in 1ml 50mM NagCitrate, O.lmg RNAse, 

incubated for 2h at 37°C. Add 2 |ig /m l propidium  iodine incubated for 2h at. 

Cells were then sonicated for 60 seconds at setting 5 (Soniprep 150 sonicator, 

MSE), and the previously published protocol for flow cytometry followed 
(Sazer and Sherwood, 1990)using Becton- Dickinson Fac Scan with an excitation 

wavelength of 488 nm  and a detection wavelength of 510-550 nm. For data 

analysis CELLQUEST software package was used.

All the samples showed of FACS analysis are in log scale. All of them are 

calibrated using wild type as 2C control and Apopl as 4C control. When cell 
size is mentioned, the measurement has been taken through forward scattering.

A. 9. Cell num ber determination

Samples were fixed by adding 200|il to lOmls formal saline (0.9% saline, 3.7% 

form aldehyde) and sonicated as above. Cells were counted on Sysmex 
Microcellcounter F-800 on the White Blood Cell channel or in the Coulter 

counter Zm as stated in each case.

A. 10. Screen

h^° stra in  (TP114-2A) w as m utagenized  w ith  N -m ethyl-N '-n itro -N - 

nitrosoguanidine. Sterile m utants (1008) were first isolated by iodine vapour 

treatment from 200,000 mutagenized colonies. Each sterile m utant was grown 
in low nitrogen medium for three days at 26°C and processed for FACS as 

described previously (Kumada et aL, 1995).
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B. Molecular Biological Techniques 

B. 1. General techniques

The following procedures were used as described in (Maniatis et a l, 1982): 

preparation of competent bacteria, transform ation of bacteria w ith DNA, 

restriction enzyme digests of DNA, gel electrophoresis of DNA, ligation of 

DNA fragments and minipreps.

B. 2. pop3^  gene identification

M utant pop3-5235 was transformed with N library (pDB248-based genomic 

library) to obtain three plasmids that rescue the m utant phenotype. Plasmids 

were transform ed into bacteria for the transposon m ethod described in 
(Morgan et ah, 1996) and a partial pop3* gene sequence was obtained, which was 

submitted to the Sanger Centre.

B. 3. Nucleotide sequence determination

The nucleotide sequenced of pop3^, plasmid 59 and plasmid 119 were determined 
with dideoxy method (Sanger et al, 1977). The sequence of PopS and Pcul are 

available in EMBL/GeneBank/DDBJ under accession numbers AB016895 and 

AB016896, respectively.

B. 4. Gene disruption

pcul and pop3 ^genes were disrupted with a 1.8 Kb ura4^ PGR fragment using 

the method described in (Bahler et a l, 1998). A diploid strain (CHP428/429) was 

used to disrupt the genes. The disruptions of the genes were verified by PGR, 

then tetrad analysis was performed as described in (Moreno et a l, 1991) and 

stable ura4^ transformants were picked.
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B.5. Tagging

All the taggings perform ed were done using the plasm ids and m ethods 
described in (Bahler et aL, 1998), and subsequently checked by PCR and 

Western Blot analysis.

B. 6. Oligos for gene disruption and tagging

Name Sequence

A pcu l (-N) ATTGCGTGATTAATTACATATATAACACTCGAAAAGTATATCATTTTTTTTGGAG
CATTTCGCGGAGATGTTTCTCTCAAATTCTAAATGCCTTCTGACA

Apcul (-C) TATCTGCCATCTAAGAAAGAGCAATTGTGTGCTGAATAAAATATATTTTACTTG
TTATACATTTATAACCATTTTGGTTACAAATCCCACTGGCTATATG

Pop3 (-N) TTTCATATGATGTCAGTACAGTATCC

Pop3 (-C) TTTTGGATCCTTAAATTTGGTAGTCAT

ApopS  (-N) AATTTTCCAACATCAGTTGAGCTAAAAATACAACAAAACATAACTCGTAAACT
TATTTTGAAAAATGCTTTGAAACACATTCTAAATGCCTTCTGACATA

A popS (-C) AAAATTTTCAGTCATTAATTCTCTCTGTATTCGAGTTTGTTTAATAACTACAGTA
TAACAGCGCTCCATTCTTTAACCACCAAATCCCACTGGCTATATG

Pop3 tagging 

(-N)

TATCGAGTGGTGAAACAATCCGTCAGTATTCGGGTCATCACAAAGCTGCTGTTT
GTGTTGCTCTTAATGACTACCAAATTCGGATCCCCGGGTTAATTAA

Pop3 tagging 

(-C)

GTAATTTTCCAACATCAGTTGAGCTAAAAATACAACAAAACATAACTCGTAAA
CTTATTTTGAAAAATGCTTTGAAACACGAATTCGAGCTCGTTTAAAC

Pcul tagging 

(-N)

GATAIT AAGCAATGTATAGATATGTTAATCGAAAAGAGTACCTGGAACGCCAA 
GGCCGCGATGAATACATTTACCCTTGCCGGATCCCCGGGTTAATTAA

Pcul tagging

(-C)

CGTATTGCGTGATTAATTACATATATAACACTCGAAAAGTATATCATTTTTTTTG
GAGCATTTCGCGGAGATGATTCTCTGAATTCGAGCTCGTTTAAC

B. 7. W estern Blot analysis

W estern blots were used to measure the amount of protein. Cells were lysed

with glass bead in HB buffer (Moreno et aL, 1991) in Fastprep (Anachem) cell
breaker. Protein concentration was determined with BioRad protein assay

system and cell extracts were boiled in 5X sample buffer. 30|Xg of protein from
each sample was run in a 10% SDS- polyacrylamide gel. For Western Blots, the
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protein was blotted to Immobilon membrane (Millipore) and detected using 
ECL (Amersham).

B. 8. Antibodies used for Western Blot

Name Source Concentration
HA (16B12) Babco Mouse 1/500

Myc (9F10) Babco Mouse 1/200

GFP Clontech Mouse 1/200

F-actin Amersham Mouse 1/1000

a-tubulin Sigma Mouse 1/5000

p-tubulin Sigma Mouse 1/1000

Cdc2 (YlOO) H. Yamano Rabbit 1/1000

Cdcl3 (HYl) H. Yamano Rabbit 1/500

CdclS H.Nishitani Rabbit 1/1000

Mcm6 P. Nurse Rabbit 1/500

Cig2 P. Nurse Rabbit 1/500

Rum l (3AP) P. Nurse Rabbit 1/1000

PolII Santa Cruz Mouse 1/500

U2AF J.Potashkin Rabbit 1/200

TFIID Santa Cruz Mouse 1/100

B. 9, Preparation of probes for Northern blot analysis

The following oligonucleotides, TFII-INl (20-mer), 5'- GAAATCTCGTGA 

CATGGTAG -  3', that is complementary to the first intron of S. pombe TFIID pre- 

mRNA; and TFII-EX3 (20-mer), 5'-GAGCTTGGAGTCATCCTCGG-3', th a t is 

complementary to the third exon of S. pombe TFIID pre-mRNA, were used as 

probes for the Northern blot analysis. The oligonucleotides were labelled at the 

5' ends using [y-32P] ATP and T4 polynucleotide kinase.
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The nda2^, cdc2*, cig2*, and actV  probes were generated by random  primer 
labelling of the 1.8 kb fragment of nda2*, the 1.3 kb fragment of cdc2\ the 1.3 kb 

fragment of cig2^, and the 1.1 kb fragment of actV  genes labelled with [a-32P] 
dCTP using a Multiprime DNA labelling kit (Amersham Co.).

B. 10. Northern Blot analysis

N orthern blots m easure the amounts of mRNA in the cell. Total RNA was 

isolated by the hot-phenol method. The isolated RNA was separated on a 1% 

agarose gel, transferred to a nylon membrane and then subjected to a Northern 

Blot analysis (Maniatis et aL, 1982).

B. 11. Protoplast fusion

Due to the impossibility of mating of sterile mutants, sterile strains are fused 

together to form a diploid by depleting cells of the cell wall and fusing them 
together. The procedure is called protoplast fusion. Strains were grown 

overnight to a concentration of 5x10^-2x10^ Cells were spinned in a benchtop 
centrifuge at 3000 rpm for 5 minutes. Pellets were resuspended in 10ml of 1.2M 

D -sorbitol/ 50mM sodium citrate/ 50mM sodium phosphate/ 40mM EDTA 

(pH. 5.6) + 20pl of 2- mercaptoethanol and incubated for 10 minutes at room 

tem perature. Cells were pelleted by spinning at 3000 rpm  for 5 minutes and 

resuspended in 10ml of 1.2M D-sorbitol/ 50mM sodium citrate/ 50mM sodium 

phosphate (pH. 5.6) containing 20mg of Novozym 234. Samples were incubated 

at 37°C for 30 minutes. After 50% of the cells became rounded, 30ml of 1.2M D- 

sorbito l/ lOmM Tris-HCl (pH 7.6) and spinned at 3000 rpm  for 5 minutes. 

Pellets were washed twice with 30ml of 1.2M D-sorbitol/ lOmM Tris-HCl (pH 

7.6). The pellets from the final wash were resuspended in 1ml of 1.2 M D- 
sorbitol/ lOmM Tris-HCl /  lOmM calcium chloride (pH 7.6). Combination of 

strains was performed and 1ml of 20% PEG 3500/ lOmM Tris-HCl /  lOmM 
calcium chloride (pH 7.6) was added to each combination tube. Cells were 

mixed and incubated for 30 minutes at room temperature. The protoplasts were
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pelleted by spinning at 2000 rpm for 5 minutes. Pellets were resuspended in 

lOOpl of 1.2M D-sorbitol/ lOmM Tris-HCl/ lOmM calcium chloride (pH 7.6) 

and plated in selective EMM + sorbitol plates. Plates were incubated at 27° C for 

5 days.

B. 12. Immunolocalisation

To be able to study localisation of proteins in life cell immunolocalisation is 

used. Strains are treated w ith antibodies that enable us to visualise their 

localisation within the cell. Cultures were grown to log phase overnight. Cells 

were counted and 5x10^ cells were filtered in Millipore m ethanol resistant 

filters. Filters were placed in 20 ml cold methanol at -70°C for 10 minutes. Cells 
were spinned at 3000 rpm for 3 minutes and resuspended in 1ml of lOOmM 

P ipes/Im M  EGTA/ ImM  MgS04 (pH 6.9). Cells were washed 3 times more 
w ith 1ml of lOOmM Pipes/ ImM  EGTA/ ImM  MgS04 (pH 6.9). The pellets 

were resuspended in 1ml of 0.6 m g/m l zymolase (ICN) in lOOmM Pipes/ ImM 

EGTA/ ImM  M gS04/ 1.2M sorbitol (pH 6.9) and the cultures were incubated 

shaking at 37°C for 70 minutes. Cells were spinned and resuspended in 1ml of 
1% Triton XlOO/ lOOmM Pipes/ ImM EGTA/ ImM MgS04 /  1.2M sorbitol for 

5 minutes. Cells were washed 3 times with 1ml of lOOmM Pipes/ ImM EGTA/ 
Im M  M gS04, resuspended in 1ml of lOOmM P ipes/ Im M  EGTA/ ImM  

M gS04/ 1%BSA (Sigma)/ 0.1%NAN3/ lOOmM L-lysine monohydrochloride 
(Solution filtered by MILLEX-GS (0.22mm, Millipore) and incubated for 30 

m inutes at room temperature. Cells were pelleted and the prim ary antibody 

was added (antibody added to 200|il of lOOmM Pipes/ ImM  EGTA/ ImM  

M gS04/ 1% BSA (Sigma)/ 0.1% NA N3/ lOOmM L-lysine monohydrochloride). 

The cells were incubated overnight at room temperature on a rotatory inverter. 

Cultures were spinned and washed 3 times with 500|xl of lOOmM Pipes/ ImM 

EGTA/ Im M  M gS 04/ 1% BSA (Sigma)/ 0.1% N A N 3/ lOOmM L-lysine 

monohydrochloride. The secondary antibody was added (antibody added to 

200|il of lOOmM P ipes/ Im M  EGTA/ Im M  M gS 04/ 1% BSA (Sigm a)/ 

0.1%NAN3/ lOOmM L-lysine monohydrochloride) and incubated for 2 hours 

on the dark on a rotatory inverter. Cultures were spinned, 3 times washed with
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500|il of lOOmM P ipes/ ImM EGTA/ ImM M gS04/ 1% BSA (Sigma)/ 0.1% 

N A N 3/ ICOmM L-lysine m onohydrochloride and resuspended in 50|xl of 

PBS/NAN3.

B.13. Antibodies used for inmunolocalisation

Antibody Source Dilution

TAT-1 (a-Tub.) K. Cull Mouse 1/50

F-actin Amersham Mouse 1/50

HA (16B12) Babco Mouse 1/500

B.14. Rhodamine - Phalloidin staining

Rhodamine -Phalloidin staining is used to localised F-actin within the cell. 

Cultures were grown to exponential phase. Cells were fixed by the addition of 
1/10 of the culture volume of 35mM K-Phosphate (pH. 6.8)/ O.SmM MgS04 
and 1 /5  of the culture volume of formaldehyde (16% EM-grade MeoH-free 
from Polyscience) and were agitated for 10 minutes. Cells were pelleted and 

washed 3 times with 35mM K-Phosphate (pH. 6.8)/ 0.5mM MgS04. Cells were 

permeabilised by resuspending them in 1% X-100 triton in 35mM K-Phosphate 

(pH. 6.8)/ 0.5 mM MgS04 for 4 minutes. After which, cells were washed 3 

times with 35mM K-Phosphate (pH. 6.8)/ 0.5 mM MgS04 solution. Part of the 

pellet (5pl) was added to 5|il Rhodamine- Phalloidin (Molecular Probes) and 
incubated for an hour at room temperature in the dark on a rotatory inverter.

B.15. Gel filtration

Cel filtration separates proteins that are found alone or in a complex by size. 

Large complexes are the first to elute of the column, whereas single or small 

complexes are the last.
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Cell cultures were grown to log phase (3x10^ cells/ml) overnight. Cells were 

harvested at 3000 rpm for 5 minutes and resuspended in 300|xl of ice cold 20mM 

T ris/H C l (pH. 7.5)/ 20% glycerol/ O.lmM EDTA/ ImM  2-mercaptoethanlo/  
5mM A TP/ protease inhibitors (Boehringer Complete). 200ml of glass beads 

were added to the cells and they were placed for 25 seconds at 5.5 speed in the 
Fastprep (Anachem) cell breaker. Cells were centrifuged for 30 seconds at 14000 

rpm  in a bench top centrifuge and the supernatant was transferred to an 
eppendorf. Protein concentration was calculated with BioRad protein assay kit.

Pharmacia Biotech, 25ml Superose 6 gel filtration column was equilibrated 

overnight with 20mM Tris/HCl (pH. 7.5)/ 20% glycerol/ O.lmM EDTA /  ImM 

2-mercaptoethanlo/  5mM ATP/ lOOmM NaCl/protease inhibitors (Boehringer 

Complete). The column was run at 0.2 m l/m in  and 50jil fractions were 

collected. 15|il of each fraction were used for the Western Blot analysis.

Markers: Dextrox Blue ( 2000 kDa- void), Thyoglobulin (670 kDa), Aldolase ( 

158 kDa), BSA (67 kDa) and (43 kDa).

B.16. Antibody creation

pop3^ gene was cloned into pET bacterial plasmid and transformed into bacteria 

(Maniatis et aL, 1982). Cell were selected on plates and grown in the presence or 
absence of IPTG. Induced and non induced cell extracts were prepared and run 

in polyacrylamide gel. Gels were Coomasie blue stained (Maniatis et aL, 1982). 

No differences were observed between induced and non-induced. Pop3 can not 

be produced in bacterial system.

Synthetic peptides were created and coupled to KLH before injection into 

rabbits.
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B.17. Yeast two hybrid

The yeast two hybrid system makes use of Lac operon. By using the inducer of 
the lac operon, which consists of two domains the technique has evolved to fish 
interacting proteins. Each domain is cloned into separate plasmids containing a 
cDNA library. Only when interacting proteins bring together the two domains 
of the inducer, the inducer and the lac operon will be active. W hen cells are 
placed in the presence of X-Gal, the colonies become blue if the inducer is active 
or stay white if the inducer is not active. Plasmids are transform ed into 
different S. cerevisiae strains, m ated and selected according to the markers. If 
there is a high background of positives, a drug, 3-AT, is used to ensure the 
interaction is not a false positive. High concentrations of 3-AT are used to 
ensure the protein-protein interaction is real.

The procedure was done according to (Fromont-Racine et al., 1997).
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