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Abstract

In budding yeast, the cell cycle is initiated at a point in G1 called Start, which marks 

the irrevocable commitment to a round of mitotic cell division. At Start there is an 

increase in the expression of over 200 cell cycle-regulated genes depending in part, on 

the Start-specific transcription factor, Swi6p. The aim of this work was to identify 

factors that interact with Swi6p and thereby regulate its activity. The search for novel 

Swi6p protein-protein interactions was performed using the new and relatively 

untested Sos Recruitment System (SRS). This allowed not only the investigation of 

Swi6p interactions, but also the assessment of the effectiveness of the SRS system in 

yeast. The results of the screening ultimately proved inconclusive, as putative 

interactions could not be verified further by alternative in vivo or in vitro systems. The 

type of proteins identified from the screening, suggested a bias in the SRS system 

towards detecting conditional interactions. Nevertheless, during the investigation of 

the results from the SRS screen, a novel Swi6p interaction was discovered 

serendipitously by other means. In vitro assays with affinity-purified proteins 

demonstrated that Swi6p was a substrate of the major yeast cyclin dependent kinase, 

Cdc28p resulting in the specific phosphorylation of Swi6p at serine 160. Earlier work 

had identified phosphorylation at serine 160 as the signal for nuclear export of Swi6p 

but concluded also that this was Cdc28p independent. However, phosphorylation of 

serine 160 is at a canonical Cdc28p-phosphoiylation site and is mainly catalysed by 

Clb5p/6p- Cdc28p complexes in vitro. In vivo, peak activity of Clb5p and Clb6p 

corresponds to the time of Swi6 phosphorylation and nuclear export. Furthermore, 

there is a delay in Swi6p nuclear export in clb5 clb6 mutants as judged by cellular 

observations of Swi6p-GFP fusion protein throughout the cell cycle. The fact the 

expression of CLB5 and CLB6 is regulated by Swi6p at Start suggests a negative



feedback loop promoting cell cycle progression by removing Svsabp from the nucleus 

after Gl. Interestingly, phosphorylated serine 160 is a specific in vitro substrate of 

the essential mitotic phosphatase, Cdcl4p that is active at the M to 01 transition. The 

ability of Cdcl4p to dephosphorylate Swi6p suggests a feed forward mechanism 

whereby completion of anaphase directly promotes passage through Start by 

stimulating import of Swi6p back into the nucleus.
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Introduction

1.1 OVERVIEW OF THE CELL CYCLE

The eukaryotic cell cycle consists of four major phases (Figure 1.1), Gl, S, G2 and M 

and the cell cycle of the budding yeast, Saccharomyces cerevisiae, is no exception. The 

budding yeast cell cycle can therefore be used as a blueprint for higher organisms as the 

core regulatory networks are highly similar. Furthermore, yeast offers highly developed 

systems of genetics and molecular biology that contribute significant technical 

advantages to cell cycle studies. However, as a unicellular organism, yeast differs from 

higher eukaryotes in that cell cycle progression is not dictated by signaling through 

hormones, except for mating responses, rather the yeast cell directly responds to its local 

environment. This introduction will focus mainly on the cell cycle of budding yeast but 

will draw upon evidence from higher organisms where necessary.

During the first growth phase of the cell cycle, G l, the cell is doing exactly what the 

name suggests, growing. It is during Gl that the cell is beginning to build up the reserves 

it needs to duplicate the genome and produce a bud/daughter cell. Late in Gl, if growth 

conditions are suitable cells pass a commitment point, known as Start in yeast and the 

Restriction Point in mammalian cells. Once the cell has passed through Start, it is 

committed to rephcating its genome and producing a daughter cell. Passage through 

Start results in a large increase in transcription of genes required for cell cycle
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Figure 1.1. Representation of the cell cycle o f the budding yeast Saccharomyces cerevisiae.



progression, the emergence of a bud and the entry into S phase. A more detailed account 

of Start-associated events can be found in section 1.3. S phase is the stage of the cell 

cycle during which DNA replication occurs along with budding and spindle pole body 

duphcation. After completing S phase, the cell cycle continues into the second growth 

phase, G2. During G2, the majority of the isotropic growth of the cell cycle takes place. 

Both the mother cell and the bud grow in size as the cell prepares to enter mitosis. During 

mitosis, spindle pole bodies are correctly orientated and a mitotic spindle forms, resulting 

in the separation of sister chromosomes. Following this event, cytokinesis occurs and 

mother and daughter cells separate.

The passage through each of the different phases of the cell cycle is dependent upon the 

activity of the major yeast cyclin dependent kinase, Cdc28p. Temporal regulation and 

substrate specificity of Cdc28p is governed by interactions with nine different cyclins 

whose abundance is strictly constrained by cell cycle stage. This produces discrete waves 

of CDK activity tailored to different phases of the cell cycle (Figure 1.2). Early Gl events 

are triggered by association with Cln3p leading to a subsequent peak of Clnlp and Cln2p 

activity in late Gl (Stuart and Wittenberg, 1995). Events in S phase are reliant upon 

ClbSp and Clb6p while Clblp, Clb2p, Clb3p and Clb4p cyclins have maximal activity at 

the onset of mitosis.

This thesis mainly concerns the control of events at Start and in particular the properties 

of Swi6p. Swi6p is a transcriptional activator that is a sub unit of the G1 -specific 

transcription complexes, MBF and SBF. The experiments set out to find novel regulatory
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proteins affecting Swi6p action and also examine the interplay of Swi6p with the Cdc28p 

kinase and its cyclins. The following sections therefore review the CDK cycle in more 

depth and then present a review on the regulation of Start and Swi6p activity.

1.2 CYCLIN DEPENDENT KINASES

1.2.1 CDC28P KINASE

The major CDK in S.cerevisiae is Cdc28p. Budding yeast also contains three other 

CDKs, Pho85p, Ctkl and Kin28p, discussion of these is beyond the scope of this study. 

The Cdc28p kinase was first isolated from genetic screens designed to identify yeast 

genes involved in the regulation of the cell cycle (Hartwell et al., 1970; Hartwell, 1973 

and Hartwell et al., 1973). Most of the original cdc28 mutants arrested at Start as large 

unbudded cells in G l. In the two decades following its discovery, it was found that the 

activity of Cdc28p was cell cycle regulated (Mendenhall et al., 1987; Wittenberg et al., 

1988), that it was activated by cyclins (Hadwiger et a/., 1989; Richardson et al., 1989 and 

Wittenberg and Reed, 1988) and that Cdc28p protein levels remain constant throughout 

the cell cycle (Mendenhall et al., 1987).

There are nine cyclins in yeast that are needed to activate Cdc28p kinase activity and they 

fall into two distinct groups, the Gl cyclins Clnlp, Cln2p and Cln3p and the B-Type 

cychns, Clblp-6p.

1.2.2 CLN3 AND THE REGULATION START

CLN3 was originally identified genetically as whil, now known as cln3-l, which 

expresses a stable form of the protein giving rise to small cells (Carter and Sudbery,



1980). The expression of CLN3 is not strongly periodic with only a small peak at the 

M/Gl transition and protein levels show only moderate variation (Cross and Blake, 1993; 

Tyers et a i, 1993). However its activity is tightly constrained to Gl. The timing of the 

expression of CLN3 is consistent with the requirement for Cln3p for the correct timing of 

Start-specific gene expression (Stuart and Wittenberg, 1995) and is controlled in part, by 

Mem Ip binding to early cell cycle box (ECB) element in the CLN3 promoter (Mai et al., 

2002). Although the exact role of Cln3p in the control of Start specific gene expression 

is not clear, Cln3p is nuclear (Miller and Cross, 2000) and a recent study (Cosma et ai., 

2001) liints at direct evidence for the involvement of Cdc28p/Cln3p in loading the Start 

specific SBF/MBF transcription factors onto promoters.

As Cln3p appears be crucial for the correct execution of Gl events, it is not surprising 

that the expression of CLN3 and its translation are also the targets for tight regulation. As 

mentioned previously, Gl is a stage in the cell cycle when the cell builds up nutrients 

needed for mitosis along with sensing that the conditions are correct for cell cycle 

progression (Parviz et al., 1998; Gallego et al., 1997). The transcription of CLN3 itself is 

directly controlled by levels of glucose through a cw-acting element in the CLN3 

promoter (Parviz et al., 1998) and in addition the translation of Cln3p is affected by 

nitrogen levels (Gallego et al., 1997).

1.2.4 CLNlp AND CLN2p AND PROGRESS THROUGH START

Expression of CLNI and CLN2 reaches its highest level during Gl and this periodic 

expression is under the control of the SBF transcription factor (see section 1.3.1).



Consistent with this increase in gene expression, the activity of the Clnlp-CDC28p and 

Cln2p-Cdc28p kinases is maximal at Start (Tyers et al., 1993 and Wittenberg et al.,

1990). Cln2p associated kinase is largely cytoplasmic (Millar and Cross, 2000) and is 

needed to promote passage through Start, bud emergence and subsequent entry into S 

phase. It is not clear exactly how these kinases stimulate bud emergence but their S 

phase promoting activity stems from their ability to phosphorylate and inactivate the 

CDK inhibitor. Sic Ip. Non-phosphorylated Sicl is stable and inhibits Clb-Cdc28p kinase 

activity during G l. Phosphorylation of Sic Ip targets it for SCF^^"^ -mediated 

ubiquination and subsequent proteolysis (Schwob et ai, 1994). Likewise, 

autophosphorylation of Clnlp and Cln2p precipitates a similar degradation of these 

cyclins. Thus, the Gl to S phase transition occurs with an elimination of Cln kinase 

activity and a changeover to Clb kinase activity by inactivation of the Sicl kinase 

inhibitor. The destabilisation of Clnlp and Cln2p relies on the presence of PEST 

sequences in their C-terminal region, a hydrophilic sequence containing at least one 

proline, one acidic residue and a serine or threonine bounded by basic residues.

1.2.5 CLB5 AND CLB6 AND S PHASE

The expression of CLB5 and CLB6 is under the control of the MBF Gl transcription 

complex, (see section 1.3.1) and so peaks in late Gl around the same time as CLNl and 

CLN2 (Epstein and Cross, 1992; Kuhne and Linder, 1993; Schwob and Nasmyth, 1993). 

Interestingly, overproduction of the Clb5p/Clb6p-Cdc28p kinases has the ability to rescue 

a lethal phenotype of a Acini Acln2 Acln3 strain, which is unique among the B-type 

cyclins (Schwob and Nasmyth, 1993; Epstein and Cross, 1994; Basco et a i, 1995). Under 

normal conditions however, the function of Cln kinases and Clb kinases do not overlap



and the role of Clb5 and Clb6 is to ensure the correct timing of S phase (Schwob et a l,

1994). This is achieved partly by the inhibition of Clb kinase by the CDKI, Sic Ip. In 

addition to initiating S phase Clb5 and Clb6 appear to have a role in spindle formation 

(Schwob and Nasmyth, 1993).

Interestingly, high levels of Clb6p repress the expression of CLN2 and CLB5, both of 

which are under the control of Swi6p complexes (Basco et al., 1995).

1.2.6 CLBl. CLB2. CLB3. CLB4 AND MITOSIS

The expression of CLB3 and CLB4 peaks during S phase, with the expression of CLBl 

and CLB2 occurring 10 mins prior to anaphase (Fitch et al., 1992; Richardson et a l, 

1992), with the associated kinase activity closely following this timing (Grandin and 

Reed, 1993). In fact the Clb2p-Cdc28p kinase is the yeast Mitosis Promoting Factor 

(MPF). Consistent with this, Clb2p negatively regulates G1 transcription and bud 

emergence (Amon et a l, 1993). Although Clb kinase activity is required for passage 

through mitosis, genetic redundancy in yeast has meant that the exact role of each cyclin 

in this process is still not clear (Mendenhall and Hodge, 1998). The completion of mitosis 

is marked by a precipitous loss of mitotic cyclin activity as a prerequisite for spindle 

disassembly, cytokinesis and entry into G1. The role of the mitotic exit network in 

bringing about this transition is presented in section 1.6.

1.2.7 CDK AND CYCLIN STRUCTURE

The cyclin/CDK pair is a highly conserved unit functioning in all eukaryotes to regulate 

the cell cycle, the most studied of which is the mammalian cyclinA/CDK2 complex.



Free CDK2 is an inactive kinase and only becomes active through cyclin binding and 

phosphorylation on Thrl60 (Jef&ey et al., 1995). The Cdk2 protein consists of two 

structural lobes. The smaller N-tenninal lobe is a P-sheet rich region whilst the larger C- 

terminal region is mainly hehcal in nature. This region also contains the PSTAIRE hehx 

indicative of cyclin dependent protein kinases. Lying between the two regions is the 

ATP binding cleft, which forms part of the catalytic region in the active kinase and 

contains the T-loop (Jeffrey et al., 1995). The T-loop, in free inactive CDK2 is positioned 

such that it blocks the ATP binding cleft. For activation, the T-loop is phosphorylated at 

a specifically at thrl60 by the CDK activating kinase, CAK (Jeffrey et al., 1995; Desai et 

al 1992). In fact in this conformation the PSTAIRE helix is packed against the T-loop.

Cyclin A consists of two hehcal domains and binds to one side of tlie catalytic cleft but 

does have interactions with both lobes through interaction with the T-loop, specifically 

with the activating phosphorylated threonine residue, PSTAIRE helix, and N-terminal p- 

sheet regions in the kinase. On cyclin binding, major structural rearrangements must 

occur to reheve the inhibition of activity imposed by the native form of the CDK. In the 

active CyclinA-CDK2 complex, the PSTAIRE hehx is rotated about 90 degrees into the 

catalytic cleft. In addition to this movement there is a rearrangement of the N-terminal p- 

sheet region as it is tilted away from the cleft to allow room for the PSTAIRE hehx 

(Jeffrey et al., 1995). Although full activation of the CDK rehes on cyclin binding, 

phosphorylation of Thrl60 partiaUy alleviates the inhibition by the T-loop (Jeffrey et al., 

1995).



1.2.8 SUBSTRATE RECOGNITION

The use of the cyclin-CDK pair as a major regulator of the cell cycle is a very efficient 

strategy of control. The cell only has to produce one kinase molecule for the task and 

only produces its activating partner when it is required. However, the requirement for the 

cyclin is two fold. As mentioned above, cyclin binding facihtates the rearrangement of 

inhibitory structures within the kinase molecule. In addition to this role, the cyclin 

subunit plays the major role in substrate recognition (Roberts, 1999). So the cell not only 

has temporal control over the activity of a kinase, but in conjunction with this there is 

also a tightly regulated substrate targeting system.

Studies on the cyclin A-CDK-p27 (CDK inhibitor) complex showed that the ZRXL 

(single letter amino acid code) motif found in p27 was responsible for the CDK-CDKI 

interaction (Russo et al., 1996). This motif is also found in the pRb family of proteins 

such as pl07 and pl30 (Adams et at., 1999).

The LXCXE sequence found in cyclin D hes just N-terminal to its cyclin box fold. This 

motif is also found in other pRb associated proteins suggesting a common binding site. A 

similar sequence is seen in cyclin E with a valine in place of the leucine in cyclin D 

(Kelly et a i, 1998; Lee et a l, 1998).

1.3 START

The entry into a high Cdc28p kinase state depends on events triggered late in G1. These 

events are part of Start and involve the factors that are the focus of the work presented 

here. During Gl, the availability of nutrients, positive growth signals, the size of a cell.

10



mating signals and the absence of physical stress influence a poorly understood 

mechanism to promote passage through Start and to commit yeast cells to the mitotic cell 

cycle (Breeden, 1996; Mendenhall and Hodge, 1998). As outlined in section 1.2.2, some 

of these factors act by modulating Cln3 activity either by affecting its transcription or its 

translation. In addition, alpha factor mating pheromone antogonises Start by inhibiting 

Cln kinase activity through the activities of Fus3p and Far Ip, leading to cell cycle arrest 

(Elion et al., 1993; Peter et a l, 1993; Peter et al., 1994; Tyers and Futcher, 1993). The 

details of other possible regulatory signalling systems are however, poorly understood.

In addition to Start being dependent on Cln3p, there is another protein, Bck2p, that is able 

to promote cyclin expression. The ability of Bck2p to promote the expression of CLNl 

and CLN2 transcription is Cdc28p-dependent, partly dependent on SBF and MBF and is 

thought to be redundant with the role of Cln3p (Wijnen and Futcher 1999). Although the 

exact role of Bck2 is unclear, Wijnen and Futcher (1999) suggested that it plays a part in 

regulating cell size at Start, possible through an alternative pathway to Cln3p (Wijnen 

and Futcher, 1999).

1.3.1 TRANSCRIPTION AT START

Optimal Start-specific transcription requires the activity of the Gl -specific transcription 

factors, MBF and SBF. Both SBF and MBF contain Swi6p and differ in their DNA 

binding factor, which, for SBF is Swi4p and for MBF is Mbplp. It is believed that the 

genes under the control of each complex can be classified into two groups. Genes 

regulated by SBF are generally required for budding, membrane synthesis and cell wall

11



synthesis (Igual et al, 1996) and those regulated by MBF, for DNA rephcahon and repair 

(Lowndes et al, 1991).

A recent genome-wide search for promoters that were bound by SBF and MBF identified 

over two hundred targets for regulation by these transcription factors including those 

already known such as CLNl and CLN2 for SBF and CLB6 for MBF (Iyer et at., 2001). 

Interestingly the promoters for CLBl and CLB2 appeared to be bound by SBF; the results 

of this screen will require fiuther investigation to unravel their significance.

1.3.2 SWI6p

As Swi6p is the common factor of MBF and SBF transcription complexes it is important 

to understand the activities of Swi6p and its role in the regulation of Start. Swi6p is a 

91kDa transcriptional activator. It was originally identified from a screen for proteins 

specifically required for transcription from SCB elements in addition to Swi4p (Breeden 

and Nasmyth, 1987).

Swi6p is an ankyrin (ANK) repeat protein and a member of an ankyrin repeat family of 

proteins that includes its DNA binding partners, Swi4p and Mbplp and the related 

transcription factors, CdclOp, Resl and Res2 from S.pombe (Whitehall et al., 1999). 

Swi6p itself contains five such motifs in its central region (Foord et a l, 1999), which are 

thought to be required for structural stability as mutations in this region gives rise to 

temperature sensitive alleles of Swi6p (Ewaskow et a l, 1998). This region also has some 

abihty to antagonize the activation of transcription. (Sedgwick et al, 1998). In addition to 

this core structural domain, Swi6p has two regions associated with transcriptional
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activation activity, designated TARI and TAR2. TARI is located just N-terminal to the 

first ANK repeat with TAR2 located C-terminal to the fifth ANK repeat after a leucine 

heptad repeat. The C-terminus of the protein contains the region required for the 

interaction of Swi6p with Swi4p and Mbplp (Andrews and Moore, 1992; Primig et al, 

1992; Siegmund and Nasmyth, 1996). The N-terminal domain of Switip has as yet no 

known fimction but is dispensable for the fimction of Swi6p in vivo and for activation of 

transcription (Sedgwick etal, 1998).

Although the regulation of Swi6p with respect to its transcriptional activity is still not 

clear, regulation of its cellular locahsation is at least partially understood. Serine 160 

located N-terminal to the TARl region next to a putative nuclear localisation signal 

(KKLK) is phosphorylated in a cell cycle-dependent manner (Sidorova and Breeden,

1995). This part of Swi6p is an unstructured loop connecting the N-terminal domain and 

TARl. The phosphorylation of serl60 inhibits the nuclear entry of Swi6p and as a result 

the protein is retained in the cytoplasm during the G2 and M phases of the cell cycle 

(Sidorova and Breeden, 1995). The kinase responsible for this phosphorylation is not 

known. In addition to this cell cycle dependent phosphorylation, Hrr25p(a casein kinase 

homologue), phosphorylates Swi6p at another site in a Rad53p dependent manner, in 

response to DNA damage giving a level of conditional regulation (Ho et al, 1997) and 

SBF is a target of the PKC-MAP kinase pathway (Madden et al., 1997)
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1.3.3 SWI4P

Swi4p is the DNA binding partner of Swi6p which together comprise SBF. Swi4p was 

originally isolated in a screen for factors affecting the cell cycle regulated transcription of 

the yeast HO endonuclease (Breeden and Nasmyth, 1987). The HO promoter contains 

three consensus SCB elements (CACGAAAA) to which SBF binds to activate 

transcription. Swi4p appears to be regulated by protein-protein interaction and by 

expression levels. The expression of SWI4 is cell cycle-regulated and under the control 

of SBF itself and partly through Mcmlp binding to ECB elements in the SW14 promoter 

(Foster et al., 1993 and Mai et al., 2002). Without Swi6p, Swi4p is unable to bind SCB 

elements, which is beheved to be a result of auto-inhibition of DNA binding via a C- 

terminal to N-terminal intra-molecular interaction (Baetz et a i, 1999). Swi4p also 

interacts with the Clb2p-Cdc28p kinase via its ankyrin repeat region. This interaction has 

been reported to occur during S G2 and M phases of the cell cycle and is thought to 

provide a mechanism for negatively regulating the transcriptional activity of Swi4p 

(Siegmund and Nasmyth, 1996). swi4 mutant diploid strains are non viable while the 

equivalent haploid strains show an extended amount of time spent in G l. This Gl delay 

suggests a positive role for Swi4p in cell cycle progression (Ogas et al., 1991; Mclnemy 

et al., 1997). When SWI4 is over expressed cells are smaller in size presumably due to 

accelerated progression through Gl. In corroboration of this it can be seen that over 

expression of either CLNl or CLN2 can rescue the lethahty of a SWI6/SWI4 deletion.
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1.3.4 MBPlp

Mbplp is the second DNA binding partner of Swiôp, which together form the MBF 

transcription factor complex (Moll et al, 1992; Koch et al, 1993). MBF recognises MCB 

elements such as those found in the promoters of the CLB5 and CLB6 genes. The 

consensus recognition sequence is ACGCGTNA (Verma et al, 1992). Mbplp also 

complexes with Skn7p to form the Mbplp/Skn7p transcription factor complex, which is 

believed to have a direct role in bud emergence (Bouquin et al, 1999). This role is 

specific to this complex as deletions in either gene suppress the overproduction 

phenotype of Cdc42p (protein involved in polarised growth in yeast), whereas this 

phenotype is not rescued by a SW16 deletion (Bouquin et al, 1999).

1.3.5 DNA BINDING ACTIVITY OF SWI4p AND MBPl p

Swi4p and Mbpl share in common a winged helix-tum-helix motif for DNA binding 

(Taylor et al., 2000). Swi4p and Mbplp are able to bind SCB and MCB elements with a 

stoichiometry of 1 molecule per site (Taylor et al., 2000) however, both DNA binding 

proteins are capable of binding either recognition sequence (Koch et al., 1993; Partridge 

et al., 1997), demonstrated by the fact that CLNl expression is driven by Swi4p, binding 

to MCB elements (Partridge et al., 1997).

1.3.6 REGULATION OF SBF AND MBF ACTIVITY

Both SBF and MBF require Cdc28p activity and at least one Cln protein for activation of 

transcription (Dirick et al., 1995). However, the means of activation is not clear.

Although DNA bindmg is periodic, it occurs in a window that straddles the period of 

transcriptional activity rather than being the rate-limiting factor. A recent study

15



demonstrated that Cdc28p activity is required for the ordered recruitment of transcription 

factors to the promoters of SBF regulated genes (Cosma et al., 2001).

Initial studies showed that SBF existed in two forms (Taba et al, 1991). By the use of gel 

retardation assays it was seen that SBF showed both fast and slow migrating bands 

denoted U, for upper and L, for lower. Swi6p and Swi4p were present in both forms of 

SBF but the U form was only seen using extracts from cells that had completed Start. 

Conversely the L form was detected in extracts from all stages of the cell cycle (Taba et 

al, 1991). This study also showed that the formation of the U form was Cdc28p- 

dependent. The appearance of a Cdc28p-dependent mobility shift after passage through 

Start suggests that Swi6p or Swi4p could be phosphorylated by Cdc28p leading to the 

inactivation of Gl transcription. However, as noted in section 1.4.2, cell cycle 

phosphorylation of Swi6 is associated with nuclear trafficking rather than transcriptional 

activation (Sidorova and Breeden, 1995). Whatever the activation mechanism for Swi6p, 

it is important to identify the regulatory molecules which impinge upon it. Similarly, it is 

unclear how the 'activated' Swi6p signals to components of the transcription activation 

process.

1.4 RNA POLYMERASE II DEPENDENT TRANSCRIPTION

RNA Polymerase and its associated binding factors are the key components of activated 

transcription in yeast and how Swi6p may interface with them is therefore of great 

interest. The surge in transcription levels at Start marks the beginning of a pattern of 

periodic expression of cell cycle components that continues across the cell cycle. 

Although Swi6p is required for the optimal expression of many of these genes, the
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activation of transcription in yeast involves many more protein complexes. Moreover, to 

better understand the role of Swi6p in the regulation of transcriptional activation it is 

important to examine the other major components of the transcription machinery.

1.4.1 DNA DEPENDENT RNA POLYMERASE H

The activation of RNA polymerase II dependent transcription in yeast requires the 

association of the polymerase with the TATA binding protein (TBP), general 

transcription factors and other mediator complexes resulting in the formation of a large 

macromolecular complex (Hampsey, 1998).

The budding yeast RNA polymerase II consists of 12 subunits encoded by RPB1-RPB12 

with five of these subunits, RpbSp, Rpb6p, RpbSp, RpblOp and Rpbl2p shared between 

the three yeast RNA polymerases. Rpblp, Rpb2p, Rpb4p and Rpb7p are involved in the 

accuracy of transcription iititiation (Hekmatpanah et al., 1991; Edwards etal., 1991). 

Rpbl also contains the highly conserved Carboxy Terminal Repeat Domain (CTD), the 

phosphorylation of which is required to initiate transcription.

1.4.2 PROMOTER RECOGNITION

The first step in RNA polymerase II transcription is the binding of TBP to the TATA 

sequence in the promoter of a gene. In yeast this sequence is located between 40 and 

120bp upstream of the transcription initiation site. After TBP binds to the TATA 

sequence, other factors known as TBP Associated Factors (TAF’s) associated with TBP 

to form the TFIID complex. Interestingly, TBP is required for basal transcription.
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whereas TFIID is required to for responding to transcriptional activators and mediators 

(Verrijzer et al., 1996).

1.4.3 GENERAL TRANSCRIPTION FACTORS AND CO ACTIVATORS 

In addition to RNA polymerase II, TBP and TFIID, the general transcription factors 

TFIIA, B, D, E, F and H are required (Hampsey, 1998). The next layer of complexity 

comes from the co-activators, elements comprised of the chromatin remodelling 

SWI/SNF complexes, the histone acetylase complexes (HAT) and the SRB mediator 

complexes (Hampsey, 1998) (Figure 1.3). It is clear that RNA polymerase II dependent 

transcription requires large macromolecular complexes. Recently the functional role of 

Swi6p in facilitating the formation of these complexes has been described (Cosma et al., 

2001). RNA polymerase and its associated factors are recruited to promoters of genes 

under the control of Swi6p in an SBF-dependent manner in conjunction with Cdc28p 

activity (Cosma et al., 2001).

After passage through Start and the burst of SBF/MBF mediated RNA-dependent 

transcription, yeast cells will continue on through mitosis promoted by sequential waves 

of cyclin expression until anaphase. At this point if the cell cycle has progressed 

successfully, a network of proteins is activated to bring about the inhibition of Cdc28p 

activity, triggering cytokinesis and passage into G l.
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Figure 1,3. Representation o f the macromolecular structure formed for the activation of RNA Polymerase II transcription.
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1.5 MITOTIC EXIT

1.5.1 THE MITOTIC EXIT NETWORK

The end of mitosis marks the transition from M to Gl and results in the division of 

mother and daughter cells. A detailed discussion of the events involved in mitotic exit is 

beyond the scope of this report but a summary of the process is relevant as exit from 

mitosis coincides with the re-locahsation of Swi6p to the nucleus (Sidorova and Breeden, 

1995).

In order for cells to complete the cell cycle at the end of mitosis, the mitotic CDKs must 

be inactivated. This inactivation occurs as a result of a regulatory cascade called the 

Mitotic Exit Network (MEN) (for a review see Bardin and Amon, 2001). The MEN is 

activated after spindle elongation has occurred, although the exact mechanism of this 

activation is not known. The order of fimction of the MEN has been intensely studied 

and the current model is as follows; at the ‘top’ of the pathway is the GTPase Temlp, 

which is regulated by its exchange factor, Ltelp and a two-component GAP comprising 

Bub2p and Bfalp.

1.5.2 CDC14p

Once the pathway is activated the signal is propagated through Cdcl5p and Moblp/Dbf2. 

The end result is the release of the essential Ser/Thr phosphatase, Cdcl4p, from the 

nucleolus (figure 1.4) (Bardin and Amon, 2001; Lee et al., 2001; Shou et al., 1999).

After the release of Cdcl4p from the nucleolus, it dephosphorylates the transcription 

factor Swi5p, promoting its nuclear localisation and thus expression of the CDKI, Sic Ip 

(Visintin et al., 1998; Toyn et al., 1997). Cdcl4p phosphatase also reverses the mitotic
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The M itotic Exit Network

Ltelp

Temlp-GDP
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Mitotic CDKs

Figure 1.4. Order of fimction o f the Mitotic Exit Network. Activation by Temlp leads to the release of cdcl4p  
from the nucleolus and subsequent CDK inactivation.
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CDK-dependent phosphorylation of Siclp, thereby stabihsing the protein and allowing it 

to inhibit mitotic CDKs (Visintin et al., 1998).

Furthermore, Cdcl4p also dephosphorylates Cdhlp so that mitotic cyclins can be 

recognized by the APC complex and targeted for degradation. Activation of the MEN 

therefore triggers the inhibition of mitotic kinases and subsequently exit jfrom mitosis and 

entry into a new cell cycle.

1.6 SUMMARY

The cell cycle of budding yeast has for a long time been used as a model for the life cycle 

of cells from higher eukaryotes. It contains all the major cycle phases and is readily 

studied because of its highly developed genetics and molecular biology. The 

morphological landmark of bud emergence also provides a simple, but valuable visible 

marker for monitoring cell cycle progression. Just like higher eukaryotes, the yeast cell 

cycle also has a commitment point late in G l, Start, which is of great interest.

Start is characterised by a burst of activated, RNA Polymerase Il-dependent transcription. 

One of the factors involved in this process is Swi6p. The purpose of this study is to 

investigate the regulation of Swi6p, specifically through its interaction with other 

proteins, using a two-hybrid screen in an attempt to find novel Swi6p protein-protein 

interactions.
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An unexpected result from the two-hybrid screen was the observation that Swi6p is 

phosphorylated by the major yeast cell cycle kinase, Cdc28p. Moreover, this 

phosphorylation event occurred at a specific serine residue involved in regulating the sub- 

ceUular locahsation of Swi6p during the cell cycle. Previously, serl60 phosphorylation 

was shown to be independent of Cdc28p. However, this study demonstrates that the 

correct timing of Swi6p nuclear export does indeed rely on the activity of Cdc28p.
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Materials and Methods

2.1 YEAST STRAINS

The yeast strains used in this study are described in Table 2.1. Genomic DNA for 

library construction was isolated from S.cerevisiae CG378. For the library screen, the 

temperature sensitive cdc25-2 yeast strain was used. Growth at the permissive 

temperature was at 25^C with the restrictive temperature being 35^C. YAT73 with an 

integrated GAL4-dbd-SWI6 and the LacZ gene integrated under the control of the 

GALl-10 promoter was used for liquid p-galactosidase assays

2.2 BACTERIAL STRAINS

The bacterial strain E.coli Yy\A5a F ’(j)80dlacZAM 15(lacZYA-argF) U169 endAl recAl 

hsdRl? (rk’ mk )̂ deoR thi-1 supE44' gyrA96 relAl was used for initial cloning.

Large scale library amplification used E.coli DHIOB F '-marA A(mrr-hsdRMS- 

mcrBC) (!)80dlacZAMl5 AlacX74 deoR recAl endAl araDI39 A(ara, leu)7697galU 

galK r  rpsL nupG. For overexpression and purification of fusion proteins bacterial 

strain E.co/i BL21 F -, ompT, hsdS (rB-, mB-), al, dam was used.

2.3 MEDIA AND GROWTH CONDITIONS

2.3.1 S.CEREVISIAE

For liquid culture, the cells were grown in YPD medium (1% yeast extract, 2% 

bactopeptone, 2% glucose). Synthetic medium (0.67% Yeast Nitrogen Base (YNB)
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Strain Genotype Source
CG378 adeS trp1 ura3 Ieu2 Lab Stock
W303 adeS trp1 ura3 Ieu2 his3 Lab Stock
W303 SWI6-3I-IA ade5 trp1ura3 Ieu2 SWI6-3HA:HIS This Study
\N303SWI&3HA AypMSOw adeS trp1ura3 YPL150W:LEU2 SWI6-3HA:HIS This Study
W303 SWI6-3HA Adb6 8dle5 SkW6-3hM.H/S CL66.LEI/2 This Study
W303 SWI6-3HA Adb6 Adb5 ade5 ura3 SWI6-3HA;HIS CLB6:LEU2 CLB5:TRP1 This Study
W303 YPL150W-3HA adeS trp1ura3 Ieu2 YPL150W-3HAHIS This Study
W303 MET4-13MYC ad^5 /eu2 /WET^Y3/lfyC.H/S3 This Study
Vm3YFR03dw-3HA adeS trp1 ura3 Ieu2 YFR038W-3HAHIS3 This Study
W303/1C/A6 adeS trp1 ura3 his3 CLB6:LEU2 This Study
W303 Ac/66 Ac/6J adeS ura3 hi$3 CLB6:LEU2 CLB5:TRP1 This Study
W303 SWI&GFP adeS trp1 ura3 Ieu2 SWI6-GFRHIS3 This Study
W303 SWI&GFP A Clb6 adeS trp1 ura3 SWI6-GFP:HIS3 CLB6:LEU2 This Study
W303 SWI6-GFP A clb6 A clb5 adeS ura3 SWI6-GFP:HIS3 CLB6:LEU2 CLB5:TRP1 This Study
YAT73 Wild Type adeS trp1 Ieu2 URA3:GAL4-DBD-SWI6 GAL1-10 lacZ This Study
YAT73 AyplI5(M> adeS trp1YPL150W.LEU2 URA3;GAL^DBD-SWI6 GAL1-10lacZ This Study
YAT73Ay/^j/fw; adeS trp1YFR038W:LEU2 URA3:GAL4-DBD-SWI6 GAL1-10lacZ This Study
YAT73 A mel4 adeS trp1MET4:LEU2 URA3:GAL4-DBD-SWI6 GAL1-10lacZ This Study
YAT73A/M/.S2 adeS trp1SIS2;LEU2 URA3:GAL4-DBD-SWI6 GAL1-10lacZ This Study
CDC25-2 Ieu2 trp1 ura3 Iys2 cdc25-2 Aronheim
MGY6 trp1/trp1 adeS/adeS CDC28:LEU2/CDC28:LEU2pGAL-GST-CDC28 This Study

Fable 2.1. Yeast strains used in this study.
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and 2% Glucose), supplemented with the appropriate amino acids at a concentration 

of 20pg/ml was used for growth requiring plasmid selection. Induction of gene 

expression from the GALl-10 promoter was achieved by supplementing growth media 

with 2% galactose instead of glucose. Liquid cultures were grown with a continuous 

agitation of 200 rpm at in a Brunswick rotating incubator. Growth on solid medium 

required the addition of 2% Difco agar and cells were grown in a constant temperature 

incubator at 30°C unless temperature sensitive then the temperature was adjusted to 

25°C.

2.3.2 E.coli

For liquid culture the cells were grown in Luria-Bertani (LB) Broth (1% Bacto- 

Tryptone, 0.5% Yeast Extract, 1% NaCl pH 7.5). Cultures were grown at 37°C with 

continuous agitation. 1.5% LB Difco Agar was added for solid medium and cells were 

grown at 37°C. 20pg/ml ampicillin and 20pg/ml methicillin was added to the medium 

for plasmid selection.

2.4 YEAST TECHNIQUES

2.4.1 YEAST TRANSFORMATION

S.cerevisiae cells were transformed as described by Ito et al., (1983).

2.4.2 PLASMID PREPARATION FROM YEAST

Isolation of plasmid DNA from yeast was carried out as described by Robzyk and 

Kassir (1992). Plasmid DNA was transformed by electroporation into E.coli for 

amplification.
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2.4.3 ISOLATION OF YEAST GENOMIC DNA

Preparation of genomic DNA was performed as described by James et al (1996), 

except that fragments for ligation into the library vectors were purified using BIO 101 

Geneclean II supplied by BIO 101 Inc.

2.4.4 GENE REPLACEMENT

The polymerase chain reaction (PCR) was used to create linear DNA constructs, 

which contained an auxotrophic marker gene flanked by 40 -  50bp of sequence 

homologous to sequences flanking the target gene. These were transformed as 

described above into the appropriate strains. Successful integrants were verified by 

PCR (Figure2.1)

2.4.5 GENOMIC TAGGING

PCR was used to create linear molecules of DNA containing a selectable marker and 

the coding sequence for an epitope tag, e.g. 13Myc or 3HA as described by Longtine 

et al (Longtine et a l, 1998). These were transformed into the appropriate strains and 

integrants were varified by PCR (Figure2.2).

2.4.6 LIQUID B-GALACTOSIDASE ASSAYS

5 ml cultures of Ix lOVml mid-logarithmically growing cells were harvested from 

liquid culture and used in the assays. The cells were lysed in 250pl of IM sorbitol 

and 0. IM EDTA containing Ipg/pl zymolyase-20T. The cell lysates were assayed for 

total protein using the Lowry protein assay (Peterson 1983) and for p-galactosidase 

activity using the artificial substrate ONPG (0-nitrophenyl p-D-galactopyranoside). 

The activity was
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normalized for protein content and the results, in arbitrary ONPG units.

2.4.7 FLUORESCENCE MICROSCOPY OF YEAST CELLS

Visualisation of Swi6p-GFP fusions was performed using the Delta Vision II 

fluorescent microscope system (Applied Precision). Cells were grown in rich medium 

and harvested by centrifugation. The pellet was then washed in saline and 

resuspended in a small volume of water. 2pl of cells were transferred to a microscope 

slide where they were stained directly with DAPI for localisation of the nucleus.

2.5 BACTERIAL TECHNIQUES

2.5.1 TRANSFORMATION OF CHEMICALLY COMPETENT CELLS 

E.coli cells were prepared grown to ODôoo 0.5, harvested by centrifugation and 

washed in 0. IM CaCli and 20% glycerol. This was repeated 3 times with a 10 minute 

cooling step in ice between each wash. The competent cell was harvested by 

centrifugation, resuspended in 0. IM CaCli and 20% glycerol and stored at -80 °C until 

needed. 50pl of competent cells were added to 10 -  20ng of DNA and placed on ice 

for 20 minutes and heat shocked at 42°C for 3 minutes. 1ml of LB broth was added to 

the mixture and the cells were incubated at 37°C for l-2h and plated onto selective 

agar plates containing 20pg/ml Ampicillin and 20pg/ml Methicillin.

2.5 .2 TRANSFORMATION OF ELECTRO-COMPETENT CELLS

40pl of commercially prepared electro-competent E.coli DHIOB cells were added to 

DNA in a 0.2cm cuvette. Electroporation was performed using a BIORAD GENE 

PULSER set at 2.5kV, 25pF with a resistance of lOOQ. Following electroporation, 

the transformed cells were grown in SOC media (SOB media, 1% SOB salts, 0.4% 

glycerol) for a Ih recovery period and were plated on to selective plates.
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2.5.3 ISOLATION OF PLASMID DNA

The isolation of plasmid DNA was performed as described by Ish-Horowitz and 

Burke (1981). For the isolation of the library, the protocol was simply scaled up with 

additional purification of the resulting plasmid DNA by phenol/ chloroform/ 

isoamylalcohol (25:24:1) extraction to avoid any contamination from bacterial cell 

lysates.

2.6 DNA/RNA MANIPULATIONS

2.6.1 RESTRICTION ENZYME DIGESTS

All restriction enzymes were used in accordance with manufacturers’ instructions, 

using the correct buffers with the addition of 20ng/pl of BSA where suggested. A 

total of 1.8mg of DNA was digested for the preparation of the genomic inserts for the 

library.

2.6.2 LIGATION REACTIONS

T4 DNA ligase reaction mixtures were prepared in accordance with manufacturer’s 

instructions ( Boehringer Mannheim) with DNA concentrations adjusted empirically 

to obtain the maximum number of plasmids containing the desired inserted DNA 

fragment.

2.6.3 POLYMERASE CHAIN REACTION

Standard reactions were carried out in a total volume of lOOpl, comprising lOpl of 

2.5mM dNTP stock (Pharmacia Biotech), 2pl of 0.01 -  0.02nmol/pl of each primer, 

0.5-ljLig of template DNA, lOpl lOx PCR buffer containing 15mM MgCl] (Perkin 

Elmer). The standard reactions were incubated using a Biometra TRIO-Thermobloc
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with the following settings; 94 °C 3mins, 29(94 °C 1 min,54 °C 2min, 72 °C 3min) 72 

7 min followed by holding at 20 °C for up to 12 hours. Colony PCR reactions were 

performed in a total volume of 30pl. The lOx PCR buffer for colony PCR contained 

500mM KCl, lOOmM Tris-HCl pH8.3, 15mM MgCli and 0.1 % Gelatine. The 

reactions were incubated as follows; 94°C 3min, 31(94°C 30sec, 55°C Imin 30sec, 

72°C 3min) 72 °C 5 min then held at 15°C for up to 12 hours.

Sequencing reactions were carried out using the ABI prism Big Dye Terminator 

sequencing kit and under the conditions detailed by the manufacturer for sequencing 

dsDNA templates. Sequences were analysed using the ABI-PRSIM 377 sequencer.

2.6.4 AGAROSE GEL ELECTROPHORESIS

DNA samples were electrophoresed through 1% Tris acetate-buffered agarose gels. 

DNA was visualized by staining with ethidium bromide and exposing the gel to UV 

light.

2.6.5 SOUTHERN HYBRIDIZATION

Small-scale genomic digests were separated by electrophoresis through a 1% agarose 

gel. DNA transfer and hybridisation to specific probes was carried out according to 

Sambrook et al (1989). GeneScreen transfer membranes (Dupont, NEN Research 

Products) were used as described in the manufacturer’s instructions.

2.6.6 RNA EXTRACTION

All RNA extractions were carried out described by Schmitt et al (1990).

RNA samples were diluted to 1 mg/ml and 5pi were added to ~12pl of glyoxal mix 

(2.5pl 40% glyoxal pH 6.6, 8pi DMSO, 1.6pl 0. IM Na2(P0 4 ) pH 6.5. The RNA
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solution was the incubated at 50°C for 15mins, removed and allowed to cool. 4 \i\ of 

phosphate loading buffer (50% glycerol, 0.0 IM Na2(P0 4 ) pH 6.5 was added to the 

samples and they were run on 1.2% agarose gels prepared in lOmM phosphate buffer 

(pH 6.5). Gels were run at ~4v/cm with constant buffer circulation.

2.6.7 NORTHERN BLOTTING AND HYBRIDIZATION

RNA transfer and hybridisation to specific probes was based on Sambrook et al 

(1989). The membrane was treated to both UV cross-linking and baking methods to 

immobilize the RNA. GeneScreen transfer membranes (Dupont, NEN Research 

Products) were used as described in the manufacturer’s instructions.

2.7 PROTEIN TECHNIQUES

2.7.1 PREPARATION OF WHOLE CELL EXTRACTS

Yeast cells were grown in a 20 ml culture to a mid-log density of 5x10^ cells/ml and 

harvested by centrifugation at 4000rpm for 5 minutes. The cells were washed with 

saline, harvested and transferred to a 2ml ribolyser tube. The pellet was resuspended 

in 50-100jLil of binding buffer (BB) (50mM Tris pH 7.5, 150mM NaCl, ImM MgCli, 

0.2% NP40, 5mM EDTA, lOmM NaF, 50mM P-glycerophosphate, 40pl 25x Protease 

Inhibitor Mix (Roche Protease Inhibitor Cocktail EDTA free), ImM PMSF, ImM 

DTT, ImM Sodium Orthovanadate, dHiO). Glass beads were added until no surface 

liquid was visible. Cells were disrupted using a Hybaid Ribolyser on speed 4 for 9 

seconds.

Soluble protein extract was collected by piercing the Ribolyser tube with a 23-gauge 

needle and the tube was transferred to a 15ml falcon tube containing a 1.5ml 

eppendorf at the bottom for collection. The tubes were centrifuged at 4200rpm for 30
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seconds to harvest the cell lysate. Further centrifugation at 13000rpm for 10 minutes 

at 4°C was used to remove the cell debris (representing the insoluble fraction) and the 

supernatant was collected for further analysis.

2.7.2 IMMUNOPRECIPITATION OF HA AND MYC FUSION PROTEINS 

Immunoprécipitations were performed using between 250-500 pg of protein extract.

2pi anti-HA antibody (12CA5) or anti-myc antibody (ICRF, 9E10) (l-2pg of

antibody) were added to the protein extracts in a final volume of lOOpl and incubated

at 4°C on a rotating wheel for 1 hr.

Protein A/G sepharose beads were used to precipitate any antibody/protein 

complexes. The beads were equilibrated and blocked by washing the protein A/G 3 

times with IxBinding Buffer (BB) (see section 2.7.1) (without protease inhibitors). 

The protein A/G was resuspended in IxBB containing lOmg/ml BSA, from a stock of 

lOOmg/ml BSA prepared in BB and incubated on ice for 30 mins. The protein A/G 

was washed a further 4 times with BB, resuspended in fresh BB as a 50% slurry.

Following incubation, the Ab/protein extract mixture was mixed with Protein A/G on 

a rotating wheel for 30min-lhr. The protein A/G/antibody/protein aggregates were 

collected by centrifugation in a microfuge at a maximum of 5000rpm for 15-30 secs 

and washed 3 times with IxBB (no protease inhibitors) and Ix with 50mM Tris pH 

7.5. For SDS-PAGE analysis, SDS loading buffer (Sambrook et al., 1989) was added 

and the samples were boiled for 3-5 mins prior to loading.

2.7.3 SDS POLYACRYLAMIDE GEL ELECTRPHORESIS
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Protein samples were diluted in standard Laemmli buffer (+p-mercaptoethanol) prior 

to loading. Rainbow Markers (Amersham) were used as protein molecular weight 

standards. Samples were analysed by electrophoresis through 8-10% SDS-PAGE gels 

For Coomassie blue staining, the SDS-PAGE gels were rinsed briefly with water and 

soaked in Coomassie blue stain (250ml isopropanol, 100ml acetic acid, 650ml H2O 

2.5g Coomassie Blue) on a rotating table for 20-30 mins. The gels were soaked in 

destain solution (10% ethanol, 10% acetic acid) for 1-2 hrs in a sealed container and 

dried under heated vacuum.

2.7.4 WESTERN BLOT ANALYSIS

Proteins separated on SDS-PAGE gels were transferred onto ProTran Nylon 

Membrane (Schleicher and Schuell) using a BioRad Transblot SD semi-dry transfer 

apparatus. Gels were transferred for ~ 1-2 hrs at 60mA/gel at 25 V. Efficient transfer 

was determined by rinsing the membrane in distilled water and staining with Ponceau- 

S.

Membranes were blocked using 5% Marvel in PBS + 0.05% Tween for 30 mins -  1 hr 

at room temperature. Primary antibody (mouse a-myc (9E10); mouse a-HA 

(12CA5)) was used at a 1:1000 dilution in 1% Marvel in PBS + 0.05% Tween for 1-2 

hrs at room temperature. The membranes were washed 3x lOmins with PBS + 0.05% 

Tween. Following washing, the secondary antibody (sheep a-mouse HRP conjugate) 

was used at a 1:10,000 dilution in 1% Marvel in PBS + 0.05% Tween for 1-2 hrs at 

room temperature. After the incubation a further 2xl0mins washes with PBS +

0.05% tween were made followed by a IxlOmins wash with PBS.
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ECL reagents were prepared in accordance with manufacturers instructions 

(Amersham Pharmacia Biotech). Blots were exposed on Kodak X-OMAT-AR film 

and developed for examination

2.7.5 IN VITRO TRANSCRIPTION AND TRANSLATION

The coding sequences of YFR038W, YPL150W and MET4 were amplified by PCR 

using modified primers containing restriction endonuclease recognition sites for 

cloning as follows; BgH - Sail YFR038W, Bgli -  Sail YPL150W and BgB - Xhol 

MET4. The fragments were cloned into T7pLINK cut with BgB-Xhol. AJso used 

were related T7pLINK constructs, pTR385 and pTR386 carrying the MBPl and SWI4 

coding sequences respectively. DNAs for in vitro transcription and translation were 

prepared using Wizard Preps (Promega)

Radio - labelling of proteins with ^^S-methionine used TRO-MEX' supplied by 

Amersham Pharmacia Biotech and the Promega Rabbit Reticulocyte in vitro 

Transcription and Translation system. RNase activity was inhibited with RNasin 

(Promega). Labelling was done under standard conditions as recommended by 

Promega. 5pi aliquots of reaction mixture were tested for efficient labelling by 

SDS-PAGE and autoradiography before use in GST-Swi6p binding assays.

2.7.6 PRODUCTION OF GST AND GST-SWI6 GLUTATHIONE SEPHAROSE

The SWI6 coding sequence was cloned into the GST fusion expression vector, pGEX- 

KG to form pTR310. GST- and GST-Swi6p fusion proteins were expressed in 500 ml 

cultures of E. coli BL21 by growth with 1.0 mM fPTG. The cell pellets were frozenat 

-80°. For lysis, the pellet from a 500ml culture was resuspended in 10ml NETN 

(lOOmM NaCl, ImMEDTA, 0.5% Nonidet, P-40, 20mM Tris-HCl pH 8.0). Each
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10ml of cell suspension was sonicated 3 times lOsec with cooling between treatments. 

The lysate was cleared by centrifugation at 10,000 rpm for 30min at 4°C. 1ml of 

glutathione sepharose 4B bead slurry (Pharmacia) was washed 3x in 10ml NETN and 

added to the cleared lysates and gently rotated at 4®C for Ih. The glutathione 

sepharose 4B beads were recovered by centrifugation and washed 3X with cold 

NETN. Finally the approx 500pl beads were resuspended in NETN-20%glycerol, 

aliquoted and stored at -80°. Binding of GST and GST-Swi6 to the glutathione 

sepharose 4B beads was assessed by SDS-PAGE of 1,5,10 and 20pl samples of beads 

slurry. Routinely, GST was approximately 20 fold more abundant than GST-Swi6 

from equivalent amounts of beads.

2.7.7 GST PULL DOWN ASSAY

100-200pl glutathione sepharose 4B bead slurry bound with GST or GST-Swi6 were 

washed 3 times in 1ml EBC buffer (140mM NaCl, 0.5% Nonidet P-40, lOOmMNaF, 

200pM sodium orthovanadate, 50mM Tris-HCl pHS.O) (Hagemeier et al). The GST 

beads were 'diluted ' 20 fold with washed unbound beads so that similar 

concentrations of GST and GST-Swi6 proteins were bound to the solid phase of the 

bead slurry. Bovine serum albumin was added to a final concentration of Img /ml. 

After lOmin at 4° with gentle agitation, 20 -50pl of sluny was dispensed to individual 

tubes. 2-5pi of radiolabelled test protein was added in a final volume of 200pl 

EBC/beads. The binding mixture was gently agitated a further 60 min at 4°. The beads 

were washed 3X in 1ml of 250mM NaCl NETN. The beads were resuspended in 2X 

protein load buffer and heated to 100° for 3min. The liquid phase was then analysed 

by SDS-PAGE and autoradiography.
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2.7.8 PURIFICATION OF GST-CDC28 KINASE

Yeast strain MGY6 was created by the deletion of the CDC28 gene from CG378 containing a 

galactose inducible plasmid copy of a GST-CDC28 fusion protein. As CDC28 is an essential 

gene, no selection was required for maintenance of the plasmid, thus allowing growth on rich 

media. A 21 culture of yeast strain MGY6 was grown overnight at 30°C in YP-2% sucrose to 

mid- logarithmic phase. GST-CDC28 expression was induced by the addition of 3 to 4% 

galactose and the cells were cultivated for another 6h and harvested by centrifugation at 5000 

rpm for 10 min and the cell pellet frozen at -80°C. The pellet was resuspended in 40 ml of cold 

lysis buffer (Tris 50 mM pH 7.5, 250 mM NaCl, l%NP-40, ImM EDTA, ImM DTT, 10 mM 

NaF, 50 mM P-glycerophosphate, 1 mM Sodium Orthovanadate) at 4°C. Cells were broken 

using a French Press at 20,000 P.S.I. and the lysates cleared by centrifugation at 16,000 x g  for 

20-30 min at 4°C. 6 to 8 ml of GSH-sepharose beads (Pharmacia) 50% in PBS were added to 

the extract and rocked for 45 min at 4°C. After binding, the beads were washed 6 times with 

washing buffer (50 mM Tris pH 7.5, 250 mM NaCl, 0.1% NP-40, 1 mM DTT). The beads were 

resuspended in 3 to 4 ml of PBS 50% glycerol.

Prior to elution, GST-Cdc28p-beads were washed twice with PBS and twice with 

elution buffer (EB), without reduced glutathione (50 mM Tris pH 7.5, 100 mM NaCl,

0.1% TritonX-100). The beads were resuspended in 1 ml of complete EB (50 mM Tris 

pH 7.5, 100 mM NaCl, 0.1% Triton-X-100 with 20mM reduced glutathione) for 10 

min at RT. The supernatant containing GST-Cdc28p was cleared by centrifugation 

and collected.

2.7.9 CDC14P PURIFICATION

The protocol used is based on the commercial pMAL Protein Fusion (Maltose 

Binding Protein) system from New England Biolabs. E.coli cell were transformed
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using pMAL-CDC14 (lab stocks), cells from transformed colonies were grown as 

described in the NEB protocol, induced with IPTG and the cell pellet frozen at -70°C. 

Mal-Cdcl4p was purified according to manufacturer’s instructions.

2.7.10 PURIFICATION OF OVEREXPRESSED PROTEINS FROM E.coli

E.coli BL21 containing pGEX-GST-Protein fusions were grown under selection 

expression was induced by the addition of 1 .OmM LPTG to the growing cultures for 

2h. The bacteria were harvested by centrifugation and the pellet resuspended in 

breaking buffer (lOOmM NaCl, EDTA ImM, 0.5% Nonidet, P-40, 20mM Tris-HCl 

pH 8.0) ingredients). Cells were broken using a French Press at 20,000 P.S.I. and the 

lysates cleared by centrifugation at 16,000 x g for 20-30 min at 4°C. Crude extract 

was mixed with GST-Sepharose (Pharmacia Biotech) by rotation for Ih at 4°C. After 

mixing, the beads were washed three times with breaking buffer. GST-fusion proteins 

were eluted from the beads with 20mM reduced glutathione. The concentration of 

protein obtained was assayed by Bradford assay and its physical integrity and purity 

monitored by SDS-PAGE and coomassie blue staining of polyacrylamide gels.

2.7.11 PURIFICATION OF HIS-TAGGED PROTEINS ON NI-NTA-AGAROSE 

E.coli or yeast expressing hexahistidinyl-tagged proteins were harvested by 

centrifugation and frozen at -80°C to assist breakage. Pellets were thawed on ice and 

resuspended in lysis buffer (50mM NaH2P0 4 , BOOmM NaCl, 5mM imidazole, 0.1% 

NP40, ImM (3-mercaptoethanol, 1 mMPMSF, protease inhibitors (Roche-Complete 

EDTA free tablets, 10 mM NaF, 50 mM p-glycerophosphate, 1 mM Sodium 

Orthovanadate). Cells were broken in a French press at 20,000 P.S.I. and the lysates 

cleared by centrifugation at 16,000 x g for 20-30 min at 4°C. 50% Ni-NTA resin
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(Qiagen) slurry, equilibrated in Lysis Buffer A, was added to the cleared lysate and 

mixed gently at 4°C for 60 min.

Lysate-Ni-NTA mixture was loaded into a column with the bottom outlet capped. 

This was then washed with 20 to 50 colunrn volumes of wash buffer (50mM 

NaH2? 0 4 , SOOmM NaCl, lOmM Imidazole, pH 8.0) and the washes collected for 

analysis. Proteins were eluted with elution buffer (50mM NaH2P04, SOOmM NaCl, 

250mM Imidazole, pH 8.0). Fractions were collected approximately once every 

quarter of a column volume.

2.7.12 CDC28P AND CDC15P KINASE ASSAYS

Reactions were set up using a standard buffer (KB) (20 mM MOPS pH 7.5, 15 mM 

MgCh, ImM DTT) and reaction mix (3pi KB, Ipl ImM ATP (Sigma) 0.1 pi (37 

KBq) [y-^^P]-ATP (Amersham), 0.5 to 10 pg of substrate (Histone 10 pg, Swi6 full 

length and fragments 0.5 to 5 pg), 10 to lOOng of kinase, dHzO to 30 pi). Histone HI 

was used routinely as a substrate control.

Reaction mixtures were incubated at room temperature (25°C) for 15 minutes. The 

reaction mixtures were electrophoresed through SDS-PAGE gels, stained with 

Coomassie blue and assays were analysed by autoradiography. Radioactive substrate 

bands on gels were quantified by either using a gel densitometer (Amersham- 

Imagemaster) on the autoradiographs or by scanning the gels directly using the Storm 

860 Phosphorimager (Molecular Dynamics).

For stimulation of Cdc28p kinase activity by Cln and Clb proteins, assays were 

carried out as above except that Cdc28p was incubated on ice with the appropriate
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bacterially expressed GST-Cln or GST Clb fusion for 10 minutes on ice before 

addition of substrate and ATP.

2.7.13 CDC14 PHOSPHATASE ASSAYS

Swi6p and Swi6-60k (Swi6p lacking the C-terminal transcriptional activation region) 

Proteins, tagged with 6-His, were expressed in E.coli BL21 and bound to Ni-Agarose 

beads. The beads were washed 2x with kinase buffer and re-suspended in equal 

volume of kinase buffer. 200 pi of pelleted beads were used to phosphorylate the 

bound protein with Cdc28p kinase using [y-^^P]-ATP . The protein-beads were 

suspended in 400pl of kinase buffer containing ‘cold’ ATP and 5pi [y-^^P]-ATP (see 

kinase assay) and 20 pi of Cdc28p kinase and incubated for 60 minutes at 30 °C. The 

beads were washed 3-4x with 4 ml of kinase buffer, and resuspended in an equal 

volume of 50 mM Tris/HCl pH 7.5.

Dephosphorylation of phospholabelled Swi6p and Swi6p-60k by Cdcl4p was done in 

100 pi of phosphatase buffer (10 mM Tris/HCl pH 8.0, ImM EDTA and 1 mM DTT) 

containing 30 pi of [^^P]-phosphorylated-Swi6p-Ni-Agarose beads and 30 pi of 

Cdcl4p-WT or 30 pi of Cdcl4p-mutant protein. Incubation was for 60 minutes at 30 

°C. Beads were centrifuged and washed 2x with phosphatase buffer. The beads were 

resuspended in 100 pi of SDS PAGE sample buffer, heated at 100 °C for two minutes, 

centrifuged and 50 pi of the supernatant analysed on a 10% SDS-PAGE gel. After 

staining with Coomassie blue and de-staining, the gel was dried and auto

radiographed (see kinase assay) using Kodak (X-ograph)- MXB Film. In addition, 

alkaline phosphatase treatment of the phosphorylated Swi6p was performed using 2 pi
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of calf intestinal alkaline phosphatase (Boehringer Mannheim) (1 unit/pl) and its own 

phosphatase buffer.
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2.8 PLASMIDS
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Yeast Genomic Expression Library

3.1 INTRODUCTION

Due to the complexity of cellular processes, there is a frequent need in molecular 

biology to identify proteins that interact with one another. A standard method used in 

yeast genetics is the process of screening by two-hybrid analysis. The two-hybrid 

system allows the experimenter to take one protein and use it to ‘fish’ for proteins, 

which may either directly interact or indirectly associate with it in a complex. 

However, an inherent problem with the classical two-hybrid system arises from its use 

of transcriptional activation as an indicator of protein interactions. Because of this, 

transcriptional activation proteins such as Swi6p, which activate expression of the 

reporter genes on their own, cannot be used in this system. This has meant that the 

search for proteins that may interact with transcriptional activators has usually been 

performed with fragments of the protein and therefore may have resulted in an 

incomplete picture of its interactions. In an attempt to circumvent this problem, the 

SOS Recruitment System (SRS) was devised as an alternative two-hybrid assay 

suitable for transcriptional activators (Aronheim et al., 1995).

3.2THE SOS RECRUITMENT SYSTEM

The SRS differs from the conventional two-hybrid system primarily by the way it 

reports interaction. Whereas the classical system uses transcriptional activation to
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indicate protein protein interactions, the SRS uses the reconstitution of a pathway 

essential for growth in yeast, the RAS signaling pathway. In wild type yeast, the 

RAS protein is located at the cell membrane and is inactive in its GDP bound form. 

Activation of the pathway occurs via the interaction of RAS with its guanidine 

nucleotide exchange factor, Cdc25p. This interaction must occur at the cell 

membrane. Temperature sensitive mutations in Cdc25p produce yeast strains that 

are unable to grow at the restrictive temperature and arrest the cell in G1. One such 

strain contains the cdc25-2 allele and it is this strain which provides the genetic 

background for SRS screening.

The reconstitution of the RAS pathway requires two fusion proteins. The first of 

these is either protein X or a library peptide, which is fused to a myristylation signal 

for targeting to the yeast cell membrane. The second fusion protein comprises protein

Y fused to the human homologue of Cdc25p, human Son of Sevenless (hSosp). The 

hSosp protein is capable of complementing loss of function mutations in the yeast 

Cdc25p provided it can localise to the membrane. Therefore, if protein X and Protein

Y interact then the myristylation signal will target hSosp to the membrane where it 

can come into contact with RAS and activates the signaling cascade. If this 

interaction occurs in the cdc25-2 strain at the restrictive temperature, the yeast will no 

longer arrest in G1 and will progress normally through the cell cycle (Figure 3.1).
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The Yeast RAS Cascade and the SRS system

(a)
RAS

CDC25

GDP GTP

Cell Survival

(b)

t "'>,5-2

1r

C dc25-2 Cell C ycle Arrest
at Restrictive Temperature

(c)

GDP GTP

Cdc25-2 Cell Survival 
at Restrictive Temperature

Fig 3.1 (a) WT RAS cascade in yeast, (b) The Cdc25-2 mutant used in the 
SRS arrests as unbudded cells in G 1. (c) Restoration o f  the RAS cascade 
using the SRS two-hybrid system.
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3.3YEAST GENOMIC EXPRESSION LIBRARY

3.3.1 GENOMIC DNA PREPARATION

In order to use the SRS method it was necessary to construct a suitable genomic 

library from S.cerevisae. The preparation of a genomic DNA and expression library 

followed a method used to construct a library for the classical two-hybrid system with 

only minor changes (see Materials and Methods and James et al, 1996). The strategy 

was to partially digest genomic DNA with six different restriction enzymes to 

generate a complex and overlapping collection of fragments with compatible cohesive 

ends to Clal to enable cloning into the modified pMSTRP vectors.

Genomic inserts for cloning were prepared by individual partial digestion of 

S.cerevisae genomic DNA with HpaU, Acil, Mspl, HinPl, Taqa-l and MaeW. To 

ensure partial digestion, each reaction was performed using 300 pg of yeast genomic 

DNA, after first empirically determining suitable dilutions of each enzyme to be used 

for a set time period. The digested DNA was separated using agarose gel 

electrophoresis and fragments from 500bp to 3kb were isolated from the gel.

Southern blot analysis using an internal fragment of the LEU2 gene as a probe was 

used to verify correct digestion for the isolation of appropriate sized products for 

library construction.

3.3.2 LIGATION AND COVERAGE

In order to construct an expression library, it was necessary to modify the pMSTRP 

vector to create three new vectors with a unique C/al cloning site in each of the three
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Library Plasmid Construction

(a)

Clal

1 CGCGGCCGCAAAGAGATCGAATTCCC-GGGG-ATCCATCGATGTCGACCTGCAGAGATCTATGAA.TCGTAGATACTGAAAGCGGCCGCC
2 CGCGGCCGCAAAGAGATCGAATTCCC-GGGGGATCCATCGATGTCGACCTGCAGAGATCTATGAATCGTAGATACTGAA-GCGGCCGCC
3 CGCGGCCGCAAAGAGATCGAATTCCCCGGGGGATCCATCGATGTCGACCTGCAGAGATCTATGAATCGTAGATACTGA- -GCGGCCGCC

Frame Shift

(b)
MYR

3HA _ ,
Kpnl

Ec6R\ Sacl Notl
GAATTCGATATCGAGCTCCCAGGTACCGCGGCCGCAAAGAG

EcoRl Smal Clal Sail Pstl Bglll

ATCGAATTCCCGGGGATCCATCGATGTCGACCTGCAGAGATC

Notl Xhol

TATGAATCGTAGAGATACTGAGCGGCCGCCTCGAGCGACCCG

Sphl Xbal

GGCAGTCGACTAGGTAAGTGAGCATGCATCTAG

Figure 3.2. (a) The inserted unique Clal site and surrounding sequence from the James two-hybrid vectors. The region 
containing the frame shift is indicated, (b) Modified pMSTRP containing the vector sequence from the James vectors. The 
resulting new multiple cloning sequence is from pMSTRP5
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G e n o m i c  Library P r e p a r a t io n

Y e a st  G e n o m e

XI

Six Individual Partial D ig e s ts  

500bp 3kb Fragments C/81 Compatible E nds

J 11 XI X

I p M S T r p 4  A
\  f r a m e  #1 / X

( p M S T r p S
f r a m e  #2

p M S T  r p 6
frarr a m e

M odified M yristolation vecto rs  c on ta in in g  u n iq u e  C la /s ite  for library in serts

Figure 3 .3 Representation o f  the preparation o f a genomic expression library using a multiple sub
library approach as outlined in the text
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reading frames. This was achieved by amplifying the multiple cloning sequences 

from the James two-hybrid vectors that contain frame shifts around a common Clal 

site and an in frame stop codon downstream for this site. Cloning these into 

pMSTRP, resulting in plasmids pMSTRP4/5/6 containing a myristylation signal 

upstream of the original frame shift (Figure 3.2a and b).

Each of the six digestions was performed separately. The products of each digestion 

were cloned into the three reading frames variants of the myristylation fusion vectors, 

pMSTRP4, 5 and 6. Hence, the overall clone bank takes the form of three libraries 

each containing six sub-libraries. A certain degree of redundancy results within the 

system but this allows the genome to be covered six times and also the numbers of 

transformants per sub-library does not need to be extremely high.

For maximum transformation efficiency it was necessary to use electroporation. For 

each sub-library, the transformations resulted in the production of approximately 1.2 

-  1.4 million transformants for five of the restriction enzymes used. For Maell, this 

Figure was reduced to 750,000 transformants (TableS. 1). In order to verify complete 

genome coverage it is possible to perform some mathematical functions to calculate 

the probability that some fragments may be missing from the clone bank. Clark and 

Carbon originally formulated an algorithm to calculate the probability that all the 

fragments of a library will be contained in a certain number of clones, i.e. how many 

transformants will have to be obtained in order to cover the genome completely. 

Finkel et al (1994) then modified this algorithm in order to calculate the probability 

that a library will be missing a 5’ end generated by genomic digestions for library 

construction (Figure 3.4).
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James et al, provide information on how often each of the enzymes will cut in the 

S.cerevisae genome. The resulting number of expected 5’ ends could be calculated 

from this, which gives the first piece of data needed for analysis. The numbers of 

colonies obtained following ligation and transformation were recorded and this 

provides the second piece of data required for statistical analysis of the library. Using 

this information and the analysis put forward by Finkel et al (1994) it is possible to 

work out what the likelihood is of missing one of these 5’ ends in the resulting clone 

bank.

Even the lowest coverage gives rise to a 0.0007% chance of missing a 5’ end from the 

genome. This of course is decreased further by the numbers obtained from the other 

sub-libraries to around 1.6E-09%.

3.4 DISCUSSION

The Sos Recruitment System was deployed as the first step in the search for possible 

protein interactions with Swi6p. Two tasks had to be performed to allow the 

application of the SRS to the study of yeast protein interactions.

Firstly, a yeast expression library had to be constructed. The chosen method was to 

create a whole genome expression library using a similar methodology to that used by 

James et al to create a complex library for the conventional two-hybrid system. This 

was achieved with a good degree of success as the resulting library that efficiently 

covered the genome 6 times in three reading frames.
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Assessing the probability of missing a 5’ end

Enzyme Transformants/Frame P Missing 5 'end
Hpa\ 1.40E+06 6.91246E-13
Msp\ 1.40E+06 5.10209E-16
Aci\ 1.40E+06 1.6164E-09
HinP\ 1.40E+06 3.26638E-21
Taqal 1.40E+06 1.87194E-08
Maell 7.50E+05 2.06086E-09
Table 3.1. The probability o f not having a restriction digest 
generated 5’ end in a library calculated using the Finkel 
algorithm. Above are the probabilities for each enzyme. For 
more details see James et al., 1996.

Clark and Carbon 

In (1-p)
N  =   Where p = probability of covering genome

2̂  ̂ ( 1 - f )  size of insert/size of genome
N = number of transformants needed

Fiiikel

1 7  _  / 1  Where p = 1/expected number of 5’ ends
1 I P / N=Number of transformants obtained

Fj = probability of failing to clone a 5’ end

Figure 3.4. Above are the two basic equations used to calculate the effectiveness o f a clone bank. 
The original Clark and Carbon equation describes the number o f clones needed to cover a genome in 
a given clone bank. The Finkel equation allows the assessment o f a library after it is made.
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Secondly, the existing SRS vectors were not suitable for the construction of a library 

so they had to be modified to contain a unique cloning site compatible with the 

enzymes used in the genomic partial digests. By inserting a small DNA sequence into 

the existing pMSTRP vector, three new expression vectors were created to allow the 

cloning of the genomic fragments in three reading frames all fused to a myristylation 

signal to target the expressed peptide to the cell membrane.
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Swi6p SRS Screen for Protein Interactions

4.1 INTRODUCTION

This chapter describes how the SRS genomic expression library was used in a screen 

for proteins that interact with Swi6p. This screen also provides an opportunity to 

characterise the SRS system using yeast proteins, an application that has not yet been 

reported.

4.2 hSosD-SWI6D BAIT CONSTRUCTION

Previous users of the SRS system have shown that hSosp can be placed at either end 

of a protein fusion. The N-terminal region of Swi6p has no defined function and is 

connected to the rest of Swi6p via a flexible unstructured linker peptide (Sedgwick et 

al., 1998). A fusion to this region of Swi6p to hSosp would be unlikely to affect the 

in vivo function of Swi6p. Indeed, fusions of the LexA protein to the N-terminus of 

Swi6p do not prevent it from complementing a Swi6p defect (Sedgwick et al., 1998). 

In contrast, Swi6p interacts with its DNA binding partner via its c-terminus. It was 

therefore decided that Swi6p would be fused to the C-terminus of hSosp via its own 

N-terminal region. The SWI6 coding sequence minus the initial ATG start codon but 

containing the endogenous stop codon was amplified using modified primers 

containing 5'-Ncol and 3’ Sail restriction endonuclease sites for cloning into pS0C4. 

The fusion was expressed from the plasmid pSOC4-SWI6 under the control of the 

strong ADH promoter, giving constitutive expression throughout the cell cycle. This
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hSos-Swi6p fusion was fully active with respect to Swi6p function due to its ability to 

rescue the lethal phenotype of a Aswi6 swi4̂  ̂mutant at the restrictive temperature 

(data not shown).

4.3 SWI6P SRS SCREEN

An SRS screen was then performed using all three plasmids of the genomic library 

against this hSos-Swi6p bait, using cdc25-2 mutant yeast (figure 4.1).

Approximately 500,000 yeast colonies were screened and after selecting for positives 

that grew only on galactose at the restrictive temperature, the number of potential 

interactions totalled 328. The galactose dependency step identifies candidate clones 

which rely on induced plasmid gene expression and eliminates possible spontaneous 

yeast genomic mutations which circumvent the cdc25-2 defect. Colony PGR using 

internal primers with homology to the region immediately upstream of the unique 

Cla\ site in the library vectors (see Appendix ), were used to obtain templates for 

nucleotide sequencing. Automated ABI sequencing data was used to search the yeast 

genome for the identity of the 328 possible Swi6p interacting proteins.

As the SRS was still a relatively new and untried system in yeast, it was not 

immediately clear what the false positives would arise. For example it may be that 

some proteins identified could directly rescue a cdc25-2 mutation on their own. In 

order to investigate this further it was decided that another round of screening should 

be performed to identify library plasmids which required hSos-Swi6p. The presence 

of the URA3 marker on the bait plasmid allowed plasmid dependency to be tested by 

growing positives clones in the presence of 5’-fluorooritic acid (5’-F0A). A 

functional URA3 gene product converts 5’-F0A into a metabolic poison and therefore
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SOS Screening Protocol

cdc25 -2

Library + 
pSOC4-Swl6p

° o °

Glucose 25°C

Replica Plating

0 ^ 0

Galactose 37®C

Pick Viable Colonies

Galactose 37°C Glucose 37®C

Select Positive Colonies for growth on galactose only at 37°C

Figure 4.1. Representation of the procedure used for this SRS Two-Hybrid screen. For auxotrophic selection 
the TRP and UR A markers were used.
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Representation of Positive Clones

Protein Clones Function
Cdc15 1 Mitotic Kinase
Ypl166w 1 unkown
Yfr038w 2 Related to Sth1, Snf1
YklOSOc 2 Uso related
Gtt2 1 Transferase
Flo5 2 cell wall
Met4 1 transcription
Yol132w 1 cell wall/sporulation
Rdn 8 ribosomal
Mlh1 1 DNA repair
Yil177c,Yjl255c,Yel077c 2 Helicases
Sps2 1 differentiation
Ybr287w 1 Ecm related, possibly cell wall
Yer188w 1 unkown, induced by alpha factor
In  LTR 3
YpMSOw 2 Snf1 related
Mup3 2 Small molecule transport
Bdf1 1 Meiosis chromatin structure
Sis2 1 Cln1 & Cln2 transcription
Dop1 1 Putattive cell cycle role
Pex1 1 Nucleotide binding protein
Yps3 1 Protein degradation
Pdc5 1 Lyase
Carl 1 Hydrolase
tRNA 1
ydl078w 1 unkown
mt orf 1
Bud4 1 cell polarity
Ydr203w 1 unkown
Yer077c 1 Protein synthesis
Prp16 1 RNA processing
Ykr021w 1 unkown
Ydr109c 1 Kinase
Emp70 1 Transport
Hfa1 1 FA
Tok1 1 Transport
Srl1 1 Supressor of RAD53 lethality
Ynl050c 1 unkown - has NLS
Ykl064w 1 Transport
Dal5 1 Nuc. Metabolism

Table 4.1 A representative list o f putative Swi6 interacting proteins isolated 
from the SRS two-hybrid screen, from which five candidates were chosen for 
further study.
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5’-F0A acts as a negative selection forcing the yeast to ‘lose’ a URA3 plasmid. The 

loss of the URA3 containing tŜOC4-SWI6 prevents any interaction between hSos- 

Swi6p and the library protein/peptide so growth cannot be supported at 37°C. If any 

growth is seen then either the cdc25-2 mutation has reverted or the library 

protein/peptide is able to compliment the cdc25-2 mutation on its own. After this 

round of selection the number of potential interactions found to be plasmid-dependent 

was reduced to 126. Thus over 60% of clones were non-interactive.

Interestingly, of those clones ‘lost’ from this round of screening, many were GTP 

binding proteins and one was a homologue of Cdc25p, Sdc25p. Table 4.1 shows 

some of the proteins identified, which appeared to have some connection to pathways 

related to Swi6p.

4.4 FIVE PUTATIVE INTERACTIONS

From the number proteins identified in table 4.1, practicality required me to choose a 

subset for further investigation. Five were chosen for further work. These were the 

mitotic kinase Cdcl5p; Sis2p, a phosphatase known to have a role in the expression of 

CLNl and CLN2 (Di Como et a i, 1995), and which are controlled by Swi6p 

themselves; and Met4p, a transcription factor which has a role in Gl. Lastly, two 

unknown ORF’s were chosen as they both appeared twice in the screen from 

independent clones and which, interestingly, had homology to Snf proteins that are 

known to have a role in transcription through chromatin remodelling. These were 

Ypll50wp and Yfr038w. Below is a summary of the five chosen.
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CDC15 encodes a highly studied, essential, 110-kDa phosphoprotein. It has 

homology to the Mitogen Activated Kinase Kinase Kinase (MAPKKK or MEKK) 

family. It has an essential role in late nuclear division where temperature sensitive 

mutants will arrest in G2 with a large bud and two nuclei. In addition, mutant cells 

arrest with high Clb-associated kinase activity indicating a role within the Mitotic Exit 

Network.

(For a review see http://www.proteome.eom/YPD/reports/CDC15.html and 

references therein)

SIS2 encodes a non-essential 62-kDa protein thought to be involved in response to 

cell stress through ion homeostasis, specifically responding to elevated NaCl and LiCl 

levels. Interestingly Sis2p is required for recovery from alpha-factor-induced growth 

arrest. Sis2p increases the expression of CLNl, CLN2, SWI4 and CLB5 (Di Como et 

al., 1995). It functions as an inhibitory subunit of the Ppzl phosphatase (de Nadal et 

al., 1998) which is known to work in a negative antagonistic fashion with the cell 

cycle promoting Sit4 phosphatase in cell cycle regulation.

(For a review see http://www.proteome.com/YPD/reports/SIS2.html and references 

therein)

MET4 encodes a 74-kDa protein involved in the assimilation of sulphur through 

transcriptional activation, and also contains a basic leucine zipper motif. Met4p 

functions by forming a transcription complex with Met28p and Met31 p/32p. This 

complex is required for the transcription of both MET! 7 and MET30 in response to a 

reduction in the levels of intracellular S-adenosylmethionine. The leucine zipper 

motif is involved in stabilising the Met4p/Met28p/Met31/32p complex through
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interactions via this region to Met28p. In addition, Met4p uses the leucine zipper 

region to target Cbflp to the promoter of MET16. The regulation of the levels of the 

protein in the cell appears to be controlled by a feedback loop. Recent research shows 

that the essential role of Met30p, a gene under the control of Met4p, is to work with 

the ubiquitin ligase complex, SCF, forming to promote the removal of

Met4p from chromatin. Interestingly, when the MET4 gene is over-expressed in the 

cell there appears to be a complete loss of CLNl and CLN2 transcription (Patton et 

al., 2000). When combined with the fact that met30^ cells arrest in Gl there appears 

to be a link between S-adenosylmethionine levels and the cell cycle.

(For a review see http://www. proteome. com/YPD/reports/MET4. html and references 

therein)

YPLlSOw encodes a 100-kDa serine/threonine kinase with an unknown cellular role. 

The protein has 40% homology to the Snflp protein of S.cerevisiae, which has a role 

in chromatin remodelling. Interestingly, the expression of YPL150w is induced seven 

fold by methylmethanesulphonate (MMS). (For a review see 

http://www.proteome.com/YPD/reports/YPL150w.html and references therein)

YFROSSw encodes an 88-kDa putative member of the Snf2/Rad54 subfamily of NTP- 

dependent helicases. This protein is believed to localise to the nucleus where it may 

directly bind DNA and act as a helicase for the purpose of modifying chromatin 

structure. In addition to having homology to the Rad54 family, including the 

presence of a DEGH-box motif, YFR038w also has homology to the Imitator SWI 

genes of S.cerevisiae, ISWl and ISW2.
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4.5 DISCUSSION

4.5.1 FULL LENGTH SWI6P TWO-HYBRID SCREEN

The novel Sos recruitment system has been used here in an attempt to identify 

putative regulatory factors that interact with Swi6p. A yeast genomic library was 

especially made for this purpose with greater than 99% coverage of the genome.

The bait design was such that it left the C-terminus of Swi6p free as this region is 

known to be involved in the interaction of Swi6p with Swi4p and Mbplp.

After the primary and secondary screening steps outlined in the text, 126 clones 

whose ability to rescue a cdc25-2 mutant depended on the presence of hSosp-Swiôp, 

were isolated. From these a list of proteins which either had arisen more than once or 

that had a logical connection to Swi6p was compiled.

It was not possible to investigate all of these isolates; so five were chose for further 

study. These were Cdcl5p, Met4p, Sis2p, Ypll50wp and Yfr038wp.
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Investigating Swi6p Interactions

5.1 INTRODUCTION

This chapter describes the further investigation of the five putative Swi6p interacting 

proteins identified from the SRS two-hybrid screen.

5.2 CHARACTERISATION OF THE REGULATION OF THE FIVE GENES

The completion of the budding yeast genome-sequencing project has brought 

functional genomics and proteome studies to the fore. There are extensive databases 

publicly available that enable DNA and Protein comparisons that might suggest 

function of otherwise uncharacterised genes. With this goal in mind, one database, 

the S.cerevisiae Promoter Database (SCPD) was used to gain insight into the 

regulation of CDC15, SIS2, MET4, YPL150W and YFR038W and to see if they were 

in any way linked to the Gl/S transition in the cell cycle. Table 5.1 shows some 

elements found in the promoters of the five chosen candidates. The promoters contain 

elements such as GCN4 and UASPHR binding sites that are associated with 

nutritional stress and DNA damage respectively. Interestingly the occurrence of the 

STE12 element suggests regulation by mating factor which can arrest yeast cells in 

G l, prior to Swi6p mediated transcription. It can be seen from this information that 

there appears to be a role for stress in the regulation of these genes, the implications 

of this will be discussed later.
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5.3 BINDING OF MET4P. YPL150WP AND YFR038WP TO SWI6P

As the SRS assay indicated possible interactions, it was important to obtain 

confirmatoiy evidence by independent means. In one set of experiments [^^S]- 

methionine labelled Met4p, Yfr038wp and Ypll50wp were assayed for binding to a 

GST-Swi6p fusion protein bound to glutathione sepharose. For this work, MET4, 

YFROSSW and YPL150W were cloned into the pTTlink vector for in vitro expression. 

Positive controls were provided by in vitro transcription and translation of SWI4 and 

MBPl derivatives of pT71ink.

No binding of radiolabelled Met4p, Yfr038wp and YpllSOwp was detected with 

either GST- or GST-Swi6p glutathione sepharose beads, (Figure 5.1). As expected, 

however, radiolabelled Swi4p and Mbplp were retained specifically by GST-Swi6p 

and not by GST alone showing that known interactions with Swi6p could be detected 

under the experimental conditions used here.

A second attempt to confirm the interaction of Swi6p with some of the candidate 

proteins detected in the SRS screen used co-immunoprecipitation. For these 

experiments, the candidate proteins were tagged c-terminally with either the 3HA 

epitope or the 13Myc epitope in wild type cells. A Swi6p polyclonal antibody was 

used to immunoprecipitate Swi6p from cell extracts and the resulting precipitates 

were examined by Western Blot. Unfortunately, no interactions were detected using 

this method (data not shown).
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5.4 EFFECT ON SWI6P TRANSCRIPTION

As Swi6p is a transcriptional activator, the putative interacting proteins were tested 

for any influence they might have on this activity in vivo. MET4, S1S2, YFR038Wand 

YPL150W were therefore deleted from the YAT73 reporter strain for Swi6p 

transcriptional activation. This strain has an integrated GAL4-dbd~SWI6 and an 

integrated copy of the E.coli LacZ gene under the control of the GALl-10 promoter. 

Deletion of any factor involved in Swi6p mediated transcription should have an effect 

on the expression of p-galactosidase, whose activity can be assayed 

spectrophotometrically. In YAT73 derivatives deleted individually for YFR038W, 

YPL150w, MET4 or SIS2, there was no significant difference in the levels of reporter 

gene expression compared to wild type cells, (Figure 5.2). Therefore, the four 

putative interacting proteins appear to have little influence on Swiôp’s ability to 

activate transcription.

5.5 PHOSPHORYLATION BY CDC15P

It was not possible to delete CDC15 from the genome, as it is an essential gene in 

yeast. Therefore in vitro studies were carried out to investigate any possible 

interaction between Swi6p and CdclSp. Cdcl5p is a mitotic kinase, which is active 

during the G2 and M phases of the cell cycle. Swi6p is known to be phosphorylated 

during these stages and so CdclSp could potentially phosphorylate Swi6p. Various 

fragments of Swi6p were used as substrates in a kinase assay (Figure 5.3) using 

Cdcl5p-HA immunoprecipitated from yeast extracts. It can be seen from Figure 5.4 

that although Cdcl5p-HA was able to stimulate kinase activity towards Histone HI 

above background levels, this was not the case for Swi6p. Also in this assay, Cdc28p 

was used as a negative control as it was not believed to be a kinase for Swi6p
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In vitro Swi6p Binding Assay

GST Control

Bound Protein Total Protein

1 2  3 4  5

Figure 5 ,1. GST binding experiment to assess the ability o f three proteins identified from the Swi6p 
SRS two-hybrid screen, (a) GST negative control to show background binding, (b) Binding o f GST- 
Swi6p to a protein partner. Lane 1, Yfr038wp; Lane 2 YpllSOwp; Lane 3, Met4p, Lane 4, Mbpland 
Lane 5, Swi4p. Total ^^S-methionine labelled protein loaded is also shown It can be clearly seen that 
the binding is only seen between Swi6p and its cognate DNA binding partners, Mbplp and Swi4p.
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Investigating the Promoter Elements of the Positive Clones

GCN4 BAS2 OCR! ECB SCB STE12 REBl MATa2 PH04 UASPHR AP-1 ABFI TBP CPFl SFF

YFR038W 4 2 2 1 0 1 2 0 0 1 0 0 0 0 0

YPLlSOw 9 6 1 1 I 1 0 0 0 0 2 0 0 0 0

SIS2 7 5 i 1 0 0 0 2 2 0 0 1 2 2 0

MLT4 3 1 2 3 0 2 1 1 1 0 0 0 1 1 1

CDCiS 3 2 2 I 0 3 0 0 0 0 0 1 0 0 0

Table 5 ,1. Promoter elements found in the promoters o f the five candidates identified from the Swi6p SRS 
two-hybrid screen.

Deletion Effect on Swi6p Dependent Transcription
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Figure 5,2, The effect on Swi6p mediated transcription o f  the deletion o f four genes 
identified from the Swi6p SRS two-hybrid screen. Cells were grown to mid-log and the 
activity o f  (3-galactosidase was assayed using a liquid ONPG assay. Values are in arbitrary 
ONPG units per |Ltg protein.
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(Sidorova and Breeden, 1995). However, it can be clearly seen that there is a strong 

Cdc28p kinase activity towards Swi6p. This will be discussed later in Chapter 5.

5.6 DISCUSSION

5.6.1 FIVE CHOSEN CANDIDATES

Examination of the candidates’ promoters could give some clues as to the nature of 

their possible interaction with Swi6p. All the five chosen appear to have regulatory 

elements connected to stress in their promoters. For example, both YPL150W and 

YFR038Wh.dc^Q many GCN4 elements in their promoters and indeed YFROSSWhSiS 

homology to the RAD54 a gene encoding a protein needed for the response to DNA 

damage. All the other three ORFs have some form of stress elements in their 

promoter, whether this is for responding to starvation signals or to ion levels. Met4p, 

for example, is more stable in sulphur-starved cells; Sis2p is needed for recovery from 

mating factor arrest and for responding to ion levels

Initial experiments to discover any role for the candidate proteins in regulating the 

activity of Swi6p were performed using a LacZ reporter system. The results from this 

work indicated that at least four out of the five had no effect on the ability of Swi6p to 

stimulate transcription using this expression system.

5.6.2 DETECTION OF ANY SWI6P INTERACTION

In vitro transcription and translation experiments and in vivo co-immunoprecipitation 

experiments were used to try and confirm the possible interactions identified from the 

SRS two-hybrid screen. Unfortunately, no evidence was seen to confirm the 

interactions suggested from the SRS data.
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5.6.3 PHOSPHORYLATION OF SWI6P

After the disappointing results from the attempts to confirm a physical interaction 

with Swi6p, the next step was to see if any enzymatic activity towards Swi6p could 

be detected. In a different assay, Cdcl5p was tested with Swi6p as a substrate. Swi6p 

is phosphorylated in a cell cycle dependent manner during M phase of the cell cycle 

and this is when Cdc 15p is active as a Kinase. However Cdc 15p kinase did not 

stimulate phosphorylation of Swi6p above background levels.

5.6.4 CHARACTERISATION OF THE SOS RECRUITMENT SYSTEM

As the attempts to show positive interactions between Swi6p were unsuccessful, what 

conclusions can be drawn about the nature of the SRS in connection to this screen? 

Consideration must be given to the conditions under which the screen was conducted. 

The stress aspect of the ‘positive’ proteins may point to a bias within the SRS system. 

The screen is performed at 37°C, which is stressful even for wild-type yeast. In 

addition, the transformation procedure stresses the cells and components of the RAS 

pathway itself are activated during heat shock. The yeast are not only subjected to 

physical stresses but because of the cdc25-2 mutation also have a disruption of the 

RAS pathway which in yeast has a role in signalling nutritional status. It could be 

that the most likely interactions that are seen are ones, which perhaps would only 

occur in vivo under conditions of stress. A possible role for nutritional stress in the 

system might be indicated by the occurrence of GCN4 elements in the promoters of 

these genes, with each chosen positive having several. GCN4 is a protein having a 

role in the response to amino acid limitation.
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Swi6p Fragments

Serine 160

TARTAR ANK

C

Full Length Swl6 +

‘60K Fragment’

‘40K. Fragment’

‘N-terminus’

Figure 5.3. Fragments o f  Swi6p used in the Cdcl 5p kinase assay. A representation o f Swi6p is shown outlining the 
major functional regions o f the protein and the best characterised site o f  phosphorylation. Serine 160. Also indicated 
are the fragments that contain this residue.
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Cdcl5p Kinase Assays

1 2 3 4 5 6 7

(a )

(b) (c)

e

Figure 5.4 Assay for CdclSp kinase activity towards Swi6p, Lane 1, Histone HI; Lane 2, Full Length Swi6p; Lane 3, Swi6p 
60K fragment; Lane 4, Swi6p 40K fragment; Lane 5, Swi6p N-terminus; Lane 6, Bovine Serum Albumin; Lane 7, GST. (a) 
Immunoprecipitated Cdc 15-HA kinase assay on beads, (b) Protein A control, yeast extracts were mixed with Protein A 
Sepharose only, as a negative control, (c) Kinase assay using Cdc28 Kinase with full length Swi6p as substrate.
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This is also true of BAS2 elements, another gene with a role similar to GCN5. Gcrlp 

binds to GCRl elements to regulate glycolytic gene expression and so could bring 

carbohydrate stress into the frame. It must be made clear, however, that the function 

of a gene cannot be predicted from its promoter sequence but these elements are 

conspicuous by their presence in this “stressful” screen.

The system also appears to bring its own share of false positives with more than 60% 

of primary clones falling into this category. One expected false positive was Sdc25p, 

which, being a homologue of Cdc25p is able to rescue the temperature sensitive 

lethality of the cdc25-2 mutant regardless of bait protein.

In addition to stress there is one other aspect of this system that could account for the 

inability to detect these interactions in vivo. By its very nature the activation of the 

RAS pathway does not need a prolonged signal to have its effect. This is because it is 

a pathway that relies on a signal transduction cascade and so a single short signal 

might be sufficient to stimulate a response. With this in mind it is easy to see that a 

protein- protein interaction could be very rapid but could still activate the RAS 

pathway and restore viability to the mutant yeast. If this were the case then current 

techniques may not be able to detect an interaction. Moreover, combining this fact 

with a conditional factor such as stress would mean that not only would laboratory 

techniques need to be exquisitely sensitive but also used under exactly the right 

conditions.

Could this be the reason that there interactions could not be confirmed? There are 

certain pieces of tantalising evidence that suggest that the proteins isolated could
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interact with Swi6p. Recent work published in Nature (Snyder et al., 2000) focused 

on searching for kinase substrates in yeast. GST-kinase fusions were used in an assay 

against a defined set of substrates, one of which was Swi6p. Interestingly they 

showed that Swi6p was a specific target for CdclSp, YpllSOwp and Yfr038w kinases. 

I however, was unable to detect any CdclSp kinase activity towards Swi6p. The 

deletion of both the latter two ORF’s give a reproducibly small increase in Swi6p 

mediated transcriptional activity as shown above, although this increase is not 

statistically significant. Moreover Yfr038wp has homology to RadS4p from the 

RadSOp epistasis group of proteins, known to negatively regulate Swi6p activity. A 

substrate kinase interaction is certainly long enough to stimulate a signal cascade but 

transient enough to be missed if a search was being performed under the wrong 

growth conditions. Met4 is a leucine zipper protein and Swi6p has a small zipper like 

motif. If Met4p is not ubiquitinated and removed from chromatin then cells arrest in 

G l. This suggests a role for Met4p in the negative regulation of Swi6p.

Recently, one of the candidates from table 5.1 not chosen for further study, SRLl 

(Suppressor of Rad53 Lethality, has been identified as being under the control of 

SBF. Along with Yfr038wp the screen highlighted two proteins perhaps connecting 

the Rad53 DNA damage response to cell cycle progression.

So although it was not possible to verify the results from the screen, it seems that 

interactions that can occur were seen. Due to time constraints it was not possible to 

ascertain whether or not they actually do occur.
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Swî6p Phosphorylation

6.1 INTRODUCTION

6.1.1 SWI6 AS A SUBSTRATE FOR CDC28 KINASE

The SRS screen for proteins interacting with Swi6p produced a positive result with 

Cdcl 5p. Although attempts to show that Swi6p was a substrate of CdclSp failed, 

Swi6p proved to be an excellent substrate for the control Cdc28p kinase. Cdc28p had 

been initially selected as a negative control as earlier in vivo data had suggested that 

Swi6p was not a target for this kinase in vivo (Sidorova et al., 1995). Although the 

activity of Cdc28 towards Swi6p was not expected, the purpose of the SRS two- 

hybrid screen was to discover novel protein interactions with Swi6p. The 

phosphorylation of Swi6p was just such an interaction and so was investigated 

further.

6.1.2 CELL CYCLE DEPENDENT PHOSPHORYLATION

Sidorova and Breeden (1995) showed that Swi6p was specifically phosphorylated at 

serine 160 (serl60). This phosphorylation event controls the sub-cellular location of 

Swi6p. When serl60 is phosphorylated, Swi6p is localised to the cytoplasm and 

when serl60 is dephosphorylated, Swi6p is localised to the nucleus. Seri60 is part of 

a Cdc28p consensus sequence, SPLK in amino acid single letter code, and is adjacent 

to a putative nuclear localisation signal that lies in the linker region between the N - 

terminus of Swi6p and the first transcriptional activation region. Figure 6. la.
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By looking at the change in Swi6p phosphorylation during the cell cycle using various 

cell cycle blocks and also CDK mutants, the results of this early work appeared to 

show that phosphorylation of serl60 was independent of Cdc28p. It was therefore 

intriguing to see a positive result from an in vitro Cdc28p kinase assay when Swi6p 

was the substrate.

6.2 PURIFICATION OF GST-CDC28p KINASE

The assay performed for Figure 6.1 used full length Swi6p as a substrate for purified 

Cdc28p kinase. The kinase was obtained by expression of a GST-Cdc28p fusion 

under the control of the GALl-10 from yeast strain MGY6 (Material and Methods).

To overcome the inconvenience of using minimal medium for growth, the GST- 

CDC28 plasmid was introduced into wild type yeast and then the host CDC28 gene 

was deleted. As CDC28 is an essential gene, this enforced selection for the GST- 

CDC28 plasmid thereby allowing growth in rich medium without the need for any 

additional plasmid selection.

Cyclin dependent kinases (CDKs) such as Cdc28p require an accessory cyclin for 

activity and for substrate specificity. In these experiments, two types of Cdc28p 

preparation were used, low and high salt. Under low salt conditions, a higher 

percentage of kinase molecules would be associated with any of the nine Cdc28p 

cyclins. Under high salt conditions, Cdc28p kinase is more pure with less associated 

cyclins.

6.2.1 SPECIFICITY OF CDC28 KINASE ACTIVITY

To identify which region of Swi6p is phosphorylated in vitro by the Cdc28p kinase, 

four fragments of Swi6p were used as substrates for Tow salf preparations of GST-
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Cdc28p (Figure 6. la). Assaying the specificity of the kinase showed that Cdc28p 

dependent phosphorylation occurred only in full length Swi6p and the Swi6p-60K 

fragment. Phosphorylation was not detected in two sub-fragments of Swi6p-60K 

(Figure 6.1). These were an N-terminal 15K fragment and 40K central portion of 

Swi6p encompassing the TARl transcriptional activation domain and the ankyrin 

repeats. By elimination, these results point to phosphorylation occurring in the linker 

region connecting Swi6p-15K and Swi6p-40K. This linker contains serl60.

Therefore to test whether serl60 was in fact the target for Cdc28p in vitro, a serine to 

alanine (S160A) mutation was made in the 60K fragment. This mutation resulted in 

the complete loss of Cdc28p dependent phosphorylation of Swi6p (Figure 6.2).

6.3 A SEARCH FOR CYCLINS FOR SWI6P PHOSPHORYLATION

Clearly, Cdc28p specifically phosphorylates Swi6p at serl60 in vitro. Presumably,

during Cdc28p purification from yeast under low salt conditions sufficient cyclin(s) 

was co-purified to give the kinase activity towards Histone HI and Swi6p seen in 

Figure 6.1. It is essential therefore, to discover which cyclin is needed for the 

phosphorylation being studied to allow a better picture of in vivo events to be built up. 

For this, GST-cyclin fusions were created and purified so that they could be added to 

Cdc28p kinase and assayed for their specificity towards Swi6p.

All nine cyclins were assayed for specificity in the phosphorylation of Swi6p by the 

addition of purified cyclins to high salt preparations of Cdc28p (Figure 6.3). Cdc28p 

kinase purified in this manner gave little phosphorylation of Swi6p. However, the 

addition of Clb6 to the assay resulted in a significantly stimulated Swi6p
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Swi6p Phosphorylation by Cdc28p

Serine 160
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Figure 6.1. (a) Four fragments of Swi6p were used to determine the specificity of the Cdc28p Kinase, 
Swi6p-15K, 40K, 60K and frill length protein (b) Kinase assay using the four Swiôp substrates 
showing that Cdc28p kinase phosphorylates those fragments containing serl60. GST and BSA used as 
negative controls. Histone HI was used as a positive control.

Phosphorylation at Serine 160

Swiôp 
’60K’

«

Figure 6.2. Single amino acid substitutions were used to determine whether or not Serine 160 was the 
target of Swiôp. A Serine to Alanine mutation at position 160 completely abolished Cdc28p dependent 
phosphorylation. Lane 1, Wild Type 60K fragment; Lane 2, SI60A 60K fragment.

79



phosphorylation. No stimulation was seen after the addition of Clnlp, Cln2p, Cln3p 

Clblp, Clb2p, Clb3p, Clb4p, and ClbSp. Figure 6.3 shows that all nine cyclins were 

able to stimulate kinase activity towards Histone HI, indicating that Clb6p is 

specifically able to stimulate Cdc28p dependent phosphorylation of Swi6p. When 

individual cyclins are added to low salt preparations of Cdc28p a slightly more 

complex result is seen. Consistent with the high kinase preparation experiments, 

Clb6p stimulated activity towards Swi6p (data not shown). However in some cases 

addition of cyclins that had failed to stimulate the phosphorylation of Swi6p in the 

previous assay actually caused a decrease in background phosphorylation levels seen 

with of low salt kinase preparation. An example of this effect is presented with Clb2p 

(Figure 6.4 and data not shown). Clb2p was still able to stimulate activity towards 

Histone HI. This observation might be explained if the addition of the ‘wrong cyclin’ 

to the assay displaces some of the endogenous specific cyclin which co-purifies with 

Cdc28p in the low salt preparations.

6.4 INVESTIGATION OF THE S PHASE CYCLINS CLB5 AND CLB6

Although the kinase assayed performed suggested that Clb6 was the only cyclin 

directing Cdc28p to Swi6p there was still a possibility that due to some technical 

difficulties Clb5 may indeed have a role to play. To investigate this, and begin to 

establish an in vivo assay of this CDK activity, the Cdc28p kinase was purified from 

yeast mutationally deficient in specific cyclins. In conjunction with the low salt 

protocol, this produced kinase with known deficiencies in associated cyclin activity.
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Clb6p Stimulation of Cdc28p Activity Towards Swi6p

Swi6
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Histone

Figure 6.3. Identification of the specific cyclin for targeting Cdc28p to Swiôp using both full- 
length and 60K Swiôp as substrates. Lane 1 shows the background activity of the purified 
kinase Lanes 2 to 9 show the effect of adding individual cyclins to high salt purified Cdc28p 
kinase. Lane 9 clearly shows that the addition of Clbô stimulates Swiôp phosphorylation. 
Histone was used as a control indicating that all nine cyclins were capable of activating Cdc28p 
kinase activity.
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Inhibition of Swi6p Phosphorylation by Clb2p

1 2 3 4 5 6 7

S6 S6 H1 H1 H1 H1

Clb2 + + +

Figure 6.4. Cdc28p kinase assay on Swi6p 60K. Lanes 1 and 2. Cdc28p activity towards Swi6p-60K is reduced 
with the addition of purified Clb2p. Histone HI was used to demonstrate the ability of Clb2p to activate Cdc28p. 
Lanes 4 to 7. Two Histone HI reactions were performed with increasing amount of Clb2p added, demonstrating the 
ability of Clb2p to stimulate Cdc28p kinase activity and showing the linearity o f Cdc28p activation.
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CLB5 and CLB6 were deleted individually and together from the genome of the GST- 

Cdc28p-producing strain MGY6, and the resulting purified kinase was assayed for 

activity towards Swi6p-60K and Histone HI (Figure 6.5a). Phosphorylation of Swi6p- 

60K was quantified by phosphoimaging and normalised against levels of Histone HI 

phosphorylation. For this assay two different amounts of kinase were used as an 

internal control to demonstrate that kinase activity was linear in nature, it can clearly 

be seen that increasing kinase levels, increases kinase activity. This was true for both 

‘background’ Swi6p and Histone HI phosphorylation. When CLB6 is deleted from 

the genome the phosphorylation of Swi6p is reduced by greater that 80%. The 

deletion of CLB5 had a smaller effect only reducing activity by approximately 30%.

A double cyclin deletion reduced the purified in vivo activity of Cdc28p towards 

Swi6p-60K by nearly 90%, indicating that ClbSp and Clb6p cyclins might both play a 

role in Swi6p phosphorylation in vivo.

6.5 SWI6P DEPHOSPHORYLATION

The return of Swi6p to the nucleus occurs at the end of mitosis and appears to be a 

rapid event (Sidorova et al., 1995; This study; Chapter 7, section 7.3). This re

localisation coincides with the dephosphorylation of serf 60. A potential candidate for 

this activity is the essential ser/thr phosphatase, Cdcl4p, whose activity peaks at the 

M/Gl transition when Swi6p re-enters the nucleus. Cdcl4p has several targets 

including the CDK inhibitor Sic Ip and another G1 specific transcription factor, 

Swi5p. The dephosphorylation of Swi5p by cdcl4p triggers the re-localisation of 

Swi5p to the nucleus (Visintin et al., 1998). Cdcl4p and mutant Cdcl4p were 

purified from E.coli as MBP fusion proteins and used in a phosphatase assay with
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CIbSp and Clb6p Stimulation of Swi6p Phosphorylation
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Figure 6.5, The effect of purifying Cdc28p kinase from cyclin deficient yeast, (a) Using the 
low salt protocol, Cdc28p was purified from wild type, Aclb5, and Aclb5 Aclbô yeast. The 
level o f Cdc28p activity towards Swi6p is dramatically reduced in the mutant yeast. 
Experiments were carried with two different amounts of Cdc28p kinase, (b) Imaging data from 
the experiments in (a).
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Déphosphorylation o f Swi6p by C dcl4p
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Figure 6.6. Phosphatase assay using CdcMp against phosphorylated serl60 on Swi6p-60K. Lane 1, Swi6p-60K 
only, lane 2, Cdcl4p treated Swi6p-60K; Lane 3, Swi6p-60K treated with ‘phosphatase dead’ CdcMp and Lane 
4, Alkaline phosphatase treated Swi6p-60K.
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Cdc28p- phosphorylated Swi6p as a substrate (Figure 6.6). Wild-type Cdcl4p 

eliminated almost all of the Cdc28p phosphorylation, whereas the mutant protein was 

not able to dephosphorylate Swi6p at all. The specificity of this activity was 

demonstrated by the fact that alkaline phosphatase also failed to dephosphorylate 

Swi6p, a phenomenon also seen with Swi5p (Visintin et al., 1998). Unfortunately, 

due time constraints it was not possible to continue this line of investigation.

6.6 DISCUSSION

6.6.1 CDC28p PHOSPHORYLATES SWI6p

An initial negative control used in an assay to verify results of the Swi6p SRS screen 

gave the major budding yeast CDK a possible role in the phosphorylation and 

regulation of Swi6p activity. Cdc28p was found to phosphorylate full length Swi6p, 

an unexpected result, as previous work had appeared to rule out a role for Cdc28p in 

Swi6p phosphorylation (Sidorova et a l, 1995).

Further investigation showed that the activity of Cdc28p towards Swi6p was limited 

to only two of the four fragments of the protein used in the kinase assays. These 

fragments both contained serl60. The phosphorylation status of this residue had 

previously been described as the factor that controlled the cellular localisation of 

Swi6p independently of Cdc28p. To assess whether or not the Cdc28p kinase was 

specifically acting on this residue, a single serine to alanine substitution was made at 

serl60. As described above, this abolished the ability of Cdc28p to phosphorylate 

Swi6p. Thus, Cdc28 specifically phosphorylated the same serl60 residue, which in 

vivo determines Swi6p nuclear localisation. In a later experiment we also looked at
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Cdc28p phosphorylation of full length Swl6p (data not shown). This test excluded 

any phosphorylation in the C-terminus.

6.6.2 THE SEARCH FOR CYCLINS

The binding of cyclin molecules for both activity and specificity controls the function 

of a CDK. The major budding yeast CDK, Cdc28p can associate with nine cyclins. 

The cyclins are expressed in waves throughout the cell cycle and are very unstable 

proteins. This periodic expression and instability means that the kinase can only bind 

to an individual cyclin during a specific stage of the cell cycle. It is very important 

then, to know which cyclin is responsible for targeting Cdc28p to Swi6p. Kinase 

assays were performed using purified Cdc28p with the addition of purified cyclin 

molecules. These assays identified Clb6p as being able to strongly stimulate Swi6p 

phosphorylation. Purification of the second S phase cyclin, Clb5p, proved extremely 

difficult and so another method was needed to assess its role.

6.6.3 REDUCTION OF KINASE ACTIVITY W  VIVO

As the Cdc28p kinase is purified from yeast, there is a small population of molecules 

that are still bound to a cyclin. Moreover, as the cells are from an exponentially 

growing culture, this population will contain all of the nine cyclins. There is then, a 

background kinase activity capable of stimulating serf 60 phosphorylation. It follows 

from this that if the cyclins responsible for Swi6p phosphorylation are not present in 

the yeast, there should be a reduction in the background activity. CLB5 and CLB6 

were deleted from the genome of the Cdc28p-producing strain and then the kinase 

was purified as normal. The deletion, either individually or together, of these S phase 

cyclins resulted in a significant decrease in Swi6p phosphorylation. Deleting Clb6

87



alone reduced the activity by more than 80% and when both cyclins were deleted, 

approximately 90% of the background activity was lost.

6.6.4 REDUNDANCY OF CYCLINS

The Cdc28p-dependent phosphorylation of Swi6p at serl60 seems for the most part 

mediated by either ClbSp or Clb6p-Cdc28p kinase. However, even when these two 

cyclins are removed from the yeast genome there is a residual phosphorylation of 

Swi6p, albeit reduced to approximately 10% of wild type levels. The persisting 

ability of Cdc28p to phosphorylate Swi6p is most likely due to the partially 

redundancy between cyclin-CDK complexes. The deletion of the two S phase cyclins 

is not a lethal event, so other cyclins must be able to compensate for their loss even 

though this may be at a reduced level.

6.6.5 DEPHOSPHORYLATION OF SWI6p

The timing of the relocalisation of Swi6p to the nucleus and presumably the 

dephosphorylation of serl60 raised the intriguing possibility that the essential 

phosphatase, CdcMp, could be involved in the regulation of Swi6p and its role in 

controlling the cellular localisation of Swi5p sets a precedent for its ability to activate 

G1 events. Experiments using Swi6p-60K that had been phosphorylated by Cdc28p 

kinase showed that CdcMp could indeed dephosphorylate Swi6p. As this study 

demonstrates that Cdc28p specifically phosphorylates serl60, it can be concluded that 

CdcMp is dephosphorylating this residue in these in vitro experiments. Moreover, 

like Swi5p, CdcMp and not alkaline phosphatase specifically dephosphorylated 

Swi6p.
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Swi6p Visualisation In Vivo

7.1 INTRODUCTION

The previous chapter detailed the in vitro phosphorylation of Swi6p by Cdc28p acting 

with Clb6p and, to a lesser extent, with ClbSp. The specific phosphorylation occurred 

at the serl60 residue that has previously been implicated in the nuclear export of 

Swi6p. Thus, to properly establish a role for ClbSp and Clb6p for in vivo 

phosphorylation of Swi6p, the effect of ClbSp and Clb6p activity on the nuclear 

export of Swi6p was examined. Figure 7.1 shows the timing of Swi6p nuclear entry 

and exit (Sidorova et a l, 199S)

7.2 NUCLEAR LOCALISATION OF SWI6

Yeast strain ^303-\di SWI6P-GFP was constructed to express a genomically encoded 

Swi6p-GFP fusion protein under the control of SWI6 own promoter. PCR was used to 

amplify a construct containing the gene encoding GFP and a selectable marker 

flanked by SWI6 homologous tails. This was recombined into the W303 genome at 

the 3’ end of SWI6. The resulting C-terminal Swi6p-GFP fusion protein was directly 

visualised using fluorescence microscopy. To assess the success of the tag, the 

localisation of Swi6p-GFP was monitored to see whether or not the GFP fusion would 

behave as expected for untagged, normal Swi6p. Yeast expressing the Swi6p-GFP 

fusion were arrested in Gl, S and metaphase using a-factor, hydroxyurea (HU) and 

the microtubule depolymerising drug, nocodazole.
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Localisation of Swi6p Throughout the Cell Cycle

Nuclear Cytoplasmic

START

M/Gl Gl G2 M

SBF/MBF

Figure 7.1. A representation of the cell cycle and the showing the activity and localisation of Swi6p. As the cells approach the 
Gl/S boundary, Swi6p is in the nucleus and Swi6p-dependent transcription levels increase. This promotes passage through Start 
and into S phase. During S phase, serl60 is phosphorylated and Swi6p moves to the cytoplasm and Swi6p is no longer capable 
of activating transcription. At the end of Mitosis, Swi6p is dephosphorylated and re-enters the nucleus in preparation for a new 
round of Gl/S transcription.
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respectively. Swi6p-GFP was nuclear during a Gl arrest, nuclear with some 

cytoplasmic protein in an S phase arrest and predominately cytoplasmic at metaphase 

(Figure 7.2). Therefore, the presence of the GFP tag did not affect the expected 

cellular localisation of Swi6p.

7.3 THE EFFECT OF CYCLIN DELETION ON SWI6P-GFP LOCALISATION 

As serl60 phosphorylation causes Swi6p to be cytoplasmic during G2 and M,

nocodazole arrests were used to study the effects of cyclin deletions in the cells.

Clb6p appeared to have the greatest ability to stimulate Seri 60 phosphorylation, so

the CLB6 gene was deleted from the Swi6p-GFP strain and the cells arrested using

nocodazole. Figure 7.3 shows that even though CLB6 had been deleted from the

genome, Swi6p-GFP could still re-localise to the cytoplasm during G2 and M.

The fact that Swi6p-GFP was still exported from the nucleus in this CLB6 deletion 

strain was not completely unexpected. The results from the in vitro studies suggested 

that Clb6p-Cdc28p kinase activity was not sufficient to account for all the observable 

serl60 phosphorylation. Therefore, both S phase cyclins were deleted from the 

genome of the Swi6p-GFP strain. This introduced an additional complexity because 

clb5 clb6 double mutants are not efficiently arrested by nocodazole treatment. As an 

alternative, the localisation of Swi6p-GFP was observed in real time throughout the 

cell cycle.

Wild type Swi6p-GFP, Swi6p-GFP Aclbô and Swi6p-GFP Aclbô Aclb5 cells were 

arrested in Gl using a-factor, released, and the localisation of Swi6p-GFP followed 

throughout the cell cycle (Figure 7.4a, b and c).
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Visualisation of Swi6p-GFP Specific Ceil Cycle Arrest Points
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H ydroxyurea

N o co d a zo le

Figure 7.2. Swi6p-GFP cell were arrested at three stages of the Cell Cycle and the localisation of Swi6p- 
GFP (green) was assayed. The cells were also stained with DAPI (blue) to established nuclear 
positioning. In a-factor Swi6p-GFP co-stained with the DAPI signal, as was the case in the presence of 
HU. Swi6p-GFP gives a characteristic corona when arrested during Metaphase.
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Cytoplasmic Localisation of Swi6p-GFP in the Absence o f Clb6p

Swi6-GFPDAPI
Figure 7.3. The deletion of CLB6 does not appear to affect the phosphorylation of Seri 60, as Swi6p-GFP is 
cytoplasmic in a nocodazole arrest, again demonstrating the corona of Swi6p-GFP. The deletion of Clb6p 
giving rise to a concentration of Swi6p-GFP coincident with the DAPI stain.
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Localisation of Swi6p-GFP Throughout the Cell Cycle
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Figure 7.4. a-factor block and release experiment to observe the cellular localisation of 
Swi6p-GFP. (a) Wild type Swi6p-GFP strain showing the completion of the cell cycle at 105 
minutes, (b) Swi6p-GFP strain containing a clb6 deletion, completing the cell cycle 
marginally earlier than the wild type, (c) Swi6p-GFP strain containing both a clb6 and clb5 
deletion showing a delay in the exit of Swi6p -GFP from the nucleus.
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Figures 7a,b and c show that even in the complete absence of ClbSp and Clb6p, 

Swi6p-GFP clearly re-localises to the cytoplasm, indicating that Seri60 may be 

phosphorylated by some other kinase for nuclear export. If a direct comparison were 

to be made between the Swi6p-GFP strains however, there is clearly a delay in the 

exit of Swi6p-GFP from the nucleus in the Aclbô AclbS strain, seen by comparing 

cells at 105 minutes. At this time point both wild type and Aclbô strains display 

nuclear Swi6p-GFP but the Aclbô AclbS strain still has cytoplasmic Swi6p-GFP 

(Figure 7.5).

7.4 DISCUSSION

7.4.1 IN VIVO OBSERVATION OF SWI6P

After obtaining in vitro evidence, for Swi6p phosphorylation by Cdc28p, there was a 

need to obtain corroborative evidence that this type of phosphorylation occurred in 

vivo and influenced Swi6p activity. The localisation of Swi6p has been studied 

previously, so it was possible to check that the GFP did not adversely affect the 

normal regulation of Swi6p. Swi6p is known to be nuclear throughout G l, nuclear 

for most of S but with some cytoplasmic protein and finally, Swd6p is cytoplasmic 

during a metaphase arrest induced by the drug nocodazole. The localisation of the 

Swi6p-GFP fusion used here matched that of the wild type protein (Sidorova et al., 

1995). During a nocodazole arrest, the GFP signal is distributed throughout the cell 

with a characteristic corona near the cell membrane. With this clear marker for 

cytoplasmic Swi6p, and presumably phosphorylation of serl60, it was possible to 

assess the in vivo role of the S phase cyclins.
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Delay in Swi6p-GFP Nuclear Exit

(a)

DAPI GFP
(b)

DAPI GFP
(c)

D API GFP
Figure 7.5. Swl6p-GFP images taken 105 minutes after release from a a-factor block, (a) Wild type 
strain; (b) Aclbô mutant; (c) double S phase cyclin deletant. The deletion of both S phase cyclins 
shows a delay in the exit of Swi6p-GFP from the nucleus only beginning at 105’.
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Deletion of the CLB6 gene from the Swl6p-GFP strain did not prevent the re

localisation of Swi6p to the cytoplasm as a GFP was detected throughout the cell 

during a nocodazole arrest. Likewise, deletion of both CLB5 and CLB6 from the 

genome did not affect the cytoplasmic localisation of Swi6p. It therefore must be 

assumed that phosphorylation of serl60 is also occurring.

To further investigate the effects of clb5/6 deletions the localisation of Swi6p was 

assayed throughout the cell cycle. In a wild type background Swi6p-GFP leaves the 

nucleus between 60 and 75 minutes after release from the a-factor arrest. In a Aclbô 

background, this nuclear exit also occurs between 60 and 75 minutes.

When both the S phase cyclins were deleted, Swi6p did not appear to leave the 

nucleus until at least 90 minutes after release from a-factor. The reason for this 30- 

minute delay can be either as a direct effect of the cyclin deletion or an indirect effect 

simply due to the delay in S phase. From this study it would seem likely that the 

delay in Swi6p nuclear exit was caused by the absence of the correct cyclin-CDK 

complexes but it is not possible to say this unambiguously. It is also not possible to 

examine to re-entry of Swi6p into the nucleus as the nuclear positioning defects 

associated Aclb5 Aclbô strains are likely to activate the Spindle Assembly Checkpoint 

and delay the onset of a new cell cycle. Interestingly, re-entry of Swi6p into the 

nucleus in the Aclbô strain seems to happen slightly earlier than in the wild type 

strain, perhaps suggesting that there was inefficient serl60 phosphorylation allowing 

more rapid accumulation of Swi6p in the nucleus when the cells re-enter Gl.
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Combining all the evidence so far seems to suggest that Clb5p/Clb6p CDK complexes 

are responsible for the proper timing of Swi6p nuclear export in normally growing 

cells. In the absence of the S phase cyclins it is clear that another kinase can 

phosphorylate serl60 as nuclear export can still occur.

7.4.2 REDUNDANT CDK FUNCTION

Collectively, the work on Cdc28p dependent phosphorylation shows a clear Clb5p/6p 

dependent activity towards Swi6p in vitro. However it was much more difficult to 

demonstrate a role for Clb5p/6p-Cdc28p in the nuclear export of Swi6p in vivo as 

other than changes in timing of export and presumably phosphorylation, little 

influence of Clb5p/6p was found. There are two possible conclusions. One is that 

ClbSp and Clb6p do not have an in vivo role in Swi6p phosphorylation. Alternatively, 

ClbSp and Clb6p do indeed determine phosphorylation of Swi6p in normal cells but 

the well-documented redundancy of cyclin activity makes it extremely difficult to 

unravel the target specificity of cyclin action. Note that loss of CLB5 and CLB6 does 

not cause inviability, although there is an aberrant nuclear positioning defect 

phenotype and a delay in the progression of S phase. Therefore, the other cyclin- 

Cdc28p complexes must be able to perform some of the functions usually carried out 

by ClbSp and Clb6p. In support of this, in vitro assays using Cdc28p kinase purified 

from ClbSp/6p deficient yeast still showed a low level of activity towards serI60.
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8

General Discussion

8.1 INTRODUCTION

The eukaryotic cell contains many systems to ensure that progression through its cell 

cycle only occurs when conditions are suitable. In particular, much of this control 

focuses on the transition from the growth phase Gl to S phase. This transition is 

known as Start in yeast and the Restriction Point in higher eukaryotes. This study has 

attempted to investigate the regulation of Start in budding yeast by searching for 

proteins that affect the main transcription factor, Swi6p, responsible for the increase 

in gene expression required for the Gl/S transition. An initial search for regulatory 

factors employed the novel two-hybrid system, the SOS Recruitment System (SRS). 

The two-hybrid screen identified proteins from functional groups that could logically 

relate to Swi6p and its role within the cell. A study of five of these proteins resulted 

in no evidence to confirm an interaction between them and Swi6p in vivo. However, 

there are tantalising indications that the interactions observed could actually occur.

8.2 THE TWO-HYBRID RESULTS REVISITED

The inability to show in vivo interactions appears, on the surface at least, to indicate 

that the two-hybrid screen was unsuccessful. However, this may not be that case.
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Firstly, the two proteins coded for by the unknown ORFs, YFR038W and YPL150W, 

and have been shown to act as kinases with Swi6p as substrate (Snyder et al., 2000).

8.2.1 YFR038W

YFR038w has homology to genes in the Rad53 family of DNA damage response 

factors and Swi6p is known to be phosphorylated in a Rad53- dependent manner after 

DNA damage (Sidorova and Breeden, 1997). Moreover, another protein identified as 

having a putative interaction with Swi6p, the transcription factor Sri Ip, was identified 

in a high copy suppressor screen as a suppressor of rad53 lethality. Interestingly, the 

expression of SRLl is controlled by SBF. Swi6p is phosphorylated in a Rad53p- 

dependent manner as a result of DNA damage and it would be interesting to perform a 

Yff038wp kinase assay with Swi6p as a substrate. Indeed, the Swi6p-3HA expressing 

strain could be used to assay changes in the mobility of Swi6p after DNA damage in 

the presence and absence of Yfr038p.

8.2.2 YPL150WP

Snyder et al. (2000) showed that YpllSOwp could phosphorylate specifically Swi6p. 

The protein also has homology to the Snf family of proteins that have been shown to 

have a role in the transcriptional activation in yeast. The experiments performed in 

this study showed that deletion of this gene did not impair the ability of Swi6p to 

activate the expression of a reporter gene. If YpllSOwp was in fact able to 

phosphorylate Swi6p then more detailed and relevant transcriptional assays could be 

performed, such as northern blot analysis of Gl/S transcription under various 

conditions of stress.
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8.2.3 MET4p

Failure to ubiquitinate Met4p during Gl leads to a cell cycle arrest with large 

unbudded cells in Gl (Patton et al., 2000). Moreover no CLNl/2 transcription can be 

detected in these cells. The putative interaction is intriguing as a possible mechanism 

for sulphur signalling. The first growth phase of the cell cycle allows the cell to build 

up reserves of nutrients that allow it to grow and eventually produce a daughter cell. 

However, yeast do not commit themselves to producing a daughter unless the 

conditions are right and so there must be mechanisms of sensing nutrient status. As 

Swi6p has a pivotal role in the transition from Gl to the energy intensive S phase, 

Met4p is a likely candidate for regulation by nutrient signalling. As cell duplication 

requires proteins synthesis, it is not unreasonable to expect a sulphur-signalling 

pathway branching into the control of Gl/S transcription.

Met4p is stable in low sulphur conditions which are unfavourable for cell cycle 

progression. This stability could lead to continued repression of Gl/S transcription 

via Met4p binding to Swi6p and this repression would only be relieved when nutrient 

levels reached a threshold level allowing cell cycle progression. This possibility 

would be investigated using Met4p chromatin immunoprécipitation assays under 

various starvation conditions. An alternative explanation for the apparent SRS 

interaction between Met4p and Swi6p is that it could still be false positive arising 

because both proteins have leucine zipper regions that could interact.

8.3 AN ASSESSMENT OF THE SRS FOR DETECTING PROTEEV-PROTEIN 

INTERACTIONS

The SRS system appears to be an extremely powerful new tool for investigating
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protein-protein interactions because it relies on reconstituting an essential pathway for 

cell survival, which should dictate a higher degree of sensitivity than the existing 

systems based on transcriptional activation. However, it is perhaps because of this 

sensitivity that the system begins to cause problems. A signalling pathway, such as 

the one used for the SRS system, will activate a cascade of second messenger 

molecules activated by a single signalling event, no matter how brief. When two 

proteins that may have the ability to interact are overproduced then its is very likely 

that they will trigger this sensitive system.

Conversely the design of the SRS system may make it difficult to detect some 

interactions. For example, if a particular interaction occurs in the nucleus in vivo, one 

or both of the partners will have a nuclear localisation signal. This will conflict with 

the myristolation signal used for membrane targeting with the SRS system and the 

possibility of detecting any interaction will be compromised. This possible problem 

could help to explain why no Swi6p/Swi4p interaction was detected.

The SRS screen therefore appears have shown possible interactions that require more 

in depth study using specific conditions under which the interactions of these proteins 

with Swi6p occur in vivo. In addition it has led to a better understanding of the 

system as a laboratory tool.

8.4 SWI6P PHOSPHORYLATION

8.4.1 CDC28P DEPENDENT SWI6P PHOSPHORYLATION

This work has shown that Cdc28p can phosphorylate Swi6p in vitro at serl60, which 

is located in an archetypical Cdc28p phosphorylation consensus sequence. Previous 

work (Sidorova et al., 1995) showed that phosphorylation of this serine residue is the
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only cell cycle-dependent change in Swl6p phosphorylation that occurred in vivo. 

Thus, in vitro phosphorylation occurs at a Cdc28p consensus site that has cell cycle 

importance in vivo. Moreover, Cdc28p-dependent phosphorylation of Swi6p required 

Clb5p and Clb6p. The requirement for these cyclins is significant as the 

phosphorylation of Swi6p occurs at the Gl/S border and it is at this stage in the cell 

cycle when the activity of the Cbl5p/6p-Cdc28p kinase peaks. Despite the parallels, 

there remains a problem in that Sidorova et al., (1995) argue that Swi6p is not a 

substrate for Cdc28p. Their rationale for this depends on two crucial experiments. In 

one experiment Sidorova et al., (1995) arrested yeast cells in G1 using a temperature 

sensitive allele of CDC28, cdc28-13, and then released the cells from the block, with 

or without the presence the protein synthesis inhibitor, cycloheximide. When the cells 

are returned to the permissive temperature, Cdc28p is renatured and is active, and 

Gl/S transcription is observed. However, in the presence of cyclohexamide no de 

novo protein synthesis can occur. Under these conditions, phosphorylation of serine 

160 was not observed. Although this was taken as evidence for Cdc28p not being 

involved in Swi6p phosphorylation, the result directly supports the work carried out 

here because if no protein synthesis occurred, then even if CLB5 and CLB6 were 

expressed, no cyclin molecules could be produced and so Cdc28p would not be able 

to phosphorylate Swi6p.

In a second experiment, Sidorova et al., (1995) found that cdc28-4 mutants released 

from hydroxyurea treatment into a G2 block at the restrictive temperature still 

phosphorylated Swi6p. As hydroxyurea arrests cells in late S phase, the Clb5p/6p 

dependent phosphorylation of Swi6p would have already occurred prior to arrest. 

Without suggesting additional kinases acting under these conditions it is difficult to
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reconcile this latter experiment with the data obtained from this study. It was for 

these reasons that considerable effort was made to demonstrate an in vivo effect of 

Clb5p and Clb6p on Swi6p behaviour.

As phosphorylation status determines nuclear export/import of Swi6p, the movement 

of a GFP-tagged Swi6p was examined in wild type and Clb5p/6p mutants throughout 

the cell cycle. No gross defects in Swi6p trafficking were detected, except for a small 

delay in the nuclear export of Swi6p in a AclbS Aclb6 double mutant. It should be 

noted that these experiments are fraught with problems. One of the biggest problems 

with studying the role of Cdc28p in the cell cycle is the functional redundancy seen 

between the Cdc28p associated cyclins. This makes it extremely difficult to show, in 

vivo, a distinct role for each individual Cyclin-CDK pair and studies on Swi6p may be 

no exception. Indeed, it might be just this reason why still so few CDK substrates 

have been identified in vivo.

Experiments used in this study however, show that greater than 80% of the in vitro 

activity of Cdc28p towards serl60 is specified by the S phase cyclins.

8.3.2 SWI6p PHOSPHORYLATION FEDBACK LOOP

The potential of ClbSp and Clb6 to stimulate the phosphorylation of Swi6p for 

nuclear export predicts a negative feedback loop for terminating Gl. From previous 

work carried out on the Swi6p binding partner, Swi4p, Clb2p was shown to able to 

bind to the ankyrin repeats of Swi4p and that this binding persisted into G2 of the cell 

cycle. The rational for this was that progression through S/G2 and the resulting 

increase in Clb2p-Cdc28p complexes would then act to switch off Gl/S events
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unambiguously. Work following on from this study, focusing on the role of ClbSp 

and Clb6p, should provide the answers.

8.3.3 SWI6P DEPHOSPHORYLATION

In a truly cyclic cell cycle, each specific phase would be regulated by either its 

preceding phase or the subsequent stage of the cell cycle. For example, Gl 

transcription promotes S phase, which in turn feeds back to terminate Gl. Events in S 

phase such as DNA replication and further cell cycle-regulated gene expression then 

act to promote G2. It follows, that in order to return to Gl, events in late mitosis must 

act to promote entry into a new cell cycle. Indeed, passage through anaphase leads to 

essential Clb2 destruction allowing entry into Gl.

Swi6p is nuclear in Gl and so must be dephosphorylated during late mitosis to allow 

nuclear import. A potential candidate for this activity is the essential ser/thr 

phosphatase, Cdcl4p. Cdcl4p is required for the activation of the CDK inhibitor 

Sic Ip and the entry into the nucleus of another Gl specific transcription factor,

Swi5p. Preliminary results from a CdcMp phosphatase assay using Cdc28p 

phosphorylated Swi6p as a substrate, suggests that Cdcl4p specifically 

dephosphorylates serl60.

If Cdcl4p is essential for the return of Swi6p to the nucleus at the end of anaphase 

then a model of a complete cycle can be formulated. This model would describe why 

passage through Start is a point of no return. Gl/S transcription promotes entry into S 

phase, which subsequently switches off Gl events through the newly active Clb5p/6p-

1 1 2



(Siegmund and Nasmyth, 1996.). In addition, another study showed that S phase 

cyclins were able to down-regulate Cln associated kinase activity (Basco et a l,  1995). 

The work carried out here suggests that there is a more direct regulation of Gl/S 

transcription via a negative feedback loop initiated by Swi6p and operates as follows; 

after Start, nuclear, unphosphorylated Swi6p, acting with Mbplp in the MBF 

transcription complex would activate expression of the CLB5 and CLB6 genes. As 

these gene products accumulated, Swi6p would be phosphorylated and exported from 

the nucleus thereby preventing any further G1-specific gene expression.

A recent study supporting this model involving work on Gl/S transcription in fission 

yeast Schizosaccharomyces pombe {S.pombe), has demonstrated a direct feedback 

inhibition of the MBF transcription factor by the product of one of its target genes, the 

S phase cyclin, Cig2p (Ayté et al., 2001). Ayté et al, (2001) showed that the Cig2p 

associated kinase activity resulted in the phosphorylation of Res Ip (equivalent to 

Swi4p in S.cerevisiae) and subsequent inhibition of MBF dependent transcription 

(Ayté et a i, 2001). Although the S.pombe feedback loop is analogous to the model 

suggested from this thesis, it remains important to establish the mechanism by which 

the S.cerevisiae S phase cyclins could inhibit SFB/MBF transcription. The first 

difference is that the target for phosphorylation in budding yeast is not Swi4p, but 

Swi6p and that phosphorylation of Swi6p is associated with its exit from the nucleus, 

not just the inhibition of its transcriptional activity.

The role of serl60 phosphorylation has clearly been defined as regulating the 

localisation of Swi6p throughout the cell cycle (Sidorova et al., 1995, but the question 

of when it occurs and what kinase is involved, still remains to be answered
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Cdc28p kinases. Progression through the rest of the cell cycle maintains this forward 

momentum, as Swi6p is now cytoplasmic and incapable of stimulating transcription. 

When the cell cycle finally reaches its end point, anaphase, and the Cdcl4p 

phosphatase is activated, Swi6p is finally allowed back into the nucleus where, after a 

period of no stress and good availability of nutrients, it will once again trigger passage 

through Start.
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Future Work

9.1 ROLE OF CDC14P IN SWI6P REGULATION

Work carried out in this study has hinted at the involvement of the essential 

phosphatase Cdcl4p in the relocalisation of Swi6p to the nucleus at the end of 

mitosis. In vitro experiments showed that Cdcl4p could specifically dephosphorylate 

Swi6p that has been phosphorylated by Cdc28p. Moreover, alkaline phosphatase did 

not dephosphorylate Swi6p, a phenomenon seen with SwiSp, which is also a substrate 

for CdcHp.

Examining this putative regulatory step in vivo would not prove simple. Investigating 

the localisation of Swi6p-GFP in cdcl4 mutants is counter-intuitive as Cdcl4 mutants 

cause a cell cycle arrest before the end of anaphase. At this stage of the cell cycle, 

Swi6p is still cytoplasmic (Sidorova and Breeden, 1995) and as the cell cycle will not 

progress through a cdcl 4 arrest, it would be impossible to say what causes the 

retention of Swi6p in the cytoplasm of the cell.

One possible avenue of experimentation is to use the overproduction of CdcMp 

during the cell cycle to try and stimulate the aberrant return of Swi6p to the nucleus. 

This would however lead to the premature onset of late anaphase event causing cell 

cycle difficulties, perhaps not giving a clear idea of the true in vivo events. As with
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CLB Deletion Affects the Periodicity of CLN2 Expression
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Figure 9.1, Northern blot analysis o f CLN2 expression performed on wild type yeast and yeast containing clh5 and clh6 
with RBP-4 as a control, (a) Expression o f  CLN2 in wild-type cells clearly showing the periodic nature o f  CLN2 
transcription, (b) Expression o f  CLN2 in Acln5 Acihô mutant yeast, showing a reduction in the periodicity o f  CLN2 
transcription.
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the study of many cell cycle regulators, the work on Swi6p must be considered with 

essential proteins. When this happens, it is difficult to distinguish between global cell 

cycle events caused by the loss of the essential component and specific effects 

relating to the proteins of interest. Certainly the time constraints on this work did not 

allow for the necessary in-depth study.

9.2 EFFECT OF CLB DELETIONS ON G l TRANSCRIPTION

The phosphorylation of Swi6p results in the protein being exported from the nucleus 

during S phase. It would be interesting to investigate what the effect of failure to 

correctly export Swi6p from the nucleus has on Gl transcription. Preliminary 

experiments using wild type yeast and yeast cells containing CLBJ and CLB6 

deletions appear to show that in the mutant yeast, the expression of the CLN2 gene, 

which is under the control of Swi6p, has reduced periodicity (figure 9.1). Whereas 

expression in wild type cells showed a discrete peak, peaks were broader in the Aclb5 

Aclb6 mutant. Indeed the loss of periodicity is analogous to the effect seen by Ayté et 

al, (2001). When they investigated the effect of using a mutant form of the MBF 

component. Res 1 that could not be phosphorylated by Cig2p associated kinase activity 

(Ayté et al, 2001). When Cig2p was not able to stimulate phosphorylation of Res Ip, 

MBF-dependent transcription was not correctly terminated.

The Northern blot analysis of Swi6p-mediated transcription in the absence of ClbSp 

and Clb6p, highlights the need to focus on a possible role of the S phases cyclins in 

terminating Gl/S gene expression. A recent study, (Cosma et al., 2001) using 

CHromatin ImmunoPrecipitation (CHIP) techniques, demonstrated that Cdc28p
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activity is required to clear the Swi6p/Swi4p dimer, SBF, from the HO promoter. 

However, no mention was made as to which Cyclin-CDK complex was responsible 

for this but work performed here, supports a role for Cdc28p in directly regulating 

SBF leading to the termination of Swi6p mediated transcription.

To properly assess the contribution of the Clb5p/6p-Cdc28p kinase to terminating 

SBF transcription, the same CHIP techniques could be employed. Using wild type 

yeast and yeast containing single clb6 and clb5 clb6 double deletion, it would be 

straight forward to assay the binding of SBF to the CLN2 promoter across the cell 

cycle. One prediction would be that the clearing of SBF from the promoter would be 

delayed in the yeast strain with the single clb6 deletion and that this delay would be 

exacerbated in the double deletion mutant.
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Appendix 

SRS PRIMERS

FORWARD PRIMERS FOR pMSTRP MODIFICATION

MSTRPFl 5’- CGG GOT ACC GCG GCC GCA AAG AGA TCG AAT TCC CGG GG -  3’ 

MSTRPF2 5’ -  CGG GGT ACC GCG GCC GCA AAG AGA TCG AAT TCC CCG GG - 3 ’ 

REVERSE PRIMERS FOR pMSTRP MODIFICATION

SONRl 5’ - CCG CTC GAG GCG GCC GCT TTC AGT ATC TAC GAT TCA TAG -  3’

S0NR2 5’ -  CCG CTC GAG GCG GCC GCT TCA GTA TCT ACG ATT CAT AG - 3'

S0NR3 5’ -  CCG CTC GAG GCG GCC GCT CAG TAT CTA CGA TTC ATA GAT C -  3’

LIBRARY SEOUENCING PRIMER FOR MODIFIED pMSTRP 

LIBSEQl 5’ -  CTA CGT TCC TCT AGA GGC GTC CAC C -  3’

PRIMERS FOR CLONING SWI6 INTO pS0C4

FORWARD SW6FN2 5’ -  CAT GCC ATG GCG GCG TTG GAA GAA GTG GTA CGA TAC -  3’ 

REVERSE SW6RS2 5’ -  ACG CGT CGA CTC ATG AAG CAT GCT TTT TTA -  3’

PRIMERS FOR CANDITATE GENE REPLACEMENT 

YFR038W

FOWARD 5' - GTA TCA AAT TTG GCG ATG AGA TGA GCA GAT GCT CAA ACG CGA ATT 

CCC GGG GAT CCG GTG - 3'

REVERSE 5' - GAT AAC TCC TGG ACT AAG TCC TTA TTA GTG ACA TTA ACA CGC AGG 

TCG ACG GAT CCG GTG - 3'

YPLlSOw

FORWARD - 5' - CAC ATA TAG GTG AAT ATA CTG CTC ACC ATG GTT AAT CCT GGA ATT 

CCC GGG GAT CCG GTG - 3'

REVERSE - 5' - CAT CCT CTA CTA GCA ATG AAG ATA CCC TTC GCC GAT TAT TGG CAG 

GTC GAC GGATCC GGT G - 3'
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MET4

FORWARD 5' - CTG TGA ACG ATG AAG CAG GAG CAG TCC CAC GAA GGC GAC TCG 

AAT TCC CGG GGA TCC GGT G 3'

REVERSE 5' - GAT GCT GCA ATT TCG GTC AGT TCA TGT ATC GAT GAT TCT AAC GCA 

GGT CGA CGG ATC CGG TG 3'

SIS2

FORWARD 5' - GAC TGC CGT CGC CTC TAC TAG CGG GAA GCA AGA TGC TGA CGA ATT 

CCC GGG GAT CCG GTG 3'

REVERSE 5' - CTG CTT CGT CCT CGT CCT CGT CAT CAT CGT CGT CGT CGT CGC AGG 

TCG ACG GAT CCG GTG 3'
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